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Abstract—The Tile Calorimeter, which constitutes the central
section of the ATLAS hadronic calorimeter, is a non-compensating
sampling device made of iron and scintillating tiles. The construc-
tion phase of the calorimeter is nearly complete, and most of the ef-
fort now is directed toward the final assembly and commissioning
in the underground experimental hall.

The layout of the calorimeter and the tasks carried out during
construction are described, first with a brief reminder of the re-
quirements that drove the calorimeter design. During the last few
years a comprehensive test-beam program has been followed in
order to establish the calorimeter electromagnetic energy scale,
to study its uniformity, and to compare real data to Monte Carlo
simulation. The test-beam setup and first results from the data
are described. During the test-beam period in 2004, lasting several
months, data have been acquired with a complete slice of the cen-
tral ATLAS calorimeter. The data collected in the test-beam are
crucial in order to study algorithms for hadronic energy recon-
struction using single particles. The generalization of these algo-
rithms to reconstruct jet energies will be the starting point for nu-
merous physics studies in which jets play a leading role. The results
obtained in applying these algorithms to simulated di-jet events are
given in the last section of the note.

Index Terms—Calorimetry, hadronic, jet, tile, calorimeter.

I. INTRODUCTION

THE identification and reconstruction of jets play a key role
in many of the physics goals of the ATLAS experiment

[1], such as the detection of particle resonances decaying into
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jets, or in the search for Supersymmetric particles and quark
compositness. Moreover, since QCD provides one of the main
backgrounds to most new particle searches, efficient jet recon-
struction is essential for background rejection.

The requirement of excellent jet identification and re-
construction in the environment of the Large Hadron Col-
lider (LHC) at CERN has guided the design of the ATLAS
calorimeter. The hadronic section of the ATLAS calorimeter is
comprised of three systems which exploit different measure-
ment techniques as a function of rapidity, in order to optimize
the calorimeter performance, while maintaining high resistance
to radiation damage. The Tile Calorimeter (TileCal) [2] consti-
tutes the central section in rapidity of the ATLAS calorimeter.
The design of the TileCal is discussed in Section I-A, while
the construction phase is briefly detailed in Section I-B. The
goals and results of the test-beam program are given in the
following two sections. The final section is devoted to progress
in algorithms of hadronic energy reconstruction.

A. The Tile Calorimeter

The design of the ATLAS hadronic calorimeters has been
driven by the requirement of being hermetic and having a cov-
erage in pseudo-rapidity up to , in order to minimize the
error in the measurement of missing transverse energy. More-
over, the non-linearity of energy reconstruction in jets up to a
few TeV must be smaller than a few percent and the jet energy
resolution must be of the order of % GeV %. These
requirements have been evaluated from analysis carried out on
benchmark physics channels, such as compositness searches,
whose signals can be faked by calorimeter non-linearity, and in
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the reconstruction of the mass which demands good
hadronic energy resolution. Last, but not least important, are the
cell size and the signal integration time, which should be suffi-
ciently small in order to minimize the contribution from pile-up.

TileCal is a sampling device located in the region . It
is subdivided into a large central barrel and two smaller lateral
extended barrels, having a 2.28 m inner radius and a 4.25 m
outer radius. The entire length of the calorimeter is about 11 m.
Each barrel consists of 64 modules, or wedges, of size

, made of iron plates and scintillating tiles. The 4 and 5 mm
thick iron plates are assembled to form a frame with pockets in
which 3 mm thick scintillating tiles are inserted. The assembled
module forms an almost-periodic iron-scintillator structure with
a ratio by volume of about 4.7:1.

The light produced in the scintillating material is collected
at two edges of each tile using two wavelength shifting fibers.
The fibers are than grouped and coupled to photo-multipliers
(Hamamatsu R7877) (PMTs) housed at the outer edge of each
module. The fiber grouping allows to define a three-dimensional
cell structure in such a way as to form three radial sampling
depths (1.4, 4.0, and thick) composed by cells having di-
mensions equal to (0.2 0.1 in the last
layer). The fibers coupled to the two edges of each scintillating
tiles are coupled to two different PMTs in oder to guarantee a re-
dundant readout for the signal of each cell. This double readout
allows for the partial equalization of signals produced by par-
ticles entering the scintillating tiles from different impact po-
sitions, as well as enhancing the reliability of the TileCal over
its expected ten to fifteen years operation, with limited access
for maintenance. The photo-multipliers are housed in soft-iron
and metal cylinder that shield the residual solenoid and toroid
magnetic field which amounts to about 40 Gauss.

