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Introduction

The main feature of the Analog Hadron Calorimeter (AHCAL) for the International Linear
Collider developed by the CALICE collaboration is its fine both longitudinal andtransverse seg-
mentation. It is a sampling calorimeter alternating 2 cm thick steel plates to 0.5 cm thickactive
layers segmented in 3×3 cm2 scintillator tiles.

Isolated muons play a central role in the operation of the AHCAL. They are easily identified
and visualized in the AHCAL as tracks and their signal in each cell is used asreference for the
calibration. The Most Probable Value (MPV) of the muon signal sets the energy scale of the
calorimeter at the m.i.p. level. As the muon calibration of the calorimeter is the first source of
systematic errors in the determination of the energy scale of electrons and hadrons in the AHCAL,
the response of the detector to muons needs to be carefully studied and understood. Moreover,
the muon signal is very sensitive to the intrinsic properties of the photo-detectors. Problems in the
operation of the channels of the calorimeter have a sizable impact on the shape and uniformity both
of the single channel response to muons and of the average energy profiles.

Furthermore the identification and reconstruction of muons is an interesting topic of study at
the International Linear Collider. Several physics channels, in fact, need an efficient muon identi-
fication, both in case of isolated muons in the detector - e.g. Standard Model (SM) Higgstrahlung,
SUSY µ̃ related channels - and in case of muons within jets - e.g SM Higgs self coupling.

According to the design of the ILD detector [4], the tracking and the calorimeter system are
inserted inside the magnetic coil. Only the muon chamber - the sub-detector dedicated to the muon
identification - is positioned outside. The momentum of the muons is measured in the tracker
with high precision -10−5δ p/p - and the identification is performed with the muon chambers.
Muons, in fact, are so penetrating to traverse the full coil and deposit energy also in the muon
detectors. The final step of the muon reconstruction in the full detector is theconnection between
tracks and deposits in the muon chambers. The tracking power of the calorimeter system can
be used to perform this connection - as shown in [5] - yielding a very goodmuon identification
and reconstruction efficiency. In the same study it is shown that soft muons- with energy < 3
GeV - are not so penetrating to reach always the muon chambers and the interplay between the
measurements of the energy deposited in the calorimeters and in the muon chamber is needed for
the muon identification and rejection of pions. This interplay is shown to be evenmore critical
for the identification of muons and pion in jets. In case the muon system is also used for the
measurement of the muon momentum - there is still no decision taken in the design ofthe detector
- the estimate of the total energy lost by the muon in the AHCAL would provide a better connection
with the momentum information of the tracker, as in the traditional detectors - i.e. in the ATLAS
experiment [7].

This internal note focuses mainly on the muon calibration of the HCAL and on thesystematic
effects at the m.i.p. scale introduced by the operation of the detector. The analysis is restricted to
120 GeV muons, which were collected during the test beam with high statistics and purity. The
total visible energy as well as reconstruction methods of the total energy lost by muons in the
detector are also studied, as first evidence of the capability of the identification and measurement
of the muon signal. More techniques of muon identification [6] will be shown in afuture note.
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1. Experimental set-up

The measurement is performed using the prototype of hadron calorimeter developed by the
Calice Collaboration. It is a sampling calorimeter alternating 2 cm thick absorbersteel plate with
a 0.5 cm thick sensitive layer. The prototype has a total surface of 90×90 cm2 and consists of 38
layers. Each sensitive layer is a array of 216 scintillators. The 30×30 cm2 core has a granularity of
3×3 cm2 and the outer region is equipped with tiles of increasing size - 6×6 cm2 and 12×12 cm2.
Each tile is read-out individually by a Silicon PhotoMultiplier [1, 2, 3], a 1×1 mm2 silicon photo-
detector. The dark rate of this photo-detector and the light collection efficiency of the scintillator-
SiPM system were optimized in order to obtain a very good detection efficiencyand resolution
of the signal generated by a minimum ionizing particle (m.i.p.) [9]1. In September 2006 the
installation consisted of 30 layers. At that time only 23 modules were produced. The first 17 layers
of the calorimeter were fully equipped, while the last 13 layers were equipped with the remaining
6 modules, one every other layer. The analysis presented in this note focuses only on the first 17
layers, as the last ones were more noisy. In 2007 the full calorimeter - 38 layers - had been installed
and the noisy modules were recovered.

