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AbstratThe pseudorapidity region 2:5 < j�j < 4:0 in ATLAS is a partiularly omplextransition zone between the endap and forward alorimeters. A set-up onsistingof 1=4 resp. 1=8 of the full azimuthal aeptane of the ATLAS liquid argon endapand forward alorimeters has been exposed to beams of eletrons, pions and muonsin the energy range E � 200 GeV at the CERN SPS. Data have been taken inthe endap and forward alorimeter regions as well as in the transition region. Thisbeam test set-up orresponds very losely to the geometry and support strutures inATLAS. A detailed study of the performane in the endap and forward alorimeterregions is desribed. The data are ompared with MC simulations based on GEANT4 models. 3



1 IntrodutionMeasurements of the energy and diretion of eletrons, photons and jets are theprimary goal of the ATLAS alorimeter. In addition, missing transverse energyand partile identi�ation are key issues for the alorimeter performane. Inthe past, alibration runs in beam tests have been arried out for individualset-ups of the eletromagneti (EMEC) [1{5℄, hadroni endap (HEC) [6,7℄and forward alorimeters (FCal) [8℄, and more reently for ombined set-upsreeting the ATLAS detetor as losely as possible [9℄.This beam test in the partiularly diÆult forward region 2:5 < j�j < 4:0 (thetransition from the eletromagneti endap alorimeter EMEC and hadroniendap 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 detetor, not only with respet tothe alorimeter modules, but also with respet to the support strutures anddead material distribution. It should be stressed that the set-up reprodued theATLAS projetive geometry at one j�j point, but not over the entire j�j region.The beam was inident at an angle of 4:2Æ onto the fae of the alorimeters,orresponding to an average j�j of 3:2. This tilt angle, whih is orret onaverage but not for all j�j impat positions, has no major impat on thehadroni response. The performane of eletrons might be slightly a�eted.The goal of this study is to obtain the hadroni alibration in the forwardregion 2:5 < j�j < 4:0, inluding orretions for dead material e�ets. Theanalysis foused in partiular on1 On leave of absene from IP, Baku, Azerbaijan2 Supported by the TMR-M Curie Programme, Brussels3 Now at University of Wuppertal, Wuppertal, Germany4 Now at Fault�e de Physique, Universit�e des Sienes et de la Tehnologie HouariBoumedi�ene, Alger, Alg�erie5 deeased6 Also at KFKI, Budapest, Hungary, Supported by the MAE, the HNCfTD (on-trat F15-00) and the Hungarian OTKA (ontrat T037350)7 On leave of absene from JINR, Dubna, Russia8 On leave of absene from IHEP, Protvino, Russia9 Now at TRIUMF, Vanouver, Canada10On leave of absene from University of Podgoria, Montenegro, Yugoslavia11 Now at Max-Plank-Institut f�ur Physik, Munih, Germany12 also at TRIUMF, Vanouver, Canada13 Now at Rutherford Lab, Didot, United Kingdom14 Now at CERN, Geneva, Switzerland15 Now at ICEPP University of Tokyo, Tokyo, Japan16 Fellow of the Institute of Partile Physis of Canada4



