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CALICE is a collaboration of 59 institutes and 360 people from 4 continents 
 
The  goal is to develop highly granular calorimeters for PFA-based experiments for future 
colliders. 
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Prototypes 

2005 2007 2011 2012 2018 2010 

Power-pulsed 
Embedded electronics 
compactness Technological Physics 

Granularity 
Proof of principal 

Si-W Si-W à 

Scint-W 
AHCAL 

AHCAL 

DHCAL SDHCAL 

1 cm x 1cm, 24 X0, 1ƛ  1 cmx 1cm, 6ƛ  

3cmx 3cm, 5.3+12ƛ  “1cm x 5cm”x,y , 24 X0, 1ƛ  3cm x 3cm, 5.3ƛ  

5mm x 5mm, 24 X0, 1ƛ 

Several prototypes have been built  and exposed to hadron beams at CERN, FERMILAB and DESY. 
Some are combined tests ( ECAL+HCAL) 
The granularity of those prototypes and their high performance provide excellent tools to study 
the electromagnetic and hadronic showers 
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q  Cerenkov-based separation 
q  Determine the shower start by 
u  Finding the track segment of the incoming 

particle (nearest neighbour-based tracking) 
u  Finding the first layer of the shower  
 
[JINST 10 (2015) P04014] 

Interaction length: pion vs proton 

Pion Proton 
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Hadronic shower: longitudinal profile 
Si-W ECAL 
 
Test of hadronic shower models at low energies [NIM A794 (2015) 240-254] 
q  Depth of Si-W ECAL prototype is  1ƛI , 60% of hadrons interact in ECAL 
q  3 segments with different absorber thickness - converted into pseudolayers for 

analysis 
q  Interacting events are distinguished from MIP-like events 
q  Test beam pions 2-10 GeV; comparison withGeant4 versions 9.6 and 10.1 

Significant differences between G4 versions             Good agreement for all G4 models 
 
 

Visible energy / pseudolayer Mean of longitudinal hit position distribution 
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Visible energy E per layer vs. 
long. distance from the 
identified shower start 
Comparison with Geant4 v9.6 
 
+ 15 GeV 
FTFP BERT: agreement 
within uncertainties 
QGSP BERT: little 
Underestimation 
 
+ 80 GeV 
Overestimation around 
shower maximum: 
FTFP BERT: by 10% 
QGSP BERT: by 20% 
[JINST 11 (2016) P06013] 

Hadronic shower: longitudinal profile 
AHCAL 
MC/data ratio of longitudinal profiles in Sc-Fe AHCAL 
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Radial profile: 
the cylinder of radius r and 
width delta_r (delta_r = 1 cm) 
vs. radial distance r.
Comparison with Geant4 
v9.6 
 
+ 15 GeV 
Within uncertainties (10%) 
in the shower core 
Underestimation in the 
middle 
 
+ 80 GeV 
Overestimation in the core 
FTFP BERT: by 20% 
QGSP BERT: by 30% 
[JINST 11 (2016) P06013] 

Hadronic shower: radial profile 
AHCAL 
MC/data ratio of radial profiles in Sc-Fe AHCAL 
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Test beam data: hadrons 5-80 GeV 
q  Simulation with Geant4 v9.6 (with HP) 
q  Digitisation method for RPC tuned on EM showers 

Radial profile: number of hits in 1-cm rings around shower barycenter 
Mean of radial profile: 

Shower width is underestimated by simulations 

Hadronic shower: radial profile 
SDHCAL Test beam data and simulations 

[JINST 11 (2016) P06013] 
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Number of track segments in hadronic shower: SDHCAL 

GRPC-Fe SDHCAL [JINST 12 (2017) P05009] 
Test beam data: pions of 10-80 GeV 
q  simulations: Geant4 9.6 
q  Hough Transform for track finding 
q  FTFP BERT gives better predictions 
 
 
o  Underestimation by simulation of the mean number of identified track segments 
o  Increases with energy 
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Sc-Fe AHCAL [JINST 8 (2013) P09001] 
test beam data: pions of 10-80 GeV 
simulations: Geant4 9.4 
track finding based on nearest neighbour 
algorithm for isolated hits 
QGSP BERT in best agreement with data 
good agreement of FTFP BERT 

Si-W ECAL [NIM A937 (2019) 41-52]:   
Test beam data: pions of 2-10 GeV,  simulations: Geant4 10.1      
q  Good agreement between data and simulations 
q  Smaller energy fraction in interaction region in simulation by 10% 
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CALICE T3B experiment: first step to measuring the time structure of hadronic showers 

