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ABSTRACT: The hadronic energy resolution for the combined CALICE Si-W ECAL, AHCAL and
TCMT setup is studied in the energy range of 4 GeV to 80 GeV using data recorded at CERN and
at FNAL with and without software compensation. Up to 30% improvement of energy resolution
is achieved with software compensation, resulting in a stochastic term of 42.55%/

√
E/GeV and

a constant term of 2.5%. This performance is comparable to previous studies for hadron showers
starting in the AHCAL.
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1. Introduction

One of the key objectives of the CALICE Collaboration is the study of the performance of com-
bined systems of highly granular electromagnetic and hadronic calorimeters. The combination
of subsystems with different readout technologies and different absorber materials and sampling
structures represent the reality in modern collider experiments, which are based on electromagnetic
and hadronic calorimeters that often have to fulfil diverse requirements. In the present note, the en-
ergy reconstruction and resolution of a silicon-tungsten electromagnetic calorimeter combined with
a scintillator-steel hadronic calorimeter and tail catcher is studied. Software compensation is used
to improve the energy resolution of the setup.

In the following, the experimental setup is introduced, followed by discussions of the used data
samples recorded at CERN and at Fermilab. Then, the event selection, the different reconstruction
techniques and systematic errors are presented. The note closes with a presentation of the results
and a study of the stability of the software compensation method.

2. Experimental Setup

A full calorimetry system was installed in CALICE test beam experiments at CERN in 2007
and at FNAL in 2008. It consists of three consecutive CALICE physics prototypes: a silicon-
tungsten electromagnetic sampling calorimeter (Si-W ECAL) [1], a scintillator-steel hadron sam-
pling calorimeter with analog readout (AHCAL) [2] and a scintillator-steel tail catcher and muon
tracker (TCMT) [3].

The Si-W ECAL has a total depth of 1 nuclear interaction length λI (24.6 radiation length X0)
and it consists of 30 tungsten layers which are arranged in three longitudinal sections of 10 layers
each, with tungsten thicknesses of 1.4 mm, 2.8 mm and 4.2 mm, respectively. For compactness and
minimization of non-absorber passive material, half of the tungsten layers were incorporated into
an alveolar composite structure. In this structure, the detector slabs were inserted. The detector
slabs are layers with a sandwich structure of a silicon sensor, readout electronics and tungsten
shielded by a 0.1 mm aluminum foil on both sides [4]. The silicon layers are made of silicon
wafers segmented into 1 × 1 cm2 pads. Each wafer consists of 6 × 6 pads and each layer is a
matrix of 3 × 3 of these wafers resulting an active zone of 18 × 18 cm2 and in total 9720 channels
for the detector.

The AHCAL consists of 39 steel absorber layers with an average thickness of 21.4 mm sep-
arated by 38 active layers of plastic scintillator tiles [2]. The scintillator tiles are 5 mm thick and
their size ranges from 3 × 3 cm2 in the center of the detector over 6 × 6 cm2 to 12 × 12 cm2 on the
outer edges. In the last eight layers only tiles with 6 × 6 cm2 and 12 × 12 cm2 are used. In total,
the AHCAL has 7608 scintillator cells, each with an individual readout by silicon photomultipliers
(SiPMs). The active area is 90 × 90 cm2 and the total detector thickness is 5.3 λI .

The TCMT consists of 16 steel absorber layers divided into a fine and a coarse section, where
the first 8 layers have 21 mm thick absorber plates, while the last 8 layers are 102 mm thick [3].
These layers are separated by scintillator strips layer of 5 mm thickness which alternate between
horizontal and vertical orientation in adjacent layers. Each of the layers includes 20 100 × 5 cm2
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scintillators strips read out by SiPMs resulting in 320 read out channels. In total, the TCMT
thickness corresponds to a depth of 5.8 λI with an active area of 100 × 100 cm2.

The total depth of the CALICE calorimeter setup amounts to approximately 12 λI , with a total
of 17648 readout channels. There are 84 layers: layers 0 to 29 are Si-W ECAL layers, layers 30 to
67 are AHCAL layers and layers 68 to 83 are TCMT layers.

In addition to the calorimeters themselves the CALICE setups in CERN and FNAL include
auxiliary detectors for triggering, tracking and particle identification: two coincidence scintillation
counters provide the beam trigger, a muon counter downstream of the TCMT used for muon tag-
ging, a veto wall used to reject beam halo events, delay wire chambers to determine the position of
the beam particles and a Cherenkov counter used for beam particle identification. In addition, the
FNAL setup includes an analogue multiplicity counter for identifying multi-particle events. De-
tailed descriptions and schemes of the setups can be found in [5, 6]. The coordinate system is right
handed with the z axis pointing into the beam direction.

The visible signal in each calorimeter cell is obtained in units of MIP (minimum-ionising
particle) as described in [2]. Only cells with a signal above 0.5 MIP were considered for further
analysis and are called hits. The total deposited energy in units of GeV is calculated from the
visible signal measured in different detector sections as described in section 5.1.1.

3. Data Samples

The current analysis considers negative secondary hadron beam data with a momentum range of
between 4 GeV to 80 GeV. The data taken at CERN with momenta of 10 GeV to 80 GeV are referred
to as CERN dataset, while the FNAL measurements of 4 GeV to 60 GeV beams are referred to as
FNAL dataset. In each dataset, different runs taken at the same initial momentum are merged
in the reconstruction process. In order to study the full energy range all the CERN and FNAL
measurements are merged into a combined dataset. However, measurements taken at CERN are
calibrated and reconstructed separately from FNAL measurements due to the difference in the
conditions and the beam structures in the setups and vice versa. Therefore, for measurements of
beams with the same initial momenta in CERN and FNAL setups, the combined dataset produces
two results, which are averaged after separate reconstruction.

In the energy ranges considered in this note, the hadronic component of the beams at CERN
and Fermilab consists primarily of pions, with less than 10% admixture of other hadron species
[7]. However, at energies of 10 GeV and below, electrons dominate the total particle content of the
beam at FNAL [8]. For the CERN beam, the muon content varies from energy to energy due to
effects of the beam optics, with values in excess of 30% in the region of 35 GeV [5].

Table 1 summarizes the runs used for the analysis and the number of events with a beam
trigger as well as the number of selected events in the analysis. The event selection is described in
the following section.
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Table 1: Summary of the data samples, giving the number of events with a beam trigger Nfull
Events and

the number of events entering the analysis after event selection Nselected
Events . Runs starting with 330

refer to CERN datasets and runs starting with 500 refer to FNAL datasets.

