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STUDYING HADRONIC SHOWERS
• Prototypes of highly granular calorimeters are built and tested by the 

CALICE collaboration to evaluate performance for future physics 
experiments (talk by V. Balagura), but their purpose is also to aid in better 
understanding hadronic showers 

• A good understanding of hadronic showers is needed to efficiently 
develop Particle Flow Algorithms (PFA) 

• Hadronic showers have a complex structure and are theoretically not as 
well understood as electromagnetic showers 

• CALICE data, with its unprecedented granularity, provides a new level of 
information to improve modelling of showers in GEANT4 

• CALICE prototypes have been operated in test beams at CERN, DESY 
and FNAL 

• Characterize shower energy, shower shape, substructure and time 
structure of hadronic showers
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GEANT4 PHYSICS LISTS
• Several theory-driven and phenomenological hadronic interaction models are available in 

Geant4  

• Different hadronic interaction models are combined into physics lists 

• Models are applied in a specific energy range 

• Smooth transitions between models are achieved by randomly choosing one of the models on 
an event-by-event basis, with a probability that varies linearly with the energy in the transition 
interval 

• FTFP_BERT is currently the recommended physics list for calorimetry simulations at the LHC
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Backup Resistive Plate Chamber Tungsten Digital HCAL

Geant4 Physics Lists

Hadronic intereactions in Geant4 based on phenomenological models
String parton models: QGS(P), FTF(P)
Parametrised models: LEP, HEP
Cascade models: BERT, BIC
Precompound model

Models are combined in “physics lists”

Model extensions
HP: High-precision neutron tracking
EMV: Reduced precision for improved timing performance

Eva Sicking (CERN) Calorimetry Test Beam Results Detector Workshop, March 6, 2014 25 / 21
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INTERACTION LENGTH

• Fraction of pions that interact and start a shower 
within ~1 interaction length  
(Si-W ECAL, 2 - 10 GeV) 

• Pion and proton interaction length  
(Fe-AHCAL, 10 - 80 GeV) based on the distribution 
of the shower starting point 

• Good agreement ~5% between data and 
simulation 
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RECONSTRUCTED ENERGY
• Reconstructed energy in the calorimeter (W-AHCAL and Fe-AHCAL) for pions 

and protons  

• Good linearity and the MC agrees with data to better than 10% 

• QGSP_BERT_HP gives the best prediction for the W-AHCAL
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RADIAL DISTRIBUTIONS
• Radial energy distribution (radial profile) for pion showers (Si-W ECAL, W-AHCAL, Fe-AHCAL) 

• Mean shower radius from radial profiles 

• Sensitive to model transitions at low energy (Si-W ECAL) 

• Radius decreases with energy (higher e.m. fraction) 

• Similar results for proton showers (W-AHCAL, Fe-AHCAL) 

• Simulations predict too dense showers (difference ~ 10%) 

• Best agreement with FTFP_BERT for the Fe-AHCAL and FTFP_BERT_HP for the W-AHCAL
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LONGITUDINAL DISTRIBUTIONS
• Longitudinal shower distributions for pions at low energy (Si-W ECAL) and for pions and protons in the W-AHCAL 

• The profile is measured from the start of the shower to take out smearing from the exponential distribution of the first 
interaction 

• The accuracy of MC predictions varies with the physics list and version of Geant4 

• The overall level of agreement is 10% - 20% 

• The longitudinal centre of gravity (Z0) for pions and protons (Fe-AHCAL) is best modelled by FTFP_BERT, to better 
than 2% for pions and 3% for protons above 15 GeV
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H/E RATIO
• Hadron showers can be parametrised with a two component function;  

• a short component, closely related to X0; the electromagnetic content of the 
shower 

• a long component, closely related to λI; the pure hadronic content of the shower 
• Ratio of the response to the hadronic and electromagnetic component, h/e, can be 

estimated from fitting with this function (Fe-AHCAL).
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Figure 11: Fit of function (2) (black curves) to longitudinal profiles of showers initiated
by (a,c) pions or (b,d) protons with initial energy 40 GeV and extracted from (a,b) data
or (c,d) simulations with FTFP BERT physics list. The red and blue curves show the
contributions of the ”short” and ”long” components, respectively.
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TIME STRUCTURE OF SHOWERS
• Tungsten Timing Test beam (T3B) operated together with the W-AHCAL (Tungsten absorber) and 

SDHCAL (steel absorber) 

• Strip of 15 scintillator tiles and SiPM readout 

• Record arrival times of signal; time of first hit 

• Hadron showers show delayed components due to neutron induced processes; more in tungsten 
than in steel 

• Monte Carlo models reproduce measurements in steel well, but need a dedicated treatment for low 
energy neutrons for Tungsten (QGSP_BERT_HP, QBBC)
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TRACKS IN HADRON SHOWERS
• Hadronic showers are tree-like structures with MIP-like hadrons connecting regions of denser activity  

