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By using the tungsten as passive element and the Glass Resistive Plate Chambers (GRPCs) as active
element, the gaseous hadronic calorimeter is studied as a possible detector for the future International
Linear Collider (ILC). The results of the numerical study, using the GEANT4 simulation package, of the
performance of this calorimeter when it is exposed to a negative pion beam in an energy range from 5
GeV to 100 GeV are presented in this paper. Operating characteristics of this prototype, such as signal
linearity, energy resolution and reconstructed energy have been simulated and examined. Moreover, a
comparison between the Digital Hadron Calorimeter (DHCAL) and the Analog Hadron Calorimeter

(AHCAL) is made.
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INTRODUCTION

Among the most important objectives of future particle
physics experiments at the international linear collider
(ILC) [ILC reference design report (RDR); ILC Homepage
http://www.linearcollider.org/cms/.] are searching for one
or more Higgs particles and the study of their
characteristics. Many interesting physics processes will
be provided by the electron-positron collisions at the
center-of-mass energies between 500 GeV and 1 TeV in
ILC such as W, Z and H heavy bosons processes. These
processes will be characterized by multi-jet. A very good

energy resolution (30%/\,@) is required to the

reconstruction of heavy bosons (W, Z, H) in hadronic final
states (Doroba, 2004; Thomson, 2009).

The most efficient method to achieve this resolution is
particle flow algorithm (PFA). This method allows to
separate, respectively the deposited energies from
photons and due to hadrons and the energies deposited
from the charged hadrons and due to neutral hadrons in
ajet. The optimal application of this technique requires
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highly granular hadronic calorimeter in order to separate
the shower (Thomson, 2009). Accordingly, the study of a
calorimeter performance is an essential step.

In this context, several kinds of Hadron Calorimeters
(HCALSs) are under construction and testing (Ammosov,
2002; Ammosov et al., 2004; Andreev et al., 2005, 2006).
Among the best HCALs are those which use Resistive
Plate Chambers (RPCs) as active elements. This is due
to their several advantages compared to other detection
technologies, such as their strength and their very good
performances in terms of temporal and spatial resolutions
(Repond, 2007; Drake et al.,, 2007; Bilki et al., 2008,
2009). Glass RPCs were chosen instead of bakelite
RPCs due to their long-term stability, they do not need oil
surface treatment with linseed oil, their fabricate is simple
with low production cost and their homogeneity
(Calcaterra et al., 2004; Candela et al., 2004; Akindinov
et al., 2004; Ammosov et al., 2007; Drake et al., 2007;
Va'vra, 2003; Ambrosio et al., 2003; Fonte, 2002).

In this paper, a study based on GEANT4 simulation is
conducted to investigate the performance of a HCAL
using tungsten as an absorber material and RPCs as
active elements. The objective of this study is to simulate
the energy resolution, the linearity and the reconstructed
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Figure 1. The calorimeter geometry for the simplified in GEANT4
with a 10 GeV pion event. White layers represents the absorber,
and the black layers are the sensitive material.
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Figure 2. Schematic view of a glass RPC (Ammaosov et al., 2007;
Bedijidian et al., 2010).
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Figure 3. Correlation between the deposited energy and the hits
number for 25, 50 and 100 GeV pions energies.

energy of single pions and make a comparison between
digital and analog methods.

METHODOLOGY

In this study, the HCAL has been simulated with a Monte Carlo
program based on the GEANT4 (Geometry ANd Tracking) version
9.2.4 (Agostinelli et al., 2003; The GEANT4 web page:
http://cern.ch/geant4).
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This program is inspired from the examples of GEANT4
(novice\exempleNO3 and \ovice \exempleNO7, extended
\persistency: P01 and extended\electromagnetic\TestEm3 and
advanced \lAr calorimeter) and uses the ILC Physics. There is a list
to simulate the interactions of particles with matter (ILC Physics List
Homepage). For analysis of the simulated data by GEANT4, we
developed programs based on software Root (ROOT, version
5.30.01. CERN, 2011).

