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Introduction

• The (somewhat naive) assumption: signals seen in active detector 
elements is a energy- and particle type - independent fraction of 
the particle energy:

�3

Energy Reconstruction in Calorimeters

• Energy reconstruction is the key task of HEP calorimeter systems -  
for electromagnetic and hadronic particles

• In practice: Particle-type and possible energy dependent “calibration” of conversion of visible energy 
to particle energy a minimal requirement - with more sophistication possible & useful
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Limitations of Energy Resolution

• The energy resolution for hadronic showers typically is relatively poor:

�4

… and Handles to improve it

“invisible” energy due to binding energy losses

delayed & displaced energy deposits due to neutrons

…

prompt energy depositions only

active elements see a ~ constant fraction of shower energy
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Limitations of Energy Resolution

• The energy resolution for hadronic showers typically is relatively poor:
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… and Handles to improve it

“invisible” energy due to binding energy losses

delayed & displaced energy deposits due to neutrons

…

prompt energy depositions only

active elements see a ~ constant fraction of shower energy

typically:

larger response for em showers 
than for hadronic showers: 
e/h > 1 => non-compensating
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Limitations of Energy Resolution

• The energy resolution for hadronic showers typically is relatively poor:
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… and Handles to improve it

“invisible” energy due to binding energy losses

delayed & displaced energy deposits due to neutrons

…

prompt energy depositions only

active elements see a ~ constant fraction of shower energy

typically:

larger response for em showers 
than for hadronic showers: 
e/h > 1 => non-compensating

The path to a better energy resolution:

➫ Compensating calorimeters: Highest potential 

provided by Dual Readout

➫ Software compensation / offline weighting: 

Shower-by-shower energy corrections, profits 
from high granularity
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CALICE Calorimeters

• Granularity motivated by shower physics:

�5

Granularity & Prototypes

Calorimeter voxel size given by  
X0, ρM => ~ (5 mm)3 - (30 mm)3
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CALICE Calorimeters

• Granularity motivated by shower physics:

�5

Granularity & Prototypes

Calorimeter voxel size given by  
X0, ρM => ~ (5 mm)3 - (30 mm)3

➫ O 107-8 cells in HCAL, 108 cells in ECAL for typical detector 
systems!  
(compared to a few 10k - 100k for current LHC detectors)


➫ fully integrated electronics needed

➫ requires active elements that support high granularity and 

large channel counts

➫ need technical solutions amenable to mass production & 

automatisation

Consequences for the Calorimeter Systems:
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CALICE Calorimeters

• Granularity motivated by shower physics:

�5

Granularity & Prototypes

Calorimeter voxel size given by  
X0, ρM => ~ (5 mm)3 - (30 mm)3

➫ O 107-8 cells in HCAL, 108 cells in ECAL for typical detector 
systems!  
(compared to a few 10k - 100k for current LHC detectors)


➫ fully integrated electronics needed

➫ requires active elements that support high granularity and 

large channel counts

➫ need technical solutions amenable to mass production & 

automatisation

Consequences for the Calorimeter Systems:

Developed and studied in CALICE

Principles, performance, technological feasibility 
and scalability demonstrated in the last 12 years
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CALICE Calorimeters

• Depending on active detector technology and granularity, different readout schemes are used:

�6

Readout Schemes

“digital” 
counting hit cells

gas detectorsActive elements:

Silicon pixel detectors

“semi-digital” 
2 bits per cell: 
one, a few, many particles

gas detectors

“analog” 
full analog information 
typically 14+ bits

Plastic scintillator elements

Silicon pad detectors
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Semi-Digital Energy Reconstruction in CALICE

• Exploitation of semi-digital readout requires energy (hit) -
dependent calibration factors for each of the three thresholds

�7

Performance of the RPC SDHCAL
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Figure 19.
sreco

<Ereco>
is the relative resolution of the reconstructed hadron energy as a function of the

beam energy at H6 (left) and H2 (right) runs. The reconstructed energy is computed using only the
total number of hits (Nhit) and the linearity-restoring algorithm described in section 6.1.

and electromagnetic showers, where more particles are expected, of a higher density of hits
above the second and third thresholds as can be seen from the event displays of Fig. 20.

The threshold information can be useful to understand the shower structure as suggested
by these event displays. Nevertheless, here this will be used only to improve the energy
measurement by expressing the energy of the hadronic shower as a weighted sum of N1,
N2 and N3. In Fig. 21 the average values of N1, N2, N3 and of the total number of hits
of the selected hadronic showers are shown for the 2012 H6 runs (left) and the 2012 H2
runs (right). In Fig. 22 the same variables are shown for electron samples obtained during
the the 2012 H6 beam test. Since electromagnetic showers feature, on average, a more
compact and dense structure than hadronic ones, the difference of ratios, between elec-
tromagnetic and hadronic showers, of the hits above the second and the third threshold
over the total number of hits confirms that more hits above the second and third thresholds
are present in high particle density regions within the shower where more particles are
present8. Therefore, using the thresholds information could help to account better for the
number of particles created within the shower and improve on its energy estimation.

Taking an empirical approach, the energy can be reconstructed by a weighted sum:

Ereco = aN1 +bN2 + gN3. (6.2)

8The presence of these hits is however not limited to the high particle density zones only. A few of them
are also observed at the end of stopping particles where the dE/dx is high.
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Figure 20. Left: 70 GeV pion event display with red color triangles indicating highest threshold
fired pads, blue color squares indicating the middle threshold, and green color circles indicating
that of the lowest one. Right: 70 GeV electron event display with the same color coding.
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Figure 21. Average number of hits in the hadronic shower sample corresponding to the first thresh-
old only (green squares), to the second threshold but not the third one (blue triangles), to the third
threshold (red crosses), and to the total number (black circles) as a function of the beam energy in
the 2012 H6 runs (left) and the 2012 H2 runs (right).