(1) the interalibration onstants for and the performane of eletrons andpions in the energy range 6GeV < E < 200GeV in the EMEC/HEC andFCal regions;(2) a detailed omparison of eletron and pion data with simulation to allowextrapolations to jets and a validation of the simulation programs basedon the response to single partiles;(3) the energy orretions for eletrons and pions when rossing the `rak'between the two detetor regions;(4) the validation of the energy reonstrution in ATLAS using testbeamdata. Here the assessement of systemati e�ets is of importane.In this paper we over the �rst two topis, the last two will be disussed in aforthoming paper.2 Set-up, Read-out and Calibration2.1 Eletromagneti Endap, Hadroni Endap and Forward CalorimetersThe eletromagneti endap alorimeter (EMEC) [10℄ is a liquid argon (LAr)sampling alorimeter with lead as absorber material. One endap wheel isstrutured in eight azimuthal wedge-shaped modules. The aordion shapedkapton eletrodes and absorber plates are mounted in a radial arrangementlike spokes of a wheel, with the aordion waves running in depth parallel tothe front and bak edges of the module. The liquid argon gap between theabsorber plates inreases with the radius and the aordion wave amplitudeand the related folding angle varies as a funtion of the radius. To keep thevariation of the folding angle in a reasonable range, eah endap alorimeteronsists of two oaxial wheels: an inner and an outer setion overing a rangeof 1:375 < j�j < 2:5 and 2:5 < j�j < 3:2, respetively. The boundary betweenthese two wheels is projetive with the orresponding rak being about 3 mmwide. For this beam test a module of the inner wheel has been rebuilt usingleftover eletrodes available. Exept for the missing outermost eletrode inazimuth (�), it orresponds exatly to a module from the series prodution.The hadroni endap alorimeter (HEC) [6,7℄ is a liquid argon samplingalorimeter with at opper absorber plates, strutured longitudinally in twoseparate wheels. Longitudinally eah wheel has two read-out setions. Thethikness of the absorber plates is 25mm for the front wheel and 50mm forthe rear wheel. Eah 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-outstruture. 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 eletronis [11℄ is used in HEC.Due to the limitation in spae, a speial set of 8 front and 8 rear HEC moduleshas been built for this beam test. These had a redued 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 setions. But otherwise themodules orrespond exatly to the modules of the series prodution, inludingabling, support strutures 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 loated within and onentriwith the HEC. Eah endap is made of three modules, one behind the other,providing three depth segments. All modules have ylindrial eletrodes madeof a solid rod within a thin-walled tube. The gap between the rod and tube,maintained by a helially-wound PEEK �ber, �lls with liquid argon. The gapsare small (0:250mm, 0:375mm and 0:500mm for FCAL1, FCAL2 and FCAL3,respetively) in order to avoid exessive harge-buildup of the slowly driftingpositive argon ions. The eletrode axes run parallel to the beam over the depthof their respetive module. The eletrodes are embedded in a matrix in anhexagonal array. The eletrode rods, tubes, and matrix of the eletromagnetimodule are made of opper. The next two modules are hadroni alorimeters.Their eletrode rods are solid tungsten, the tubes are opper, and the matrixis sintered tungsten alloy. At eah end of these modules a opper plate holdsthe eletrodes in plae.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℄. Eah module is full-sale and nearly idential to the ATLAS mod-ules exept they orrespond to �=2 �-slies. These were oriented so that the �overage extended to ��=4 to the vertial. For the �rst module the eletrodesextend only over the � range �3 � �=16 leaving an uninstrumented setion of�=16 at eah � boundary. Beause 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 tailather,CTC). The readout segmentation was 2�8 and 8�2 (in � and �) at eah gapto give stereosopi position information. The eight double gaps were gangedin depth in the readout.Fig. 1 shows a shemati diagram of the set-up in ATLAS. In partiular thesupport strutures are shown as blak regions. In the beam test these stru-tural parts have been realized in detail, exept for the ryostat walls in frontof the whole set-up: here the ATLAS endap ryostat walls orrespond to 0:90radiation lengths ( XÆ) and the beam test ryostat walls to 0:31 XÆ. Of par-tiular importane is the projetive support in front of FCAL1 entered at6
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Fig. 1. Shemati diagram showing the transition in ATLAS from the EMEC andHEC alorimeters to the FCal alorimeter. All additional support strutures andryostat walls are shown as well (blak regions).
2.2 Warm Tail CatherA warm tailather alorimeter (WTC) has been added in the beam test set-up to orret for residual longitudinal leakage due to the redued longitudinaloverage of the HEC alorimeter (last longitudinal setion missing) with re-spet to ATLAS. The WTC is loated immediately behind the ryostat andonsists of steel plates interleaved with sintillation ounters as ative ele-ments. In total four steel plates, eah 10 m thik, 125� 125 m2 in area andseparated by 5 m, are used as absorber. The ative elements are six layers ofsintillation ounters (1:27 m thik), two layers in front of the �rst absorberplate and one layer immediately behind eah absorber plate. The �rst two lay-ers are strutured in six, all others in three sintillation ounters with eitherhorizontal or vertial orientation. The �rst two layers (vertial and horizontalorientation) are intended to allow for orretions for the energy losses in theryostat wall. Eah sintillation ounter is read out via a wavelength shifterbar with a photo-multiplier tube (PMT) at eah end. Thus a rather uniformresponse of the light olletion has been ahieved. Studies using a wide muonbeam show that the uniformity in response ahieved is typially at the levelof �10 %. The normalization of eah 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,whih provides hadrons, eletrons 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,typially with a width � less than 1 m, and the other one with a wide beamwith a width � of typially a few ms. At the nominal impat points (seeFig. 8) either a grid of 1 m has been sanned around the enter with thenarrow beam or one data set has been taken with the wide beam. In eah asethe total statistis was kept at the same level. Thus potential loal detetorvariations have been averaged, a partiularly important issue for the FCal (see[8℄).The general set-up with the most relevant beamline elements is illustrated inFig. 2. The partile trigger was based on the oinidene of three sintillation
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FCALFig. 2. Shemati view of the general beam test set-up. Shown are the modulesin the ryostat as well as the beam instrumentation used: multiwire proportionalhambers (BPC), sintillation ounters (S, B) and sintillator walls (V, M1, M2)The beam moves from right to left.ounters S1, S2 and S3, whih were in size 10�10 m2 (S1, S2) and 7:5�7:5 m2(S3). For the narrow beam option a smaller sintillation ounter (2� 2 m2),B2, ould be added to the oinidene. The seletion of the narrow or widebeam option was done by the DAQ software on request from the operator. Aveto sintillation ounter with a beam hole of 6 m diameter was positionedright behind S1 to tag beam halo partiles. To be able to adjust for the variousvertial beam positions, these ounters - as well as the beam hambers - weremounted on a vertially movable table. In addition three sintillator walls V,M1, M2 were used in the trigger seletion: the veto wall V was loated 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 sintillator wallswere separated by an iron wall. Muons are tagged using the oinidene ofM1 and M2 signals. Up to beam energies of 80GeV the Cherenkov ounter8



