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Abstract

A new combined test of an electromagnetic liquid argon accordion calorimeter and a hadronic scintillating-tile
calorimeter was carried out at the CERN SPS. These devices are prototypes of the barrel calorimeter of the future
ATLAS experiment at the LHC. The energy resolution of pions in the energy range from 10 to 300 GeV at an incident
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2 In the collider reference system, which has been adopted
here, the z-axis indicates the LHC beam line, the x- and y-axis
the horizontal and the vertical directions, while / and h are the
azimuthal and polar angle, respectively. The pseudorapidity is
de"ned as g"!ln(tan(h/2)).

angle h of about 123 is well described by the expression p/E"((41.9$1.6)%/JE#(1.8$0.1)%)=(1.8$0.1)/E, where
E is in GeV. The response to electrons and muons was evaluated. Shower pro"les, shower leakage and the angular
resolution of hadronic showers were also studied. Results are compared with those from the previous beam test. ( 2000
Elsevier Science B.V. All rights reserved.

1. Introduction

The future ATLAS experiment [1] at the CERN
Large Hadron Collider (LHC) will include in the
central (&barrel') region a calorimeter system com-
posed of two separate units: a liquid argon (LAr)
electromagnetic (EM) calorimeter [2] with hermetic
accordion geometry and a scintillating-tile hadronic
calorimeter [3] using iron as the absorber, in which
the tiles are placed perpendicular to the colliding
beams. This system must be capable of identifying
electrons, photons and jets, and of reconstructing
their energies and angles as well as of measuring the
missing transverse energy in the event. The barrel
calorimeter will cover the ATLAS central region
over a pseudorapidity2 range of DgD41.4.

In this paper, the results of a new test of the
electromagnetic and hadronic calorimeter proto-
types in a combined setup are presented, and com-
pared with those of a previous similar test
performed in 1994 [4]. The paper is organized as
follows. In Section 2 the two calorimeter proto-
types are brie#y described, and in Section 3 the
combined test beam setup and the data selection
procedure are presented. The results are discussed
in Sections 4}6 for electrons, pions and muons,
respectively, with special emphasis on the energy
resolution of hadronic showers. Finally Section 7
contains a summary and the conclusions.

2. The calorimeter prototypes

Over the past few years, several prototypes of the
two calorimeters went through a series of separate

test [5}9]. In 1994, for the "rst time, the calori-
meters were tested in a combined mode. An azi-
muthal sector of the ATLAS barrel calorimeter was
reproduced by placing the hadronic device down-
stream of the EM calorimeter. A second test, with
the same prototypes, has been done in 1996. The
purpose of this second test was to con"rm the good
results obtained with the previous one, but also to
evaluate the combined calorimetry resolution and
linearity in the low energy region. In 1994 the
non-optimal beam quality of 20 GeV pions did not
allow this study.

2.1. The electromagnetic liquid argon calorimeter

The electromagnetic LAr calorimeter prototype
used for this test consisted of a stack of two azi-
muthal modules, each one spanning 93 in azimuth
and extending over 2 m along the z direction. The
calorimeter structure is de"ned by 2.2 mm thick
steel-plated lead absorbers, folded to an accordion
shape and separated by 3.8 mm gaps, "lled with
liquid argon; the signals are collected by kapton
electrodes located in the gaps. The calorimeter ex-
tends from an inner radius of 131.5 cm to an outer
radius of 182.6 cm, representing (at g"0) a total of
25 radiation lengths (X

0
), or 1.22 interaction

lengths (j). The calorimeter is longitudinally seg-
mented into three compartments of 9X

0
, 9X

0
and

7X
0
, respectively. The g]/ segmentation is

0.018]0.02 for the "rst two longitudinal compart-
ments and 0.036]0.02 for the last compartment.
Each read-out cell has full projective geometry in
g and in /.

The calorimeter was located inside a large cylin-
drical cryostat with 2 m internal diameter, "lled
with liquid argon. The cryostat was made out of
a 8 mm thick inner stainless-steel vessel, isolated by
30 cm of low-density foam (Rohacell), itself pro-
tected by a 1.2 mm thick aluminum outer wall. The
read-out electrodes were equipped with di!erent
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types of preampli"ers, hybrid charge-sensitive
preampli"ers based on SiJFETs and monolithic
GaAs MESFETs, working at LAr temperature,
and warm current (0 T) preampli"ers. For part of
the preampli"ers, bigain shapers were used which
had a peaking time of 40 ns. The signal-to-energy
conversion factor was obtained using electron be-
ams of di!erent energies. More details about this
prototype can be found in Refs. [1,5}8]. The beam
incidence angle was near 123 (in 1994 it was around
113), and the impact point was close to the center of
the calorimeter face to avoid side leakage. This
point is in the region equipped with Si double-gain
type preampli"ers.