The complexity of the hadronic shower structure and its evolution with energy mean that
the optimal values of a,b and g are not constant over a large energy range. To overcome
this difficulty a,b and g are parameterized as functions of the total number of hits (Nhit =

N1 +N2 +N3). To find the best parameterization, a c2-like expression was used for the
optimization procedure:
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threshold information has very good impact on the energy resolution (Fig. 27) at energies
higher than 30 GeV as was predicted from our preliminary simulation studies [15]. The
energy resolution reaches a value of 7.7% at 80 GeV which is an encouraging result since
the data were collected without using any electronics gain correction to improve the ho-
mogeneity of the detector response. The results obtained with the two data samples with
the same energy points are in a good agreement especially at low energy where the proton
contamination of the H6 pion beam is low. For energies higher than 60 GeV, the presence
of protons in the H6 data can explain why the reconstructed energies are higher than those
of the H2 data. It is important to mention here that having the same response to hadrons in
the energy range for which the proton contamination is low shows clearly that the behavior
of the SDHCAL prototype is stable between the two periods as can be seen in Fig. 28 and
Fig. 29 as well as in Table 2 and Table 3. The importance of the beam intensity correction
role in achieving this stability is shown in Fig. 30 where the energy distributions of 40 GeV
hadrons from H2 and H6 data are compared before and after this correction.
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Figure 23. Evolution of the coefficient a (green), b (blue) and g (red) in terms of the total number
of hits.

6.3 Multi-threshold compared to binary mode analysis

Energy reconstruction algorithms using weights that are polynomial functions of the total
number of hits have been developed both for the binary and the multi-threshold modes of
our prototype. Although these algorithms restore linearity over a large energy range, the
energy resolution achieved with the multi-threshold mode was found to be better than that
obtained with the binary mode for energies higher than 30 GeV. A direct comparison of
the two results is shown in Fig. 31. To further compare the two results, the reconstructed
energy distribution is shown for both modes in Fig. 32 for 80 GeV, 70 GeV and 20 GeV
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Figure 22. Average number of hits in the electromagnetic shower sample corresponding to the first
threshold only (green squares), to the second threshold but not the third one (blue triangles), to
the third threshold (red crosses), and to the total number (black circles) as a function of the beam
energy of electron samples collected in the 2012 H6 beam test.

c2 =
N

Â
i=1

(Ei
beam �Ei

reco)
2

s2
i

(6.3)

where N is the number of events used for the optimisation and si =
q

Ei
beam

9. Different
functions of Nhit were tested to parameterize the evolution of a,b and g with Nhit. A poly-
nomial function of second degree was found to give the best results. The procedure was
applied to only a few energy points using only about a third of the collected data in H2
runs where there is no proton contamination10. The parameterization of a,b and g as a
function of Nhit is presented in Fig. 23.
The three coefficients of these polynomial functions are then used to estimate the energy
of all collected data (H2 and H6 runs) without using the information of the beam energy.
The energy distributions obtained in this way are fitted as before and are shown in Figs 24
and 25 (right) for two energies. These two figures (left) also show the energy distributions
obtained with the binary mode for comparison. As expected, the multi-threshold method
of energy reconstruction of hadronic showers restores linearity over a wide energy range
going from 5 GeV up to 80 GeV as shown in Figs 26 (a,c). Figs 26 (b,d) show the relative
deviation of the reconstructed energy with respect to the beam energy. The use of the three

9This choice is suggested by the fact that the calorimeter energy resolution is expected to be approxi-
mately proportional to

p
Ebeam.

10The same procedure was applied to extract A1, A2 and A3 in the case of the binary mode.
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parameters determined by 
optimising energy resolution 
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Semi-Digital Energy Reconstruction in CALICE

• Exploitation of semi-digital readout requires energy (hit) -
dependent calibration factors for each of the three thresholds

�7

Performance of the RPC SDHCAL
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Figure 19.
sreco

<Ereco>
is the relative resolution of the reconstructed hadron energy as a function of the

beam energy at H6 (left) and H2 (right) runs. The reconstructed energy is computed using only the
total number of hits (Nhit) and the linearity-restoring algorithm described in section 6.1.

and electromagnetic showers, where more particles are expected, of a higher density of hits
above the second and third thresholds as can be seen from the event displays of Fig. 20.

The threshold information can be useful to understand the shower structure as suggested
by these event displays. Nevertheless, here this will be used only to improve the energy
measurement by expressing the energy of the hadronic shower as a weighted sum of N1,
N2 and N3. In Fig. 21 the average values of N1, N2, N3 and of the total number of hits
of the selected hadronic showers are shown for the 2012 H6 runs (left) and the 2012 H2
runs (right). In Fig. 22 the same variables are shown for electron samples obtained during
the the 2012 H6 beam test. Since electromagnetic showers feature, on average, a more
compact and dense structure than hadronic ones, the difference of ratios, between elec-
tromagnetic and hadronic showers, of the hits above the second and the third threshold
over the total number of hits confirms that more hits above the second and third thresholds
are present in high particle density regions within the shower where more particles are
present8. Therefore, using the thresholds information could help to account better for the
number of particles created within the shower and improve on its energy estimation.

Taking an empirical approach, the energy can be reconstructed by a weighted sum:

Ereco = aN1 +bN2 + gN3. (6.2)

8The presence of these hits is however not limited to the high particle density zones only. A few of them
are also observed at the end of stopping particles where the dE/dx is high.
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Figure 20. Left: 70 GeV pion event display with red color triangles indicating highest threshold
fired pads, blue color squares indicating the middle threshold, and green color circles indicating
that of the lowest one. Right: 70 GeV electron event display with the same color coding.
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Figure 21. Average number of hits in the hadronic shower sample corresponding to the first thresh-
old only (green squares), to the second threshold but not the third one (blue triangles), to the third
threshold (red crosses), and to the total number (black circles) as a function of the beam energy in
the 2012 H6 runs (left) and the 2012 H2 runs (right).

