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Study of the interactions of pions in the CALICE
silicon-tungsten calorimeter prototype
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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)


mailto:drw1@cam.ac.uk

Contents

1 Introduction 1
2 The CALICE Si-W ECAL prototype 2
3 Thetest beam 3
4 Monte Carlo simulation 4
5 Selection of hadronic showers 7
6 Comparison between data and simulation 9
6.1 Total ECAL energy 9
6.2 Transverse energy profile 10
6.3 Longitudinal distribution of interaction point 13
6.4 Longitudinal energy profile 14
6.5 Physics lists under development 18
7 Summary 19

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.



CALICE 20 GeV ®

Figure 3. Showing the principle of the cuts used to remove muons amdimeracting hadrons. The
energies in the three calorimeters (in MIPs) are plotte@ @ GeV data run. The three stacks in the ECAL
are combined using weights proportional to the correspanttiicknesses of tungsten, i.e. 1:2:3.

GEANT4 also provides several interesting physics lists basedlywboln part on theCHI PS
model [L6]. In this picture, the result of a hadronic or nuclear intéicn is the creation of a
guasmon (essentially an intermediate state of excitedohadmatter) which can dissipate en-
ergy by radiating particles statistically or by quark exafpa with surrounding nucleons or clusters
of nucleons. We have made studies of sevétdl PS-based physics lists, but we choose not to
present comparisons at this stage because, as discussection 6.5 the model is still under
active development.

5 Selection of hadronic showers

The principal task in the selection of events is to remove msuelectrons and protons from the
sample. Muons are characterised by a small energy depositiall three calorimeters. We show
in figure 3 a scatter plot of the energies seen in the three calorimeterslear cluster close to
the origin can be ascribed to muons. Bands are also seersponding to sharing of energy
between ECAL and HCAL, and between HCAL and TCMT, with a fewwsérs only starting in
the TCMT. Accordingly, with a 10 GeV beam, we reject eventswbich the ECAL energy is less
than 300 MIPs, the HCAL energy is less than 100 MdRdthe TCMT energy is less than 50 MIPs.
These cuts vary linearly with energy, so that with a 30 Ge\hihefar example, they are 329, 114
and 64 MIPs respectively. Pions which do not interact in tRAE are retained in the sample, to
permit comparison of the interaction cross-section betwgsga and simulation. The fraction of
events removed as muons varies with beam energy, but iticsatiyp~ 5%.



Double beam particles are very infrequent with the runniogditions used in 2007, but in
order to safely reduce any possible contribution from deut#am particles, a cut is imposed,
requiring that the total energy recorded in the ECAL+HCALUdx®s than 1.5 times the beam energy.
Fewer than (6% of events fail this cut. In order to reduce the influencentériactions upstream
of the calorimeters, we remove events in which more than 5Bd\Vlire recorded in either of the
first two layers of the ECAL. This cut removes2.5% of data, with only a weak dependence on
beam energy. A cut against beam halo is also applied, reguinie shower centroid to lie within
+50 mm in bothx andy, corresponding approximately to the trigger acceptaniis; dut also
serves to remove a small number of showers close to the wadtai edge, which are especially
prone to lateral leakage. This cut remove$% of data at the lowest energy ard1% at the
highest energy, where the beam is narrowest. All of the cegsribed so far are applied equally to
data and Monte Carlo events.

Electrons can provide a significant background to the pioriké negatively charged beams,
and likewise protons are present in the higher energy pebitcharged beams. Their effect may
be reduced by use of th@erenkov counter. In figuré(a) we compare, for typical negatively
and positively charged beam runs, the distribution of trergnin the ECAL for triggers with and
without aCerenkov signal. In the case of the negatively charged bemsewa clear peak at the full
beam energy in the events withCerenkov signal, which can be ascribed to electrons deépgsit
their full energy in the ECAL. Therefore, for the negativelyarged beams we demand that the
Cerenkov haveno signal. Conversely, for the positively charged beams used, theCerenkov
pressure was set so that pions (and electrons) would yié¢ghalswhile the heavier species would
not. The ECAL energy distributions with and withou€arenkov signal are shown in figudb);
we see that for the events with i@erenkov signal, mainly protons, the distribution is sdfto
lower values, and accordingly for these runs we demand liea¢ the Lerenkov signal. We also
note that the contribution of positrons, which would showaspa peak close to 30 GeV in the
sample of events with @erenkov signal, is smail.

