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S. Karstensen, l A.-I. Lucaci-Timoce, l B. Lutz, l N. Meyer, l V. Morgunov, l

M. Reinecke, l F. Sefkow, l P. Smirnov, l A. Vargas-Trevino, l N. Wattimena, l O. Wendt, l

N. Feege,m M. Groll, m J. Haller, m R. -D. Heuer,m S. Morozov, m S. Richter, m

J. Samson, m A. Kaplan, n H.-Ch. Schultz-Coulon, n W. Shen,n A. Tadday, n B. Bilki, o

E. Norbeck, o Y. Onel,o E.J. Kim, p G. Kim, q D-W. Kim, q K. Lee,q S. C. Lee,q

K. Kawagoe, r Y. Tamura, r P.D. Dauncey, s A.-M. Magnan, s H. Yilmaz, s O. Zorba, s

V. Bartsch, t,3 M. Postranecky, t M. Warren, t M. Wing, t M.G. Green,u F. Salvatore, u,3

M. Bedjidian, v,w,x R. Kieffer, v,w,x I. Laktineh, v,w,x M.-C. Fouz,y D.S. Bailey, z R.J. Barlow, z

M. Kelly, z R.J. Thompson, z M. Danilov, aa E. Tarkovsky, aa N. Baranova, ab

D. Karmanov, ab M. Korolev, ab M. Merkin, ab A. Voronin, ab A. Frey, ac,4 S. Lu,ac,5

K. Seidel, ac F. Simon, ac C. Soldner, ac L. Weuste, ac J. Bonis, ad B. Bouquet, ad

S. Callier, ad P. Cornebise, ad Ph. Doublet, ad M. Faucci Giannelli, ad J. Fleury, ad H. Li,ad

G. Martin-Chassard, ad F. Richard, ad Ch. de la Taille, ad R. Poeschl, ad L. Raux, ad

N. Seguin-Moreau, ad F. Wicek, ad M. Anduze, ae V. Boudry, ae J-C. Brient, ae

G. Gaycken, ae D. Jeans, ae P. Mora de Freitas, ae G. Musat, ae M. Reinhard, ae

1Now at CERN.
2Now at Dept. of Modern Physics, Univ. of Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui,

230026, P.R. China.
3Now at University of Sussex, Physics and Astronomy Department, Brighton, Sussex, BN1 9QH, U.K.
4Now at Univ. of Göttingen.
5Now at DESY.
6Corresponding author.

c© 2010 IOP Publishing Ltd and SISSA doi:10.1088/1748-0221/5/05/P05007

http://dx.doi.org/10.1088/1748-0221/5/05/P05007


2
0
1
0
 
J
I
N
S
T
 
5
 
P
0
5
0
0
7
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BP 34, B̂atiment 200, F-91898 Orsay CEDEX, France

aeLaboratoire Leprince-Ringuet (LLR),́Ecole Polytechnique, CNRS/IN2P3,
Palaiseau, F-91128 France

a f Pohang Accelerator Laboratory,
Pohang 790-784, South Korea

agCharles University, Institute of Particle & Nuclear Physics,
V Holesovickach 2, CZ-18000 Prague 8, Czech Republic

ahInstitute of Physics, Academy of Sciences of the Czech Republic,
Na Slovance 2, CZ-18221 Prague 8, Czech Republic

aiCentre National de l’Energie, des Sciences et des Techniques Nucĺeaires,
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ABSTRACT: A prototype silicon-tungsten electromagnetic calorimeter for an ILC detector was
tested in 2007 at the CERN SPS test beam. Data were collected with electron and hadron beams
in the energy range 8 to 80 GeV. The analysis described here focuses on the interactions of pions
in the calorimeter. One of the main objectives of the CALICE program is to validate the Monte
Carlo tools available for the design of a full-sized detector. The interactions of pions in the Si-W
calorimeter are therefore confronted with the predictionsof various physical models implemented
in theGEANT4 simulation framework.
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1 Introduction

The current designs of the calorimetry for detectors at the ILC are in large part driven by the
demands of jet energy reconstruction. A key aim is to achievea relative energy resolution of
∼ 30%/

√

E/GeV; this precision would for example permit the reconstruction of the hadronic
decays of the W and Z bosons with a precision comparable with their natural widths, and would
thus allow the W and Z to be distinguished in their hadronic (two-jet) decay modes.

