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M. Caprinii, L. Cardiel Sash, T. Carlih, L. Carminatim, J. Carvalhoac, M. Cascellaab,
M.V. Castilload, A. Catinaccioh, M. Cavalli Sforzab, D. Cavalliae, V. Cavasinniab,

S.A. Cetina, H. Chenaf, R. Cherkaouiag, F. Chevalliero, M. Ciobotaruah, M. Citterioae,
B. Clelandai, E. Cognerasn, P. Conde Muinoac, M. Consonnim, S. Constantinescui,

T. Cornelissenh, A. Corso Raduh, G. Costaae, P. Cwetanskiz, D. Da Silvaaj, M. Damh,
H.O. Danielssonh, D. Dannheimh, T. Davidekak, K. Deal, P.O. Defayaa, B. Dekhissiam,

J. Del Pesoan, M. Delmastroh, T. Del Preteab, F. Derueao, L. Di Ciaccioap, B. Di
Girolamoh, S. Ditai , F. Dittush, F. Djamaaq, T. Djobavaar, M. Dobsonh,

B.A. Dolgosheinw, A. Dottiab, G. Drakeas, N. Dressnandtat, C. Driouchit,
W.L. Ebensteinq, P. Eerolag, I. Efthymiopoulosh, K. Egorovz, T.F. Eiferth, M. El
Kacimiau, A.I. Etienvrex, A. Fabichh, A.I. Fakhr-Edineav, M. Fantim, A. Farbinal,

P. Farthouath, D. Fassouliotisk, L. Fayardu, R. Febbraroaa, O.L. Fedinaw, A. Fenyukax,
R. Ferrariay, B.C. Ferreiraaj, A. Ferrerad, G. Filippiniaa, D. Fournieru, P. Francavillaab,
D. Francish, R. Froeschlh, D. Froidevauxh, E. Fullanaas, S. Gadomskiaz, P. Gagnonz,
S. Gameiroh, R. Garciaan, N. Ghodbaneaa, V. Giakoumopoulouk, V. Giangiobbeab,

N. Giokarisk, G. Glontiy, N. Gollubh, A. Gomesac, M.D. Gomezaz, B. Gorinih,
D. Goujdamiav, K.J. Grahnba, P. Grenierbb, N. Grigalashviliy, Y. Grishkevichbc,

M. Gruweh, C. Guicheneyaa, A. Guptaj, C. Haeberlin, Z. Hajdukbd, H. Hakobyanbe,
M. Hanceat, PH. Hansent, A. Harvey Jr.c, A. Henriques Correiah, L. Hervash,

E. Higonad, J. Hoffmanbf, J.Y. Hostachyo, I. Hruskaak, F. Hubautaq, W. Hulsbergenh,
M. Hurwitzj, L. Iconomidou-Fayardu, I. Jen-La Plantej, P.D.C. Johanssonbg,

K. Jon-Ands, M. Joosh, S. Jorgensenb, A. Kaczmarskaao, M. Kadou, A. Karyukhinax,
M. Kataokah, F. Kayumovbh, A. Kazarovaw, P.T. Keenerat, G.D. Kekelidzey,
N. Kerschenbg, G. Khoriauliy, E. Khramovy, A. Khristachevaw, J. Khubuay,
T.H. Kittelmannai, E. Klinkbyq, T. Koffash, S. Kolosah, S.P. Konovalovbh,
S. Kopikovax, I. Korolkovb, S. Kovalenkoaw, T.Z. Kowalskibi, K. Krügerh,
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azUniversité de Genève, Section de Physique, 24 rue Ernest Ansermet, CH - 1211 Genève 4, Switzerland
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Abstract

A fully instrumented slice of the ATLAS detector was exposedto test beams from the
SPS (Super Proton Synchrotron) at CERN in 2004. In this paper, the results of the
measurements of the response of the central calorimeter to hadrons with energies in
the range 20 to 350 GeV and beam impact points and angles corresponding to pseudo-
rapidity values in the range 0.2-0.65 are reported. The results are compared to the
predictions of a simulation program using the Geant 4 toolkit.

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

1. Introduction

In 2004 a ATLAS Combined Test Beam (CTB) program was carried out at CERN.2

A slice of the detector composed of the final versions of all central sub-detectors was
exposed to the SPS (Super Proton Synchrotron) beams. The layout of the sub-detectors4

was designed to be as close as possible to that of ATLAS. The Data Acquisition system
(DAQ) [1] was also similar to the one being used in ATLAS.6

The calorimeter system in ATLAS consists of an electromagnetic (LAr) and a
hadronic calorimeter (TileCal). It will be used to measure the energy of jets over a8

wide energy range, from about 20 GeV to more than 1 TeV. In thispaper, the measure-
ment of the combined response of the barrel calorimeter to hadron beams with energies10

in the range 20 to 350 GeV is presented. It was performed for various incident angles
corresponding to pseudo-rapidity valuesηbeam= 0.20, 0.25, 0.35, 0.45, 0.55 and 0.65.12

The response of TileCal to hadrons that start showering after the LAr calorimeter was
also determined. The results were compared to the predictions of the Monte Carlo14

(MC) simulation program Geant 4 [2, 3, 4]. The agreement between the data and the
simulation results is discussed. Results obtained using pions of energy from 3 to 9 GeV16

can be found in Ref. [5].

