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Abstract

A fully instrumented slice of the ATLAS detector was exposedest beams from the
SPS (Super Proton Synchrotron) at CERN in 2004. In this pdbperresults of the
measurements of the response of the central calorimeteadmhs with energies in
the range 20 to 350 GeV and beam impact points and anglesponding to pseudo-
rapidity values in the range 0.2-0.65 are reported. Theltesue compared to the
predictions of a simulation program using the Geant 4 toolki

Keywords: ATLAS, calorimetry, test-beam, calibration, simulation
PACS:29.40.Vj

1. Introduction

In 2004 a ATLAS Combined Test Beam (CTB) program was carrigdabCERN.
A slice of the detector composed of the final versions of alltied sub-detectors was
exposed to the SPS (Super Proton Synchrotron) beams. Ting lafithe sub-detectors
was designed to be as close as possible to that of ATLAS. TheAuisition system
(DAQ) [1] was also similar to the one being used in ATLAS.

The calorimeter system in ATLAS consists of an electromégr&Ar) and a
hadronic calorimeter (TileCal). It will be used to measure energy of jets over a
wide energy range, from about 20 GeV to more than 1 TeV. Inghjger, the measure-
ment of the combined response of the barrel calorimeterdodmebeams with energies
in the range 20 to 350 GeV is presented. It was performed f@gowaincident angles
corresponding to pseudo-rapidity valuggam= 0.20, 0.25, 0.35, 0.45, 0.55 and 0.65.
The response of TileCal to hadrons that start showering tifteL Ar calorimeter was
also determined. The results were compared to the predgtd the Monte Carlo
(MC) simulation program Geant 4 [2, 3, 4]. The agreement betwthe data and the
simulation results is discussed. Results obtained usogs@f energy from 3 to 9 GeV
can be found in Ref. [5].

2. The experimental set-up

2.1. The beam line

The beams were produced by extracting 400 GeV protons frenstiper Proton
Synchrotron (SPS) machine towards the North Area [6]. Tlmany target made of
beryllium had a length of 300 mm. The produced secondary bezan have ener-
gies from 10 to 350 GeV. A secondary filter target of 1000 mmaf/gthylene plus
lead absorber can be placed in the beam to produce tertianpseBending magnets
were used to determine the beam momentum and charge. The bearmxpected to
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Figure 1: Beam line detectors layout.

be composed mainly of pions and, in the case of beams of y®@sitiarge, protons.
Electrons and muons are also present. The results repartki ipaper were obtained
using positive (negative) beams with energies equal to @@ 100 (150, 180, 200,
250, 320 and 350) GeV.

The transverse beam profile was monitored by three wire chesniBCO, BC1
and BC2) [7]. Two scintillators, with an active surface of 5 cn? [8] were used in
coincidence to trigger the DAQ (Physics Trigger) and to ewhe trigger timing.
These two detectors together with the scintillator S1 weesluo reject beam particles
interacting upstream of the detectors. A scintillation rien (MTS) was placed after
the detector, behind an absorber, to identify beam muonshisnpaper we will use
a right-handed coordinate system with the x-axis along #earbline and the y-axis
pointing up, see Figure 1.

2.2. The detector

Figure 1 shows a side-view of the layout of the ATLAS sub-d&tes during the
2004 CTB. Only sub-detectors that were used in the preseysia are shown. The
ATLAS Inner Detector (ID) [9] consists of three systems: ®i#con Pixel Detec-
tor, the Semi-Conductor Tracker (SCT) and the Transitiodi&&n Tracker (TRT).
Modules of such detectors were placed in front of the caletars but they were not
operational during the considered data taking period. TRE Module is shown in Fig.
1 because the measurements performed with this detectéhnén occasions allowed
the determinations of the pion-proton mixings in the caseasitive beams [10].

The LAr module [11, 12] is made out of accordion-shaped ldagbebers glued
between two stainless steel sheets and placed inside aafyosde of aluminum,
containing liquid argon. Beam entrance and exit walls aoh €2 interaction lengths
(A) thick. The calorimeter has four longitudinal layers, irdihg a pre-sampler. The
coverage of all four layersis@ n < 1.4 and—m/16 < ¢ < 11/16 rad (see Figs 1 and
2 for @ andn orientation convention). The — ¢ granularity of each longitudinal layer
is described in [11].

Three modules of TileCal were exposed to the beams [13]. fdrescintillator
media of the modules is made of 4 and 5 mm thick iron plateswihéd by 3 mm
thick scintillator tiles, with a periodicity of 18 mm. Thel&Cal modules were placed
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about 30 cm behind the LAr calorimeteThe total coverage of the subdetector was
—1<n <1and-3m/64< @ < 311/64 rad. Each TileCal module has 3 longitudinal
layers, whose) — @ granularity is described in [13] (see also Figure 2). LAr and
TileCal were both supported by a mobile table. This table eré&nted in such a way
that the incoming particles in the calorimeters were ptdjedn pseudo-rapidity as in
the ATLAS experiment.

Various sections of the ATLAS muon spectrometer [14] wes® gresent in the
2004 CTB set-up. This sub-detector has not been used fomthlgsis presented in
this paper.

