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ABSTRACT: A simple track finder has been developed to study track segments of minimum ioniz-
ing particles within hadronic showers in the analog tile HCAL. As a proof of principle, the tracking
algorithm was applied to muon data used for the calibration of the detector. Consistent results were
obtained, with 94% of all analyzed channels within 5% of the value expected from the calibration.
Tracks identified in hadron events showed energy loss spectra compatible with single MIP parti-
cles, demonstrating the capability to correctly identify minimum ionizing particles within hadronic
showers. Using these tracks, the temperature dependence of the response of the SiPMs used in the
calorimeter was determined. For 250 readout cells with sufficient statistics, a mean temperature
slope of −3.6%K−1 was observed. This method of identifying MIP-like tracks in hadronic show-
ers can provide a calibration strategy for a future ILC detector, where a sufficient number of muons
for calibration is not available.
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1. Introduction

The CALICE collaboration has constructed a 1 m3 prototype of a highly granular analog hadron
calorimeter (AHCAL) for future collider experiments [1]. The prototype consists of small scintilla-
tor tiles with individual readout by silicon photomultipliers (SiPMs) [2] arranged in layers between
2 cm thick stainless steel absorber plates. The size of the scintillator tiles ranges from 3× 3 cm2

in the center of the detector to 12×12 cm2 on the outer edges of the calorimeter. In the last eight
layers only tiles with 6× 6 cm2 and 12× 12 cm2 are used. In total, the hadron calorimeter has
38 sensitive layers, amounting to a depth of 4.5 interaction lengths λI . The AHCAL was tested in
particle beams at CERN in 2006 and 2007 and at FNAL in 2008, installed together with a highly
granular silicon tungsten electromagnetic calorimeter [3] upstream and a tail catcher / muon tracker
downstream of the detector. A detailed description of the CALICE test beam setup can be found in
[4].

In total, 7608 SiPMs are used in the prototype, allowing high statistics studies of the properties
of these devices. The SiPMs used here have 1156 pixels with a size of 32× 32 µm2 distributed
over a photo-sensitive area of 1.1× 1.1 mm2 and were fabricated by the MEPhI/PULSAR group
[2]. It is well known that the gain and the signal amplitude of SiPMs have a strong temperature
dependence. For the devices used in the CALICE AHCAL, this has been measured on the test
bench and in situ using the LED calibration system described in Section 2.

In this note, we describe first results of a study of the tracking capabilities of the AHCAL in
the environment of hadronic showers. In a future ILC detector, such tracking algorithms could be
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used to identify MIP-like track segments that can be used for an in-situ cell-by-cell calibration of
the hadronic calorimeter.

A simple tracking algorithm has been developed and has been tested with muon data as well as
with hadron data. The tests with muons serve the purpose of establishing the track finder in a clean
environment and to validate our method of extraction of the most probable value of the energy
loss from amplitude spectra of individual cells. To demonstrate the potential of such an analysis
in a hadronic environment, we extracted the temperature dependence of the SiPM response for
approximately 250 cells from hadron data, exploiting the wide variation of temperature conditions
over the 2007 data set. Such a variety of different temperatures is not available for the muon data. In
contrast to the measurements with hadrons discussed in this note, a measurement performed with
muons provided data for almost all cells in the detector, however limited to up to four different
temperatures per cell.

2. Calibration of the HCAL

For the present analysis, the official calibration of the detector for the 2007 running period at CERN
is used. Since the data files used in the analysis were produced from raw data in August 2008, the
calibration constants in the data base at that time were used. Details of the different calibration
steps are described in [5]. Here, the MIP calibration of the HCAL is particularly important. This
calibration determines the response (in ADC units) of each detector channel to through-going min-
imum ionizing particles (MIPs). The calibration constants are determined from a fit with a Landau
convolved with a Gaussian to the amplitude distributions of each individual channel in a set of
muon runs. These runs were taken closely together in time to minimize the effect of temperature
variations. Once the calibration is applied, for these runs the most probable value of the ampli-
tude distribution for each cell is 1 MIP per definition. In addition to the MIP calibration that uses
beam data, a LED system with UV LEDs coupled to the scintillator tiles via light-guiding fibers is
used to perform the gain calibration of the SiPMs. The same system was also used to extract the
temperature dependence of the gain of the SiPMs by studying the variation of the SiPM signal for
a given LED light intensity over the data taking period, which covered variations of the detector
temperature.