was used for partile seletion. The data from the veto ounter, veto wall V,muon walls M1 and M2 and the Cherenkov ounter have only been reordedby the DAQ, but not used in ative 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 suh as beam ontamination,optimization of trigger seletion for di�erent beam onditions, and bakgroundstudies.The impat position and angle of beam partiles were derived using hit infor-mation from 6 multiwire proportional hambers (BPC-1 - BPC-6), eah witha vertial (y) and horizontal (x) read-out plane. The read-out was based on aathode delay line sheme, one for eah plane, i.e. 12 in total. The hamberswere positioned at three traking stations, with two x and two y planes perstation. The far station (BPC-1, BPC-2) with planes with 150 �m positionresolution were plaed next to the vertial bending magnet, about 30 m up-stream of the ryostat. The seond station (BPC-3, BPC-4, 300 �m positionresolution) was about 19 m upstream of the ryostat, loated on a seondvertially adjustable table. The last station (BPC-5, BPC-6, 150 �m positionresolution) was in front of the ryostat, at a distane of about 3 m, on thesame vertially movable platform as the trigger ounters.The gas used was a mixture of argon and CO2, the detetion eÆieny was al-most 100%. Eah plane had an analog amplitude measurement and two logialoutputs (two ends of delay line) for the position measurement via a CAMACTDC. The lose proximity of planes in eah station allowed onsisteny heksreduing thus the e�et of delta-eletrons on the position measurement. In ad-dition, the TDC heksum has been used at eah plane to exlude `multi trak'events.The positions of the BPC wire planes along the beamline were surveyed priorto the beam test. Trak �ts were performed separately in the x� z and y� zplanes. Average trak residuals alulated run-by-run for the full run periodare typially below � 200 �m, in both oordinates. This traking system al-lowed determination of the partile impat angle with a preision of � 10 �radand the impat point with a preision of � 100 �m (at high energies). Theombination of angular and position measurements allowed suppression of thebeam ontamination due to upstream sattering of partiles and improve alsothe e=� separation for seondary beam settings (e.g. high energy eletrons).Finally, a sintillation ounter B1 in front of two multiwire proportional ham-bers (W1, W2) with vertial and horizontal planes per hamber having 1mmwire spaing triggered the read-out of these hambers independently of thebeam trigger and enabled thus detailed information on beam pro�les at largesale.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 mperpendiular to the beamline. The beamline vertial bending magnet allowsvertial deetion of the beam by �25 m at the front fae of the ryostat.In this beam region a irular ryostat beam window of 60 m diameter has aredued wall thikness (5:5mm stainless steel). Thus an area of 60� 50 m2 isavailable for horizontal and vertial sans.The load in the liquid argon ryostat onsists of the inner setion of one EMECmodule (in � 1/8 of the full EMEC wheel), eight speially onstruted 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 spae available, the HEC modules were of reduedradial size, overing the region of interest 2:1 < j�j < 3:2.The region available for vertial (i.e. �) sans 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 vertial positions ofthe ryostat: the ryostat position was lower by 13 m in the �rst run period.In addition, a seond bending magnet (loated just upstream of the �rst) hasbeen added for the seond run period.Fig. 3 shows a shemati 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 tailather (CTC) is plaed 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 tailather (WTC) plaed 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 exluders on top andbottom as well as the forward one (old wall) of the FCal, whih in ATLASextends the tube to the front fae of the ryostat (below the EMEC, for de-tails see Fig. 1) and the HEC modules with the eletroni boards on top. TheFCal modules are below the HEC, to a large extent hidden behind the supportframe struture. Two LAr exluders are visible: on top of the EMEC modulethe exluder in front of the HEC modules, and on bottom the exluder in frontof the FCAL1. The exat positioning of the exluders in ombination with theresidual LAr adds some unertainty to the j�j dependene of the distributionof inative material in front of the alorimeters. The restritions of the set-upin spae obviously have an impat on energy leakage beyond the aeptane.The longitudinal energy leakage for pions depends on the beam energy andis typially at the level of 2-4% (see setion Monte Carlo simulation setion4). This leakage an partially be reovered using the tail ather signals. The10
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Fig. 3. Shemati 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, theold tailather (CTC, behind FCAL2) and the warm tailather (WTC, outside ofyostat) are shown as well.lateral leakage strongly depends on the impat point hosen, therefore a diretomparison to MC simulation is essential for any onlusions.Monitoring of the LAr purity and temperature is done as in previous beamtests. For details see e.g. [6℄.2.4 Read-out Eletronis and Data AquisitionThe blok diagram of the front-end and read-out eletronis is shown in Fig. 5.The output signals of the HEC old eletronis [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 lok. The samples are stored in the swithed apaitor array of theFEB at a rate of 40MHz. The rate with the FEBs was diretly loated 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 synhronization 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 aquisition systemas well. This rate overed the read-out of the two TDC modules to get thetime di�erene between the event trigger and the 40 MHz ADC lok, as wellas the read-out of the `multi wire' proportional hambers and sintillation11



Fig. 4. Loading of the ryostat: shown is the EMEC module (right) with the LArexluders 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 theeletroni boards on top. The FCal modules are below the HEC and to a largeextent hidden behind the support frame struture.ounter registers. The VME rate was onneted via an optial 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. Typially seven samples have been read-out with the �rst oneright on the baseline. Five samples have been used to reonstrut the signalamplitude. The signal amplitude has been reonstruted using the optimal�ltering method [14{17℄ as foreseen for ATLAS and as tested in previousbeam tests [9℄. Some speial 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 injeted diretly at the eletrode read-out for the HEC,at the boards positioned at the module bakplane (motherboards) for the12
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Fig. 5. Blok diagram of the front-end and read-out eletronis.EMEC and at the front-end rate for the FCal. Therefore somewhat di�erentalibration proedures have been used for the three alorimeter systems. Fordetails of the EMEC and HEC proedures see [9℄ and of the FCal proedure(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 reonstrution the wave-form was obtained by averaging the experimentally measured signal sampleswhih were divided by the signal amplitude AOF reonstruted using the op-timal �ltering approah (OF) [15℄. The beam partiles arrive asynhronouslywith respet to the 40 MHz lok, the relative phase is measured with a TDC.Therefore only a fration of the pulses are sampled near the peak. The ex-peted reonstruted pulse height is de�ned to be that of an ideal ontinuouspulse passing through these samples. The quality of the signal reonstrutionan 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 reonstruted pulse height. Beause this average pulseis reonstruted for many pulses with di�erent sampling times, the ompleteaverage pulse an be reonstruted with �ne time bins. This is shown in Fig. 6for a typial HEC hannel for pions of 200 GeV. The position and the valueof the maximum as indiated in the �gure are obtained from a paraboli �tin the region of the maximum. If the reonstrution based on the optimal13