A sketch of the optical readout is given in Fig. 1.
The gap region between the barrel and the extended barrel

is instrumented with special modules made of iron-scintillator
sandwiches, having the same sampling fraction as the rest of the
calorimeter, and with thin scintillator counters where the free
space is limited. These devices allow to partially recover the
energy lost in the crack regions of the detector.

The signal generated by each photo-multiplier is shaped and
injected to two amplification circuits whose gains are in the ratio
1:64. The two amplified signals are then sampled and digitized
at 40 MHz by two 10-bit Analog to Digital Converters. The full
width at half maximum of the shaped signal is about 50 ns, and
typically is read out over 9 samples of 25 ns (Fig. 2). In nom-
inal operation, the digitizer circuit logic selects the signal corre-
sponding to the higher non-saturated gain. The photo-multiplier
tubes and all front-end electronics are mounted in an aluminum
structure of length 3 m, called a “drawer”. Each drawer is in-
serted in a girder frame along the outer edge of each module. The
total number of photo-multipliers in TileCal amounts to about
10 000.

The TileCal is situated just behind the cryostat of the Liquid
Argon electromagnetic calorimeter. The total length of the in-
strumented region at the outer edge of the TileCal is (about
80 radiation lengths) including of the electromagnetic sec-
tion. Both the Liquid Argon calorimeter and the TileCal are non-
compensating devices, with ratios measured to be about

Fig. 1. Sketch of the optical readout of a TileCal module. The various compo-
nents of the optical readout—tiles, fibers, and the photo-multipliers (PMT)—are
shown on figure. Hadrons produced centrally at the interaction point cross the
calorimeter in the direction indicated on the figure.

Fig. 2. Example of time pulse shape after the 40 MHz digitization for a cali-
bration signal. The nine time samples are indicated with s1 to s9.

1.5 and 1.4, respectively. Compensation is obtained by recon-
struction algorithms, which typically apply different weights to
the signal measured in the various longitudinal sampling depths.
This procedure allows one to improve both the linearity and the
energy resolution of the showers generated by hadronic parti-
cles or jets.

The calorimeter is complemented by a triple system of mon-
itoring and/or equalization which allows to test the signals at
various stages. The linearity and stability of the electronics and
the gains of the two amplification circuits are monitored by
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injecting charge at the input stage of each electronic channel.
The readout chain up to the light mixer which acts as the input
window for the photo-multiplier is monitored by means of a
laser signal. The amplitude of the laser signal covers the whole
dynamic range up to the photo-multiplier saturation level. The
calorimeter is also equipped with a Cs source that can be
transported by a hydraulic system to illuminate each individual
tile. The signal recorded with this source allows to equalize
the response of each cell, by adjusting the voltages of each
photo-multiplier. The resulting inter-module equalization ob-
tained with this procedure is within a few per mil. Together, the
three control signals described are also used to obtain a finer of-
fline cell inter-calibration.

B. TileCal Construction

The TileCal project is twelve years old, dating back to the first
R&D program in 1992. Final module production began in 1998.
The mechanical assembly of the iron frame, starting from the
iron plates, was the responsibility of seven institutes, while the
scintillating tiles, made of doped Polystyrene, were produced
at a single institute. The production of the 760 000 wavelength-
shifting fibers was commissioned to the Kuraray Company in
Japan. The fibers were delivered in bunches to two institutes,
where the quality control procedures were carried out, on a 1%
randomly-selected sample, using dedicated test benches. These
tests allowed to accept or reject the fiber bundles in a short time
after production.

Further dedicated test benches were built at seven institutes
in order to characterize and select the about 10 000 photo-mul-
tipliers produced by Hamamatsu.

The iron frames, the scintillating tiles and the fibers were then
delivered to CERN, where the final opto-mechanical assembly
and certification were performed.

