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Highly granular calorimeters

Planned experiments at lepton colliders 


ILC, CLIC, CEPC, FCCee, … detector concepts: ILD,SiD, …


• precision frontier: measurements of Higgs couplings, 
W, Z and top properties, searches for BSM physics


• model-independent analyses possible


• clean environment


Goal: 3-4% jet energy resolution (~50-250 GeV)

to distinguish di-jets from W and Z hadronic decays


Particle Flow Approach - promising solution for jet energy 
reconstruction with best suited detectors depending on 
particle type within a jet


• Used in CMS and ATLAS


• Better performance can be achieved with


• High granularity of calorimeter system


Not only lepton colliders: CMS HGCAL, DUNE ND…

Motivation

Pandora Particle Flow Algorithm J. S. Marshall

1. Particle Flow Calorimetry

At a future high-energy lepton collider, such as the International Linear Collider (ILC) [1]
or Compact Linear Collider (CLIC) [2, 3], many interesting physics processes will produce final
states that consist of multiple jets, often accompanied by charged leptons and/or missing transverse
momentum. The ability to accurately reconstruct the invariant masses of the jets proves vital in
order to perform precision physics measurements: the masses are needed for both reconstruction
and identification of events. The jet energy resolution goal at the ILC or CLIC is that it should allow
separation of the hadronic decays of W and Z bosons via the reconstruction of the di-jet invariant
masses. This sets a challenging jet energy resolution target of sE/E . 3.5% for 50�500 GeV jets
at the ILC and for up to 1.5 TeV jets at CLIC. This goal is unlikely to be achieved using a traditional
approach to calorimetry [4].

Measurements of jet fragmentation at LEP provide detailed information about the particle
composition of jets [5, 6]. In a typical jet, approximately 62 % of the energy is carried by charged
particles (mainly hadrons), whilst 27 % is carried by photons, 10 % by long-lived neutral hadrons
and 1.5 % by neutrinos. A traditional approach to calorimetry would measure the jet energy via
the energies deposited in the electromagnetic and hadronic calorimeters (ECAL and HCAL). For
a typical jet, this means that 72 % of the energy would be measured in the HCAL, with a typical
resolution of & 55%/

p
E/GeV, greatly limiting the achievable jet energy resolution.

The particle flow approach to calorimetry aims to improve the jet energy resolution by tracing
the paths of individual particles through the detector, collecting together the energy deposits left in
each subdetector system, as illustrated in Figure 1. The energy and momentum for each particle
can then be extracted from the subdetector system in which we expect the measurement to be most
accurate. Charged particle momenta can be measured precisely in the inner detector tracker, whilst
photon energies can be obtained from the energy deposits in the ECAL, with typical resolution
. 20%/

p
E/GeV. The HCAL is then only used to measure the 10 % of the jet energy carried

by long-lived neutral hadrons. Particle flow calorimetry can therefore offer a significant improve-
ment to jet energy measurements, but it relies on accurate pattern recognition techniques to collect
together the energy deposits from individual particles.

Figure 1: The transition from traditional calorimetry to fine granularity particle flow calorimetry.

2. Realising Particle Flow Calorimetry

Particle flow calorimetry requires the energy depositions from individual particles to be traced

2

Particle flow algorithm

3

• Particle flow algorithm (PFA): an algorithm that tries to reconstruct 
individual final state particle from the record in detector.

arXiv: 1308.4537

• Jet energy resolution at ILC: from 50 to 500 GeV

• It can lead to measure jet 
energy accurately, and 
consequently improve the 
reconstruction reconstruction 
and event identification

High granularity calorimeter

Tracker

ECAL

HCAL

�E/E . 3.5%

Conventional calorimetry PFA calorimetry
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CALICE developments of highly granular calorimeters

Proof-of-principle physics prototypes

Since 2005. Semi-conductor, scintillator and gaseous read-outs

Si-W ECAL

CALICE highly granular calorimeters for PFA

CALICE R&D activities on highly granular calorimeters
CALICE pioneered developments of highly granular calorimeter concepts since 2005
From proof-of-principle with the first generation physics prototypes

