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Abstra
tThe pseudorapidity region 2:5 < j�j < 4:0 in ATLAS is a parti
ularly 
omplextransition zone between the end
ap and forward 
alorimeters. A set-up 
onsistingof 1=4 resp. 1=8 of the full azimuthal a

eptan
e of the ATLAS liquid argon end
apand forward 
alorimeters has been exposed to beams of ele
trons, pions and muonsin the energy range E � 200 GeV at the CERN SPS. Data have been taken inthe end
ap and forward 
alorimeter regions as well as in the transition region. Thisbeam test set-up 
orresponds very 
losely to the geometry and support stru
tures inATLAS. A detailed study of the performan
e in the end
ap and forward 
alorimeterregions is des
ribed. The data are 
ompared with MC simulations based on GEANT4 models. 3



1 Introdu
tionMeasurements of the energy and dire
tion of ele
trons, photons and jets are theprimary goal of the ATLAS 
alorimeter. In addition, missing transverse energyand parti
le identi�
ation are key issues for the 
alorimeter performan
e. Inthe past, 
alibration runs in beam tests have been 
arried out for individualset-ups of the ele
tromagneti
 (EMEC) [1{5℄, hadroni
 end
ap (HEC) [6,7℄and forward 
alorimeters (FCal) [8℄, and more re
ently for 
ombined set-upsre
e
ting the ATLAS dete
tor as 
losely as possible [9℄.This beam test in the parti
ularly diÆ
ult forward region 2:5 < j�j < 4:0 (thetransition from the ele
tromagneti
 end
ap 
alorimeter EMEC and hadroni
end
ap 
alorimeter HEC to the forward 
alorimeter FCal) was 
arried out in2004 and is a 
ontinuation of these 
alibration studies. The set-up had to beas 
lose as possible to the �nal ATLAS dete
tor, not only with respe
t tothe 
alorimeter modules, but also with respe
t to the support stru
tures anddead material distribution. It should be stressed that the set-up reprodu
ed theATLAS proje
tive geometry at one j�j point, but not over the entire j�j region.The beam was in
ident at an angle of 4:2Æ onto the fa
e of the 
alorimeters,
orresponding to an average j�j of 3:2. This tilt angle, whi
h is 
orre
t onaverage but not for all j�j impa
t positions, has no major impa
t on thehadroni
 response. The performan
e of ele
trons might be slightly a�e
ted.The goal of this study is to obtain the hadroni
 
alibration in the forwardregion 2:5 < j�j < 4:0, in
luding 
orre
tions for dead material e�e
ts. Theanalysis fo
used in parti
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(1) the inter
alibration 
onstants for and the performan
e of ele
trons andpions in the energy range 6GeV < E < 200GeV in the EMEC/HEC andFCal regions;(2) a detailed 
omparison of ele
tron and pion data with simulation to allowextrapolations to jets and a validation of the simulation programs basedon the response to single parti
les;(3) the energy 
orre
tions for ele
trons and pions when 
rossing the `
ra
k'between the two dete
tor regions;(4) the validation of the energy re
onstru
tion in ATLAS using testbeamdata. Here the assessement of systemati
 e�e
ts is of importan
e.In this paper we 
over the �rst two topi
s, the last two will be dis
ussed in aforth
oming paper.2 Set-up, Read-out and Calibration2.1 Ele
tromagneti
 End
ap, Hadroni
 End
ap and Forward CalorimetersThe ele
tromagneti
 end
ap 
alorimeter (EMEC) [10℄ is a liquid argon (LAr)sampling 
alorimeter with lead as absorber material. One end
ap wheel isstru
tured in eight azimuthal wedge-shaped modules. The a

ordion shapedkapton ele
trodes and absorber plates are mounted in a radial arrangementlike spokes of a wheel, with the a

ordion waves running in depth parallel tothe front and ba
k edges of the module. The liquid argon gap between theabsorber plates in
reases with the radius and the a

ordion wave amplitudeand the related folding angle varies as a fun
tion of the radius. To keep thevariation of the folding angle in a reasonable range, ea
h end
ap 
alorimeter
onsists of two 
oaxial wheels: an inner and an outer se
tion 
overing a rangeof 1:375 < j�j < 2:5 and 2:5 < j�j < 3:2, respe
tively. The boundary betweenthese two wheels is proje
tive with the 
orresponding 
ra
k being about 3 mmwide. For this beam test a module of the inner wheel has been rebuilt usingleftover ele
trodes available. Ex
ept for the missing outermost ele
trode inazimuth (�), it 
orresponds exa
tly to a module from the series produ
tion.The hadroni
 end
ap 
alorimeter (HEC) [6,7℄ is a liquid argon sampling
alorimeter with 
at 
opper absorber plates, stru
tured longitudinally in twoseparate wheels. Longitudinally ea
h wheel has two read-out se
tions. Thethi
kness of the absorber plates is 25mm for the front wheel and 50mm forthe rear wheel. Ea
h wheel is made out of 32 modules. In total 24 gaps (8:5mm)for the front and 16 gaps for the rear wheel are instrumented with a read-outstru
ture. Longitudinally the read-out is segmented in 8 and 16 gaps for thefront, and 8 and 8 gaps for the rear wheel. The total number of read-out 
han-5



nels for a �-wedge 
onsisting of one front wheel module and one rear wheelmodule is 88. For the read out 
old ele
troni
s [11℄ is used in HEC.Due to the limitation in spa
e, a spe
ial set of 8 front and 8 rear HEC moduleshas been built for this beam test. These had a redu
ed 
overage in j�j, 
orre-sponding to 2:1 < j�j < 3:2. Also the rear modules were of half size in depth,i.e. they had one rather than two longitudinal se
tions. But otherwise themodules 
orrespond exa
tly to the modules of the series produ
tion, in
luding
abling, support stru
tures and read-out segmentation.The forward 
alorimeters (FCal) [12℄ 
over in ATLAS the region 3:1 < j�j <4:9. Starting about 4:7 m from the IP they are lo
ated within and 
on
entri
with the HEC. Ea
h end
ap is made of three modules, one behind the other,providing three depth segments. All modules have 
ylindri
al ele
trodes madeof a solid rod within a thin-walled tube. The gap between the rod and tube,maintained by a heli
ally-wound PEEK �ber, �lls with liquid argon. The gapsare small (0:250mm, 0:375mm and 0:500mm for FCAL1, FCAL2 and FCAL3,respe
tively) in order to avoid ex
essive 
harge-buildup of the slowly driftingpositive argon ions. The ele
trode axes run parallel to the beam over the depthof their respe
tive module. The ele
trodes are embedded in a matrix in anhexagonal array. The ele
trode rods, tubes, and matrix of the ele
tromagneti
module are made of 
opper. The next two modules are hadroni
 
alorimeters.Their ele
trode rods are solid tungsten, the tubes are 
opper, and the matrixis s
intered tungsten alloy. At ea
h end of these modules a 
opper plate holdsthe ele
trodes in pla
e.The FCal modules used in this beam test are engineering prototypes of theFCAL1 and FCAL2 ATLAS modules and are those used in the 1998 beamtests [8℄. Ea
h module is full-s
ale and nearly identi
al to the ATLAS mod-ules ex
ept they 
orrespond to �=2 �-sli
es. These were oriented so that the �
overage extended to ��=4 to the verti
al. For the �rst module the ele
trodesextend only over the � range �3 � �=16 leaving an uninstrumented se
tion of�=16 at ea
h � boundary. Be
ause no engineering prototype of the third mod-ule was available, a 
onventional liquid argon 
alorimeter with parallel 
opperplates as absorbers and 2mm double planar gaps was built (
old tail
at
her,CTC). The readout segmentation was 2�8 and 8�2 (in � and �) at ea
h gapto give stereos
opi
 position information. The eight double gaps were gangedin depth in the readout.Fig. 1 shows a s
hemati
 diagram of the set-up in ATLAS. In parti
ular thesupport stru
tures are shown as bla
k regions. In the beam test these stru
-tural parts have been realized in detail, ex
ept for the 
ryostat walls in frontof the whole set-up: here the ATLAS end
ap 
ryostat walls 
orrespond to 0:90radiation lengths ( XÆ) and the beam test 
ryostat walls to 0:31 XÆ. Of par-ti
ular importan
e is the proje
tive support in front of FCAL1 
entered at6
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Fig. 1. S
hemati
 diagram showing the transition in ATLAS from the EMEC andHEC 
alorimeters to the FCal 
alorimeter. All additional support stru
tures and
ryostat walls are shown as well (bla
k regions).
2.2 Warm Tail Cat
herA warm tail
at
her 
alorimeter (WTC) has been added in the beam test set-up to 
orre
t for residual longitudinal leakage due to the redu
ed longitudinal
overage of the HEC 
alorimeter (last longitudinal se
tion missing) with re-spe
t to ATLAS. The WTC is lo
ated immediately behind the 
ryostat and
onsists of steel plates interleaved with s
intillation 
ounters as a
tive ele-ments. In total four steel plates, ea
h 10 
m thi
k, 125� 125 
m2 in area andseparated by 5 
m, are used as absorber. The a
tive elements are six layers ofs
intillation 
ounters (1:27 
m thi
k), two layers in front of the �rst absorberplate and one layer immediately behind ea
h absorber plate. The �rst two lay-ers are stru
tured in six, all others in three s
intillation 
ounters with eitherhorizontal or verti
al orientation. The �rst two layers (verti
al and horizontalorientation) are intended to allow for 
orre
tions for the energy losses in the
ryostat wall. Ea
h s
intillation 
ounter is read out via a wavelength shifterbar with a photo-multiplier tube (PMT) at ea
h end. Thus a rather uniformresponse of the light 
olle
tion has been a
hieved. Studies using a wide muonbeam show that the uniformity in response a
hieved is typi
ally at the levelof �10 %. The normalization of ea
h PMT has been obtained using the muonresponse. 7



2.3 General Beam Test Set-upThe beam tests have been 
arried out in the H6 beamline at the CERN SPS,whi
h provides hadrons, ele
trons or muons in the energy range 6GeV � E �200GeV. The data have been taken in two run periods in 2004.Two operation modes of beams have been used, one with a narrow beam,typi
ally with a width � less than 1 
m, and the other one with a wide beamwith a width � of typi
ally a few 
ms. At the nominal impa
t points (seeFig. 8) either a grid of 1 
m has been s
anned around the 
enter with thenarrow beam or one data set has been taken with the wide beam. In ea
h 
asethe total statisti
s was kept at the same level. Thus potential lo
al dete
torvariations have been averaged, a parti
ularly important issue for the FCal (see[8℄).The general set-up with the most relevant beamline elements is illustrated inFig. 2. The parti
le trigger was based on the 
oin
iden
e of three s
intillation
W1, 2 

