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Abstract

The note presents a study of the application of a software compensation tech-
nique to pion showers detected in the CALICE highly granular scintillator-tungsten
analogue hadron calorimeter during a test beam campaign in 2011. The software
compensation technique was developed for the calorimeter with steel absorber and
the same scintillator-SiPM active elements as in the prototype under study. The
improvement of resolution due to software compensation in the calorimeter with
tungsten absorber is 2–7%, which is smaller than the 10–25% improvement reported
previously for the steel absorber calorimeter in the same energy range from 10 to
80 GeV. This reduced improvement by software compensation is expected, since the
prototype with tungsten absorber is close to be compensating at hardware level.

This note contains preliminary CALICE results, and is for the use of members of the
CALICE Collaboration and others to whom permission has been given.
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1 Introduction

The first generation prototypes of the CALICE scintillator-SiPM analogue hadron calorime-
ter (AHCAL) were tested with two absorber materials: steel (Fe-AHCAL) and tungsten
(W-AHCAL). Both sampling calorimeters have exactly the same active layers interleaved
with absorber plates from 2 cm steel in the Fe-AHCAL and 1 cm tungsten (+0.5 mm steel
support) in the W-AHCAL. The parameters of the prototypes are compared in table 1
where λI and X0 denote nuclear interaction length and radiation length, respectively. A
detailed description of the Fe-AHCAL and the analysis of data obtained during several
test beam campaigns in 2006-2009 are documented in 21 notes followed by several publi-
cations, e.g. see refs. [1–3]. The construction, calibration and test beam analysis of the
W-AHCAL can be found in 5 notes and two publications [4, 5].

The study of the response and energy resolution of the Fe-AHCAL also included the devel-
opment of software compensation (SC) techniques, which allow noticeable improvement
of the energy resolution for single hadrons. The description of such techniques and their
application to test beam data and simulated samples of single pions in the Fe-AHCAL
can be found in ref. [3]. Two techniques were developed, local software compensation
using local energy density of the shower, and global software compensation exploiting the
detector granularity in global parameters. This Note presents the test of the global soft-
ware compensation approach, developed for the Fe-AHCAL, on the pion data obtained
with the W-AHCAL in the same energy range from 10 to 80 GeV.
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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 [λI] 5.2 4.9 ∼1.06

Layer depth [mm] 31.73 24.73 ∼1.28
Layer depth [λI] 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 different 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 ·√pbeam, where pbeam is beam
momentum in GeV).

• Complex combination of discriminants is used to reject muons 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;
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– track without a shower identified in the W-AHCAL.

• AND-based combination of discriminants is used to reject electrons:

– cluster transverse radius <37 mm;

– cluster longitudinal center of gravity <10·X0 (∼4 layers);

– 90% of measured energy is deposited in the first 24·X0 (∼9 layers);

– the identified shower start is in the first two layers of the W-AHCAL.

The conservative estimate of the purity of selected hadron samples is 94% as discussed in
ref. [5]. To minimise a leakage, the pion showers were selected with the identified shower
start in the first three layers of the W-AHCAL.

2.2 Standard energy reconstruction

The visible energy in each event in units of MIP, Evis, is calculated as the sum of energies
in the W-AHCAL cells, ei, which are called hits.

Evis =
N∑
i=1

ei, (1)

where N is the number of hits in the calorimeter with the measured signals above 0.5 MIP.
Then the deposited energy, Edep, is estimated at electromagnetic scale as

Edep = Evis/Cem, (2)

where Cem = 29.97 MIP/GeV is the electromagnetic calibration factor provided in table 9
of ref. [6]. No other factors are applied based on the observation that the W-AHCAL was
found to be a compensating calorimeter [4,5]. Hereinafter this procedure will be referred
to as the standard reconstruction.

The energy distribution at each beam energy is fitted with a Gaussian function in the
range ±1.5·r.m.s. around the mean value. The results of the fit are taken as the mean
reconstructed energy, Ereco, and resolution, σreco, for the given beam momentum. In the
results section, the calorimeter response is shown as a ratio of the mean reconstructed
energy to the beam momentum, Ereco/pbeam, and the relative resolution is calculated as
σreco/Ereco.

Figure 1 shows example energy distributions of 40 GeV pions and protons with the corre-
sponding fit functions. The mean reconstructed energy for protons (antiprotons) is about
1 GeV lower (higher) than that for pions. Such a behaviour is reproduced for all energies
studied and confirms the reliability of pion selection and reconstruction procedure.
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Figure 1: Reconstructed energy distribution in the W-AHCAL for pions (green squares)
and protons (blue circles) of positive charge (left) and negative charge (right). The his-
tograms are normalised to the number of events. The curves show fits with a Gaussian
function.

2.3 Systematic uncertainties

The contribution from systematic uncertainties dominates in the overall uncertainty of
the mean reconstructed energy, Ereco. The systematic uncertainty estimate provided in
ref. [5] takes into account different sources of uncertainties including detector stability,
temperature correction and calibrations (see table 5 of ref. [5]). The systematic uncer-
tainty of Ereco varies from 2.7% to 2.9% in the energy range studied. The systematic
uncertainties of σreco vary from 1.2% to 1.8% and are comparable with the statistical
uncertainty, which is at the level of 1–1.5%.

2.4 Software compensation

In addition to the standard reconstruction discussed above, one can apply a software
compensation technique to correct the reconstructed energy on an event-by-event basis.
The motivation for the software compensation approach and its detailed description can
be found in ref. [3].

