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Abstract

The response to pions and the ratio of the non-electromagnetic to the electro-
magnetic calorimeter response, h/e, are estimated using the extrapolation of the
longitudinal profiles in the CALICE Fe-AHCAL. The longitudinal development of
showers, induced by positive pions with initial energies 10–80 GeV, are parametrised
with a two-component function. The extracted values of h/e are compared with
the results obtained from the power-law approximation. The calorimeter response
estimated from the extrapolation of the longitudinal profile is compared to that
extracted using the combined CALICE calorimeter. The comparison of test beam
data with simulations using the QGSP BERT and FTFP BERT physics lists from
Geant4 version 9.6p01 is discussed.

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

The highly granular CALICE calorimeters provide a unique possibility to study the spatial
development of hadronic showers. The deconvolution of the shower development from the
shower start distribution allows to exclude a significant component of the fluctuations
of the spatial energy density distribution from shower to shower. The averaged spatial
distribution of the energy density within a hadronic shower can be represented as the sum
of two contributions: an electromagnetic and a hadronic component. The electromagnetic
component, produced predominantly by gammas from π0 decay, tends to develop near the
shower axis and close to the shower start. The hadronic component in turn is produced
by charged secondary hadrons from the cascade, it dominates in the shower tail making
a hadronic shower wider and longer than an electromagnetic one.

Both longitudinal and radial profiles of hadron-induced showers can be parametrised with
two-component functions, which account for both shower components. This was demon-
strated in CAN-048 [1] for the showers induced in the CALICE scintillator-steel analogue
hadronic calorimeter (Fe-AHCAL). In particular, the longitudinal shower profile was rep-
resented as a sum of the ”short” and ”long” component. The parametrisation of profiles is
one of the possible ways to study the calorimeter properties. For instance, the calorime-
ter response can be estimated using the extrapolation of the longitudinal profiles. In
the previous studies of the Fe-AHCAL [2], its response to hadrons was estimated us-
ing the combined CALICE setup, which comprised electromagnetic calorimeter, hadronic
calorimeter and tail catcher. The comparison of both approaches helps to understand the
reliability of estimates, based on the extrapolation of the longitudinal profiles.

It was shown in CAN-048 [1] that the parameters of the ”short” component of the longi-
tudinal profile are similar to that of electromagnetic showers. Following this conclusion,
the applied parametrisation of the longitudinal profile can be roughly interpreted as a
decomposition of the shower into the electromagnetic and hadronic components. Such a
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decomposition in turn gives the possibility to estimate the so called h/e ratio, where h
characterises the response to the hadronic component of hadron-induced shower and e is
the calorimeter response to electromagnetic showers. The current study is based on the
approach and fit results presented in CAN-048 [1].

The second section contains a short description of the data samples and event selection for
the current analysis. The response of the Fe-AHCAL, extracted from the extrapolation of
longitudinal profiles, is discussed in the third section. The fourth section is dedicated to
the extraction of the h/e ratio and its comparison with simulations and other experimental
results.

2 Data samples and simulation

The test beam data analysed here were collected at CERN (30–80 GeV) and FNAL(10 and
15 GeV) with the CALICE setup (Si-W ECAL, Fe-AHCAL and TCMT). The estimates of
contaminations, sample cleaning, correction for the bias due to contamination, systematic
uncertainties and event selection procedure are described in detail in CAN-040 and CAN-
048 [1,3]. The calibration of the Fe-AHCAL and the determination of its electromagnetic
scale was performed with dedicated positron runs [4].

The final stage of the selection procedure is the selection by shower start, which helps
to select showers well contained in the Fe-AHCAL. The total depth of the Fe-AHCAL
is ∼5.3 nuclear interactions lengths (λI). For runs taken without ECAL, events were
selected with an identified shower start in physical layers 3, 4, 5, 6, to minimise leakage
and reduce the fraction of remaining positrons in the sample (down to ∼2.5% at 10 GeV
and ∼0.4% at 15 GeV). The events with identified shower start in physical layers 2, 3, 4,
5, 6 were used for runs taken with the ECAL in front to minimise the leakage into the
TCMT.