Run Number Energy [GeV] Nfull
Events Nselected

Events
Nselected

Events

Nfull
Events

[%]

330332 10 127465 46670 36.6
330643 10 88322 35271 39.9
330328 15 113246 52794 46.6
330327 18 107897 55660 51.6
330649 20 78543 45555 58.0
330325 25 90439 51593 57.0
330650 25 70735 41231 58.3
330551 35 103217 54809 53.1
330960 35 68181 38204 56.0
330390 40 78012 48456 62.1
330550 45 86423 49586 57.3
330961 45 58252 37274 63.9
330391 50 69159 45005 65.0
330392 80 57188 33181 58.0
330962 80 47633 31026 65.1

500778 4 8371 1995 23.8
500779 4 94252 23885 25.3
500780 4 97810 24503 25.0
500868 6 97742 34497 35.3
500666 8 131164 44900 34.2
500656 8 30343 10410 34.3
500642 10 131444 48588 36.9
500644 12 135487 57318 42.3
500650 15 25335 9598 37.9
500679 20 27363 11727 42.8
500881 30 88270 35579 40.3
500811 60 6071 2574 42.4

4. Event Selection

This study addresses detection in a full calorimetry system and therefore uses events with a possi-
ble shower start in the Si-W ECAL or the AHCAL. For selecting single pion events a set of cuts is
applied, starting with quality cuts to clean the sample and continuing with cuts optimized for pion
selection. While not all selection cuts necessarily have an influence on the region of reconstructed
event energy that is relevant for the determination of energy reconstruction and resolution as dis-
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cussed below, a clean hadron sample is of importance also for the determination of the software
compensation weights.

4.1 Quality Cuts

Several cuts are applied as a first step to improve the quality of the data sample, rejecting noise
and unidentified events, reducing contamination of electron and multi-particle events and remov-
ing events with a high probability for substantial longitudinal or lateral leakage.

Empty Events Rejection: In order to remove particles which hit the Si-W ECAL at a large angle
near the acceptance limits a requirement of a minimum of 25 hits in the Si-W ECAL is ap-
plied to the selected events [9]. For events in the FNAL sample, an additional selection is
done using the information from the multiplicity counter and events with signal below 4σ

deviation from the mean value of the first particle peak are rejected (corresponds to 2000
ADC counts). Events with a total reconstructed energy, Ereco, lower than 15% of the known
beam energy, Ebeam are not identified as beam events and removed as well.

Noise Reduction: For noise reduction, only events with valid beam trigger are analyzed. In the
Si-W ECAL, noisy events with more than 100 hits in a layer are rejected and a problem of
a noisy wafer in the bottom part of the 29th layer [10] is handled by excluding events with
more than 7 hits in this wafer or simultaneous hits in two particularly noisy pads. Moreover,
in each event, hits in the Si-W ECAL with no neighbour hits in the 26 nearest pads in three
dimensions are removed.

Electron Event Rejection: In order to reject electron events in the FNAL data with beam mo-
menta of 4 GeV - 30 GeV, the information from the Cherenkov counter is used. A further
removal of electron contamination for CERN and FNAL test beams is performed and de-
scribed in subsection 4.2.2.

Multi-Particle Rejection: The initial multi-particle rejection is performed in several steps:

– An algorithm based on the Primary Track Finder algorithm [11] is used to reconstruct
the primary track in each event. A primary track is not identified when several parallel
incoming tracks are identified before the shower starting or in case of a shower starts
in the first two layers of the Si-W ECAL. Events without a reconstructed track are
rejected.

– Events with Ereco > Ebeam +2.2
√

Ebeam ·GeV, which correspond to 4σ deviation from
the expected energy assuming a resolution with a stochastic term of 55%/

√
Ebeam/GeV

as discussed in section 7, are rejected.

– Events with a multi-particle counter signal at least 1.6σ above the mean value of the
single particle peak, where σ is the Gaussian width of the peak, are rejected (corre-
sponds to 3600 ADC counts).

Lateral Shower Leakage Reduction: In order to avoid selecting events where there may be lat-
eral shower leakage, the barycentres (energy weighted mean positions) x and y of all the hits
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in the Si-W ECAL volume are required to lie in the central part of the detector: -50 mm
< x < 50 mm and -50 mm < y < 50 mm.

The effect of these quality cuts is shown in figure 1 for 10 GeV pion beams recorded at CERN
(left) and FNAL (right). Since there are contributions from different calorimeters, the energy is
given in GeV units using the calibration procedure detailed in section 5.1.1. In this figure, the
independent distributions of different rejected events are presented along with the distributions
before (black line) and after (red line) applying the cuts.
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Figure 1: Reconstructed energy distributions of 10 GeV π− candidates in CERN (left) and FNAL
(right) data: before applying quality cuts (black line), different rejected events and after applying
quality cuts (red line). The percentage of events rejected by the different cuts of the full sample
is given in the legend. The selected event distribution is fitted as described in section 5.1.2 and
values of the mean Ereco and energy resolution σreco

Ereco
are obtained from the fit as described in section

5.1.2. CERN dataset: Ereco = (10.125± 0.006)GeV and σreco
Ereco

= 0.1808± 0.0005, FNAL dataset:
Ereco = (9.962±0.008)GeV and σreco

Ereco
= 0.1852±0.0008.

4.2 Pion Selection

For the purpose of pion selection, additional conditions are required to suppress multi-particle,
electron and muon events and to avoid events with high probability for substantial leakage. These
additional conditions are as follows:

4.2.1 Clustering for Multi-Particle Rejection

One particular class of multi-particle events is an event where two aligned particles enter the Si-W
ECAL simultaneously. To reject such events, a clustering algorithm is used to cluster hits in the first
8 layers of the Si-W ECAL calorimeter. The algorithm introduces a distance criterion dth which is
calculated from the three dimensional distance between centres of cells carrying a signal. dth was
optimized to 12 mm in [10]. Neighboring hits within this distance are merged into a single cluster,
with a minimum requirement of three hits to accept a cluster. Events with several beam-aligned
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clusters or without any beam-aligned cluster are rejected.

4.2.2 First Hadronic Interaction Layer

The layer of the first hadronic interaction (FHI) is characterized by a significant increase of the total
deposited energy compared to the previous layers. The reconstruction process of the FHI layer in
the Si-W ECAL and the AHCAL uses several techniques of which detailed descriptions can be
found in appendix A.