The calorimeter used in this study consisted of 40 layers; each
layer is composed of an absorber and a sensitive material. The
dimensions of calorimeters are 100 x 100 x 104.16 cm® and they
are in such away that 95% of hadronic shower cascades energy is
deposited in the calorimeter for 100 GeV pion (Adloff et al., 2009;
Leroy and Rancoita, 2000). The structure of calorimeter is shown in
Figure 1. Each active layer is segmented into 1 x 1 cm readout cells
(pads) and a total of 400000 channels in 40 layers. The absorber is
a layer of 2 cm of tungsten and the sensitive detector is a RPCs
having a thickness of 6.04 mm, these chambers consisted of two
parallel glass plates spaced of 1.2 mm, with a thickness of 0.7 mm
on the anode side and 1.1 mm on the cathode one. Between these
two plates, we insert a gas mixture composed of R134A (93%),
isobutane (5.0%) and a sulfur-hexafluoride (2%) (Camarri et al.,
1998), and on the outer faces of the glass we put a graphite film
with a thickness of 0.05 mm for the anode side and 0.06 for the
cathodes one. Above graphite, we put a mylar layer with 0.05 mm
thickness on the anode side and 0.18 mm on the cathode one.
Finally, a printed circuit board (PCB) (G10) with 2.7 mm of
thickness represents the readout electronics (1.5 mm) and the real
PCB (1.2) is deposited on the anode of mylar. The structure of RPC
is shown in Figure 2; for more details about the RPC structure see
(Ammosov et al., 2007; Bedjidian et al., 2010).

We generated 10000 events of pion in the perpendicular direction
of the calorimeter with energies from 5 to 100 GeV with a step
equal to 5 GeV. The first 5000 events are used to measure the
deposited energy, estimate the number of hits and the rest is for
assessing the reconstructed energy.

ENERGY RESOLUTION AND LINEARITY
Deposited energy in analog and digital mode

The first step for analysis of the data simulated by GEANT4 is to
measure the total deposited energy by a primary pion in the active
medium (the RPCS). This was done by summing the deposited
energy in all cells hit (hits or pads) which have an energy greater
than the 0.1 minimal ionizing particle (MIP). This concerns the
analog mode. For the digital mode, instead of using the deposited
energy, we counted the total number of hits which has a deposited
energy higher than 0.1 MIP. In fact, the number of hits is
proportional to the total deposited energy. This proportional
relationship is shown in Figure 3.

The second step for data simulation is plotting and fitting the
distributions of the measured energy and number of hits. From the
fit parameters, we determined the linearity and the resolution. The
distribution of the deposited energy and the distribution of the hits
number are shown respectively in Figures 4 and 5. We found that
the deposited energy by primary pions follows a Landau distribution
with right-hand tail due to the Landau fluctuation, but in the digital
mode this fluctuation disappears, and the distribution follows a
Gaussian distribution.

Linearity
As indicated previously, the fit parameters of deposited energy

distributions and the hits number was used to estimate the linearity
of the calorimeter response and the primary pions energy. Indeed,
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Figure 4. Distributions of deposited energy for 50 GeV pions.
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Figure 5. Distributions of hits number for 50 GeV pions.
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Figure 6. Linearity between the hits number and the primary
pions energy for digital readout.
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Figure 7. Linearity between the deposited energy and the
primary pions energy for analog readout.

for each energy of primary pions, the average value of the
Gaussian and Landau distributions was taken, then these values
were plotted and fitted by a polynomial function of first degree (p =
po + p1.X). The linearity between the calorimeter response and the
primary pions energy for digital and analog modes are shown,
respectively in Figures 6 and 7. It was observed that the deposited
energy and the hits number are proportional to the incident energy.
By taking into account the fit parameters, the deposited energy and
the hits number are as follows:

Eqep(MeV) = (0.01351 + 0.00009762)E(GeV) - (0.04792 + 0.005843)E(GeV) (1)