�ltering tehnique works perfetly 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 reonstrution works equally well in both regions, i.e. for di�erentell positions in the hadroni shower. As an be seen, the maximum in bothases is very lose to unity.
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Fig. 6. The measured signal in a typial HEC hannel for pions of 200 GeV. Shownare the measured signals (�ve time slies per event) relative to the reonstrutedamplitude using the optimal �ltering tehnique. 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 bak of themodule. The ratios of the measured and reonstruted 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 reonstruted amplitude using the optimal �ltering tehnique 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 eletronsof 150 GeV. The RMS of the distribution is 1:5 %.14
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impat points. In addition, horizontal and vertial sans have been done at�xed partile energies. The distribution of impat points and san lines on thefront fae of the alorimeter is shown for the seond run period in Fig. 8. Theread-out struture for the various alorimeters as well as the projetion of theryostat window on the alorimeter front fae are shown as well. The frequentlyused impat points D and H for the EMEC/HEC and FCal data orrespondto � = 2:8 and � = 3:65 in ATLAS. We fous in this paper on the eletron and
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Fig. 8. Position of the beam impat points and san lines on the front fae ofthe alorimeter. The squares indiate the region sanned for the data taken at thenominal impat points. The lines indiate the horizontal and vertial sans wherethe data have been taken at �xed energies.pion performane results in the EMEC/HEC and FCal regions. First resultsfrom the vertial san overing the full rak region are given as well. Here it isonly relevant to ompare the data with MC simulation in order to verify thegeometry and inative material distribution. Even in the restrited �duialregions the e�ets of the rak between the alorimeters are a�eting theperformane at a lower level. This is partiularly true for the pion data. In aforthoming paper we will address the full energy reonstrution inluding thedead material orretions 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 ReonstrutionThe signal of the partile response has been reonstruted using a number ofdi�erent approahes.To extrat the basi information on the alorimeter performane a rathersimple approah has been hosen. Here one sums all signals around the impatpoint within a one R in �����. A ell is added to the luster if the distanebetween its enter and the baryenter of the luster is less than or equalR. The luster �nding algorithm is onverging very fast, typially not morethan 2-3 iterations are required. The one size has been varied, in partiularwhen going from eletron data to pion data. Obviously a larger one size addsmore noise to the signal but redues any out-of-luster leakage. The �xedone size allows also a straightforward noise subtration for a given run, animportant issue when the noise is not onstant in time. In the one approahthe eletromagneti sale has been obtained normalizing the luster energyfor high energy eletrons and one size R = 0:25 to the related beam energy.Whenever possible, the average for few impat points has been used.To ompare the one reonstrution with more sophistiated noise suppressionshemes also a variant with additional � uts has also been employed. Hereonly ells are kept where the signal is above some given threshold with respetto the ell noise expetation (�).An eletron reonstrution using �xed size lusters based on 3x3 and 5x5 ellshas been used as well and ompared with the luster reonstrution 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 sheme the �nal orretions due to the residual �variation and � modulations as well as the out-of-luster leakage as expetedfor eletrons in the EMEC alorimeter have been taken into aount (seefollowing text). These orretions are at the level of 1� 2% and relevant onlyfor eletrons. The ATLAS aeptane for high preision eletron and photonreonstrution extends only up to j�j < 2:5, i.e. does not over the innerEMEC wheel.In a seond approah the signal reonstrution has been done in a similar wayas foreseen for ATLAS to obtain more information on the �nally expetedperformane. Here a topologial luster reonstrution, based on geometrialinformation of neighbouring ells, is being used. This method starts with a seedell above some threshold with respet to the � of the ell noise level (n1). This17



enter is expanded in three dimensions adding neighbouring ells whih againare above a seond threshold level (n2). Clusters with ommon neighboursare merged and vie versa lusters with substruture may be split. Finallyperimeter ells above a third threshold (n3) are added. Thus the topologiallustering is de�ned by three parameters (n1/n2/n3). In this method the signalsize is optimized with respet to the noise level on an event by event level. Thetopologial lustering is planned for use in ATLAS for the reonstrution of thehadroni energy. Any noise subtration, as required to extrat the alorimeterperformane parameters, is not trivial, in partiular when the noise is notonstant in time. A typial parameter set used in MC studies overing thefull � aeptane in ATLAS is 6/3/3 � for eletrons and 4/2/0 � for pions. Inpartiular the parameter n1 is obviously a ompromise between noise redutionand signal loss.3.3 NoiseFor the HEC old eletronis a prototype of the �nal low voltage system hasbeen used. It was notied that the �lter at the output stage was not eÆientenough to suppress the typial noise from the DC/DC onverter stage. TheHEC data therefore show a oherent noise with a typial frequeny of 163 kHz.Looking at the phase di�erene between a referene hannel and all others itwas found that the phase di�erene is either 0 or �. Using this fat, a global �tfor all hannels has been arried out and the noise amplitude for all hannelshas been obtained.To orret the data, the phase di�erene for eah individual event has beendetermined using the sum of all HEC hannels (far from the beam impatpoint) taking into aount the relative phase di�erene of 0 or �. Thus aorretion for this noise has been obtained.After orreting for these osillations, 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 deteted. In order to properly aountfor this, the noise subtration has been performed using random trigger eventsseleted from the same runs as the physis data. For eah run lusters usingidential read-out ells as used for the real data have been reonstruted fromthe random trigger events.In a �rst step this approah has been tested. Using runs where the beamimpat 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 typial eletron 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 showslearly the time dependene of the noise performane.
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Fig. 9. Noise distribution (eletromagneti sale) in the EMEC for a one of sizeR = 0:15. The one has been reonstruted from data where the beam impatpoint was far o� (large statistis) or onstruted from random trigger events (smallstatistis). The agreement is rather good.Based on these results the noise subtration for the data has been done �nallyusing the exat 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 respet to time and atual luster is kept.Finally, Table 1 shows the typial noise, in MeV, at the appropriate ele-tromagneti sale, for ells in the di�erent longitudinal setions of the threealorimeter systems. Table 2 shows the orresponding mean reonstrutednoise, for a number of di�erent one sizes R. For the eletromagneti setionsof the EMEC and FCal, the noise is reonstruted at the eletromagneti sale,19