3. Analysis Details

3.1 Tracking Algorithm and Parameters

Tracks within hadronic showers are identified by selecting scintillator cells with energy deposits
above the noise cut-off of 0.4 MIP, which do not have a nearest neighbor (including diagonals)
in the same calorimeter layer with an energy deposit above the noise threshold. These hits are
called isolated. This distinguishes them from hits within sub-showers (hadronic or electromag-
netic), which also have neighboring cells with sizeable energy deposits due to the increased particle
activity in these shower regions. Tracks are then constructed from isolated hits in subsequent layers
of the calorimeter.

To ensure a good quality of tracks which are well distinguished from sub-showers in the event,
a minimum length of 6 layers, including not more than two skips as discussed below, is required
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to form a valid track. The maximum length of a track is 38 layers, which is the case for tracks that
traverse the full detector, as often the case for muons. To make the tracking algorithm robust against
dead channels and finite efficiency, one layer without a matching isolated hit can be jumped over
by the algorithm without breaking the track, however not in consecutive layers. Several such skips
are allowed per track. Angles up to approximately 60◦ are allowed by permitting the tracking code
to match cells in consecutive layers which are shifted by the size of one tile in the plane transverse
to the beam axis.

Beam

identified track

Figure 1. Event display of a hadronic shower in the HCAL of a 25 GeV π− with an identified track within
the shower. The tiles belonging to the track are highlighted in red, all other tracks with an energy deposit
above 0.4 MIP are shown in grey. The size of the cell is the size of the scintillator tile of that particular cell.

Figure 1 shows an example event with one identified track in run 330650, a 25 GeV π− run.
This particular event has two high-density sub-showers with presumably high electromagnetic en-
ergy content, connected by a minimum-ionizing particle track with a length of 20 layers, corre-
sponding to approximately 2.3 interaction lengths. The hadronic activity started in the electromag-
netic calorimeter and propagated into the HCAL. This example illustrates the power of tracking in
hadronic showers as a calibration tool. It shows that tracks useable for calibrations can be identified
within hadronic events, and tracking is not restricted to punch-through particles or to penetrating
particles up to the first hadronic interaction.

3.2 Run and Event Selection

For the first proof-of-principle studies, no cut on the event trigger was placed. However, the finding
of tracks already rejects all events that do not have a beam trigger. No separation of particles based
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Run Number Type Energy [GeV] Mean T [◦C] RMS of T sensors [◦C]
330412 hadron 40 26.1 0.71
330437 hadron 40 26.4 0.68
330541 hadron 80 27.4 0.68
330551 hadron 35 27.7 0.67
330561 hadron 35 28.0 0.62
330590 hadron 35 27.5 0.64
330647 hadron 15 28.0 0.86
330650 hadron 25 28.0 0.85
330663 hadron 12 27.8 0.90
330703 hadron 15 28.2 0.83
330706 hadron 25 28.1 0.86
330738 hadron 20 28.0 0.86
330771 hadron 20 27.4 0.95
330776 hadron 12 27.5 0.94
330802 hadron 15 27.0 1.01
330808 hadron 10 27.0 1.00
330839 hadron 20 27.2 0.96
330850 hadron 10 26.8 1.04
330960 hadron 35 25.6 0.72
330254 muon 26.4 0.97
330255 muon 26.3 0.97
330256 muon 26.3 0.97
330257 muon 26.3 0.97
330258 muon 26.3 0.97

Table 1. List of runs used in the analysis. The muon runs are the ones used for the calibration of the HCAL
for the 2007 run period. The hadron runs are partially selected for maximum temperature excursions to
allow the study of the temperature dependence of the SiPMs. The RMS of all temperature measurements
(typically around 170) that go into the average does not reflect the uncertainty of the measurement, it includes
the pedestal fluctuations and the temperature variation over the detector.

on Cherenkov information is done. Data taken at CERN in 2007 was used for all studies discussed
here.