Nhit = (9.789 = 0.0001516)E(GeV) - (3.733 = 0.008038)E(GeV) 2)

Resolution of the deposited energy and the hits number

The same method used to estimate linearity was used to determine
the energy resolution. The fit parameters of the deposited energy
distribution or hits number were used. Since the resolution is
defined as the ratio between the width at half height and the mean
value, it was determined and then we plotted as a function of the
primary pion energy. The fitting was done by the following
resolution function:

I==424¢C @
E VE E

With S the term of stochastic, C is a constant and N the electronic
noise term is not taken into account because there is no electronic
noise in Monte Carlo simulations. The energy resolution for digital
and analog modes is presented in Figure 8. The fits values (po= C
and p; = S) are shown in Table 1.

At low energies, the energy resolution in the digital mode is better
than in the analog mode, this can be explained by the fact that in an
analog calorimeter, the deposited energy by a pion in RPCs
presents a large tail due to Landau fluctuations. These fluctuations
increase the energy resolution for the analog readout compared to
the digital case, because these effects are suppressed in the digital
mode (Magill, 2003). However, for high energies, the degradation of
the resolution in digital mode was observed which is caused by
saturation effects of hits number. Indeed, at high incident energy,
the shower particle density will be very high, and this increases the
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Figure 8. Comparison between the energy resolution of the digital
readout and that of the analog (po = C and p; = S).

Table 1. Parameters of energy resolution.

Mode Stochastic (%) Constant (%)
Digital 49.58 +1.01 6.90 £ 0.1918
Analog 68.78 + 1.618 2.81+0.3072

probability that a cell will be crossed by several secondary patrticles,
but these particles will be counted as one hit (Wigmans, 2000).

RECONSTRUCTED ENERGY
Distribution of reconstructed energy

As previously discussed, the linear relationship between
the calorimeter response and the incident pion energy
can be translated by Equations 1 and 2. Using these two
equations and replacing E by E,. the reconstructed
energy can be written as follows:

_((74.01924 + 0.53484)XEder, + (3.547002 £ 0.458124)  Analog

Erec(GeV)= {(o 102155+ 1 58x10'6)xN’-)1— (0.381346 + 8.2715x10°™) Digi

. 1 . t8. gital 4)
From these two equations, we determined the
reconstructed energy of each primary pion. As noted
previously, the reconstructed energy was calculated
using events from 5000 to 10000 and to test and validate
our simulation program. Figures 9 and 10 represent the
reconstructed energy distributions using the deposited
energy and the hits number for primary pions with
energies of 50 GeV for two different event groups. The
first group is composed by the first 5000 events and the
second is constituted by the events from 5000 to 10000.
It is clear that the distributions are similar for the two
groups of events (parameters of the two distributions are
very close). So, our program is valid and for the following
work we will use only the second group of events.
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It was also noted that the reconstructed energy
distribution using the deposited energy has the same
shape as that of the deposited energy distribution and
also the reconstructed energy distribution using the hits
number has the same shape as that of the hits number
distribution.

Response and linearity

The linearity between reconstructed energy and primary
pions energy is obtained by plotting the mean values of
the reconstructed energy distribution according to the
incident energy. These points are fitted by a polynomial
of degree one. The linearity curves for digital and analog
modes are shown respectively in Figures 11 and 12.
From the fit parameters, it was deduced that the
reconstructed energy can be written in the following form:

(1.0009793 + 0.0004358)E(GeY) + (0.0052804 + 0.0000992) Analog
(10036825 + 0.0011788)E(GeV) + (0.0016034 + 0.0000711} Digital

(®)

Erec(GeV)=

The calorimeter response can also be described by

another variable called the nonlinearity which is defined
E..-E

by T and presented in Figures 13 and 14 for two

readouts. The maximum value of nonlinearity is about 1%
for the analog mode and 3% for the digital mode. The
linearity degradation in the digital mode is due to the
saturation phenomenon. As earlier explained, at high
incident energies, the number of counted hits is
saturated; for this it does not follow the augmentation of
incident energy (Wigmans, 2000).

