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Introduction 

l  The CDR of the LHeC considers 
a tile calorimeter for the hadronic 
barrel calorimeter in the baseline 
detector option 
n  Inner silicon tracker with extended 

forward and backward parts 
n  EM calo surrounded by 3.5T field 
n  Tile hadronic calorimeter enclosed 

in a muon tracking system 

l  We compare the preliminary 
simulations of the HAC with the 
performance of the ATLAS Tile 
calorimeter 

l  Since LHeC is planned for LS3 
we can profit from the lessons 
learnt from ATLAS 
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LHeC baseline detector option (without muon system) 
 for the Linac-Ring machine option 

tween the Linac-Ring and the Ring-Ring option is made. It represents in any case one of
the most challenging problems to be solved for the LHeC.

12.1.1 Baseline detector layout

The baseline configuration (A) of the main detector has the solenoid in between the two
calorimeters, combined with a dipole field in the Linac-Ring case. The main detector is
subdivided into a central barrel and the forward and backward end-cap regions, which di↵er
in their design.

The backward region usually detects the scattered electron and typically has low occu-
pancy and energy deposits from the hadronic final state, while the forward region detects
the proton remnant and typically has much higher occupancy and large energy deposits.
The detector configuration is sketched in Fig. 12.9 with component abbreviations and some
important dimensions. More details are given in Fig. 12.10.
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Figure 12.9: An rz cross section of the LHeC detector in its baseline configuration (A). In
the central barrel, the following components are considered: a central silicon pixel detector
(CPT); silicon tracking detectors (CST,CFT/CBT) of di↵erent technology; an electromag-
netic calorimeter (EMC) surrounded by the magnets and followed by a hadronic calorimeter
(HAC). Not shown is the muon detector. The electron at low Q2 is scattered into the back-
ward silicon tracker (BST) and its energy measured in the BEC and BHC calorimeters. In
the forward region similar components are placed for tracking (FST) and calorimetry (FEC,
FHC).

For the purpose of this design, technologies had to be chosen following the detector
requirements discussed in Sect. 11, and based on an evaluation of the technologies available
or under development for the LHC experiments or foreseen for a linear collider detector.
Due to its compact design and proven technological feasibility, the complete inner tracker
is based on silicon detectors. This allows the radius of the magnets to be kept small, about
1m. Based on experience with H1 and ATLAS, the EMC is chosen to be a Liquid Argon
(LAr) Calorimeter. The superconducting dipoles (light grey in Fig. 12.9) are placed in a
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The ATLAS Tile calorimeter 

l  The ATLAS hadronic Tile 
calorimeter is a hollow cylinder that 
covers the range |η| < 1.7 
n  Note η = -log(tan(θ/2)  

l  Mechanically divided into three 
barrels one long barrel instrumented 
on both sides, and two extended 
barrels, and staggered in ϕ 

l  Based on a sampling technique 
where plastic scintillating tiles are 
embedded in a steel absorber plates 
n  Number of nuclear interaction lengths 

at η=0 (θ=90º) is 7.4 
l  Design performance jet resolution 

for combined calorimeters 
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ATLAS LHeC 

Inner radius 2.28 m 1.20 m 

Outer radius 4.25 m 2.60 m 

Length in Z  12 m 9.78 m 

Weight 2900 tons ~900 tons 

Detector facts 
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A 

Tile modules 

l  Each barrel is divided into 64 
modules providing a ϕ granularity 
of 0.1 rad 

l  Tiles are trapezoidal shaped 
scintillators which are placed in 
the gaps of the module, 
perpendicular to the beam 
direction 
n  Eleven rows of tiles are used for 

each module 
n  Two calibration source tubes cross 

each row 
l  Each tile is read-out on both 

sides by wavelength shifting 
fibers WLS that are coupled to 
the tiles along the external faces 
of the module 
n  Read-out electronics are located in 

the outermost region of the module 

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes
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Tile module construction 
l  Each module is built out of 19 sub-

modules (~29 cm) which are attached to 
the girder 
l  Constructed independently and before the 

optics instrumentation 
l  Spacer plates (4 mm) are placed in 

between two master plates (5 mm) 
leaving the space for the tiles (3 mm) 
l  Periodicity of 18 mm 
l  More details in 2013 JINST 8 T11001 

l  WLS fibers are placed along the spacer 
plates between two master plates without 
any compromise for extra space  

l  Similar assembly procedure can be 
followed for the LHeC detector 
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Figure 11. Cartoon of the basic unit of the calorimeter absorber structure: the full period. This comprises
two master plates and two alternating sets of spacer plates stacked such that the voids between master plates
form the slots into which the scintillator tiles are to be inserted.

control program was applied during production. In the case of the raw steel sheets, a primary
control was applied during rolling to insure the thickness specification. Periodically, steel sheets
were sampled and tested to insure low residual stresses as required for the subsequent plate cutting.
Gauge plates were designed for use during plate stamping and used to test 1 master plate in 30 as a
way of insuring that the stamping die continued to meet specification. In addition, 1 master plate in
600 was measured on a 3-D computer controlled measuring machine at appropriate control points
which included the plate width at several locations, and the locations and dimensions of the keys
and hole locations. Similar quality assurance protocols were applied for spacer plate production.
All remaining components were either conventional procurements or fabricated at the collaborating
institutions.

The fundamental absorber unit of the calorimeter structure is formed by the lamination of two
master plates and two (half) sets of spacer plates as shown in figure 11. A submodule is built
up by alternating a master plate with layers of spacer plates which are glued and pinned together
and aligned on a precision, standardised stacking fixture. The fixture is comprised of thick steel
bottom and top plates together with precision aligned blocks into which the matching keys on the
master plates are engaged. A standard two-part structural adhesive was used (Araldite AW 106 and
hardener HV953U). After approximately 24 hours, once the glue had cured and prior to removal
from the stacking fixtures, two mounting bars were welded to the submodule master plates.

The role of the glue is crucial in the design, providing compensation for the thickness tol-
erances of the stacked plates (64 plates are stacked together to build a standard submodule) and
contributing additional mechanical strength to the structure. The position of the glue deposition
and volume of glue was controlled to give a glue surface area of sufficient shear strength. This
deposition was done by a variety of ways ranging from a semi-automatic gluing machine to man-
ual deposition using a glue gun and template. The glue line thickness was controlled using thin
paper shims and glass microspheres. The mechanical connection via steel spring pins insured the
geometrical positioning of the spacer plates relative to the master plates. The tubes used for the
cesium calibration system [20] pass through these spring pins, and thereby align the cesium cal-
ibration capsule to the scintillator tiles. Two key phases of submodule construction are shown in
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Figure 12. (left) One layer of spacer plates being fastened to the master plate below using spring pins and
structural glue; (right) A submodule being assembled on the stacking fixture, the keys at either end precisely
align the master plates.

figure 12: spacer plates fastened to master plates to form a half-period, and a submodule assembly
on the stacking fixture being prepared for glue curing.