In our previous study of electron showers in the ECAL [t was necessary to remove showers
close to the edges of wafers, for two reasons. Firstly, tledjtings lead to a significant dead re-
gion (2 mm wide), which can lead to a significant fraction & éhectron energy not being recorded.
Secondly, we observed an effect of correlated crosstalkdmt the charge deposited in the guard
rings and the peripheral cells of a wafer, whereby a squdterpaf hits was sometimes seen in the
core of a high energy showe][ The first of these problems is less important for hadrohmgers
because of their greater transverse width, and in any casefféect is sufficiently well simulated.
The second problem is not seen in hadronic showers, bedaeignérgy densities in the core of
the showers are much smaller. Therefore no further cuts @neshposition are imposed.

3 From fitting the region around the full beam energy, we edtnaapositron contribution o£1% at 30 GeV, de-
creasing to 0.4% at 50 GeV and 0.1% at 80 GeV. This has a rigiglighpact on the results shown in the present paper.
No perceptible electron contribution is seen in the negaticharged beam samples.
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Figure 4. Energy observed in the ECAL for events with and without anaigfrom the beanCerenkov
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total sample, and the shaded region the contribution witGe@nkov signal. (b) For the 30 GeV positively
charged beam the shaded histogram shows triggers viterankov signal, and the open (red) histogram
shows those with n€erenkov signal.

6 Comparison between data and simulation

6.1 Total ECAL energy

The total energy recorded in the ECAL is a useful startingnpfuir comparison between data and
simulation. The event selection cuts were designed torrgian events wherever they interacted
in the calorimeter system. A significant fraction of pionswld not start to shower in the ECAL.
These events are characterised by a MIP-like energy in ydrda(apart from occasiond-ray
emission) and accordingly the ECAL energy shows a large pealb0 MIPs. The fraction of
such events can be used to test the interaction cross#setiGEANT4. In figure5 we show the
fraction of selected pions depositing fewer than 100 MIPth@& ECAL, as a function of energy,
compared with the simulations. Most of the models give a giestription of the fraction of non-
interacting pions at all energies, agreeing with data withD1-0.02. Th& HEP physics list is the
most discrepant. This gives confidence in the cross-sexctonulated inGEANT4. It could also
be interpreted as an indication that any residual beam ongtion by kaons or (anti-)protons is
small, since these species would be expected to have diffieteraction cross-sections.

We now consider the energy deposited in the ECAL by thosespwinich have their first
interaction in the ECAL. In the study of electromagneticwsbs [7], it was appropriate to combine
the energies in the three stacks of the ECAL taking accoutheif relative sampling fractions.
Since the thicknesses of tungsten in the three stacks lieeimdtio 1:2:3, the weighting of the
energy should be in roughly these ratios. It is less obvibasthis is the correct procedure in the
case of hadronic showers, but for the purposes of the presemparison, we choose to combine
energies of each stack using the naive weighting factods @ and 3. The level of agreement
between data and simulation is not found to be sensitiveisactivice. In figures we compare the
distribution of recorded energy in data with simulationngsthe QGSP_BERT physics list, at four
typical energies. The non-interacting peak at low enefggssbeen suppressed. The broad peaks in
the distributions in figur® represent pions which started to shower in the ECAL, extendiughly
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Figure 5. Mean fraction of non-interacting pions (energy00 MIPs) in the ECAL, plotted as a function
of beam energy. For this purpose, the three ECAL stacks wareimed with weights 1:1:1. The data
are compared with the predictions of simulations usinged@tGEANT4 physics lists. The models are
separated into two plots in the interests of clarity, witd ghysics lists which incorporate the Bertini model
on the left, and the others on the right.

to a point corresponding to all the energy being depositaderECAL (approximately 250 MIPs
per GeV). The main peak is quite well modelled at 8 and 15 GéNevat 30 and especially 80 GeV
the Monte Carlo predicts significantly more energy than pkeskin the dat4.