Resolution of reconstructed energy

a

To determine the energy resolution , the same

TeC
procedure which was used to calculate and plot
heresolutions = and o
theresolutions —_— an
N Edep

resolution for digital and analog modes is presented in
Figure 15. As well as the deposited energy resolution

Fdep . ox .
and the hits number at low energies, the
Edep N

was applied. The

O Frec

digital mode provides a better resolution . This is

TEL
due to Landau fluctuations of the reconstructed energy in
the analog case. At high energies, in the analog mode,
the resolution is better than in the digital case because of
the effects of hits number saturation (Wigmans, 2000;
Magill, 2003). This resolution can be written as follows:



144 Int. J. Phys. Sci.

9 F Mean  50.7%0.1224 g = Mean 50.36 % 0.1266
D onnl RMS 93845008658 | "5, F RMS 9.423 + 008951
0 800 Constant 8293146 | 75 800 Constant 819.5+ 0.6
o E ;.kan 50.69 £0.11 o - zliean 50.39 £ 0.01
"! 700 - igma 9378 +0.078 (4? 100 :_ igma 9,178 + 0.007
Q E ) C
5 600 2 6001
.2 C .2 E
;:: soo;— E 500;—
= 400F- 4000
300 300
2005 200F
1000~ 100
0:.4_J | I RIS P I B 0:__._,...IJ I I ST R | [
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Reconstructed Energy(GeV) Reconstructed Energy(GeV)

Figure 9. Distributions of reconstructed energy for 50 GeV pions for digital readout. (a) for the first 5000 events and (b) for
the events from 5000 to 10000.
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Figure 10. Distributions of reconstructed energy for 50 GeV pions for analog readout. (a) for the first 5000 events and (b) for
the events from 5000 to 10000.

100 — 2/ ndf 1.79748404 / 18 100— X2/ ndf 0.24618885 / 18

90— po -0.00160345 = 0.00007118 90 ; po 0.00528046 + 0.00009924

80 ; pl 1.00369251 £ 0.00117988 20 pil 1.00097930 + 0.00043678
= 700 S 70
o [~ DL -
S 0l S o[-
P o = so|
= I~ £

= L

40— 40

30 30—

20— 200

10— 10—

P ral i R T N H R R S R R R s S B I I SO SR
10 20 30 40 50 60 70 80 90 100 o 20 30 40 S0 60 70 80 90 100

Figure 11. Linearity between the reconstructed energy and the Figure 12. Linearity between the reconstructed energy and the

primary pions energy for digital readout. primary pions energy for analog readout.



0.02

0.0

-E)/E

LIS

-0.01

&
=
=

e
=

SrTTTT
-
-
L
=
A7)
-

40 50 60 70 80 2 100
E(GeV)

Figure 13. Full scale nonlinearity for digital readout.
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(po = S and p. = C).
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Conclusion

The simulation study of the HCAL characteristics which
uses tungsten as an absorber and RPCs as an active
medium shows that at low energies, the energy resolution
is better for the digital mode than for the analog mode,
and the opposite for high energies. However, the
calorimeter linearity response is better for the analog
mode than for the digital mode. The analog resolution is
dominated only by Landau fluctuations, but in the digital
mode the resolution and linearity are degraded by the
saturation effect which can be suppressed by applying
two or three thresholds.

These results are valid for 0.1 MIP thresholds. The
effect of thresholds on the calorimeter response, the
choice and the optimization thresholds for digital HCAL
and the performance study for semi-digital HCAL will be
the subjects of the future work. Already, we started
studying on the thresholds choice and the results will be
published later.

This numerical work can be reproduced for other
configurations, for example we can change the type of
absorber (iron, lead or steel) and the type of active
medium (MICROMEGAS or GEM).
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