For most of the analysis described in this paper
only part of the calorimeter was used, namely
a matrix of 11]11 cells centred around the nom-
inal beam spot for the "rst two longitudinal com-
partments and of 6]11 cells for the third. This
corresponds to a front face of about 25]25 cm2.
A presampler was mounted in front of the EM
calorimeter. The presampler has "ne strips in the
g direction and covers +11]8 in g]/ EM cells in
the region of the beam impact. It has 64 strips in
g and two cells in /. The active depth of liquid
argon in the presampler was 10 mm and the strip
spacing 3.9 mm. The mounting of the presampler
was such that the low g part of the beam spot
missed the presampler. Cuts were applied to re-
move these events.

2.2. The hadronic Tile calorimeter

The hadron calorimeter is a sampling device
using steel as the absorber and scintillating tiles as
the active material. The innovative feature of the
design is the orientation of the tiles which are
placed in planes perpendicular to the z direction;
for a better sampling homogeneity the 3 mm thick
scintillators are staggered in the radial direction.
The tiles are separated along z by 14 mm of steel,
giving a steel/scintillator volume ratio of 4.7. Wave-
length shifting (WLS) "bres running radially collect
light from the tiles at both of their open edges.

The hadron calorimeter prototype consists of an
azimuthal stack of "ve modules. Each module
covers 2p/64 in azimuth and extends 1 m along the
z direction, such that the front face covers

100]20 cm2. The radial depth, from an inner
radius of 200 cm to an outer radius of 380 cm,
accounts for 8.9 j at g"0 (80.5X

0
). Read-out cells

are de"ned by grouping together a bundle of
"bres into one photomultiplier (PMT). Each of the
100 cells is read out by two PMTs and is fully
projective in azimuth (with */"2p/64+0.1),
while the segmentation along the z axis is made by
grouping "bres into read-out cells spanning
*z"20 cm (*g+0.1) and is therefore not projec-
tive. Each module is read out in four longitudinal
segments (corresponding to about 1.5, 2, 2.5 and
3 j at g"0).

The gain of the PMTs was set to deliver
K6 pC/GeV for incident electrons. The high volt-
age of each PMT was adjusted such that an equal
response was obtained within a few percent by
running a radioactive source through each scintil-
lating tile. This procedure gives a "rst-pass cell
intercalibration because the current induced in
each PMT is proportional to its gain and to the
photoelectron yield of the read-out cell. This inter-
calibration was further re"ned o%ine. A pulsed-
laser system which illuminates each PMT by means
of clear "bres was used to monitor short-term gain
drifts. The PMT signal was digitized by a 12-bit
charge-sensitive ADC which, in addition to a direct
digital output, provided a second digital output
with an internal ampli"cation of 7.5, thereby giving
an e!ective dynamic range of 15 bits.

More details of this prototype can be found in
Refs. [1,10}13]. With respect to the previous com-
bined beam test, a new element was present. In
order to understand the energy loss in the dead
material between the active part of the LAr and the
Tile detectors a layer of scintillator was installed,
called the midsampler. The midsampler consists of
"ve scintillators, 20 cm]100 cm each, fastened
directly to the front face of the tile modules. The
scintillator is 1 cm thick, and is readout using ten
1 mm WLS "bers on each of the long sides.

3. Experimental setup and test beam data

To approximate the ATLAS detector geometry
the Tile calorimeter prototype was placed down-
stream of the LAr cryostat as shown in Fig. 1. To
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Fig. 1. Test beam setup for the combined LAr and Tile calorimeter run.

optimize the containment of hadronic showers the
electromagnetic calorimeter was located as close as
possible to the back of the cryostat. Early showers
in the liquid argon were kept to a minimum by
placing light foam material in the cryostat up-
stream of the EM calorimeter.

The hadronic calorimeter was placed on a table
built for this test, behind and as close as possible to
the LAr cryostat. Nevertheless, the distance be-
tween the active parts of the two detectors was
+55 cm, a factor of two larger than in the ATLAS
design con"guration. The material between the two
calorimeters was about 1.7X

0
, which is close to the

ATLAS design value; however, the test cryostat is
made of steel, with a higher Z than that of the
ATLAS cryostat which will be made of aluminium.

The requirements of shower containment and
space constraints implied that both the calori-
meters be placed with their central axes perpen-
dicular to their front faces at an angle of about 113
with reference to the beam. At this angle, the EM
calorimeter did not point to the nominal interac-
tion point in g; however, cell projectivity along the
azimuthal direction was maintained. Due to prob-
lems during installation, an horizontal shift of the

EM calorimeter occurred inside the cryostat. Using
the bending magnet upstream of the setup, it was
possible to recover the required conditions, by re-
directing the beam with a small change in the
incident angle towards the value of 123. At 123 the
two calorimeters have an active thickness of
10.3 j (10.1 j at g"0, to be compared with 9.6 j
at g"0 for the ATLAS detector).