Submodule construction was subject to a detailed quality control plan, which was developed
during design and submodule prototyping, to insure uniform production throughout the ten sub-
module construction sites. The quality control protocols included careful tracking of glue depo-
sition quantities and curing time, inspection of the welding of the mounting bars, and a series of
measurements of module flatness, stack height and envelope. The quality control data were pub-
lished on web pages maintained at each construction site and regularly monitored to insure that the
lessons learned at one site could be rapidly communicated to all sites. The principal dimensional
control was on the height of the submodule stack as good maintenance of this height was essen-
tial to insure that all submodules could be successfully mounted on the module support girder. A
representative example of the submodule stack height for the submodules constructed at one of the
construction sites is shown in figure 13. In general, the submodule followed a football shape as a
result of weld shrinkage causing the submodule height to be lower than nominal at the inner radius
and higher than nominal near the center of the submodule. However, as is seen in figure 13, this
effect was quite reproducible and largely within the height specification of +0.3 mm and �1.5 mm
relative to nominal. The distribution of the maximum stack height deviation from nominal for all
submodules constructed is shown in figure 14. The majority of submodules fall within the required
envelope. The small number of submodules whose height exceeded 0.6 mm from nominal were
identified with pallets of raw sheets whose thickness exceeded the design thickness specification.
A small number of custom submodules with heights of �1.0 to �1.5 mm relative to the nominal
height were constructed and mounted adjacent to these submodules during module construction.

Submodule construction concluded with the application of a thin layer of protective paint and
a subsequent final quality control check to insure that paint build-up in the slots would not impede
insertion of scintillator tiles or the fiber channels. More details on submodule construction and
quality control can be found in references [21, 22].
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Figure 2. Cartoon showing the principal components of a barrel module.

The principal features of a module are shown in figure 3. The structure is a glued and welded
steel lamination of full-length plates (master plates) which run radially outward from the beam line.
These have short plates (spacer plates) interleaved along their length to form pockets into which the
active elements of the calorimeter, the scintillator tiles, are inserted. The spacer plates are set back
from the edge of the master plate outer envelope by 2.8 mm to provide a slot in which the readout
fibers are inserted. The design includes a progressive increase in the radial length of the spacer
plates as one moves from inner to outer radius. This allows the calorimeter to meet its performance
specification while minimising the piece count and thereby handling costs. The scintillator tiles
are read out by wavelength-shifting fibers which are inserted in channels located between each of
the pairs of full-length plates as indicated in figure 3. As a result, no additional absorber volume is
compromised to accommodate the fiber readout and in addition the fibers themselves are protected
from mechanical damage by being enclosed on three sides by the steel structure. A plastic chan-
nel is used to contain the fibers and provide a cost-effective approach for what would otherwise
have been a labor intensive operation. A detailed description of module instrumentation can be
found in [3].

The master plate, shown in figure 4, is the principal component of the calorimeter absorber
structure. Alternating sets of spacer plates are interleaved between master plates to form the slots
in which the scintillator tiles are placed, as discussed below. Both the master plates and the spacer
plates were fabricated to high precision by die stamping. The slots at either end of the master
plate as well as the overall envelope of the plate are the design elements which define the module
envelope. In addition, the master plate has 22 precisely located holes through which the tubes
containing a calibration source are inserted along the entire length of the structure (see figure 3).
Custom-designed spring pins are inserted in these holes to mechanically fasten and align the spacer
plates to master plates. Through appropriate sizing of the outer diameter and inner bore of these
pins, the pins also provide the precise alignment of the calibration tubes with the absorber and
scintillator structure. The spacer plate setback of 2.8 mm defines the channel in which the readout
fibers run. The envelopes of one set of spacer plates is shown in figure 4.
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Figure 12. (left) One layer of spacer plates being fastened to the master plate below using spring pins and
structural glue; (right) A submodule being assembled on the stacking fixture, the keys at either end precisely
align the master plates.

figure 12: spacer plates fastened to master plates to form a half-period, and a submodule assembly
on the stacking fixture being prepared for glue curing.

Submodule construction was subject to a detailed quality control plan, which was developed
during design and submodule prototyping, to insure uniform production throughout the ten sub-
module construction sites. The quality control protocols included careful tracking of glue depo-
sition quantities and curing time, inspection of the welding of the mounting bars, and a series of
measurements of module flatness, stack height and envelope. The quality control data were pub-
lished on web pages maintained at each construction site and regularly monitored to insure that the
lessons learned at one site could be rapidly communicated to all sites. The principal dimensional
control was on the height of the submodule stack as good maintenance of this height was essen-
tial to insure that all submodules could be successfully mounted on the module support girder. A
representative example of the submodule stack height for the submodules constructed at one of the
construction sites is shown in figure 13. In general, the submodule followed a football shape as a
result of weld shrinkage causing the submodule height to be lower than nominal at the inner radius
and higher than nominal near the center of the submodule. However, as is seen in figure 13, this
effect was quite reproducible and largely within the height specification of +0.3 mm and �1.5 mm
relative to nominal. The distribution of the maximum stack height deviation from nominal for all
submodules constructed is shown in figure 14. The majority of submodules fall within the required
envelope. The small number of submodules whose height exceeded 0.6 mm from nominal were
identified with pallets of raw sheets whose thickness exceeded the design thickness specification.
A small number of custom submodules with heights of �1.0 to �1.5 mm relative to the nominal
height were constructed and mounted adjacent to these submodules during module construction.

Submodule construction concluded with the application of a thin layer of protective paint and
a subsequent final quality control check to insure that paint build-up in the slots would not impede
insertion of scintillator tiles or the fiber channels. More details on submodule construction and
quality control can be found in references [21, 22].
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Cell layout 

l  Groups of tiles are bundled together into cells and read 
out by photo-multipliers tubes (PMTs) 

l  Cells are laid out in order to have a projective geometry 
around the interaction point in steps of Δη = 0.1  

l  Tile is made out of 5182 cells of three types  
A (1.5λ), BC (4.1λ) and D (1.8λ) 

l  A projective cell segmentation is mandatory for LHeC 
n  Might need an asymmetric granularity 
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14.1 Detector assembly on surface

The LHeC detector will be assembled, in all its most relevant elements, on the surface and
then lowered into the experimental cavern for the final integration on to the beam-axis,
inside the L3 Magnet. The main elements will be in order (see Fig. 14.2):

• three HCal barrel elements

• two HCal endcap elements

• the Superconducting Coil and the two integrated Dipoles, within their cryostat; and
in case of LAr design the barrel EMCal

• two HCal-EMCal backward, forward inserts

The maximum weight of a single element to be lowered from surface to underground has
been limited to 300 tonnes, to make it possible to perform the operation using a standard
crane, as already applied by L3 for its barrel HCal. The superconducting coil and the two
integrated dipoles will be tested at nominal current on surface, whilst the field mapping will
be performed underground.