In order to incorporate all models and energies into theyaigla useful global measure is
the average energy deposited in the ECAL, i.e. the mean vaithe histograms such as those
shown in figure6, excluding the non-interacting pions. This can be comptidediata and for
all the GEANT4 physics lists under consideration, and is plotted in figume the form of ratios
of simulation to data. At 8 GeV, all of the models lie within%0of the data, and most within
5%. As energy increases, the LHEP model falls steadily éurtielow the data. The other models
either remain~ 5— 10% above the data or increase so that at high energies, #ieahodels
lie ~ 5—10% above the data. Overal,TF_BI Cis the most consistent with this aspect of the
experimental data.

6.2 Transverse energy profile

Good modelling of the transverse shower width is of imparéafor the development of particle
flow algorithms, since it affects the degree of overlap betwshowers, and therefore the efficiency
for separating them. For each hit in the ECAL, we determimettansverse distance between the
centre of the pad and the shower barycentneamdy. By histogramming this radial distance, we
form the transverse shower profile. We weight the hits byr teergy? to emphasise the flow of
energy in the shower. This also has the benefit of minimisowgible residual effects of noisy cells.
In figure 8 we show these transverse energy profiles for four typicaigie®e compared with

the simulation based on the QGH®ERT physics list. The entries in these plots are weighted by
energy, and we want to focus here on the shape rather thamthmlisation, which is essentially

4In ref. [7] the energy response of the ECAL for electrons was seen tinbarlup to 45 GeV. Since the energy
densities in electromagnetic showers are significantlatgrethan those encountered in hadronic showers, we can be
confident that saturation effects will not play any significpart in the hadron beam data.

5In this case we do not apply different weighting factors tohestack.
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governed by the differences in energy response which wezadl considered in figuré There-
fore in figure8 the distributions are normalised to unity, in order to figaie the comparison of
their shapes. We see that the data at 8 GeV are quite well faddelhile at higher energies the
data tend to lie below the simulation at small radii, and &bat/higher radii; in other words the
simulation underestimates the width of that part of the stramhich is contained in the ECAL.

In order conveniently to compare all models and energiedigiime 9 we show the mean
energy-weighted shower radius (i.e. the mean values oftaiibns such as figur8) as a function

—-11 -
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of energy. The observed shower becomes narrower with isicig@anergy, both in data and in
all of the models. All of the physics lists underestimate shewer width at almost all energies,
typically by around 10%. The modelsTF_Bl Cand especiallfrTFP_BERT tend to lie closest to
the data, especially at intermediate ener§ies.
Of course, the mean shower radius is only one measure ofghsvierse shower profile. In

8For comparison, the mean radius of electron-induced stiwetected using the methods of ré&l, hows agree-
ment between data and simulation at thé — 2% or 0.1-0.2 mm level.
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figure 10 we focus on the tails of the showers by plotting the radii egetb contain 90% or
95% of the observed ECAL shower energy. As before, we findrinagt of the models tend to
underestimate the data, and none of them gives a reallyegatisy description. Again, the most
successful physics lists are cleafffFP_BERT and FTF_BI C. It should be stressed that these
observations refer only to that part of the hadronic showkickvis detected in the ECAL, i.e.
roughly the first interaction length — the transverse taiésreot fully sampled, and nor is most of
the longitudinal tail of the shower.

6.3 Longitudinal distribution of interaction point

The fine granularity of the CALICE ECAL makes it possible tendify the point at which the
incident pion makes its primary interaction, and this wi#l bsed in some of the results shown
below. In general one expects to see a track of MIP-like mtd the interaction point, followed
by some multiparticle shower structure thereafter. Therélyn used for the present analysis has
the merit of simplicity. Firstly, the energy in each layecc@mputed, after excluding isolated hits
(those with no neighbours in adjacent cells in the same Jayiére interaction layer is defined as
the first layer containing at least 10 MIPs of energy, proditieat at least two of the following
three layers also show energy greater than 10 MIPs. In stedikvents, the true interaction point
is stored using information about the true activity in thert#oCarlo. In figurell we show the
correlation between the true interaction layer and thatdidoy our algorithm, for a typical energy
and Monte Carlo physics list. The correct layer is identifigthin +1 in ~70% and within+2
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in almost 90% of events. The mean of the difference betweeltrtie and reconstructed layer lies
within +1 layer for all physics lists and energies studied here.