To detect punchthrough particles, and to mea-
sure the e!ect of longitudinal leakage, a &muon wall'
consisting of 10 scintillator counters (each 2 cm
thick) was located behind the calorimeters at a dis-
tance of about 1 m. The counters formed an array
covering approximately 73 cm in the vertical and
96 cm in the horizontal directions. The muon wall
counters were separated from the last tile calori-
meter compartment by 0.7 j of structural materials.

All data were taken on the H8 beam of the
CERN SPS, with pion beams of 10, 20, 40, 50, 80,
100, 150, 300 GeV/c and electron beams of 20, 40,
80, 100, 150, 180 and 287 GeV/c. The electron data
were used to obtain the signal-to-energy conversion
factor for the EM calorimeter. Beam quality and
geometry were monitored with a set of beam cham-
bers and trigger hodoscopes placed upstream of the
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Fig. 2. The measured energy spectrum for electrons of a nom-
inal energy 287.5 GeV.

LAr cryostat. The momentum bite of the beam was
less than 0.5%. Single-track pion events were se-
lected o%ine by requiring the pulse height of the
beam scintillation counters and the energy released
in the presampler to be compatible with that of
a single particle. Beam halo events were removed
with appropriate cuts on the horizontal and verti-
cal positions of the incoming track impact point, as
measured with the two beam chambers.

A detailed study was performed to determine the
noise level in the combined setup. To measure the
noise independently in the two calorimeters, ped-
estal triggers were recorded before and after the
SPS beam burst with the same rate as the particle
triggers. The total noise in the read-out system is
the quadratic sum of an incoherent random com-
ponent (p

*/#0)
) from the electronics, and a coherent

part (p
#0)

), which may arise from various sources,
like cross-talk or pick-up from external sources.
Since the coherent noise is proportional to N

#)
,

which is the number of electronic channels, even
small coherent noise levels may degrade the resolu-
tion signi"cantly when relatively large numbers of
read-out cells are involved as is the case here. From
the pedestal trigger data the total noise for the two
calorimeters was estimated to be about 1.4 GeV.

4. Electron results

Electrons were reconstructed in the EM calori-
meter for two purposes: to estimate the electron
response in the EM section for the evaluation of the
e/h ratio, and to check the energy resolution and
linearity. To separate electrons from muons and
hadrons, cuts were applied demanding a signal in
the EM calorimeter compatible with electrons.

4.1. Energy resolution

To reduce the contribution of the electronic
noise, the smallest possible cluster (normally 3]3
cells in g]/) must be used. In the present case,
however, due to the non-pointing setup of the
beam, the energy leakage at the cluster boundary in
g, depends on the longitudinal development of the
shower as well as on the g coordinate. For this
reason a 7]3 cell cluster was used. The energy seen

in the 7]3 cell cluster is about 94% of the total
energy.

For 287.5 GeV electrons the EM response was
observed to decrease with increasing signal in the
last sampling. A similar decrease was seen in Monte
Carlo simulations. This is interpreted as due to
longitudinal leakage and corrected for by multiply-
ing the signal from the last sampling with a "tted
factor. Due to a timing di!erence between the calib-
ration and the beam particle triggers, a correction
factor of 0.983 for the low-gain part of the bigain
shaper signals was used. This factors only a!ects
energies above 100 GeV. Furthermore, a multipli-
cative factor for the presampler signal was obtained
by optimizing the energy resolution. Corrections
for the measured position dependence of the energy
response [5] were applied at each beam energy.
Fig. 2 shows the measured energy spectrum for
electrons of 287.5 GeV.

The "tted energy resolution, shown in Fig. 3,
corrected for a beam momentum spread of 0.3%, is

p
E

E
"

11.50$0.52%

JE
= 0.0$0.21%

=
0.398$0.064

E
, (1)

where E is measured in GeV. The "tted noise term,
398$64 MeV, is slightly larger than the 295 MeV
measured for pedestal triggers in a 7]3 cluster.
The resolution is worse than previously reported in

Ref. [5] (9.99$0.29/JE=0.35$0.04%) mainly
at energies between 40 and 100 GeV. This is partly
attributed to the fact that, for the high gain chan-
nels of the cells in the 7]3 cluster, only a limited
number of valid calibration amplitudes before
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Fig. 3. The measured energy resolution for electrons in the EM
calorimeter. The curve shows the "tted resolution (see text).

Fig. 4. The ratio of measured to nominal electron energy for
7]3 cell clusters as a function of energy. The error bars and the
dashed lines are explained in the text.