The electronic components housed in the drawer of each
module are produced by 17 institutes, while their electro-me-
chanical assembly and certification is centralized at a single
institute. Once the drawers are completed and tested, they are
delivered to CERN where they are inserted into the modules. A
final module certification is carried out using a charge injection
system, coupled at the first stage of the electronic read-out,
and a movable Cs source which allows scan all tiles in the
module.

The further components that complete the system are the high
and low voltage modules. The high voltage modules, designed
for the TileCal project and produced by a commercial company,
are placed in an external crate, and cabled via patch panels to the
high voltage distributor system on each drawer, allowing for the
adjustment of each photo-multiplier voltage. The low voltage
system, specifically designed for TileCal, is integrated into the
outer edge of each module. The production of these low voltage
modules is still ongoing and is foreseen to be completed in 2005.

In order to check the geometrical tolerance (a few millime-
ters over a few meters) and the complicated integration with ca-
bles, services and other detectors, the three TileCal barrels have
been pre-assembled on the surface. The first calorimeter barrel
completely pre-assembled is shown in Fig. 3. All the problems
encountered in completing this task provided very useful expe-
rience for the later assembly in the pit. The last extended-barrel

Fig. 3. The first completely pre-assembled extended barrel of the Tile
Calorimeter placed behind the scaffolding.

pre-assembly was completed in September 2004, while the as-
sembly of the first half of the barrel was completed in the ex-
perimental hall in April 2004. The three barrels of the TileCal
should all be assembled in the underground experimental area
by December 2005.

C. Test-Beam Programs and Selected Results

During the last five years, the main effort beside construc-
tion has been dedicated to carry on the test-beam program. The
primary aim of the test-beam has been to calibrate the electro-
magnetic energy scale of the calorimeter. This has been accom-
plished during numerous data-taking periods, each lasting a few
weeks, between the years 2000 and 2003.

During 2004, a combined test-beam period spanning several
months has allowed to collect the first data using a vertical slice
of ATLAS. During this period, for the first time, an entire section
of the ATLAS calorimeter, both electromagnetic and hadronic,
has collected common data using calorimeter modules with the
final ATLAS configuration. In the next two subsections, the
aims, the detector setup, and selected results of the test-beams
are reviewed.

1) The Standalone Test-Beam: Fig. 4 shows a picture of the
setup used during the tests carried out at the H8 beam-line of
the CERN SPS accelerator. In each data-taking period, four
calorimeter modules were placed on a movable table and ex-
posed to beam. The bottom module on the table is the prototype
barrel module (referred to as “Module 0”), which has been used
as a reference during all data-taking periods. Stacked on the top
of “Module 0” are one barrel module and two extended barrel
modules placed next to one another. This configuration allows
for a complete containment of the hadronic shower produced by
pion interactions in the central barrel module. The movable table
(visible in Fig. 4) allows to direct the beam on a module at any
point along the lateral side (on Fig. 4, the beam enters the mod-
ules from the left side). The setup also allows one to point the
beam along the ATLAS detector inner edge of the module, as is
the case for particles produced by beam interactions in ATLAS.
During all the test-beam periods about 12% of the calorimeter
modules were exposed to beam.
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Fig. 4. Picture of the setup of the TileCal modules at the standalone test-beam.
The beam enters the modules from the left side and impinges on the modules
stacked on the movable table. The table allows to rotate, shift and lift the mod-
ules with respect to the beam direction.

During initial setup before each test-beam, the first step in
the calibration procedure consists of the equalization of the
module response using the Cesium source. The effectiveness of
the equalization procedure is evaluated by the residual Cesium
signal dispersion after the equalization procedure has been
applied. A typical distribution of the Cesium signal recorded in
each cell of a half barrel module is shown the top plot of Fig. 5.
The equalization obtained with this procedure is of the order of
a few per mill as it is shown in the bottom plot of Fig. 5 where
the histogram of the Cesium signal of two complete modules
under test is shown.The histogram has a mean value equal to
1741 and a root mean square equal to 3.116 that is about 0.18%.
The residual signal dispersion are due to differences among the
tiles, iron plates and fibers belonging to the same cell.