The complexity of the hadronic shower structure and its evolution with energy mean that
the optimal values of a,b and g are not constant over a large energy range. To overcome
this difficulty a,b and g are parameterized as functions of the total number of hits (Nhit =

N1 +N2 +N3). To find the best parameterization, a c2-like expression was used for the
optimization procedure:
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threshold information has very good impact on the energy resolution (Fig. 27) at energies
higher than 30 GeV as was predicted from our preliminary simulation studies [15]. The
energy resolution reaches a value of 7.7% at 80 GeV which is an encouraging result since
the data were collected without using any electronics gain correction to improve the ho-
mogeneity of the detector response. The results obtained with the two data samples with
the same energy points are in a good agreement especially at low energy where the proton
contamination of the H6 pion beam is low. For energies higher than 60 GeV, the presence
of protons in the H6 data can explain why the reconstructed energies are higher than those
of the H2 data. It is important to mention here that having the same response to hadrons in
the energy range for which the proton contamination is low shows clearly that the behavior
of the SDHCAL prototype is stable between the two periods as can be seen in Fig. 28 and
Fig. 29 as well as in Table 2 and Table 3. The importance of the beam intensity correction
role in achieving this stability is shown in Fig. 30 where the energy distributions of 40 GeV
hadrons from H2 and H6 data are compared before and after this correction.
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Figure 23. Evolution of the coefficient a (green), b (blue) and g (red) in terms of the total number
of hits.

6.3 Multi-threshold compared to binary mode analysis

Energy reconstruction algorithms using weights that are polynomial functions of the total
number of hits have been developed both for the binary and the multi-threshold modes of
our prototype. Although these algorithms restore linearity over a large energy range, the
energy resolution achieved with the multi-threshold mode was found to be better than that
obtained with the binary mode for energies higher than 30 GeV. A direct comparison of
the two results is shown in Fig. 31. To further compare the two results, the reconstructed
energy distribution is shown for both modes in Fig. 32 for 80 GeV, 70 GeV and 20 GeV
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Figure 22. Average number of hits in the electromagnetic shower sample corresponding to the first
threshold only (green squares), to the second threshold but not the third one (blue triangles), to
the third threshold (red crosses), and to the total number (black circles) as a function of the beam
energy of electron samples collected in the 2012 H6 beam test.

c2 =
N

Â
i=1

(Ei
beam �Ei

reco)
2

s2
i

(6.3)

where N is the number of events used for the optimisation and si =
q

Ei
beam

9. Different
functions of Nhit were tested to parameterize the evolution of a,b and g with Nhit. A poly-
nomial function of second degree was found to give the best results. The procedure was
applied to only a few energy points using only about a third of the collected data in H2
runs where there is no proton contamination10. The parameterization of a,b and g as a
function of Nhit is presented in Fig. 23.
The three coefficients of these polynomial functions are then used to estimate the energy
of all collected data (H2 and H6 runs) without using the information of the beam energy.
The energy distributions obtained in this way are fitted as before and are shown in Figs 24
and 25 (right) for two energies. These two figures (left) also show the energy distributions
obtained with the binary mode for comparison. As expected, the multi-threshold method
of energy reconstruction of hadronic showers restores linearity over a wide energy range
going from 5 GeV up to 80 GeV as shown in Figs 26 (a,c). Figs 26 (b,d) show the relative
deviation of the reconstructed energy with respect to the beam energy. The use of the three

9This choice is suggested by the fact that the calorimeter energy resolution is expected to be approxi-
mately proportional to

p
Ebeam.

10The same procedure was applied to extract A1, A2 and A3 in the case of the binary mode.
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parameters determined by 
optimising energy resolution 
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Figure 29. Mean reconstructed energy for pion showers as a function of the beam energy (a) of
the 2012 H2 (blue) and the 2012 H6 (red) data. The dashed line passes through the origin with
unit gradient. Relative deviation of the pion mean reconstructed energy with respect to the beam
energy as a function of the beam energy (b) of the 2012 H2 (blue) and the 2012 H6 (red) data. The
reconstructed energy is computed using the three thresholds information as described in section 6.2.

sreco
<Ereco>

(c) is the relative resolution of the reconstructed hadron energy as a function of the beam
energy of the 2012 H2 (blue) and the 2012 H6 (red) data.

Finally we think that the exploitation of the topological information provided by such a
high-granularity calorimeter to account for saturation and leakage effects in an appropriate
way as well as the application of an electronic gain correction to improve on the calorime-
ter response uniformity are likely to improve the hadronic energy estimation and should
be investigated in future works.
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Figure 29. Mean reconstructed energy for pion showers as a function of the beam energy (a) of
the 2012 H2 (blue) and the 2012 H6 (red) data. The dashed line passes through the origin with
unit gradient. Relative deviation of the pion mean reconstructed energy with respect to the beam
energy as a function of the beam energy (b) of the 2012 H2 (blue) and the 2012 H6 (red) data. The
reconstructed energy is computed using the three thresholds information as described in section 6.2.
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(c) is the relative resolution of the reconstructed hadron energy as a function of the beam
energy of the 2012 H2 (blue) and the 2012 H6 (red) data.