3. Datasetsand event selections

In this section the requirements applied to select everddymed by collimated
hadrons that do not strongly interact in the beam line befmehing the LAr calorime-
ter are discussed. The cuts on the beam line scintillatinmtess signalsEg, Eg,
Esaright andEszie ¢ Were established studying the responses of S1, S2 and S3tesmu
Muon events were recognized by requiring a signal above #duegtal level in the
MTS counter. The scintillator S3 was read by two photomli¢ips labeled left and
right. The following selections were applied (cut 1):

Es < 2 x peakg'o" 1)
Es < 2 x peakl©"

Essright < 2 x peakeight

on
Essleft < 2 x peakgioh.

The quantitiepeak ™", peaky'", peakgyih, andpeakyer are the most probable
values of the muon distributions after pedestal subtractio

The beam chambers BCn (n = 0, 1 and 2) allow a determinatiameofransversal
beam impact point coordinategscn, andzgcn. The accepted events satisfy in each

chamber n the conditions (cut 2):

Hcn(Y) — 208en(Y) < Yaen < Men(Y) + 208cn(Y) (2
Hecn(2) — 208cn(2) < Zsen < Uecn(2) + 208cn(2).

The Gaussian functions meansgcn(y) and pscn(z) and sigmasoscn(y) and
Oscn(Z) were obtained by fitting such functions to the data. The sigalaes are
about 30 mm and differ slightly from run to run.

The divergence of the beam was estimated using the diffesasfche impact point
coordinates in the chambers BBC1 and BG: A 1)(Y) = Yaco — Yect Aa2)(Y) =

2|n ATLAS this distance is 25 cm.
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Figure 2: Top view of the calorimeters layout in the 2004 CTBe TileCal modules are only represented
forn > 0.

Yac1 — Yacz: A(0,1)(2) = Zeco — Zac1 andA 1 5)(2) = Zsc1 — Zscz- The retained events
satisfy the conditions (cut 3):

Y) —20p0,1n(Y) < D0,1)(Y) < Ha,2)(Y) +2050,1)n(Y) ©)]
Ha(1,2)(Y) = 2071,2)n(Y) < B(1,2)(Y) < Ha(1,2)(Y) +20n1,2)n(Y)
Ha(0,1)(2) — ZGA(o,l)n(Z) <D0,1)(2) < Ha(0,2)(2) +204(0,1)n(2)

The symbolgiag 1) ), Ha(1,2) ), IJA(o,l)(Z) andIJA(l,z)(Z) andUA(o,l)n(Y), UA(l,z)n(Y),

Op(0,1)n(2) @and g1 2)n(2) indicate the mean and sigma values of Gaussian functions

fitting the distributions.

At the energies considered, electrons impinging in thergakter, deposit essen-
tially all their energy in the LAr. In the case of hadrons, eyafraction of the energy
is deposited in TileCal. Electrons were then rejected mammi{cut 4):

Eraw(LAT)
Eraw(LAT) + Eraw(TileCal)

<0.98 (4)

The residual electron contamination was estimated to bkgilglg for all the ener-
gies.

The methods used to reconstruct the energies deposited rirf{E:4v(LAr)) and
TileCal (Eraw(TileCal)) are discussed in Section 4.
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Enom [GeV] 50 150 | 250 | 350

Physics Trigger (Section 2.1) 47232| 81071 | 7150 | 21894
Cut 1: Beam line scintillator 42608 | 76662 | 5893 | 17993
Cut 2: Beam chambers impact point| 39405 | 66371 | 5483 | 17175
Cut 3: Beam chambers divergence | 31263 | 52724 | 4509 | 13417

} Eraw(LAT)
Cut4: et <098 | 29327 51848 4438 | 13337

Cut 5: Em75< 500 [ADC channels] | 28427 | 22243| 4390 | 13106
Cut 6: Eraw(Total) > 6 GeV 28123 | 22189| 4390 | 13104
Cut 7: Small energy deposition in LAr 4936 | 4233 | 870 | 2512

Table 1: Number of events retained after each individuadcdiein requirement for data collected using
incident beams aj=0.45. The corresponding nominal beam energy values aoeteep

Muon events were rejected by requiring a signal in the MTShtarucompatible
with noise (cut 5):

Emts < 500[ADCchannelks (5)

The mean energy deposited in the calorimeter by muons is smeltler than the
one deposited by hadrons. A further rejection was then bthiequiring (cut 6):

Eraw(LAT) + Eran(TileCal) > 6[GeV]. (6)

The cuts 1-6 allowed selecting clean hadron showers in tlogiceeter (Sample 1).
Hadrons showering in TileCal (Sample 2) were obtained bth&rrrequiring a small
energy deposition in LAr. For each of the three LAr layershig tneasured energy
El..»(LAr) must satisfy the condition (cut 7):

Efaw(LAT) < 1 ar(MUOM +2 % 0] 5 (MuoON. 7

The quantitieg] ,,(muon) and g ,,(muon in eq. (7) are the mean values and the
root mean square of tHe,,, (LAr) distributions obtained using muon events.

In the following the results obtained analyzing Sample InffSle 2) events will be
labeled Comb (TileCal). In Table 1 the numbers of eventsipgdke selection criteria
are reported. The beams have nominal energies equal to®®38 and 350 GeV and
Nveam= 0.45. All other runs show similar cut efficiencies, demoettitg a satisfactory
stability of the beam conditions and of the detector operatiduring the data taking.
The number of the selected Sample 1 (Sample 2) events are thémigands (tens
of thousands). The positive beam samples at 20, 50 and 100cGmfdin pions and
protons. The fractions of pions and protons in the hadromiseand their effects on
the results are discussed in section 6. The other samplésicamly pions.