In figure 12 we show the distribution of the reconstructed interactayef for 30 GeV data
compared with a typical Monte Carlo run. The alternatiowlaetin odd and even layers reflects the
additional material associated with PCBs and the carbamyepupport structure; passing from an
odd-numbered layer to an even layer, a particle will encaujutst a tungsten plate, while going
from an even to an odd layer it will also pass through two PGRkpart of the mechanical support
structure, adding an additional 0.008%,;. The attenuation of the beam through each stack is
clearly seen, becoming stronger in later stacks as the temgkickness increases. The upward
steps at layers 10 and 20 result from the increase of thiskofehie tungsten plates at these points.
The lower values in layers 1 and 2 are a by-product of the aigded to remove upstream interac-
tions. These features are all seen in the simulation, angearerally well modelled. The following
analysis concentrates on interactions in the first stackylfiicch the agreement is particularly good.
This distribution is similarly well described at all eneggiby all physics lists, which suggests that
there is no significant problem with the high energy crosdises on tungsten in this version of
CGEANTA4. This is therefore not a directly useful distribution foscliminating between models.

6.4 Longitudinal energy profile

It is of interest to study the longitudinal development af 8howers. In the case of electrons, we
find that the mean depth of electron-induced showers, selerting the methods of reff][ shows
good agreement between data and simulation, to better th&p @orresponding to less than 25%
of a 1.4 mm tungsten layer), and the standard deviation isltentito better than.03Xg. A typical
comparison is shown in figurgé3. We therefore believe that the material content of the ECAL
is well modelled. The case of hadronic showers is, howewanplicated by the different points

— 14—
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in the ECAL at which the shower is initiated. The observedglardinal distribution of energy
in the ECAL is the convolution of the intrinsic shape of shosveith the distribution of shower
starting points. In order to have some sensitivity to the position of the shower in terms of
different particle species, we would like to measure thevagrofile with respect to the primary
interaction point.

In section6.3 we explained our algorithm for identifying the layer claststhe interaction
point, and showed that it was reasonably reliable and wetletied. We now proceed to compute
the shower profile in terms of layers after the interactigretaThis is made more complicated by
the different sampling fractions in the three ECAL stackse ®ifcumvent this by the following
expedient. For hits in the first stack (tungsten thicknedsnim), we simply use the measured
energy in each layer. In the second stack (tungsten thiskB&smm), in addition to the energy
measured in each layer, we introduce an additional ficstfmseudolayemidway between each
physical layer, whose energy is estimated by linear intatjpm between the layers on either side.
Similarly, in the third stack (tungsten thickness 4.2 mm)imteoduce two pseudolayers between
each physical layer. In this way, the energy deposition isnased in 60 layers each separated
by an effective separation of 1.4 mm of tungsten. The longitai shower profile (i.e. the mean
energy, in MIPs, per layer) is then trivially computed staytat the interaction layer measuring
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the depth in units of these effective 1.4 mm layers. Thisutaton will lead to some non-trivial
correlations between neighbouring bins in the longituldprafile. It also neglects differences in
the material between successive samplings caused by @bgve materials such as PCBs, though
this effect will be averaged out by combining different natetion layers. Furthermore, both these
features will also be present in the simulation. For thiglgtuve restrict the interaction layer to
lie in the first stack, so that at least 50 effective layersaaaglable for observation of the shower
profile, corresponding te- 20 Xg or 0.8 Ajnt..

In the case of th&EANT4/Mokka simulation, it is possible to store a breakdown offtlae-
tions of the energy of each hit contributed by various plrtapecies. In this way, one can break
down the longitudinal shower profile into its constituenttpa\We choose to separate the energies
deposited by electrons, positrons, “mesons” (chargedspkaons and muons), protons (including
antiprotons) and “others” (e.g. deuteroasparticles, hyperons).

In figure 14 we show, for 12 GeMrt, the longitudinal energy profiles in data compared with
simulations using different physics lists. In each casealge show the simulation broken down
into each of the above categories. The “mesons” show a snatmithly falling shape, while the
electrons and positrons show the characteristic rise dhoffan electromagnetic shower, peaking
after ~10-15 layers { 4-6Xp). The electrons, however, also exhibit a long tail; this ésduise
part of the ionisation energy loss of other particles is $ataa in the form of discrete knock-
on electrons, and therefore is included in the electronrifriion. The protons, and the small
contribution from “others”, seem to exhibit two componertsa sharp peak in the first few layers
which, because of its short range, can be attributed to l@wgmuclear break-up fragments, and
a long range tail similar to the mesons. We note that theresigréficant differences between
the models, most conspicuously in the short range protorpoasnt. The comparison with data
demonstrates that our calorimeter has sufficient longialdgranularity to be able to offer some
discrimination between these components.