B1

BPC1, 2BPC3, 4
BPC5, 6 H

S2, 3

V

S1

B2

M1M2

TC
CRYOSTAT

EMEC
HEC

FCALFig. 2. S
hemati
 view of the general beam test set-up. Shown are the modulesin the 
ryostat as well as the beam instrumentation used: multiwire proportional
hambers (BPC), s
intillation 
ounters (S, B) and s
intillator walls (V, M1, M2)The beam moves from right to left.
ounters S1, S2 and S3, whi
h were in size 10�10 
m2 (S1, S2) and 7:5�7:5 
m2(S3). For the narrow beam option a smaller s
intillation 
ounter (2� 2 
m2),B2, 
ould be added to the 
oin
iden
e. The sele
tion of the narrow or widebeam option was done by the DAQ software on request from the operator. Aveto s
intillation 
ounter with a beam hole of 6 
m diameter was positionedright behind S1 to tag beam halo parti
les. To be able to adjust for the variousverti
al beam positions, these 
ounters - as well as the beam 
hambers - weremounted on a verti
ally movable table. In addition three s
intillator walls V,M1, M2 were used in the trigger sele
tion: the veto wall V was lo
ated rightin front of the 
ryostat, the muon trigger walls were behind the 
ryostat andbehind the beam dump of the H6 beamline. The M1 and M2 s
intillator wallswere separated by an iron wall. Muons are tagged using the 
oin
iden
e ofM1 and M2 signals. Up to beam energies of 80GeV the Cherenkov 
ounter8



was used for parti
le sele
tion. The data from the veto 
ounter, veto wall V,muon walls M1 and M2 and the Cherenkov 
ounter have only been re
ordedby the DAQ, but not used in a
tive trigger. Thus any bias in the data setshas been avoided, but the information has been used in the o�ine analysis tomake detailed unbiased studies of various issues su
h as beam 
ontamination,optimization of trigger sele
tion for di�erent beam 
onditions, and ba
kgroundstudies.The impa
t position and angle of beam parti
les were derived using hit infor-mation from 6 multiwire proportional 
hambers (BPC-1 - BPC-6), ea
h witha verti
al (y) and horizontal (x) read-out plane. The read-out was based on a
athode delay line s
heme, one for ea
h plane, i.e. 12 in total. The 
hamberswere positioned at three tra
king stations, with two x and two y planes perstation. The far station (BPC-1, BPC-2) with planes with 150 �m positionresolution were pla
ed next to the verti
al bending magnet, about 30 m up-stream of the 
ryostat. The se
ond station (BPC-3, BPC-4, 300 �m positionresolution) was about 19 m upstream of the 
ryostat, lo
ated on a se
ondverti
ally adjustable table. The last station (BPC-5, BPC-6, 150 �m positionresolution) was in front of the 
ryostat, at a distan
e of about 3 m, on thesame verti
ally movable platform as the trigger 
ounters.The gas used was a mixture of argon and CO2, the dete
tion eÆ
ien
y was al-most 100%. Ea
h plane had an analog amplitude measurement and two logi
aloutputs (two ends of delay line) for the position measurement via a CAMACTDC. The 
lose proximity of planes in ea
h station allowed 
onsisten
y 
he
ksredu
ing thus the e�e
t of delta-ele
trons on the position measurement. In ad-dition, the TDC 
he
ksum has been used at ea
h plane to ex
lude `multi tra
k'events.The positions of the BPC wire planes along the beamline were surveyed priorto the beam test. Tra
k �ts were performed separately in the x� z and y� zplanes. Average tra
k residuals 
al
ulated run-by-run for the full run periodare typi
ally below � 200 �m, in both 
oordinates. This tra
king system al-lowed determination of the parti
le impa
t angle with a pre
ision of � 10 �radand the impa
t point with a pre
ision of � 100 �m (at high energies). The
ombination of angular and position measurements allowed suppression of thebeam 
ontamination due to upstream s
attering of parti
les and improve alsothe e=� separation for se
ondary beam settings (e.g. high energy ele
trons).Finally, a s
intillation 
ounter B1 in front of two multiwire proportional 
ham-bers (W1, W2) with verti
al and horizontal planes per 
hamber having 1mmwire spa
ing triggered the read-out of these 
hambers independently of thebeam trigger and enabled thus detailed information on beam pro�les at larges
ale.The 
ryostat has an inner diameter of 2:50m and may be �lled with liquid9



argon (LAr) up to a height of 2:20m. It 
an be moved horizontally by �30 
mperpendi
ular to the beamline. The beamline verti
al bending magnet allowsverti
al de
e
tion of the beam by �25 
m at the front fa
e of the 
ryostat.In this beam region a 
ir
ular 
ryostat beam window of 60 
m diameter has aredu
ed wall thi
kness (5:5mm stainless steel). Thus an area of 60� 50 
m2 isavailable for horizontal and verti
al s
ans.The load in the liquid argon 
ryostat 
onsists of the inner se
tion of one EMECmodule (in � 1/8 of the full EMEC wheel), eight spe
ially 
onstru
ted frontwheel HEC modules (8/32 of the full wheel), eight purpose-built rear wheelHEC modules and the FCal modules. Constrained by the 
ryostat dimensionsthe depth of the rear wheel HEC modules was half of the ATLAS modules.Again, due to the limited spa
e available, the HEC modules were of redu
edradial size, 
overing the region of interest 2:1 < j�j < 3:2.The region available for verti
al (i.e. �) s
ans is rather limited due to the bend-ing power of the last magnet and the size of the 
ryostat window. Thereforedata have been taken in two run periods with di�erent verti
al positions ofthe 
ryostat: the 
ryostat position was lower by 13 
m in the �rst run period.In addition, a se
ond bending magnet (lo
ated just upstream of the �rst) hasbeen added for the se
ond run period.Fig. 3 shows a s
hemati
 of the set-up of the di�erent 
alorimeter modules (se
-ond run period). The beam enters through the 
ryostat window from right ata nominal position of y = 0 
m. Shown are the inner EMEC (front), the HECfront wheel and rear wheel modules as well as the FCal1 and FCal2 modules(below the HEC modules). In addition a 
old tail
at
her (CTC) is pla
ed rightbehind the last FCal module in order to measure any leakage beyond the FCal2module. In a similar way the energy leakage for the rear wheel HEC modules ismeasured in a warm tail
at
her (WTC) pla
ed outside the 
ryostat. The load-ing of the 
ryostat with the full assembly of all 
alorimeter modules is shownin Fig. 4. Seen is the EMEC module (right) with LAr ex
luders on top andbottom as well as the forward 
one (
old wall) of the FCal, whi
h in ATLASextends the tube to the front fa
e of the 
ryostat (below the EMEC, for de-tails see Fig. 1) and the HEC modules with the ele
troni
 boards on top. TheFCal modules are below the HEC, to a large extent hidden behind the supportframe stru
ture. Two LAr ex
luders are visible: on top of the EMEC modulethe ex
luder in front of the HEC modules, and on bottom the ex
luder in frontof the FCAL1. The exa
t positioning of the ex
luders in 
ombination with theresidual LAr adds some un
ertainty to the j�j dependen
e of the distributionof ina
tive material in front of the 
alorimeters. The restri
tions of the set-upin spa
e obviously have an impa
t on energy leakage beyond the a

eptan
e.The longitudinal energy leakage for pions depends on the beam energy andis typi
ally at the level of 2-4% (see se
tion Monte Carlo simulation se
tion4). This leakage 
an partially be re
overed using the tail 
at
her signals. The10
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Fig. 3. S
hemati
 view of the 
alorimeter set-up. Shown are the inner EMEC (front),the HEC, the FCal1 and FCal2 modules (below the HEC modules). In addition, the
old tail
at
her (CTC, behind FCAL2) and the warm tail
at
her (WTC, outside of
yostat) are shown as well.lateral leakage strongly depends on the impa
t point 
hosen, therefore a dire
t
omparison to MC simulation is essential for any 
on
lusions.Monitoring of the LAr purity and temperature is done as in previous beamtests. For details see e.g. [6℄.2.4 Read-out Ele
troni
s and Data A
quisitionThe blo
k diagram of the front-end and read-out ele
troni
s is shown in Fig. 5.The output signals of the HEC 
old ele
troni
s [11℄ as well as the raw signalsfrom the EMEC and FCal were fed to front-end read-out boards (FEB) outsidethe 
ryostat, where they are ampli�ed, shaped and sampled in time with theTTC 
lo
k. The samples are stored in the swit
hed 
apa
itor array of theFEB at a rate of 40MHz. The 
rate with the FEBs was dire
tly lo
ated onthe two related feedthroughs as in the ATLAS set-up. After arrival of the eventtrigger the sampling was stopped, the signals were digitized and transfered tothe read-out driver via a serial link. The read-out was performed by eightMINI-ROD modules, exploited previously for the EMEC tests [4℄ and FCALtests [8℄.The triggering and the syn
hronization of the eight FEBs, the eight MINI-RODs and the three 
alibration boards were done using the TTC-0 system asemployed in the EMEC tests (see e.g. [4,13℄). The MINI-ROD read-out wasbased on VME. A CAMAC 
rate was employed in the data a
quisition systemas well. This 
rate 
overed the read-out of the two TDC modules to get thetime di�eren
e between the event trigger and the 40 MHz ADC 
lo
k, as wellas the read-out of the `multi wire' proportional 
hambers and s
intillation11