Figure 14.2: The main detector elements to be assembled on surface.

14.2 Detector lowering and integration underground

The fully cabled and tested detector elements, once lowered into the underground cavern,
will be installed into the former L3 Magnet (see Fig. 14.3), following a sequence that has to
be carefully analysed. The detector will be completed with the following components:

• barrel, backward, forward Muon chambers

578

ATLAS Tile calorimeter cell layout 

LHeC hadronic calorimeter concept 

Size 
[mm] 

ATLAS LHeC 

97  1-3 1-3 

127  4-6 4-6 

147  7-9 7-11 

187  10-11 

2013 JINST 8 P01005 
Radial size of tile rows 



Projective barrel segmentation? 

l  Avoid splitting the barrel where more resolution is needed 
l  Minimize gap in the forward region to maximize coverage 
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tween the Linac-Ring and the Ring-Ring option is made. It represents in any case one of
the most challenging problems to be solved for the LHeC.

12.1.1 Baseline detector layout

The baseline configuration (A) of the main detector has the solenoid in between the two
calorimeters, combined with a dipole field in the Linac-Ring case. The main detector is
subdivided into a central barrel and the forward and backward end-cap regions, which di↵er
in their design.

The backward region usually detects the scattered electron and typically has low occu-
pancy and energy deposits from the hadronic final state, while the forward region detects
the proton remnant and typically has much higher occupancy and large energy deposits.
The detector configuration is sketched in Fig. 12.9 with component abbreviations and some
important dimensions. More details are given in Fig. 12.10.
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Figure 12.9: An rz cross section of the LHeC detector in its baseline configuration (A). In
the central barrel, the following components are considered: a central silicon pixel detector
(CPT); silicon tracking detectors (CST,CFT/CBT) of di↵erent technology; an electromag-
netic calorimeter (EMC) surrounded by the magnets and followed by a hadronic calorimeter
(HAC). Not shown is the muon detector. The electron at low Q2 is scattered into the back-
ward silicon tracker (BST) and its energy measured in the BEC and BHC calorimeters. In
the forward region similar components are placed for tracking (FST) and calorimetry (FEC,
FHC).

For the purpose of this design, technologies had to be chosen following the detector
requirements discussed in Sect. 11, and based on an evaluation of the technologies available
or under development for the LHC experiments or foreseen for a linear collider detector.
Due to its compact design and proven technological feasibility, the complete inner tracker
is based on silicon detectors. This allows the radius of the magnets to be kept small, about
1m. Based on experience with H1 and ATLAS, the EMC is chosen to be a Liquid Argon
(LAr) Calorimeter. The superconducting dipoles (light grey in Fig. 12.9) are placed in a
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Detector concept 
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l  A Tile calorimeter is based on a simple detector concept 
1.  Scintillation light is produced in the tile 
2.  Light is collected by 2 WLS fibers (1 cell is read out by 2 PMTs) 
3.  Electrical pulse produced by the photo-multiplier (9852 in ATLAS) 
4.  Signal is sampled (and also integrated in ATLAS) 

l  Samples are stored in pipeline memories located in the front-end electronics 
n  See upgrade plans to be considered for LHeC in following slides 

Tile PMT 

Digitizer 

Integrator 

WLS fiber 

ATLAS Tile calorimeter detector concept 
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Signal reconstruction 

l  The signal reconstruction in Tile is  
based on the Optimal Filtering  
n  Amplitude and time are obtained 

through a linear combination  
of the digital samples 

n  Weights are obtained from the signal  
pulse shape and the correlation matrix  
between the samples for an expected  
time of the pulse 

 
l  Energy is proportional to the amplitude 
 
 
l  Cell energy is the sum of the two PMTs 

l  Fast and reliable for deterministic pulses. 
n  Alternative reconstruction methods are under evaluation 
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~monthly ~weekly 
~weekly 

Tile EM calibration 
is preserved in 
ATLAS by the Cs 
calibration system 

Energy calibration in Tile 



2004 – 2006: Installation  

1993 – 1995: R&D 1999 – 2002: Instrumentation 1996 – 2002: Construction 

2005 – 2009: Commissioning with particles and calibration systems 
2010 – 2013: Operation in LHC run 1  
2013 – 2015: Electronics consolidation during Long Shutdown 1 

2000 – 2004: Test-beam 

A bit of ATLAS history 
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Electromagnetic scale constant 

l  EM scale (Response/Ebeam) was set at the test 
beam on the innermost radial layer (A) using 
using 20 to 180 GeV electrons with an incidence 
angle of 20º (θ=70º) 

n  11% of the Tile modules were brought to the H8 beam 
of the CERN SPS 

n  EM scale constant : 1.05 pC/GeV with an RMS 2.4% 
(dominated by optics fluctuations) 

l  Scale is transferred to the other two radial 
samplings with electrons at 90º (θ=0º)  

n  NIM A 606 (2009) 362–394 
l  Tile EM calibration is preserved in ATLAS by the 

Cs calibration system 
12 A tile calorimeter for the LHeC - 21 January 2014 Carlos Solans 

ATLAS Tile calorimeter 

Mean 1.05 pC/GeV 
RMS 2.4% 

LHeC should aim for better uniformity in the tiles 

the figure were obtained averaging responses from three modules.
This pattern is also observed with muons at yTB ! "90#, which
unlike electrons allow a measurement of the response of cells
through the entire volume of the calorimeter. Therefore the
measurement of the EM calibration constant is taken up again, in
the section on results with muons Section 4.3.2.

4.2.5. EM response vs. pseudorapidity
The EM scale calibration constant presented in the previous

section is based on the analysis of electrons entering the
calorimeter at 20#. As particles enter the calorimeter over a range
of angles, the angular dependence of the EM calibration must be
known too.

The EM shower response depends on the absorber thickness
and (for equal sampling fraction) on the sampling frequency,
i.e. the number of alternating active and passive layers per
radiation length. This fact, sometimes called the transition effect
(see e.g. Refs. [36,37]) is associated with low-energy (o1 MeV)
electrons, generated by the photoelectric effect in the absorber
plates. These electrons may range out in the absorber plates and
account for a significant fraction of the energy of a shower. This
effect reduces the signal from electrons at any given sampling
frequency; but the higher this frequency, the more the low-energy
electrons reach the active material, thereby giving a signal.

The sampling frequency effectively changes with the angle of
impact of the beam particles and the response to electrons
changes accordingly. A simulation of this effect performed with
GEANT4 is shown in Fig. 22. The experimental electron response at
two angles of incidence is also shown in the same figure.13 The
simulation is normalized to the experimental result at Z ! 0:35
(yTB ! 20#).

The simulation shows a drop in response for Zo0:25 which can
be qualitatively understood as the effect of the periodic tile/iron
structure of the calorimeter on tightly collimated EM showers.
Overall, the Monte Carlo predicts a variation of the EM calibration
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Fig. 20. The spread of the mean response to electrons and pions, caused by the
systematics associated with CIS and ADC performance. The transition between
high- and low-gain readout channels is shown by a vertical line. At higher energies
the spread for pions is smaller than for electrons, because pion showers are more
diffuse and more channels are involved [15].