3P is the beam momentum.

saturation was available. By assuming a 0.35%
constant term, a "t to the energy resolution gives

a sampling term of 10.96$0.15%/JE.

4.2. Response linearity

The linearity of the response in a 7]3 cell EM
cluster after corrections for longitudinal leakage,
signal in the presampler and measured position
dependence is shown in Fig. 3, where the ratio is
normalized to one at 100 GeV. The error bars are
dominated by an estimate of the beam recti"er
stability (4.5%/P) compared to the statistical error
on the average measured energy.3 The two dashed
lines in Fig. 4 shows the uncertainty on the nominal
beam momentum given as

*P

P
"

25%

P
= 0.5%, (2)

where P is in GeV. The "rst term is related to
hysteresis e!ects in the bending magnets, while the
second term re#ects calibration and geometrical
uncertainties. The linearity is within errors better
than 1%.

5. Pion results

It is well known that the energy resolution of
sampling calorimeters for hadrons is a!ected by
several factors, among which the sampling #uctu-
ations, the non-compensating nature of the calori-
meter, and the electronic noise (at low energy) play
an important role. For this combined setup, two
further factors contributed to the resolution and
must be taken into account in reconstructing the
incident hadron energy.

1. The energy losses in the passive material be-
tween the LAr and tile calorimeters, mostly due
to the outer cryostat wall.

2. The di!erence between the responses of the EM
and tile calorimeters to the electromagnetic and
hadronic components of the hadron shower, i.e.
the di!erent non-compensation of the two cal-
orimeters.

To reconstruct the hadron energy, two di!erent
algorithms were developed [14]. The "rst method,
referred to in the following as the &benchmark ap-
proach', is designed to be simple. With this method
the incident energy is reconstructed with a minimal
number of parameters (all energy independent).
The second method, the &cell weighting technique',
is inspired by the weighting technique used by the
H1 experiment [15].

5.1. Energy reconstruction using a &benchmark'
approach

In the &benchmark' algorithm, a two step proced-
ure is adopted to reconstruct the nominal beam
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Fig. 5. Correlation between the energy released in the midsam-
pler and the cryostat energy (Cryo) as it is de"ned in the
benchmark expression.

energy: "rst, the energy of a pion is obtained as the
sum of several terms, and the intervening para-
meters are optimized by minimizing the fractional
energy resolution p/E

0
. This "rst-pass energy E

0
is

rescaled to the nominal beam energy in a second
step.

In the "rst step, the incident hadron energy is
written as the sum of four terms.
1. The sum of the signals in the electromagnetic

calorimeter, E
%.

, expressed in GeV using the
calibration from electrons.

2. A term proportional to the charge deposited in
the hadronic calorimeter, Q

)!$
.

3. A term to account for the energy lost in the
cryostat, E

#3:0
. This term is taken to be propor-

tional to the geometric mean of the energy re-
leased in the last electromagnetic compartment
(E

%.3
) and the "rst hadronic compartment

(Q
)!$1

). Monte Carlo studies showed agreement
with this ansatz.

4. A negative correction term, proportional to E2
%.

.
For showers that start in the EM calorimeter,
this term accounts for its non-compensating be-
haviour.

The "rst-pass energy E
0

is then

E
0
"E

%.
#aQ

)!$
#bJDE

%.3
aQ

)!$1
D#cE2

%.
(3)

the parameters a, b and c were determined by
minimizing the fractional energy resolution of
300 GeV pions. The values of the three parameters
are a"0.128 GeV/pC, b"0.54 and c"
!0.00054 GeV~1. It is stressed that the a para-
meter is not a Tile calibration constant, but has
been found by minimizing the resolution. Adding
the cryostat correction term E

#3:0
makes the sum

E
%.

#aQ
)!$

#bE
#3:0

independent of the energy in
the EM calorimeter for E

%.
4100 GeV. This cor-

rection is independent of the incident pion energy.
Adding the term cE2

%.
makes the reconstructed

energy independent of the energy deposited in the
electromagnetic compartment. The validity of the
cryostat correction, expressed as the geometric en-
ergy mean of the last LAr sampling and the "rst tile
calorimeter sampling, has been tested with the mid-
sampler inserted between the cryostat and the tile
calorimeter as shown in Fig. 5. In expression (3) no
coe$cient multiplies the LAr energy. Thus, the LAr

energy scale for electrons is used as overall normal-
ization scale.

This procedure minimizes the fractional energy
resolution, however the reconstructed energy is sys-
tematically underestimated, due to the fact that
both calorimeters are non-compensating (e/p'1,
see Ref. [9]); for this reason an additional step of
rescaling is necessary. Here the aim is to compare
new and old results, therefore no rescaling was
applied in neither cases. The mean values E

3%#
, the

resolutions p
3%#

and the fractional resolutions
p
3%#

/E
3%#

are given in Table 1 for the various beam
energies. The rescaling factors vary between 1.24
and 1.55 with the beam energy.