The analog hadron calorimeter (AHCAL) was tested in combination with the prototypes of the
highly granular silicon-tungsten electromagnetic calorimeter (ECAL) and of the scintillator strip
tail catcher (TCMT) - the detectors are designed by the Calice collaboration- at the SPS beam
facility in CERN. The ECAL - 18× 18 cm2 lateral section - is situated centrally, in front of the
AHCAL, and covers only its high granular core. In 2006 the electromagnetic calorimeter (ECAL)
was equipped with 30 sensitive layers of silicon pads, but each layer wasmissing one third of the
readout channels, thus reducing the active area to 18×12 cm2. The total number of instrumented
readout channels was 6480 out of the 9720 foreseen. For the 2007 installation the bottom layers
were also equipped, apart from the front-most 4 layers.

The TCMT - 90×90 cm2 lateral section - detects eventual leakages directly after the AHCAL.
The beam line is equipped with a Cherenkov detector, a veto counter scintillator - for double particle
rejection - and a set of drift chambers before the calorimeters. Two 1 m2 scintillator plates are put in
front and at the very back of the three sub-detectors and are used in coincidence as muon triggers.

2. Selection of the muon sample

A parasitic muon beam was obtained by dumping the main proton beam with a seriesof colli-
mators and beam dumps. The resulting muon momentum is expected to be close to themain beam
momentum - 120 GeV2. The selection of the muon sample is based on a cut on the total number of
hits in the ECAL (NECAL

hits ) and on the energy deposited in the TCMT (ETC). The spectrum of the
detected hits in the ECAL is shown in figure 1. A peak at 32 hits is visible, corresponding to 30
active layers and 2 random noise hits. The acceptance window 30< NECAL

hits < 34 allows to reject

1For a clearer description of the recent design of Silicon PhotoMultipliers for application to analog calorimetry see
also [10]

2This is the best estimation of the muon momentum provided by the CERN beam line experts. There is not a muon
spectrometer in front of the set-up and a direct muon momentum measurement can not be performed.
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both muons which do not behave like minimum ionizing particles, losing energy viahard knock on
electrons, and secondary particles contaminating the parasitic beam. This cut restricts the analysis
to the muons which traverse the ECAL, i.e. to the geometrical region corresponding to the high
granular core of the AHCAL3.

Figure 1: Distribution of the total number of hits in the ECAL in a muon run. The pedestal corresponds to
muons which pass outside the ECAL and are detected by the AHCAL and the TCMT

The energy spectrum of the TCMT4 (figure 2), measured in response to a muon, agrees well
with the expected landau distribution smeared by a gaussian detector response. All the events above
the pedestal are considered muons. The acceptance thresholdETC > 10 A.U. is chosen.

Figure 2: Energy distribution of the tail catcher, when a muon is detected. The pedestal corresponds to
random coincidence trigger events.

The muons in the AHCAL are visualized as tracks. Two more cuts are applied tothe tracks
found in the AHCAL. First, the hits in the first two layers are aligned with the hits inthe last two

3The high granular core is larger than the ECAL. The coverage is reduced in 2006, as the active area of the ECAL
was smaller.

4The energy is calculated summing the full content of the Tail Catcher, without a cut at 0.5 MIP. The strong impact
of the noise makes the calibration of the total measured energy not clean.The energy is hence measured in Arbitrary
Units (A.U.), with the relation 1 A.U. = 1 MIP.
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layers in order to restrict the analysis to the tracks traversing the detector with an incidence angle
0◦±3.8◦. Second, only one perpendicular track has to be found, in order to reject double particle
events (figure 3). The rejection is reported in table 1. The geometrical acceptance and the beam

Figure 3: Distribution of the perpendicular tracks found in the AHCAL.

angular spread mainly dominate the total rejection, which is quoted as∼ 95%.