2. The experimental set-up18

2.1. The beam line

The beams were produced by extracting 400 GeV protons from the Super Proton20

Synchrotron (SPS) machine towards the North Area [6]. The primary target made of
beryllium had a length of 300 mm. The produced secondary beams can have ener-22

gies from 10 to 350 GeV. A secondary filter target of 1000 mm of polyethylene plus
lead absorber can be placed in the beam to produce tertiary beams. Bending magnets24

were used to determine the beam momentum and charge. The beams are expected to

5
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Figure 1: Beam line detectors layout.

be composed mainly of pions and, in the case of beams of positive charge, protons.26

Electrons and muons are also present. The results reported in this paper were obtained
using positive (negative) beams with energies equal to 20, 50 and 100 (150, 180, 200,28

250, 320 and 350) GeV.
The transverse beam profile was monitored by three wire chambers (BC0, BC130

and BC2) [7]. Two scintillators, with an active surface of 5×5 cm2 [8] were used in
coincidence to trigger the DAQ (Physics Trigger) and to provide the trigger timing.32

These two detectors together with the scintillator S1 were used to reject beam particles
interacting upstream of the detectors. A scintillation counter (MTS) was placed after34

the detector, behind an absorber, to identify beam muons. Inthis paper we will use
a right-handed coordinate system with the x-axis along the beam line and the y-axis36

pointing up, see Figure 1.

2.2. The detector38

Figure 1 shows a side-view of the layout of the ATLAS sub-detectors during the
2004 CTB. Only sub-detectors that were used in the present analysis are shown. The40

ATLAS Inner Detector (ID) [9] consists of three systems: theSilicon Pixel Detec-
tor, the Semi-Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT).42

Modules of such detectors were placed in front of the calorimeters but they were not
operational during the considered data taking period. The TRT module is shown in Fig.44

1 because the measurements performed with this detector in other occasions allowed
the determinations of the pion-proton mixings in the case ofpositive beams [10].46

The LAr module [11, 12] is made out of accordion-shaped lead absorbers glued
between two stainless steel sheets and placed inside a cryostat, made of aluminum,48

containing liquid argon. Beam entrance and exit walls are each 0.2 interaction lengths
(λ ) thick. The calorimeter has four longitudinal layers, including a pre-sampler. The50

coverage of all four layers is 0< η < 1.4 and−π/16< φ < π/16 rad (see Figs 1 and
2 for φ andη orientation convention). Theη −φ granularity of each longitudinal layer52

is described in [11].
Three modules of TileCal were exposed to the beams [13]. The iron-scintillator54

media of the modules is made of 4 and 5 mm thick iron plates sandwiched by 3 mm
thick scintillator tiles, with a periodicity of 18 mm. The TileCal modules were placed56
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about 30 cm behind the LAr calorimeter.2 The total coverage of the subdetector was
−1 < η < 1 and−3π/64< φ < 3π/64 rad. Each TileCal module has 3 longitudinal58

layers, whoseη − φ granularity is described in [13] (see also Figure 2). LAr and
TileCal were both supported by a mobile table. This table wasoriented in such a way60

that the incoming particles in the calorimeters were projective in pseudo-rapidity as in
the ATLAS experiment.62

Various sections of the ATLAS muon spectrometer [14] were also present in the
2004 CTB set-up. This sub-detector has not been used for the analysis presented in64

this paper.

3. Data sets and event selections66

In this section the requirements applied to select events produced by collimated
hadrons that do not strongly interact in the beam line beforereaching the LAr calorime-
ter are discussed. The cuts on the beam line scintillating counters signals:ES1, ES2,
ES3right andES3le f t were established studying the responses of S1, S2 and S3 to muons.
Muon events were recognized by requiring a signal above the pedestal level in the
MTS counter. The scintillator S3 was read by two photomultipliers labeled left and
right. The following selections were applied (cut 1):

ES1 < 2× peakmuon
S1 (1)

ES2 < 2× peakmuon
S2

ES3right < 2× peakmuon
S3right

ES3le f t < 2× peakmuon
S3le f t.

The quantitiespeakmuon
S1 , peakmuon

S2 , peakmuon
S3right andpeakmuon

S3le f t are the most probable
values of the muon distributions after pedestal subtraction.68

The beam chambers BCn (n = 0, 1 and 2) allow a determination of the transversal
beam impact point coordinates:yBCn andzBCn. The accepted events satisfy in each
chamber n the conditions (cut 2):

µBCn(y)−2σBCn(y) < yBCn < µBCn(y)+2σBCn(y) (2)

µBCn(z)−2σBCn(z) < zBCn < µBCn(z)+2σBCn(z).