To determine the e/p ratio for the combined
setup, the knowledge of the absolute energy scale
for each calorimeter is needed. The electron signal
was reconstructed in the LAr calorimeter. The e/p
ratio was obtained from

e

p
"

SE%
%.

T
SEp

%.
#e

T*-%
Ep

)
#Ep

#3:0
T
. (4)

The denominator is similar to the benchmark
formula de"ned above, but without the quadratic
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Table 1
Mean energy, p and fractional energy resolution for the various
beam energies as obtained by using the &benchmark' approach

Energy E
3%#

(GeV) p
3%#

(GeV) p
3%#

/E
3%#

(%)

10 GeV 6.44$0.05 1.94$0.04 30.03$0.72
20 GeV 14.00$0.04 2.52$0.04 17.52$0.30
40 GeV 30.17$0.08 3.70$0.09 12.25$0.29
50 GeV 38.29$0.06 4.23$0.06 11.04$0.17
80 GeV 62.10$0.09 5.44$0.10 8.75$0.16

100 GeV 77.98$0.11 6.42$0.10 8.23$0.13
150 GeV 120.2$0.13 8.04$0.15 6.69$0.13
300 GeV 241.66$0.17 12.60$0.22 5.21$0.09

4The constant e
T*-%

was determined by using the response of
the tile calorimeter (m.i.p. were selected in the three LAr samp-
lings). e

T*-%
was then extracted by dividing for the (e/p)

T*-%
mea-

sured in a stand-alone test beam.

Fig. 6. Distribution of the e/p ratio versus the beam energy,
"tted with expression 5. The black circles show the results for the
combined 1996 setup. The open circles are the results for the
combined 1994 setup.

Table 2
Mean energy, p and fractional energy resolution for the various
beam energies as obtained by using the cell weighting technique

Energy E#033
3%#

(GeV) p#033
3%#

(GeV) p#033
3%#

/E#033
3%#

(%)

10 GeV 9.88$0.06 2.30$0.05 23.28$0.52
20 GeV 20.31$0.04 2.91$0.04 14.33$0.20
40 GeV 39.96$0.06 3.86$0.05 9.66$0.13
50 GeV 50.03$0.07 4.25$0.07 8.50$0.14
80 GeV 79.22$0.07 5.48$0.06 6.92$0.07

100 GeV 98.51$0.1 6.09$0.08 6.18$0.08
150 GeV 150.24$0.11 7.97$0.11 5.30$0.07
300 GeV 299.44$0.15 12.88$0.15 4.30$0.05

correction factor. E%
%.

and Ep
%.

are the response of
the LAr calorimeter to electrons and pions, Ep

)
is

the response of the tile calorimeter to pions and
Ep
#3:0

is the energy loss in the cryostat. The calib-
ration constant e

T*-%
"0.145 GeV/pC is needed to

achieve the correct electron energy scale in the Tile
calorimeter.4 In the case of a stand-alone calori-
meter the above formula gives e/p"SE%T/SEpT.
For the 300 GeV energy point an o!set of 12.5 GeV
was added to the reconstructed mean energy of the
287.5 GeV electrons.

The e/h ratio was extracted by "tting the data
with the expression

e

p
"

e/h

1#(e/h!1) 0.11 lnE
. (5)

Fig. 6 shows the e/p ratios for the 1996 combined
data and for the 1994 combined data. The solid
curve is a "t with function (5). As a result
e/h"1.37$0.01$0.02 was obtained, which is in
good agreement with the value obtained in 1994
(e/h"1.35$0.04).

The response to pions relative to electrons is seen
to increase with energy as expected, because the
fraction of electromagnetic energy in an hadronic
shower increases with energy [16}18].

5.2. Energy reconstruction using the cell weighting
technique

The second approach to reconstruct the pion
energy relies on correcting upwards the response of
cells with relatively small signals, in order to equal-
ize their response to that of cells with large (typi-
cally electromagnetic) deposited energies (Table 2).
This method was succesfully applied to the com-
bined 1994 data as described in Ref. [15]. There, an
exhaustive description of the method can be found
while here only its main features are described.

The total energy is reconstructed by correcting
the energy in each cell of both calorimeters by
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Fig. 7. Fractional energy resolution obtained with the bench-
mark method.

a factor (typically ' 1) which is a function of the
energy in each cell and of the beam energy. A cor-
rection for the energy loss in the cryostat is also
applied. Thus the total energy can be expressed as:

E" +
%..#%--4

=
%.

(E
#%--

, E
"%!.

)E
#%--

# +
)!$.#%--4

=
)!$

(E
#%--

, E
"%!.