• Reconstruct MIP like tracks within the hadron shower 

• Pions (10 - 80 GeV) in the SDHCAL and Fe-AHCAL 

• Best agreement in the number of reconstructed tracks between data and QGSP_BERT for the Fe-AHCAL 
and QGSP_BERT_HP for the SDHCAL 

• This high level of detail in shower modelling aids particle separation in PFA (shown in talk by V. Balagura)
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SUMMARY AND CONCLUSIONS
• Test beam experiments with CALICE ECAL and HCAL prototypes 

• Test of novel technologies in large scale calorimeters 
• Characterize prototype performance 
• Detailed measurements of hadronic showers  

• Comparison to data helps to improve hadronic interaction models 
• Geant4 models reproduce hadronic data within 5 - 20 % 
• Level of agreement depends on the model and version of Geant4 
• Generally QGSP_BERT and FTFP_BERT describe the test beam data 

best 
• High precision neutron tracking needed for tungsten simulation 

(HCAL) 
• These detailed results support the theory driven approach of modern 

shower simulations 
• More detailed studies to come…
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CALICE COLLABORATION

• CAlorimetry for LInear Collider Experiments  

• International R&D collaboration ~330 members 

• Development of imaging calorimeters for experiments at high-
energy electron-positron colliders 

• Build and test calorimeter prototypes 

• Demonstrate that the required performance of the calorimeter 
system can be achieved 

• Compare test beam results to MC predictions and assist in 
improving simulation models

13



Detailed studies of hadronic showers and comparison to Geant4 - N. van der Kolk

CALICE PROTOTYPES
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Figure 1: An photograph of the prototype in front of the CALICE AHCAL.

The four edges of each strip were polished to precisely control the strip size and give good sur-104

face reflection. From a randomly chosen sample of twenty strips, the measured mean (±standard105

deviation) of the widths, lengths and thicknesses were 9.85(±0.01)mm, 44.71(±0.04) mm, and106

3.02(±0.02)mm, respectively. A double clad 1 mm diameter Y-11 WLS fiber1, of length 43.6107

± 0.1 mm, was inserted in the hole of each strip. Each strip was enveloped in a 57 µm-thick108

reflector foil, provided by KIMOTO Co., Ltd. This foil has evaporated silver and aluminum109

layers between layers of polyethylene terephthalate, and has a reflection ratio of 95.2% for light110

with a wavelength of 450 nm[11]. Each scintillator strip has a 2.5mm diameter hole on the111

reflector to allow the LED light to come through for Gain monitoring.112

A shade, made of reflector film, was used to prevent scintillation photons impinging directly113

onto the MPPC, without passing through the WLS fiber. The detection of such direct scintilla-114

tion photons can give rise to a strongly position-dependent response. When the shade is used,115

the response to single particles at the end of the strip far from the MPPC is 88.3± 0.4% of that116

directly in front of the MPPC. A photograph a shade attached to the inside of the scintillator117

notch is shown in Fig. 5. Nine MPPCs were soldered onto a polyimide flat cable, as shown in118

Fig. 4, and were then inserted into the strips’ MPPC housings.119

Each pair of absorber and scintillator layers was held in a steel mechanical frame. Each120

frame held four 100mm× 100mm× (3.49±0.01)mm tungsten carbide plates aligned to make a121

200 mm × 200 mm absorber layer in front of the scintillator. The measured density of eight122

absorber plates was 14.25±0.04 g/cm3, and the mass fractions of different elemental compo-123

nents were measured using X-ray diffraction and energy-dispersive X-ray spectroscopy to be124

(tungsten:carbon:cobalt:chrome) = (0.816:0.055:0.125:0.005). The orientation of each layer was125

rotated by 90◦ with respect to that of the previous layer.126

In order to monitor the sensitivity of each MPPC, a LED-based gain monitoring system127

was implemented in the prototype. Each of the eighteen strips in one row was supplied with128

LED light by a clear optical fibre in which notches had been machined at appropriate positions.129

Figure 6 shows a photograph of these fibers, in which light can be seen being emitted by the130

notches. The LED is driven by a dedicated board [12]. The ADC–photo-pixel conversion factor131

of each MPPC was measured during the test beam experiment by using this LED system. This132

conversion factor was used to implement the MPPC saturation correction discussed in the next133

section.134

1provided by KURARAY Co., Ltd.
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• Si-W ECAL 
Silicon pixels 
10x10x0.5 mm3 
Tungsten absorber 

• Sc ECAL 
scintillator strips with SiPM readout  
45x5x3 mm3 
Tungsten absorber

• Analogue HCAL  
scintillator tiles with SiPM readout  
30x30x5 mm3 
Steel or tungsten absorber 