In order to suppress electron events and events showering upstream of the calorimeters, events
with a reconstructed FHI layer < 6 are rejected. In addition, the selected events are required to
have a reconstructed FHI layer < 55 to avoid late-starting showers with a high probability for
longitudinal leakage and showers that primarily develop in the less granular part of the setup.
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Figure 2: Reconstructed energy distributions of 10 GeV π− in CERN (left) and FNAL (right) data
for different steps of the applied pion selection. "Clean data" corresponds to the result after the
quality cuts shown in figure 1. The event percentage for the different steps is given in the legend.
The distribution of events after the full selection is marked in red line and the mean Ereco and energy
resolution σreco

Ereco
values are obtained from a fit (as described in section 5.1.2). CERN dataset: Ereco =

(9.850±0.007)GeV and σreco
Ereco

= 0.1794±0.0007, FNAL dataset: Ereco = (9.909±0.009)GeV and
σreco
Ereco

= 0.1783±0.0009.

4.2.3 Muon Contamination

The muon contamination is divided into two categories: a muon as the primary single particle and
muons as additional particles. Since muons travel through the detector without producing showers,
events with depositions along the calorimeters without an identified FHI layer are rejected. In ad-
dition, to suppress low energy muons traveling only through some of layers, rejection of recorded
events from beams with initial momenta >15 GeV with Ereco < Ebeam/2.6 is implemented, based
on optimization. Events with additional muons entering the Si-W ECAL are removed via the
clustering process described in subsection 4.2.1. Finally, there may be additional muons enter-
ing the AHCAL outside of the Si-W ECAL coverage (x > 90 mm, x < −90 mm, y < −90 mm or
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y > 90 mm). These muons are recognized and removed if their initial detection is in the first three
layers of AHCAL and (a) a track of at least 5 following hits in the same transverse position (in-
cluding one layer gap after a minimum of two hits) is reconstructed or (b) the total number of hits
in this position exceeds 25 hits (in [2] the mean value of muon hits in the AHCAL was evaluated
to be 26 hits).

Figure 2 shows the pion selection for 10 GeV pion beams in CERN (left) and FNAL (right).
The black line marks the clean data after the quality cuts were applied (corresponding to the red
line in figure 1), while the red line marks the events after the full selection.

5. Reconstruction

In this section the reconstruction of the pion energy in the calorimeter system is discussed. In
addition to the standard reconstruction, which is detailed in section 5.1, an alternative way to re-
construct the energy, Software Compensation (SC) is described in section 5.2. SC aims to reduce
the impact of fluctuations in the electromagnetic and hadronic fractions of pion showers and there-
fore to improve the energy resolution.

5.1 Standard Reconstruction

The reconstruction of the total energy deposited by a particle in a calorimeter is usually done by
summation of all energy depositions and by applying a specific calibration to convert the visible
signal to energy units. For a combined system of calorimeters, the energies are summed overall
sub-detectors after a calibration for each sub-detector was applied. Since the AHCAL and the
TCMT use the same active and passive material and have essentially the same longitudinal sam-
pling structure, the same calibration was applied to these calorimeters. The reconstructed energy
per event is thus described by

Eevent
reco =CSi-W ECAL ·

(
hits

∑
j

ctESi-W ECAL
j

)
+CAHCAL ·

(
hits

∑
j

EAHCAL
j +

hits

∑
j

ctETCMT
j

)
, (5.1)

with two calibration factors: CSi-W ECAL and CAHCAL, and an additional factor ct to take the varying
thickness of the absorber structure in the Si-W ECAL and in the TCMT into account. In the Si-W
ECAL, ct is 1, 2 and 3 for the first, second and third longitudinal segment, respectively, and in the
TCMT it is 1 and 5 for the first and second longitudinal segment. The difference between the thick-
ness of the odd and even layers in the Si-W ECAL is corrected by adding 7.2%∗ to the calibration
of the odd layers, as was measured in [4].

5.1.1 Calibration

A χ2 based minimization method is used as a first step for each testbeam energy to obtain calibra-
tion factors on an energy-by-energy basis, as describes in equation 5.2.

∗This value was evaluated from electron measurements, however due to the differences in λI vs X0, a larger difference
for the FHI (up to approximately 28%) is expected.
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χ
2 = ∑

events

(Eevent
reco −Ebeam)

2(
55%
√

GeV
)2
·Eevent

beam · Nevents
beam

(5.2)

The term
(

55%
√

GeV
)2
·Eevent

beam in the denominator refers to the square of the expected energy

resolution, with a stochastic term of 55%/
√

Ebeam/GeV, as discussed in section 7, and the term
Nevents

beam represents the number of selected pion events with the same energy. For both the CERN
and the FNAL data, an average of the calibration factors is computed in order to remove the energy
dependence. In this average, the statistical uncertainties of each of the individual calibration factors
is taken into account. To prevent a bias in the final calibration factors, the 4 GeV point is excluded
from the FNAL average due to a relatively low value of the AHCAL calibration. For low energies,
the activity in the AHCAL is limited and located mostly in the first few layers and therefore the
AHCAL calibration in the lower energy range is less reliable and more susceptible to noise.

Figure 3 shows the calibration factors determined for each energy separately, as well as the
averages used as the global calibration factors. The resulting calibration constants are also summa-
rized in table 2.

[GeV]beamE
0 20 40 60 80 100

C
al

ib
ra

tio
n 

F
ac

to
rs

 [G
eV

/M
IP

]

0

0.01

0.02

0.03

0.04 CERN Calibration
0.00015) GeV/MIP± = (0.00489Si-W ECALC

0.00029) GeV/MIP± = (0.02784AHCALC

CALICE Preliminary
Si-W ECAL + AHCAL + TCMT

[GeV]beamE
0 20 40 60

C
al

ib
ra

tio
n 

F
ac

to
rs

 [G
eV

/M
IP

]

0

0.01

0.02

0.03

0.04 FNAL Calibration
0.00010) GeV/MIP± = (0.00475Si-W ECALC

0.00054) GeV/MIP± = (0.02715AHCALC

CALICE Preliminary
Si-W ECAL + AHCAL + TCMT

Figure 3: Illustration of the calibration results for CERN (left) and FNAL (right) datasets. The
calibration factors for single beam energies are marked with blue (CSi-W ECAL) or red (CAHCAL)
stars, the average factor is marked by the corresponding dashed line. Statistical uncertainties are
smaller than the marker size. The 4 GeV calibration factor of the FNAL testbeam is excluded from
the average to prevent bias.