Table 1 lists all runs used in the preliminary analysis, as well as the mean temperatures of
the HCAL for each run. The mean temperature is calculated from the average of all temperature
sensors that gave a temperature in a reasonable range (between 15 ◦C and 35 ◦C), thus excluding
broken sensors from the average. No pedestal corrections or other corrections were applied to the
individual readings. As such, these temperatures are an approximation, and are used to illustrate
the temperature variations over the run selection. In addition, table 1 lists also the RMS values of
the distribution of all sensors that were used in the average, typically about 170 sensors per run.
The RMS is not an indication of the uncertainty of the temperature average, since the spread of the
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temperature values also includes pedestal fluctuation which average out over the many used sensors,
and the temperature variations over the detector volume. The temperatures used for extracting the
temperature dependence of the SiPM response were measured in close proximity of the cell in
question that were corrected for pedestal fluctuations were used, as described in section 4.3.

4. Results

4.1 Muon Runs

As a first proof of principle, the tracking analysis developed for hadronic showers is applied to
muon data used for the calorimeter calibrations for the 2007 run, as listed in Table 1. The cell by
cell calibration of the calorimeter was performed by fitting the energy deposit in each cell with a
Landau distribution convolved with a Gaussian, as discussed in Section 2. A detailed description
of a muon analysis with the tile HCAL can be found in [6].
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Figure 2. a) Length of the tracks found in muon runs. The minimum length is 6 consecutive layers, the
maximum is 38, the number of layers in the calorimeter. 31 % of all tracks are 37 or 38 layers long. b)
Starting layer of the tracks. 58 % of all tracks start in the first two layers.

Figure 2 a) shows the length of the tracks found in muon events. As expected, the most
probable length is 38 layers. Shorter tracks can be caused for example by splitting of tracks due to
inefficiencies or not isolated hits in some layers. Figure 2 b) shows the starting layer of each of the
tracks. Most of the tracks start in the first layers, as expected for muons.

Figure 3 shows the distributions of the hit amplitudes for all tiles on tracks identified in muon
events. All hits are shown as well as all hits except the first and last on a track (Fig. 3 b) ) and only
the first and last hits on a track (Fig. 3 c) ). In all cases the MIP peak is very prominent. In the case
of the first and last hits some residual low energy noise is visible. This will be discussed in more
detail in Section 4.2.

By combining the data of the five muon runs listed in Table 1, sufficient statistics are available
to obtain at least 1000 tracks for most of the cells in the HCAL. This minimum number of tracks
crossing a tile was required for an analysis of a particular tile. The energy distribution of the hits on
a track was recorded for each tile separately. These distributions were fitted with a Landau function
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Figure 3. Global distributions (summed for all tiles) of the amplitude for hits on identified tracks in muon
events. a) Amplitude for all hits. b) Amplitude of all hits on the tracks except the first and last hits of the
tracks. c) Amplitude of the first and last hits on tracks.

convolved with a Gaussian to extract the value of most probable energy loss for minimum ionizing
particles for each tile. In total, sufficient entries for an analysis were obtained for approximately
6760 out of the 7608 total channels, corresponding to a fraction of 89%.
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Figure 4. a) A typical distribution of the amplitude for a single cell (i:31 j:52 layer 19), with 1014 entries.
The signal above the pedestal peak is fitted with a convolution of a Landau and a Gaussian function to extract
the value for the most probable energy loss. b) Distribution of the most probable value of energy loss for
found tracks for all cells in the HCAL with at least 1000 track crossings. The mean value and the width was
determined with a double Gaussian fit to extract the narrow central correlation and the wider shoulders.

Figure 4 a) shows the distribution of the amplitude in units of MIPs for a typical cell in the
calorimeter. The histogram was fitted with a Landau convolved with a Gaussian to extract the most
probable value of the amplitude. Even though the number of track crossings for that particular cell
is close to the required minimum, the minimum-ionizing peak is clearly visible and reliable results
can be obtained. The calibration constants used here to convert the ADC values to the MIP scale
were determined from the same data set as described in Section 2.
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Figure 4 b) shows the distribution of the most probable values for the MIP energy loss for all
cells with sufficient entries for an analysis, extracted as shown in Figure 4 a). Since the calibration
constants for all tiles were determined from this data set, the expected value for the most probable
value of the MIP distribution is 1. The calibration values thus serve as an independent cross-
check to the results presented here. Deviations can originate from the tracking algorithm and from
different sets of cuts and fit methods. The central part of the distribution, from 0.8 to 1.2, is fitted
with the sum of two Gaussians, one narrow and one wide distribution, since it was observed that
one Gaussian alone did not yield a good description of the tails of the central distribution. It is
not yet clear what causes this wider shoulders. The mean value of the narrow central peak is 1.0,
demonstrating good consistency of the method of extracting the MIP most probable energy loss
with the track finder for hadronic events with the detector calibration. The narrow distribution with
a σ of 0.015 underlines this observation. In total, approximately 6280 cells, corresponding to 94%
of all analyzed cells, are within 5% of the mean. 69 tiles (about 1% of all analyzed tiles) had high
noise contributions in the signal, affecting the stability of the fit. These tiles were not used in the
result. A more detailed investigation of these channels is planned, but this is outside the scope of
the present analysis note.