E (MeV)
-2000 -1500 -1000 -500 0 500 1000 1500 2000

E (MeV)
-2000 -1500 -1000 -500 0 500 1000 1500 2000

cl
u

st
er

d
N

/d
E

0

500

1000

1500

2000

2500

3000

3500

 3.1± = 465 σ

 10± = 447 σ
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Calorimeter one R = 0:15 one R = 0:25EMEC [GeV℄ 0.55 1.3FCal [GeV℄ 0.59 1.1one 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 typial one for eletrons (R = 0:15 and R = 0:25)and hadrons (R = 0:30, R = 0:40 and R = 0:50). The energy is given on theeletromagneti sale for eletrons and on the hadroni sale for hadrons.4 MC SimulationOne of the goals of these beam test studies is to extrat alibration onstantsfrom the beam test data and transfer them to the �nal ATLAS detetor.However, in ATLAS the �nal hadroni alibration is driven by jets ratherthan single partiles. Therefore the use of MC simulation and the validationof the MC in beam tests (see e.g. [18℄) is of utmost importane. The �rst stepin this proess is the omparison of the data with MC simulation at the ele-tromagneti sale. This sale is the basis for any hadroni alibration (see e.g.[19℄) approah. Next in priority are studies of shower shape parameters andutuations, whih might have an impat on hadroni weighting algorithms.Finally, given the rather limited aeptane of the beam test set-up any en-ergy leakage needs to be understood prior to drawing onlusions from theomparison of the data with MC expetations.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�eted by di�erent read-out anddead material strutures and is studied in this beam test for the �rst time.In partiular 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 aeptane region 2:5 < j�j < 4:0.To ompare data with MC expetation the simulation ode GEANT 4 [20℄,version 7.1 has been used. Within this proess the validation of the physismodels in GEANT 4 is one of the most important tasks. From the physislists for hadroni shower simulations available in GEANT 4 the physis listsQGSP-GN 2.6 and QGSP-BERTINI 2.6 have been used. The QGSP physislist is based on theory driven models: it uses the quark-gluon string modelfor interations and a pre-equilibrium deay model for the fragmentation. The21



range threshold for prodution has been set to 30�m in general, irrespetiveof the material.One of the known shortomings of the QGSP-GN option is that the showersize is somewhat more ompat in the simulation than seen in the data (see[18℄). The QGSP-BERTINI option is expeted to inrease the shower sizesomewhat in omparison to the QGSP-GN version and thus should give abetter desription of the shower shapes. Therefore both options have beenused for the study of the pion shower shape.

22



5 Eletron Results5.1 Eletrons in EMEC/HEC Region5.1.1 �-dependent CorretionBeause of the EMEC geometry and the projetive high voltage (HV) setors,the eletron 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 orret for the slope of the response inside HV setors an � dependentorretion has been applied to eah read-out ell. A parameterization, whihhas been found to be optimal [4℄, isEorr = Eell � �1 + � � (�ell � �0) (1)
where �0 is the enter of the related HV setor and � and � are free parameters.Given the relationship between high voltage, drift time and EMEC geometry,one expets � to be in the range 0:4 � 0:5 and � should be lose to 1 (fordetails see [21℄). To obtain these parameters vertial (i.e. �) sans of eletronsof 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 setors and � = 1:0 (1:04) for the low(high) � setion.These orretions have been applied to the data. Then the above �t has beenrepeated, but for a smaller one size (R = 0:15) just to rosshek the or-retions on a �ner � sale. If the orretion were perfet values of � = 0 and� = 1:0 are expeted. Beause 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 unhanged when varying either the eletronenergies or the x (i.e. �) position of the vertial san. As an example Fig. 11shows the result for a vertial san with eletrons of 193 GeV . Shown is theresponse, after orretion for the � dependene, for the total luster energy.In addition at eah impat 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 adjaent � strips whih sharemost of the luster energy in an approximately equal ratio.23
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R = 0:25. The expetations from MC simulation are shown as well. For theone size of R = 0:15 the leakage out of luster is � 4% at high energies. Thelinearity is well desribed by the MC, the deviations at low energies are to alarge extent due to the dead material in the beam in front of the ative EMECalorimeter, as expeted from and seen in MC simulations.
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normalizing the reonstruted energy to the beam energy averaging over thehigh energy data and many di�erent beam impat points. As out-of-lusterleakage orretions are overed (see above), in both ases the linearity is verygood, exept for the low energy where energy losses due to inative materialin front of the alorimeter have to be taken into aount. The energy responsefor the larger one with R = 0:25 is rather similar. But applying a 3 � noiseut in addition yields obviously larger signal losses at low energies.Finally the topologial luster reonstrution, based on geometrial informa-tion of neighbouring ells has also been used. For eletron reonstrution anoptimized parameter set used frequently is 6/3/3 (�) [22℄. This set is typi-al for the reonstrution of high energy eletrons, utting into the signal atthe perimeter of the luster with 3�. As we are dealing here with the ele-tron reonstrution in the forward region of ATLAS, the main emphasis is onthe reonstrution of high energy partiles. Fig. 14 also shows the responseas funtion of energy for the 6/3/3 luster reonstrution. The normalizationused is as disussed above for the one of R = 0:25. The noise suppressionis rather e�etive and lose to that obtained in the one reonstrution us-ing the 3 � noise ut. At energies below 100 GeVsignal losses are inreasing.Nevertheless, the energy resolution is for this ase better than for the optionwith e. g. lower � uts. The energy dependene of the energy resolution usingthe topologial luster reonstrution has been studied as well. The results areshown in Fig. 15. Here the topologial luster reonstrution is ompared withother tehniques, the noise is not subtrated. The 3x3 luster method, whihinludes all higher level orretions, yields the best results. The topologialluster reonstrution as well as the one reonstrution with 3 � noise utsin addition are only slightly worse. This holds also for a signal reonstrutionbased on a one of R = 0:17, whih 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  expliitly into a-ount. But as the noise is not onstant (see hapter 3.3), whih yields also avariation with energy, the �t is meant just to guide the eye rather than forthe extration of the spei� energy resolution parameters.For the 3x3 luster method the noise has been subtrated at eah energy pointsimilarly to the one approah. The results for the energy dependene of theenergy resolution are shown in Fig. 13 as well. The resolution has been againparameterized using equation (2). The data yield typially a sampling termof a = (13:4� 0:1)%pGeV and a onstant term b = (0:0� 0:4)%. In the 3x3luster method the higher level orretions are taken into aount. Evidently27



