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ABSTRACT. A prototype silicon-tungsten electromagnetic calorienefor an ILC detector was

tested in 2007 at the CERN SPS test beam. Data were colledtieelectron and hadron beams
in the energy range 8 to 80 GeV. The analysis described heusds on the interactions of pions
in the calorimeter. One of the main objectives of the CALIGRgram is to validate the Monte

Carlo tools available for the design of a full-sized detecithe interactions of pions in the Si-W
calorimeter are therefore confronted with the predictiohgarious physical models implemented
in the GEANT4 simulation framework.

KEYwWORDS Calorimeters; Calorimeter methods; Detector modellind simulations | (interac-
tion of radiation with matter, interaction of photons witlatter, interaction of hadrons with matter,
etc)
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1 Introduction

The current designs of the calorimetry for detectors at th@ &re in large part driven by the
demands of jet energy reconstruction. A key aim is to achevelative energy resolution of
~ 30%/+/E/GeV; this precision would for example permit the recondtauc of the hadronic
decays of the W and Z bosons with a precision comparable Wwith hatural widths, and would
thus allow the W and Z to be distinguished in their hadroniofjet) decay modes.

This target for jet energy resolution is roughly a factor tixetter than achieved in previ-
ous detectors. The most promising way to achieve it is befieto be through theparticle
flow’approach []. The idea is that particles of different types in jets skiook reconstructed in
the different parts of the detector where they can be medsnost precisely: the charged particles
in the tracking system, photons in the electromagneticrivag&ier (ECAL) and neutral hadrons in
a combination of the ECAL and the hadronic calorimeter (HEALhe key to this concept is to
minimise confusion in the pattern recognition in the calgriers, and to achieve this, high spatial
granularity is required. The optimum design of the ILC d&ieccan be addressed by Monte Carlo
simulation, but in order to do this, it is crucial first to \@dite the Monte Carlo tools against data.

A first round of beam tests was performed at DESY and CERN imsein2006, followed by
more complete tests in 2007. These tests were performedandttimbined system of a silicon-
tungsten (Si-W) ECAL, followed by a hadronic calorimetedahen a coarser tail catcher, the
latter two both built from a scintillator-iron sandwich @tture. Since the ECAL has a length



~ 1.0Ajnt., it will seldom fully contain a hadronic shower. However, mdhan half of hadronic
showers will start their development in the ECAL, so it is omjant to investigate the properties
of hadronic showers initiated in the (mainly tungsten) matef the ECAL. The ECAL also has
some advantages for the study of hadronic shower propefi@sexample, the interaction point
can be identified with good precision. The small ratiokef Ain:. (a factor~ 3 smaller for tungsten
than for iron) means that the electromagnetic products efitist interaction can be expected to
shower rapidly after the interaction point, and we can hapexploit the fine granularity of the
detector to separate them from the hadronic products. Tk&nsthat the longitudinal shower
development after the interaction point is potentially gipalarly interesting quantity.

In section2 we briefly describe the main features of the Si-W calorimatet in sectior8 we
outline the test beam setup at CERN. Then in sedfiove review the Monte Carlo models with
which the data are confronted. In sectidrve explain the selection of data for comparison with
simulation in sectior®.

2 The CALICE Si-W ECAL prototype

The ECAL prototype used in this study is a silicon-tungstampgling calorimeter, made of 30
readout layers]]. The active detectors were silicon wafers segmented ifia G array of diode
pads, each with a size ofx1l cn?. The mechanical structure was built from tungsten sheets
wrapped in carbon fibre. Between each sheet of tungstentringse contained alveolar slots,
into which detector slabs were inserted, each consisting fofther tungsten sheet sandwiched
between two layers of sensors. The prototype was constrfrcten three stacks, each composed of
ten layers of alternating tungsten and silicon, and eadk $taving a different tungsten thickness:
1.4 mm or 04Xy per layer in the first stack, 2.8 mm or8X, per layer in the second stack and
4.2 mm or 12X, per layer in the rear stack. In terms of interaction lengthese tungsten layers
each contributev 1.4%Ain;, ~ 2.7%Aine. and ~ 4.1%A\;. respectively. Other materials (mainly
the carbon-fibre—epoxy mechanical structure, PCBs andilibensitself) contribute alternately
~ 0.2%Aint. and~ 1.0%A;,. between successive samplings. The overall thickness ig &0acm,
corresponding te- 24.6 Xy or ~ 1.0Aj¢. at normal incidence.