The Gaussian functions means,µBCn(y) and µBCn(z) and sigmas,σBCn(y) and
σBCn(z) were obtained by fitting such functions to the data. The sigmavalues are70

about 30 mm and differ slightly from run to run.
The divergence of the beam was estimated using the differences of the impact point

coordinates in the chambers BC0, BC1 and BC2: ∆(0,1)(y) = yBC0− yBC1, ∆(1,2)(y) =

2In ATLAS this distance is 25 cm.

7
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Figure 2: Top view of the calorimeters layout in the 2004 CTB.The TileCal modules are only represented
for η > 0.

yBC1− yBC2, ∆(0,1)(z) = zBC0 − zBC1 and∆(1,2)(z) = zBC1− zBC2. The retained events
satisfy the conditions (cut 3):

µ∆(0,1)(y)−2σ∆(0,1)n(y) < ∆(0,1)(y) < µ∆(0,1)(y)+2σ∆(0,1)n(y) (3)

µ∆(1,2)(y)−2σ∆(1,2)n(y) < ∆(1,2)(y) < µ∆(1,2)(y)+2σ∆(1,2)n(y)

µ∆(0,1)(z)−2σ∆(0,1)n(z) < ∆(0,1)(z) < µ∆(0,1)(z)+2σ∆(0,1)n(z)

µ∆(1,2)(z)−2σ∆(1,2)n(z) < ∆(1,2)(z) < µ∆(1,2)(z)+2σ∆(1,2)n(z).

The symbolsµ∆(0,1)(y), µ∆(1,2)(y), µ∆(0,1)(z) andµ∆(1,2)(z) andσ∆(0,1)n(y), σ∆(1,2)n(y),72

σ∆(0,1)n(z) andσ∆(1,2)n(z) indicate the mean and sigma values of Gaussian functions
fitting the distributions.74

At the energies considered, electrons impinging in the calorimeter, deposit essen-
tially all their energy in the LAr. In the case of hadrons, a large fraction of the energy
is deposited in TileCal. Electrons were then rejected requiring (cut 4):

Eraw(LAr)
Eraw(LAr)+Eraw(TileCal)

< 0.98 (4)

The residual electron contamination was estimated to be negligible for all the ener-
gies.76

The methods used to reconstruct the energies deposited in LAr (Eraw(LAr)) and
TileCal (Eraw(TileCal)) are discussed in Section 4.78
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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

Cut 4: Eraw(LAr)
Eraw(LAr)+Eraw(TileCal) < 0.98 29327 51848 4438 13337

Cut 5:EMTS< 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 individual selection requirement for data collected using
incident beams atη=0.45. The corresponding nominal beam energy values are reported.

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

EMT S< 500[ADCchannels]. (5)

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

Eraw(LAr)+Eraw(TileCal) > 6[GeV]. (6)

The cuts 1-6 allowed selecting clean hadron showers in the calorimeter (Sample 1).
Hadrons showering in TileCal (Sample 2) were obtained by further requiring a small
energy deposition in LAr. For each of the three LAr layers i, the measured energy
Ei

raw(LAr) must satisfy the condition (cut 7):

Ei
raw(LAr) < µ i

LAr(muon)+2×σ i
LAr(muon). (7)

The quantitiesµ i
LAr(muon) andσ i

LAr(muon) in eq. (7) are the mean values and the
root mean square of theEi

raw(LAr) distributions obtained using muon events.80

In the following the results obtained analyzing Sample 1 (Sample 2) events will be
labeled Comb (TileCal). In Table 1 the numbers of events passing the selection criteria82

are reported. The beams have nominal energies equal to 50, 150, 250 and 350 GeV and
ηbeam= 0.45. All other runs show similar cut efficiencies, demonstrating a satisfactory84

stability of the beam conditions and of the detector operations during the data taking.
The number of the selected Sample 1 (Sample 2) events are a fewthousands (tens86

of thousands). The positive beam samples at 20, 50 and 100 GeVcontain pions and
protons. The fractions of pions and protons in the hadron beams and their effects on88

the results are discussed in section 6. The other samples contain only pions.