 [GeV]beamE
0 50 100 150 200

be
am

 / 
E

cl
us

te
r

E

0.8

0.85

0.9

0.95

1

1.05

R=0.25

R=0.25, 3 sigma cut

topo633

3x3 clus

5x5 clus

Fig. 14. Energy dependene of the response to eletrons with the impat point inEMEC. Shown are the results for lusters of �xed size 3x3 and 5x5 ells where allhigher level orretions 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 topologial luster reonstrution (6/3/3) are shown as well.this yields the best energy resolution at high energies, where these orretionsstart to get visible. At lower energies the resolution is similar to the oneapproah, where these orretions are ignored. The results are in agreementwith previous measurements [1,4℄.5.2 Eletrons in FCal Region5.2.1 Linearity and Energy ResolutionThe response as funtion of energy has been studied for eletrons in the FCal(impat point H) in a very similar way as in the EMEC. Again two di�erentone sizes have been hosen to reonstrut the energy: R = 0:15 and R = 0:25.Fig. 16 shows the results for the data (full symbols) as well as MC expetations(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 inative materialpresent in front of the ative alorimeter as known from MC studies. The MCsimulation predits, in partiular for low energies, a somewhat larger lusterresponse than seen in the data. But the deviations are rather small. The28



 [GeV]beamE
0 50 100 150 200

/E
 [

%
]

σ

0

2

4

6

R=0.25, 3 sigma cut

R=0.17  

Topo633  

3x3 clus.  

5x5 clus.  

Fig. 15. Energy dependene of the energy resolution for eletrons with the impatpoint in EMEC without noise subtration. Shown are the results for lusters of�xed size 3x3 and 5x5 ells where all higher level orretions have been added. Foromparison are shown also the results of one size R = 0:25 (see above) and applyinga 3 � noise ut in addition. The results for topologial luster reonstrution (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 funtion 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)%. Reduing theluster to R = 0:15 inreases the onstant term slightly from 3:0% to 3:2%.The MC expetation yields a notieable 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 topologial luster reonstrution (see above) has been alsoused. Again, for eletron reonstrution the parameter set 6/3/3 (�) has beenhosen as used frequently in previous MC studies [22℄. Fig. 18 shows the re-sponse as funtion of energy for the 6/3/3 luster reonstrution. For ompar-ison also the one method (R = 0:25) and the one method adding a simple3 � noise ut are shown. Clearly the topologial luster reonstrution reduesthe response at low energies. In general the topologial luster reonstrution29



 [GeV]beamE
0 50 100 150 200

be
am

 / 
E

cl
us

te
r

E

0.8

0.85

0.9

0.95

1

1.05

R=0.15

R=0.25
MC, R=0.15

MC, R=0.25

Fig. 16. Energy dependene of the response for eletrons with the impat pointin FCal. Shown are the results for a one size of R = 0:15 and R = 0:25. Theexpetations from MC simulations are shown as well (open points).follows losely the response using the one approah with the additional 3 �noise ut. Only at very low energies the redution of the signal is substan-tially less than in the one approah with the additional 3 � noise ut (forE < 10 GeV below sale). The advantage of the topologial luster reon-strution is obviously the noise redution without reduing the response toostrongly.Finally the energy dependene of the energy resolution has been analyzed forthe topologial luster reonstrution in omparison with the one approah(R = 0:25) or one approah adding a 3 � noise ut. Again, the noise has notbeen subtrated (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 expliitly into aount. The �t is meant just to guide theeye (see above). The three methods yield rather similar results.5.3 Vertial San with EletronsDetailed vertial sans with eletrons reveal the �ne struture of the transi-tion from the EMEC/HEC region to the FCal region. Details of the relatedenergy orretions for the losses due to the dead material will be disussedin a forthoming paper. Here the main issue is a ross-hek of the alignment30