Si-W ECAL Sc-W ECAL Sc-Fe(W) AHCAL GRPC-Fe DHCAL

To scalability tests with the second generation technological prototypes

Si-W ECAL Sc-W ECAL Sc-Fe AHCAL GRPC-Fe SDHCAL

Marina Chadeeva (LPI) 4th Workshop on LHC detector simulations November 2, 2020 4 / 38
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Second generation technological prototypes

Technical details of the CALICE prototypes will be discussed in talks by Shu and Yong
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Development of Hadronic Showers

Nuclear interactions lead to large energy loss, but have long O
�O�a����cm for protons in lead)

4

Hadronic showers
General properties and Monte Carlo modelling 

• Hadronic shower development is rather complex:


• Narrow EM core component from 


• Surrounding halo dominated by charged hadrons 

• Large event-by-event fluctuation of EM/HAD ratio

• Response to EM and HAD components is different in 

non-compensating calorimeters

• Invisible energy as binding energy, nuclear recoil, 

neutrinos + late component

➡ Limited hadronic energy resolution

π0 /η

hadron

• Geant4 hadronic shower modelling is not perfect


➡ Strongly dependent on energy and absorber material


• Validation of models using test beam data 


• Some results of studies on hadronic showers using 
test beam data with CALICE prototypes will be 
presented in this talk

physics list:
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Radial development. Data-MC comparison is important for understanding of shower separation performance

• Radial profile (S)DHCAL: Nhits 

in 1-cm rings around shower 
axis


➡Compare different physics lists 
with test beam data results

• Radial profile Si-W ECAL: visible 
energy density in the cylinder of 
radius r and width ∆r vs radial 
distance from shower axis 


➡Compare different Geant4 versions 
with test beam data results

Hadronic shower profiles 4

data and the excess close to the shower start is larger. For
version 9.6 the hit energy is slightly lower than the data except
for the first few layers, and version 10.1 describes the data best
overall. The too high hit energy can explain the energy excess
in the longitudinal energy profile in the first few layers. The
similar mean hit energy for all other layers points to a deficit
in the number of hits produced in the simulations compared
to the data.

Also in the radial energy profile the energy is underesti-
mated in version 9.6 and 10.1, however not so much. The
radial energy profile at 10 GeV is shown is Fig. 8 for data and
3 versions of FTFP BERT.
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Fig. 8. The radial energy profile for interacting events at 10 GeV for data and
the Monte Carlo physics list FTFP BERT for 3 versions of GEANT4.

Fig. 9 shows the radial mean hit energy. Close to the shower
core (small radii) the mean hit energy is too high in the
simulation. For version 9.3 of GEANT4 the overestimation is
smallest while it is highest in version 10.1. The tail of the
distribution, on the other hand, is described better in version
9.6 and 10.1 than in 9.3 where the mean hit energy is too high.

IV. STUDYING THE STRUCTURE OF THE FIRST HADRONIC
INTERACTION

After the study of general observables of hadronic showers
an even more detailed analysis is under way. An algorithm has
been developed to measure tracks in the Si-W ECAL while
permitting at the same time to characterise the interaction zone
in terms of energy and extension. Fig. 10 shows an event in
the Si-W ECAL with an incoming 10 GeV primary pion that
interacts and produces secondaries. On the right hand side
the interaction region has been defined and hits belonging to
this region have been removed for better visualisation of the
secondary tracks.

The track finding algorithm has been tested using the
generator level information from simulated events. Fig. 11
shows the number of generated and reconstructed tracks and
shows that the generated tracks are properly identified by the
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Fig. 9. The radial mean hit energy for interacting events at 10 GeV for data
and the Monte Carlo physics list FTFP BERT for 3 versions of GEANT4.