)E
#%--

#E
#3:0

(6)

where=
%.

and=
)!$

are the weights to be deter-
mined. The energy from LAr cells is expressed in
GeV while that from tile cells in pC. The cryostat
term is the same as the one used for the benchmark
technique described in the previous section. As
a "rst step, the optimal weights for each beam
energy are determined. To parametrize the weights
as a function of the cell energies, the cell energy
spectra are divided in equally populated intervals
and, for each of such intervals, a weight =

i
is

assigned. Optimum values for the=
i
are found by

minimizing the energy resolution (with the con-
straint that the mean reconstructed energy repro-
duces the nominal beam energy). Finally, the
weights are plotted against the mean energy re-
leased in the corresponding ith interval such that:

=
%.

"A
E
#B

E
/E

#%--
(7)

=
)!$

"A
H
#B

H
/E

#%--
(8)

where A
E
, B

E
, A

H
and B

H
are taken from a "t and

are speci"c for a given beam energy. The same
exercise is repeated for all the available beam ener-
gies, using the same interval de"nition to avoid
biases. As a result, a set of 4 parameters (A

E
, B

E
,

A
H

and B
H
) are de"ned for each beam energy

(4]8"32 parameters).
Once the weights dependence on the cell energy

has been determined, the dependence on the beam
energy is studied. The A

E
, B

E
, A

H
and B

H
are

further parametrized as a function of the beam
energy. The total number of parameters is reduced
to 8 (including the cryostat constant). To avoid any
dependence on the knowledge of the beam energy,
the following algorithm has been developed.

1. The beam energy was estimated as 1.24E
0

(E
0

being the energy reconstructed with the bench-
mark technique) and used to evaluate the
weights, instead of the true beam energy. The

factor 1.24 is the one needed to rescale the calori-
meter response for 300 GeV pions to the correct
value.

2. The cell weighting algorithm was then applied.
3. The weights were recomputed using the energy

reconstructed in the previous step.
4. This procedure was iterated until stable results

were obtained.

After three iterations the reconstructed energy is
stable within few tens of MeV.

5.3. Resolution and linearity

The energy resolutions (p/E) obtained with the
benchmark energy reconstruction methods are

plotted in Fig. 7 as a function of 1/JE. Results
from the 1994 and 1996 combined beam tests are
compared. A "t to the 1996 data points gives a

fractional resolution of [(59.5$2.6)%/JE#

(1.8$0.2)]=(2.0$0.1)/E. The sampling term is
larger than that obtained with the 1994 data:

[(52.1$5.5)%/JE#(1.9$0.3)]=(3.2$0.4)/E
[4]. However, there is a correlation between the
noise and the sampling terms. Decreasing the noise
term (owing to the 20 GeV point, which in the 1994
data had a worse resolution, probably due to
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Fig. 8. Upper plot: fractional energy resolution obtained with
the cell weighting technique. The results are compared with
those obtained by applying the benchmark method and with the
cell weighting results of 1994. Lower plot: response linearity as
a function of the beam energy. The cells weighting technique was
used.

Fig. 9. Energy spectra for 300 GeV pions reconstructed with the
benchmark technique (top plot) as well as with the cell weighting
technique (bottom plot).

a non-optimal beam quality) results in an increase
of the sampling term.

The combined setup was simulated with the stan-
dalone FLUKA [19] program. Details of the simu-
lations have already been reported in Ref. [4]. The
10 GeV point has been added with an estimated
proton contamination of 14%. The presampler has
been implemented together with a clustering algo-
rithm as similar as possible to the experimental one.
Simulated data have been reconstructed with the
benchmark technique, with energy independent
parameters "xed by minimizing the fractional en-
ergy resolution at 300 GeV. The FLUKA data
reproduce quite well the experimental values except

for the 10 GeV point (Fig. 7), where, however, the
result is strongly dependent on the capability of
removing events with interactions in the dead ma-
terial upstream of the calorimeter and the muon
contamination. The fractional resolution obtained
by reconstructing the energy with the cell weighting
procedure is shown in Fig. 8 (upper plot). The
resolution is "tted by the function [(41.9$1.6)%)/
JE#(1.8$0.1)%]=(1.8$0.1)/E.

The noise term is lower and the sampling term is
a little higher than those obtained from the 1994
data, as already noticed with the benchmark
method. It can be concluded that the cell weighting
technique improves the energy resolution obtained
with a simpler approach. The linearity of the calori-
meter response to pions is shown in Fig. 8 (lower
plot). A comparison is made between the results
obtained with the 1994 and 1996 data sets using the
cell weighting technique. The response to pions is
well within $2% over the full energy range of the
data.