During the equalization procedure, the photo-multiplier gains
are adjusted to measure about 1.2 pC/GeV for electrons incident
on the inner longitudinal cells of the calorimeter. The precise
value of the electromagnetic calibration factor obtained with this
procedure is then measured using electron beams of energies
ranging from 20 to 180 GeV. The movable table allows one to
measure this calibration factor over all the cells, with the beam
entering from different angles. The distribution of the calibra-
tion factors obtained for various cells, configurations, energies
and different modules is plotted in Fig. 6. This distribution gives
a mean calibration factor equal to 1.21 pC/GeV and a root mean
square equal to 0.04, resulting in a cell-to-cell uniformity of the
electromagnetic scale better than 3.5%. In fact, this should only
be considered as an upper limit, since finer offline adjustments
are still to be applied, depending on the details of the signal re-
construction algorithm used. The equalization for the inner cells
are checked using muon beams. These studies also show that the
uniformity is within a few percent.

A large data sample of pion beams has been acquired using
various configurations and energies ranging from 20 to 180
GeV. These data are used to tune the Geant4 [3] detector
simulation. The comparison of test-beam data with Geant4
simulated data [4][5] shows that while the description of the

Fig. 5. Distribution of the Cesium signal as a function of the cell number (top)
recorded for each cell of half barrel module after the equalization procedure has
been applied. Each cell is labeled by a letter and number and the minus sign
indicate the negative pseudo-rapidity region. Cells A belong to the first longi-
tudinal sample while cells BC and D to the second and third ones respectively.
The histogram of the cell signals for two complete modules under test (Module
0 is not considered), after the equalization, is shown on the bottom plot. The
residual signal dispersion is about 0.2%.

Fig. 6. Distribution of the electromagnetic calibration factor, in pC/GeV, ob-
tained for different cells, modules, geometries and energies. The number of en-
tries in the histogram is about 400, the mean is equal to 1.21 pC/GeV and the
root mean square is 3.3%.

resolution and ratio as a function of the energy are modeled
within a few percent, the longitudinal and transverse shower
profiles are not yet reproduced at a satisfactory level and require
more studies and tuning.

A special data-taking period has been devoted to very low
energy (1 to 10 GeV) beams. The high multiplicity of low energy
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Fig. 7. Distribution of the correlation between the signal recorded in the elec-
tromagnetic section (LAr) and hadronic section (Tile) of the calorimeter at the
combined test-beam for a mixed pion/muon/electron beam of energy 180 GeV.
The energy scales are roughly calibrated to the electromagnetic scale.

tracks found in jets makes this data very important to model the
detector response to jets.

2) The Combined Test-Beam: The last test-beam period
before the start of ATLAS has been carried out from May to
November 2004 on a complete vertical slice of the central
ATLAS detector. Most of the devices tested were in their final
configuration and equipped with the final front-end electronics.

The movable table used for the standalone test-beams has
been modified to mount, in front of the TileCal modules,
a cryostat containing three modules of the electromagnetic
Liquid Argon calorimeter. The amount of dead material lying
between the electromagnetic calorimeter and TileCal is slightly
smaller than that expected in ATLAS. In order to select events
in which the primary shower began in the TileCal modules, a
scintillation counter has been placed just downstream of the
cryostat. A second scintillation counter has been placed further
downstream of the TileCal modules in order to select muons. On
the scatter plots in Fig. 7 one sees the correlation between the
signals recorded in the electromagnetic (LAr) and the hadronic
calorimeter sections (Tile) for a mixed pion/muon/electron
beam of energy 180 GeV. The correlation plot regions pop-
ulated by muons (bottom left), electrons (top left) and pions
(bottom right) are easily identifiable. Three extended barrel
modules were placed on a second movable table. This setup
allows for the beam to be aimed at the calorimeter with a di-
rection corresponding to a pseudo-rapidity ranging from 0.2 to
1.2. The beam energy was varied from 1 up to 350 GeV. Thus,
with the data acquired during these tests, a complete study of
the characteristics of hadron energy reconstruction, including
effects due to the crack region placed between the barrel and
extended barrel, will be possible.

The final data have been recorded in October 2004, so the
analysis of pion data has just begun and the first step will be to
set the correct electromagnetic scale for both calorimeter sec-
tions. Then, the algorithms to reconstruct the hadronic energy,

compensating for the , may be tested. In the next sec-
tion the performance of one of these algorithms on simulated
single particles and jets is discussed.