Fig. 4. Loading of the 
ryostat: shown is the EMEC module (right) with the LArex
luders on top (in front of HEC1) and bottom (in front of the FCAL1) as wellas the 
old wall of the FCal (below the EMEC) and the HEC modules with theele
troni
 boards on top. The FCal modules are below the HEC and to a largeextent hidden behind the support frame stru
ture.
ounter registers. The VME 
rate was 
onne
ted via an opti
al link (Bit3) toa PC running under LINUX where all data have been monitored and �nallywritten to disk.2.5 CalibrationThe data are read-out every 25 ns as will be the 
ase during normal ATLASoperations. Typi
ally seven samples have been read-out with the �rst oneright on the baseline. Five samples have been used to re
onstru
t the signalamplitude. The signal amplitude has been re
onstru
ted using the optimal�ltering method [14{17℄ as foreseen for ATLAS and as tested in previousbeam tests [9℄. Some spe
ial runs with 32 samples have been taken to studysignal shapes in more detail.The hardware 
alibration system was as used as in previous runs (see e.g. [9℄).The 
alibration pulse is inje
ted dire
tly at the ele
trode read-out for the HEC,at the boards positioned at the module ba
kplane (motherboards) for the12
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Fig. 5. Blo
k diagram of the front-end and read-out ele
troni
s.EMEC and at the front-end 
rate for the FCal. Therefore somewhat di�erent
alibration pro
edures have been used for the three 
alorimeter systems. Fordetails of the EMEC and HEC pro
edures see [9℄ and of the FCal pro
edure(see [12℄).2.5.1 HEC 
alibrationFor the HEC, the 
alibration signal is input at the pad level, very 
losely tothe real signal input. To test the quality of the signal re
onstru
tion the wave-form was obtained by averaging the experimentally measured signal sampleswhi
h were divided by the signal amplitude AOF re
onstru
ted using the op-timal �ltering approa
h (OF) [15℄. The beam parti
les arrive asyn
hronouslywith respe
t to the 40 MHz 
lo
k, the relative phase is measured with a TDC.Therefore only a fra
tion of the pulses are sampled near the peak. The ex-pe
ted re
onstru
ted pulse height is de�ned to be that of an ideal 
ontinuouspulse passing through these samples. The quality of the signal re
onstru
tion
an be assessed by taking a large number of events with hits in a 
hannel,and plotting the average value of the sample in a given time bin normalizedevent-by-event to the re
onstru
ted pulse height. Be
ause this average pulseis re
onstru
ted for many pulses with di�erent sampling times, the 
ompleteaverage pulse 
an be re
onstru
ted with �ne time bins. This is shown in Fig. 6for a typi
al HEC 
hannel for pions of 200 GeV. The position and the valueof the maximum as indi
ated in the �gure are obtained from a paraboli
 �tin the region of the maximum. If the re
onstru
tion based on the optimal13



�ltering te
hnique works perfe
tly then the observed height of this normal-ized distribution should be unity. The waveform is shown for large signals(signal/�noise > 50) and small signals (5 � signal=�noise � 15) to demonstratethat the OF re
onstru
tion works equally well in both regions, i.e. for di�erent
ell positions in the hadroni
 shower. As 
an be seen, the maximum in both
ases is very 
lose to unity.
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Fig. 6. The measured signal in a typi
al HEC 
hannel for pions of 200 GeV. Shownare the measured signals (�ve time sli
es per event) relative to the re
onstru
tedamplitude using the optimal �ltering te
hnique. The waveform is shown for largesignals (signal/�noise > 50) and small signals (5 � signal=�noise � 15).
2.5.2 EMEC 
alibrationFor the EMEC the 
alibration signal is input at boards at the ba
k of themodule. The ratios of the measured and re
onstru
ted amplitudes have beenstudied for the EMEC 
hannels in a similar way as for the HEC 
hannels[16,17℄ (see above). Fig. 7 shows these ratios of the real amplitude relative tothe re
onstru
ted amplitude using the optimal �ltering te
hnique for di�erentEMEC 
hannels. The values are shown for large signals (signal/�noise > 50)and have been obtained (as explained in Fig. 6 for the HEC 
ase) for ele
tronsof 150 GeV. The RMS of the distribution is 1:5 %.14
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Fig. 7. The ratio of the real amplitude to the re
onstru
ted OF amplitude forele
trons of 150 GeV in several EMEC 
hannels. The RMS of the distribution is1:5 %.2.5.3 FCal 
alibrationFor the FCal, the 
alibration pulse is introdu
ed at the baseplane of the frontend 
rate far from the 
alorimeter ele
trodes. At the inje
tion point half of the
urrent pulse goes dire
tly to the warm preampli�er and is used to 
alibratethe ele
troni
s. The other half goes down the signal 
able, re
e
ts o� theele
trodes, and returns to the warm ele
troni
s well after the �rst half. Thisre
e
ted pulse provides diagnosti
 information for the 
old ele
troni
s 
hain.For those spe
ial 
alibration runs where 32 time samples have been read out,both halves of the 
alibration pulse have been re
orded. For the 
onventional
alibration runs with seven time samples only the dire
t pulse is seen.3 Data Analysis3.1 DataIn the two run periods more than 4000 runs have been taken with ele
trons,pions or muons in the energy range 6GeV � E � 200GeV with about 80million triggers in total. Energy s
ans have been taken at a standard set of15



impa
t points. In addition, horizontal and verti
al s
ans have been done at�xed parti
le energies. The distribution of impa
t points and s
an lines on thefront fa
e of the 
alorimeter is shown for the se
ond run period in Fig. 8. Theread-out stru
ture for the various 
alorimeters as well as the proje
tion of the
ryostat window on the 
alorimeter front fa
e are shown as well. The frequentlyused impa
t points D and H for the EMEC/HEC and FCal data 
orrespondto � = 2:8 and � = 3:65 in ATLAS. We fo
us in this paper on the ele
tron and
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Fig. 8. Position of the beam impa
t points and s
an lines on the front fa
e ofthe 
alorimeter. The squares indi
ate the region s
anned for the data taken at thenominal impa
t points. The lines indi
ate the horizontal and verti
al s
ans wherethe data have been taken at �xed energies.pion performan
e results in the EMEC/HEC and FCal regions. First resultsfrom the verti
al s
an 
overing the full 
ra
k region are given as well. Here it isonly relevant to 
ompare the data with MC simulation in order to verify thegeometry and ina
tive material distribution. Even in the restri
ted �du
ialregions the e�e
ts of the 
ra
k between the 
alorimeters are a�e
ting theperforman
e at a lower level. This is parti
ularly true for the pion data. In aforth
oming paper we will address the full energy re
onstru
tion in
luding thedead material 
orre
tions as foreseen in ATLAS [19℄. Throughout the paper16



the mean signal and the resolution � have been obtained from a Gaussian �tin the region of �2 RMS around the mean of the distribution.3.2 Signal Re
onstru
tionThe signal of the parti
le response has been re
onstru
ted using a number ofdi�erent approa
hes.To extra
t the basi
 information on the 
alorimeter performan
e a rathersimple approa
h has been 
hosen. Here one sums all signals around the impa
tpoint within a 
one R in �����. A 
ell is added to the 
luster if the distan
ebetween its 
enter and the bary
enter of the 
luster is less than or equalR. The 
luster �nding algorithm is 
onverging very fast, typi
ally not morethan 2-3 iterations are required. The 
one size has been varied, in parti
ularwhen going from ele
tron data to pion data. Obviously a larger 
one size addsmore noise to the signal but redu
es any out-of-
luster leakage. The �xed
one size allows also a straightforward noise subtra
tion for a given run, animportant issue when the noise is not 
onstant in time. In the 
one approa
hthe ele
tromagneti
 s
ale has been obtained normalizing the 
luster energyfor high energy ele
trons and 
one size R = 0:25 to the related beam energy.Whenever possible, the average for few impa
t points has been used.To 
ompare the 
one re
onstru
tion with more sophisti
ated noise suppressions
hemes also a variant with additional � 
uts has also been employed. Hereonly 
ells are kept where the signal is above some given threshold with respe
tto the 
ell noise expe
tation (�).An ele
tron re
onstru
tion using �xed size 
lusters based on 3x3 and 5x5 
ellshas been used as well and 
ompared with the 
luster re
onstru
tion basedon a given 
one size in �� ���. This method is widely used in ATLAS andallows a straightforward 
omparison to the results from previous EMEC beamtests (see e.g. [4℄). In this s
heme the �nal 
orre
tions due to the residual �variation and � modulations as well as the out-of-
luster leakage as expe
tedfor ele
trons in the EMEC 
alorimeter have been taken into a

ount (seefollowing text). These 
orre
tions are at the level of 1� 2% and relevant onlyfor ele
trons. The ATLAS a

eptan
e for high pre
ision ele
tron and photonre
onstru
tion extends only up to j�j < 2:5, i.e. does not 
over the innerEMEC wheel.In a se
ond approa
h the signal re
onstru
tion has been done in a similar wayas foreseen for ATLAS to obtain more information on the �nally expe
tedperforman
e. Here a topologi
al 
luster re
onstru
tion, based on geometri
alinformation of neighbouring 
ells, is being used. This method starts with a seed
ell above some threshold with respe
t to the � of the 
ell noise level (n1). This17




enter is expanded in three dimensions adding neighbouring 
ells whi
h againare above a se
ond threshold level (n2). Clusters with 
ommon neighboursare merged and vi
e versa 
lusters with substru
ture may be split. Finallyperimeter 
ells above a third threshold (n3) are added. Thus the topologi
al
lustering is de�ned by three parameters (n1/n2/n3). In this method the signalsize is optimized with respe
t to the noise level on an event by event level. Thetopologi
al 
lustering is planned for use in ATLAS for the re
onstru
tion of thehadroni
 energy. Any noise subtra
tion, as required to extra
t the 
alorimeterperforman
e parameters, is not trivial, in parti
ular when the noise is not
onstant in time. A typi
al parameter set used in MC studies 
overing thefull � a

eptan
e in ATLAS is 6/3/3 � for ele
trons and 4/2/0 � for pions. Inparti
ular the parameter n1 is obviously a 
ompromise between noise redu
tionand signal loss.3.3 NoiseFor the HEC 
old ele
troni
s a prototype of the �nal low voltage system hasbeen used. It was noti
ed that the �lter at the output stage was not eÆ
ientenough to suppress the typi
al noise from the DC/DC 
onverter stage. TheHEC data therefore show a 
oherent noise with a typi
al frequen
y of 163 kHz.Looking at the phase di�eren
e between a referen
e 
hannel and all others itwas found that the phase di�eren
e is either 0 or �. Using this fa
t, a global �tfor all 
hannels has been 
arried out and the noise amplitude for all 
hannelshas been obtained.To 
orre
t the data, the phase di�eren
e for ea
h individual event has beendetermined using the sum of all HEC 
hannels (far from the beam impa
tpoint) taking into a