Fig. 9 shows the energy spectra for 300 GeV
pions reconstructed with the benchmark (upper
plot) and with the cell weighting (lower plot) tech-
niques. The means of the distributions are rescaled
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Fig. 10. Longitudinal shower pro"le for 300 GeV pions. The
black and white stars refer to two di!erent sets of parameters in
the FLUKA Monte Carlo.

to 300 GeV. The high-energy tails are due to the
intrinsic non-Gaussian characteristics of hadronic
showers. After applying the benchmark energy re-
construction about 0.18% of the events are at more
than 3.5p from the mean. Most of these events
disappear from the tails once the cell weighing
technique is used to reconstruct the energy. The
low-energy tails are mostly due to events which
su!er from an incomplete longitudinal shower con-
tainment. They can be reduced by removing the
events with a signal in the muon wall behind the
calorimeter, as already shown in Ref. [4].

5.4. Longitudinal shower proxle and angular
resolution

The mean raw energy deposited in each sampling
can be plotted against the calorimeter depth to
obtain a representation of the shower longitudinal
pro"le. Fig. 10 shows the longitudinal pro"les for
pions of 300 GeV for data and Monte Carlo. The
electron scale is used for the EM calorimeter. For
the tile calorimeter the calibration constant 0.145
as for the e/p calculation is used. The FLUKA
results, shown for two di!erent sets of parameters
obtained by applying the benchmark energy recon-
struction, are in reasonable agreement with the
data in both calorimeters.

The data collected were also used to determine
the angular resolution for hadronic showers. For
this study, the cells in the fourth longitudinal samp-
ling of the tile calorimeter were not used, since they
only have a small amount of deposited energy. To
determine the resolution in polar angle with a pre-

cision of better than the hadronic cell size (100
mrad), for each longitudinal sampling (i) the center
of gravity along the horizontal axis (xi

CG
) in the

plane of the front face of the calorimeter was mea-
sured, on an event-to-event basis:

xi
CG

"

+
j,k

Ei
j,k

xi
k

+
j,k

Ei
j,k

(9)

In the plane of the calorimeter front face, the
k index runs along the horizontal axis x, and the
j index runs along the vertical axis y (or angle /).
Therefore, Ei

j,k
is the energy deposited in cell ( j, k) of

the ith longitudinal sampling, and xi
k

is the x cen-
tral position of the kth cell in the horizontal axis.
Since the electromagnetic compartment has a pro-
jective geometry, the cell center positions are "rst
converted from g values (in rad) to x values (in cm).
The polar angle h was determined for each event by
a linear "t to the equation

z6 i"tan(h)xi
CG

#b (10)

where z6 i is the ith longitudinal sampling center
position (along the radial z-axis) and b is an arbit-
rary intercept. For each energy the angular resolu-
tion ph is obtained from a Gaussian "t to the
reconstructed beam angle h. The angular resolution
is shown in Fig. 11 as a function of the beam energy:

it is a linear function of 1/JE. The "t gives:

ph"[(160.50$1.48)/JE#(8.15$0.20)] mrad.
Averaging over all energies a mean polar angle
hM "(11.87$0.09)0 was obtained, which agrees
with the nominal beam angle of about 123. The
non-pointing geometry of the setup in the g direc-
tion produces a degradation of the polar angle
resolution. A better result is obtained looking at the
resolution in the azimuthal angle, where one has
full projectivity.

The azimuthal angle (/) was reconstructed for
each longitudinal sampling (i) and each event using
the formula

/i
CG

"

+
j,k

Ei
j,k

/i
j

+
j,k

Ei
j,k

. (11)

As in Eq. (9), k runs over the horizontal axis, and
j runs along the vertical axis. The beam hits the
calorimeter at /"0. For each event the average of
the six values of /i

CG
is calculated. Fig. 12 shows
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Fig. 11. Polar angular resolution ph as a function of 1/JE.

Fig. 12. Azimuthal angular resolution p
(

as a function of 1/JE.

p
(

as a function of 1/JE. The "t gives
p
(
"[(68.17$0.75)/JE#(0.91$0.11)] mrad.

5.5. Shower leakage studies

As already mentioned, in this combined calori-
meter test particles incident at an angle of about

123 traverse about 11 interaction lengths, including
passive materials at the back of the tile calorimeter.
Punchthrough particles can be muons from p and
K decays in a hadronic cascade, or charged par-
ticles (mainly soft electrons and hadrons) and neu-
trons from showers not fully contained in the
calorimeter. For this study, pions in the range
40}300 GeV were examined [20,21].