4. Reconstruction of the energy in the calorimeters90

4.1. Cell energy reconstruction
The cell energy in LAr is determined by the Optimal FilteringCoefficients Method92

[15, 16]. The comparison of the measured and simulated energy response of 180 GeV
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electrons allowed the determination of the energy scale. The uncertainty on the scale,94

due mainly to the knowledge of the beam momentum [16], is 0.7%. In TileCal, the fit
filter method is used to determine the cell energy [17]. The scale of the reconstructed96

energy was obtained using electron beams incident at the center of each cell with an
angle of 20◦. The estimated uncertainty on the energy scale is 0.5% [17].98

4.2. The reconstructed energies

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

EComb
raw = Eraw(LAr)+Eraw(TileCal). (8)

For Sample 2 events one has:

ETileCal
raw = Eraw(TileCal). (9)

The quantitiesEraw(LAr) andEraw(TileCal) are, respectively, the sums of the en-
ergy deposited in the LAr and TileCal calorimeter cells having pseudo-rapidity coordi-
natesηcell satisfying the conditionηbeam−0.206 ηcell 6 ηbeam+0.20. In the case of
LAr only, the cells of the three layers have been used. No corrections for dead material,
containment and non-compensation effects were applied. Inorder to improve the en-
ergy resolution, only cells with an energyEcell larger than twice the standard deviation
of the residual electronic noiseσnoise(in absolute value) were considered in the sums:

|Ecell| > 2×σnoise. (10)

4.3. The electronic noise100

The standard deviationσnoiseof the electronic noise distribution varies from cell to
cell, with large variations between different longitudinal layers. For each run,σnoisehas102

been determined for each cell of the calorimeter using pedestal events obtained from
random triggers between beam bursts. Typicalσnoise values are 12 MeV (1st layer of104

LAr), 28 MeV (2nd layer of LAr), 22 MeV (3rd layer of LAr), 30 MeV (1st layer of
TileCal), 30 MeV (2nd layer of TileCal) and 25 MeV (3rd layer of TileCal). The typical106

number of cells considered in the computation of the energy in the calorimeter is about
160. The electronic noise has a negligible effect on the resolution of the hadron energy108

measurements (see Section 5.2).
Pedestal levels of the calorimeter cells were studied. In the case of LAr, special110

runs were taken every eight hours during the data taking. Foreach cell and electronic
gain setting, pedestals were recorded in each of the seven time windows in which the112

cell pulse is sampled. The mean pedestal in a cell was obtained as the average of the
seven measurements. Corrections were also applied to take into account the drift due114

to changes of the temperature of the electronic front-end boards during the data-taking.
The typical size of these corrections on the reconstructed energies is about 10 MeV116

[15, 16].
In the case of TileCal the fit method applied to reconstruct the cell energy uses an118

event-by-event baseline subtraction and therefore corrects for any pedestal shifts. The

10
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Figure 3: Distribution of the reconstructed energyEComb
raw (see Eq. (8)) obtained forEnomequal to (a) 50 GeV,

(b) 150 GeV, (c) 250 GeV and (d) 350 GeV, andη=0.45. The full points represent the experimental data. The
solid curves correspond to the fit of a Gauss function to the data (see the text). The histograms correspond
to the prediction of the Monte Carlo simulation (Section 6).

residual effect on the reconstructed energy was estimated to be about 6 MeV. These120

effects are negligible in comparison to the typical reconstructed hadron energy uncer-
tainty (See Section 5).122

Out of a total of about 2000 channels no dead or hot LAr and TileCal channels were
found during the data taking.124

5. Calorimeter response to hadrons

5.1. Determination of the hadron response126

The response has been measured for hadron samples at variousenergies and pseudo-
rapidities. Figure 3 shows the energy depositEComb

raw distributions in the ATLAS calorime-128

ter system when the hadron beam impinged on the calorimeter at η=0.45 and for
hadrons of nominal energiesEnom= 50, 150, 250 and 350 GeV. Figure 4 shows the130

energy deposit in the case of hadrons showering after LAr. The beam parameters are
the same as Figure 3.132

The distributions are described reasonably well by Gaussian functions. The re-
sponsesEComb (ETileCal) and resolutionσComb (σTileCal) were then defined as theµ134

andσ parameters of such function fitting the measured distributions in a region±2σ ’s
around the mean value.3 The fit functions are superimposed to the data distributionsof136

Figures 3 and 4. The results are reported in Tables 2 and 3.

3An iterative procedure has been applied in order to get stable values of the parameters.
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Figure 4: Distribution of the reconstructed energyETileCal
raw (see Eq. (9)) obtained forEnom equal to

(a) 50 GeV, (b) 150 GeV, (c) 250 GeV and (d) 350 GeV, andη=0.45. The full points represent the ex-
perimental data. The solid curves correspond to the fit of a Gauss function to the data (see the text). The
histograms correspond to the prediction of the Monte Carlo simulation (Section 6).