4. Reconstruction of theenergy in the calorimeters

4.1. Cell energy reconstruction
The cell energy in LAr is determined by the Optimal Filteri@gefficients Method
[15, 16]. The comparison of the measured and simulated gmesponse of 180 GeV
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electrons allowed the determination of the energy scale. urttertainty on the scale,
due mainly to the knowledge of the beam momentum [16], is O.[FPAileCal, the fit
filter method is used to determine the cell energy [17]. Ttadesof the reconstructed
energy was obtained using electron beams incident at therceheach cell with an
angle of 20. The estimated uncertainty on the energy scale is 0.5% [17].

4.2. The reconstructed energies

In the case of Sample 1 selected events, the combined recciest shower energy
was obtained using the formula

Er%(\avmb: Eraw(LAr) + Era\/\/(Tilecal). (8)
For Sample 2 events one has:
ELlecal — g w(TileCal). ©)

The quantitie€,aw(LAr) andE,aw(TileCal) are, respectively, the sums of the en-
ergy deposited in the LAr and TileCal calorimeter cells hgybseudo-rapidity coordi-
natese satisfying the conditiompeam— 0.20 < Neell < Nbeam+ 0-20. In the case of
LAr only, the cells of the three layers have been used. Ncections for dead material,
containment and non-compensation effects were appliedrder to improve the en-
ergy resolution, only cells with an energye larger than twice the standard deviation
of the residual electronic noig®ise (in absolute value) were considered in the sums:

|Ecell| > 2 X Onoise (20)

4.3. The electronic noise

The standard deviationheise Of the electronic noise distribution varies from cell to
cell, with large variations between different longituditzgers. For each rurgyeisehas
been determined for each cell of the calorimeter using patlegents obtained from
random triggers between beam bursts. Typ@alse values are 12 MeV (1st layer of
LAr), 28 MeV (2nd layer of LAr), 22 MeV (3rd layer of LAr), 30 Mé (1st layer of
TileCal), 30 MeV (2nd layer of TileCal) and 25 MeV (3rd laydrTdleCal). The typical
number of cells considered in the computation of the energlye calorimeter is about
160. The electronic noise has a negligible effect on theluéiso of the hadron energy
measurements (see Section 5.2).

Pedestal levels of the calorimeter cells were studied. énctise of LAr, special
runs were taken every eight hours during the data takinge&oh cell and electronic
gain setting, pedestals were recorded in each of the sawermtindows in which the
cell pulse is sampled. The mean pedestal in a cell was olot@isi¢he average of the
seven measurements. Corrections were also applied tortekadcount the drift due
to changes of the temperature of the electronic front-eraddsduring the data-taking.
The typical size of these corrections on the reconstruatedgées is about 10 MeV
[15, 16].

In the case of TileCal the fit method applied to reconstruetdll energy uses an
event-by-event baseline subtraction and therefore carfecany pedestal shifts. The
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Figure 3: Distribution of the reconstructed enet‘g%(\jvmb(see Eq. (8)) obtained fd,omequal to (a) 50 GeV,

(b) 150 GeV, (c) 250 GeV and (d) 350 GeV, apd0.45. The full points represent the experimental data. The
solid curves correspond to the fit of a Gauss function to the (e the text). The histograms correspond
to the prediction of the Monte Carlo simulation (Section 6).

residual effect on the reconstructed energy was estimatée about 6 MeV. These
effects are negligible in comparison to the typical recarded hadron energy uncer-
tainty (See Section 5).

Out of a total of about 2000 channels no dead or hot LAr andCElehannels were
found during the data taking.

5. Calorimeter responseto hadrons

5.1. Determination of the hadron response

The response has been measured for hadron samples at \er&rgies and pseudo-
rapidities. Figure 3 shows the energy depB&§"Pdistributions in the ATLAS calorime-
ter system when the hadron beam impinged on the calorimétgr@.45 and for
hadrons of nominal energids,on= 50, 150, 250 and 350 GeV. Figure 4 shows the
energy deposit in the case of hadrons showering after LAe Bégam parameters are
the same as Figure 3.

The distributions are described reasonably well by Gandsiactions. The re-
sponsedg=Comb (ETieCaly gnd resolutiono©omP (gTleCaly were then defined as the
ando parameters of such function fitting the measured distidmstin a regiont20’s
around the mean valuieThe fit functions are superimposed to the data distributidns
Figures 3 and 4. The results are reported in Tables 2 and 3.

3An iterative procedure has been applied in order to getestaiilies of the parameters.
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5.2. Measurements of the energy response ratios and ofabtdnal resolutions

Comb TileCal
The measurements of the energy response r&ios, = ECO™/Epe mandRE "~ =

ETieCal /E am are reported in Tables 4 and 5 respectively. The quaBtigymis the
beam energy determined using beam line magnet measureféent$ie differences
betweerEpeamandEnom Were measured to be smaller than 1%. The effects of the ID
material in front of LAr were estimated using few runsrgt0.45 with ID detectors
operational. A correction of +1% was applied to the valueshefenergy response
ratios. The values of energy response ratiosss86% E275%) at 20 GeV anéZ78%
(=2 86%) at 350 GeV.

In the tables statistical and the systematic uncertaimiegge combined in quadra-
ture. Three sources of systematic uncertainty were coreide

i the uncertainty on the LA ) and TileCal p!6C3) energy scale

iithe non uniformity of the LAr 84 ormi,) @nd TileCal Q1152 ) energy response

iii the effect of the ID material in front of LAr.