This target for jet energy resolution is roughly a factor twobetter than achieved in previ-
ous detectors. The most promising way to achieve it is believed to be through the “particle
flow”approach [1]. The idea is that particles of different types in jets should be reconstructed in
the different parts of the detector where they can be measured most precisely: the charged particles
in the tracking system, photons in the electromagnetic calorimeter (ECAL) and neutral hadrons in
a combination of the ECAL and the hadronic calorimeter (HCAL). The key to this concept is to
minimise confusion in the pattern recognition in the calorimeters, and to achieve this, high spatial
granularity is required. The optimum design of the ILC detectors can be addressed by Monte Carlo
simulation, but in order to do this, it is crucial first to validate the Monte Carlo tools against data.

A first round of beam tests was performed at DESY and CERN in summer 2006, followed by
more complete tests in 2007. These tests were performed witha combined system of a silicon-
tungsten (Si-W) ECAL, followed by a hadronic calorimeter and then a coarser tail catcher, the
latter two both built from a scintillator-iron sandwich structure. Since the ECAL has a length

– 1 –
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∼ 1.0λint., it will seldom fully contain a hadronic shower. However, more than half of hadronic
showers will start their development in the ECAL, so it is important to investigate the properties
of hadronic showers initiated in the (mainly tungsten) material of the ECAL. The ECAL also has
some advantages for the study of hadronic shower properties. For example, the interaction point
can be identified with good precision. The small ratio ofX0/λint. (a factor∼ 3 smaller for tungsten
than for iron) means that the electromagnetic products of the first interaction can be expected to
shower rapidly after the interaction point, and we can hope to exploit the fine granularity of the
detector to separate them from the hadronic products. This means that the longitudinal shower
development after the interaction point is potentially a particularly interesting quantity.

In section2 we briefly describe the main features of the Si-W calorimeterand in section3 we
outline the test beam setup at CERN. Then in section4 we review the Monte Carlo models with
which the data are confronted. In section5 we explain the selection of data for comparison with
simulation in section6.

2 The CALICE Si-W ECAL prototype

The ECAL prototype used in this study is a silicon-tungsten sampling calorimeter, made of 30
readout layers [2]. The active detectors were silicon wafers segmented into a6×6 array of diode
pads, each with a size of 1×1 cm2. The mechanical structure was built from tungsten sheets
wrapped in carbon fibre. Between each sheet of tungsten, the structure contained alveolar slots,
into which detector slabs were inserted, each consisting ofa further tungsten sheet sandwiched
between two layers of sensors. The prototype was constructed from three stacks, each composed of
ten layers of alternating tungsten and silicon, and each stack having a different tungsten thickness:
1.4 mm or 0.4X0 per layer in the first stack, 2.8 mm or 0.8X0 per layer in the second stack and
4.2 mm or 1.2X0 per layer in the rear stack. In terms of interaction lengths,these tungsten layers
each contribute∼ 1.4%λint., ∼ 2.7%λint. and∼ 4.1%λint. respectively. Other materials (mainly
the carbon-fibre–epoxy mechanical structure, PCBs and the silicon itself) contribute alternately
∼ 0.2%λint. and∼ 1.0%λint. between successive samplings. The overall thickness is about 20 cm,
corresponding to∼ 24.6 X0 or ∼ 1.0λint. at normal incidence.

A detailed description of the prototype’s hardware and of its commissioning in test beams
at DESY and CERN in 2006, can be found in ref. [2], to which the reader is referred for much
fuller details.