5.2. Measurements of the energy response ratios and of the fractional resolutions138

The measurements of the energy response ratios,REComb
= EComb/EbeamandRETileCal

=
ETileCal/Ebeam, are reported in Tables 4 and 5 respectively. The quantityEbeam is the140

beam energy determined using beam line magnet measurements[6]. The differences
betweenEbeamandEnom were measured to be smaller than 1%. The effects of the ID142

material in front of LAr were estimated using few runs atη=0.45 with ID detectors
operational. A correction of +1% was applied to the values ofthe energy response144

ratios. The values of energy response ratios are∼=65% (∼=75%) at 20 GeV and∼=78%
(∼= 86%) at 350 GeV.146

In the tables statistical and the systematic uncertaintieswere combined in quadra-
ture. Three sources of systematic uncertainty were considered:148

i the uncertainty on the LAr (∆LAr
scale) and TileCal (∆TileCal

scale ) energy scale
ii the non uniformity of the LAr (∆LAr

uni f ormity) and TileCal (∆TileCal
uni f ormity) energy response150

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

Variations obtained applying different selection criteria were found to be negligible.152

The systematic uncertainties (i) are discussed in section 4.1. They affect in a correlated
way the energy response ratio determinations of the different data points.154

The non-uniformity of the LAr and TileCal response was studied using pion beams.
The obtained numerical values are∆LAr

uni f ormity = 0.4% [15, 16] and∆TileCal
uni f ormity = 1.5%156

[17]. The corresponding uncertainty values on the determinations of the energy re-
sponse ratios,∆(REComb

)uni f and∆(RETileCal
)uni f , are correlated in the case of the data158
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ηbeam= 0.20 ηbeam= 0.25 ηbeam= 0.35
Enom EComb σComb EComb σComb EComb σComb

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 12.97±0.03 3.52±0.03 13.10±0.03 3.27±0.03 12.99±0.03 3.26±0.03
50 34.56±0.06 6.94±0.06 34.14±0.07 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 16.7±0.2 115.5±0.1 14.2±0.1 115.1±0.1 14.5±0.1
180 141.1±0.1 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 21.7±0.2 - -
320 244.3±0.4 32.4±0.4 246.8±0.3 26.6±0.3 243.6±0.4 26.7±0.4
350 272.2±0.3 34.7±0.3 271.8±0.3 28.5±0.3 272.1±0.3 28.6±0.3

ηbeam= 0.45 ηbeam= 0.55 ηbeam= 0.65
Enom EComb σComb EComb σComb EComb σComb

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 12.90±0.03 3.21±0.03 12.79±0.03 3.30±0.03 12.35±0.03 3.31±0.03
50 34.96±0.04 6.22±0.04 34.75±0.06 6.38±0.06 33.83±0.05 6.54±0.05
100 72.51±0.06 10.01±0.06 72.0±0.1 10.29±0.08 70.41±0.09 10.76±0.08
150 114.5±0.1 14.7±0.1 114.5±0.2 15.4±0.2 112.5±0.2 16.1±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 - - - -
320 246.3±0.4 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±0.3 270.3±0.3 31.7±0.3

Table 2: Measured energy responseEComb and resolutionσComb for different values of the nominal beam
energy andηbeam. Only statistical uncertainties are reported.

ηbeam= 0.20 ηbeam= 0.25 ηbeam= 0.35
Enom ETileCal σTileCal ETileCal σTileCal ETileCal σTileCal

[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±0.2 152.7±0.2 10.9±0.2 153.3±0.2 11.1±0.2
200 177.0±0.2 15.3±0.3 170.1±0.3 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 - -
320 275.6±0.6 23.6±0.6 269.5±0.4 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

ηbeam= 0.45 ηbeam= 0.55 ηbeam= 0.65
Enom ETileCal σTileCal ETileCal σTileCal ETileCal σTileCal

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
20 15.03±0.07 2.79±0.07 14.88±0.06 2.74±0.06 14.80±0.07 2.85±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
150 126.7±0.2 9.6±0.2 127.8±0.3 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 11.1±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
250 213.1±0.5 13.4±0.6 - - - -
320 269.1±0.6 17.6±0.6 - - 271.3±0.6 17.9±0.7
350 298.4±0.5 19.3±0.5 300.2±0.5 19.2±0.5 301.3±0.4 18.0±0.4

Table 3: Measured energy responseETileCal and resolutionσTileCal for different values of the nominal beam
energy andηbeam. Only statistical uncertainties are reported.
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ηbeam= 0.20 ηbeam= 0.25 ηbeam= 0.35

Enom [GeV] REComb
RσComb

REComb
RσComb

REComb
RσComb

20 0.65±0.01 0.268±0.002 0.66±0.01 0.247±0.002 0.65±0.01 0.248±0.002
50 0.69±0.01 0.199±0.002 0.71±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 0.137±0.001 0.78±0.01 0.114±0.001 0.78±0.01 0.121±0.001
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 0.131±0.002 0.78±0.01 0.106±0.001 0.77±0.01 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

ηbeam= 0.45 ηbeam= 0.55 ηbeam= 0.65

Enom [GeV] REComb
RσComb

REComb
RσComb

REComb
RσComb

20 0.645±0.009 0.246±0.002 0.639±0.009 0.256±0.002 0.617±0.008 0.265±0.003
50 0.70±0.01 0.176±0.001 0.70±0.01 0.181±0.002 0.683±0.009 0.191±0.002
100 0.73±0.01 0.137±0.001 0.72±0.01 0.141±0.001 0.71±0.01 0.151±0.001
150 0.77±0.01 0.127±0.001 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 0.79±0.01 0.106±0.001 0.78±0.01 0.115±0.001

Table 4: Energy response ratioREComb
and fractional resolutionsRσComb

measurements obtained for different
values of the beam energy andηbeam. Statistical and systematic uncertainties are combined inquadrature.