Variations obtained applying different selection criéesiere found to be negligible.
The systematic uncertainties (i) are discussed in sectianldey affect in a correlated
way the energy response ratio determinations of the diftetata points.

The non-uniformity of the LAr and TileCal response was stddising pion beams.
The obtained numerical values atgf; oy, = 0-4% [15, 16] and\[[§5a . = 1.5%
[17]. The corresponding uncertainty values on the deteatiins of the energy re-

sponse ratiosA(REcomb)umf andA(RET"eca')umf, are correlated in the case of the data

12



Noeam= 0.20 Nbeam= 0.25 Nbeam= 0.35
Enom EComb UComb EComb UComb EComb aComb
[GeV| [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 12.9740.03 | 3.52+0.03 13.10+0.03 | 3.27A40.03 12.99+0.03 | 3.26+0.03
50 34.56t0.06 | 6.94+0.06 | 34.14t0.07 6.20+0.07 | 34.99+0.06 6.09+0.06
100 - - 73.29£0.08 9.83+0.08 72.7+0.1 9.8+0.1
150 116.3+0.2 16.740.2 115.5+0.1 14.2+0.1 115.10.1 14.5+0.1
180 141.10.1 19.5+0.1 139.9+0.2 16.1+0.1 139.2+0.2 17.0+0.2
200 156.9+0.2 21.1+0.2 155.9+0.2 17.9+0.2 155.0£0.2 18.2+0.2
250 193.6+0.2 24.9+0.1 192.6+0.2 21.740.2 - -
320 244.3t0.4 32.4:0.4 246.8t0.3 26.6+0.3 243.6t0.4 26.710.4
350 272.2£0.3 34.7+0.3 271.8t0.3 28.5+0.3 272.1+0.3 28.6+0.3

Noeam= 0.45 Nbeam= 0.55 Nbeam= 0.65
Enom EComb JComb EComb JComb EComb o-Comb
[GeV| [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 12.90+0.03 | 3.214+0.03 12.79+0.03 | 3.30+0.03 12.35+0.03 | 3.31+0.03
50 34.96t0.04 | 6.22£0.04 | 34.75t0.06 6.38+0.06 | 33.83+0.05 6.54+0.05
100 72.510.06 | 10.010.06 72.0+0.1 10.29+0.08 | 70.41:£0.09 | 10.76+0.08
150 114.5+0.1 14.740.1 114.5+0.2 15.4+0.2 112.5t0.2 16.14+0.2
180 137.0+0.1 17.3+0.1 137.9+0.2 17.8+0.2 136.5£0.2 18.5+0.2
200 152.1+0.1 18.6+0.1 154.1+0.2 19.0+0.2 152.4+0.2 20.4+0.2
250 195.4+0.4 21.6+0.4 - - - -
320 246.3t0.4 27.3+0.4 - - 239.2+0.5 30.8£0.5
350 275.2£0.3 29.1+0.3 275.2£0.3 29.6+0.3 270.3t0.3 31.740.3

Table 2: Measured energy resporEe®™ and resolutiono®°™b for different values of the nominal beam

energy andjpeam Only statistical uncertainties are reported.

Noeam= 0.20 Nbeam= 0.25 Noeam= 0.35
Enom ETlIeCaI O-TIIeCaI ETIIeCaI UTlIeCaI ETlIeCaI UTlIeCaI
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 15.46+0.06 | 3.18+0.06 | 15.15-0.05 | 2.74£0.05 | 15.22+0.06 | 2.84+0.07
50 41.2+0.1 5.8+0.1 40.4+0.1 4.5+0.1 40.4+0.1 4.5+0.1
100 - - 82.2+0.1 6.9+0.1 81.9+0.2 7.2+:0.2
150 132.5+0.2 11.4+0.2 126.5+0.2 9.5+0.2 127.3+0.2 9.7+0.2
180 158.8+0.2 13.8£0.2 152.40.2 10.9+0.2 153.3:0.2 11.1£0.2
200 177.0+0.2 15.3+0.3 170.10.3 12.8+0.3 170.5+0.2 12.3+0.2
250 219.9+0.2 17.7+0.2 213.6+0.3 15.3+0.3 - -
320 275.60.6 23.6+0.6 269.5t0.4 18.9+0.4 269.2+0.6 17.8+0.6
350 304.6+0.4 25.2+-0.4 296.2+0.4 20.0+0.4 297.2+0.4 19.5+0.4

Noeam= 0.45 Npeam= 0.55 Nbeam= 0.65
Enom ETlIeCaI aTlIeCaI ETlIeCaI UTlIeCaI ETlIeCaI UTlIeCaI
[GeV| [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 15.03t0.07 | 2.79+0.07 | 14.88+0.06 | 2.74+0.06 | 14.80+0.07 | 2.85t+0.07
50 40.31-0.08 | 4.50+0.08 40.6+0.1 4.6+0.1 40.3+0.1 5.0+:0.1
100 82.2+-0.1 6.9+0.1 82.4+0.1 6.9+0.1 82.6+0.2 7.3+0.2
150 126.A40.2 9.6+0.2 127.8t0.3 9.3+0.3 128.2£0.3 9.5£0.3
180 152.5+0.2 11.3£0.2 153.5+0.2 11.14+0.2 154.4+0.2 11.5+0.2
200 169.4+0.2 12.2+0.2 170.5£0.3 12.4+0.3 172.5+0.3 12.4+0.3
250 213.10.5 13.4£0.6 - - - -
320 269.10.6 17.6+0.6 - - 271.3t0.6 17.9+-0.7
350 298.4+0.5 19.3£0.5 300.2£0.5 19.2+0.5 301.3t0.4 18.0+0.4