Finally we think that the exploitation of the topological information provided by such a
high-granularity calorimeter to account for saturation and leakage effects in an appropriate
way as well as the application of an electronic gain correction to improve on the calorime-
ter response uniformity are likely to improve the hadronic energy estimation and should
be investigated in future works.
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Software Compensation in CALICE

• Full analog energy information in each cell of the AHCAL provides different handles to implement energy 
reconstruction techniques. Two main strategies for software compensation studied:

�8

Different Techniques to improve the Energy Resolution with Analog Readout
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Software Compensation in the AHCAL

• Substantial improvement of energy resolution with SC

�9

Comparing Local and Global SC
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Software Compensation in the W-AHCAL

• The CALICE W-AHCAL is close to compensating - 
leaves little handle for software compensation 
techniques


➫ Tested with global SC (local SC in progress)

�10

Global Software Compensation Table 1: Geometrical and material properties of the Fe-AHCAL and W-AHCAL.

Fe-AHCAL W-AHCAL ratio (Fe/W)
Number of layers 38 38⇤ 1
Total depth [�I] 5.2 4.9 ⇠1.06
Layer depth [mm] 31.73 24.73 ⇠1.28
Layer depth [�I] 0.137 0.129 ⇠1.06
Layer depth [X0] 1.24 2.80 ⇠0.44

⇤In 2011 test beam campaign.

2 Data samples, event selection and energy recon-

struction

The detailed description of the W-AHCAL test beam setup as well as the analysis of
electron and hadron data for both negative and positive polarities in the energy range from
10 to 150 GeV is given in refs. [5,6]. In this study of software compensation, the negative
pion data samples were used, for which one can expect lower proton admixture. Several
positive pion data samples from the same data-taking period are used for crosscheck.

2.1 Event selection

The selection of pions from the mixed beams is based on the discriminants and approaches
described in refs. [3,5]. The information from two threshold C̆erenkov counters is used to
select the pion-enhanced sample and discriminate between di↵erent types of hadrons. It
should be noted that clustering and shower start finding precede particle identification.
The selection conditions applied in this analysis are listed below.

• OR-based combination of discriminants is used to reject multi-particle events:

– more than one cluster found in the first five layers of the W-AHCAL;

– parallel tracks found with a track finder algorithm;

– too high deposition detected (above pbeam+6 ·0.6 ·ppbeam, where pbeam is beam
momentum in GeV).

• Complex combination of discriminants is used to rejectmuons and punch-through

events:

– combination of the number of hits and position of the center of gravity in the
longitudinal direction (see ref. [5]) for the runs without TCMT;

– thresholds on the energy deposition in both W-AHCAL and TCMT (see ref. [3])
for the runs with TCMT;

2
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Figure 4: Relative resolution for negative pions in the W-AHCAL for standard (black
circles) and software compensation (red squares) reconstruction. The error bars (bands)
show statistical (systematic) uncertainties.

below 60 GeV and by less than 7% up to 80 GeV compared to 10–25% obtained for the
Fe-AHCAL. The crosscheck of software compensation procedure using the test samples
of positive pions is presented in the Appendix. The results obtained for the test sam-
ples agree within uncertainties with the results of the negative pion data set under study
shown above.

4 Summary

The software compensation reconstruction (global technique) developed for the highly
granular scintillator-steel analogue hadron calorimeter Fe-AHCAL was applied to the
calorimeter with the same active elements but tungsten absorber - W-AHCAL. The im-
portant di↵erence between two devices is the level of compensation: e/⇡ ⇡ 1.2 for the
Fe-AHCAL and e/⇡ ⇡ 1 for the W-AHCAL. The improvement in resolution is observed
to be significantly larger for the Fe-AHCAL than for the W-AHCAL. A comparison of the
e↵ect of software compensation reconstruction applied to the calorimeters with di↵erent
level of compensation supports the hypothesis that the phenomenological global software
compensation approach accounts predominantly for and compensates the fluctuations in
hadronic showers, which are caused by the fluctuation of the electromagnetic fraction.
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Figure 5: Ratio of absolute resolution at software compensation reconstruction to that at
standard reconstruction for negative pions in the W-AHCAL.
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Extension to Combined ECAL/HCAL Systems

�11

One Example: SiW ECAL + Scintillator / Fe HCAL

• Studying energy resolution in a “real-world” setting: A combined system of 
SiW ECAL, Scintillator/FE HCAL, Tail Catcher

• A combination of non-compensating systems with different active and 

absorber materials and varying longitudinal sampling

• Local software compensation extended by subsystem-dependen binning 

and weight parameter

ECAL (30 layers):  
Absorber: W; 1.4 mm, 2.8 mm, 4.2 mm

Active: Si; 525 µm 
HCAL (38 layers) / TCMT (8+8 layers):  
Absorber: Steel; ~ 21 mm (including cassettes)

Active: Plastic scintillator; 5 mm
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Local Software Compensation in Combined Systems

• Separate treatment of incoming track up to first interaction: 
calibration factor different than that for showers


• Digital weighting for first two bins: Slight advantage for 
energy resolution due to suppression of Landau fluctuations

�12

The Implementation
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Software Compensation Weights

� Bin weights are parametrised with particle energy !j(E)�→ 2nd order polynomials�→ 3 parameters for each bin:aj ,bj , cj
in total 51 parameters

�2 = �
events

�E event

Full SC
− E event

beam
�2

�55%√GeV�2 ⋅ E event

beam
⋅ Nevents

beam

E = Ebeam in weights optimization

E = Ereco in SC energy reconstruction
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● Binary reconstruction in bins 1-2 to suppress Landau fluctuations
Yasmine Israeli CALICE Collaboration Meeting, Mainz 2018 34

weights are energy dependent: 
overall shower density changes 
with energy!
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Local Software Compensation in Combined Systems

• Substantial improvement in energy resolution:

• SC in ECAL alone up to 8% improvement

• SC in HCAL alone up to 23% improvement

• Full SC up to 30% improvement, for a stochastic term of 

42.5% and a constant term of 2.5%

�13

Resulting Performance
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➫ The bulk of the improvement is achieved in the AHCAL