• Semi-digital HCAL 
GRPCs (microMegas) 
10x10x1.2 mm3 
Steel absorber 

• Digital HCAL 
RPCs (GEMs) 
10x10x1.15 mm3 
Steel or tungsten absorber

The SDHCAL prototype Test beam and data taking Particle identification Energy Reconstruction Summary

SDHCAL Description

Sampling calorimeter
Size : 51 stainless steel plates + 50 active
layers æ 1 ◊ 1 ◊ 1.3m

3

Active layer :
- Gaseous detector : GRPC (Glass Resistive

Plate Chamber) of 1m2

- Gas mixture : 93%TFE ; 5%CO2; 2%SF6
- HV : ≥ 6.9kV in avalanche mode

Readout :
- 96 ◊ 96 pads per layer ∆ more than 460k

channels for the whole prototype
- Semi-digital readout : 3 thresholds on the

induced charge to have a better idea on
the deposited energy

Radiator :
- 50 ◊ 20mm stainless steel ∆ ≥ 6⁄I
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Testing in Beams 
Fermilab MT6  
 

  October 2010 – November 2011 
  1 – 120 GeV 
  Steel absorber (CALICE structure) 

 
CERN PS 
 

  May 2012 
  1 – 10 GeV/c 
  Tungsten absorber  
    (structure provided by CERN) 
 

CERN SPS 
 

   June, November 2012 
   10 – 300 GeV/c 
   Tungsten absorber 

Test Beam Muon events Secondary beam 

Fermilab 9.4 M 14.3 M 

CERN 4.9 M 22.1 M 

TOTAL 14.3 M 36.4 M 

A unique data sample 

RPCs flown to Geneva 
All survived transportation 

Si-W ECAL Sc ECAL

AHCAL

SDHCAL

DHCAL



Detailed studies of hadronic showers and comparison to Geant4 - N. van der Kolk

HIGHLY GRANULAR CALORIMETERS

• The ideal event reconstruction is possible with particle flow algorithms  
• Particle flow combines tracking and calorimetry information to reconstruct 

the 4-vector of each individual final-state particle 
•  Use the information from the best sub detector for each particle type 

• Charged particles -> tracker 
• photons -> ECAL 
• neutral hadrons -> HCAL 

• Requires highly granular calorimeters to separate the energy deposition 
from close by particles  

• Jet energy resolution goal 5 - 3.5% for 50 GeV - 1TeV jets 
• Limited by confusion; wrongly assigned energy deposits
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Detailed studies of hadronic showers and comparison to Geant4 - N. van der Kolk

DETECTOR SIMULATIONS

• Geant4 detector simulation 

• Full test beam setup including beam instrumentation 

• Particle generation using particle gun 

• Beam position, direction and spread corresponding to the data runs 

• Digitization 

• Realistic detector granularity 

• Detector effects, e.g. optical cross talk between neighbouring scintillator 
tiles for the AHCAL 

• Birk’s law for scintillators (AHCAL) 

• Simulated readout electronics; signal shaping time, noise 

• Saturation effects
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Detailed studies of hadronic showers and comparison to Geant4 - N. van der Kolk

GEANT4 PHYSICS LISTS
• Physics lists combine several 

hadronic models in specific energy 
ranges 

• At higher energies theory-driven 
models are available (FTF, QGS) while 
for lower energies more approximate 
models are used (BERT, BIC) 

• A number of reference physics lists 
are available in Geant4 with different 
tradeoffs between physics precision 
and speed 

• Physics lists can use different models 
for different hadrons, the model used 
for pions dominates because the 
majority of secondary particles in a 
hadronic shower are pions

17

Backup Resistive Plate Chamber Tungsten Digital HCAL

Geant4 Physics Lists

Hadronic intereactions in Geant4 based on phenomenological models
String parton models: QGS(P), FTF(P)
Parametrised models: LEP, HEP
Cascade models: BERT, BIC
Precompound model

Models are combined in “physics lists”

Model extensions
HP: High-precision neutron tracking
EMV: Reduced precision for improved timing performance

Eva Sicking (CERN) Calorimetry Test Beam Results Detector Workshop, March 6, 2014 25 / 21

• BERT - Bertini cascade model 

• BIC - Binary cascade model 

• FTF(P) - Fritiof string model 

• QGS(P) - Quark gluon string model 

• LEP/HEP - Low/High energy parametrised (based on fits 
to data, discontinued, replaced by BERT, FTF, QCD) 

• CHIPS - Chiral invariant phase space (discontinued, 
replaced by BERT, FTF)



Detailed studies of hadronic showers and comparison to Geant4 - N. van der Kolk

STUDIED OBSERVABLES

• Interaction length: The probability PI 
of having an inelastic hadron-nucleus 
interaction before a distance x: 

• Z0: The longitudinal centre of gravity is 
defined as the energy weighted mean 
of the hit longitudinal coordinate along 
the shower axis: 

• r: radial distance: 

• x0, y0: energy weighted shower centre: 

• R: shower radius:

18