The main features of the data distribution in figilemay be summarised as follows:

e A small peak is seen in the first few layers, which we attriiatauclear fragments, mainly
protons. As noted above, the models exhibit considerabiatian in their predictions in
this region, associated with differences in their protogldg. None agrees well with data,
with the FTF-based physics lists overestimating the data, and thestimetershooting.

e A broad peak occurs around layer 10, which we ascribe to #gremagnetic component.
This is tolerably well modelled by all physics lists, withnse variations in normalisation.

e Along tail follows, which appears to be generally well mdee!

In figure 15 we show similar distributions for two physics listSTFP_-BERT and QGSP_BERT,
at four typical energies. Clearly both models have impéidas, but on balancETFP_BERT is
probably the more successful.

In order to quantify these observations, and extend therit émargies and models, we show
in figure 16 ratios of simulation to data as a function of energy for thregions of the longi-
tudinal profile: layers 1-3 (where the contribution from lear breakup dominates), layers 5-20
(dominated by the showering of electrons and photons) ayetda30-50 (the tail, dominated by
penetrating hadrons). This makes it clear that the gredifistences between the models occur
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in the first few layers, where discrepancies up~t@0 % are observed. THeETFP_BERT and
FTF_BI Cmodels lie consistently above the data, whildEP, QGSP_BI CandQGS_BI Clie con-
sistently below. The other physics lists make a transitietwien the two regimes, as their model
content changes with energy. In the electromagnetic-datethregion, the most obvious outlier
is LHEP; the other models all agree with data withinl5%, with theFTFP_BERT andFTF_BI C
models giving the best description. In the tails, most m®diel within ~10% of data;LHEP is
consistently low, as iETF_BI Cat lower energies.
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Figure 16. Ratio of simulation to data for three different regionsta# tongitudinal energy profile: (top pair
of plots) layers 1-3, dominated by nuclear breakup; (cqrdng layers 5—20, dominated by electromagnetic
showers; and (bottom pair) layers 30-50, dominated by pativeg hadrons.

On balance, it appears that tRFFP_BERT physics list, while not perfect, gives the best
overall description of the longitudinal development ofshashowers. We emphasise, however, that
this remark refers only to the early part of the shower whictigveloped in the ECAL; we are not
sensitive to the later parts of the shower.

6.5 Physics lists under development

There are several physics lists@EANT 4.9.3 which use th€HlI PS model [L6] alone or in con-
junction with other models. This model has undergone suhatadevelopment recently, and is
now capable of modelling all parts of the hadronic inte@attprocess. We made a number of
studies of these physics lists usingdest version 4.9.3.b01 &¥EANT. The results were very en-
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couraging, and one of the physics lists testg@SC_CHI PS, gave a better description of our data
than any of the physics lists discussed here. Howeveftihd®S model is still being tuned, and in
the released version GEANT 4.9.3, theCHI PS-based models are less successful when confronted
with our data. It would be premature to show results and dramclasions while development is
ongoing, but theCHI PS-based models seem to be an interesting and promising new@vend it

is clear that our data have the power to discriminate betw@@ngs of such models.

7 Summary

We have studied showers induced by charged pions in the CRlsilicon-tungsten ECAL. The
calorimeter has high transverse and longitudinal graitylavhich allows us to study the early part
of the shower development in unprecedented detail. Usiogspin the energy range 8-80 GeV,
we have compared the data wiBEANT4 simulations using eight different physics lists. Several
observables were examined — the total energy depositeceiE@AL, the distribution of inter-
action points, the transverse shower energy profile, antbtiggtudinal profile with respect to the
interaction point. The most sensitive observables seere tadshower profiles. The data tend to
show a greater shower width than the simulation for mostgesrnd physics lists. The closest
description of the transverse profiles is provided byRm&P_BERT andFTF_BI Cphysics lists.