ount the relative phase di�eren
e of 0 or �. Thus a
orre
tion for this noise has been obtained.After 
orre
ting for these os
illations, additional, but substantially smaller,noise 
ontributions have been observed in the data. These were not 
onstantwith time, and were also partially 
oherent. During the time when 
alibra-tion data were taken, these additional noise 
ontributions were rather small.Therefore they were not immediately dete
ted. In order to properly a

ountfor this, the noise subtra
tion has been performed using random trigger eventssele
ted from the same runs as the physi
s data. For ea
h run 
lusters usingidenti
al read-out 
ells as used for the real data have been re
onstru
ted fromthe random trigger events.In a �rst step this approa
h has been tested. Using runs where the beamimpa
t point is far away, i.e. where the 
luster 
ontains empty 
ells only, thismethod 
an be tested by 
omparing the empty 
luster with the 
luster from18



random trigger events. For this test the list of 
ells used in the 
luster hasbeen kept �xed. Fig. 9 shows this 
omparison for a typi
al ele
tron 
one sizeof R = 0:15 for the EMEC. The larger statisti
 is obtained for the real events,the smaller for the random trigger events. The histogram shows the data, theline a �t to the data assuming a gaussian distribution. The noise distributionsagree rather well, obviously the mean is zero and the � values are 
lose withinerrors. A similar 
omparison for the same 
ells is shown in Fig. 10 but for a runin a di�erent run period. Again, the agreement between the noise distributionsis rather good, but they di�er substantially from the noise in Fig. 9. This shows
learly the time dependen
e of the noise performan
e.
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Fig. 9. Noise distribution (ele
tromagneti
 s
ale) in the EMEC for a 
one of sizeR = 0:15. The 
one has been re
onstru
ted from data where the beam impa
tpoint was far o� (large statisti
s) or 
onstru
ted from random trigger events (smallstatisti
s). The agreement is rather good.Based on these results the noise subtra
tion for the data has been done �nallyusing the exa
t list of read-out 
ells in a data 
luster for the next random trig-ger event in the same data �le. Thus for the noise estimate a 
lose 
orrelationto the real event with respe
t to time and a
tual 
luster is kept.Finally, Table 1 shows the typi
al noise, in MeV, at the appropriate ele
-tromagneti
 s
ale, for 
ells in the di�erent longitudinal se
tions of the three
alorimeter systems. Table 2 shows the 
orresponding mean re
onstru
tednoise, for a number of di�erent 
one sizes R. For the ele
tromagneti
 se
tionsof the EMEC and FCal, the noise is re
onstru
ted at the ele
tromagneti
 s
ale,19
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Fig. 10. Noise distribution (ele
tromagneti
 s
ale) in the EMEC for a 
one of sizeR = 0:15. The 
one has been re
onstru
ted from data where the beam impa
tpoint was far o� (large statisti
s) or 
onstru
ted from random trigger events (smallstatisti
s). The agreement is rather good.using 
one sizes appropriate for ele
tromagneti
 
lusters. The lower half of theTable shows the re
onstru
ted noise expe
ted for the re
onstru
tion of piondata. These use the larger 
one sizes more appropriate to hadroni
 re
onstru
-tion and sum over all longitudinal se
tions. These results, in GeV, have been
alibrated to the hadroni
 energy s
ale.Calorimeter se
tion Mean Cell Noise [MeV℄ expe
ted Cell Noise [MeV℄EMEC2 80 80EMEC3 60 60HEC0 200 190HEC1 280 250HEC2 460 420FCAL1 240 180FCAL2 370 315Table 1Example of typi
al mean 
ell noise (MeV) on the ele
tromagneti
 s
ale20



Calorimeter 
one R = 0:15 
one R = 0:25EMEC [GeV℄ 0.55 1.3FCal [GeV℄ 0.59 1.1
one R = 0:30 
one R = 0:40 
one R = 0:50EMEC/HEC [GeV℄ 4.2 5.6 7.1FCal [GeV℄ 3.1 4.6 6.7Table 2Example of mean noise (GeV) in typi
al 
one for ele
trons (R = 0:15 and R = 0:25)and hadrons (R = 0:30, R = 0:40 and R = 0:50). The energy is given on theele
tromagneti
 s
ale for ele
trons and on the hadroni
 s
ale for hadrons.4 MC SimulationOne of the goals of these beam test studies is to extra
t 
alibration 
onstantsfrom the beam test data and transfer them to the �nal ATLAS dete
tor.However, in ATLAS the �nal hadroni
 
alibration is driven by jets ratherthan single parti
les. Therefore the use of MC simulation and the validationof the MC in beam tests (see e.g. [18℄) is of utmost importan
e. The �rst stepin this pro
ess is the 
omparison of the data with MC simulation at the ele
-tromagneti
 s
ale. This s
ale is the basis for any hadroni
 
alibration (see e.g.[19℄) approa
h. Next in priority are studies of shower shape parameters and
u
tuations, whi
h might have an impa
t on hadroni
 weighting algorithms.Finally, given the rather limited a

eptan
e of the beam test set-up any en-ergy leakage needs to be understood prior to drawing 
on
lusions from the
omparison of the data with MC expe
tations.Previous studies were mainly devoted to a 
omparison of the data with MCin EMEC, HEC and FCal stand alone runs or in the EMEC/HEC 
ombinedset-up at lower �. The high � region is a�e
ted by di�erent read-out anddead material stru
tures and is studied in this beam test for the �rst time.In parti
ular with the detailed realization of the transition region at j�j = 3:2this beam test analysis allows for the �rst time a realisti
 
omparison of thedata with MC almost over the full a

eptan
e region 2:5 < j�j < 4:0.To 
ompare data with MC expe
tation the simulation 
ode GEANT 4 [20℄,version 7.1 has been used. Within this pro
ess the validation of the physi
smodels in GEANT 4 is one of the most important tasks. From the physi
slists for hadroni
 shower simulations available in GEANT 4 the physi
s listsQGSP-GN 2.6 and QGSP-BERTINI 2.6 have been used. The QGSP physi
slist is based on theory driven models: it uses the quark-gluon string modelfor intera
tions and a pre-equilibrium de
ay model for the fragmentation. The21



range threshold for produ
tion has been set to 30�m in general, irrespe
tiveof the material.One of the known short
omings of the QGSP-GN option is that the showersize is somewhat more 
ompa
t in the simulation than seen in the data (see[18℄). The QGSP-BERTINI option is expe
ted to in
rease the shower sizesomewhat in 
omparison to the QGSP-GN version and thus should give abetter des
ription of the shower shapes. Therefore both options have beenused for the study of the pion shower shape.

22



5 Ele
tron Results5.1 Ele
trons in EMEC/HEC Region5.1.1 �-dependent Corre
tionBe
ause of the EMEC geometry and the proje
tive high voltage (HV) se
tors,the ele
tron response varies with � [4℄. For the inner wheel (used in this set-up)there are two � regions with 
onstant HV: 2:5 < j�j < 2:8 and 2:8 < j�j < 3:2.To 
orre
t for the slope of the response inside HV se
tors an � dependent
orre
tion has been applied to ea
h read-out 
ell. A parameterization, whi
hhas been found to be optimal [4℄, isE
orr = E
ell � �1 + � � (�
ell � �0) (1)
where �0 is the 
enter of the related HV se
tor and � and � are free parameters.Given the relationship between high voltage, drift time and EMEC geometry,one expe
ts � to be in the range 0:4 � 0:5 and � should be 
lose to 1 (fordetails see [21℄). To obtain these parameters verti
al (i.e. �) s
ans of ele
tronsof 193 GeV and 119 GeV have been studied, using a 
one of R = 0:25. MCstudies show that the leakage outside this 
luster is negligible. The valuesobtained are � = 0:55 for both HV se
tors and � = 1:0 (1:04) for the low(high) � se
tion.These 
orre
tions have been applied to the data. Then the above �t has beenrepeated, but for a smaller 
one size (R = 0:15) just to 
ross
he
k the 
or-re
tions on a �ner � s
ale. If the 
orre
tion were perfe
t values of � = 0 and� = 1:0 are expe
ted. Be
ause of the small leakage outside the 
luster, thevalue of � obtained is slightly less than one whereas � is now 
ompatible with0 within errors. The results are un
hanged when varying either the ele
tronenergies or the x (i.e. �) position of the verti
al s
an. As an example Fig. 11shows the result for a verti
al s
an with ele
trons of 193 GeV . Shown is theresponse, after 
orre
tion for the � dependen
e, for the total 
luster energy.In addition at ea
h impa
t point all individual 
ell signals above 5% of thetotal signal are shown as well. This makes the 
ell boundaries in y evidentand shows the most prominent individual 
ontributions to the total signal.The shown 
ells belong obviously to two 
entral adja
ent � strips whi
h sharemost of the 
luster energy in an approximately equal ratio.23
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Fig. 11. Verti
al (i.e.�) s
an with ele
trons of 193 GeV de�ned by a EMEC 
onesize of R = 0:15. Shown is the response after 
orre
tion for the � dependen
e forthe total 
one energy. To 
ross
he
k the 
orre
tion, the �t has been repeated andthe �tted parameter � is indeed 
ompatible with 0 within errors. The parameter� is somewhat smaller than 1 - as would be expe
ted - due to the smaller 
onesize (R = 0:15 rather than R = 0:25) used. In addition at ea
h impa
t point allindividual 
ell signals above 5% of the total signal are shown.5.1.2 Linearity and Energy ResolutionThe response as fun
tion of energy has been studied for ele
trons in the EMECregion using a 
one size of R = 0:15 and R = 0:25 as mentioned above. To ob-tain the ele
tromagneti
 s
ale (see se
tion 3.2) the data have been normalizedto the beam energy at 119 GeV for the 
one size R = 0:25 and the average ofthe impa
t points D and E. Thus any 
ontribution due to noise is minimizedand the normalization not restri
ted just to one impa
t point. But any leakageof the ele
tron signal outside the 
one is for R = 0:25 negligible. Be
ause ofthe �nite size of the 
one, the energy depends on the exa
t impa
t point in� and �. The residual � 
orre
tion takes the signal variation with � within agiven 
ell into a

ount, as expe
ted from the ele
tri
 �eld variation with �.In addition, with respe
t to �, this e�e
t is 
onvoluted with sampling varia-tions due to the �-modulation of the EMEC absorbers. In a �rst step these
orre
tions have not yet been taken into a

ount (for details see following textfor 3x3 and 5x5 
ell re
onstru
tion). Fig. 12 shows the response as fun
tionof energy for these ele
tromagneti
 
lusters for the EMEC impa
t point D(
orresponding to j�j = 2:8, see Fig. 8). The size of the 
one is R = 0:15 or24