Table 2: Calibration factors of the different detectors for CERN and FNAL datasets.

Dataset CSi-W ECAL [GeV/MIP] CAHCAL[GeV/MIP]

CERN 0.00489±0.00015 0.02784±0.00029
FNAL 0.00475±0.00010 0.02715±0.00054
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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 σreco

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 π− (left) and 80 GeV π− (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
π0/η 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/π > 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.
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Table 3: SC bin boundaries used in the Si-W ECAL and AHCAL in this analysis.

Bin Si-W ECAL [MIP] AHCAL [MIP]

1 0.0 − 3.5 0.0 − 2.0
2 3.5 − 6.7 2.0 − 4.0
3 6.7 − 12.0 4.0 − 6.6
4 12.0 − 19.0 6.6 − 11.0
5 19.0 − 30.0 11.0 − 18.2
6 30.0 − 50.0 18.2 − 30.2
7 50.0 − 98.0 30.2 − 50.0
8 98.0 − ∞ 50.0 − ∞

One approach to improve the energy resolution is software compensation, as previously demon-
strated for the energy reconstruction in the AHCAL [5, 12] and in a combined scintillator-SiPM
calorimeter system [8]. This approach is based on the different local energy density of electromag-
netic and hadronic sub-showers. The SC technique assigns different weights to each calorimeter
cell based on the energy content, taken as a measure for the local shower energy density.

In this analysis, the parametrization developed in [8] for a full calorimeter system is used.
The energy depositions in each subdetector are divided into several bins for different hit energy
ranges, and for each bin i the total bin energy Ei is calculated. The calculation of the energy sum
of each bin includes the appropriate weighting for the absorber thickness as well as the appropriate
calibration factor for the subdetector, following the form introduced in equation 5.1. This scheme
includes eight bins for the Si-W ECAL, eight bins for the AHCAL and one bin for the TCMT. The
bin boundaries, which are given in table 3, were optimized for similar relative fractions of the total
energy. Since the local energy density is energy dependent, and the dependence also depends on
the region in the shower, this condition is met only for a specific energy in each subdetector. For the
bins in the ECAL, approximately equal fractions of the total energy are obtained at 6 GeV, while
the AHCAL binning is chosen such that approximately equal fractions are obtained at 50 GeV.
These different optimisation points in energy are motivated by the different relative importance of
the ECAL and AHCAL in the overall energy sum in the detector with changing beam energy. Tests
with changed binning have confirmed that the precise number of bins as well as the exact location
of the bin boundaries do not have a sizable effect on the final energy resolution.

For the first two bins in the Si-W ECAL and the AHCAL, a constant value rather than the
individual amplitude of each hit is used to evaluate Ei, motivated by the assumption that these hits
primarily originate from a single or few particles. Using fixed values in this case suppresses Landau
fluctuations in the energy deposition (Landau suppression) and it gives an energy resolution with a
stochastic term lower by approximately 2%.

The energy depositions of the primary track, from the first Si-W ECAL layer up to two layers
before the reconstructed FHI layer, are excluded from the SC weighting and reconstructed via the
standard reconstruction described in section 5.1. An example of the hit distribution of 25 GeV π−
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Figure 5: Hit energy spectra of 25 GeV π− of CERN TB in the Si-W ECAL (left) and AHCAL
(right). The different colors show the different bins and the track hits.

of CERN testbeam is presented in figure 5, where the different colors represent the different bins
and the primary track hits (red).

Since the shower density profile as well as the average electromagnetic fraction depend on
the particle energy, Epar, also the weights, which are applied to the different bin energies, are
made energy dependent. The standard reconstructed energies, Ereco, are used for the SC energy
reconstruction, while the beam energies, Ebeam, are used for the weight optimization. The weights
have the parametrization of a second order Chebyshev polynomials with three free parameters a,b,c
and a scale factor S = 100 GeV (to preserve the orthogonality properties of Chebyshev polynomials)
in the form of:

ωi
(
Epar

)
= ai +bi×

Epar

S
+ ci×

(
2×
(

Epar

S

)2

+1

)
. (5.3)

To avoid confusion, the weights for Si-W ECAL, AHCAL and TCMT are referred to as ωi = αi,βi,
γ respectively in the following, where i = 1−8.

The full formula to reconstruct the energy in the combined system, using the calibration factors
CSi-W ECAL and CAHCAL, the SC weights αi,βi, γ , the sum (or count) of energy depositions in the
ith bin Ei and the energy depositions on the primary track Etrack, is:

Eevent
Full SC =CSi-W ECAL ·

(
bins

∑
i

αi (Eest.) ·ESi-W ECAL
i +ESi-W ECAL

track

)

+CAHCAL ·

(
bins

∑
i

βi (Eest.) ·EAHCAL
i +EAHCAL

track + γ (Eest.) ·ETCMT
sum

)
. (5.4)

Here Eest. is the estimated energy of the particle, taken as the energy reconstructed without software
compensation, Ereco. In that way, no prior knowledge of the beam energy is used when applying
the SC reconstruction to the data.
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The optimal weights are found by minimizing the χ2 function described in the following equa-
tion:

χ
2 = ∑

events

(
Eevent

Full SC−Eevent
beam

)2(
55%
√

GeV
)2
·Eevent

beam · Nevents
beam

. (5.5)

This formalism enables estimation for multiple runs at multiple energies in one optimization. To
avoid possible biases, one half of the event sample is used for the determination of the software
compensation weights, the other half is used to study of performance. The events are split according
to even and odd event numbers, so that possible time-dependent fluctuations are included in both
the training and the testing sample. Tests have shown that there are no significant changes of the
results of the present analysis when the same event sample is used for both training and testing.

For each testbeam energy, a two-step fit of a Gaussian function, as was described in subsection
5.1.2, is performed on the distribution of the SC reconstructed energies. The mean value of the fit
represents the SC reconstructed energy, EFull SC, and from the fit standard deviation, σFull SC, the
energy resolution is obtained by σFull SC/EFull SC.

This SC scheme for the full calorimetry system, Full SC, has 51 free parameters (8 bins in the
Si-W ECAL × 3 parameters per bin, 8× 3 parameters for the AHCAL and 3 parameters for the
TCMT) in total. In a similar manner, in order to evaluate the relative benefits of SC on the full
system compared to using SC only in one of the sub-detectors, two SC schemes implemented SC
reconstruction only in one part of the system, where the remaining part is reconstructed using the
standard method:

• HCAL SC: applied SC only to the AHCAL and the TCMT with 27 parameters.