Detector Cut Rejection

ECAL 30< Hitsecal < 34 92.8%

TCMT Energytcatcher> 10A.U. 0.11%

AHCAL trackshcal = 1 55%

Table 1: Rejection cuts applied for the muon selection (2006). The cuts are intended to study the highly
granular core of the detector. As the muon flux covers the total area of the calorimeter, the geometrical
acceptance is very low and it mainly reflects the rejection ofthe cut on the ECAL.

The selection of muons in the calibration procedure is more relaxed. In factthe whole area of
the detector needs to be covered with large statistics. The cut on ECAL and tail catcher is removed
and only a hcal-based track selection criteria is applied to reduce the impact ofnoise and reject
events due to fake muon trigger coincidences. A muon is selected as a track having a minimum
number of hits (Nhits > Ncut, with Ncut a steering parameter) within a cylinder of radiusRtile

5. The
value ofRtile is adjusted for the various tile sizes across the AHCAL surface. A minimum of 2000
muon events per cell are needed to have a good estimate of the most probablevalue of the Lan-
dau distributed spectrum. With a uniform beam distribution this would require 500k events for the
calibration of the whole calorimeter. Due to the more Gaussian-like distribution ofthe beam, ap-
proximately 4M events are necessary for a good calibration of the outermost cells. With an average
data acquisition rate of 100 Hz, a MIP calibration takes about 12 hours.

3. Data and Monte Carlo used in this analysis

This analysis focuses on the data collected in 2006. Two sets of data are studied. The short
5In 2006Ncut = 16 and in 2007Ncut = 25, within a tube with a 1 cell section.
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term systematic studies are performed using the 15 runs 330774-330788.The total number of
events contributing to this analysis is 3.7 106 muons and the severe rejection cuts lead to a statis-
tically significant muon sample of∼ 190000. The long term systematic is quoted comparing this
set of runs with the 11 runs 330919-330930, containing 137000 not rejected muon events. (section
6). The runs 330254-258 are used for the considerations about the detector performances in 2007
(section 5).

The simulation is performed with Mokka, using the detector model TBCERN-0610. A plug-in
is written to calculate the full energy deposited both in the absorber and in the scintillator, with a
spatial resolution of 1×1 cm2. This information is used in order to calculate the sampling fraction
and to compute the correction to the energy deposited in the scintillator in order toretrieve the total
energy lost by the muon (section 7).

Two different Monte Carlo sets are used. The first is thepure Monte Carlo, the second is
the digitized Monte Carlo where the detector effects are included [8]. The former is used for
consistency check, as it is an essential step of the electromagnetic and hadronic analysis. The latter
is used to put in evidence eventual systematic introduced by the detector. Infact, as the physics
of the muons is well described in the simulation [11, 12], a direct comparison of data andpure
Monte Carlo prediction allows to measure directly the systematic introduced by theoperation of
the detector.

4. The calibration procedure

The quantification of the m.i.p. signal is the first step of the calibration chain. The full cali-
bration of a cell, though, requires to account for the non-linearity introduced by the finite number
of pixels (1156/mm2) in the SiPM. For this purpose a versatile UV-LED light distribution system
was adopted, capable of delivering light to all tiles with intensity from few photo-electrons to the
saturation of SiPM. Furthermore, the LED system allows monitoring the variations of SiPM gain
and signal amplitude - the latter being the product of gain and photo-detectionefficiency, both sen-
sitive to temperature and voltage fluctuations. The monitoring system ensuresthe applicability of
calibration factors extracted in dedicated runs at the beginning and end ofa data taking period of
several days.

After applying the correction chain [8] the calorimeter response is expressed in multiples of
the MIP energy. To convert this amplitude into energy in GeV the MC informationis used which
sets the most probable value of the energy deposited by a 100 GeV muon traversing the AHCAL
structure to 0.861 MeV visible energy in one layer of scintillator (5 mm). The totalenergy in the
calorimeter is determined using the mip sampling fraction coefficient, defined as:

Eabs= (Smip−1)×Escint (4.1)

The value ofSmip - 24.97±0.02 - is extracted from the pure MC.