D. Hadronic Energy Reconstruction

The aim of the reconstruction process is to identify jets from
calorimetric clusters to relate their kinematic properties to those
of the parent partons. In order to reconstruct the hadronic en-
ergy from the calorimeter signal, a calibration procedure has to
be applied to take into account both detector effects (e/h and
dead material) and physics effects (energy lost in the jet recon-
struction process, underlying event, pile-up, initial and fine state
radiation). ATLAS approach is to apply these calibration in two
separate steps, the first one takes care of detector effects only
and the second one correct for physics related effects.

The most commonly used method to implement the first stage
is inspired to the technique used by the H1 collaboration [6]. The
basic idea of this method is to correct upward the response of
cells with relatively low signal—typically hadronic—in order
to equalize their response to that of cells with large deposited
energy—typically electromagnetic. Clearly the method works
better if the granularity of the calorimeter is well dimensioned
with respect to electromagnetic deposit.

The total reconstructed energy is obtained as a linear
weighted sum of the energy deposited in the cells of each
longitudinal calorimeter sample:

(1)

where runs over all the longitudinal samples and over all the
cells of the -th sample. The weights depends on the cell en-
ergy deposits and on the total energy of the ensemble of particles
belonging to the jet (MC jet), indicated here as Monte-Carlo en-
ergy . The weights are obtained by minimizing the energy
resolution with respect to the true total energy, applying the con-
straint that the total reconstructed energy after re-weighting is
equal to the true energy. Since in real data the value of the true
energy is not available, an iterative procedure is applied. An ini-
tial estimate of the energy is obtained using a simple method,
such as the unweighted sum of the cell energy, and this is used
for the initial estimate of the weights. Then the calibrated en-
ergy thus obtained is used as an input to calculate new weights
and a new estimate of the energy. After a few iterations of this
procedure, the reconstructed energy does not vary by more than
few percent [7].

This method has been already used both on real and simulated
data, and it is able to restore the linearity to within a few per-
cent, and to improve the energy resolution [1][8]. Recently this
procedure has been implemented in the new ATLAS software
and has been applied to samples of QCD di-jet events generated
with PYTHIA6.3. The detector simulation was based on Geant3
[9]. The results obtained on linearity and energy resolution for
jets in the central ATLAS region are shown in Fig. 8.
Non-linearities after calibration are within 2% and a significant
improvement in energy resolution is obtained. The same pro-
cedure has been applied to single pion events generated with
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Fig. 8. Energy linearity and resolution as a function of the Monte Carlo jet energy, obtained for a sample of QCD di-jet events where the detector is simulated using
Geant3 (di-jet events simulated using Geant4 package are not yet available). Electronics noise and pile-up have not been considered. Events in the pseudo-rapidity
region j�j < 0:7 have been selected. In each plot the results before (open circle) and after (solid circle) the calibration procedure has been applied are shown. (a)
Jet energy linearity, (b) Jet energy resolution.

the Geant4 detector simulation. The linearity after calibration is
well within 1% and the energy resolution is in agreement with
the design resolution [2].

The second stage of calibration allows to reconstruct the
parton kinematics imposing the transverse momentum balance
in events where the jet is reconstructed back-to-back to well
measured particles. A standard calibration sample consists of

, with or . These cali-
bration samples allows as well to calibrate b-jets in fact using
standard selection criteria the jet sample contains about 5%
of . Statistical errors on the jet scale of the order of 1%
can be reached in about six months for GeV
GeV [10]. Other calibration samples consists of or
of where the W mass is use to set the calibration
scale. The refined strategy to determine the parton energy scale
is under study and it will be precisely defined using real data.

II. CONCLUSION

The opto-mechanical assembly of modules of the TileCal was
completed at the beginning of 2004. By April 2004, the first
half of the barrel was assembled in the experimental pit. The
installation of the front-end electronics is nearly complete, and
the last stage, the installation of the low voltage power supplies,
will begin in 2005. During the same period, the modules already
assembled in the experimental pit will be tested and the first
data-taking with the final system using cosmic ray muons will
begin. Parallel to the assembly in the pit, offline software devel-
opment will continue, including the study of algorithms for jet
energy reconstruction. Particularly important for these studies
are the data recently acquired in the combined test-beam.

The TileCal construction phase is nearly finished, the
assembly and commissioning in the pit is proceeding, and
preparations are underway to analyze first collision data in
2007.
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