5.1.2 Fit

The distributions of the reconstructed energies for each testbeam energy are fitted with a Gaussian
function in two steps, following the procedure used in [5]. First, the full range is fitted, and then,
using the mean and standard deviation of the first fit, a new fit is applied in the interval of ±2
standard deviations around the mean value. The mean value obtained from the second fit represents
the reconstructed energy Ereco, and the energy resolution is given by the standard deviation sreco

divided by Ereco. Figure 4 shows the standard reconstructed energies for 4 GeV and 80 GeV pions,
marked in blue. The figure 4 also includes the reconstructed energy distributions obtained with the
software compensation method (red), which is described in the following section.
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Figure 4: Distribution of the reconstructed energy for 4 GeV p� (left) and 80 GeV p� (right) with
standard (blue) and Full SC (red) reconstruction. The curves shows Gaussian fits to the distributions
in the range of ±2 standard deviations. For 4 GeV the reconstructed energies for the standard and
Full SC schemes are (4.203±0.005) GeV and (4.063±0.006) GeV, respectively, while the energy
resolutions are 0.248±0.001 and 0.209±0.001. For 80 GeV the reconstructed energies for the
standard and Full SC schemes are (81.285±0.026) GeV and (79.631±0.026) GeV, respectively,
with the corresponding energy resolutions of 0.0706±0.0003 and 0.0525±0.0003.

5.2 Software Compensation Schemes

Hadron-induced showers have two components: an electromagnetic component, originating from
p0/h production and their subsequent decay to two photons; and a purely hadronic component.
The hadronic component includes invisible energy loss, due to processes like nuclear recoil, exci-
tation and fragmentation of interacting nuclei which do not lead to a detectable signal, as well as
undetected neutrons in some of the active materials. For this reason, the calorimeter response is
typically smaller for the hadronic component and therefore overall smaller for hadrons (e/p > 1).
The invisible energy and the relative size of the two shower components fluctuate from shower to
shower and therefore deteriorate the energy resolution of the calorimeter system.

– 10 –

• Software compensation also reduces tails 
and asymmetries in the energy 
distribution, in particular at lower beam 
energies
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Combining Software Compensation with Particle Flow

• Particle flow algorithms make use of calorimeter energy at two main points

• Track - calorimeter cluster matching, and iterative reclustering

• Energy of neutral particles

�14

Local Software Compensation in PandoraPFA

transfer software compensation 
algorithm and training strategies 
from CALICE to full ILD detector 
simulations

em sub showers (in shower 
core) weighted less than 
hadronic periphery

ECAL not yet included: 
standard reconstruction used
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Combining Software Compensation with Particle Flow

• Particle flow algorithms make use of calorimeter energy at two main points

• Track - calorimeter cluster matching, and iterative reclustering

• Energy of neutral particles

�14

Local Software Compensation in PandoraPFA

transfer software compensation 
algorithm and training strategies 
from CALICE to full ILD detector 
simulations
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standard reconstruction used
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Combining Software Compensation with Particle Flow

• Particle flow algorithms make use of calorimeter energy at two main points

• Track - calorimeter cluster matching, and iterative reclustering

• Energy of neutral particles
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Local Software Compensation in PandoraPFA

transfer software compensation 
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hadronic periphery
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Figure 20: Energy dependence of the relative energy resolution of the AHCAL test
beam data in (a) and the simulation with 1⇥ 1 cm2 granularity and the FTFP BERT
physics list in (b), obtained using di↵erent approaches for the energy reconstruction
of pions: analogue (black), digital (green), semi-digital (red) and applying the soft-
ware compensation algorithm (blue). The dashed and dotted curves in (a) show the
resolution achieved in [3] with and without software compensation techniques, using
the energy deposits in the TCMT and in the ECAL in addition to the AHCAL. The
plots on the top show the residuals to the beam energy with the bands indicating
the systematic and statistical uncertainties. The purely statistical errors are smaller
than the markers.

35

Energy Reconstruction & Readout Schemes

• CALICE hadron calorimeters use different schemes for energy 
reconstruction - depending on readout technology:

• scintillator: analog & software compensation

• gas: digital (1 bit), semi-digital (2 bit)

�15

Understanding Resolution Impact of Granularity & Readout Technology

N.B.: Semi-digital reconstruction and software 
compensation are related: both use optimised hit 
or energy dependent weighting factors

• Different schemes tested on AHCAL data (3 x 3 cm2 granularity)
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Figure 20: Energy dependence of the relative energy resolution of the AHCAL test
beam data in (a) and the simulation with 1⇥ 1 cm2 granularity and the FTFP BERT
physics list in (b), obtained using di↵erent approaches for the energy reconstruction
of pions: analogue (black), digital (green), semi-digital (red) and applying the soft-
ware compensation algorithm (blue). The dashed and dotted curves in (a) show the
resolution achieved in [3] with and without software compensation techniques, using
the energy deposits in the TCMT and in the ECAL in addition to the AHCAL. The
plots on the top show the residuals to the beam energy with the bands indicating
the systematic and statistical uncertainties. The purely statistical errors are smaller
than the markers.
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Energy Reconstruction & Readout Schemes

• CALICE hadron calorimeters use different schemes for energy 
reconstruction - depending on readout technology:

• scintillator: analog & software compensation

• gas: digital (1 bit), semi-digital (2 bit)

�15

Understanding Resolution Impact of Granularity & Readout Technology

N.B.: Semi-digital reconstruction and software 
compensation are related: both use optimised hit 
or energy dependent weighting factors