Table 3: Measured energy resposéeCa! and resolutioro T for different values of the nominal beam

energy andjpeam Only statistical uncertainties are reported.
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160

162

164

166

168

170

172

174

176

178

Nbeam= 0.20 Nbeam= 0.25 Nbeam= 0.35

Enom [ GeV] RECoﬁb RUCoﬁb REComb RUCoﬁb REComb RUComb

20 0.65+0.01 0.268+0.002 0.66+0.01 0.2470.002 0.65+0.01 0.248+0.002
50 0.69+0.01 0.199+0.002 0.714+0.01 0.173£0.002 0.70+0.01 0.171£0.002
100 - - 0.74+0.01 0.132£0.001 0.73+0.01 0.133+0.001
150 0.78+0.01 0.142+0.001 0.77+0.01 0.122+0.001 0.77+0.01 0.125+0.001
180 0.79+0.01 0.13A0.001 0.78+0.01 0.114+0.001 0.78+0.01 0.1210.001
200 0.79+0.01 0.133+0.001 0.78+0.01 0.114+0.001 0.78+0.01 0.116£0.001
250 0.78+£0.01 0.128£0.001 0.77+£0.01 0.112+0.001 - -

320 0.77+0.01 0.1310.002 0.78+0.01 0.106£0.001 0.770.01 0.109+0.002
350 0.78+0.01 0.126+0.001 0.78+0.01 0.103+0.001 0.78+0.01 0.104+0.001

Nbeam= 0.45 Nbeam= 0.55 Nbeam= 0.65

Enom[GeV] RECoﬁb RUCoﬁb REComb RUCoﬁb REComb RUComb

20 0.645+0.009 | 0.246+0.002 | 0.639+0.009 | 0.256£0.002 | 0.617A0.008 | 0.265-0.003
50 0.70+0.01 0.176£0.001 0.70+0.01 0.181-0.002 | 0.683t0.009 | 0.1910.002
100 0.73+0.01 0.13A0.001 0.72+0.01 0.141-0.001 0.71+0.01 0.1510.001
150 0.77+0.01 0.1270.001 0.77+£0.01 0.133£0.002 0.76£0.01 0.141£0.002
180 0.77+0.01 0.125£0.001 0.77+£0.01 0.128+0.001 0.76£0.01 0.134£0.001
200 0.76+£0.01 0.121+0.001 0.77+£0.01 0.122+0.001 0.77+£0.01 0.132£0.001
250 0.79+0.01 0.109+0.002 - - - -

320 0.78+0.01 0.109+0.002 - - 0.76+0.01 0.128+0.002
350 0.79+0.01 0.105+0.001 0.790.01 0.106+0.001 0.78+0.01 0.115+0.001

Table 4: Energy response raf6"°"™ and fractional resolutior@®"°"™ measurements obtained for different
values of the beam energy angeam Statistical and systematic uncertainties are combineguadrature.

The measurement &°°°™ is dominated by the statistical indeterminations.

points having the samg,eam The systematic effect on the determinatiobf"" due

to (i) and (ii) was determined for each valuekf,;mandnpeamtaking into account the
fraction of energy deposited in the LAr and in TileCal. Thetsynatic uncertainties
on the values oRE™™ andRE™*“® due to the source (jii) are uncorrelated and were
estimated to be 1%. The total error on the determinatid®F6T™ (RE™ ") is = 1.4%

(=2 1.9%). The sources (ii) and (iii) dominate in both cases.

The fractional resolutions are defined B&™ = gComb/EComb gpg Ro™ —
g'ilecal /gTileCal - The experimental determinations are also reported ineBadland
5. The values oR%“™ (RO""*“") are=26% (219%) at 20 GeV andZ12% (7%) at
350 GeV. The uncertainties are dominated by statistics emd(ﬁeac"mb)tot =~ 1% and
A(RUT“ecal)tot ~ 20,

The quantitie®RE"""™ andRE""** are shown in Figures 5 and 6 respectively (open
circles) as a function oEpea, for different values ofjpeam They are also shown in
Figures 7 and 8 as a functionipf.,mfor differentEyegmvalues. In general the values of
the energy response ratios are larger for small valugggf, The maximum variation
observed is 6%. The uncertainties in the four figures incitdgstical and systematic
effects combined in quadrature. Figures 9 and 10 show thédrel resolution&o"""™
andR°™"*“ as a function of 1/Epeam (Open circles) for different values @fyeam
The values oEpeamare in GeV. The values @' are worse than those obtained
analyzing TileCal standalone data [17] as a fraction of Sar@phowers start in the
LAr cryostat placed in front of the hadronic calorimeter.
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180
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194

Nbeam= 0.20 Nbeam= 0.25 Nbeam= 0.35

Enom [Ge\/] RETlIeCaI Rf7T|Ie(:al RETlIeCaI RUTlIeCaI RETlIeCaI Rf7T|Ie(:al
20 0.77+0.02 | 0.204+0.004 | 0.76£0.01 | 0.179-0.003 | 0.76+0.02 | 0.184+0.004
50 0.83+0.02 | 0.1406+0.003 | 0.81£0.02 | 0.110+0.003 | 0.81+0.02 | 0.11G+0.003
100 - - 0.83+0.02 | 0.083£0.002 | 0.82+0.02 | 0.087-0.003
150 0.89+0.02 | 0.085+0.002 | 0.85+0.02 | 0.075+0.001 | 0.85+0.02 | 0.075+0.001
180 0.89+0.02 | 0.086+0.001 | 0.85+0.02 | 0.071-0.001 | 0.86+0.02 | 0.072+0.001
200 0.89+0.02 | 0.086+0.001 | 0.86+0.02 | 0.074+0.002 | 0.86+0.02 | 0.072+0.001
250 0.88+0.02 | 0.080+0.001 | 0.86+0.02 | 0.07H-0.001 - -