The longitudinal profile seems the most interesting obddeydecause the three main compo-
nents of the shower induced by the primary interaction @ster hadrons, photons and low energy
nuclear fragments) can be, to some extent, distinguistreddh their different rates of shower de-
velopment. An ECAL using tungsten is particularly usefuthirs regard, because of its small ratio
of Xo/Aint., which amplifies the differences in shower development betwvarious components of
the shower. It would be naive to expect any of the physits lsgive a perfect description of the
data, but it seems clear from our study thatltf#=P physics list has serious deficiencies, and that,
in the framework of the current version 4.9.3@ANT4, FTFP_BERT list is the most successful.
It is to be hoped that these observations will provide usgfidlance to th&EANT4 developers.

Acknowledgments

We would like to thank the technicians and the engineers vamiributed to the design and con-
struction of the prototypes. We also gratefully acknowkedlge DESY and CERN managements
for their support and hospitality, and their accelerataffgor the reliable and efficient beam op-
eration. We would like to thank the HEP group of the Universit Tsukuba for the loan of drift
chambers for the DESY test-beam. The authors would like ankhthe RIMST (Zelenograd)
group for their help and sensors manufacturing. This work s@#pported by the Bundesminis-
terium fur Bildung und Forschung, Germany; by the DFG dustf excellence “Origin and Struc-
ture of the Universe”; by the Helmholtz-Nachwuchsgruppeang VH-NG-206; by the BMBF,
grant numbers 05HS6VH1 and 05HS6GU1; by the Alexander vomttldt Foundation (Re-
search Award IV, RUS1066839 GSA); by joint Helmholtz Foumutaand RFBR grant HRIRG-
002, Russian Agency for Atomic Energy, ISTC grant 3090; byd$tan Grants SS-1329.2008.2
and RFBR0402/17307a and by the Russian Ministry of Educatial Science; by CICYT,Spain;
by CRI(MST) of MOST/KOSEF in Korea; by the US Department oeEjy and the US National

—19 —



Science Foundation; by the Ministry of Education, Youth &mbrts of the Czech Republic un-
der the projects AV0 23407391, AV0 210100502, LC527, LA0®@4hd by the Grant Agency of
the Czech Republic under the project 202/05/0653; and bgtience and Technology Facilities
Council, UK.

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

(10]

(11]

(12]

J.-C. Brient and H. VideauThe calorimetry at the future'®™ linear collider, hep- ex/ 0202004;
V.L. Morgunov,Calorimetry Design with Energy-Flow Concepit 10" International Conference on
Calorimetry in High Energy Physics (CALOR 20pPasadena, CA, U.S.A., Mar. 2002;

M.A. Thomson Particle Flow Calorimetry and the PandoraPFA Algorithm

Nucl. Instrum. MethA 611 (2009) 25

CALICE collaboration, J. Repond et aDesign and Electronics Commissioning of the Physics
Prototype of a Si-W Electromagnetic Calorimeter for theetnational Linear Collider
2008JINST3 P08001

http://ab-div-atb-ea.web.cern.ch/ab-div-atb-ea/BeaniuAreas/H6

C. Adloff et al., Construction and Commissioning of the CALICE Analog HadZatorimeter
Prototype 2010JINSTS5 P05004

J. Allison et al.,Geant4 developments and applicatiph=EE Trans. Nucl. Scb3(2006) 270

Mokka home pagehttp://polzope.in2p3.fr:8081/MOKKA
P. Mora de Freitas and H. VideaDetector simulation with MOKKA / GEANT4: Present and future
International Workshop on Linear Colliders (LCWS 20Q0Bju Island, Korea, 26—30 Aug (2002).

C. Adloff et al., Response of the CALICE Si-W electromagnetic calorimetgsips prototype to
electrons Nucl. Instrum. MethA 608 (2009) 372

GEANT4 Physics Reference Manuéttp://geant4.web.cern.ch/geant4/UserDocumentation/
UsersGuides/PhysicsReferenceManual/fo/PhysicsRefekanual.pdf

H. FesefeldtSimulation of Hadronic Showers, Physics and Applicatideshnical Report
PITHA-85-02 (1985).

M.P. Guthrie, R.G. Alsmiller and H.W. BertinGalculation of the capture of negative pions in light
elements and comparison with experiments pertaining teearadiotherapy

Nucl. Instrum. MethA 66 (1968) 29

A. Heikkinen, N. Stepanov and J.-P. Wellis@&ertini intra-nuclear cascade model implementation in
Geant4 in Proc. Computing in High Energy and Nuclear Physiesl. MOMTO008, La Jolla, CA,
U.S.A. (2003).