• ECAL SC: applied SC only to the Si-W ECAL with 24 parameters†.

The following formulas describe the reconstructed energy of these schemes:

Eevent
HCAL SC =CSi-W ECAL ·

(
hits

∑
j

ESi-W ECAL
j

)

+CAHCAL ·

(
bins

∑
i

βi (Eest.) ·EAHCAL
i +EAHCAL

track + γ (Eest.) ·ETCMT
sum

)
(5.6)

Eevent
ECAL SC =CSi-W ECAL ·

(
bins

∑
i

αi (Eest.) ·ESi-W ECAL
i +ESi-W ECAL

track

)

+CAHCAL

(
hits

∑
j

EAHCAL
j +

hits

∑
j

ETCMT
j

)
(5.7)

The weight optimization process described above yields energy dependent bin weights. Since
these weights are optimized for the energy range of each dataset, the 2nd order polynomial parametr-
ization may produce negative values outside of the energy range used for the optimization, requiring

†This scheme, in contrast to the previous schemes, does not use the Landau suppression technique described above.
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care when extrapolating to larger ranges. Figure 6 shows the optimized bin weights for the CERN
dataset as a function of the particle energy‡. Since in bins one and two the number of hits rather
than the energy is used in the energy sum, the weight values are multiplied with the energy cor-
responding to the center of the respective bin to make the weights comparable to the others. The
general trend for the higher bins to be weighted below unity corresponds to the assumption that
the hits in high-energy bins are originating predominantly from electromagnetic sub-showers. In
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Figure 6: Si-W ECAL bin weights (left), AHCAL bin weights (right: bin 1- bin 8) and TCMT bin
weight (right: bin 9) as a function of beam energy for CERN dataset.

previous analyses with a different software compensation scheme, the local SC [5, 12], the weights
for each beam energy were forced to follow a monotonic decrease with the bin energy. In contrast,
in the present analysis, no specific pattern with energy is built in.

It has to be noted that the technique used here has the advantage of a more stable convergence
of the weight determination procedure compared to the scheme used in [5, 12]. On the other hand,
the physics interpretation that is provided by an enforced monotonic decrease with bin number
is lost in this purely phenomenological approach, making the interpretation of the weights less
straight-forward. Also because of this, extrapolations beyond the range used for the training of
the weights have to be handled with special care, as already mentioned above. The weights for
the different bins are highly correlated, in particular for bins 1 and 2 where hits are counted rather
than using the full energy information. This results in opposing trends of the energy dependence of
these two weights (convex and concave), which can change between bin 1 and bin 2 depending on
the dataset and in particular on the range of energies considered. As discussed further in section 8,
this behaviour does not lead to instabilities in the performance of the algorithm, so it is primarily a
"cosmetic" issue.

6. Systematic Uncertainties

The analysis in the note includes two basic steps: the event selection and the reconstruction. To
study possible systematic effects originating from the event selection, the relevant selection cuts

‡The weight for bin 9 in the right panel of the figure is the TCMT weight.
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were varied around their default values. Cuts on the total reconstructed energy as well as cuts
based on the reconstructed FHI layer were modified separately. Furthermore, the basic clustering
distance dth was changed as well. General uncertainties of the energy scale of the detector, such
as saturation effects, are not included since they are calibrated out in the calibration process from
MIP to GeV, which is described in subsection 5.1.1.

After the modifications, the selected events were reconstructed in the standard and the SC
methods described in the previous section and for each cut systematic uncertainties with energy
dependence were estimated. The following list describes the changes in the event selection:

• A tighter electron rejection cut: rejection of events with FHI layer in the first module of the
Si-W ECAL (10th layer instead of the 6th layer) .

• A tighter cut for full shower containment: rejection of events with FHI layer larger than the
35th layer in the calorimeter system (instead of layer 55).

• A looser multi-particle rejection: remove cut on the reconstructed energy (including events
with Ereco > Ebeam +2.2

√
Ebeam ·GeV).

• A looser muon rejection: remove cut on the reconstructed energy (including events from
Ebeam >15 GeV with Ereco < Ebeam/2.6) .

• A looser clustering requirement for multi-particle rejection: clustering hits within the dis-
tance dth=20mm (instead of 12mm).

Tables 4, 5 and 6 display the systematic uncertainties for the reconstructed energies Ereco, the
energy resolutions σreco/Ereco and the relative improvement of the reconstructed energy resolu-
tions σSC/σstandard of several energies§, respectively. To evaluate the total systematic uncertainty,
the individual uncertainties, which are assumed to be uncorrelated, are added in quadrature. The
total systematic uncertainty is energy dependent with larger values in the lower and higher en-
ergy ranges, due to beam contamination and detector factors, such as effects from shower leakage,
respectively.

§The uncertainties are also used for the other beam energies that are not listed.
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Table 4: Summary of systematic uncertainties for reconstructed energies for standard (Std) and
Full SC (SC) reconstructions. The uncertainties are relative in units of percentage.

Energy 4 GeV 30 GeV 50 GeV 80 GeV

Cut Std SC Std SC Std SC Std SC

systematic uncertainty [%]

Electron 0.5137 0.1764 0.0463 0.0709 0.0740 0.0978 0.0098 0.0988
Late Shower 1.5609 0.8506 0.0962 0.2371 0.4926 0.1606 0.1778 0.0085
Multi-particle 0.0000 0.6038 0.0000 0.0646 0.0000 0.1204 0.0000 0.1665
Muon 0.0000 0.3484 0.0000 0.0194 0.0000 0.0172 0.0000 0.1187
Clustering 0.0471 0.2436 0.0116 0.0600 0.0208 0.1074 0.0168 0.0177

Total 1.64398 1.14026 0.10748 0.263537 0.4985 0.2484 0.1789 0.2280

Table 5: Summary of systematic uncertainties for energy resolutions for standard (Std) and Full SC
(SC) reconstructions. The uncertainties are relative in units of percentage.