320 0.87+0.02 | 0.085+0.002 | 0.85£0.02 | 0.069+0.001 | 0.85+0.02 | 0.065+0.002
350 0.88+0.02 | 0.082+0.001 | 0.85+0.02 | 0.066+0.001 | 0.86+0.02 | 0.065+0.001

Nbeam= 0.45 Nbeam= 0.55 Nbeam= 0.65

Enom [GEV] RETlIeCaI RUTlIeCaI RETlIeCaI RchlIeCaI RETlIeCaI RUTlIeCaI
20 0.75+0.01 | 0.184+0.004 | 0.74£0.01 | 0.184+0.004 | 0.74£0.01 | 0.189+0.004
50 0.81+0.02 | 0.112+0.002 | 0.82+0.02 | 0.110+0.003 | 0.82+0.02 | 0.122+0.003
100 0.83+0.02 | 0.083+0.001 | 0.83+0.02 | 0.084+0.002 | 0.83+0.02 | 0.08A0.002
150 0.85+0.02 | 0.075+0.001 | 0.86+0.02 | 0.07H-0.002 | 0.86+0.02 | 0.072+0.002
180 0.85+0.02 | 0.074+0.001 | 0.86+0.02 | 0.072+0.002 | 0.86+0.02 | 0.073:0.001
200 0.85+0.02 | 0.072+0.001 | 0.86+0.02 | 0.072+0.002 | 0.87+0.02 | 0.07H-0.002
250 0.86+0.02 | 0.062+0.003 - - - -

320 0.85+0.02 | 0.065+0.002 - - 0.86+0.02 | 0.065+0.002
350 0.86+0.02 | 0.064+0.002 | 0.86+0.02 | 0.063+0.002 | 0.87+0.02 | 0.059+0.001

Table 5: Energy response rags " and fractional resolutiong®""*“* measurements obtained for differ-

ent values of the beam energy angan Statistical and systematic uncertainties are combingdéadrature.

The measurement & "' is dominated by the statistical indeterminations.

ileCal

The experimental results are well-represented by the pateaination

(o2 a
—=——0h. 11
E A% Ebeam ( )

The values ofa andb obtained by fitting eq. (11) to the experimental data are
reported in Table 6. The values af(b) are=100% E&9%) for Sample 1 ané&75%
(=5%) for Sample 2. The resolution deteriorates f@etan=0.2 andnNpeam > 0.45.
The corresponding functions are superimposed to the me@sunts in Figs. 9 and 10.
Adding the noise ternc/Epeamin (11), the fits give values af compatible with 0 in
agreement with the discussion of Section 4.3.

6. Comparison with Monte Carlo simulation results

The experimental results were compared to the predictibtizeoMC simulation
program Geant¥42, 3]. The MC LAr and TileCal energy scale were obtained gsin
the results of electron simulations (see Section 4.1). TBSB-Bertini hadronic show-
ering model [18] was used in the simulation. This is the mqadesently being used in
the simulation of the response of the ATLAS detector to p-gnés.

In the simulation, the detector material and geometry walhg dlescribed [4]. The
spatial and angular distributions of the beam were alsodtmeeproduce the experi-
mental ones. The mean and spread of the incoming pion beanentom correspond

4The version 4.91 of the program has been used.
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Figure 5: Energy response raticRE,CDmb, measured (open circles) and predicted by Monte Carlo sitounl
(full points) as a function of beam energy for differeqgeamvalues: (a) 0.20, (b) 0.25, (c) 0.35, (d) 0.45,
(e) 0.55, and (f) 0.65. In the bottom of the histograms arevshite fractional differenceAE‘)mb defined

in eq. (12). The dashed horisontal lines indicate #2% region. The uncertainty includes statistical and
systematic effects combined in quadrature.

to the measured values. The measured electronic noisediifieent calorimeter cells

and the effects of photo statistic (70 phe/GeV) in the cagbephotomultipliers sig-

nals, are included in the MC simulation. The simulated everdre selected applying
the cuts 4-7 of Table 1.

In the case of positive beams at 20, 50 and 100 GeV, the beawppiton mixing
was included in the MC as was measured using the TRT deteldpr The values of
the proton fractiondy, are reported in Table 7. In the case of the point at 20 GeV the
valuesfp = 0.0+ 0.2 was used.