Fig. 10. Event display of the interaction of a primary pion with an energy of
10 GeV in the Si-W ECAL. The interaction leads to a dense interaction zone
(removed on the right hand side) and secondaries that can be reconstructed as
outgoing tracks.

track finding algorithm. All observables studied in this analysis
are very detailed probes of the hadronic shower models used
in the simulation. For the first time the analysis will compare
the energy deposited in the interaction zone and the number
of tracks that emerge from the interaction zone for different
energies on the primary pion. Preliminary results show that,
as expected, the deposited energy and the number of tracks
increase with the energy of the primary pion.

V. CONCLUSION

The CALICE Si-W ECAL prototype has been shown to
deliver very detailed information on the interaction of pi-
ons. Interactions in the energy range of 2 to 10 GeV have
been studied in terms of shower observables such as the
deposited energy and radial and longitudinal distributions.
These distributions are compared to simulations with several
physics lists in GEANT4. None of the studied physics lists
describe the entire set of data, but overall the simulations
are within 20% of the data and for most observables much
closer. The longitudinal hit distribution is very well described,
while the mean is shifted for the radial hit distribution. On
the other hand the physics observables that take into account
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Figure 21: The radial shower shapes for 6, 10, 20, and 60GeV p+ events. The data is

represented as black squares and the grey error band corresponds to the systematic and

statistical uncertainty added in quadrature. The ratios in the bottom plots show also the

systematic uncertainty on the simulations.

41

JINST 11 (2016) P06014 

GEANT4 v10.1

GEANT4 v9.6

NIM A939 (2019) 89-105 NIM A794 (2015) 240-254

http://iopscience.iop.org/article/10.1088/1748-0221/11/06/P06014/meta
http://cds.cern.ch/record/2137430
http://iopscience.iop.org/article/10.1088/1748-0221/11/06/P06014/meta
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Longitudinal development and decomposition of shower components
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Figure 4. Fit of function (4.1) (black curves) to the longitudinal profiles of showers initiated by (a, c) pions
and (b, d) protons with an initial energy of 30 GeV and extracted from (a, b) data and (c, d) simulations with
the FTFP_BERT physics list. The dotted red and dashed blue curves show the contributions of the "short"
and "long" components, respectively.

is well predicted by Monte Carlo and rises logarithmically with energy. The energy dependence
of the “long” and “halo” slope parameters is shown in figures 8 and 9. These slope parameters
are also well predicted by simulations. They demonstrate negligible (blong) or weak (bhalo) energy
dependence and are very similar for pions and protons. This observed behaviour supports the
general idea that both the shower tail and halo consist of secondary particles which have already
forgotten the energy and type of the initial particle.

5.2 “Core” and “short” parameters

The parameter bcore characterises the transverse shower development near the shower axis and is
probably related to the angular distribution of secondary p0s from the first inelastic interaction.

– 12 –
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Figure 4. Fit of function (4.1) (black curves) to the longitudinal profiles of showers initiated by (a, c) pions
and (b, d) protons with an initial energy of 30 GeV and extracted from (a, b) data and (c, d) simulations with
the FTFP_BERT physics list. The dotted red and dashed blue curves show the contributions of the "short"
and "long" components, respectively.

is well predicted by Monte Carlo and rises logarithmically with energy. The energy dependence
of the “long” and “halo” slope parameters is shown in figures 8 and 9. These slope parameters
are also well predicted by simulations. They demonstrate negligible (blong) or weak (bhalo) energy
dependence and are very similar for pions and protons. This observed behaviour supports the
general idea that both the shower tail and halo consist of secondary particles which have already
forgotten the energy and type of the initial particle.