The observables estimated from test beam data are compared with simulations using the
QGSP BERT and FTFP BERT physics lists from Geant4 version 9.6p01. The simulations
were done in the Mokka environment (version 08 02) and were followed by the CALICE
digitisation chain from calice soft version 04-08 (conversion coefficient 0.846 MIP/GeV,
inter-tile crosstalk 0.15).

3 Calorimeter response estimated from the fit to lon-

gitudinal profiles

The depth of the Fe-AHCAL is ∼5.3λI, which is not enough to contain a shower induced
by a hadron with initial energy above 15 GeV even for the showers that start at the
beginning of the Fe-AHCAL. The integral under the longitudinal profile, multiplied by
the electromagnetic calibration factor for the Fe-AHCAL, corresponds to the mean energy
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deposited in the Fe-AHCAL. The curve obtained from the fit to the longitudinal profile
in the Fe-AHCAL (see Section 5.1 in [1]), can be extrapolated outside the fit range. Then
the mean energy deposited in a shower, Efit

sh , can be estimated as the integral up to infinity
under the curve, obtained from the fit. To go to the electromagnetic scale, the calculated
integral should be multiplied by the electromagnetic calibration factor (0.02364 GeV/MIP
for the Fe-AHCAL). The energy deposited in the incoming track prior to the first inelastic
interaction (shower start), Etrack, should be added to the shower energy to get the total
reconstructed energy of a hadron. According to the selection conditions applied in the
current analysis, the track is required in the electromagnetic calorimeter, which is followed
by a track in several front layers of the Fe-AHCAL depending on the shower start position.
The mean energy deposited in the incoming track is estimated to be 0.40±0.09 GeV
with the ECAL and 0.06±0.02 GeV without ECAL. The quoted uncertainty takes into
account the different lengths of incoming tracks in the Fe-AHCAL for different shower
start positions. The mean reconstructed energy from the fit to the longitudinal profile
can be calculated as follows:

Efit
reco = Efit

sh + Etrack, (1)

where the shower energy Efit
sh is calculated in the electromagnetic scale, while the mean en-

ergy deposited in the incoming track Etrack is calculated as discussed above. The calorime-
ter response is the ratio of the mean reconstructed energy to the beam energy.

Fig. 1 shows the response of the Fe-AHCAL to pions, estimated from the fit to longitudinal
profiles for both data and simulations with the FTFP BERT physics list. These results
can be compared with those obtained with the combined CALICE calorimeter as obtained
in [3], following the method described in detail in [2]. The selection conditions in both
cases are the same including the requirement of a track in the electromagnetic calorimeter
placed in front of the Fe-AHCAL. For the combined calorimeter, the reconstructed energy
in each event is calculated as the sum of the energies deposited in the Fe-AHCAL and
the TCMT plus the energy deposited in the incoming track. Then the obtained energy
distribution is fitted with a Gaussian to get the mean reconstructed energy for the given
beam energy. The total depth of the Fe-AHCAL and TCMT amounts up to ∼10.5λI.
The estimates of the response obtained from the combined calorimeter are shown in Fig. 1
where the bands correspond to the systematic uncertainty.