The distributions oEG3MP andE/L!C@ obtained with simulated data are shown in
Figs. 3 and 4 respectively for beam energies 50 GeV (a), 150(B)¢ 250 GeV (c) and
350 GeV (d) ap=0.35. As in the case of experimental data, Gauss functiens fit to
the data. Figures 5-10 compare the MC results (full poinis)the experimental ones
(open points). The results of the fit of eq. (11) to the simadatata of Figures 9 and 10
are reported in Table 6. The corresponding functions arersmposed to the data in
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Sample 1
RO™ (Experimental data)| RO (Simulated data)
Nbeam | a[%-GeV/2] b[%] a[%- GeV/?] b[%]
0.20 113+1 10.9+0.1 95.5+0.7 10.3:0.1
0.25 103+1 8.8+0.1 87.8+0.6 9.2+0.1
0.35 103t1 9.0+0.1 89.2+0.6 9.7+0.1
0.45 104+1 9.3+0.1 88.9+0.5 9.5+0.1
0.55 110+1 9.4+0.1 92.14+0.6 10.0£0.1
0.65 112+1 10.4+0.1 94.5+0.6 10.0+0.1
Sample 2
RO (Experimental data)) RO (Simulated data)
Nbeam | a[%-GeVY/?] b[%] a[%- GeV/?] b[%]
0.20 82+2 6.3+0.1 76.5+1.3 6.3+0.1
0.25 68+1 5.4+0.1 69.8+1.0 5.8+0.1
0.35 7442 4.9+0.1 66.7+2.1 5.6+0.1
0.45 7241 4.9+0.1 68.0+1.0 4.9+0.1
0.55 7242 4.8+0.2 70.0+£1.0 4.8+0.1
0.65 80+2 4.1+0.2 74.1+1.0 4.4+0.1

Table 6: Values of the parametersindb obtained fitting the resolution parameterization (11) ®eRperi-
mental and simulated Sample 1 and Sample 2 data. The vallggsgfin the square roots are in GeV.

Enom[GEeV] fo
20 -0.15+0.32
50 0.45£0.12
100 0.61+0.06

Table 7: Fractions of proton particles in positive beams.
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Figure 6: Energy response ratic, , measured (open circles) and predicted by Monte Carlo sitionl
(full points) as a function of beam energy for differeqgeam values: (a) 0.20, (b) 0.25, (c) 0.35, (d) 0.45,
(e) 0.55, and (f) 0.65. In the bottom of the histograms arevshibe fractional differenceal®C? defined

in eq. (13). The dashed horisontal lines indicate ##% region. The uncertainty includes statistical and
systematic effects combined in quadrature.

the figures. In the case of Sample 1 (Sample 2) valuesalftained using simulated
data are about 15% (7%) smaller than those obtained anglgzjpperimental data. For
the two samples the valueslobbtained by fitting the experimental and simulated data
are closer. The comparison between the data and the sipnutath be quantified using
the quantities

AComb_ (gComby - /EComb_ q 12)
BGP— (6% ¢ /g1

and
Alilecal _ (gTileCaly /g TileCal _ 4 (13)

AgileCaI — (O.TiIeCaI)MC/O.TiIeCaI 1

The values in percent are reported in Tables 8 and 9 and Eigui®. The uncer-
24 tainties onASP™P andAL'eC@ are dominated by systematic. The contributions of the
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Figure 7: Energy response raticRE,comb, measured (open circles) and predicted by Monte Carlo sitounl
(full points) as a function ofjpeamfor different beam energy values: (a) 20 GeV, (b) 50 GeV, @) GeV,

(d) 150 GeV, (e) 180 GeV, (f) 200 GeV, (g) 250 GeV, (h) 320 GeM &h 350 GeV. In the bottom of the
histograms are shown the fractional differentzfx%?mb defined in eq. (12). The dashed horisontal lines
indicate thet-3% region. The uncertainty includes statistical and syat&neffects combined in quadrature.
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Figure 8: Energy response rati; , measured (open circles) and predicted by Monte Carlo sitionl
(full points) as a function ofjpeamfor different beam energy values: (a) 20 GeV, (b) 50 GeV, @) GeV,

(d) 150 GeV, (e) 180 GeV, (f) 200 GeV, (g) 250 GeV, (h) 320 GeM & 350 GeV. In the bottom of the
histograms are shown the fractional diﬁeren@ée‘:a‘ defined in eq. (13). The dashed horisontal lines
indicate thet-3% region. The uncertainty includes statistical and syat&neffects combined in quadrature.
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Figure 9: Fractional resolutior‘R"C Omb, measured (open circles) and predicted by Monte Carlo sitioul
(full points) as a function of A\/Epeam for different npeam values: (a) 0.20, (b) 0.25, (c) 0.35, (d) 0.45,
(e) 0.55, and (f) 0.65. In the bottom of the histograms arevshie fractional differenceAgOmb defined

in eq. (12). The values dEyeamin the square roots are in GeV. The dashed horisontal lingisate the
+10% region. The uncertainty includes statistical and syate effects combined in quadrature. The solid
(dashed) curves are fits of the function (11) to the data (M@)tp.

sources (i)-(iii) are discussed in Section 5.2. In the cdgeositive beams the effect
due to pion-proton mixing, ranging between 2.4% at 20 GeV @#4db6 at 100 GeV,

was added in quadrature. The uncertaintiesA§H"® and A]"¢C2 are dominated by
statistics (See Section 5.2).

In the case of Sample 1 the response of simulated data is kEandemore significant
in the case of beam energies equal to 20 GeV and larger thaG@80The maximum
difference is 5%. The values &"®“@ are compatible with 0 for all the energies.
The values oAS°™ are always negative showing that the simulated distribstiare
narrower. Valuesz-12% have been obtained for beam energies below 100 GeV and,
independently of the energy, for=0.20 and 0.65. Unstable values &§'*“® have
been obtained. Fdnon=20 GeV one had]'®ca ~.10%. They become positive and
equal to few percent for energies larger than 100 GeVrgr@l 25 and 0.35.
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Figure 10: Fractional resolutioﬁ{"”eca', measured (open circles) and predicted by Monte Carlo sitionl
(full points) as a function of A\/Epeam for different npeam values: (a) 0.20, (b) 0.25, (c) 0.35, (d) 0.45,
(e) 0.55, and (f) 0.65. In the bottom of the histograms arevshihie fractional differenceal'*a defined

in eq. (13). The values dEyeamin the square roots are in GeV. The dashed horisontal lingisate the
+10% region. The uncertainty includes statistical and syate effects combined in quadrature. The solid
(dashed) curves are fits of the function (11) to the data (M@)tp.