4.2 Hadron Runs
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Figure 5. a) Length of the tracks found in hadronic showers. The minimum length is 6 consecutive layers,
the maximum is 38, the number of layers in the calorimeter. In total 452 000 tracks are found in a run with
224 000 beam events. b) Starting layer of the tracks. 19.5 % of all tracks start in the first two layers.

The track segment finder has been applied to hadron runs to study the capabilities of the HCAL
to identify track segments of minimum ionizing particles in hadronic events. These tracks can be
punch-through hadrons which interact very late or not at all in the HCAL, but also tracks within
hadronic showers. In fact, the later category makes up the majority of identified track segments.
Since the main goal of this study was to demonstrate the use of such tracks for calibration purposes,
particular care was taken to obtain a clean data sample, at the expense of the number of identified
tracks. Only fully isolated hits, as discussed in Section 3.1, were used as input for the track finder.
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Figure 5 a) shows the length of the found tracks in a typical hadron run (run 330650, 25 GeV
π−). The most probable track length is 6 layers, which is the minimum required length. Those
tracks typically are segments within hadronic showers, but some of those also come from hadrons
that interact after the 6th layer in the calorimeter, and thus have a MIP-like track leading up to the
first interaction. About 2% of all found tracks are 30 layers or more long, which are mostly muons
in the beam, with contributions from punch-through hadrons. Since the probability for a hadron to
not undergo a hadronic interaction after traversing x interaction lengths is given by P = exp(−x/λI),
it is expected that about 1% of all hadrons that enter the HCAL traverse it without interacting.

Figure 5 b) shows the starting layer of the track. About 20% of all tracks start in the first
two layers of the calorimeter. Those are mostly hadrons that interact deeper in the HCAL, with
sizeable contributions from hadronic showers leaking into the HCAL from the ECAL and some
contributions from muons. The number of tracks starting at later layers falls of towards the end
of the HCAL. The break in the number of tracks at layer 31 is due to the changing geometry of
the HCAL tiles beyond that layer. There are only 6× 6 cm2 tiles in the last 8 layers, making
the isolation criterion harder to fulfill, since the isolation requirement now covers a much larger
effective area.

In total, approximately 452 000 tracks are found in run 330650, which contains 224 000 beam
events. Due to some issues with branching tracks in this preliminary study, about 15% of all tracks
share hits with other identified tracks, leading to on overestimation of the actual number of unique
tracks. The number of tracks, corrected for this effect is approximately 380 000. This corresponds
to a "yield" of about 1.7 identified track segments per incoming hadron. Since the mean track
length is 10.5 layers, one hadron event has on average approximately 18 scintillator tiles tagged as
being crossed by a MIP. The corresponding figures for muon runs are shown in Figure 2. Clearly
the tracks in muon runs are significantly longer, with more than twice the average track length, and
are much more likely to start in the first layers of the calorimeter.
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Figure 6. Angle of the found track segments, relative to the beam axis. The somewhat spiky structure is due
to the quantization of possible angles due to the tile geometry of the active layers.

Figure 6 shows the angle of the tracks with respect to the beam axis. 15% of all tracks are
parallel to the beam axis, 60% of all tracks have an angle below 20 degrees. Currently the track
angle is not taken into account when extracting the value for the energy loss in a cell. This leads to
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a bias towards higher values for inclined tracks. For the majority of tracks this effect is only a few
percent or less. More detailed studies on this will follow.
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Figure 7. Global distributions (summed for all tiles) of the amplitude for hits on identified tracks. a)
Amplitude for all hits. b) Amplitude of all hits on the tracks except the first and last hits of the tracks. c)
Amplitude of the first and last hits on tracks.