0.98

1

1.02

1.04

1.06

1.08

1.1

1.12

0
Tilerow

<C
em

> 
(p

C
/G

eV
)

2 4 6 8 10 12

Fig. 21. The electron response relative to the beam energy as a function of tile-row
number. Displayed is the response of 180 GeV electrons entering the barrel
modules at yTB ! "90# , averaged over three different barrel modules. The error
bars represent the error on the mean within the sub-cells of each tile-row. The
horizontal lines indicate the average response in the individual radial compart-
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13 As discussed previously, the spread of the measured electron responses, due
to optical component nonuniformities (Section 4.2.4), makes it hard to detect a
small EM scale angular dependence. Therefore only experimental points at 20# and
90# are shown here, since they represent averages over a large number of runs
taken on many different calorimeter cells.
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Figure 6. Distribution of tile packs according to the value of the light yield estimator (I0·I1)1/2. The red and
blue-shaded histograms correspond to tile packs installed in EBA and EBC, while the higher-quality tiles
were installed in LB modules.

One of the TileCal performance requirements is the ability to detect the minimum-ionizing
signal from muons, for which the signal-to-noise ratio, hence photo-electron (p.e.) yield, is an im-
portant feature. Earlier tests showed that a yield above 48 p.e./GeV does not lead to improvements
in the response to muons [4]. Measurements performed at the TileCal beam test facility with the
production Barrel and Extended Barrel modules demonstrated that the average light yield for elec-
trons amounts to 72 p.e./GeV and 91 p.e./GeV for cells made of PSM115 and BASF165H-based
scintillators, respectively [7].

2.3 Wave-length shifting fibers

The WLS fiber subproject (fiber procurement, quality control, aluminization, and the development
and production of profile and fiber assemblies) was managed by the LIP and the Pisa groups [8, 9].

The 1 mm diameter double-clad Y11(200)MSJ fibers produced by Kuraray were delivered in
eight batches comprising in total 578,000 fibers. Each batch was composed of fibers produced from
several preforms, that were controlled in the two above mentioned laboratories from April 1999 to
March 2002 [10, 11]. The WLS fibers acceptance quality control consisted of the measurement
of several optical and mechanical properties of the fibers. These properties and the respective
acceptance criteria are described in detail in [10].

The fibers were aluminized at the end opposite to the PMTs to increase the light yield and
to get better uniformity of response along their length, particularly where they collect light from
the scintillators. The mirroring procedure consists of three main steps: bundling, cutting/polishing
and aluminum deposition by magnetron sputtering [12]. The WLS fibers are grouped in bundles
of exactly 1261 fibers, arranged in a hexagonal closely packed structure which is strong enough
to withstand cutting and polishing in a milling machine. A smooth planar surface is obtained, that
guarantees a good fiber-to-fiber response uniformity. After polishing, the bundles are inserted in
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value of the constant term is comparable with that of the local
variation of response described in Section 4.2.4.

4.3. Results with muons

The high-energy muons available at the H8 beam-line traverse
the entire TileCal modules for any angle of incidence, thereby
allowing a study of the production module response in great
detail through their entire volume. The results of these studies are
the main subject of this section.

The most important application of muon data is the measure-
ment of the response of cells as a function of radial depth, which
allows setting the EM scale obtained with electron beams in the
first radial compartment in the other two compartments. In

addition, the response to muons at 90! can be measured for each
segment of a tile-row within a cell (tile-row segments can be seen
in Fig. 3). The Cs source calibration information is also available
with the same high granularity and can be used to sharpen the
understanding of the response of the calorimeter.

Other issues analyzed in this section are the response to muons
in projective geometry and to very low energy muons at 90!.

4.3.1. Event selection and signal correction
The data analyzed here were taken with 180 GeV muon beams,

either in projective geometry or at 90!. In the latter case, the
entire radial span of several modules was probed with a series of
muon runs with the beam centered, in turn, on each of the 11 tile-
rows of a module. These scans produced responses from about
2000 tile-row segments of 488 calorimeter cells, representing
about 10% of the detection volume of the entire ATLAS Tile
Calorimeter system.

Triggers were selected to be loosely consistent with muon
signals by requiring between 1.2 and 50 pC in both the first and
second halves of the central barrel modules or 1.2–46 pC for the
shorter extended barrel modules. In addition, tracks measured in
the beam chambers were required to be nearly collinear to the
beam line. For the projective data at fixed Z, the muon response
was corrected according to the position of the particle impact
point. As discussed in the section on electron beams, this
correction accounts for the variation in the calorimeter sampling
fraction [24] and significantly reduces the spread of the muon
signal, particularly for incidence at small jZj.

The TileCal response to high-energy muons follows a Landau-
type distribution with characteristically long tails at high energies
caused by radiative processes and energetic d-rays. The peak
values of the muon signals under study vary by more than a factor
of two in projective geometry and by more than an order of
magnitude for 90! incidence, because of the different sizes of cells
in modules. The interplay of the high-energy tails and of the
variation in cell length results in very different values for the
muon signal depending on how it is defined. The most obvious
definition, namely the most-probable (peak) value of the signal
divided by the muon path length, displays a significant residual
dependence on the path length that makes it unsuitable for
studies of the calorimeter response uniformity. Instead, the mean
value of the measured muon energy loss spectrum truncated at
97.5% of the total number of entries was adopted. This definition
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Figure 12.35: Tile Calorimeter energy resolution for electrons at ✓ =70�and 90�(left) and
for pions at ✓ =90�(right).

and consist of 16mm of steel and 3mm of scintillator tile. 11 transverse rows of tiles are
used in a module. The total interaction depth of the HAC prototype corresponds to �I = 7.
The longitudinal segmentation of the HAC module is described in Tab. 12.7. In this section
the performance of the hadronic calorimeter alone has been investigated, the combined
use of EMC and HAC parts has been studied in later sections. The energy resolution
of the tile calorimeter was simulated with electrons and pions within the energy range 3-
200GeV (Fig. 12.35). The stochastic term and constant term values obtained for electrons
shown on the left side of the figure are consistent with results obtained for ATLAS [888].
It is clearly seen that, both stochastic and constant term values decrease with decreasing
angle. The parameterisation values for pions on the right side of the figure are in agreement
with [889](Page 1, Eq. 1). The response to electrons generally shows good resolution such
that any leakage from the electromagnetic calorimetry in front of the HAC would be resolved
safely.
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Figure 12.36: LAr accordion calorimeter energy resolution for electrons between 10 and 400
GeV (GEANT4).
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Energy resolution for electrons 

l  Simulation of the energy resolution with 
electrons have been conducted for the stand-
alone Tile calorimeter for the LHeC  
n  Preliminary results are compatible with test-beam 

measurements for ATLAS Tile calorimeter  
l  Constant term comparable with local variation 

of response 
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Energy resolution for Pions 

l  Simulation of the energy resolution with Pions have 
been conducted for the stand-alone Tile calorimeter 
for the LHeC  

n  Preliminary results are compatible with test-beam 
measurements for ATLAS Tile calorimeter  

l  Constant term affected by longitudinal containment  
n  The expected constant term for jet energy resolution in 