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

The full prototype consists of ax3 array of wafers (i.e. an 2818 array of 1 crf pads) in
each layer. The version of the prototype tested at CERN if7 200isisted of 30 layers, of which
initially the first twelve were instrumented with &2 array of wafers, and the remaining eighteen
were fully equipped with a 83 array. Later in the 2007 run six more layers were completed,
leaving only the first six in a 82 configuration.

In offline analysis, the raw hit energies in each cell havér thedestals subtracted, and are
converted from raw ADC counts into Minimum lonising Paiéquivalents (MIPs), as explained
in ref. [2]. This gain correction is derived by finding the most proleadhergy deposition in each
cell in data recorded with a high energy muon be@myith a typical relative precision of 0.5%
per pad.
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Figure 1. Schematic layout for the CALICE beam tests at CERN in 20@7 {o scale). Dimensions are
indicated in mm.

3 The test beam

In this paper we report on some of the data taken in 2007 in BRNCH6 test beam3]. The
layout of the CALICE calorimeters in the test beam is showrestatically in figurel. The three
calorimeters used were the Si-W ECAL, followed by an HCALtptgpe H] (using iron as the
absorber and 38 layers of scintillator tiles with analoge&dout as the active medium, using tile
size 3x3 cm in the shower core) and a tail catcher (TCMT - also an iadaraneter with sixteen
layers of 5 cm wide scintillator strips). The thickness @& iton sheets was 18 mm in the HCAL,

~ 20 mm for the first eight layers of the TCMT, ard100 mm in the rear section of the TCMT.
The ECAL and HCAL were mounted on a movable stage, providiegobssibility to translate and
rotate the calorimeters with respect to the beam.

Upstream of the calorimeters were scintillation countesedufor triggering. A muon veto
counter was also installed downstream of the TCMT. The stahttigger used for the present
analysis required a coincidence between any two of the egrstrcounters Scl, Sc2 and Sc3. In
addition, three sets of wire chambers were operated to pdrenbeam position and direction to be
measured upstream of the calorimetersCérenkov counter was used in threshold mode to assist
particle identification.

Data were recorded in 2007 using electron, hadron and mum®with energies in the range
8 to 180 GeV. A variety of different calorimeter translasoand rotations were used, and in all
~200 million triggers were recorded, including calibratidata. For the present study, we used
data corresponding to a configuration with the beam impmgihnormal incidence close to the
centre of the calorimeters. The analysis ugesbeams at energies of 8, 10, 12, 15 and 20 GeV,
andr* runs at 30, 50 and 80 GeV. Each run comprised typica®00,000 triggers ane100,000
hadronic events. For the~ runs the pressure in theerenkov counter was set so that electrons
could be vetoed, while for the" runs, it was set so as to separate protons from pions.



4 Monte Carlo simulation

The main purpose of the present analysis is to confront tke \ddh Monte Carlo simulations,
and specifically to test the different physical models a@d. These simulations were carried out
in the framework ofGEANT4 [5], using version 4.9.3, released in December 2009. Thetsgesul
presented are based on samples of typically 50000 simubataus.