7. Conclusion

The characterization of the response of the ATLAS calorarseto hadrons is im-
portant as many strategies for establishing the jet-ermrgle rely on the Monte Carlo
simulation of the calorimeters. Test beam data are very itapbto constrain, test and
validate the simulation models.

In this paper, a detailed analysis of the response of th&relaagnetic and hadronic
central calorimeter to hadron beams is presented. Dataenithgies between 20 and
350 GeV and an incident angle corresponding to pseudoitigsithetween 0.2 and
0.65 were analyzed. The reconstructed energies were eltaiithout any correction
for dead material and non-compensation of the calorimefére response of TileCal
to hadrons that start showering after the LAr calorimetes &also been determined.
Considering the statistical and systematic uncertainties ratio between the recon-

structed hadron energy and the beam en&®gy"™ (RE"*"") has been determined
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Enom[GeV] | nNpeani0.20 | Nbean=0.25 | Nbeant=0.35 | Nbean=0.45 | Nbean=0.55 | Nbeant=0.65
Agomb: [(ECOmb)MC/ECOmb_ 1]%
20 3+3 2+3 2+3 3+3 2+3 4+3
50 1+2 1+2 1+2 1+2 0+2 1+2
100 - 1+2 1+2 1+2 1+2 2+2
150 1+2 1+2 1+2 2+2 1+2 2+2
180 0+2 1+2 1+2 3+2 2+2 2+2
200 0+2 1+2 2+2 3+2 2+2 2+2
250 3+2 3+2 - 1+2 - -
320 4+2 3+2 5+2 4+2 - 5+2
350 3+2 3+2 3+2 2+2 2+2 3+2
Anomb: [(UComb)MC/UCombi 11%
20 -15+1 -13+1 -1241 -114+1 -1141 -13+1
50 -13+1 -11+1 -7+1 -10+1 -9+1 -1241
100 - -4+1 -24+1 -6+1 -4+1 -9+1
150 -8+1 -2+1 0+1 -3+1 -2+2 -8+1
180 -7+1 -0+1 -24+1 -7+1 -5+1 -7+1
200 -7+1 -14+1 1+1 -5+1 -3+1 -9+1
250 -8+1 -5+1 - 2+2 - -
320 -17+1 -4+1 0+2 -3+2 - -134+2
350 -10+1 -2+1 1+1 -1+1 3+1 -6+1

Table 8: Relative difference of response (top) and resmiutbottom) between data and simulated results in
the case Sample 1 events, for different values of the beangieseand pseudo-rapidity. The uncertainties
were obtained combining in quadrature the statistical hadystematic effects as discussed in the text.

Enom[GeV] | Npeani0.20 | Nbeani=0.25 | Nbeant=0.35 | Nbeani=0.45 | Nbean=0.55 | Nbeant=0.65
A'IE'lleCaI — [(ETlleCaI>MC/ETlleCaI _ 1]0/0
20 -1+3 0+3 -1+3 1+3 243 0+3
50 -2+2 -1+2 -0£2 02 -1+2 -2+2
100 - 1+2 1+2 1+2 0+2 -142
150 -2+2 142 242 242 242 -0£2
180 -1+2 142 1+2 242 242 1+2
200 -1+2 142 242 242 242 0+2
250 0+2 142 - 242 - -
320 242 3+2 4+2 4+2 - 3+2
350 242 3+2 3+2 242 3+2 1+2
A‘glleCal — [(aTlleCa )MC/GTlleCaI _ 1]%
20 -13+2 -3+3 -13£3 -10£3 -11+2 -10£3
50 -8+2 243 243 -3+2 0+3 -4+2
100 - 5+2 0+3 -2+2 -0+2 -4+2
150 4+3 8+3 1+2 -343 1+4 4+3
180 1+3 11+£3 6+2 -542 -3+3 -6+2
200 -6+£3 4+3 4+2 -6+3 -5+3 -0£3
250 0+3 443 - 8+5 - -
320 -11+3 -0+3 -0t4 -0t4 - -15+5
350 -94+3 243 243 -4+3 -4+3 0+3

Table 9: Relative difference of response (top) and resmiufbottom) between data and simulated events in
the case of Sample 2 events, for different values of the bewmyies and pseudo-rapidity. The uncertainties
were obtained combining in quadrature the statistical &edsystematic uncertainties as discussed in the
text.
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with a precision equal te22.8% &2.9%) at 20 GeV ané:1.4% 1.7%) at 350 GeV.
The uncertainty on the fractional resolutig ™™™ (R""*"") is equal to=21% (=2%)
for all the energies. The measurements were compared tdageduesults obtained
using Geant 4. The MC simulation is able to reproduce theorespto within a few
percent. The energy resolution in general is narrower irsit@lation than in the data.
The measurements will be compared in the future with thoaewfil be obtained in
ATLAS selecting isolated hadronic tracks. The ID measums@ould provide the
particle momentum.
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