The m.i.p. scale is the basic unit of the hadron calorimeter. The response of electrons and
hadrons is quantified applying to the m.i.p. scale energy conversion factorsextracted from the data.
The determination of the m.i.p. scale is hence the first source of systematic in the understanding of
the physics of the detector.
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Figure 4: Muon signal in the hadron calorimeter. The high granularityallows to identify a track. The
isolated hits correspond to random noise in the detector.

Figure 5: Reconstruction of the visible energy in a single calorimeter cell. Comparison between data and
Monte Carlo.

5. MIP calibration - the response of a single cell to a muon

The high lateral granularity of the hadron calorimeter allows to sample the energy deposited
by the muons with a minimum cell size of 3×3 cm2. The cells with a sizable signal identify a track
in the detector corresponding to the muon (Fig.4). The energy deposited bythe muon in one sensi-
tive cell is expected to follow a Landau distribution with∼ 5% resolution (σ/MPV). The detection
process at this low energy is mainly dominated by the Poisson statistics of the photons collected by
the photo-detector, as the most probable value of the muon signal is optimized at 12±4 photoelec-
trons. This effect yields to a smearing of the muon signal up to 40%, with a consequent mismatch
between data and Monte Carlo (Fig.5). A fitting model of a Landau distribution convoluted with
a Gaussian is not sufficient to extract the pure physical Landau, although it is a good estimator
of the most probable value of the smeared distribution in data. In Fig. 6 an example is given for
the resulting muon spectrum in an arbitrary calorimeter cell. The most probablevalue of the fit
function is defined to be the MIP calibration factor.
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Figure 6: Muon spectrum in an arbitrary calorimeter cell after the selection specified in the text. A noise
spectrum of the same amplitude is superimposed for illustration purposes. The muon spectrum is fit with a
Landau function convoluted with a Gaussian.
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Figure 7: Average MIP detection efficiency in each AHCAL module for the2006 and 2007 data taking
periods. The error band indicates the spread (RMS) between all cells in one module.

All AHCAL cells have been calibrated according to this method and results arepresented in
Fig.s 7-8. The MIP collection efficiency of calibrated cells per module is presented in Fig. 7 for
a threshold cut of 0.5 MIP. The band corresponds to the spread (RMS)between all cells in one
module. An average efficiency of 93% is obtained in 2007, whereas in 2006 some modules have
been operated with a larger LY and have a mip detection efficiency 0f 96%.

Fig. 8 shows the average signal to noise ratio for the MIP signal in each module. A ratio of
9-10 is obtained in 2007 as an overall average in the calorimeter. In 2006 aratio of 12 has been
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Figure 8: Average signal to noise ratio in each AHCAL module for the 2006 and 2007 data taking periods.
The error band indicates the spread (RMS) between all cells in one module.

reached in the modules operated at higher LY.

6. Systematic detector effects at the mip scale

6.1 Longitudinal profile

The longitudinal profile of the muon passing through the hadron calorimeter reflects the sys-
tematic effect introduced by the operation of the detector. The profile is calculated - without any
threshold cut on the single cell content - summing the energy contained in a tube with a squared
longitudinal section of 3×3 cm2 and 9×9 cm26, as shown in figure 9. The comparison between
muon runs taken in a short time window - 12 hours - is plotted as a grey band. The intrinsic op-
erational variations of the detector properties in a short time window introduce a systematic effect
ranging between 2% and 5%. The fluctuation of the profile shape around the Monte Carlo pre-
diction is due to the different level of cross talk of the read out photo-detector - which affects the
average value of the visible energy artificially. Detection inefficiencies, mainly due to a misalign-
ment of the modules in the detector, also impact the profile. The layers 2, 3, 11, 14 16 and 17
are equipped with Silicon Photo Multipliers of a production different from therest of the detector
- these photo-detectors seem to have 5/6% higher inter pixel cross talk. Furthermore, the layer
14 shows a higher contribute of pedestal. This effect can not be attributed to the inefficiency of
the selection, as strong cuts are applied. This layer could be misaligned and the pedestal events
appearing in this module, in the position where a clear track was identified in the detector, could
be due to a wrong assignment of the energy hits to their positions. This problem can be solved
measuring the layer misalignment with the drift chambers and taking into accountthis systematic
shift in the tracking algorithm. The profile of the energy deposited in the 9×9 cm2 section tube