In order to describe the geometry of the CALICE prototypethiniGEANT4 we used the pro-
gram Mokka B], which is also capable of simulating full ILC detector gesines. For the current
study, the simulation of the ECAL is the most important. Wdiial silicon sensors, with their pad
structure and guard rings, are represented in Mokka, asasethe tungsten radiator, and other
passive materials such as the carbon-fibre and epoxy of pgpeeustructure and the PCBs used for
readout. The layer-by-layer staggering of the wafer pmsd#tiis simulated. Similar representations
of the HCAL and TCMT are also included. The detectors upsireéthe calorimeter systems
(Cerenkov, scintillators and tracking chambers) are alsdethed by Mokka.

During patrticle transport iGEANT4, Mokka records the ionisation energy deposited in sen-
sitive detectors (Silicon pads, scintillators etc.). A giensimulation of the noise contribution in
each cell is performed, as outlined in ref].[ At the end of the simulation, the summed energy
deposits in each cell are finally converted into MIPs. Theveasion factor is based on matching
the minimum ionising energy peak in data and simulation.shocedure is estimated to lead to
a~ 1% systematic uncertainty in the relative energy scaleb@fiata and simulation. As a first
step in the analysis, a hit energy cut of 0.6 MIPs is imposdabih simulation and data, in order
to eliminate most noise-only hits. The hits are also regutceoccur within 150 ns of the beam
arrival time at the trigger counters, in order to emulateltblaviour of the readout electronics.

In the simulation, pions are simulated starting with a Gemsgansverse profile ir andy,!
at a point~60 m upstream of the calorimeters, so that they pass thrarghpotentially interact
in, the Cerenkov counter, trigger scintillators, tracking chamsband intervening air. Hits are
recorded in the scintillators and tracking chambers, amugées deposited in the scintillators are
used as the basis of a simple simulation of the trigger. Theq@ofile in the ECAL, defined by the
distributions of the shower barycentrexrandy, is then compared between data and simulation.
The input Gaussian parameters are adjusted until satsjaagreement is achieved. A typical
example of the comparison after tuning is shown in figre

GEANT4 provides the user with a number of “physics lists” — combimad of models se-
lected to simulate particle interactions for different@ps at different energies. In our study we
are particularly concerned with the hadronic interactifmmpions. Typically these physics lists use
different models in different energy ranges, with smoothrpolation between models achieved by
allowing the energy ranges to overlap, with smoothly vagyendom selection between the models
in the changeover region. Detailed descriptions of the risockn be found in ref.g]. The fol-
lowing physics lists have been chosen for our investigatiased on advice and recommendations
from the GEANT4 authors:

LHEP Uses thd_EP (low energy parametrised) attEP (high energy parametrised) models, mak-

1The CALICE coordinate system is defined witkalong the nominal beam directiopvertical, andx horizontal.
The origin is at the centre of the exit face of the most dovesstr tracking chamber.
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Figure 2. Example of the beam profiles xandy (based on the shower centroid reconstructed in the ECAL)
observed with a 20 GeVr~ beam. Data (points with error bars) are compared with thedisimulation
(solid histogram). The distributions are normalised togame numbers of events.

ing a transition between the two over the range 25-55 Ge\sd hee essentially a recoding
into C++ of the GHEI SHA model B] extensively used in earlier simulations usiBgANT 3,
for example. It is still widely used, even though it is notaeded as the state-of-the-art
choice.

FTFP_BERT Uses theGEANT4 implementation of the Bertini cascade madglQ] for low ener-

gies, making a transition to tHeTFP model, based on théEANT4 implementation of the
Fritiof diffractive string model 11], at pion energies between 4 and 5GeV. We have also
studied the=FTFP_BERT_TRYV list, which has the same model contentFASP_BERT, but
with a higher transition energy, in the region 6-8 GeV. Inctice, for the data presented
here, we find no significant differences between these twaipsyists, so we only show
FTFP_BERT here.