     [JINST 9 (2014) P07022] 
o  Setup of 15 plastic scintillator tiles 330.5 

cm2 with SiPM readout, covers 1/2 of 
transverse size of the calorimeter 
starting from its center 

o  Subnanosecond time resolution over a 
time window of 2.4 s 

o  Placed behind Sc-W AHCAL or GRPC-Fe 
SDHCAL  

o  Test beam muons and 60 GeV positive 
hadrons 

o  Waveform is decomposed and the time of  
     first hit is derived 
o  No late component for muons 
o  Late component (>50 ns) for hadrons more 
     pronounced in tungsten as expected 
o  3 times larger delay of low-energy hits 
     for pions in tungsten than in steel 
o  Good agreement with Geant4 v9.4, 
     importance of HP package for tungsten 

Time structure of hadronic showers measured on a statistical basis 
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Energy reconstruction: software compensation in analogue 
calorimeters 

The basis of the technique: 
  
Local shower density depends 
on origin of energy deposits 
higher density for electromagnetic 
subshowers and lower density for 
the remaining (hadronic) part 
 
 
➫ e/h compensation can be 
achieved by assigning energy-dependent  
weights to hits in global energy 
sum, significantly improving energy  
resolution 
 
•  Weights are energy dependent 

4.5. Event Selection 91

(a) 32 GeV µ�

(b) 32 GeV e�

(c) 32 GeV p�

Figure 4.13.: Exemplary simulated event displays for a muon, electron and pion of 32 GeV each in
the CALICE combined scintillator-SiPM calorimeter system. The simulation is fully digitised and
thus includes noise hits overlaid from real data pedestal events, visible as isolated hit cells in the
detectors.

2018 JINST 13 P12022
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Figure 5. Hit energy spectra of the ScECAL (left) and the AHCAL (right) for 15 GeV/c ⇡� data. Colours
are assigned to hits reconstructed on the primary pion track and by software compensation bin.

The software compensation reconstruction is defined by a total of 51 parameters (8 bins in the
ScECAL ⇥ 3 parameters per bin, 8⇥3 parameters for the AHCAL and 3 parameters for the TCMT).
The parameter values are optimised by minimising the �2 function described in equation 4.1,
using all available beam momentum samples in one common optimisation procedure. During the
parameter optimisation, the known beam energy is used for Eest, while during reconstruction the
standard reconstruction result is used as an estimate.

Figure 6 shows the polynomial functions obtained for the energy dependence of the bin weights
for ScECAL and AHCAL resulting from the parameter optimisation. The slopes in the first two
bins of ScECAL and AHCAL in figure 6 (bottom) correspond to a 1/E dependence and thus a
constant contribution to the reconstructed energy of each hit in these bins, regardless of the hit
energy. Assuming a shower of Eest = 4 GeV, a hit in the AHCAL with a measured hit energy
Ehit = 1 MIP would be weighted with a factor of around 1.5 (as given by the yellow lines in figure 6,
bottom right) for a contribution to the reconstructed shower energy of 1.5 ⇥ 1 MIP = 1.5 MIP. A
hit of measured energy Ehit = 0.5 MIP would be weighted with the doubled weight, due to the 1/E
dependence of the first two hit energy bins, for the identical contribution of 3 ⇥ 0.5 MIP = 1.5 MIP
to the reconstructed shower energy. In hit energy bins � 3, two hits of di�erent hit energy within
the same hit energy bin would contribute to the reconstructed shower energy proportionally to their
hit energy.

Higher hit energy bins tend to be weighted below unity, indicating that a high energy hit is
more likely to belong to an electromagnetic subshower. Especially in the ScECAL, bin weights
do not monotonically decrease for increasing hit energies, as would be enforced in the local
software compensation scheme used in [14]. However, the hit energy range which is assigned the
lowest reconstruction weight increases with energy, indicating that the typical hit energy scale for
electromagnetic subshowers increases with the incident pion energy.

Applying the weights shown in figure 6 to the dataset yields an improved energy resolution
as shown in figure 7 (left) and figure 18. Iterative applications of the software compensation
reconstruction using the result of the previous iteration as Eest do not further improve the energy
resolution. The correlation between standard and software compensation reconstruction in figure 7
(right) shows a clear non-linearity in the central part of the reconstructed energies, suggesting that
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Figure 6. Software compensation weights for the ScECAL (left) and AHCAL (right) optimised from data.
The upper row shows the weights for each hit energy bin as a function of the estimated particle energy. The
bottom row shows vertical slices through the weights shown in the upper plots. The hit energy dependent
weights of the first two bins correspond to a 1/E dependence and thus a counting of hits in these bins. The
width of each line indicates the weight uncertainty propagated from the parameter errors.

events with a high hadronic fraction, and thus lower standard reconstructed energy, are shifted up
in the software compensation reconstruction. Likewise, events with above average electromag-
netic shower content, and thus too high standard reconstructed energy, are shifted down when
reconstructed with the software compensation reconstruction.