R = 0:25. The expe
tations from MC simulation are shown as well. For the
one size of R = 0:15 the leakage out of 
luster is � 4% at high energies. Thelinearity is well des
ribed by the MC, the deviations at low energies are to alarge extent due to the dead material in the beam in front of the a
tive EMEC
alorimeter, as expe
ted from and seen in MC simulations.
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Fig. 12. Energy dependen
e of the response to ele
trons with the impa
t pointin EMEC. Shown are the results for a 
one size R = 0:15 and R = 0:25. Theexpe
tations from MC simulations are shown as well.Similarly the energy resolution has been studied for ele
trons re
onstru
ted ina 
one as de�ned above. The results are shown in Fig. 13 after noise subtra
tionand 
ompared with MC expe
tations. The resolution has been parameterizedusing�(E)E = apE � b: (2)For the larger 
one option the data yield typi
ally a sampling term of a =(13:5 � 0:5)%pGeV and a 
onstant term b = (0:7 � 0:1)%. In general, theenergy resolution expe
ted from MC is somewhat better than seen in the data.This holds for both 
one sizes, parti
ularly at low energies. For the larger 
oneoption the MC predi
tion is approa
hing the data at higher energies. But forthe smaller 
one option the data yield a somewhat larger 
onstant term. Toallow 
omparison with previous beam test results an ele
tron re
onstru
tionusing �xed size 
lusters based on 3x3 and 5x5 
ells has been used. Here also25
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Fig. 13. Energy dependen
e of the energy resolution for ele
trons with the impa
tpoint in EMEC. Shown are the results for a 
one size of R = 0:15 and R = 0:25. Theexpe
tations from MC simulations are shown as well. Also shown are the results forthe 3x3 
luster re
onstru
tion where all higher level 
orre
tions are in
luded.further higher level 
orre
tions have been applied (for details see [4℄). After
orre
tion for the high voltage e�e
t, there is still a residual � modulationto be 
orre
ted. This 
orre
tion arises from the �nite 
luster size, and alsofrom residual lo
al high voltage e�e
ts due to the 
ompli
ated geometry ofthe dete
tor. If the modulation were only due to �nite 
luster size e�e
ts,the � modulation would be well �tted by a parabola. This is not the 
asehere, and the 
orre
tion has been 
omputed 
ell by 
ell by a third-degreepolynomial. This 
orre
tion amounts up to 2% lo
ally. After 
orre
tion of the� modulation, the � modulation due to the periodi
 stru
ture of the absorbershas to be 
orre
ted. This 
orre
tion has also been �tted � 
ell by � 
ell, usinga Fourier development of the reponse as a fun
tion of �. The e�e
t of the� modulation is smaller than the � modulation, amounting to less than 1%.After � and � 
orre
tions have been applied, the dispersion of the 
alorimeterresponse has been evaluated over 16 beam impa
t points in �, positioned atthe same �. This dispersion has been found to be 0:3%. In addition, it has been
he
ked that the response between di�erent � positions did not di�er by morethan 1%. These results ensure that the uniformity of the module is better than1%. The results are in good agreement with previous measurements [1,4℄.Fig. 14 shows the response as fun
tion of energy for these two modes (3x3 and5x5) of 
luster re
onstru
tion. The ele
tromagneti
 s
ale has been obtained by26



normalizing the re
onstru
ted energy to the beam energy averaging over thehigh energy data and many di�erent beam impa
t points. As out-of-
lusterleakage 
orre
tions are 
overed (see above), in both 
ases the linearity is verygood, ex
ept for the low energy where energy losses due to ina
tive materialin front of the 
alorimeter have to be taken into a

ount. The energy responsefor the larger 
one with R = 0:25 is rather similar. But applying a 3 � noise
ut in addition yields obviously larger signal losses at low energies.Finally the topologi
al 
luster re
onstru
tion, based on geometri
al informa-tion of neighbouring 
ells has also been used. For ele
tron re
onstru
tion anoptimized parameter set used frequently is 6/3/3 (�) [22℄. This set is typi-
al for the re
onstru
tion of high energy ele
trons, 
utting into the signal atthe perimeter of the 
luster with 3�. As we are dealing here with the ele
-tron re
onstru
tion in the forward region of ATLAS, the main emphasis is onthe re
onstru
tion of high energy parti
les. Fig. 14 also shows the responseas fun
tion of energy for the 6/3/3 
luster re
onstru
tion. The normalizationused is as dis
ussed above for the 
one of R = 0:25. The noise suppressionis rather e�e
tive and 
lose to that obtained in the 
one re
onstru
tion us-ing the 3 � noise 
ut. At energies below 100 GeVsignal losses are in
reasing.Nevertheless, the energy resolution is for this 
ase better than for the optionwith e. g. lower � 
uts. The energy dependen
e of the energy resolution usingthe topologi
al 
luster re
onstru
tion has been studied as well. The results areshown in Fig. 15. Here the topologi
al 
luster re
onstru
tion is 
ompared withother te
hniques, the noise is not subtra
ted. The 3x3 
luster method, whi
hin
ludes all higher level 
orre
tions, yields the best results. The topologi
al
luster re
onstru
tion as well as the 
one re
onstru
tion with 3 � noise 
utsin addition are only slightly worse. This holds also for a signal re
onstru
tionbased on a 
one of R = 0:17, whi
h for the 
one method gives the best resultswhen 
omparing with R = 0:15 or R = 0:25. The lines show the result of a �tusing the ansatz�(E)E = apE � b� 
E : (3)i.e. taking the noise 
ontribution (in GeV) via the term 
 expli
itly into a
-
ount. But as the noise is not 
onstant (see 
hapter 3.3), whi
h yields also avariation with energy, the �t is meant just to guide the eye rather than forthe extra
tion of the spe
i�
 energy resolution parameters.For the 3x3 
luster method the noise has been subtra
ted at ea
h energy pointsimilarly to the 
one approa
h. The results for the energy dependen
e of theenergy resolution are shown in Fig. 13 as well. The resolution has been againparameterized using equation (2). The data yield typi
ally a sampling termof a = (13:4� 0:1)%pGeV and a 
onstant term b = (0:0� 0:4)%. In the 3x3
luster method the higher level 
orre
tions are taken into a

ount. Evidently27
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Fig. 14. Energy dependen
e of the response to ele
trons with the impa
t point inEMEC. Shown are the results for 
lusters of �xed size 3x3 and 5x5 
ells where allhigher level 
orre
tions have been added. For 
omparison are shown also the resultsof 
one size R = 0:25 (see above) and applying a 3 � noise 
ut in addition. Theresults for topologi
al 
luster re
onstru
tion (6/3/3) are shown as well.this yields the best energy resolution at high energies, where these 
orre
tionsstart to get visible. At lower energies the resolution is similar to the 
oneapproa
h, where these 
orre
tions are ignored. The results are in agreementwith previous measurements [1,4℄.5.2 Ele
trons in FCal Region5.2.1 Linearity and Energy ResolutionThe response as fun
tion of energy has been studied for ele
trons in the FCal(impa
t point H) in a very similar way as in the EMEC. Again two di�erent
one sizes have been 
hosen to re
onstru
t the energy: R = 0:15 and R = 0:25.Fig. 16 shows the results for the data (full symbols) as well as MC expe
tations(open symbols). For the normalization the response at the highest energy andfor the 
one size R = 0:25 has been normalized to the beam energy. Again,the energy losses at low energy are due to the additional ina
tive materialpresent in front of the a
tive 
alorimeter as known from MC studies. The MCsimulation predi
ts, in parti
ular for low energies, a somewhat larger 
lusterresponse than seen in the data. But the deviations are rather small. The28
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Fig. 15. Energy dependen
e of the energy resolution for ele
trons with the impa
tpoint in EMEC without noise subtra
tion. Shown are the results for 
lusters of�xed size 3x3 and 5x5 
ells where all higher level 
orre
tions have been added. For
omparison are shown also the results of 
one size R = 0:25 (see above) and applyinga 3 � noise 
ut in addition. The results for topologi
al 
luster re
onstru
tion (6/3/3)are shown as well. The �t (lines) is meant just to guide the eye.leakage for the 
one size of R = 0:15 is � 5 % at high energies.The related energy resolution as fun
tion of energy and after noise subtra
-tion is shown in Fig. 17. The resolution has again been parameterized usingequation (2). For the larger 
luster size the data yield a sampling term ofa = (29:3� 0:7)%pGeV and a 
onstant term b = (3:0� 0:1)%. Redu
ing the
luster to R = 0:15 in
reases the 
onstant term slightly from 3:0% to 3:2%.The MC expe
tation yields a noti
eable worse resolution, giving a 
onstantterm of 3:8� 0:1 % and a sampling term of a = (30:7� 0:3)%pGeV for thelarger 
luster option. The results are 
omparable with previous measurements[8℄.Alternatively the topologi
al 
luster re
onstru
tion (see above) has been alsoused. Again, for ele
tron re
onstru
tion the parameter set 6/3/3 (�) has been
hosen as used frequently in previous MC studies [22℄. Fig. 18 shows the re-sponse as fun
tion of energy for the 6/3/3 
luster re
onstru
tion. For 
ompar-ison also the 
one method (R = 0:25) and the 
one method adding a simple3 � noise 
ut are shown. Clearly the topologi
al 
luster re
onstru
tion redu
esthe response at low energies. In general the topologi
al 
luster re
onstru
tion29
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Fig. 16. Energy dependen
e of the response for ele
trons with the impa
t pointin FCal. Shown are the results for a 
one size of R = 0:15 and R = 0:25. Theexpe
tations from MC simulations are shown as well (open points).follows 
losely the response using the 
one approa
h with the additional 3 �noise 
ut. Only at very low energies the redu
tion of the signal is substan-tially less than in the 
one approa
h with the additional 3 � noise 
ut (forE < 10 GeV below s
ale). The advantage of the topologi
al 
luster re
on-stru
tion is obviously the noise redu
tion without redu
ing the response toostrongly.Finally the energy dependen
e of the energy resolution has been analyzed forthe topologi
al 
luster re
onstru
tion in 
omparison with the 
one approa
h(R = 0:25) or 
one approa
h adding a 3 � noise 
ut. Again, the noise has notbeen subtra
ted (see EMEC results above). The results are shown in Fig. 19.Again, the lines show the result of a �t using the equation (3), i.e. taking thenoise 
ontribution expli
itly into a