The measurement ofRσComb
is dominated by the statistical indeterminations.

points having the sameηbeam. The systematic effect on the determination ofREComb
due

to (i) and (ii) was determined for each value ofEbeamandηbeamtaking into account the160

fraction of energy deposited in the LAr and in TileCal. The systematic uncertainties
on the values ofREComb

andRETileCal
due to the source (iii) are uncorrelated and were162

estimated to be 1%. The total error on the determination ofREComb
(RETileCal

) is∼= 1.4%
(∼= 1.9%). The sources (ii) and (iii) dominate in both cases.164

The fractional resolutions are defined asRσComb
= σComb/EComb and RσTileCal

=
σTileCal/ETileCal. The experimental determinations are also reported in Tables 4 and166

5. The values ofRσComb
(RσTileCal

) are∼=26% (∼=19%) at 20 GeV and∼=12% (∼=7%) at
350 GeV. The uncertainties are dominated by statistics and are ∆(RσComb

)tot
∼= 1% and168

∆(RσTileCal
)tot

∼= 2%.

The quantitiesREComb
andRETileCal

are shown in Figures 5 and 6 respectively (open170

circles) as a function ofEbeam for different values ofηbeam. They are also shown in
Figures 7 and 8 as a function ofηbeamfor differentEbeamvalues. In general the values of172

the energy response ratios are larger for small values ofηbeam. The maximum variation
observed is 6%. The uncertainties in the four figures includestatistical and systematic174

effects combined in quadrature. Figures 9 and 10 show the fractional resolutionsRσComb

andRσTileCal
as a function of 1/

√
Ebeam (open circles) for different values ofηbeam.176

The values ofEbeamare in GeV. The values ofRσTileCal
are worse than those obtained

analyzing TileCal standalone data [17] as a fraction of Sample 2 showers start in the178

LAr cryostat placed in front of the hadronic calorimeter.
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ηbeam= 0.20 ηbeam= 0.25 ηbeam= 0.35

Enom [GeV] RETileCal
RσTileCal

RETileCal
RσTileCal

RETileCal
RσTileCal

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 0.140±0.003 0.81±0.02 0.110±0.003 0.81±0.02 0.110±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 0.071±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

ηbeam= 0.45 ηbeam= 0.55 ηbeam= 0.65

Enom [GeV] RETileCal
RσTileCal

RETileCal
RσTileCal

RETileCal
RσTileCal

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 0.087±0.002
150 0.85±0.02 0.075±0.001 0.86±0.02 0.071±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 0.071±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 ratioRETileCal
and fractional resolutionsRσTileCal

measurements obtained for differ-
ent values of the beam energy andηbeam. Statistical and systematic uncertainties are combined inquadrature.

The measurement ofRσTileCal
is dominated by the statistical indeterminations.

The experimental results are well-represented by the parameterization

σ
E

=
a√

Ebeam
⊕b. (11)

The values ofa and b obtained by fitting eq. (11) to the experimental data are180

reported in Table 6. The values ofa (b) are∼=100% (∼=9%) for Sample 1 and∼=75%
(∼=5%) for Sample 2. The resolution deteriorates forηbeam=0.2 andηbeam> 0.45.182

The corresponding functions are superimposed to the measurements in Figs. 9 and 10.
Adding the noise termc/Ebeam in (11), the fits give values ofc compatible with 0 in184

agreement with the discussion of Section 4.3.

6. Comparison with Monte Carlo simulation results186

The experimental results were compared to the predictions of the MC simulation
program Geant 44[2, 3]. The MC LAr and TileCal energy scale were obtained using188

the results of electron simulations (see Section 4.1). The QGSP-Bertini hadronic show-
ering model [18] was used in the simulation. This is the modelpresently being used in190

the simulation of the response of the ATLAS detector to p-p events.
In the simulation, the detector material and geometry were fully described [4]. The192

spatial and angular distributions of the beam were also tuned to reproduce the experi-
mental ones. The mean and spread of the incoming pion beam momentum correspond194

4The version 4.91 of the program has been used.
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Figure 5: Energy response ratios,REComb
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function of beam energy for differentηbeamvalues: (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 are shown the fractional differences∆Comb