5.2 “Core” and “short” parameters

The parameter bcore characterises the transverse shower development near the shower axis and is
probably related to the angular distribution of secondary p0s from the first inelastic interaction.
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• Longitudinal profile (Fe-AHCAL): visible energy ∆E per transverse layer vs. longitudinal distance from 
the identified shower start 


• Non-compensating calorimeters: Hadronic & electromagnetic response not the same (h/e < 1)

• Parametrisation:

➡ Extract h/e ratio and compare to GEANT4 v9.6 simulations

Hadronic shower profiles

Profiles of hadron-induced showers Scintillator-SiPM analog hadron calorimeter: optical readout

Hadronic showers: parametrisation of longitudinal profiles

�E = A

(
f · exp (� z

�short
)

�short · � (↵short)
·
✓ z
�short

◆↵short�1

+
(1�f ) · exp (� z

�long
)

�long · � (↵long)
·
✓ z
�long

◆↵long�1
)

proposed in R.K. Bock et al. NIM, 186 (1981)

A - scaling factor
f - fraction of the ”short” component
� - gamma function

z - distance from shower start
↵short and ↵long - shape parameters
�short < �long - slope parameters

Fit range: [0.1·�e↵
I ; 4.6·�e↵

I ]

�e↵
I = 231 mm, X e↵

0
= 25.5 mm

Geant4 v9.6

MC and data agree within uncertainties
for shape and slope parameters:
10-15% for ”short”, <5% for ”long”

MC tends to overestimate parameter f

[JINST 11 (2016) P06013]

]Iλz from shower start [
0 1 2 3 4 5 6

E 
in

 la
ye

r [
M

IP
]

Δ

0

20

40

60

80

100
+π

FTFP_BERT  30 GeV
/ndf:  16.5/27 =  0.612χFit  

 1.3)%±f: (26.6 
  0.2±:   4.4 shortα

0
  0.1) X±: ( 1.8 

short
β

 0.02±:  1.33 longα

I
λ 0.03) ±: ( 1.30 

long
β

CALICE Fe-AHCAL

(c)

Marina Chadeeva (LPI) 4th Workshop on LHC detector simulations November 2, 2020 27 / 38

A - scaling factor

f - fraction of the ”short” component 

Γ - gamma function 


z - distance from shower start

αshort and αlong - shape parameters 

βshort < βlong - slope parameters 


proposed in 
R.K. Bock et 
al. NIM, 186 
(1981) 

Geant4 v9.6

Geant4 v9.6

JINST 11 (2016) P06013

http://iopscience.iop.org/article/10.1088/1748-0221/11/06/P06013
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Figure 14 shows the dependence of hNtracksi on the beam energy for data and the simulation models.
With increasing beam energy the centre-of-mass energy available for the ⇡-tungsten scattering increases
with the square-root of the beam energy according to fixed target kinematics. It is therefore expected
that the number of outgoing tracks increases correspondingly. This is indeed observed in data and
simulation. The approximately linear increase at smallest energies flattens out towards higher beam
energies. The extension of the interaction zone also increases with energy, see for example Sec. 5.2.
This makes it more and more di�cult to reconstruct clean tracks in the finite volume of the Si-W
ECAL. The simulation models are in agreement with the data at beam energies of 2GeV and 10GeV
and underestimate the number of secondary tracks by up to 7% at intervening energies.
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Figure 13: Number of secondary tracks for energies of 2 GeV (a) and 10 GeV (b) of the beam energy. Other details

follow those of Fig. 11.
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Figure 14: The average number of secondary tracks hNtracksi as a function of the beam energy. Other details follow

those of Fig. 8.
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Track segments

• Track finding within shower sub-structure 
works in all high granularity technologies


• Useful for detailed study of shower 
development (data vs. simulation), 
calibration and event characterisation

In hadronic showers

Hadronic shower substructure Track segments within a shower

Track segments within a shower: Sc-Fe AHCAL

Motivation: in situ calibration and validation

test beam data: pions of 10–80 GeV

simulations: Geant4 v9.4

track finding based on nearest neighbour algorithm
and Hough-based filtering

Observables and results

measurement of track multiplicity and segment
inclination wrt beam direction, ⇠1–2 secondary
tracks per shower in the studied energy range

QGSP BERT in best agreement with data

good agreement of FTFP BERT

more details in [JINST 8 (2013) P09001]

Marina Chadeeva (LPI) 4th Workshop on LHC detector simulations November 2, 2020 18 / 38