• Different schemes tested on AHCAL data (3 x 3 cm2 granularity)
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Figure 20: Energy dependence of the relative energy resolution of the AHCAL test
beam data in (a) and the simulation with 1⇥ 1 cm2 granularity and the FTFP BERT
physics list in (b), obtained using di↵erent approaches for the energy reconstruction
of pions: analogue (black), digital (green), semi-digital (red) and applying the soft-
ware compensation algorithm (blue). The dashed and dotted curves in (a) show the
resolution achieved in [3] with and without software compensation techniques, using
the energy deposits in the TCMT and in the ECAL in addition to the AHCAL. The
plots on the top show the residuals to the beam energy with the bands indicating
the systematic and statistical uncertainties. The purely statistical errors are smaller
than the markers.
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• Simulations used to study 1 x 1 cm2 granularity (scintillator)

• Digital & fine granularity best at low energy: Suppression of 

fluctuations

• SC & semi-digital comparable 

NB: Sampling fraction matters: Semi-digital reconstruction in 
RPCs does not reach the same resolution
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Towards Multivariate Techniques

• Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)

�16

Initial Studies with Neural Networks

CAN-021

The strategy:  
• Use “simple” clustering to define a set of shower variables

• Train a neural network on MC data (NB: quasi-continuous 

energy distribution to avoid bias)

• Apply NN to data (requires additional energy correction to 

account for differences between data and MC)

Shower variables 
used in NN: 
Global observables
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Towards Multivariate Techniques

• Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)

�17

Initial Studies with Neural Networks

The strategy:  
• Use “simple” clustering to define a set of shower variables

• Train a neural network on MC data (NB: quasi-continuous 

energy distribution to avoid bias)

• Apply NN to data (requires additional energy correction to 

account for differences between data and MC)

Simple weighting using energy density 
only with parametrized weights from MC:  
~ 15% improvement

CAN-021
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Initial Studies with Neural Networks

The strategy:  
• Use “simple” clustering to define a set of shower variables

• Train a neural network on MC data (NB: quasi-continuous 

energy distribution to avoid bias)

• Apply NN to data (requires additional energy correction to 

account for differences between data and MC)

Simple weighting using energy density 
only with parametrized weights from MC:  
~ 15% improvement
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studies: clustering effects!
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➫ Substantial potential!
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Towards Multivariate Techniques

• New prototypes (and full detectors) will offer ns-level timing on the cell level

• Obvious benefits for pattern recognition & background rejection

• Benefits for energy resolution?

�18

Machine Learning & Timing Information

Christian Graf AHCAL Main Meeting 2018

Fraction of Late Hits

�10

• Correlation between fraction of late hits  
and energy sum visibleSimulation study for 

AHCAL prototype

C. Graf, work in progress

40 GeV
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Machine Learning & Timing Information

Christian Graf AHCAL Main Meeting 2018

Fraction of Late Hits
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• Correlation between fraction of late hits  
and energy sum visibleSimulation study for 

AHCAL prototype

Christian Graf AHCAL Main Meeting 2018

Fraction of Late Hits

�10

• Correlation between fraction of late hits  
and energy sum visible

fraction of late hits in shower as 
additional observable

Additional parameters, such as 
layer-wise energy in neural network

Study still in an early stage 
• Timing adds some improvement to 

global SC (~ 10% in quadrature)

• Energy, in particular also local, 

more powerful

Christian Graf AHCAL Main Meeting 2018

Neural Network

�22

• Use all global features:
• ESC

• nHits
• High energy hits
• Late hits
• Shower Radius
• CoGZ

• Add energy per layer (44 total features)
• ~24% improvement

• Add number of hits per layer (82 total features)
• ~25% improvement

preliminary

C. Graf, work in progress

40 GeV
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Summary & Outlook

• Hadronic energy reconstruction in calorimeters is a challenge - and a limiting factor for overall detector 
performance


• Highly granular calorimeters provide detailed information on the shower substructure on an event-by-event 
level that can be use to improve the energy reconstruction & resolution: Used in  
Software Compensation 

• Different techniques developed and studied in CALICE with test beam data: 
Global and local software compensation, semi-digital reconstruction,  
global software compensation with neural networks

• Successfully applied to single detectors and combined ECAL and HCAL systems - with typical 

resolution improvement of 20% - 30% for pions with energies above ~ 15 GeV

• Implemented in PandoraPFA for the AHCAL


• Substantial potential for further improvement: Addition of new variables (time), more sophisticated 
machine learning techniques, extension to electromagnetic showers, …

�19
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Extras
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CALICE Technologies

• A rich test beam program, with a variety of different prototypes

�21

A wide range of prototypes

Electromagnetic - Tungsten absorbers

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.

4

analog: Silicon and Scintillator/SiPM

digital: Silicon (MAPS)

Hadronic - Steel and Tungsten absorbers

analog:  
Scintillator/SiPM  
(Fe and W)

(Semi)digital: RPCs (Fe, W digital only)

J.Repond DHCAL 

4 

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 

+ few-layer SD prototype with Micromegas

39 Mpixels in 
160 cm2
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CALICE Prototypes
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Evolution with Time
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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.