Energy 4 GeV 30 GeV 50 GeV 80 GeV

Cut Std SC Std SC Std SC Std SC

systematic uncertainty [%]

Electron 1.0053 2.3107 0.5018 0.2027 0.4570 0.3899 0.9887 0.5400
Late Shower 4.1048 5.9655 0.5687 1.2256 0.5895 1.8728 0.9619 4.2974
Multi-particle 0.0000 0.6837 0.0000 0.2496 0.0000 0.8742 0.0000 0.8791
Muon 0.0000 1.1748 0.0000 0.4266 0.0000 0.8091 0.0000 1.1740
Clustering 0.2386 0.7214 0.2451 1.3292 0.0361 0.5217 0.0742 0.2781

Total 4.2328 6.5799 0.7971 1.8853 0.7468 2.3132 1.3815 4.5813

Table 6: Summary of systematic uncertainties for the relative improvement of the reconstructed
energy resolutions. The uncertainties are relative in units of percentage.

Energy 4 GeV 30 GeV 50 GeV 80 GeV

systematic uncertainty [%]

Electron 1.3187 0.7081 0.0674 1.5440
Late Shower 1.7873 1.7842 1.2909 5.2093
Multi-particle 0.6837 0.2496 0.8743 0.8791
Muon 1.1748 0.4266 0.8091 1.1740
Clustering 0.4815 1.5705 0.5580 0.3521

Total 2.6482 3.2899 1.8443 5.6388
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7. Results

The particle energy in each event is reconstructed with standard reconstruction and the three dif-
ferent SC reconstruction schemes, without use of the known beam energy. However, the known
beam energy is used in the calculation of the calibration constants. The SC weights for each SC
scheme (Full SC, HCAL SC and ECAL SC) and each of the datasets (CERN, FNAL and the com-
bined dataset) are optimized separately and implemented event-by-event in the corresponding SC
reconstruction of the suitable dataset. To determine the mean reconstructed energy and the en-
ergy resolution for each testbeam energy, the event energy distribution is fitted with the technique
described in subsection 5.1.2.

The combined dataset includes two measurements for 10, 15 and 20 GeV beams from FNAL
and CERN testbeam setups. In this case, the energies for each testbeam are reconstructed separately
and their average is used in the final results. The datasets are not reconstructed together due to
differences in the energy distributions which could worsen the energy resolution otherwise.

The resulting energy resolution as a function of the beam energy is fitted with the function

σreco

Ereco
= a/

√
E/GeV⊕b⊕ c/E, (7.1)

where E is the beam energy and a, b and c are the stochastic, constant and noise contribution,
respectively. The noise term is fixed to c = 0.18 GeV¶, as was determined from noise measurements
in dedicated runs without beam particles as well as in random trigger events in the CERN testbeam
setup [5]. A summary of the fit parameters for the different reconstruction methods in different
datasets is shown in table 7. It is worth noting that the stochastic and constant terms are highly
correlated in the fit. The stochastic term alone thus does not serve as a measure for the overall
resolution, and should be considered together with the constant term.

Table 7: Summary of the fit parameters for each reconstruction method for the CERN, FNAL and
the combined datasets.

Reco. aCombined [%] bCombined [%] aCERN [%] bCERN [%] aFNAL [%] bFNAL [%]

Standard 54.25±0.13 4.60±0.05 57.59±0.17 3.59±0.07 50.90±0.22 6.30±0.13
SC ECAL 51.58±0.17 3.52±0.07 53.53±0.22 2.82±0.11 50.05±0.28 4.33±0.24

SC AHCAL 46.58±0.16 3.20±0.07 46.25±0.20 3.21±0.08 46.70±0.24 2.76±0.28
SC full 42.55±0.14 2.50±0.07 42.15±0.17 2.40±0.08 42.02±0.22 2.68±0.24

¶The individual noise contributions are 0.004 GeV for the Si-W ECAL, 0.06 GeV for the AHCAL and 0.17 GeV for
the TCMT.
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Figure 7: Reconstructed energy resolution with standard (blue squares) and Full SC (red squares)
reconstruction methods for CERN dataset. The fit parameters are given in the legend. The total
(statistical and systematic) uncertainties are marked with ’[]’.
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Figure 8: Reconstructed energy resolution with standard (blue triangles) and full SC (red triangles)
reconstruction methods for FNAL dataset. The fit parameters are given in the legend. The total
(statistical and systematic) uncertainties are marked with ’[]’.
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With each of the SC schemes, an overall better energy resolution than the standard recon-
struction is measured. In figures 7 and 8, the energy resolutions for CERN and FNAL datasets are
displayed. In both cases, there is an improvement of the resolution, which can be evaluated from
the change in the stochastic term from (57.59±0.17)% to (42.15±0.17)% for the CERN dataset
and from (50.90±0.22)% to (42.02±0.22)% for the FNAL dataset. In the both case, the constant
term is also improved. This improvement is particularly large in the case of the FNAL data, where
a large constant term is obtained from the fit of the standard reconstruction results, explaining the
somewhat smaller improvement in the stochastic term compared to the CERN data set. The stan-
dard reconstructed data point for 60 GeV in figure 8 shows a lower energy resolution than the fit
prediction since the fit is dominated by the lower energy range.
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Figure 9: Reconstructed energy resolution with standard (blue circles) and full SC (red circles)
reconstruction methods for the combined dataset. The fit parameters are given in the legend. The
total (statistical and systematic) uncertainties are marked with ’[]’.

The main result, the energy resolutions of the combined dataset with the full energy range
of 4 GeV to 80 GeV, is presented in figure 9 and shows a decrease in the stochastic term of the
fits from (54.25±0.13)% to (42.55±0.14)% with software compensation. The mean reconstructed
energies versus the beam energies are shown in figure 10, together with the relative residuals to
the beam energies. The agreement with the beam energies is similar for both reconstruction meth-
ods, achieving deviations smaller than 5%. The reconstruction of the 4 GeV data shows the worst
agreement, but also has the largest systematic uncertainties due to the difficulty to select only single
pions events in the lower energy range.
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Figure 10: Mean reconstructed energy and relative residual to the beam energy versus beam energy
with standard reconstruction (blue circles) and Full SC reconstruction (red circles) of the combined
(CERN+FNAL) dataset. The total (statistical and systematic) uncertainties are marked with ’[]’.
Dotted lines correspond to Ereco = Ebeam.

7.1 Comparison between Dataset Results

Figure 11 presents the energy resolution for the different datasets with standard and Full SC recon-
struction. The data points for the different datasets for both reconstruction methods agree within
3%. However, the fits for the standard reconstruction are different due to the different energy
ranges. With the Full SC scheme the energy dependent improvement of the resolution reduces the
constant term of the fit and results in an overall better description of the data points by the fit func-
tion. In figure 12, the relative improvement between the SC and the standard reconstructed energy
resolutions is shown to be varying between 14% for the lowest beam energy up to 30% for higher
energies.