The response estimated from the fit to the longitudinal profile shows a steeper behaviour
than the response estimated with the combined calorimeter. The observed difference can
be largely explained by the constant noise component from the tail catcher (TCMT) at the
level of ∼0.4–0.6 GeV, which is also added to the simulated samples during the digitisation
procedure. The impact of noise decreases with increasing energy while the impact of
leakage is expected to increase. Nevertheless, the results coincide within uncertainties at
80 GeV, though the response from the fit tends to be smaller than that obtained with
the combined calorimeter. Therefore, the values of response extracted from the fit to the
longitudinal profiles give us an estimate of the calorimeter response at the percent level.
In both cases simulations show a steeper behaviour of the response than observed in our
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Figure 1: (a) Response to pions extracted from the fit to longitudinal shower profiles
obtained from data (black circles) and simulations with the FTFP BERT physics list (red
triangles); the bands show the response obtained with the combined CALICE calorimeter
for data (solid grey) and simulations (hatched red). (b) Ratio of the response extracted
from the fit to simulations to those extracted from the fit to data. The error bars cor-
respond to the statistical uncertainties, the grey band shows the total uncertainty of the
data. See text for details.

4 Estimates of h/e from the fit to longitudinal profiles

In a phenomenological approach [5], there are three parameters, which define the calorime-
ter response to hadrons. The first one is the mean electromagnetic fraction fem, i.e. the
average fraction of the initial hadron energy deposited in the form of the electromagnetic
component of the shower. The other two parameters, e and h, characterise the response
to the electromagnetic and to the non-electromagnetic (hadronic) component of hadron-
induced showers, respectively. The response e defines the electromagnetic scale for a given
calorimeter and is different from h in non-compensating calorimeters. In terms of the tra-
ditional phenomenological approach, the mean reconstructed energy of a hadron-induced
shower Esh can be represented as the sum of an electromagnetic component Eem and a
hadronic component Ehad:

Esh = Eem + Ehad, (2)

Both components, measured in the electromagnetic scale, can be expressed in terms of
the mean electromagnetic fraction fem, the mean hadronic fraction fhad = 1 − fem, and
the initial hadron energy Eini as follows:
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Eem = fem · Eini, Ehad =
h

e
· fhad · Eini. (3)

The traditional way to estimate the calorimeter characteristic h/e is based on the as-
sumption that the mean hadronic fraction scales with a power law (see e.g. [6] and [7]).
To extract the value of h/e from the power-law approximation of the energy dependence
of the response, an assumption about the so called ”scale energy” is also necessary, as
discussed in [5].

The parametrisation of the longitudinal shower profiles with the two-component func-
tion allows to roughly separate the contributions from the electromagnetic and hadronic
components within a shower. This gives the possibility to extract the ratio of responses
h/e without any assumptions about the energy dependence of the calorimeter response
and about the ”scale energy”. The only assumption is that the parametrisation can be
extrapolated outside the fit range used. Following this approach, the values of Eem and
Ehad can be calculated as the integrals under the corresponding curves, which are ob-
tained from the fit to the longitudinal shower profiles. To go to the electromagnetic scale,
the electromagnetic calibration factor of the Fe-AHCAL should be applied. The initial
hadron energy in our case is Eini = Ebeam−Etrack, where Etrack is the energy deposited in
the incoming track before the identified shower start. Then the following expression for
h/e can be derived from Eq.(3):

h

e
=

Efit
had

Ebeam − Etrack − Efit
em

, Efit
had = Elong

reco · Cem, Efit
em = Eshort

reco · Cem, (4)

where Elong
reco is the integral under the ”long” component of the longitudinal profile, Eshort

reco is
the integral under the ”short” component of the longitudinal profile, Cem = 0.02364 GeV/MIP
is the electromagnetic calibration factor of the Fe-AHCAL. The uncertainties of h/e are
calculated with the standard error propagation technique taking in account the uncer-
tainties of all variables involved.

Fig. 2 shows the values of h/e calculated with Eq.(4) using the fits to data and simula-
tions. The values of h/e predicted by simulations are in agreement with data within 5%.
The better agreement with data is demonstrated by the FTFP BERT physics list. Our
estimates of h/e extracted using the longitudinal profile parametrisation are compared
with the experimental results obtained using the traditional power-law approximation of
the response measured with the ATLAS TileCal [6] and CDF [7] hadron calorimeters. The
sampling of the CDF calorimeter (50 mm Fe/3 mm Sc) is coarser than that of the CAL-
ICE (20 mm Fe/5 mm Sc) and ATLAS (14 mm Fe/3 mm Sc) calorimeters. The estimated
value of the CALICE Fe-AHCAL is closer to that of ATLAS TileCal, as expected.