4

J.Repond DHCAL 

4 

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 

2005
2006 2007 2008 2010 2012 2018

also: W-AHCAL also: W-DHCAL

SiW ECAL ScintW ECAL SDHCAL SiW ECAL

AHCAL DHCAL AHCAL

Physics Prototypes Technological Prototypes

year of (first) TB



Frank Simon (fsimon@mpp.mpg.de)Energy Reconstruction in CALICE - CLIC Workshop, January 2019

Digital vs Semi-Digital Reconstruction

• At energies above 30 GeV semi-digital reconstruction provides a substantial performance advantage wrt 
digital reconstruction: Saturation effects become relevant

�23

In the RPC SDHCAL
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Figure 30. Reconstructed energy distributions for H6 (red line) and H2 (blue line) 40 GeV runs
before (left) and after (right) beam intensity correction using the multi-threshold mode.
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Figure 31.
sreco

<Ereco>
is the relative resolution of the reconstructed hadron energy as a function of the

beam energy of the 2012 H6 (left) and the 2012 H2 (right) data. For the red triangles graph, the
reconstructed energy is computed using only the total number of hits (binary mode). For the blue
circles graph, the reconstructed energy is computed using the three thresholds information (multi-
threshold mode). For both modes, the energy is reconstructed using quadratic functions of the total
number of hits.

many; by the Helmholtz-Gemeinschaft (HGF), Germany; by the Alexander von Humboldt
Stiftung (AvH), Germany.
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Comined ECAL/HCAL Software Compensation
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Linearity & Resolution Improvement
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Software Compensation with Neural Networks
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CALICE AHCAL: Linearity
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Performance of Highly Granular Calorimeters
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Energy resolution - Electromagnetic
ARTICLE IN PRESS

approximately the 1% level and are consistent with zero non-
linearity. Data and simulation agree within one standard
deviation.

The relative energy resolution, sðEmeasÞ=Emeas, as shown in
Fig. 18, can be parametrised by a quadrature sum of stochastic and
constant terms

sðEmeasÞ
Emeas

¼
16:5370:14ðstatÞ70:4ðsystÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p $ 1:0770:07ðstatÞ70:1ðsystÞð Þ

 !

%

ð11Þ

where the intrinsic momentum spread of the beam was
subtracted from the ECAL data [6]. The contribution of a
possible 1=E term in the energy resolution is negligible. As in
the case of the offset, the dominant systematic uncertainty is due
to the cut on Tmax (0.3% in the case of the stochastic term). A
systematic shift in the beam energy scale of 150 MeV would lead
to an additional variation of 0.13% in the stochastic term. The
expected resolution from simulation agrees with the measured
resolution of the prototype to within %2% of its value at all
energies, except at 20 GeV where the discrepancy is %3%. The
Monte Carlo resolution can be parametrised by

sðEmeasÞ
Emeas

" #MC

¼
17:0670:13ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p $ ð0:8270:09Þ

 !
%: ð12Þ

Examples of the systematic studies of the linearity and
resolution parameters are shown in Tables 4–6. The dependence
of the parameters on the minimal accepted distance between the
shower barycentre and the nearest inter-wafer gap is shown in
Table 4. In this study, the energy threshold for considering the hits
is 0.6 MIPs. In addition, the effect of varying this threshold is
presented in Table 5. In order to investigate the potential effects
linked to the beam position, the energy response is also compared

for showers with barycentres located in the right-hand side
(negative x coordinates) and in the upper half of the detector
(upper row of wafers), as summarised in Table 6. The results of all
checks are consistent. Since data were taken in both August and
October 2006, it was also possible to check the response stability
in time and no significant differences between the two data
samples are observed.

7. Conclusion

The response to normally incident electrons of the CALICE Si-W
electromagnetic calorimeter was measured for energies between
6 and 45 GeV, using the data recorded in 2006 at CERN.

The calorimeter response is linear to within approximately 1%.
The energy resolution has a stochastic term of ð16:5370:14
ðstatÞ70:4ðsystÞÞ%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
, whereas the constant term is

ð1:0770:07ðstatÞ70:1ðsystÞÞ%.
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Fig. 18. Relative energy resolution (sðEmeasÞ=Emeas) as a function of 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
Ebeam

p
(solid

squares), and its usual parametrisation as s=
ffiffiffi
E
p
$ c. For clarity, the 35 runs

available were combined into eight different beam energy points for the plot. For
the parametrisation of the energy resolution each run was however treated
individually. The values expected from simulation are shown (open squares). The
dashed line gives the fitted resolution for data (Eq. (11)), and the dotted lines
correspond to its variation when the beam energy scale is shifted by 7300 MeV.

Table 4
Impact of the distance of the shower to the inter-wafer gaps on the ECAL linearity
and resolution.

Shower distance to the gaps (in standard deviations)

3.5 4 4.5 5

w2=ndf
(linearity)

16.8/32 17.6/32 18.9/32 24.2/32

a (MIPs) 93:9711:1 96:3711:2 97:8711:5 99:1711:6
b (MIPs/
GeV)

266:370:5 266:670:5 266:870:5 266:870:5

Stochastic
term of
energy
resolution
(%)

16:770:1 16:670:1 16:470:2 16:370:2

Constant
term of
energy
resolution
(%)

1:070:1 1:070:1 1:170:1 1:270:1

The distance is given in terms of standard deviations to the gap centre, with the
standard deviation defined by the Gaussian parametrisation of the gaps.

Table 5
Impact of the threshold imposed for the hit energy on the ECAL linearity and
resolution.

Ehit threshold (MIPs)

0.5 0.7 0.9

w2=ndf (linearity) 18.0/32 17.8/32 18.0/32

a (MIPs) 93:0711:2 98:9711:1 105:6711:1
b (MIPs/GeV) 266:870:5 266:370:5 265:870:5
Stochastic term of energy resolution (%) 16:670:1 16:570:1 16:670:1
Constant term of energy resolution (%) 1:070:1 1:170:1 1:170:1

Table 6
Response to electrons crossing the right-hand side and the upper part of the ECAL.

Right-hand side Upper part

a (MIPs) 96:1710:9 97:7711
b (MIPs/GeV) 266:670:5 266:870:5
Stochastic term of energy resolution (%) 16:870:1 16:870:2
Constant term of energy resolution (%) 1:170:1 1:170:1

C. Adloff et al. / Nuclear Instruments and Methods in Physics Research A 608 (2009) 372–383382 Silicon-Tungsten ECAL:

stochastic term: 16.5%

constant term: 1.1%

J. Repond et al. Nuclear Inst. and Methods in Physics Research, A 887 (2018) 150–168

Table 6
Measured energy resolutions and their statistical and systematic uncertainties, after sub-
traction of beam energy spread, for each beam energy, Ebeam.