6The 3×3 cm2 and 9×9 cm2 sections correspond respectively to 1 and 9 cells.
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Figure 9: Muon signal profile in the detector. The systematic effects introduced by the changes in the
operation of the detector in 12 hours, in a 3×3 cm2 (left) and 9×9 cm2 (right) tube around the muon track,
are also shown.

Figure 10: Systematic shift of the profile after 2 days of operation, dueto a temperature variation of 4◦.

has a considerable systematic shift. As the energy deposited by a muon is mainlycontained in one
cell, the noise of the detector is dominant because most of the cells around themuon track only
contain noise. The temperature variations of±0.5◦ have not a sizable effect, in comparison with
the other systematic sources. Stronger systematic effects are evident 2 days after the operation. A
10% shift of the total average value, due to a temperature variation of 4◦ C, is observed and plotted
as a grey band in figure 107.

The systematic effects contributing to the pedestal level - mainly inefficiencies, misalignment
of modules - are removed if a cut at 0.5 MIP is applied to the energy depositedin one cell. The
profile (figure 11) has a more regular behaviour. The measured energy per layer in the 3×3 cm2

(9×9 cm2) tube is constantly∼ 6% (∼ 10%) higher than the Monte Carlo prediction. The different
smearing of each cell, the cross talk and, last but not least, the bias due to 0.5 m.i.p. cut, contribute
to this discrepancy. The effects introduced by the time dependent operation of the detector con-
tribute, in total, to a 3% systematic band.

7The temperature variation is measured directly on the readout board with dedicated temperature sensors.
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Figure 11: Muon signal profile in the detector, determined applying a cut of 0.5 m.i.p. to the energy
deposited in the single cell. The systematic effects introduced by the changes in the operation of the detector
in 12 hours, in a 3×3 cm2 (left) and 9×9 cm2 (right) tube around the muon track, are shown as a grey band.
A systematic shift of respectively 6% and 10% is introduced by the operation properties of the detector.

Figure 12: Total visible energy deposited in a tube with a 3× 3 cm2 (left) and 9× 9 cm2 (right) square
section around the muon track. No cut is applied on the energydeposited in the single cell.

6.2 Total visible energy

The total visible energy deposited in a tube with a 3×3 cm2 square section around the muon
track - one calorimeter cell - shows a good agreement between the data andthe pure Monte Carlo
expectation, in the energy region above 15 MeV (Fig.12). A low energy tailis present, whose
contribute can be neglected. The total visible energy deposited in a tube with a9×9 cm2 square
section around the muon track - 9 calorimeter cells - is more smeared and is in disagreement with
the Monte Carlo expectation, because great part of the noise contributesto the energy sum - as in
case of the longitudinal profile.

The application of a cut at 0.5 m.i.p. allows to remove most of the noise effects, yielding in
both cases to a much better agreement between data and Monte Carlo, as shown in figure 13.

The comparison between total visible energy in data and in the digitized Monte Carlo is shown
in Fig. 14. The detector effects, simulated with the digitization, contribute to a smalldeviation from
the pure Monte Carlo in the peak region and in the left tail. These small effectsreproduce well the
behaviour of the data. It can be concluded that the smearing of the detector and the noise doesn’t
have a big impact on the determination of the total visible energy.
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Figure 13: Total visible energy deposited in a tube with a 3× 3 cm2 (left) and 9× 9 cm2 (right) square
section around the muon track. A cut at 0.5 m.i.p. is applied on the energy deposited in the single cell.
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Figure 14: Total visible energy deposited in a tube with a 3×3 cm2 section - 1 tile. Comparison between
data, pure Monte Carlo and digitized Monte Carlo. A small effect of the smearing of the detector is well
reproduced in the digitization.