ATLAS is typically 2.6% 
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and consist of 16mm of steel and 3mm of scintillator tile. 11 transverse rows of tiles are
used in a module. The total interaction depth of the HAC prototype corresponds to �I = 7.
The longitudinal segmentation of the HAC module is described in Tab. 12.7. In this section
the performance of the hadronic calorimeter alone has been investigated, the combined
use of EMC and HAC parts has been studied in later sections. The energy resolution
of the tile calorimeter was simulated with electrons and pions within the energy range 3-
200GeV (Fig. 12.35). The stochastic term and constant term values obtained for electrons
shown on the left side of the figure are consistent with results obtained for ATLAS [888].
It is clearly seen that, both stochastic and constant term values decrease with decreasing
angle. The parameterisation values for pions on the right side of the figure are in agreement
with [889](Page 1, Eq. 1). The response to electrons generally shows good resolution such
that any leakage from the electromagnetic calorimetry in front of the HAC would be resolved
safely.
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Figure 12.36: LAr accordion calorimeter energy resolution for electrons between 10 and 400
GeV (GEANT4).
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Pions at θ=90º 
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�
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Pions at |η|=0.35 (θ=70º) 
(equivalent calorimeter depth 7.9λ) 
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Geant4.8.3  
QGSP+Bertini  

constant term is also independent of the reconstruction algorithm and input type. The noise term on the
other hand shows a slight variation between jets reconstructed from towers or from topological clusters,
and is a significant contribution to the jet energy resolution for energies below 100 GeV. In particular, the
noise term is lower if topoclusters are used. A significant difference is also observed between the cone
and the kT algorithm, the latter showing a larger noise value.

Table 3: Parameters of the resolution parametrization described in the text as obtained with the fit of the
resolution curves of Fig.9.

Reconstruction Algorithm 0 < h < 0.5 1.5 < h < 2.5
a (%) b (%) c (GeV) a (%) b (%) c (GeV)

Cone Rcone = 0.7 Tower 64±4 2.6±0.1 4.9±0.5 103±10 2.6±0.8 8±1
kTR = 0.6 Tower 68±5 2.5±0.2 6.3±0.5 110±1 1±1 12.2±2.5

Cone Rcone = 0.7 Topo 63±4 2.7±0.1 4.2±0.5 107±8 1±1 6.5±1.5
kTR = 0.6 Topo 64±5 2.7±0.2 5.4±0.5 112±4 1±1 10.0±1.5

3.2 Results on tt̄ and SUSY events

We now verify the quality of the jet calibration on two radically different physics samples. We consider
first a tt̄ sample, generated with MC@NLO [7]. The event generator used to produce the final state par-
ticles is HERWIG interfaced with JIMMY [8], whose fragmentation model is different from the PHYTHIA
one considered so far. Moreover, most of the jets in tt̄ events are produced by the fragmentation of
quarks, while the QCD dijet events contain mostly gluon jets for moderate ET. The simulation layout
used for the tt̄ events is the same distorted layout discussed in [9], i.e. a geometry with increased dead
material in particular in the gap region.

We consider a cone algorithm with Rcone = 0.4 since it is the one most widely used for analyses
concerning the top quark in ATLAS. The performance on QCD dijet events has been checked and the
results are very similar to those discussed in Section 3.1 and in [9] for the cone with Rcone = 0.7

 [GeV]

ATLAS

Truth E
210 310

Tr
ut

h
/E

Re
co

 E

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

<0.50!  0.00<
<1.50!  1.00<
<3.00!  2.50<

Truth

ATLAS

! 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Tr
ut

h
T

/E
Re

co
T

 E

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

<  48 GeVTR=0.4   39<E" Cone 
< 130 GeVTR=0.4  107<E" Cone 
< 405 GeVTR=0.4  336<E" Cone 

Figure 7: Linearity as a function of energy for three pseudorapidity regions (on the left) and of the
pseudorapidity for three transverse energy bins (on the right) for cone 0.4 tower jets in tt̄ events.

The linearity as a function of the energy and the pseudorapidity is shown in Fig. 7. Despite the
fundamentally different event structure, an overall acceptable linearity is found also in top events.

We finally consider SUSY events. The sample has been generated with HERWIG/JIMMY and sim-
ulated with a distorted geometry. Such events are characterized by a high multiplicity of quark jets
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Pion response linearity 

l  The pion non linear energy dependence is due to calorimeter non-compensation 
l  Using Groom's parameterization of the non-EM component of hadronic showers 

we obtained e/h and m from the test beam measurements 
l  Sampling fraction should be calculated for LHeC 

with longitudinal and 
transverse energy 
leakage corrections 

Pions at |η|=0.35 (θ=70º) 
(equivalent calorimeter depth 7.9λ) 

NIM A 606 (2009) 362–394 

ATLAS Tile stand-alone ATLAS Tile stand-alone 
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Combined calorimeter resolution 

l  Simulation of the energy resolution with electrons  
have been conducted for the combined LAr + Tile calorimeters for the LHeC  

n  Preliminary results are better than test-beam measurements for ATLAS calorimeters 
l  The LHeC simulation is being compared in the CDR to  

n  TILECAL 98 141 (which adds a noise term) and ultimately to NIM A 387 (1997) 333-351  
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Figure 12.37: Combined LAr Accordion and Tile Calorimeter energy resolution for pions
with and without 14 cm Al block (GEANT4)

12.5.3 Combined liquid argon and tile calorimeter simulation

The combined system (accordion and tile calorimeter) has been studied. The e↵ect of the
dead material due to the magnet and the cryostat between the EMC and HAC has been
studied in a first approximation. The energy resolution of the combined system has been
simulated. The e↵ect of the solenoid and the cryostat infrastructure has been simulated
by adding a thick Aluminium layer (14 cm) in between the EMC and HAC. The study has
been performed using particles over a wide range of primary energy and at di↵erent incident
angle in order to deduce information about the detector response for particles entering the
calorimeters at di↵erent z. Hadronic shower simulations have been performed in the energy
range 3GeV-200GeV. First results of the energy resolutions as a function of energy for
pions are shown in Fig. 12.37. The stochastic and constant term values obtained for the
combined system with and without Al block are consistent with results parameterised for
ATLAS [889](Page 1, Eq. 2).