The estimates, based on the power-law approximation of the calorimeter response, rely
on the assumption of the energy independence of h and e, and therefore of the h/e ratio.
The reason of such a behaviour is that the energy spectrum of secondaries, dominating
in the shower, is almost energy independent. It should be noted that the assumed energy
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independence of e is supported by the constant response to electrons observed for the
Fe-AHCAL in the energy range studied [4].

As follows from Fig. 2, the h/e ratio, extracted from the fit to longitudinal profiles, exhibits
the slow energy dependence. One of the possible explanations is the simplified representa-
tion, used in our studies to describe the longitudinal shower development. With increas-
ing energy of initial hadron, the probability of π0 production in secondary interactions
increases as well resulting in more complicated structure of the longitudinal distribution
of the energy density. In the given representation, electromagnetic sub-showers, which
are produced far from the shower starting point, contribute more likely to the ”long”
component and the extracted h/e ratio might be overestimated with increasing energy.

At the same time, one can expect a worsening of the sampling with decreasing energy due
to wider angular distributions of secondaries as the radius of hadronic showers is known to
increase noticeably with decreasing energy. For instance, the mean radius of pion showers
is observed to change from 92 mm at 10 GeV to 76 mm at 30 GeV (which is more than by
15%) [3]. As follows from Fig. 2, the value of h/e, extracted from the fit to longitudinal
profiles, increases by ∼8% from 10 to 30 GeV and becomes almost energy independent
above 30 GeV.
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Figure 2: (a) Energy dependence of the h/e ratio extracted from the fit to longitu-
dinal profiles for data (black circles) and simulations with the FTFP BERT (red) and
QGSP BERT (blue) physics lists; the hatched blue and solid yellow bands correspond to
the estimates from experimental data obtained with the ATLAS TileCal [6] and CDF [7]
hadron calorimeters, respectively. (b) Ratio of the h/e values extracted from the fit to
simulations to those extracted from the fit to data. The error bars correspond to the
statistical uncertainties, the grey band shows the total uncertainty of the data. See text
for details.
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5 Conclusion

The longitudinal profiles of showers induced by positive pions with initial momenta from
10 to 80 GeV/c in the CALICE Sc-Fe AHCAL were analysed. A two-component function
was used for the parametrisation of the profiles. The comparison was also performed with
simulations using the FTFP BERT and QGSP BERT physics lists from Geant4 version
9.6p01.

The calorimeter response was estimated from the extrapolation of the curve obtained from
the fit to longitudinal profile up to a depth of ∼4.5λI. The comparison of the response
extracted from the fit to that obtained with the combined calorimeter (with a depth
of ∼10.5λI) shows that the impact of leakage on the shape of the longitudinal profile is
relatively small and allows to estimate the calorimeter response from the fit to longitudinal
profiles at the percent level.

The phenomenological calorimeter characteristic h/e (the ratio of responses to the non-
electromagnetic and to the electromagnetic components of a hadron-induced shower) is
estimated for the Fe-AHCAL from a fit to the longitudinal profiles using the extracted
parameters of the ”short” and ”long” components. The FTFP BERT physics list gives
better predictions of this value below 20 GeV than the QGSP BERT physics list. Both
physics lists tend to overestimate the value of h/e with increasing energy.

The values, extracted from the fit to longitudinal profiles, are expected to overestimate
the h/e ratio with increasing energy due to simplified representation of the longitudinal
shower development. In spite of the slow energy dependence observed in this study, the
derived estimates do not contradict the results obtained for the ATLAS and CDF hadron
calorimeters using the traditional power-law parametrisation of the calorimeter response.
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