 [GeV]beamE
0 50 100 150 200

/E
 [

%
]

σ

2

4

6

8

10
    E 0.492) /± (30.8 ⊕ 0.0617) ±R=0.15:  (3.22 

    E 0.733) /± (29.3 ⊕ 0.0726) ±R=0.25:  (2.98 

    E 0.396) /± (33.3 ⊕ 0.0666) ±MC, R=0.15:  (4.27 

    E 0.338) /± (30.7 ⊕ 0.0644) ±MC, R=0.25: (3.84 

Fig. 17. Energy dependene of the energy resolution for eletrons with the impatpoint in FCal. Shown are the results for a one size of R = 0:15 and R = 0:25. Theexpetations from MC simulations are shown as well (open points).of the various support strutures, LAr exluders and FCal support tube andforward one by omparing the data with MC simulation. As the simulation ofeletromagneti showers are known to be very lose to reality, any deviationsfrom the data ould point to shortomings in the desription of the dead mate-rial present. For pions the aeptane of the set-up is rather limited, thereforeany leakage e�ets or losses due to dead material need to be understood priorto drawing onlusions about the quality of the hadroni simulation. Here theorret geometrial desription of the set-up is of utmost importane (see ver-tial san with pions, hapter 6.2). In addition, sans over larger areas yieldvital information on the homogeneity of the signal response within the givenaeptane.Fig. 20 shows the response for eletrons of 193GeV when performing a vertialsan at x = 0 overing almost the full aeptane. A one size of R = 0:15 hasbeen used. The energy normalization has been done as desribed in setion5.1.2 for the EMEC and 5.2.1 for the FCal. Shown is the total response aswell as the response in the main longitudinal setion of either the EMEC orFCal. The data are ompared with MC expetations using GEANT 4 QGSP-GN 2.6. The aeptane edges of the FCal and EMEC are well reprodued bythe MC simulation. This holds also for the transition region, although smallerdeviations in the rak region are visible. The small deviation of the data fromMC predition at y � �115mm is due to a weak response of a single eletroni31



 [GeV]beamE
0 50 100 150 200

be
am

 / 
E

cl
us

te
r

E

0.8

0.85

0.9

0.95

1

1.05

R=0.25

R=0.25, 3 sigma cut

topo633

Fig. 18. Energy dependene of the response to eletrons with the impat point inFCal. Shown are the results for the topologial luster reonstrution (6/3/3) inomparison to the one approah with a one size of R = 0:25. Also shown is theresult when adding a 3 � noise ut for the one reonstrution (for E < 10 GeVbelow sale).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 seond drop of the signal at y � �60 mm is �nally the rossover of the aeptane boundaries of FCAL1 and EMEC.5.4 Disussion of Eletron ResultsThe �rst hoie for the reonstrution of isolated eletrons and photons inATLAS will be based on the �xed size luster reonstrution using 3x3 or5x5 ells. An alternative is also in this ase the topo luster reonstrution,whih yields similar results. The jet reonstrution and hadroni alibrationin ATLAS employs the topo luster reonstrution as the essential �rst step.The important issues are here the optimal signal reonstrution in preseneof noise and pile-up, the identi�ation of eletromagneti lusters in the �rststep, and �nally the weighting sheme to ompensate for the di�erent responseof eletrons and hadrons in the ATLAS alorimeter. The validation of the fullhadroni alibration in beam tests will be disussed in a forthoming paper.In the forward region of ATLAS, studied in this beam test, the eletron en-32



 [GeV]beamE
0 50 100 150 200

/E
 [

%
]

σ

0

10

20

30
R=0.25  

R=0.25, 3 sigma cut

topo633  

Fig. 19. Energy dependene of the energy resolution for eletrons with the impatpoint in FCal (without noise subtration). Shown are the results for the topologialluster reonstrution (6/3/3) in omparison to the one approah with a one sizeof R = 0:25. Also shown is the result when adding a 3 � noise ut for the onereonstrution. 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-onstrution parameters hosen should be e�etive in the supression of thisbakground, but on the other hand signal losses at low energies have to betaken into aount. 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 eletrons of 193 GeV when performing a vertial sanovering almost the full aeptane. Shown is the total response as well as theresponse in the main longitudinal setion of either the EMEC or FCal. The dataare ompared with MC expetations.