The full prototype consists of a 3×3 array of wafers (i.e. an 18×18 array of 1 cm2 pads) in
each layer. The version of the prototype tested at CERN in 2007 consisted of 30 layers, of which
initially the first twelve were instrumented with a 3×2 array of wafers, and the remaining eighteen
were fully equipped with a 3×3 array. Later in the 2007 run six more layers were completed,
leaving only the first six in a 3×2 configuration.

In offline analysis, the raw hit energies in each cell have their pedestals subtracted, and are
converted from raw ADC counts into Minimum Ionising Particle equivalents (MIPs), as explained
in ref. [2]. This gain correction is derived by finding the most probable energy deposition in each
cell in data recorded with a high energy muon beam [2], with a typical relative precision of∼ 0.5%
per pad.

– 2 –
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Figure 1. Schematic layout for the CALICE beam tests at CERN in 2007 (not to scale). Dimensions are
indicated in mm.

3 The test beam

In this paper we report on some of the data taken in 2007 in the CERN H6 test beam [3]. The
layout of the CALICE calorimeters in the test beam is shown schematically in figure1. The three
calorimeters used were the Si-W ECAL, followed by an HCAL prototype [4] (using iron as the
absorber and 38 layers of scintillator tiles with analogue readout as the active medium, using tile
size 3×3 cm in the shower core) and a tail catcher (TCMT - also an iron calorimeter with sixteen
layers of 5 cm wide scintillator strips). The thickness of the iron sheets was∼ 18 mm in the HCAL,
∼ 20 mm for the first eight layers of the TCMT, and∼ 100 mm in the rear section of the TCMT.
The ECAL and HCAL were mounted on a movable stage, providing the possibility to translate and
rotate the calorimeters with respect to the beam.

Upstream of the calorimeters were scintillation counters used for triggering. A muon veto
counter was also installed downstream of the TCMT. The standard trigger used for the present
analysis required a coincidence between any two of the upstream counters Sc1, Sc2 and Sc3. In
addition, three sets of wire chambers were operated to permit the beam position and direction to be
measured upstream of the calorimeters. AČerenkov counter was used in threshold mode to assist
particle identification.

Data were recorded in 2007 using electron, hadron and muon beams with energies in the range
8 to 180 GeV. A variety of different calorimeter translations and rotations were used, and in all
∼200 million triggers were recorded, including calibrationdata. For the present study, we used
data corresponding to a configuration with the beam impinging at normal incidence close to the
centre of the calorimeters. The analysis usesπ− beams at energies of 8, 10, 12, 15 and 20 GeV,
andπ+ runs at 30, 50 and 80 GeV. Each run comprised typically∼200,000 triggers and∼100,000
hadronic events. For theπ− runs the pressure in thěCerenkov counter was set so that electrons
could be vetoed, while for theπ+ runs, it was set so as to separate protons from pions.
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4 Monte Carlo simulation

The main purpose of the present analysis is to confront the data with Monte Carlo simulations,
and specifically to test the different physical models available. These simulations were carried out
in the framework ofGEANT4 [5], using version 4.9.3, released in December 2009. The results
presented are based on samples of typically 50000 simulatedevents.

In order to describe the geometry of the CALICE prototypes within GEANT4we used the pro-
gram Mokka [6], which is also capable of simulating full ILC detector geometries. For the current
study, the simulation of the ECAL is the most important. Individual silicon sensors, with their pad
structure and guard rings, are represented in Mokka, as wellas the tungsten radiator, and other
passive materials such as the carbon-fibre and epoxy of the support structure and the PCBs used for
readout. The layer-by-layer staggering of the wafer positions is simulated. Similar representations
of the HCAL and TCMT are also included. The detectors upstream of the calorimeter systems
(Čerenkov, scintillators and tracking chambers) are also modelled by Mokka.