Si-W ECAL

Geant4 v10.1

Geant4 v9.6

Geant4 v9.4

NIM A937 (2019) 41-52 

JINST 12 P05009 (2017)

JINST 8 (2013) P09001 

Identified track segments

NIM A937 (2019) 41-52 

bea
m

http://iopscience.iop.org/article/10.1088/1748-0221/12/05/P05009/meta
http://dx.doi.org/10.1088/1748-0221/8/09/P09001
http://dx.doi.org/10.1016/j.nima.2019.04.111
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CALICE AHCAL Simulation

preliminary

8

Particle Identification
Multi-Variate Analysis with SDHCAL and AHCAL

JINST 15 (2020) 10, P10009
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Figure 2. Distribution of number of the tracks in the shower (TrackMultiplicity). Continuous
lines refer to data while dashed ones to the simulation.
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Figure 3. Distribution of ratio of the number of layers in which RMS of the hits’ position in
the x-y plane exceeds 5 cm over the total number of fired layers (NinteractingLayers/NLayers).
Continuous lines refer to data while dashed ones to the simulation.

(pions) and of the different background contributions (electron and muons) are used. The145

ratio between signal and each background (electron or muon) events is 1 for training and146

test samples. After the training, the BDT provides the relative weight of each variable147

as a measure of distinguishing signal from background. Two BDT-based classifiers are148

proposed here. The first (BDTpµ ) is used to discriminate pions against muons and the149

second (BDTpe) to discriminate against electrons. Table 1 shows the variable ranking150

according to their separation power in the BDTpµ while Tab. 2 gives their separation power151

– 6 –
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Figure 4. Distribution of the average number of neighbouring hits surrounding one hit (Density).
Continuous lines refer to data while dashed ones to the simulation.
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Figure 5. Distribution of the average radius of the shower (Radius). Continuous lines refer to data
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in the case of BDTpe. The BDT algorithm using the variables and their respective weights152

is then applied to the test samples. The output of the BDT applied to each of the test sample153

events is a variable belonging to the interval [-1,1] with the positive value representing154

more signal-like events and the negative more background-like events.155

Figure 7 (left) shows the output of the BDT for a test sample made of pions and156

muons while Fig. 7 (right) shows the output for a test sample made of pions and elec-157

trons. The values differ significantly for signal and background suggesting thus a large158

separation power of the BDT approach. This is confirmed by Fig. 8. The pion selection159

– 7 –

• Discriminating variables based on event topologies of hadrons, 
electrons and muons are used to train a Boosted Decision Tree 
(BDT) classification model


SDHCAL:

• Shower start layer number


• Number of track segments


• Ratio of shower layers over total number of layers


• Shower density


• Shower radius


• Shower maximum position (longitudinal coordinate) 


• Training on both MC and data (SDHCAL)


➡ High signal purity/efficiency obtained 


TPR =
TP

TP + FN

FPR =
FP

FP + T N

https://arxiv.org/abs/2004.02972
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Multi-Variate Analysis with SDHCAL and AHCAL

CALICE AHCAL Simulations

preliminary

Particle Identification
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JINST 15 (2020) 10, 
P10009

Simulated pion events before and after 
applying selection methods

• Discriminating variables based on event topologies of hadrons, 
electrons and muons are used to train a Boosted Decision Tree 
(BDT) classification model


SDHCAL:

• Shower start layer number


• Number of track segments


• Ratio of shower layers over total number of layers


• Shower density


• Shower radius


• Shower maximum position (longitudinal coordinate) 


• Training on both MC and data (SDHCAL)


➡ High signal purity/efficiency obtained 


➡ Stable performance on wide energy range (slight decrease for low 
energies)


More examples for ongoing multivariate analyses with AHCAL in 
backup slides

https://arxiv.org/abs/2004.02972
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Particle Flow Algorithms applied to CALICE prototype data
Two particle separation performance