12.5.4 Lead-Scintillator electromagnetic option

Along with the baseline liquid argon calorimeter, a more conservative option, not requiring
a dedicated cryogenic system, has been considered for the barrel electromagnetic calorime-
try. For this purpose a lead-scintillator sampling calorimeter (EMCPb�Sc), composed of
20⇥0.85 cm thick Pb layers interspaced by 4mm plastic scintillator plates was setup for
simulation. The radiation length of this system corresponds to 30X

0

(X
0

(Pb)=0.56 cm).
All dimensions of the calorimeter systems have been kept according to the default solution
summarised in Tab. 12.6.

The EMCPb�Sc stack was placed 30 cm in front of the HAC. Again an aluminium block
of 16 cm was inserted between EMC and HAC representing the magnet/cryostat system
as illustrated in Fig. 12.38. The sketched module would be one of 6 azimuthal segments
of the complete barrel EMC and HAC. The energy resolution of the electromagnetic lead-
scintillator calorimeter as obtained with electrons of 10-400GeV is shown in Fig. 12.39.
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scribes in some detail  the components  of  the proto- 
type and its construction. The monitoring and inter- 
calibration systems are presented in Section 3 and the 
setup on the test beam, the data taking and data se- 
lection procedures in Section 4. The beam test results 
are discussed in Section 5. Finally Section 6 draws the 
conclusions and outlines some future prospects. 

Fig. 1. Principle of the proposed hadron calorimeter. Note 
that each tile is read out by two fibers, and that the coupling 
of fibers to groups of tiles defines the radial segmentation. 

cells are defined by grouping together a set of  fibers, 
which is viewed by a photomult ipl ier .  In this manner  
both axial (along z)  and longitudinal (along r) seg- 
mentat ion are obtained,  which can be chosen to define 
a pseudo-poin t ing  geometry for non zero rapidity.  

The mechanical  structure consists of  a stack of  a 
large number  of  t rapezoidal  steel plates of  only a few 
shapes, which periodically repeat  along the z direc- 
tion. This simplifies both the fabrication of  the iron 
tiles and the assembly procedure. 

In order to test this concept, three calorimeter  mod- 
ules were built  and exposed to high energy pion, elec- 
tron and muon beams at the CERN Super Proton Syn- 
chrotron (SPS) without an EM compar tment  in front. 
Results on uniformity of  response, energy resolution 
and linearity are presented, as well as calibration re- 
suits. 

This paper is organized as follows: Section 2 de- 

2. The  Prototype Calorimeter 

2.1. Mechanical  construction 

The prototype calorimeter is composed of  three 
sector modules, each spanning 2~/64  in azimuth, 100 
cm in the axial (z)  direction, and 180 cm in the ra- 
dial direction from an inner radius of  200 cm to an 
outer radius of  380 cm (see Fig. 1 for the definit ion 
of  the coordinates) .  The radial  dimension amounts  to 
about 9 interaction lengths. 

The iron structure of  each test module consists of  
57 repeated "periods" sandwiched between two iron 
end plates of  20 mm thickness (see Fig. 2). Each 
period consists of  four layers. The first and third 
layer are formed by large trapezoidal  steel plates, 5 
mm thick, spanning the full radial  dimension of  the 
module (master plates, 180 cm long). In the second 
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Fig. 2. (a): Detail of the coupling between scintillator and 
WLS-fiber; fibers coupled to tiles upstream of the one shown 
run parallel to each tile in the radial direction; (b): De- 
tail of the calorimeter layer structure, including master and 
spacer plates, scintillator, fibers and compression rods (ev- 
ery second rod has a hole to allow insertion of the radioac- 

tive source). 

Can we improve the resolution? 

l  We know there is an attenuation 
effect in the tile, edges yield more 
light  
n  Should study ways of increasing the 

light yield by evaluating alternative tile/
WLS couplings 

l  We should aim to identify EM from 
hadronic showers 
n  Increasing the cell granularity at least in 

the first radial sampling but need to 
increase the light yield 

n  Or use an alternative SiPM with 
reduced size to increase the number of 
channels by a factor 2 – 11 (all the tiles) 

l  Reduction of the stochastic term of 
the resolution still remains an issue 
n  Not feasible to change the thickness of  

the absorber 
n  More efficient photomultipliers, increase 

lateral and longitudinal information? 
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D)

Figure 5: PCB’s for the ECAL:
(A) with embedded components,
(B) glued together signal line by signal line to gain length without
thickness increase,
(C) a photograph of a test board with embedded ASIC’s and
(D) a photograph of the interconnection technique

C. Electromechanics of the HCAL

In the hadronic part of the calorimeter (HCAL) geometri-
cal volumes and dimensions are larger and the showers spread
wider, so that the constraints to sensor size and density are not
so stringent. For the barrel part the end plates at z=±2.2m (z
is the beam axis, with z=0 at the e+e�-interaction point) are
accessible for maintenance and the HCAL-design should make
use of it to keep the best long term performance.

The central part of the mechanical design consists of self
supporting stainless steel half-octants (figure 6) with gaps, in
which the active sensors together with the VFE can be slided in
and out. The shower will be sampled after each 2cm of steel by
3⇥3cm2 sized sensors. Each gap in an half-octant has an area
of typically 2m2 and houses 2200 sensors. For the total barrel
calorimeter that adds up to 2.5million channels and requires the
use of ASIC’s concentrating the functionality of the VFE into
one chip. Thick components can be located at the end plates
as ”end-gap” electronics. The in-gap units are designed with
standard sized PCB’s pre-assembled in the workshops to reason-
able sized modules. The full 2.2m length is achieved by sliding

a module into the gap and interconnect the next one mechani-
cally and electrically with thin connectors before it is also slided
into the gap. This allows later disassembling and re-installation,
even if the endcap of an ILC-detector will not keep the full 2.2m
clearance to pull out the electronics of one gap in one piece.

Figure 6: A half-octant of the HCAL, with the accessible end plate in
the front of the picture and the symmetry at the interaction point on the
back (z=0). For one detection gap the individual mechanical units are
indicated and in in the front the green part is for electronics outside the
gap

Figure 7: Components and design of the detection gap for the HCAL
with scintillator readout
A) A scintillator tile of 3•3cm2 with its optical readout components of
a green wavelength shifting fiber and a SiPM [4] with its visible pixels
B) Design of the detection gap
C) Soldered components embedded into the PCB for a thin structure
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Figure 12.40: Electron longitudinal shower profile for EMCPb�Sc at various energies
(GEANT4 (left) and FLUKA (right)). Only the statistical uncertainties are shown.
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Figure 12.41: Electron (left) and Pion (right) longitudinal shower profile for the
EMCPb�Sc / solenoid-dipole-system (Al-block) /HAC at various energies (GEANT4 (top)
and FLUKA (bottom)).
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Tile operation summary in Run 1 