During particle transport inGEANT4, Mokka records the ionisation energy deposited in sen-
sitive detectors (Silicon pads, scintillators etc.). A simple simulation of the noise contribution in
each cell is performed, as outlined in ref. [7]. At the end of the simulation, the summed energy
deposits in each cell are finally converted into MIPs. The conversion factor is based on matching
the minimum ionising energy peak in data and simulation. This procedure is estimated to lead to
a∼ 1% systematic uncertainty in the relative energy scales of the data and simulation. As a first
step in the analysis, a hit energy cut of 0.6 MIPs is imposed inboth simulation and data, in order
to eliminate most noise-only hits. The hits are also required to occur within 150 ns of the beam
arrival time at the trigger counters, in order to emulate thebehaviour of the readout electronics.

In the simulation, pions are simulated starting with a Gaussian transverse profile inx andy,1

at a point∼60 m upstream of the calorimeters, so that they pass through,and potentially interact
in, the Čerenkov counter, trigger scintillators, tracking chambers and intervening air. Hits are
recorded in the scintillators and tracking chambers, and energies deposited in the scintillators are
used as the basis of a simple simulation of the trigger. The beam profile in the ECAL, defined by the
distributions of the shower barycentre inx andy, is then compared between data and simulation.
The input Gaussian parameters are adjusted until satisfactory agreement is achieved. A typical
example of the comparison after tuning is shown in figure2.

GEANT4 provides the user with a number of “physics lists” — combinations of models se-
lected to simulate particle interactions for different species at different energies. In our study we
are particularly concerned with the hadronic interactionsfor pions. Typically these physics lists use
different models in different energy ranges, with smooth interpolation between models achieved by
allowing the energy ranges to overlap, with smoothly varying random selection between the models
in the changeover region. Detailed descriptions of the models can be found in ref. [8]. The fol-
lowing physics lists have been chosen for our investigation, based on advice and recommendations
from theGEANT4 authors:

LHEP Uses theLEP (low energy parametrised) andHEP (high energy parametrised) models, mak-

1The CALICE coordinate system is defined withz along the nominal beam direction,y vertical, andx horizontal.
The origin is at the centre of the exit face of the most downstream tracking chamber.
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Figure 2. Example of the beam profiles inx andy (based on the shower centroid reconstructed in the ECAL)
observed with a 20 GeVπ− beam. Data (points with error bars) are compared with the tuned simulation
(solid histogram). The distributions are normalised to thesame numbers of events.

ing a transition between the two over the range 25–55 GeV. These are essentially a recoding
into C++ of theGHEISHAmodel [9] extensively used in earlier simulations usingGEANT3,
for example. It is still widely used, even though it is not regarded as the state-of-the-art
choice.

FTFP BERT Uses theGEANT4 implementation of the Bertini cascade model2 [10] for low ener-
gies, making a transition to theFTFP model, based on theGEANT4 implementation of the
Fritiof diffractive string model [11], at pion energies between 4 and 5 GeV. We have also
studied theFTFP BERT TRV list, which has the same model content asFTFP BERT, but
with a higher transition energy, in the region 6–8 GeV. In practice, for the data presented
here, we find no significant differences between these two physics lists, so we only show
FTFP BERT here.

QGSP BERT Uses the Bertini model [10] at low energies, making a transition to theLEP
(GHEISHA) model between 9.5 and 9.9 GeV, and a further transition to the QGSP model
between 12 and 25 GeV.QGSP uses aGEANT4 implementation of a string model [12] for
the high energy interaction, supplemented by theGEANT4 precompound model [13] describ-
ing deexcitation of the nucleus. We have also studied theQGSP BERT HP list, which has
the same model content asQGSP BERT, combined with a more accurate treatment of low
energy neutron scattering. For the distributions presented in this paper we find no significant
benefit in using theQGSP BERT HP list, and hence we only presentQGSP BERT.