• Figure of merit for Particle Flow algorithms 


• Artificially overlaid test beam events in SiW ECAL + AHCAL 


• used to tune PFA parameters


➡ Good agreement between data and simulations

Neutral Hadron

Charged Hadron

GEANT4 v9.2

GEANT4 v10.1

QGSP_BERT  

Separation of two hadronic showers

SiW-ECAL+Fe-AHCAL

SiW-ECAL+Fe-AHCAL

arXiv:1802.00672JINST 6 P07005 (2011) 


https://arxiv.org/abs/1802.00672
https://iopscience.iop.org/article/10.1088/1748-0221/6/07/P07005
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Energy reconstruction

Software compensation method

• h/e response compensation by assigning energy-dependent weights to 

hit energies (⇒local energy density) 


• Higher weights for low energy hits - dominated by HAD component

• Lower weights for high energy hits - dominated by EM component


➡Significant energy resolution improvement 10-20%


➡System performance ScECAL+AHCAL+TCMT is similar to AHCAL alone

Analog readout

JINST 13 P12022 (2018)

http://iopscience.iop.org/article/10.1088/1748-0221/13/12/P12022/meta
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Energy reconstruction
Semi-digital readout JINST 11 P04001 (2016)

Energy Resolution

Multi-threshold reconstruction method:

• N1,N2,N3: Exclusive number of hits corresponding to 1st, 2nd and 3rd charge 

thresholds


• : weights, quadratically dependent on total number of hits,   
parameters for each curve are extracted from test beam data @ SPS CERN


➡ Saturation effect at high energy region is mitigated

α, β, γ
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Timing
Towards 5D calorimetry

JINST 9 P07022 (2014)

Geant4 v9.4

Timing of hadronic showers

• CALICE T3B: Setup of 15 scintillator-
SiPM channels with high time 
resolution placed behind W-AHCAL/Fe-
SDHCAL 


➡ good agreement with GEANT4 v9.4 with 
emphasis on HP package for tungsten


➡ higher fraction of late component with 
tungsten specifically for low hit energies 
(late neutrons) 


➡ relevant time scale ~1ns

http://dx.doi.org/10.1088/1748-0221/9/07/P07022
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Timing
Towards 5D calorimetry

< 5 ns

… < 15 ns

… < 50 ns

> 50 ns

• AHCAL: Hit time measurement capability with 
technological prototype


➡ Intrinsic single channel hit time resolution of ~1ns for 
muons 


➡ Further optimisation and analysis on hadrons in 
progress


➡ Envisage study of dynamical developments of showers

Hit time difference distribution for muon hits in 
two consecutive AHCAL channels

JINST 9 P07022 (2014)

Geant4 v9.4

E
nt

rie
s

Timing of hadronic showers

 nsσ = 1.1

• CALICE T3B: Setup of 15 scintillator-
SiPM channels with high time 
resolution placed behind W-AHCAL/Fe-
SDHCAL 


➡ good agreement with GEANT4 v9.4 with 
emphasis on HP package for tungsten


➡ higher fraction of late component with 
tungsten specifically for low hit energies 
(late neutrons) 


➡ relevant time scale ~1ns

http://dx.doi.org/10.1088/1748-0221/9/07/P07022
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Summary & Outlook

• High granularity of calorimeters is one of the key components to reach the 
unprecedented jet energy resolution at future lepton colliders


• Imaging capabilities of CALICE highly granular calorimeter prototypes provide 
excellent opportunity to study hadronic showers at beam tests


• Detailed hadronic shower structure analysis


• Validation of Geant4 modelling and feedback to developers


• Calorimeter-based particle identification


• PFA performance tests on test beam data and feedback to developers


• Improving hadronic energy resolution using software compensation and multi-threshold reconstruction


• Timing measurements show promising results ⇒ next step towards 5D calorimetry


• Analyses with the CALICE technological prototypes are ongoing - stay tuned



Backup
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Particle Flow Calorimetry
Reaching the Highest Precision

• At future e+e- collider experiments: 
Unprecedented jet energy resolutions for 
precise physics with jets required


➡ Use Particle Flow Algorithms (PFA)


Conventional Calorimetry Particle Flow Calorimetry

ECharged  +  E   +  Eh0γ

Goal: 3-4% jet energy resolutions!