The probability of longitudinal shower leakage
was de"ned as the fraction of events with a signal in
at least one of the muon wall counters. To be
considered as a punchthrough signal, the signal
Q

i
in any counter must satisfy the requirement

Q
i
'(QM k

i
!3pk

i
). (12)

The average (QM k
i
) and sigma values (pk

i
) were deter-

mined using the most probable energy deposition
and width of muons in the muon wall. Since the
muon wall does not cover the whole back of the
calorimeter, an evaluation of its acceptance was
performed. The acceptance in 1996 has increased
with respect to 1994, due to a better coverage of the
calorimeter. Fig. 13 (upper plot) shows the prob-
ability of longitudinal shower leakage as a function
of the beam energy. The probability is corrected for
the acceptance which is around 52%. At 100 GeV
this probability is about 11%. The measurements
are in agreement (inside errors) with what obtained
in the previous combined test. Fig. 13 (lower plot)
shows the energy loss from leakage averaged over
punchthrough events, de"ned as the di!erence be-
tween the mean energy values of events with and
without a signal in the muon wall, for several beam
energies. The energy loss for events with longitudi-
nal leakage is about 3% at 100 GeV, and less than
2.5% at 300 GeV (Fig. 14).

6. Muon results

The tile calorimeter response to muons has been
investigated for several beam energies (20 to 150
GeV). The reconstruction of a muon signal is im-
portant for several interesting physics processes at
the LHC [22], and can be used for detector interca-
libration as well.

Muons were extracted from the pion beams. The
muon signal is small, so the noise must be treated
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Fig. 13. Upper plot: punchthrough probability for pions. Re-
sults from the 1994 combined test beam are shown as well.
Lower plot: average energy loss as a function of beam energy for
events with longitudinal leakage.

5The full sum of 9 cells results in the same (within errors) most
probable signal prediction as does the method used, but the
peak is wider. However, the method used might underestimate
the energy loss for muons emitting bremsstrahlung or elec-
tron}positron pairs.

Table 3
Total tile calorimeter to muons at various energies. The MOP
and FWHM values were obtained with the convolution of
a Landau and a Gaussian function. The values of peak and
width are those from the Landau part of the convolution

E
"%!.

(GeV) Total signal Total noise S/N

MOP FWHM p
/0*4%

(GeV) (GeV) (GeV)

20 2.35 0.83 0.066 36.0
40 2.41 0.89 0.065 37.0
50 2.44 0.83 0.064 38.0
80 2.46 0.93 0.064 38.0

100 2.55 1.14 0.067 38.0
150 2.66 1.23 0.068 39.0

carefully. For the absolute energy scale, 100 GeV
pions were used, taking into account the tile calori-
meter e/p ratio (see Ref. [3]).

In order to avoid summing up cells without sig-
nal, only the central modules (2,3,4) were used since
the beam hits the center of module 3 in the / direc-
tion. Furthermore, in each longitudinal sampling,
a cell with the maximum average signal was taken
as the central one, since it corresponds to the cell
where the beam is supposed to enter. The central
cells always belong to module 3. The other cells are

then searched for in a 3]3 cell window around the
central cell. The muon signal in the hadron calori-
meter has been reconstructed summing two cells
from the 3]3 window with the maximum signal
content in each longitudinal sampling.5

As the muon signal is formed summing up a pair
of channels which can vary event by event, the
corresponding noise has been treated as the noise
sum of the respective pair of channels. The muon
signal distribution is "tted with the convolution of
a Landau and a Gaussian function. The most prob-
able (MOP) values of the muon signal in the tile
calorimeter are listed in Table 3. The MOP values
slightly increase with the incident muon energy.
The signal-to-noise ratio (S/N) is reported in the
table as well.

7. Summary and conclusions

A new test of the combined electromagnetic
liquid argon and the hadronic Tile-iron calorimeter
prototypes of the future ATLAS experiment was
carried out, using pion beams of energy 10}300
GeV. The good results obtained with the "rst test
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Fig. 14. The Tile calorimeter response to muons of 20 GeV (left plot) and 150 GeV (right plot). The signal was "tted using a convolution
of a Landau and a Gaussian function. The hatched area corresponds to the noise distribution.

have been con"rmed. The response of the com-
bined setup to electrons and muons has been
studied. Two di!erent methods of reconstructing
the hadronic beam energy were used; the best res-
olution is obtained using a cell weighting tech-
nique, which gives p/E"((41.9$1.6)%/JE#

(1.8$0.1)%)=(1.8$0.1)/E, where E is in GeV.
The e/h ratio of the combined prototypes was

found to be 1.37$0.01$0.002.
Energy resolutions and longitudinal pro"les are

well reproduced by a simulation with standalone
FLUKA, with some discrepancy at 10 GeV.

The angular resolution in the / direction for
hadron showers was studied. The resolution can be
described by the function p

(
"(68.17$0.75)/

JE#(0.9$0.11) mrad. The angular resolution in
the h direction is instead degraded, due to the
non-projectivity of the calorimeter cells in the g di-
rection. Punchthrough studies show that even after
about 10 nuclear interaction lengths shower energy
leakage at the highest energies is not negligible.
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