7.2 Comparison between SC Schemes

In section 5.2 three SC schemes were described: Full SC, HCAL SC and ECAL SC. These
schemes were applied to the different datasets, together with the standard reconstruction. Fig-
ure 13 presents the energy resolution for the combined dataset with the different reconstruction
methods. The ECAL SC scheme gives a slight improvement of the resolution, from a stochastic
term of (54.25±0.13)% to (51.58±0.17)%, the AHCAL SC reduces it further to (46.58±0.16)%
and the full SC gives the lowest stochastic term of (42.55±0.14)%.
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Figure 11: Reconstructed energy resolutions with standard and full SC reconstruction methods for
the FNAL, CERN and the combined (CERN and FNAL) datasets. The fit parameters are given in
the legend. The total (statistical and systematic) uncertainties are marked with ’[]’.
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The difference between the scheme results is also shown in figure 14, where the relative im-
provement of the resolutions is presented. In general, all the SC schemes show increasing im-
provement up to 20 GeV and a flat behavior from this point. The ECAL SC scheme gives an
improvement of only a few percent, while the AHCAL SC scheme shows an increasing improve-
ment up to approximately 22% . This is due to the higher fraction of showers in the AHCAL
at higher energies, making the scheme more efficient. The full SC scheme achieves a maximum
improvement of approximately 30%.
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Figure 13: Reconstructed energy resolutions with standard, ECAL SC, AHCAL SC and full SC
reconstruction methods for the combined (CERN and FNAL) dataset. The fit parameters are given
in the legend. The total (statistical and systematic) uncertainties are marked with ’[]’.

7.3 Comparison with Previous Results

The energy resolution obtained from the CERN dataset in this analysis is comparable with the
energy resolution obtained from [5] for SC on the AHCAL and the TCMT, in which only pion
showers are considered with a reconstructed FHI layer in the first five layers of the AHCAL, and
thus fully contained in the AHCAL and the TCMT. In figure 15 the energy resolution fits of [5] are
displayed along with the fitted energy resolution points of the CERN dataset. The standard recon-
struction for the AHCAL contained and the full system is compatible within the uncertainties, with
slightly worse resolution for the full detector. After applying SC, the full system performs similarly
to the combination of the AHCAL and the TCMT, with agreement of 5.1% of the stochastic terms
of the SC fits, despite of the different technologies and the sampling structure of the full system.

A SC scheme similar to the Full SC scheme in this analysis was applied to FNAL data of
a combined scintillator-SiPM calorimeter system, which includes the scintillator electromagnetic
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Figure 14: Energy dependence of the relative improvement in the combined dataset of the re-
constructed energy resolutions with different reconstruction methods. The total (statistical and
systematic) uncertainties are marked with ’[]’.

calorimeter (ScECAL) [13] instead of a Si-W ECAL, the AHCAL and the TCMT, as described in
[8]. The analysis in [8] considers pion showers with a reconstructed FHI layer in the ScECAL or
in the first five layers of the AHCAL. In figure 16 the energy resolution data-points obtained from
[8] are shown together with the fitted energy resolution points of the FNAL dataset. Both analyses
reconstructed 4 GeV, 12 GeV, 15 GeV and 20 GeV. There is an agreement of 1.39% between the
reconstructed energy resolutions of the 4 GeV measurements, however for the other measurements,
the energy resolutions obtained in this analysis are relatively lower by 15.72% on average.

The results for the combined dataset (CERN and FNAL) are shown in figure 17 in comparison
with the previous analyses discussed above.
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Figure 15: The reconstructed energy resolutions with the standard and Full SC methods for events
recorded at CERN in comparison with the energy resolution fits published in [5]. The published
results were obtained with standard reconstruction and with SC implemented in the AHCAL and
the TCMT, applied to events with a shower start in the first 5 AHCAL layers. The fit parameters
are given in the legend. The total (statistical and systematic) uncertainties are marked with ’[]’.
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Figure 16: Reconstructed energy resolution with the standard and Full SC methods for the FNAL
dataset with the combined Si-W ECAL+AHCAL+TCMT compared to the energy resolution ob-
tained with the ScECAL+AHCAL+TCMT [8]. The fit parameters are given in the legend. The
total (statistical and systematic) uncertainties are marked with ’[]’.
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Figure 17: The reconstructed energy resolutions with the standard and Full SC methods for the
combined dataset in comparison with the energy resolution fits published in [5] and the energy
resolutions obtained with the ScECAL+AHCAL+TCMT [8]. The fit parameters are given in the
legend. The total (statistical and systematic) uncertainties are marked with ’[]’.
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8. Application of Weights to Different Beam Periods

The robustness of the SC method originating from the training of the SC reconstruction is demon-
strated by implementing SC weights obtained from CERN dataset on FNAL dataset and vice versa.
This gives a realistic evaluation of the changes in the expected results obtained from different beams
or reassembly of the calorimetry system. Figures 19 and 18 show the difference in the reconstructed
energy resolutions when using the different weights in the SC reconstruction procedure. Since the
weights are trained for a specific energy range, they are applied only to measurements in this range.

When CERN weights are applied to the FNAL dataset, essentially no changes in performance
are visible, with the exception of the 60 GeV data point, where a deterioration of 6% is observed.
In the reverse case, an energy dependent deterioration of the energy resolution is observed, rising
up to 6% at 40 GeV. The overall relatively small changes when transferring the weight calibration
between different datasets demonstrate the robustness of the software compensation method, and
show that the differences observed in the energy dependence of weights for individual bins for the
two different datasets do not have a negative impact on the performance of the algorithm. The
inferior performance of the FNAL weights on the CERN dataset suggests that the extension of the
weight optimisation procedure to higher energies is beneficial. In the concrete case here this may
be further amplified by the relatively low statistics of the 60 GeV FNAL data point, which may
have a negative impact on the precision of the weights at high energy.
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Figure 18: Reconstructed energy resolution for FNAL dataset with the optimized weights for FNAL
and for CERN datasets and relative deviations between them. The total (statistical and systematic)
uncertainties are marked with ’[]’.
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Figure 19: Reconstructed energy resolution for CERN dataset with the optimized weights for
CERN and for FNAL datasets and relative deviations between them. The total (statistical and
systematic) uncertainties are marked with ’[]’.
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9. Conclusions

In this note, an updated and extended study of the energy reconstruction and resolution of the
combined CALICE Si-W ECAL, AHCAL and TCMT setup for charged pions is presented. Using
data taken at CERN and at FNAL, pion energies from 4 GeV to 80 GeV are covered by the analysis.