• Measurement of sub-detector 
providing the best resolution on 
particle-by-particle basis


➡ Charged particles: Tracker


➡ Photons: ECAL


➡ Neutral hadrons: ECAL+HCAL


• Requirements for PFA :


➡ High precision tracker


➡ High granularity calorimeters
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Single Particle Energy Resolution
Performance of CALICE Calorimeter Prototypes - Examples

• Achieved single particle (intrinsic) energy resolution of 
CALICE calorimeter prototypes remarkable - even if 
they are not explicitly optimised on this quantity alone

JINST 10 P04014 (2015)


Energy Resolution AHCAL (pi+/protons)

Energy Resolution SiW ECAL (e-)

NIM A608 (2009) 372


➡ SiW ECAL physics prototype (EM): 
~16.6% /  ⊕ ~1.05%


➡ ScECAL physics prototype (EM): 
~12.5% /  ⊕ ~1.2%


➡ AHCAL physics prototype (HAD):  
~58% /  ⊕ ~1.6%              
(before weighting)

E(GeV )

E(GeV )

E(GeV ) NIM A887 (2018) 150


Energy Resolution ScECAL (e-)

GEANT4 v9.6

GEANT4 v9.6

s: 12.5%/ 

c: 1.2%

E (G eV )



| Exploring hadronic showers with highly granular calorimeters, 8 Nov 2021 | Vladimir Bocharnikov 19

Digital hadronic calorimeter (DHCAL)
Linearity and resolution
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Figure 9: The energy resolution for positrons with energies of 2 to 25GeV. The bottom plot

shows the ratio of the simulations and data. The error bands show the systematic and statical

uncertainty of the data added in quadrature. The statistical errors of the simulations are

smaller than the size of the markers.
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Figure 8: a) The reconstructed energy distributions for 2 to 25GeV positrons. The lines

represent the Novosibirsk fits used for the determination of the linearity.

b) The linearity after the correction for non-linearity to positron showers. The plot on the top

shows the residuals to the beam energy. The grey bands indicate the statistical and systematic

uncertainty of the data. The statistical errors of the simulations are smaller than the size of

the markers.
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NIM A939 (2019) 89-105

http://cds.cern.ch/record/2137430
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Semi-Digital Hadronic Calorimeter (SDHCAL)
Linearity and resolution

Global observables in hadron calorimeters Response and resolution

Response of GRPC-Fe SDHCAL to hadrons
Test beam hadrons 20–80 GeV at CERN SPS

⇠ 5.8�I, gaseous readout, 2-bit (3 thresholds)

energy calculated from number of hits

selection of hadron events from data samples

FTFP BERT Geant4 v9.6

digitiser tuned on em showers [JINST 11 (2016) P06014]

underestimation of Nhits increases with energy

similar behaviour for QGSP BERT

Marina Chadeeva (LPI) 4th Workshop on LHC detector simulations November 2, 2020 11 / 38

JINST 11 (2016) P06014 

http://iopscience.iop.org/article/10.1088/1748-0221/11/06/P06014/meta
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BDT classification SDHCAL
Simulated pion events before and after 
applying selection methods
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Figure 12. BDT output of the BDTpµ built with pure beam muons and simulated pion samples
(left) and of the BDTpe built with pure beam electrons and simulated pion samples (right)
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Figure 13. The BDT output after using the BDTpµ on the data pion sample (left) and the BDT
output after using the BDTpe on the same pion sample after classified by BDTpµ (right). A green
arrow is shown on both to indicate the BDT cut applied to clean the pion samples.