ount. The �t is meant just to guide theeye (see above). The three methods yield rather similar results.5.3 Verti
al S
an with Ele
tronsDetailed verti
al s
ans with ele
trons reveal the �ne stru
ture of the transi-tion from the EMEC/HEC region to the FCal region. Details of the relatedenergy 
orre
tions for the losses due to the dead material will be dis
ussedin a forth
oming paper. Here the main issue is a 
ross-
he
k of the alignment30
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Fig. 17. Energy dependen
e of the energy resolution for ele
trons with the impa
tpoint in FCal. Shown are the results for a 
one size of R = 0:15 and R = 0:25. Theexpe
tations from MC simulations are shown as well (open points).of the various support stru
tures, LAr ex
luders and FCal support tube andforward 
one by 
omparing the data with MC simulation. As the simulation ofele
tromagneti
 showers are known to be very 
lose to reality, any deviationsfrom the data 
ould point to short
omings in the des
ription of the dead mate-rial present. For pions the a

eptan
e of the set-up is rather limited, thereforeany leakage e�e
ts or losses due to dead material need to be understood priorto drawing 
on
lusions about the quality of the hadroni
 simulation. Here the
orre
t geometri
al des
ription of the set-up is of utmost importan
e (see ver-ti
al s
an with pions, 
hapter 6.2). In addition, s
ans over larger areas yieldvital information on the homogeneity of the signal response within the givena

eptan
e.Fig. 20 shows the response for ele
trons of 193GeV when performing a verti
als
an at x = 0 
overing almost the full a

eptan
e. A 
one size of R = 0:15 hasbeen used. The energy normalization has been done as des
ribed in se
tion5.1.2 for the EMEC and 5.2.1 for the FCal. Shown is the total response aswell as the response in the main longitudinal se
tion of either the EMEC orFCal. The data are 
ompared with MC expe
tations using GEANT 4 QGSP-GN 2.6. The a

eptan
e edges of the FCal and EMEC are well reprodu
ed bythe MC simulation. This holds also for the transition region, although smallerdeviations in the 
ra
k region are visible. The small deviation of the data fromMC predi
tion at y � �115mm is due to a weak response of a single ele
troni
31
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Fig. 18. Energy dependen
e of the response to ele
trons with the impa
t point inFCal. Shown are the results for the topologi
al 
luster re
onstru
tion (6/3/3) in
omparison to the 
one approa
h with a 
one size of R = 0:25. Also shown is theresult when adding a 3 � noise 
ut for the 
one re
onstru
tion (for E < 10 GeVbelow s
ale).
hannel in the data. The �rst drop of the signal 
lose to y � �95 mm is dueto the 
old wall in front of the FCAL1 
entered at j�j ' 3:2 (for 
omparisonsee Fig. 1). The se
ond drop of the signal at y � �60 mm is �nally the 
rossover of the a

eptan
e boundaries of FCAL1 and EMEC.5.4 Dis
ussion of Ele
tron ResultsThe �rst 
hoi
e for the re
onstru
tion of isolated ele
trons and photons inATLAS will be based on the �xed size 
luster re
onstru
tion using 3x3 or5x5 
ells. An alternative is also in this 
ase the topo 
luster re
onstru
tion,whi
h yields similar results. The jet re
onstru
tion and hadroni
 
alibrationin ATLAS employs the topo 
luster re
onstru
tion as the essential �rst step.The important issues are here the optimal signal re
onstru
tion in presen
eof noise and pile-up, the identi�
ation of ele
tromagneti
 
lusters in the �rststep, and �nally the weighting s
heme to 
ompensate for the di�erent responseof ele
trons and hadrons in the ATLAS 
alorimeter. The validation of the fullhadroni
 
alibration in beam tests will be dis
ussed in a forth
oming paper.In the forward region of ATLAS, studied in this beam test, the ele
tron en-32
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Fig. 19. Energy dependen
e of the energy resolution for ele
trons with the impa
tpoint in FCal (without noise subtra
tion). Shown are the results for the topologi
al
luster re
onstru
tion (6/3/3) in 
omparison to the 
one approa
h with a 
one sizeof R = 0:25. Also shown is the result when adding a 3 � noise 
ut for the 
onere
onstru
tion. The �t (lines) is meant just to guide the eye.ergies are rather high. Also the pile-up and general noise are - in 
omparisonto the 
entral region - substantially higher. Therefore the topo 
luster re-
onstru
tion parameters 
hosen should be e�e
tive in the supression of thisba
kground, but on the other hand signal losses at low energies have to betaken into a

ount. The EMEC as well FCal data show that for energies above100 GeV these signal losses are minimal. In addition, the energy resolution isvery 
lose to the ideal situation when any noise 
ontributions are ignored.

33



  [mm]beamY
-200 -100 0 100

M
ea

n 
si

gn
al

 [
G

eV
]

0

50

100

150

200

FCAL1
EMEC 1
MC, FCAL1
MC, EMEC 1

Total
MC, Total

FCAL1
EMEC 1
MC, FCAL1
MC, EMEC 1

Total
MC, Total

Fig. 20. Energy response for ele
trons of 193 GeV when performing a verti
al s
an
overing almost the full a

eptan
e. Shown is the total response as well as theresponse in the main longitudinal se
tion of either the EMEC or FCal. The dataare 
ompared with MC expe
tations.
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6 Pion Results6.1 MC Expe
tations for Pions in ATLAS on Ele
tromagneti
 S
alePrevious studies in beamtests have been 
arried out at lower j�j values, e.g. at1:6 < j�j < 1:8 (see [6℄,[9℄). This beamtest has been done for a higher j�j region.The e�e
t of the `
ra
k' region at j�j = 3:2 starts to be visible for pions alreadywhen approa
hing this region. Fig. 21 shows the MC predi
tion (GEANT 4QGSP-GN 2.6) for the variation in response (at the ele
tromagneti
 s
ale)with j�j for 200 GeV pions. Shown are the expe
tations for two di�erent 
onesizes R in �� � ��. The impa
t point D, used to study the EMEC/HECregion, 
orresponds to an impa
t point in ATLAS of j�j = 2:8. The lo
alvariations are partially due to the �ne stru
ture of the 
alorimeter (tie rodset
.). Beyond j�j = 2:7 the response starts to drop due to energy losses inthe dead material. In 
onsequen
e, the energy resolution is a�e
ted as well.Fig. 22 shows the MC predi
tion of the variation of the energy resolution �(E)Eof 200 GeV pions with j�j. Again, beyond j�j = 2:7 the resolution starts toworsen from typi
ally �(E)E = 8% to �(E)E = 10% at j�j = 2:8 (point D) and to�(E)E = 15% at j�j = 3:0.
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Fig. 21. Response to 200GeV pions in ATLAS on the ele
tromagneti
 s
ale. Shownis the variation of the MC expe
tation with j�j for 
one sizes of R = 0:3 and R = 0:4.35
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Fig. 22. Energy resolution of 200GeV pions in ATLAS on ele
tromagneti
 s
ale.Shown is the variation of the MC expe
tation with j�j for a 
one size of R = 0:3and R = 0:4.6.2 Verti
al S
an with PionsAs was the 
ase for ele
trons, a verti
al s
an of the response to pions 
an revealthe �ne stru
ture of the hadroni
 
alorimeters of the set-up. But in 
ontrast toele
trons, here both the ele
tromagneti
 s
ale as well as the hadroni
 showersize (longitudinal and transverse) are subje
t to larger un
ertainties in simula-tions. On the other hand any deviations of the data from MC expe
tations inthis set-up with di�erent absorber materials and rapidly 
hanging transitions,
an give important feed-ba
k to MC simulation parameters and algorithms.Figs. 23 and 24 show the response on the ele
tromagneti
 s
ale for pions of200 GeV. Shown are the data (full symbols) as well as the expe
tations fromMC (open symbols, GEANT 4 QGSP-GN 2.6). This verti
al s
an has beendone at a horizontal position of x = �60 mm to avoid the small intermodulegap of the HEC at x = 0 mm. Fig. 23 shows the response in the di�erentlongitudinal se
tions of the EMEC (EMEC1 and EMEC2) as well as the totalresponse in the ele
tromagneti
 se
tions FCAL1 and EMEC. Fig. 24 shows the
orresponding results for the longitudinal se
tions in the HEC (HEC1, HEC2and HEC3) as well as the total response in the hadroni
 se
tions FCAL2 andHEC. For the pion energy re
onstru
tion a 
one size of R = 0:30 has beenused. Larger 
one sizes would start to enhan
e a

eptan
e boundary e�e
ts in
omparison to the dire
t energy losses in the 
ra
k region. Be
ause the main36



fo
us is here on a 
ross 
he
k of the 
orre
t geometry in MC simulation, thesmaller 
one size follows somewhat 
loser the material variation in the 
ra
kregion. On the other hand the 
one size of R = 0:30 is large enough to 
ol-le
t a substantial part of the total pion response and thus enables a pre
ise
omparison of the data with MC simulation.In general, the MC predi
ts a larger signal in the ele
tromagneti
 se
tions anda smaller one in the hadroni
 se
tions 
ompared to the data. This is a wellknown problem in the GEANT 4 QGSP and QGSP-GN simulations, yieldingsomewhat more 
ompa
t hadroni
 showers than seen in the data. Ex
ept forthis overall s
ale fa
tor, the MC shows a rather good agreement with the data,in parti
ular for the details of the response when passing the 
ra
k region. Thevariation of the HEC response at y � 140 mm is due to the HEC tierods.
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Fig. 23. Energy response on the ele
tromagneti
 s
ale for pions of 200 GeV whenperforming a verti
al s
an 
overing almost the full a