Month in Year
Jan Apr Jul Oct Jan Apr Jul Oct
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Response calibration in 2012 
l  Tile response was very stable, maximum 

drift was ~3.5% for A13 cell, inner most 
layer at |η|~1.3 in 2012 proton-proton run 

n  Estimated ~50% PMT gain down-drift ~50% 
scintillator damage  

l  Up and down drifts follow data-taking and 
machine development periods  

n  Recovery started after proton period ended 
l  Observed 2/3 of the total damage in 4 

months after run start 
n  Applied weekly calibration to PMT response 
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Strategy for phase-II upgrade 

l  Tile’s plans for the upgrade phase-II of the LHC are to completely replace 
the front-end and back-end electronics introducing a new read-out strategy 
n  Full digitization of signals at BC rate and transmission to off-detector electronics 
n  Move pipelines to back-end electronics 
n  Digital input to trigger Levels 0 and 1 
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S
E
L

M
E
M

A tile calorimeter for the LHeC - 21 January 2014 Carlos Solans 20 

Present 

Proposal for phase-II Back-end electronics 



Trigger upgrade for the HL-LHC 

l  LHeC should follow current tendency for phase-II 
upgrade of ATLAS 

l  Level 0 trigger with fully calibrated cell energies 
n  As opposed to average calibration of analog trigger towers  

l  Development of high throughput read-out drivers to 
implement Level 0 and 1 pipelines 

n  Implementing QSFP optical modulators 
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system and consists of a feature extractor (FEX) based on calorimeter electromagnetic and
jet triggers, and the Phase-I Level-1 muon trigger. The Level-0 accept is generated by the
central trigger system which incorporates topological triggering capability.

• the Level-1 system will reduce the rate to 200 kHz within an additional latency of 14 µs. This
reduction will be accomplished by the introduction of track information within a Region-of-
Interest (RoI), full calorimeter granularity within the same RoI and the introduction of a
refined muon selection based on the use of the MDT information.

• an increased use of offline-like algorithms in the High-Level Trigger (software trigger) with
an anticipated readout rate of 5�10 kHz.

A block diagram of the architecture is shown in Figure 2.2. A more detailed description of the
Phase-II trigger and DAQ system is given in the following sections.

Calorimeters!

Muon Trigger!

Central Trigger!

Calorimeter Trigger!

  Level 1!
Topo/CTP!

  Level 0!
Topo/CTP!

eFEX/jFEX!

Tracker!

L1Calo!

MuCTPi!

MDT!

Endcap/NSW!

Muon!

L1Track!

Endcap Sector!
Logic!

Barrel Sector!
Logic!

    MDT !
  Trigger!

ITK RODs!

DPS/TBB!

Calo RODs!

Barrel!

L0A!

L0A!

L1A!

Level-0! Level-1!Front End!
500 kHz, 6 µs! 200 kHz, 20 µs!

Figure 2.2: A block diagram of the architecture of the split Level-0/Level-1 hardware trigger proposed for
the Phase-II upgrade. (The MDT trigger is shown as part of the Level-1 but may be used at Level-0).

2.1 Projected trigger rates for the Phase-I trigger at HL-LHC luminosities

The Phase-I Level-1 trigger [2] is composed of the Level-1 calorimeter trigger (L1Calo) and the
Level-1 muon trigger (L1Muon). The resulting triggers and regions of interest are combined in the
Topological Processor and Central trigger system where the Level-1 accept is generated within a
latency of 2.5 µs. The trigger rate is limited to . 100kHz by the detector readout capability.

The performance of the Phase-I system at Phase-II luminosities is taken from a simulation of
the functionality of the new electron feature extractor (eFEX) and extrapolations of the performance
of the muon trigger based on current data. The performance of the Phase-I trigger at Phase-II
luminosities is summarised below.
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Block diagram of the Level-0/Level-1 hardware trigger 

Conceptual design of ROD for the HL-LHC 

Block diagram of ATLAS TDAQ 



Redundancy in the electronics 

l  One of the lessons we have learnt from the electronics consolidation process in 
ATLAS during the LS1 is that we need to think the electronics to maximize the 
redundancy in case of failure, minimize the coverage damage in case of failure 

l  A double read-out for the cell should be accompanied by a redundant data path from 
the PMT up to the back-end electronics 

n  Split the super-drawers into four independent mini-drawers 
n  Split each mini-drawer into two independent halves (one cell read-out by one side) 
n  Use redundant powering scheme 
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Mini-drawers in ATLAS 
l  Super-drawer demonstrator will be composed of 4 mini-drawers, 

each one containing 
n  12 front-end boards: 1 out of 3 different options  
n  1 main-board: for the corresponding FEB option 
n  1 daughter-board: single design 
n  1 HV regulation board: 1 out of 2 different options 
n  1 adder base board + 3 adder cards: for hybrid demonstrator 
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Conclusions 

l  A tile calorimeter has been proposed for the LHeC detector 
l  It’s good performance in ATLAS during Run 1 makes it a good 

candidate for the baseline option 

l  Preliminary resolution studies show compatibility with ATLAS  
l  Studies need to continue to evaluate ways of increasing the 

resolution 

l  We should pursue and increase in the granularity in cell 
segmentation, redundancy in read-out electronics and 
modularity in overall design  
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Backup 

Carlos Solans A tile calorimeter for the LHeC - 21 January 2014 25 



A project 20 years old 

A tile calorimeter for the LHeC - 21 January 2014 26 Carlos Solans 



Tile cells and scintillator rows 
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Combined test beam setup 
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Figure 1. Schematic view of the H8 CTB set-up, including the inner detector components and the LAr and
Tile calorimeters.

energy measured by the electromagnetic calorimeter and the momentum measured by the Inner
Detector, and a way how to extract scale parameters are discussed in section 7.

2 Setup

During the 2004 CTB campaign all ATLAS sub-detectors (barrel wedge) collected data with parts
of their detectors in the H8 beam line of the CERN Super Proton Synchrotron (SPS) (see sec-
tion 2.3). The detectors were installed in the beam line with relative positions as close as tech-
nically possible to the real ATLAS geometry: the distance between sub-detectors, the pointing
geometry, and the magnetic field orientation have been preserved where permitted, although the
distance between the Inner Detector and the calorimeters is much larger than in ATLAS (figure 1,
figure 2, length scale in figure 4). A detailed description of the whole set-up can be found in [15].

2.1 Sub-detectors geometry and granularity

The ATLAS combined set-up at the 2004 CTB included:

• Six modules of the Pixel detector (2 modules for each of the three pixel layers: B, 1 and 2 as
defined for the ATLAS detector) [1];

• Eight modules of the Semiconductor Tracker (SCT) detector (2 modules per layer, as in the
ATLAS detector) [2];

• Two barrel wedges of the Transition Radiation Tracker (TRT) [3] corresponding to 1/16 of
one barrel wheel;

• One module of the LAr electromagnetic barrel calorimeter (EMB) corresponding to 1/16 of
one barrel wheel [16];
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Combined calorimeter resolution 
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Table 5. Noise values for the 3x7 clusters for all beam momenta.