Figure 7 shows the global distributions of the hit amplitudes of all tiles on tracks. Three
different cases are distinguished. Figure 7 a) shows all hits, while Figure 7 b) shows all but the first
and last hits on tracks and Figure 7 c) shows only the first and last hits on a track, in a similar way
as Figures 3 a,b,c. While the hits within the tracks (except first and last) show a very clear MIP
signal with small background contributions, the first and last hits are dominated by background,
and also have larger contributions from higher energy deposits.

This is expected, since hits at the end or the beginning a track are likely to have contributions
from the interaction that terminated or started the track. It is also likely that a noisy tile above
threshold is added to the beginning or the end. On the other hand, the energy deposited in a tile
in the middle of a track is very likely that from a minimum ionizing particle, since well identified
track segments exist on both sides of the tile in question.

The corresponding distributions for muon events are shown in Figure 3. In general, the MIP
peak is less well defined in hadron runs than in muon runs, indicating larger background contribu-
tions in hadronic showers.

Figure 8 shows the same distributions for tracks with a relaxed isolation cut. Here a hit is
classified as isolated as long as it does not have more than one nearest neighbor within a layer. This
leads to a significant increase in the background contributions to the signal. Higher energy deposits
are also more likely to be included, since the separation between multi-track shower environments
and minimum ionizing tracks is less clear with a reduced isolation requirement. The number of
identified tracks is increased by almost a factor of five, presumably however with a significant
fraction of overlapping tracks. The deterioration of the signal quality limits the use of these tracks
for calibration purposes, demonstrating that the strict isolation cuts used for the present study are
preferable if sufficient statistics are available.

Figure 9 shows the distribution of the extracted most probable values for the MIP energy loss,
in units of MIP as set by the calibration described in Section 2, for hadron run 330437. This run
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Figure 8. Global distributions (summed for all tiles) of the amplitude for hits on identified track with a
relaxed isolation requirement. a) Amplitude for all hits. b) Amplitude of all hits on the tracks except the first
and last hits of the tracks. c) Amplitude of the first and last hits on tracks.
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Figure 9. Distribution of the most probable value of energy loss for found tracks for all cells with at least
2000 track crossings for hadron data. In total 210 cells had sufficient statistics for an analysis, of which 196
were accepted in the study.

was selected because the average calorimeter temperature was essentially the same as for the muon
runs used for the calibration. For this study, only cells in the core of the calorimeter are considered,
to limit the influence of inclined tracks. To ensure sufficient statistics for a good fit, at least 2000
track crossings were required for a cell to be analyzed, which was satisfied by 210 cells. 14 out of
those cells (7%) had high background contributions and were excluded from further analysis. A
fit with a convolution of a Landau and a Gaussian was used to extract the most probable value, as
discussed in more detail in Section 4.3. The values of 85% of all remaining tiles was within 5%
of the value expected from the calibration. The distribution of the most probable value was fitted
with a Gaussian. The mean is 1.007, consistent with the expectations from the calibration based
on muons at a very similar temperature. When comparing Figure 9 to the corresponding figure for
muons, Figure 4 b), it is apparent that the main peak in the muon case is slightly narrower. This is
probably due to cleaner spectra in the case of muons, but might also have some contributions from
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inclined tracks. This effect will be further studied in the future. In general, the good agreement of
the extracted most probable value for muons and hadrons shows that tracks in hadronic showers
can indeed be used to calibrate a highly granular calorimeter.

4.3 Temperature Dependence of SiPM Response in Hadron Runs
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Figure 10. Hit amplitude distribution for minimum ionizing tracks in a single tile (I: 43 J: 46 layer 13) for
hadron run 330650. The histogram has 3910 entries. The distribution is fitted with a Landau convolved with
a Gaussian to extract the most probable amplitude.

The temperature dependence of the most probable hit amplitude for a minimum ionizing parti-
cle, and with that the temperature dependence of the SiPM response, was studied with tracks found
in hadronic events. To achieve this, each tile was studied separately. A fit of the distribution was
performed for tiles that had more than 2000 tracks crossing them in a given run.