The identical procedure of reconstructing energies and optimising the weight parameters is
applied to simulated events. Individual bin weights as a function of estimated particle energy
for data and simulation are shown in figure 8 for selected hit energy bins. The AHCAL shows
reasonable agreement between weights derived from data and simulations in all hit energy bins. In
the ScECAL, discrepancies are seen especially in the two first hit energy bins and the highest hit
energy bin, which also shows discrepancies between the used simulation physics lists. In most hit
energy bins, both used simulation physics lists are consistent with each other within the expected
spread from limited statistics. The TCMT weight also has a large discrepancy between data and
simulations, although mostly for low beam momenta in which TCMT energy deposits are expected
to be minimal.

The averaged summed energy deposit per event for each bin is investigated in order to better
understand the observed di�erences between weights derived from data and simulated events, as
shown in figure 9. The highest hit energy bin in the ScECAL has around twice the mean energy
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Energy reconstruction: software compensation in analogue 
calorimeters 

Software compensation studied in CALICE for a variety of different 
detector systems – here: ScintW ECAL + AHCAL + TCMT 

2018 JINST 13 P12022
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Figure 7. Reconstructed energy distributions from standard and software compensation reconstructions
for the 32 GeV/c ⇡�data. The black markers in the correlation plot show the profile of the mean software
compensation reconstructed energy for bins of the standard reconstruction energy (right). The black dashed
lines in the correlation plot indicate the beam energy of the sample.
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Figure 8. Hit energy bin weights as a function of estimated particle energy for data events and di�erent
simulations. The width of each line indicates the weight uncertainty propagated from the parameter errors.
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are in reasonable agreement, indicating that the combined calorimeter system with varying ab-
sorber materials and sampling fractions maintains the good single pion energy resolution of the
standalone AHCAL.
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Figure 16. Single pion energy resolutions with standard and software compensation reconstruction from
the combined ScECAL+AHCAL+TCMT system compared to resolutions obtained from AHCAL+TCMT
in [14].

6.4 Application of software compensation weights from simulation to data
The influence of the deviations observed in the software compensation weights between data and
simulations was estimated by applying the software compensation weights obtained from simulated
samples to the reconstruction of data events. Figure 17 shows the energy resolution and linearity
of data samples reconstructed using weights optimised separately from both data and simulation.
For this comparison the simulation weights optimised from QGSP_BERT_HP are used, as the
di�erence between weights of di�erent simulation physics lists is small. Furthermore only the
software compensation specific weights ↵i, �i, � are used as optimised from the simulation, while
the standard reconstruction weights wECAL,wHCAL are used from data to set the correct energy
reconstruction scale (see section 4.1).

Applying the software compensation weights obtained from simulations to data events actually
improves the energy resolution slightly by a relative 1 % to 3 %. However the achieved linearity
is deteriorated, with additional deviations of magnitudes similar as seen in the resolution of 1 %
to 4 %. The 4 GeV/c point shows the biggest deviation when applying the simulation weights to
data, in line with the previous observation that the simulated 4 GeV/c response profits most from
the software compensation reconstruction.

Although there are significant di�erences between data and simulation in the first two and the
last ScECAL hit energy bin weights, applying weights optimised from simulation onto data events
data events yields similar performance to the use of weights optimised from data.
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Significant improvement of energy 
resolution: 10 – 20% compared to 
« standard » reconstruction 

JINST 13, P12022 (2018) 
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Threshold information is related to charge and this is 
related to the number of charged particles crossing one  
1x1 cm2 cell 
 
Erec =   α (Ntot) N1 + β(Ntot) N2 + γ (Ntot) N3  
 
 
The thresholds weight evolution with the total number  
of hits obtained by minimizing a χ2 

Χ2 = (Ebeam-Erec)2/Ebeam 
 
N1,N2 and N3 : exclusive number of hits associated to first,  
second and third threshold.   
α, β, γ  are quadratic functions of the total number of hits 
(Ntot) 
 

Events of H2 runs corresponding to energies : 5, 10, 30 , 60  
and 80 GeV were used  to fit the 9 parameters. 
  

Energy reconstruction: “soft compensation” in SDHCAL 14 



Then the energy of hadronic events in both  
H2 (only pions) and H6 (presence of protons) are estimated 
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Particle Identification: SDHCAL  
Discriminating variables based on shower topology to  discriminate different 
species of particles : 
hadrons, electrons and muons are used to train a BDT on  both MC and data 
Excellent Purity/efficiency performance are obtained 

CALICE-CAN-2019-001  

Particle Identification: SiW 
 
Tracking capabilities to select single 
 pion events in SiW Ecal 
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Conclusion 

q  CALICE prototypes provide a rich source of information 
concerning the hadronic showers. 

q   A very fruitful collaboration with G4 collaboration that benefits 
the both collaborations and beyond. 

 
q   The excellent granularity is exploited to identify particles and 

reconstruct the hadronic energy in optimal way using showers 
shape  
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