Run number pnominalbeam (GeV/c) Noise (MeV)
2102399 100 209.7
2102400 50 207.4
2102413 20 207.4
2102452 80 207.9
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Figure 23. Relative energy resolution for Monte Carlo simulation and data for all beam momenta after
subtraction of the beam spread and the noise. The error bars are dominated by the systematic error of the fit
of the calibrated cluster energy distributions and are explained in the text.

The fit to extract a is done with b= 0 and c= 0.2% whose value is known from previous test
beams. The value for a extracted by the fit is (9.9± 0.1)% GeV1/2 for Monte Carlo simulation
and (10.0± 0.1)% GeV1/2 for data which is compatible with previous test beam results without
magnetic field. It is the first measurement of a for the ATLAS LAr calorimeter with particles
traversing a magnetic field similar as for ATLAS data taking at the LHC. However, the resolution
for beam momenta of 50 GeV/c and 80 GeV/c is too small in the Monte Carlo simulation.

4 Momentum measurement with the Inner Detector

This section presents the performance of the momentum measurement for electrons with the
ATLAS Inner Detector in the ATLAS Combined Test Beam 2004. The track reconstruction is

– 32 –
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ATLAS combined calorimeters 
Electrons at η=0.45 (θ=65º) 

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0  50  100  150  200

 !
"
/E

 E
n
er

g
y
 R

es
o
lu

ti
o
n

Electron Energy (GeV)

!/E=46.21%/E
1/2

+4.4% , #=90
$

!/E=32.18%/E
1/2

+3.2% , #=70
$

GEANT4

FLUKA

GEANT4

FLUKA

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  50  100  150  200

 !
"
/E

 E
n

er
g

y
 R

es
o

lu
ti

o
n

Pion Energy (GeV)

!/E=56.34%/E
1/2

+8.2%

GEANT4
FLUKA

Figure 12.35: Tile Calorimeter energy resolution for electrons at ✓ =70�and 90�(left) and
for pions at ✓ =90�(right).

and consist of 16mm of steel and 3mm of scintillator tile. 11 transverse rows of tiles are
used in a module. The total interaction depth of the HAC prototype corresponds to �I = 7.
The longitudinal segmentation of the HAC module is described in Tab. 12.7. In this section
the performance of the hadronic calorimeter alone has been investigated, the combined
use of EMC and HAC parts has been studied in later sections. The energy resolution
of the tile calorimeter was simulated with electrons and pions within the energy range 3-
200GeV (Fig. 12.35). The stochastic term and constant term values obtained for electrons
shown on the left side of the figure are consistent with results obtained for ATLAS [888].
It is clearly seen that, both stochastic and constant term values decrease with decreasing
angle. The parameterisation values for pions on the right side of the figure are in agreement
with [889](Page 1, Eq. 1). The response to electrons generally shows good resolution such
that any leakage from the electromagnetic calorimetry in front of the HAC would be resolved
safely.
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Figure 12.36: LAr accordion calorimeter energy resolution for electrons between 10 and 400
GeV (GEANT4).
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Longitudinal shower profile 
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Figure 12.40: Electron longitudinal shower profile for EMCPb�Sc at various energies
(GEANT4 (left) and FLUKA (right)). Only the statistical uncertainties are shown.
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Tile front-end electronics 

l  Each PMT is connected to a 3-in-1 card 
l  Six PMT blocks are connected to one digitizer board 
l  Eight digitizers read-out a complete super-drawer 
l  One interface card is needed to read-out one super-drawer 
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Tile read-out 

l  The analog pulses from the PMTs undergo shaping and amplification in the 3-in-1 
cards in two gains (low and high) with a ratio of 1:64. Low gain signals which are 
summed in groups by adder boards are provided to the Level 1 Calorimeter Trigger. 
The analog pulses are received by digitizer boards where the signal is converted into 
digital samples every 25 ns, which are stored in the front-end pipeline memories, the 
so called Data Management Units (DMU). Upon Level 1 accept, an event-frame-
selector selects high gain samples unless the highest sample is saturated in which 
case the low gain samples are used and stores them in a buffer. Event frames are 
pulled from the DMUs by the Interface card which formats the data and transfers the 
frames to the off-detector Read-Out Drivers (RODs). 
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Calibration systems 
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l  Cesium system: scan with a 137Cs source ~1-2/month 
l  Laser system: correction relative to last Cs scan ~2/week 
l  CIS: Measurement of the ADC to pC constant ~2/week 

Tile PMT 
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System 
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Response calibration in 2011 

l  2010: up drift of Cs response (~1%) 
l  2011: Up/Down drift oscillation 

(<1%) during beam/no beam 
periods 
n  Consistent behaviour seen by all three 

calibration systems 
n  Drift dominated by PMT gain effects 
n  Corrections applied to the PMT 

response to compensate this effect 
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Most irradiated cells 

l  Crack scintillators 
(E cells), located in 
1.0 < eta < 1.6 are 
the most irradiated 
cells in Tile 

l  Up to 6% down-drift 
was observed for 
E4 cell with Laser 
calibration 
n  E3 and E4 cells 

don’t have Cs 
calibration 

l  In E1 cells, ~50% 
down-drift was due 
to PMT drift  

l  In E2 cells, PMT 
drift was 
responsible for ¾ of 
the gain variation 
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Changes in the front-end 

l  Aim to cope with luminosity increase and reduce single point failures (improve reliability) 
n  Fewer failure-prone connectors in the new system, but also the challenge of routing more 

fiber optic and LV cables. Moving from dependent drawers to independent mini-drawers 
n  Increase the redundancy in the read-out path from the cell to the backend 
n  Similar redundancy in the power distribution and introduction of Point-Of-Load regulators 
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Mini-drawer drawing 
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Choice of optical links 
l  Directly modulated lasers (including VCSELs) 

n  Have been qualified at ~10 Gb/s per link with  
a Bit Error Rate (BER) ~10-12 

n  Increasing bandwidth increases problems 
n  Commercial VCSEL arrays (SNAP12) have shown Single Event Upset (SEU) at ~1010 p/cm2 
n  Also these use Multi Mode fibers which are more expensive  

l  A commercial off-the-shelf solution exists that uses single mode fibers at high transfer rates from 
Molex using Silicon Photonics technology developed by Luxtera (QSFP Active Optical Cable) 

n  Can operate above 40 Gb/s (4x10) with BER < 10-18 

n  Made out of 130 nm Silicon On Insulator CMOS which should be very radiation hard 
n  Radiation tests showed no SEU at TID of 165 kRad and fluence of 8x1011 p/cm2 

n  Problem is the PIC microcontroller used for configuration and monitoring survives ~20 kRad 
n  A PIC replacement board has been designed, and control done from FPGA 
n  Firmware to initialize the electro-optical chip has been developed 
n  Several anti-fuse FPGAs are being evaluated and will be tested for radiation tolerance  

l  QSFPs are the preferred option for the demonstrator 
n  Having less fibers vs lower clock frequency 
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10-12 BER = ~900 errors per day 

10-18 BER = 1 error in ~1000 days 
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