eptan
e. Shown is the responsein the total ele
tromagneti
 part, FCAL1 and EMEC, as well as in the two mainlongitudinal se
tions of the EMEC. The data (full symbols) are 
ompared with MCexpe
tations (open symbols, GEANT 4 QGSP-GN). For the energy re
onstru
tiona 
one size of R = 0:30 has been used.Finally Fig. 25 shows the total signal as well as the total response in the relatedele
tromagneti
 and hadroni
 se
tions of the 
alorimeter. Again, for the energyre
onstru
tion a 
one size of R = 0:30 has been used. The total response inthe EMEC/HEC and FCAL region is typi
ally 145 GeV on ele
tromagneti
s
ale, yielding an e�e
tive e=� ratio for this 
ombined set-up of about 1:38.37
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Fig. 24. Energy response on the ele
tromagneti
 s
ale for pions of 200 GeV whenperforming a verti
al s
an 
overing almost the full a

eptan
e. Shown is the re-sponse in the total hadroni
 part, FCAL2 and HEC, as well as in the individuallongitudinal se
tions of the HEC (HEC1, HEC2, HEC3). The data (full symbols)are 
ompared with MC expe
tations (open symbols, GEANT 4 QGSP-GN). For theenergy re
onstru
tion a 
one size of R = 0:30 has been used.The signal losses in the 
ra
k are typi
ally at the level of 20%.In general, the response on the ele
tromagneti
 s
ale for 200 GeV pions isreprodu
ed by the MC simulation reasonably well, but with some deviationswhen 
omparing details in the longitudinal stru
ture. Partially this 
ould beexplained by a too 
ompa
t hadroni
 shower size in the MC, a well knowne�e
t observed also in earlier beam tests (see e.g. [18℄).6.3 Pions in EMEC/HEC Region6.3.1 Response on Ele
tromagneti
 S
aleThe response as fun
tion of energy has been studied for pions in theEMEC/HEC region using energy deposits on ele
tromagneti
 s
ale withina 
one of R = 0:3 and R = 0:5. Fig. 26 shows the response as fun
tion ofenergy for the impa
t point D (
orresponding to j�j = 2:8). The expe
tationsfrom MC simulations are shown as well. The data for the smaller 
one size aresomewhat below the MC expe
tations (open points), in parti
ular at low ener-38
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Fig. 25. Energy response on the ele
tromagneti
 s
ale for pions of 200 GeV whenperforming a verti
al s
an 
overing almost the full a

eptan
e. Shown is the totalsignal as well as the related response in the total ele
tromagneti
 and hadroni
se
tions of the 
alorimeter. The data (full symbols) are 
ompared with MC expe
-tations (open symbols, GEANT 4 QGSP-GN). For the energy re
onstru
tion a 
onesize of R = 0:30 has been used.gies. For the larger 
one size the e�e
t is redu
ed. Part of the di�eren
e mightbe the rather 
ompa
t lateral shower size in GEANT 4 QGSP with respe
t tothe data, an e�e
t whi
h seems to be more pronoun
ed at low energies (seee.g. [18℄). For the larger 
one size the MC des
ribes the data reasonably wellat higher energies. The topologi
al 
luster re
onstru
tion for pions has been
ompared with the 
one method. For pion re
onstru
tion an optimized param-eter set used frequently is 4/2/0 (�). Fig. 27 shows the response as fun
tionof energy for the 4/2/0 
luster re
onstru
tion. The response is somewhat lessthan for the 
one approa
h (R = 0:5), but larger than using the 
one approa
hin 
ombination with a simple 2 � noise suppression. This is expe
ted, as in the4/2/0 
luster re
onstru
tion perimeter 
ells are kept without any additional� noise suppression.6.3.2 Energy Resolution using the `Ben
h Mark' Approa
hThe energy resolution for pions is a�e
ted by the di�erent and in addition en-ergy dependent response to pions in the di�erent 
alorimeter se
tions, mainlydue to the di�erent absorber materials in use. Thus any di�eren
e in longitu-dinal shower shape between data and MC will immediately lead to a di�eren
e39
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Fig. 26. Energy dependen
e of the response to pions with the impa
t point in EMECusing the ele
tromagneti
 s
ale. The energy has been re
onstru
ted within a 
oneof R = 0:3 and R = 0:5 respe
tively. The expe
tations from MC simulations (openpoints) are shown as well.in resolution. This e�e
t would be even more pronoun
ed when energy leakageneeds to be taken into a

ount due to the limited a

eptan
e. Therefore wetried to 
ompare the data with MC simulations using the 'ben
h mark ap-proa
h', where one 
alibration 
onstant per longitudinal se
tion and energyis used, rather than one overall 
alibration 
onstant at ea
h energy as donein the HEC stand alone beam tests (for details see [6℄). This 
alibration 
on-stant has been obtained by minimizing the energy resolution for ea
h energypoint. Again, for the energy re
onstru
tion a 
one of R = 0:3 and R = 0:5 hasbeen assumed. For the EMEC se
tions these 
alibration 
onstants are ratherenergy independent. For the HEC1 and HEC2 se
tions they follow the weakenergy dependen
e of the e/� ratio in HEC. The HEC3 se
tion is in additionsensitive to longitudinal energy leakage and this is re
e
ted in a slowly rising
alibration 
onstant with energy. Fig. 28 shows the energy resolution as fun
-tion of energy for the impa
t point D. The expe
tations from MC simulations(open points) are shown as well. The noise has been subtra
ted. The energyresolution expe
ted from the MC simulation (GEANT 4 QGSP-BERTINI) isin rather good agreement for the higher energies and for the larger 
one, but atlow energies is somewhat better than what is seen in the data. The resolutionhas been parameterized using equation (2). The data for the 
one size R = 0:5yield typi
ally a sampling term of a = (88� 5)%pGeV and a 
onstant termb = (6:8 � 0:4)% whereas the MC expe
tations are a = (72 � 1)%pGeV40
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Fig. 27. Energy dependen
e of the response to pions with the impa
t point in EMECusing the ele
tromagneti
 s
ale. The energy has been re
onstru
ted using the topo-logi
al 
luster re
onstru
tion (4/2/0 �) and 
ompared with a 
one re
onstru
tion(R = 0:5). For 
omparison also the 
one re
onstru
tion with an additional 2 � noisesuppression 
ut is shown as well.and b = (7:5 � 0:1)% respe
tively. The di�eren
es in the terms obtained arelargely driven by the somewhat di�erent energy dependen
e, yielding a bet-ter resolution for the MC at low energies, but being in agreement with thedata at high energies. Finally the energy dependen
e of the energy resolutionusing the topologi
al 
luster re
onstru
tion has also been studied. The noisehas been not subtra
ted for these studies. Fig. 29 
ompares the result for thetopologi
al 
luster re
onstru
tion with the 
one re
onstru
tion (R = 0:5) withand without the appli
ation of a 2 � noise 
ut. Again, the �t to equation (3)using the sampling, 
onstant and noise term, is meant just to guide the eyerather than extra
t the spe
i�
 energy resolution parameters. The topologi
al
luster re
onstru
tion yields an optimal energy resolution for almost the wholeenergy range, ex
ept for the very low energies. Here it is slightly worse thanthe 
one approa
h with the simple noise suppression (2 � 
ut) added.6.3.3 Longitudinal Shower ShapeThe longitudinal shower shape has been studied for pions with the impa
tpoint in EMEC. The 
luster energy, using the ele
tromagneti
 s
ale, has beenre
onstru
ted within a 
one of R = 0:5 for the various energies. Fig. 30 shows41
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Fig. 28. Energy dependen
e of the energy resolution for pions with the impa
t pointin EMEC using the ben
h mark approa
h. Here one 
alibration 
onstant per lon-gitudinal se
tion has been determined from a �t minimizing the energy resolution.The energy has been re
onstru
ted within a 
one of R = 0:3 resp. R = 0:5. Theexpe
tations from MC simulations (open points) are shown as well.the 
omparison of the data (full symbols) with the MC predi
tion (open sym-bols) using GEANT 4 with the QGSP-BERTINI (QGSP-GN yields rathersimilar results) physi
s list. In general the MC predi
tion is 
lose to the data,ex
ept for some larger energy deposits in the main longitudinal EMEC se
-tion (EMEC1) and slightly smaller energy deposits in HEC 1 and HEC 2. Thismight be again a hint of the too 
ompa
t shower size in GEANT 4 QGSP withrespe
t to the data.6.3.4 Lateral Shower ShapeThe lateral shower shape has been studied using a horizontal s
an with pionsat 60 GeV (see Fig. 31). Shown is the energy in individual � wedges of �� =0:2, integrated in � and summed for the EMEC and HEC 
alorimeters. Atea
h pion impa
t point the eight 
ontributing signals (8 � wedges) using theele
tromagneti
 s
ale have been studied, two of them are rather small. The sixmost relevant signals are shown for the data (solid points) and MC predi
tion(open points) using GEANT 4 with the QGSP-BERTINI physi
s list. Thesymmetry between left and right signal response is slightly violated be
auseone 
hannel with a weak response 
lose to x = 40 mm lowers the response42
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Fig. 29. Energy dependen
e of the energy resolution for pions with the impa
t pointin EMEC using the ben
h mark approa
h. Here one 
alibration 
onstant per longi-tudinal se
tion has been determined from a �t minimizing the energy resolution atea
h energy point. The energy has been re
onstru
ted using the topologi
al 
lusterre
onstru
tion (4/2/0 �) and 
ompared with a 
one approa
h for R = 0:5. Alsoshown is the result using the 
one 
luster re
onstru
tion and applying a 2 � noisesuppression in addition. The �t (lines) is meant to guide the eye only.in this region. In MC this e�e
t has been taken into a