Conclusions on the systematic of the detector

The comparison between the measured muon signal and thenot-digitized Monte Carlo allows
to quantify the systematic effects introduced by the operation of the detector.The main systematic
source is the temperature change which shifts the m.i.p. energy scale up to 10-15 %. Small insta-
bilities of the voltage supplies and of the local temperature have a reduced systematic contribution
of 3− 5% at the m.i.p. scale. These effects are statistically suppressed when the energy sum is
performed. The former effect needs an accurate correction, as the contribution to the measurement
can be large. The latter intrinsic systematic effects need to be propagated through the calibration
chain, yielding a∼ 5% contribution to the calorimetric measurement.

The total energy sum, at the m.i.p. scale, is not affected by the detector systematic, which is
statistically suppressed. The saturation of the detector, the non-linear correction in the calibration
procedure and the error on the m.i.p. determination are expected, hence, tobe the largest contribu-
tions to the electron and hadron total energy signals, while the intrinsic detector properties can be
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Figure 15: Monte Carlo description of the lateral profile of the total energy deposited by a muon in a tube
with square lateral section around the muon track. The dependence on the size of the tube is shown both for
the scintillator (left) and for the absorber (right).
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Figure 16: Energy distribution of the knock-on electrons (left) and positron/electrons pair (right) generated
by a 120 GeV muon interacting with the hadron calorimeter.

neglected.

7. Reconstruction of the total deposited energy

The reconstruction of the total energy deposited by 120 GeV muons in the hadron calorimeter
consists in the recovery of the information of the total energy lost in the iron (Eabs), given the total
energy measured in the scintillator (Escint). 120 GeV muons lose energy in the detector mainly by
ionization, hard knock-on delta rays, indirect pair production and Bremsstrahlung [11]. The Monte
Carlo description of the lateral profile of the total energy deposited by a muonin the detector, both
in the absorber and in the scintillator, is shown in figure 15. It is the sum of a constant ioniza-
tion energy level and the electromagnetic activity induced by secondary particles, whose energy
is higher than the critical threshold for electrons and positrons to generatesizable electromagnetic
showers - 30 MeV in steel. These relatively high energetic secondaries are produced as delta rays
and also in the pair production process (figure 16).

The lateral profile can be parameterized with the function:

E = C+L(1−eSx) (7.1)
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Figure 17: Correlation between the total energy deposited in the scintillator and in the absorber plates by a
120 GeV muon detected in the analog hadron calorimeter.

C (Constant) corresponds to the energy level of the pure ionization. This quantity corresponds to
the Bethe-Bloch average value. It is estimated as (17±1) MeV and (467±5 MeV), respectively
in sensitive and absorber layer. L (Limit ) is the average total energy deposited by electromagnetic
activities around the muon track. It is estimated as (7.5±0.7) MeV and (63±5) MeV in scintillator
and absorber. This quantity fluctuates a lot and can reach 1-2 GeV, when very high energetic
secondary electrons or positrons are produced. TheslopeS represents the lateral spread of the
electromagnetic showers induced by the secondary electrons and positrons. The energy of the most
energetic showers is about 1 GeV and S, hence, is not the inverse of theMoliere radius [14]. All
the pure ionization energy and 80% of the electromagnetic energy - 98% of the total deposited
energy - is contained in a 3×3 cm2 tube around the muon track. Therefore the reconstruction of
the total energy deposited by a muon in the detector can be restricted to the single series of cells
which identify the muon track, without taking into account the surrounding area of the detector.
From now on, only a tube with a single cell - 3×3 cm2 - section will be used.