B. Andersson, G. Gustafson and B. Nilsson-Almgwusilodel for Low g Hadronic Reactions, with
Generalizations to Hadron-Nucleus and Nucleus-Nucledbisgms, Nucl. PhysB 281(1987) 289
B. Nilsson-Almqvist and E. Stenlunthteractions Between Hadrons and Nuclei: the Lund Monte
Carlo, Fritiof Version 1.6 Comput. Phys. Commu#3 (1987) 387

G. Folger and J.P. Wellisclstring parton models in Geantducl -t h/ 0306007,

N.S. Amelin et al.;Transverse flow and collectivity in ultrarelativistic hgaen collisions

Phys. Rev. Let67(1991) 1523

L.V. Bravina et al.,Scaling violation of transverse flow in heavy ion collisi@d#\GS energiehys.
Rev. Lett344(1995) 49.

—20 -


http://arxiv.org/abs/hep-ex/0202004
http://dx.doi.org/10.1016/j.nima.2009.09.009
http://dx.doi.org/10.1088/1748-0221/3/08/P08001
http://ab-div-atb-ea.web.cern.ch/ab-div-atb-ea/BeamsAndAreas/H6
http://dx.doi.org/10.1088/1748-0221/5/05/P05004
http://dx.doi.org/10.1109/TNS.2006.869826
http://polzope.in2p3.fr:8081/MOKKA
http://dx.doi.org/10.1016/j.nima.2009.07.026
http://geant4.web.cern.ch/geant4/UserDocumentation/UsersGuides/PhysicsReferenceManual/fo/PhysicsReferenceManual.pdf
http://geant4.web.cern.ch/geant4/UserDocumentation/UsersGuides/PhysicsReferenceManual/fo/PhysicsReferenceManual.pdf
http://dx.doi.org/10.1016/0029-554X(68)90054-2
http://dx.doi.org/10.1016/0550-3213(87)90257-4
http://dx.doi.org/10.1016/0010-4655(87)90056-7
http://arxiv.org/abs/nucl-th/0306007
http://dx.doi.org/10.1103/PhysRevLett.67.1523

(13]

(14]
(15]

[16]

V. Lara and J.-P. WellisctRre-equilibrium and equilibrium decays in GEANTA Proceedings of the
CHEP 2000 Conferen¢®adova, Italy, February 2000.

G. Folger, V.N. lvanchenko and J.-P. Wellisdthe Binary Cascadé-ur. Phys. JA 21 (2004) 407

See, for example, presentations by S. Banerjee and s, As

S. BanerjeeGeant4 Results from CM& 14" GEANT4 Users Worksho@ctober (2009),
http://indico.cern.ch/conferenceDisplay.py?confld5@6

M. Asai, The Geant4 Simulation of the ATLAS Experimant4" GEANT4 Users Workshop
October (2009)http://indico.cern.ch/conferenceDisplay.py?confld586

P.V. Degtyarenko, M.V. Kosov and H.P. Wellisa®hiral invariant phase space event generator. I:
nucleon antinucleon annihilation at regur. Phys. JA 8 (2000) 217 Chiral invariant phase space
event generator. lI: nuclear pion capture at rest and phaeidear reactions below th&(3,3)
resonanceEur. Phys. JA 9 (2000) 411 Chiral invariant phase space event generator. I1l: modglin
of real and virtual photon interactions with nuclei belovopiproduction threshold

Eur. Phys. JA 9 (2000) 421

- 21—


http://dx.doi.org/10.1140/epja/i2003-10219-7
http://indico.cern.ch/conferenceDisplay.py?confId=44566
http://indico.cern.ch/conferenceDisplay.py?confId=44566
http://dx.doi.org/10.1007/s100500070108
http://dx.doi.org/10.1007/s100500070025
http://dx.doi.org/10.1007/s100500070026

	Introduction
	The CALICE Si-W ECAL prototype
	The test beam
	Monte Carlo simulation
	Selection of hadronic showers
	Comparison between data and simulation
	Total ECAL energy
	Transverse energy profile
	Longitudinal distribution of interaction point
	Longitudinal energy profile
	Physics lists under development

	Summary