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

to the measured values. The measured electronic noise in thedifferent calorimeter cells
and the effects of photo statistic (70 phe/GeV) in the case ofthe photomultipliers sig-196

nals, are included in the MC simulation. The simulated events were selected applying
the cuts 4-7 of Table 1.198

In the case of positive beams at 20, 50 and 100 GeV, the beam pion-proton mixing
was included in the MC as was measured using the TRT detector [10]. The values of200

the proton fractionsfp are reported in Table 7. In the case of the point at 20 GeV the
valuesfp = 0.0±0.2 was used.202

The distributions ofEComb
raw andETileCal

raw obtained with simulated data are shown in
Figs. 3 and 4 respectively for beam energies 50 GeV (a), 150 GeV (b), 250 GeV (c) and
350 GeV (d) atη=0.35. As in the case of experimental data, Gauss functions were fit to
the data. Figures 5-10 compare the MC results (full points) and the experimental ones
(open points). The results of the fit of eq. (11) to the simulated data of Figures 9 and 10
are reported in Table 6. The corresponding functions are superimposed to the data in
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Sample 1

RσComb
(Experimental data) RσComb

(Simulated data)
ηbeam a[%·GeV1/2] b[%] a[%·GeV1/2] 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
0.35 103±1 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 92.1±0.6 10.0±0.1
0.65 112±1 10.4±0.1 94.5±0.6 10.0±0.1

Sample 2

RσTileCal
(Experimental data) RσTileCal

(Simulated data)
ηbeam a[%·GeV1/2] b[%] a[%·GeV1/2] 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 74±2 4.9±0.1 66.7±2.1 5.6±0.1
0.45 72±1 4.9±0.1 68.0±1.0 4.9±0.1
0.55 72±2 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 parametersa andb obtained fitting the resolution parameterization (11) to the experi-
mental and simulated Sample 1 and Sample 2 data. The values ofEbeamin the square roots are in GeV.

Enom [GeV] fp

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 ratios,RETileCal
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function of beam energy for differentηbeamvalues: (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 are shown the fractional differences∆TileCal

E defined
in eq. (13). The dashed horisontal lines indicate the±2% region. The uncertainty includes statistical and
systematic effects combined in quadrature.

the figures. In the case of Sample 1 (Sample 2) values ofa obtained using simulated
data are about 15% (7%) smaller than those obtained analyzing experimental data. For
the two samples the values ofb obtained by fitting the experimental and simulated data
are closer. The comparison between the data and the simulation can be quantified using
the quantities

∆Comb
E = (EComb)MC/EComb−1 (12)

∆Comb
σ = (σComb)MC/σComb−1

and

∆TileCal
E = (ETileCal)MC/ETileCal−1 (13)

∆TileCal
σ = (σTileCal)MC/σTileCal−1

The values in percent are reported in Tables 8 and 9 and Figures 5-10. The uncer-
tainties on∆Comb

E and∆TileCal
E are dominated by systematic. The contributions of the204
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Figure 7: Energy response ratios,REComb
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function ofηbeam for different beam energy values: (a) 20 GeV, (b) 50 GeV, (c) 100 GeV,
(d) 150 GeV, (e) 180 GeV, (f) 200 GeV, (g) 250 GeV, (h) 320 GeV and (i) 350 GeV. In the bottom of the
histograms are shown the fractional differences∆Comb

E defined in eq. (12). The dashed horisontal lines
indicate the±3% region. The uncertainty includes statistical and systematic effects combined in quadrature.
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Figure 8: Energy response ratios,RETileCal
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function ofηbeam for different beam energy values: (a) 20 GeV, (b) 50 GeV, (c) 100 GeV,
(d) 150 GeV, (e) 180 GeV, (f) 200 GeV, (g) 250 GeV, (h) 320 GeV and (i) 350 GeV. In the bottom of the
histograms are shown the fractional differences∆TileCal

E defined in eq. (13). The dashed horisontal lines
indicate the±3% region. The uncertainty includes statistical and systematic effects combined in quadrature.
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Figure 9: Fractional resolution,RσComb
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function of 1/
√

Ebeam for different ηbeam 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 are shown the fractional differences∆Comb

σ defined
in eq. (12). The values ofEbeam in the square roots are in GeV. The dashed horisontal lines indicate the
±10% region. The uncertainty includes statistical and systematic effects combined in quadrature. The solid
(dashed) curves are fits of the function (11) to the data (MC) points.

sources (i)-(iii) are discussed in Section 5.2. In the case of positive beams the effect
due to pion-proton mixing, ranging between 2.4% at 20 GeV and0.4% at 100 GeV,206

was added in quadrature. The uncertainties on∆Comb
σ and∆TileCal

σ are dominated by
statistics (See Section 5.2).208

In the case of Sample 1 the response of simulated data is larger and more significant
in the case of beam energies equal to 20 GeV and larger than 250GeV. The maximum210

difference is 5%. The values of∆TileCal
E are compatible with 0 for all the energies.