Figure 10 shows the amplitude distribution for a typical 3× 3 cm2 tile in a 25 GeV π− run.
This is fitted with a Landau function convolved with a Gaussian to extract the most probable value
of the amplitude. In this particular case, a fit precision of 1.8% for a histogram with close to 4000
entries is achieved, illustrating the accuracy of this calibration method.

A Landau function for the signal distribution and an exponential background to account for
the remaining low energy background contribution has also been used, but the first preliminary
tests yielded less satisfactory results than the Landau convolved with a Gaussian function. The
convolved function seems well adapted to describe the signal, since the electronic signal is a con-
volution of the distribution of the energy loss of the particle in the scintillator tile and of the photon
detection statistics of the SiPM. In a typical cell, 14 photons are detected for a MIP, making a
Gaussian function a good approximation of the Poissonian distribution of the number of detected
photons, in particular when the smearing of the signal from the SiPM and the electronics is taken
into account. However, the addition of an exponential to account for remaining noise contribu-
tions seems necessary to improve the analysis, since the Landau convolved with a Gaussian alone
assumes a background-free distribution. More work is currently going on in that direction.

The temperature dependence of the SiPM response was studied by performing the track finding
over a selection of hadron runs taken at different temperatures, summarized in Table 1. If sufficient
statistics for a given tile were available for six or more runs, the temperature evolution of the
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amplitude was extracted with a linear fit to the measured amplitudes as a function of temperature.
Due to the limited number of events per run this was fulfilled mostly for tiles in the center of the
calorimeter. The temperature for each tile in a given run was not given directly by the value of
the temperature sensor closest to the tile, but determined from a fit of a second order polynomial
through the sensors in all layers at that particular vertical position. This procedure is illustrated for
one run (330650) for the middle temperature sensor (sensor 2) in Figure 11.
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Figure 12. Evolution of the most probable amplitude of a single tile (I: 43 J: 46 layer 13) for minimum-
ionizing tracks in hadron runs.

Figure 12 shows the evolution of the extracted MPV for one particular tile as a function of
temperature. For 12 out of a total of 19 hadron runs sufficient statistics to perform a reliable fit
were obtained. The extracted slope of the temperature dependence of the SiPM response for that
particular tile was approximately −2.9%K−1. Over a sample of approximately 250 tiles where six
or more temperature points could be obtained, the average slope was found to be −3.6%K−1, as
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shown in Figure 13.
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Figure 13. Distribution of extracted slopes for a total of 248 tiles. The mean slope, giving the mean change
of amplitude with temperature for the SiPMs used in the HCAL, is −3.6% K−1.

This value is consistent with measurements made with muon data taken throughout the 2007
running period. This study yielded a mean slope of −3.7%K−1 for the majority of the SiPMs in
the detector, determined from the central 90% of the distribution of slopes extracted from the muon
data [7]. Figure 14 shows the overall distributions of temperature slopes for 6980 tiles. Muon data
at up to four different temperatures were used to obtain this measurement [8].

The overall mean and the RMS of the distribution obtained for muons agrees very well with the
one obtained using track segments in hadronic showers, validating the two methods of extracting
the temperature dependence of the detector response. While the muon measurement covers a large
sample of the channels of the detector (almost 92%), the measurement using hadron data only
covers a small fraction of all tiles, however with significantly more different temperature values for
each of those tiles.
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Figure 14. Distribution of temperature slopes determined with muon data for approximately 92% of all
detector cells. Up to 4 temperature points are available per cell. The mean slope, giving the mean change of
amplitude with temperature for the SiPMs used in the HCAL, is −3.8% K−1 for the full distribution.
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5. Summary

A simple tracking algorithm has been developed to study the possibility of calibrating a highly
granular scintillator tile hadron calorimeter with SiPM readout using track segments of minimum
ionizing particles within hadronic showers. When applied to muon data used for the calibration
of the detector, consistent results were achieved: 94% of all analyzed cells had a most probable
value within 5% of the value expected from the calibration. As a proof of principle of the tracking
code in a hadronic environment, the temperature dependence of the response of SiPMs was studied
with hadron data from the 2007 CERN test beam. A temperature dependence of the amplitude of
−3.6%K−1 was found, consistent with previous measurements using muon data taken throughout
the 2007 running period. The present results indicate that a cell-by-cell calibration within approx-
imately 2% or better is possible with 2000 minimum ionizing tracks identified in each detector
cell.
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