QGSP BERT TRV has the same model content asQGSP BERT, but with the transition between
LHEP andQGSP occurring at lower energy, in the region 10–15 GeV, in order to reduce the
reliance onLHEP.

QGSP FTFP BERT Similar to QGSP BERT, with different transition energies, and usingFTFP
instead ofLEP in the intermediate region.

2 This model incorporates the Bertini intra-nuclear cascademodel with excitons, a pre-equilibrium model, a nucleus
explosion model, a fission model, and an evaporation model.
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Table 1. The table shows the physics models invoked for pion inelastic interactions in each physics list.
Where ranges overlap,GEANT4 chooses randomly between models, with probabilities varying linearly with
energy over the range of overlap.

Physics List Model content (forπ±)

FTFP BERT Bertini (0–5 GeV);FTFP (>4 GeV)
QGSP BERT Bertini (0–9.9 GeV);LEP (9.5–25GeV);QGSP (>12 GeV)
QGSP BERT TRV Bertini (0–9.9 GeV);LEP (9.5–15GeV);QGSP (>10 GeV)
QGSP FTFP BERT Bertini (0–8 GeV);FTFP (6–25GeV);QGSP (>12 GeV)
QGS BIC BIC (0–1.3 GeV);LEP (1.2–25GeV);QGSB (>12 GeV)
QGSP BIC LEP (<25 GeV);QGSP (>12 GeV)
FTF BIC BIC (0–5 GeV);FTFB (>4 GeV)
LHEP LEP (0–55 GeV);HEP (>25 GeV)

Table 2. Indicates the physics model(s) which will be used for the primary pion interaction at each of the
beam energies considered here. Where two models are indicated with a solidus, an appropriate random
choice is made byGEANT4.

Physics List 8 GeV10 GeV 12 GeV 15 GeV 20 GeV 30 GeV 50 GeV 80 GeV
FTFP BERT FTFP FTFP FTFP FTFP FTFP FTFP FTFP FTFP

QGSP BERT BERT LEP LEP LEP/QGSP LEP/QGSP QGSP QGSP QGSP

QGSP BERT TRV BERT LEP LEP/QGSP QGSP QGSP QGSP QGSP QGSP
QGSP FTFP BERT FTFP FTFP FTFP FTFP/QGSP FTFP/QGSP QGSP QGSP QGSP

QGS BIC LEP LEP LEP LEP/QGSB LEP/QGSB QGSB QGSB QGSB
QGSP BIC LEP LEP LEP LEP/QGSP LEP/QGSP QGSP QGSP QGSP

FTF BIC FTFB FTFB FTFB FTFB FTFB FTFB FTFB FTFB

LHEP LEP LEP LEP LEP LEP LEP/HEP LEP/HEP HEP

QGS BIC Uses theGEANT4 binary cascade model (BIC) [14] at the lowest energies, thenLEP
in the intermediate region, andQGS at high energies. TheBIC model is also used for the
rescattering of secondaries in this case (denotedQGSB below) and theGEANT4 precom-
pound model is used to describe deexcitation of the nucleus.

QGSP BIC In this case theBIC model is not used for pions (only for neutrons and protons), and
there is no rescattering of secondaries.LEP is used in the low energy region, andQGSP at
high energies.

FTF BIC Uses theBIC model at low energies, with a transition to Fritiof between 4and 5 GeV.
TheBIC model is again used for the rescattering of secondaries in this case (denotedFTFB
below) and theGEANT4 precompound model is used to describe deexcitation of the nucleus.

The physics content of these models for pions is summarised in table1. TheQGSP BERT physics
list is generally favoured by the LHC general purpose detectors for calorimetry applications [15],
based mainly on data from test beams of higher energies than those relevant for CALICE. In our
analysis, we expect to be particularly sensitive to the model(s) used for the primary interaction at
the energy of the incident beam. This is indicated for each physics list in table2.

– 6 –
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