Ebeam Energy resolution Systematic Statistical
[ GeV] �E_E (%)

2 9.06 ±0.34 ±0.038
4 6.25 ±0.35 ±0.028
8 4.48 ±0.33 ±0.016
12 3.72 ±0.32 ±0.018
15 3.55 ±0.31 ±0.015
20 3.04 ±0.33 ±0.030
30 2.59 ±0.34 ±0.018
32 2.52 ±0.33 ±0.022

Fig. 24. Response of the ScECAL prototype to 2–32 GeV electrons (top), deviation from
the result of a linear fit divided by the linear fit (bottom). The error bars show the sum in
quadrature of the statistical and systematic uncertainties.

respectively. The figure also shows the deviation from linearity at each
beam energy. The maximum deviation from linearity is (1.1 ± 0.4)%, at
8 GeV.

Fig. 25 shows the energy resolution as a function of the inverse of the
square root of the beam energy. The data points and their uncertainties
are taken from Table 6: the intrinsic beam energy spread has been
subtracted. The curve shows the result of a fit to the data using a two-
component parametrisation of the energy resolution:

�E
Ereco

=
Cstoch˘

Ebeam[ GeV]
‚Cconst , (6)

where Cstoch and Cconst are free to vary in the fit and determined to be
(12.5 ± 0.4)% and (1.2 ± 0.4)%, respectively. The uncertainties include
both systematic and statistical contributions.

The systematic uncertainties originating from the three calibration
factors, cMIP, cp.e., and cinter on the stochastic and constant terms of
the energy resolution were investigated by using a pseudo-experiment
method as discussed in Section 5.2. As examples, Fig. 26 shows the dis-
tribution of the stochastic (left) and constant (right ) terms of the energy
resolution in the pseudo-experiments in which cMIP(T0 = 20 ˝C) was
varied. The mean values slightly increased from the nominal value,
because the random variations of those constants keep them away from
true values. Therefore, we take RMS values of those for the uncertainty.
The RMS of the energy resolution for each beam energy is included in
the systematic uncertainties in Table 6 as well as the uncertainty of
Neff

pix and cut variations.
The statistical uncertainties in the energy resolution and stochastic

terms of Eq. (6) are determined by fitting to data, taking into account

Fig. 25. Energy resolution of the ScECAL as a function of the inverse square root of the
beam energy. The error bars show the sum in quadrature of the statistical and systematic
uncertainties.

only statistical contributions from Table 6. The central values of the
stochastic term and the constant term are determined by using both
statistical and systematic uncertainties in these fits.

The uncertainty arising from the intrinsic beam energy spread is
considered to be completely correlated across all beam energies. The
propagation of these uncertainties into the stochastic and constant
terms are therefore conservatively estimated as the change from the
nominal result caused by varying Cstoch and Cconst coherently by ±0.3%
at all energies. These changes are taken to be the systematic uncer-
tainties associated with these terms due to the beam energy spread,
combined with the statistical uncertainty. Therefore, the residuals after
quadratically subtracting statistical uncertainties from the uncertainties
determined above, are considered as the systematic uncertainties from
the beam energy spread. The uncertainty of the constant term from the
intrinsic beam energy spread is *0.7%, +0.5%, while all other sources
combined correspond to ±0.09%. The uncertainty assuming incoherent
fluctuations is negligibly small.

Regarding the stochastic term, the uncertainties estimated above are
much smaller than the case assuming the uncertainties of beam energy
spread do not have coherent behaviour among energy points. Therefore,
the systematic uncertainty originating from the uncertainties due to
beam energy spread is conservatively adopted from the incoherent case
as 0.4%.

Therefore, the final results of the stochastic term and constant term
can be expressed as:

Cstoch = 12.5 ± 0.1(stat.) ± 0.4(syst.)% GeV1_2

Cconst = 1.2 ± 0.1(stat.)+0.6*0.7(syst.)% .

6. Comparison with Monte Carlo simulation

6.1. ScECAL prototype simulation

The test beam setup was simulated using Mokka [31], a Geant4 [32]
based detector simulation framework. We selected a reference physics
list of QGSP_BERT in the Geant4 version 9.6 p1. The ScECAL simulation
model consisted of 30 layers, each being composed of the absorber,
a scintillator between two reflectors, readout instrumentation, and an
air gap. The readout instrumentation layer was simulated as a uniform
mixture of polyimide flat cable, clear fibre, polyvinyl chloride sheet,
glass fibre and air. The scintillator layer was segmented in the same
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[N.B. Detector optimized for particle separation, not single particle resolution]
Scintillator-Tungsten ECAL:

Scintillator provides better energy resolution due to larger sampling fraction, with a reduced compactness
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Figure 29. Mean reconstructed energy for pion showers as a function of the beam energy (a) of
the 2012 H2 (blue) and the 2012 H6 (red) data. The dashed line passes through the origin with
unit gradient. Relative deviation of the pion mean reconstructed energy with respect to the beam
energy as a function of the beam energy (b) of the 2012 H2 (blue) and the 2012 H6 (red) data. The
reconstructed energy is computed using the three thresholds information as described in section 6.2.
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(c) is the relative resolution of the reconstructed hadron energy as a function of the beam
energy of the 2012 H2 (blue) and the 2012 H6 (red) data.

Finally we think that the exploitation of the topological information provided by such a
high-granularity calorimeter to account for saturation and leakage effects in an appropriate
way as well as the application of an electronic gain correction to improve on the calorime-
ter response uniformity are likely to improve the hadronic energy estimation and should
be investigated in future works.
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