applying the data-based BDT classifiers. A good agreement between the data and simu-195

lation events for pions is observed. It also confirms the power of the BDT method. The196

rejection of muons and electrons presented in the pion data sample using the BDT allows197

us to have more statistics and a rather pure pion sample as explained in the previous sec-198

tion. Figure 15 shows the results of comparison in event selection between the standard199

method and the BDT-based method using the simulation samples. For both simulation and200

beam data, the BDT method leads to more statistics comparing to the standard method [7]201

in particular at low energy as shown in Fig. 16 for the comparison of the selected events202

as a function of the total number of hits for the 10 GeV pion beam data. We also do not203

observe any significant deviation of energy resolution when applying the standard energy204

reconstruction described in Ref. [7] on the pion events selected by the BDT method.205

– 12 –

The BDT output 

JINST 15 (2020) 10, 
P10009

https://arxiv.org/abs/2004.02972
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BDT classification AHCAL

Observables (sorted by importance):

• Event radius

• Shower start layer number

• Energy fraction in shower core

• Energy fraction in shower central region 

(in XY plane)

• Mean hit energy after shower start

• Energy fraction in first 22 layers

• Number of hits

• Center of gravity in z

• Number of track hits

• Number of layers with hits from last 5

• Number of hits after shower start

Model and input. 

Training and test set: 

• MC particles 10-200GeV simulated using 

Geant4 (v10.03.p02) QGSP_BERT_HP 
physics list: 
• pions (st ≤ 40) 
• electrons 
• muons 
• Simulated data is split 50/50 - test/train 
• Simultaneous training on whole energy range

Software and model: 

• LightGBM package

• Multi-class Gradient Boosted 

Decision Tree

• Multi-log/BCE loss function

• Output: 3 probabilistic classifiers 

(electron, hadron, muon-like)
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Preliminary results of application of NN-based regression model

Preliminary results: event-by-event comparisons

Target: number of neutrons
Training and test samples from FTFP BERT HP

Reasonable correlations between true and predicted,
except for events with large number of neutrons.

Target: energy of neutral pions
Training and test samples from QGSP BERT HP

Though mean is well reproduced, event-by-event
discrepancies are large, especially in the tails.

Marina Chadeeva (LPI) ILCX 2021: Software and Computing October 28, 2021 20 / 21
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Ongoing MVA examples with AHCAL

• Prediction vs MC truth for number of neutrons

DNN based prediction of hadronic shower properties using global observables

CALICE AHCAL Simulation

work in progress

• Prediction vs MC truth for energy of neutral pions

CALICE AHCAL Simulation

work in progress

More details can be found in Marina’s ILCX 2021 presentation

https://agenda.linearcollider.org/event/9211/contributions/49383/attachments/37488/58733/chadeeva_ILCX_20211028.pdf


| Exploring hadronic showers with highly granular calorimeters, 8 Nov 2021 | Vladimir Bocharnikov

GNN based reconstruction of hadronic shower components

24

Ongoing MVA examples with AHCAL

CALICE AHCAL Simulation 

work in progress

Graph representation of 
calorimeter event:


Nodes - hits

Node features - position, energy, 
(time)

— Edges - neighbours (R < 
Rmax)

— Edge weights - 1 if pair of 
nodes belong to same 
fundamental object (e/m sub-
shower, track), otherwise 0


Graph neural network is trained to 
predict edge weights

40 GeV 𝞹- event 

EM component of shower 

true 
positive

true 
positive

false 
positive

false 
negative



| Exploring hadronic showers with highly granular calorimeters, 8 Nov 2021 | Vladimir Bocharnikov 25

Software Compensation - Analogue Calorimeters
Energy Reconstruction Performance

• Within CALICE collaboration software compensation is studied for a variety of detector prototypes


• Here: Combined test beam of ScECAL + AHCAL + TCMT (4-32 GeV  @ FNAL)


➡ Energy resolution significantly improved by 10-20% compared to standard reconstruction


➡  With software compensation: ~44.3% /  ⊕ ~1.8%

π−

E(GeV )

JINST 13 P12022 (2018)

JINST 7 P09017 (2012)

Global Energy Sum (32 GeV )π− Energy Resolution (Standard vs. Software Compensation)