QGSP_BERT Uses the Bertini model1f0] at low energies, making a transition to thdeP

(GHEI SHA) model between 9.5 and 9.9 GeV, and a further transition édXBSP model
between 12 and 25 Ge\QGSP uses aGEANT4 implementation of a string model?] for
the high energy interaction, supplemented by@8ANT4 precompound modelB] describ-
ing deexcitation of the nucleus. We have also studiedQB8P_BERT _HP list, which has
the same model content &SP_BERT, combined with a more accurate treatment of low
energy neutron scattering. For the distributions preskintéhis paper we find no significant
benefit in using th€GSP_BERT_HP list, and hence we only preseQGSP_BERT.

QGSP_BERT_TRV has the same model content @SSP_BERT, but with the transition between

LHEP and QGSP occurring at lower energy, in the region 10-15 GeV, in ordereduce the
reliance ornLHEP.

QGSP_FTFP_BERT Similar to QGSP_BERT, with different transition energies, and usikgFP

instead ofLEP in the intermediate region.

2 This model incorporates the Bertini intra-nuclear casaaddel with excitons, a pre-equilibrium model, a nucleus
explosion model, a fission model, and an evaporation model.



Table 1. The table shows the physics models invoked for pion inielasteractions in each physics list.
Where ranges overlaf@FANT4 chooses randomly between models, with probabilities wariinearly with
energy over the range of overlap.

Physics List Model content (fort™)
FTFP_BERT Bertini (0-5GeV)FTFP (>4GeV)
QGSP_BERT Bertini (0-9.9GeV)LEP (9.5-25GeV)QGSP (>12GeV)

QGSP_BERT.TRV
QGSP_FTFP_BERT

Bertini (0-9.9GeV)LEP (9.5-15GeV)GSP (>10GeV)
Bertini (0—8 GeV);FTFP (6-25GeV);QGSP (>12GeV)

QGS.BI C Bl C (0-1.3GeV)LEP (1.2-25GeV)QGSB (>12GeV)
QGSP_BI C LEP (<25GeV);QGSP (>12GeV)

FTF.BI C Bl C (0-5GeV),FTFB (>4GeV)

LHEP LEP (0-55GeV)HEP (>25GeV)

Table 2. Indicates the physics model(s) which will be used for thenpry pion interaction at each of the
beam energies considered here. Where two models are iedieath a solidus, an appropriate random
choice is made bEEANTA4.

Physics List 8GeV[10GeV 12GeV | 15GeV | 20GeV | 30GeV | 50GeV [80GeV
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
QGSBIC LEP | LEP | LEP |LEP/ QGSB|LEP/ QGSB| QGSB | QGSB | QGSB
QGSP_BI C LEP | LEP | LEP |LEP/ QGSP|LEP/ QGSP| QGSP | QGSP | QGSP
FTF.BI C FTFB| FTFB| FTFB FTFB FTFB FTFB | FTFB |FTFB
LHEP LEP | LEP | LEP LEP LEP  |LEP/ HEP|LEP/ HEP| HEP

QGS_BI C Uses theGEANT4 binary cascade modeBl C) [14] at the lowest energies, therEP
in the intermediate region, ar@GS at high energies. ThBI C model is also used for the
rescattering of secondaries in this case (den@@8B below) and theGEANT4 precom-
pound model is used to describe deexcitation of the nucleus.

QGSP_BI C In this case th&l Cmodel is not used for pions (only for neutrons and protonsj, a
there is no rescattering of secondarie&P is used in the low energy region, aRXESP at
high energies.

FTF_BI C Uses theBl C model at low energies, with a transition to Fritiof betweeantl 5 GeV.
TheBI Cmodel is again used for the rescattering of secondariedsrcéise (denoteBTFB
below) and thaSEANT4 precompound model is used to describe deexcitation of thiens.

The physics content of these models for pions is summarns&blel. The QGGSP_BERT physics
list is generally favoured by the LHC general purpose detedbr calorimetry applicationslp],
based mainly on data from test beams of higher energies liuse relevant for CALICE. In our
analysis, we expect to be particularly sensitive to the rifsflased for the primary interaction at
the energy of the incident beam. This is indicated for eagtsigh list in table2.
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