The global software compensation reconstruction consists of the following steps. Firstly,
the deposited energy is calculated using equations (1) and (2) of the standard reconstruc-
tion procedure. Then the correction factor, CSC, is estimated as a ratio of number of hits
below the fixed threshold elim to the number of hits below the mean of the hit spectrum
in this event. The corrected shower energy, Ecor, is then calculated as

Ecor = Esh ·
(
a1 + a2 · Esh + a3 · E2

sh

)
, (3)

where Esh = CSC · Edep, and a1, a2, a3 are the linearisation coefficients, which are tuned
for the current calorimeter to keep the linearity of response using the procedure described
in ref. [7]. In the current study, the linearisation coefficients were extracted using a
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set of negative pion samples, which cover the energy range from 10 to 80 GeV. The
values of linearisation coefficients was found to be: a1 = 0.866, a2 = 0.0031 1

GeV
and

a3 = −1.6 · 10−5 1
GeV2 .

Several values of elim were tested. It was found that the threshold elim = 4.0 MIP gives a
larger improvement in the energy resolution than elim = 5.0 MIP used for the Fe-AHCAL.
The change in elim corresponds to the change in the electromagnetic (MIP to GeV) cali-
bration, so that the threshold tends to be the same for electromagnetic subshowers.

The energy distributions of the corrected reconstructed energy are then fitted with a
Gaussian function to extract the mean of the corrected reconstructed energy, ESC, and the
corrected resolution, σSC. The calorimeter response in case of the software compensation
reconstruction is defined as ESC/pbeam and the relative resolution is calculated as σSC/ESC.
A comparison of standard and software compensation reconstructed energy distributions
is shown in figure 2 for negative pions with energies of 10 and 80 GeV.
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Figure 2: Reconstructed energy distributions in the W-AHCAL for negative pions at beam
momentum 10 GeV (left) and 80 GeV (right) with standard (black circles) and software
compensation (red squares) reconstruction. The curves show fits with a Gaussian function.

Figure 3 shows the response to negative pions in the W-AHCAL for standard and software
compensation reconstruction. The response obtained with the software compensation
reconstruction agrees with the response for standard reconstruction within uncertainties.

3 Results

A noticeable contribution to the hadronic energy resolution comes from the fluctuations
of electromagnetic fraction in hadronic showers when the response to electromagnetic
and hadronic components is different. The improvement of the energy resolution using
software compensation is based on the fact that correction factor or factors exist, which are
correlated with the electromagnetic fraction in a particular event. Such an approach was
successfully applied to the energy reconstruction in the Fe-AHCAL as this calorimeter
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Figure 3: Linearity of response to negative pions for standard (black circles) and software
compensation (red squares) reconstruction. The grey and red bands show the systematic
uncertainties for standard and SC reconstruction, respectively. Statistical uncertainties
are smaller than marker sizes.

is noncompensating with the estimated e/π ratio of about 1.2. The improvement of
resolution achieved for single pions in the Fe-AHCAL is up to 25% in the energy range
from 10–80 GeV.

It was demonstrated that the W-AHCAL is very close to compensation by construction
(intrinsically compensating) and provides almost the same response to electromagnetic
and hadronic showers [4, 5] up to ∼40 GeV. It was also found that the compensation
tends to degrade with increasing particle energy. Therefore, one can expect a smaller im-
provement when using software compensation on the energy resolution in the W-AHCAL
than in the Fe-AHCAL in the energy range studied.

Figure 4 shows the relative resolution for standard and software compensation recon-
struction applied to pion showers in the W-AHCAL. As the longitudinal depth of the
W-AHCAL is not large enough to contain hadronic showers in the energy range studied,
especially from 30 GeV and above, the energy resolution is affected by the longitudinal
leakage. It should be noted that in the previous study of the Fe-AHCAL the tail catcher
calorimeter was used in the energy reconstruction. In the current analysis, the fit of the
energy dependence of the resolution was not performed. As seen from figure 4, the relative
resolution improves slightly after applying the software compensation.

To quantify the improvement of resolution, the ratio of the resolution with software com-
pensation reconstruction to the resolution of the standard reconstruction, σSC/σreco, is
shown in figure 5. The absolute resolution in the W-AHCAL is improved by ∼2–5%
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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 difference between two devices is the level of compensation: e/π ≈ 1.2 for the
Fe-AHCAL and e/π ≈ 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
effect of software compensation reconstruction applied to the calorimeters with different
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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Appendix: Crosscheck of software compensation with

test samples of positive pions

For crosscheck, the software compensation coefficients obtained from the negative pion
data set were applied to the positive pion samples (test samples) from the same data-
taking period. The linearity and relative resolution of the test samples are in agreement
with those of negative pion samples studied (see figures 6 and 7). The improvement in
resolution achieved for the test samples of positive pions agrees within uncertainties with
that of the negative pion samples, from which the software compensation coefficients were
extracted (see figure 8).
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Figure 6: Linearity of response to negative (filled markers) and positive (open markers)
pions for standard (black circles) and software compensation (red squares) reconstruction.
The bands show the systematic uncertainties. Statistical uncertainties are smaller than
marker sizes.
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Figure 7: Relative resolution for negative (filled markers) and positive (open markers) pi-
ons in the W-AHCAL for standard (black circles) and software compensation (red squares)
reconstruction. The error bars (bands) show statistical (systematic) uncertainties.
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Figure 8: Ratio of absolute resolution at software compensation reconstruction to that at
standard reconstruction for negative (filled markers) and positive (open markers) pions
in the W-AHCAL.
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