ount. In general theMC predi
tion des
ribes the data well, but deviates somewhat from the datain the region of the weak 
hannel.To better display the details of the shower shape, Fig. 32 shows the same dataon logarithmi
 s
ale but now for all eight signals. Small deviations of the MCpredi
tion from the data are getting visible on the next-to-next � wedge signalsand beyond (MC above data). But these di�eren
es are still at a moderatelevel for the QGSP-BERTINI physi
s list. This is not so when 
omparing thedata with the GEANT 4 physi
s list QGSP-GN: here indeed the deviationsare somewhat larger yielding a more 
ompa
t lateral shower distribution.
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Fig. 30. Longitudinal shower shape for pions with the impa
t point in EMEC usingthe ele
tromagneti
 s
ale. Shown is the average 
luster energy within a 
one ofR = 0:5 for the various longitudinal se
tions of the EMEC and HEC as fun
tionof energy. The data (full symbols) are 
ompared with the MC predi
tion (opensymbols).
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Fig. 31. Lateral shower shape for pions at 60 GeV. Shown is the energy in individual� wedges of �� = 0:2, integrated in � and summed for the EMEC and HEC
alorimeters. At ea
h pion impa
t point the six relevant 
ontributing signals usingthe ele
tromagneti
 s
ale are shown for the data (solid points) and MC predi
tion(GEANT 4 QGSP-BERTINI, open points).
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Fig. 32. Lateral shower shape for pions at 60 GeV (logarithmi
 s
ale). Shown is theenergy in individual � wedges of �� = 0:2, integrated in � and summed for theEMEC and HEC 
alorimeters. At ea
h pion impa
t point the eight 
ontributingsignals using the ele
tromagneti
 s
ale are shown for the data (solid points) andMC predi
tion (GEANT 4 QGSP-BERTINI, open points).
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6.4 Pions in FCAL Region6.4.1 Response on Ele
tromagneti
 S
aleThe energy dependen
e of the pion response has also been studied in the FCalregion, �rst using 
one re
onstru
tions with R = 0:3 and R = 0:5, at theele
tromagneti
 s
ale. Fig. 33 shows the response as fun
tion of energy for theimpa
t point H in the FCal (see Fig. 8). The expe
tations fromMC simulations(open points) are shown as well. At lower energies the MC predi
ts somewhatmore energy in a given 
one R, but the agreement at higher energies is prettygood. For the larger 
one size the e�e
t is redu
ed. The dis
repan
y at lowenergies might be again a 
onsequen
e of the 
ompa
t showersize in GEANT4with the QGSP physi
s list (see e.g. [18℄) . The results of the topologi
al
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Fig. 33. Energy dependen
e of the response to pions with the impa
t point in FCalusing the ele
tromagneti
 s
ale (normalized to beam energy). The energy has beenre
onstru
ted within a 
one of R = 0:3 and R = 0:5. The expe
tations from MCsimulations (open points) are shown as well.
luster re
onstru
tion for pions have been 
ompared with those obtained usingthe 
one re
onstru
tions. Again the optimized parameter set 4/2/0 � wasused. Fig. 34 shows the response as fun
tion of energy for the 4/2/0 
lusterre
onstru
tion. Again, as in the EMEC/HEC region, the response is somewhatlower than for the 
one approa
h (R = 0:5), parti
ularly at low energies. Butfor all energies it is larger than the 
one approa
h in 
ombination with a simple2 � noise suppression 
ut, as expe
ted (see pions in the EMEC/HEC region,47




hapter 6.3.1.).
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Fig. 34. Energy dependen
e of the response to pions with the impa
t point in FCalusing the ele
tromagneti
 s
ale. The energy has been re
onstru
ted using the topo-logi
al 
luster re
onstru
tion (4/2/0 �) and 
ompared with the 
one re
onstru
tion(R = 0:5). For 
omparison also the 
one re
onstru
tion with an additional 2 � noisesuppression 
ut is shown as well.6.4.2 Energy Resolution using the Ben
h Mark Approa
hAs for pions in the EMEC/HEC region the data have been 
ompared with MCsimulations using the 'ben
h mark' approa
h, where one 
alibration 
onstantper longitudinal se
tion is used. This 
alibration 
onstant has been obtainedby minimizing the energy resolution for ea
h energy point (see pions in theEMEC/HEC region, 
hapter 6.3.2). Again, for the energy re
onstru
tion 
onesof R = 0:3 and R = 0:5 have been assumed. For the two FCal se
tions the
alibration 
onstants follow the weak energy dependen
e of the e/� ratio inFCAL1 and FCAL2. Fig. 35 shows the energy resolution (full points) as fun
-tion of energy for the impa
t point H. The expe
tations from MC simulations(open points) are shown as well. The noise has been subtra
ted. The energyresolution expe
ted from the MC simulation (GEANT 4 QGSP-BERTINI)is rather 
lose to the data at high energies. Again, at low energies the MCpredi
tion is somewhat better than what is seen in the data. The resolu-tion has been parameterized using equation (2). The data yield for the larger
one size R = 0:5 typi
ally a sampling term of a = (98:5 � 4:0)%pGeV48



and a 
onstant term b = (6:4 � 0:4)% whereas the MC expe
tations givea = (74:9� 1:2)%pGeV and a 
onstant term b = (7:7� 0:1)%. Again, as wasthe 
ase for the EMEC/HEC, the di�eren
e in the terms is largely driven bythe somewhat di�erent energy dependen
e, yielding a better resolution for theMC at low energies, but being in agreement with the data at high energies.The results obtained are 
omparable to those obtained in the FCal beam test[8℄.

 [GeV]beamE
0 50 100 150 200

re
co

) 
/ E

re
co

(Eσ

0

10

20

30
E  2.78)/± ( 106. ⊕ 0.235) ±R=0.30:  ( 9.13 

E  4.04)/± ( 98.5 ⊕ 0.403) ±R=0.50:  ( 6.37 

E   1.5)/± ( 89.2 ⊕ 0.144) ±MC, R=0.30  ( 9.85 

E   1.2)/± ( 74.9 ⊕ 0.123) ±MC, R=0.50  ( 7.65 

Fig. 35. Energy dependen
e of the energy resolution for pions with the impa
t pointin FCal, using the `ben
h mark' approa
h. Here one 
alibration 
onstant per lon-gitudinal se
tion has been determined from a �t minimizing the energy resolution.The energy has been re
onstru
ted within a 
one of R = 0:3 and R = 0:5. Theexpe
tations from MC simulations (open points) are shown as well.The energy dependen
e of the energy resolution using the topologi
al 
lusterre
onstru
tion has also been studied. The noise has not been subtra
ted forthese studies. Fig. 36 
ompares the result for the topologi
al 
luster re
on-stru
tion with the 
one re
onstru
tion (R = 0:5) and the 
one re
onstru
tionapplying a 2 � noise suppression in addition. Again, the �t to equation (3)using the sampling, 
onstant and noise term, is meant just to guide the eyerather than extra
t the spe
i�
 energy resolution parameters. Again the topol-gi
al 
luster re
onstru
tion yields an optimal energy resolution for almost thewhole energy range 
overed, ex
ept for the very low energies. This holds alsowhen adding the additional simple noise suppression (2 � 
ut) to the normal
one re
onstru
tion (R = 0:5). 49
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Fig. 36. Energy dependen
e of the energy resolution for pions with the impa
tpoint in FCal using the ben
h mark approa
h. Here one 
alibration 
onstant perlongitudinal se
tion has been determined from a �t minimizing the energy resolutionat ea
h energy energy point. The energy has been re
onstru
ted using the topologi
al
luster re
onstru
tion and 
ompared with the 
one approa
h (R = 0:5) and the 
oneapproa
h with the additional noise suppression (2 �).6.5 Dis
ussion of Pion ResultsThe high granularity of the ATLAS 
alorimeter and the large number of ex-pe
ted parti
les per event require a 
lustering algorithm that is able to sup-press noise and pile-up eÆ
iently. Therefore the topo 
luster re
onstru
tion isthe essential �rst step in the hadroni
 
alibration. The identi�
ation of ele
tro-magneti
 
omponents within a hadroni
 
luster using 
luster shape variablesis the next step in the hadroni
 
alibration pro
edure. Finally the energy den-sity of individual 
ells is used to assign the proper weight to 
orre
t for theinvisible energy deposits of hadrons due to the non-
ompensating nature ofthe ATLAS 
alorimeter and to 
orre
t for energy losses in material non in-strumented with read-out (e.g. the 
ra
k in the region j�j � 3:2 studied in thisbeam test). The validation of the full hadroni
 
alibration in beam tests willbe dis
ussed in a forth
oming paper.The weighting s
heme employs the energy density in individual 
ells. Thereforethe validation of the MC simulation, whi
h is used to de�ne the weighting pa-rameters and energy 
orre
tion algorithms, is an essential step in the hadroni
50




alibration pro
edure. In previous beam test studies (see e.g. [6{9,18℄) detailed
omparisons of the data with GEANT 3 and GEANT 4 simulations have been
arried out. From the various options available, the GEANT 4 QGSP physi
slist turned out to give the best des
ription of the data. But the agreement wasstill far from being optimal. In parti
ular the predi
ted hadroni
 shower sizewas too 
ompa
t when 
ompared with data.In this analysis we 
ompared the data with GEANT 4 QGSP expe
tations, butmoved on to more re
ent physi
s lists like QGSP-BERTINI. Indeed, GEANT 4QGSP-BERTINI yields a better des
ription of the hadroni
 shower, redu
ingthe previous short
omings of the QGSP physi
s list substantially. But in bothregions, EMEC/HEC and FCAL, some residual di�eren
e between simulationsand data is still visible: the longitudinal and lateral shower shapes point to astill somewhat more 
ompa
t hadroni
 shower in MC simulations, eventhoughthe di�eren
e is by far not so large as seen previously with GEANT 4 QGSPsimulations. Also the signal response within a given 
one is at low energieslarger in MC simulations than seen in the data. A smaller 
one size enhan
esthis e�e
t even more. Again, this is seen in the EMEC/HEC as well as theFCal region, pointing on
e more to the di�erent hadroni
 shower size in MCsimulations. With more energy leaking out of the 
one in the data with respe
tto MC simulations, one would expe
t some dis
repan
y in energy resolutionat low energies. This is indeed observed, again for the EMEC/HEC as well asthe FCal region.A further 
omparison of the pion data with GEANT 4 simulation, using alsodi�erent physi
s lists, will be done in a forth
oming paper.
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7 Con
lusionsThe region of the ATLAS end
ap (EMEC/HEC) and forward (FCal) 
alorime-ters in the pseudorapidity range 2:5 < j�j < 4:0 has been studied in beamtest runs with ele
trons and pions. The performan
e of the EMEC/HEC aswell FCal for ele
trons and pions has been assessed. The results have been
ompared in detail with MC simulations (GEANT 4). In general, the datashow agreement with MC predi
tions at higher energies. At low energies theGEANT 4 physi
s list QGSP-GN predi
ts a somewhat larger pion response(at the ele
tromagneti
 s
ale), 
oupled with a better energy resolution andmore 
ompa
t shower size than seen in the data. Here QGSP-BERTINI yieldsa better agreement, in parti
ular for the shower shape. Based on these results,previous studies on the performan
e of pion and jet re
onstru
tion in ATLASare substantiated. The full validation of the ATLAS 
alorimeter re
onstru
tionsoftware will be subje
t of a forth
oming publi
ation.A
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