As observed in previous studies, software compensation results in a sizeable improvement
of the resolution and slight improvements in response linearity. Without software compensa-
tion, the energy resolution in the combined CERN and FNAL dataset has a stochastic term of
(54.25±0.13)%/

√
E/GeV and a constant term of (4.60±0.05)%. With software compensation,

these terms reduce to (42.55±0.14)% and (2.5±0.07)%, respectively. The improvement in resolu-
tion with software compensation is up to 30% at energies above 20 GeV. When applying software
compensation only to one of the subdetectors, the improvement in energy resolution is reduced. In
the ECAL alone, an improvement of up to 7% is achieved, while software compensation in the AH-
CAL only yields up to 22% improvement, demonstrating the importance of software compensation
in the hadron calorimeter in the case of hadronic showers.

The comparison of the present results to the previously published results of software com-
pensation for showers starting in the AHCAL demonstrates that a similar performance can also be
achieved with the combined system consisting of a silicon-based ECAL and a scintillator-based
HCAL.
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Appendix

A. Determination of the FHI Layer

For the reconstruction of the FHI layer in this analysis, based on the differences in the layer energies
before the shower start and at the starting point, several algorithms from previous analyses [10, 9,
11] were used. First, the shower start algorithm optimized for the Si-W ECAL is used in the
following steps:

• Absolute energy increase criterion in the Si-W ECAL: A threshold energy defined as Ecut

is set and the deposited energy in MIPs in each layer El is compared with it. The condition
for identifying a layer l as the FHI layer is:

El > Ecut and El+1 > Ecut and El+2 > Ecut, (A.1)

where Ecut was optimized to 8 MIPs in [9]. This criterion is not effective for the last two
layers in the Si-W ECAL.

• Relative energy increase criterion in the Si-W ECAL: This criterion is based on the rela-
tive increase in deposited energy and defined in the form:

El +El+1

El−1 +El−2
> Fcut and

El+1 +El+2

El−1 +El−2
> Fcut, (A.2)

where the Fcut is set to 6, as in previous Si-W ECAL analyses [10, 9].

Then, when the FHI layer is not identified in the Si-W ECAL, an algorithm optimized for the
AHCAL is used:

• A moving average criterion in the Si-W ECAL and the AHCAL: This technique pre-
sented in the Primary Track Finder algorithm [11] is used to reconstruct the FHI layer. For
each layer, from the Si-W ECAL front layer till the last AHCAL layer, two values are calcu-
lated:

– Ml - The moving average of visible energy in 10 successive layers up to l-th layer.

– Nl - The number of hits in the l-th layer .

Layer l is considered as the FHI layer when two conditions are fulfilled:

(Ml +Ml+1)> Mthr and (Nl +Nl+1)> Nthr, (A.3)

where thresholds Mthr and Nthr were optimized in [14] to Mthr =

(
6.0+0.1

Ebeam

GeV

)
MIPs

and Nthr = 3.77+1.44 · ln
(

Ebeam

GeV

)
.
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Figure 20 presents the reconstructed FHI layer distribution in events with initial momenta of
20 GeV in CERN (left) and FNAL (right) datasets.
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Figure 20: Reconstructed FHI layer in the Si-W ECAL and the AHCAL for events with 20 GeV
π− from the CERN (left) and FNAL(right) datasets after applying the quality cuts and rejecting
events with multi-particles. The large peak on layer 68 indicates events with no identified FHI
layer, which are identified as muon and punch-through (e.g. pions showering in TCMT) events and
rejected.
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B. Additional Figures

 [GeV]parE
0 10 20 30 40 50 60 70 80 90 100

B
in

 W
ei

gh
t

1−

0

1

2

3

4

5

FNAL TB : Si-W ECAL
bin 1 bin 2 bin 3 bin 4
bin 5 bin 6 bin 7 bin 8

CALICE Preliminary
Si-W ECAL + AHCAL + TCMT

 [GeV]parE
0 10 20 30 40 50 60 70 80 90 100

B
in

 W
ei

gh
t

1−

0

1

2

3

4

5

FNAL TB : AHCAL
bin 1 bin 2 bin 3 bin 4 bin 5
bin 6 bin 7 bin 8 bin 9

CALICE Preliminary
Si-W ECAL + AHCAL + TCMT

Figure 21: Si-W ECAL bin weights (left), AHCAL bin weights (right: bin 1- bin 8) and TCMT bin
weight (right: bin 9) as a function of beam energy for FNAL dataset.
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Figure 22: Si-W ECAL bin weights (left), AHCAL bin weights (right: bin 1- bin 8) and TCMT bin
weight (right: bin 9) as a function of beam energy for combined (CERN+FNAL) dataset.
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Figure 23: Mean reconstructed energy and relative residual to the beam energy versus beam energy
with standard reconstruction (blue circles) and Full SC reconstruction (red circles) of the CERN
dataset. The total (statistical and systematic) uncertainties are marked with ’[]’. Dotted lines
correspond to Ereco = Ebeam.
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Figure 24: Mean reconstructed energy and relative residual to the beam energy versus beam energy
with standard reconstruction (blue circles) and Full SC reconstruction (red circles) of the FNAL
dataset. The total (statistical and systematic) uncertainties are marked with ’[]’. Dotted lines
correspond to Ereco = Ebeam.
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Figure 25: Reconstructed energy resolutions with standard, ECAL SC, AHCAL SC and full SC
reconstruction methods for the CERN dataset. The fit parameters are given in the legend. The total
(statistical and systematic) uncertainties are marked with ’[]’.
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Figure 26: Energy dependence of the relative improvement in the CERN dataset of the recon-
structed energy resolutions with different reconstruction methods. The total (statistical and sys-
tematic) uncertainties are marked with ’[]’.
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Figure 27: Reconstructed energy resolutions with standard, ECAL SC, AHCAL SC and full SC
reconstruction methods for the FNAL dataset. The fit parameters are given in the legend. The total
(statistical and systematic) uncertainties are marked with ’[]’.
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Figure 28: Energy dependence of the relative improvement in the FNAL dataset of the recon-
structed energy resolutions with different reconstruction methods. The total (statistical and sys-
tematic) uncertainties are marked with ’[]’.
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