34



6 Pion Results6.1 MC Expetations for Pions in ATLAS on Eletromagneti SalePrevious 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�et of the `rak' region at j�j = 3:2 starts to be visible for pions alreadywhen approahing this region. Fig. 21 shows the MC predition (GEANT 4QGSP-GN 2.6) for the variation in response (at the eletromagneti sale)with j�j for 200 GeV pions. Shown are the expetations for two di�erent onesizes R in �� � ��. The impat point D, used to study the EMEC/HECregion, orresponds to an impat point in ATLAS of j�j = 2:8. The loalvariations are partially due to the �ne struture of the alorimeter (tie rodset.). Beyond j�j = 2:7 the response starts to drop due to energy losses inthe dead material. In onsequene, the energy resolution is a�eted as well.Fig. 22 shows the MC predition 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 typially �(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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fous is here on a ross hek of the orret geometry in MC simulation, thesmaller one size follows somewhat loser the material variation in the rakregion. On the other hand the one size of R = 0:30 is large enough to ol-let a substantial part of the total pion response and thus enables a preiseomparison of the data with MC simulation.In general, the MC predits a larger signal in the eletromagneti setions anda smaller one in the hadroni setions ompared to the data. This is a wellknown problem in the GEANT 4 QGSP and QGSP-GN simulations, yieldingsomewhat more ompat hadroni showers than seen in the data. Exept forthis overall sale fator, the MC shows a rather good agreement with the data,in partiular for the details of the response when passing the rak region. Thevariation of the HEC response at y � 140 mm is due to the HEC tierods.
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Fig. 29. Energy dependene of the energy resolution for pions with the impat pointin EMEC using the benh mark approah. Here one alibration onstant per longi-tudinal setion has been determined from a �t minimizing the energy resolution ateah energy point. The energy has been reonstruted using the topologial lusterreonstrution (4/2/0 �) and ompared with a one approah for R = 0:5. Alsoshown is the result using the one luster reonstrution and applying a 2 � noisesuppression in addition. The �t (lines) is meant to guide the eye only.in this region. In MC this e�et has been taken into aount. In general theMC predition desribes 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 sale but now for all eight signals. Small deviations of the MCpredition from the data are getting visible on the next-to-next � wedge signalsand beyond (MC above data). But these di�erenes are still at a moderatelevel for the QGSP-BERTINI physis list. This is not so when omparing thedata with the GEANT 4 physis list QGSP-GN: here indeed the deviationsare somewhat larger yielding a more ompat lateral shower distribution.
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6.4 Pions in FCAL Region6.4.1 Response on Eletromagneti SaleThe energy dependene of the pion response has also been studied in the FCalregion, �rst using one reonstrutions with R = 0:3 and R = 0:5, at theeletromagneti sale. Fig. 33 shows the response as funtion of energy for theimpat point H in the FCal (see Fig. 8). The expetations fromMC simulations(open points) are shown as well. At lower energies the MC predits somewhatmore energy in a given one R, but the agreement at higher energies is prettygood. For the larger one size the e�et is redued. The disrepany at lowenergies might be again a onsequene of the ompat showersize in GEANT4with the QGSP physis list (see e.g. [18℄) . The results of the topologial
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Fig. 33. Energy dependene of the response to pions with the impat point in FCalusing the eletromagneti sale (normalized to beam energy). The energy has beenreonstruted within a one of R = 0:3 and R = 0:5. The expetations from MCsimulations (open points) are shown as well.luster reonstrution for pions have been ompared with those obtained usingthe one reonstrutions. Again the optimized parameter set 4/2/0 � wasused. Fig. 34 shows the response as funtion of energy for the 4/2/0 lusterreonstrution. Again, as in the EMEC/HEC region, the response is somewhatlower than for the one approah (R = 0:5), partiularly at low energies. Butfor all energies it is larger than the one approah in ombination with a simple2 � noise suppression ut, as expeted (see pions in the EMEC/HEC region,47



hapter 6.3.1.).
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Fig. 34. Energy dependene of the response to pions with the impat point in FCalusing the eletromagneti sale. The energy has been reonstruted using the topo-logial luster reonstrution (4/2/0 �) and ompared with the one reonstrution(R = 0:5). For omparison also the one reonstrution with an additional 2 � noisesuppression ut is shown as well.6.4.2 Energy Resolution using the Benh Mark ApproahAs for pions in the EMEC/HEC region the data have been ompared with MCsimulations using the 'benh mark' approah, where one alibration onstantper longitudinal setion is used. This alibration onstant has been obtainedby minimizing the energy resolution for eah energy point (see pions in theEMEC/HEC region, hapter 6.3.2). Again, for the energy reonstrution onesof R = 0:3 and R = 0:5 have been assumed. For the two FCal setions thealibration onstants follow the weak energy dependene of the e/� ratio inFCAL1 and FCAL2. Fig. 35 shows the energy resolution (full points) as fun-tion of energy for the impat point H. The expetations from MC simulations(open points) are shown as well. The noise has been subtrated. The energyresolution expeted from the MC simulation (GEANT 4 QGSP-BERTINI)is rather lose to the data at high energies. Again, at low energies the MCpredition is somewhat better than what is seen in the data. The resolu-tion has been parameterized using equation (2). The data yield for the largerone size R = 0:5 typially a sampling term of a = (98:5 � 4:0)%pGeV48



and a onstant term b = (6:4 � 0:4)% whereas the MC expetations 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�erene in the terms is largely driven bythe somewhat di�erent energy dependene, 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℄.
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alibration proedure. In previous beam test studies (see e.g. [6{9,18℄) detailedomparisons of the data with GEANT 3 and GEANT 4 simulations have beenarried out. From the various options available, the GEANT 4 QGSP physislist turned out to give the best desription of the data. But the agreement wasstill far from being optimal. In partiular the predited hadroni shower sizewas too ompat when ompared with data.In this analysis we ompared the data with GEANT 4 QGSP expetations, butmoved on to more reent physis lists like QGSP-BERTINI. Indeed, GEANT 4QGSP-BERTINI yields a better desription of the hadroni shower, reduingthe previous shortomings of the QGSP physis list substantially. But in bothregions, EMEC/HEC and FCAL, some residual di�erene between simulationsand data is still visible: the longitudinal and lateral shower shapes point to astill somewhat more ompat hadroni shower in MC simulations, eventhoughthe di�erene 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 enhanesthis e�et even more. Again, this is seen in the EMEC/HEC as well as theFCal region, pointing one more to the di�erent hadroni shower size in MCsimulations. With more energy leaking out of the one in the data with respetto MC simulations, one would expet some disrepany 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 physis lists, will be done in a forthoming paper.
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