A precise reconstruction of the energy lost in the absorber has to take intoaccount all the
processes mentioned above. The correlation between energy detected inthe scintillator and energy
in the absorber can be parameterized with the following function [13, 7]:

Eabs= (a+b×120)(Escint)
c +d Escint < 50MeV

Eabs= e+ f ×Escint Escint > 50MeV
(7.2)

The parameters are obtained with a fit on the Monte Carlo expectation (figure17) and are shown
in table 2. The energy in the absorber is reconstructed with a systematic average shift of−2.5%
and with a smearing of 11%, in comparison with the true Monte Carlo prediction. The traditional
quantity for the reconstruction of the total energy absorbed is the sampling fraction. In this case,
the energy in the absorber is reconstructed with a systematic shift of -4% and a width of 12%, when
less than 50 MeV is detected in the scintillators, and with a systematic shift of 5% and a width of
12% for higher visible energy (figure 18). The parameterization is, hence, a less biased method
in the reconstruction of the total energy absorbed, in particular for the higher energy tails which
are dominated by high energetic electromagnetic showers. The measurementhas a 11% precision,
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Parameter Value
a −2.39±0.01

b (0.02±0.01) GeV−1

c 1.89±0.15

d (0.33±0.02) GeV

e (−0.19±0.09) GeV

f 0.028±0.001

Table 2: Parameter of the model proposed to describe the correlationbetween total energy deposited by a
muon in the analog hadron calorimeter.
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Figure 18: Energy deposited in the absorber (Monte Carlo). Differencebetween the reconstructed and the
true value, using the parameterization (left) and the sampling fraction (right).

mainly dominated by the Landau fluctuations of the energy deposition mechanism.

The comparison between the parameterization applied to the data and to the MonteCarlo is
shown in figure 19. The reconstructed Monte Carlo signal is well modeled with a Landau dis-
tribution - MPV of (493.2± 0.4) MeV, width of (21.15± 0.20) MeV. In data, the reconstructed
signal can be parameterized with a Landau distribution - as expected in the Monte Carlo - smeared
with a Gaussian - modelling the channel by channel smearing - and shifted bya constant value -
modelling the single channel cross-talk and the 0.5 MIP cut bias. The extracted Landau has a MPV
of (494.36±2.19) MeV and a width of (22.18±1.45) MeV. The detector introduces a smearing
of (31.40±2.62) MeV and a shift of (30±1) MeV. The errors include statistical and systematic
effects and the parameters are extracted with 60% C.L. As the smearing introduced by the detector
is of the same order of the pure physical spread, the precision of the measurement of the energy
lost in the calorimeter is

√
2×σMC (∼ 15%).

8. Conclusions

The response of the analog hadron calorimeter to muons is the most sensitiveprobe of the
systematic effects introduced by the operation of the detector. The single cell response is mainly
affected by photo-statistic smearing and photo-detector cross-talk, whichcontribute with a 40%
smearing of the physical Landau distribution. These effects also influence the average value of the
longitudinal profile, which is observed to have a systematic shift of 6%. Theglobal parameters,
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Figure 19: Reconstruction of the total energy lost by a 120 GeV muon in the calorimeter. Comparison
between data and pure Monte Carlo expectation.

mainly temperature variations, introduce a systematic shift in the measurements, ranging from 3%
up to 10%. Defects in the installation of the detector are a further potential source of systematic ef-
fects. In fact, shifted modules cause a mismatch between hits in the detector andassigned position,
leading to biased track identification and total energy determination. This studydemonstrates that
the application of the 0.5 m.i.p cut is necessary and removes the systematic sources at the pedestal
level. However in the energy sum the systematic effects are statistically suppressed and the total
visible signal of the calorimeter is in good agreement with the pure Monte Carlo expectation.

The proposed granularity of the hadron calorimeter (3×3 cm2) is enough for muon tracking
purposes. In addition, the total energy deposited in the hadron calorimeterby a 120 GeV muon
can be reconstructed with a precision of∼ 15%, including all the potential systematic effects.
In this analysis only 17 layers were used. Using the full information of the total 38 layers the
resolution could go down to∼ 11−12%. Muon identification techniques based on this study will
be presented in a future note. In conclusion, the hadron calorimeter can be used in the full ILD
detector as an extension of the tracking systems and its energy content canbe also evaluated -
within this uncertainty - in order to connect the tracks in the inner part of the detector with the
spectrometer information outside the magnetic coil.
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