The values of∆Comb
σ are always negative showing that the simulated distributions are212

narrower. Values∼=-12% have been obtained for beam energies below 100 GeV and,
independently of the energy, forη=0.20 and 0.65. Unstable values of∆TileCal

σ have214

been obtained. ForEnom=20 GeV one has∆TileCal
σ

∼=-10%. They become positive and
equal to few percent for energies larger than 100 GeV andη=0.25 and 0.35.216
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Figure 10: Fractional resolution,RσTileCal
, measured (open circles) and predicted by Monte Carlo simulation

(full points) as a function of 1/
√

Ebeam for different ηbeam 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 are shown the fractional differences∆TileCal

σ defined
in eq. (13). The values ofEbeam in the square roots are in GeV. The dashed horisontal lines indicate the
±10% region. The uncertainty includes statistical and systematic effects combined in quadrature. The solid
(dashed) curves are fits of the function (11) to the data (MC) points.

7. Conclusion

The characterization of the response of the ATLAS calorimeters to hadrons is im-218

portant as many strategies for establishing the jet-energyscale rely on the Monte Carlo
simulation of the calorimeters. Test beam data are very important to constrain, test and220

validate the simulation models.
In this paper, a detailed analysis of the response of the electromagnetic and hadronic222

central calorimeter to hadron beams is presented. Data withenergies between 20 and
350 GeV and an incident angle corresponding to pseudo-rapidities between 0.2 and224

0.65 were analyzed. The reconstructed energies were obtained without any correction
for dead material and non-compensation of the calorimeters. The response of TileCal226

to hadrons that start showering after the LAr calorimeter has also been determined.
Considering the statistical and systematic uncertainties, the ratio between the recon-228

structed hadron energy and the beam energyREComb
(RETileCal

) has been determined
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Enom [GeV] ηbeam=0.20 ηbeam=0.25 ηbeam=0.35 ηbeam=0.45 ηbeam=0.55 ηbeam=0.65
∆Comb

E = [(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

∆Comb
σ = [(σComb)MC/σComb−1]%

20 -15±1 -13±1 -12±1 -11±1 -11±1 -13±1
50 -13±1 -11±1 -7±1 -10±1 -9±1 -12±1
100 - -4±1 -2±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 -2±1 -7±1 -5±1 -7±1
200 -7±1 -1±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 - -13±2
350 -10±1 -2±1 1±1 -1±1 3±1 -6±1

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

Enom [GeV] ηbeam=0.20 ηbeam=0.25 ηbeam=0.35 ηbeam=0.45 ηbeam=0.55 ηbeam=0.65
∆TileCal

E = [(ETileCal)MC/ETileCal−1]%
20 -1±3 0±3 -1±3 1±3 2±3 0±3
50 -2±2 -1±2 -0±2 0±2 -1±2 -2±2
100 - 1±2 1±2 1±2 0±2 -1±2
150 -2±2 1±2 2±2 2±2 2±2 -0±2
180 -1±2 1±2 1±2 2±2 2±2 1±2
200 -1±2 1±2 2±2 2±2 2±2 0±2
250 0±2 1±2 - 2±2 - -
320 2±2 3±2 4±2 4±2 - 3±2
350 2±2 3±2 3±2 2±2 3±2 1±2

∆TileCal
σ = [(σTileCal)MC/σTileCal−1]%

20 -13±2 -3±3 -13±3 -10±3 -11±2 -10±3
50 -8±2 2±3 2±3 -3±2 0±3 -4±2
100 - 5±2 0±3 -2±2 -0±2 -4±2
150 4±3 8±3 1±2 -3±3 1±4 4±3
180 1±3 11±3 6±2 -5±2 -3±3 -6±2
200 -6±3 4±3 4±2 -6±3 -5±3 -0±3
250 0±3 4±3 - 8±5 - -
320 -11±3 -0±3 -0±4 -0±4 - -15±5
350 -9±3 2±3 2±3 -4±3 -4±3 0±3

Table 9: Relative difference of response (top) and resolution (bottom) between data and simulated events in
the case of Sample 2 events, for different values of the beam energies and pseudo-rapidity. The uncertainties
were obtained combining in quadrature the statistical and the systematic uncertainties as discussed in the
text.
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with a precision equal to∼=2.8% (∼=2.9%) at 20 GeV and∼=1.4% (∼=1.7%) at 350 GeV.230

The uncertainty on the fractional resolutionRσComb
(RσTileCal

) is equal to∼=1% (∼=2%)
for all the energies. The measurements were compared to simulated results obtained232

using Geant 4. The MC simulation is able to reproduce the response to within a few
percent. The energy resolution in general is narrower in thesimulation than in the data.234

The measurements will be compared in the future with those that will be obtained in
ATLAS selecting isolated hadronic tracks. The ID measurements would provide the236

particle momentum.
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