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Abstract

The TileCal is a sampling calorimeter that resides in the inner part

of the ATLAS detector and it is used to measure energies carried by

charged and neutral particles. The LHC plans to increase the current

luminosity to High Luminosity LHC, which will create more oppor-

tunities in the search for physics beyond the Standard Model. This

increase in luminosity, with almost an order of magnitude above the

original design, will result in an increase in the corresponding particle

fluxes in the detector, and this will require a major upgrade of all

the ATLAS detector systems. The increase in the number of colli-

sions per bunch crossing will cause deterioration in the performance

of the ATLAS detector. However, an upgrade in the readout elec-

tronics of the calorimeter, together with other upgrades in the inner

tracker, trigger system and muon spectrometer will improve perfor-

mance. The Test-Beam (TB) aims to test the performance of the

proposed new electronics for the forthcoming TileCal upgrades. The

results obtained from TB are compared with the results of the cur-

rent electronics, and conclusions on new electronics are drawn on the

basis of correspondence between the new and old electronics. The re-

sults of the analysis carried out in this thesis show that the TB data

corresponds to the simulated data and that of the old electronics.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is the world’s largest particle accelerator, and it

is located between Switzerland and France. It was designed to collide particles at a

14 Tev center of mass energy and with a luminosity of 1034 cm−2s−1 [1]. It consists

of a number of experiments that work independently. Two of them, the ATLAS

and CMS experiments, have been specifically designed for proton-proton probing.

The ATLAS detector consists of a number of sub-detectors, one of which is the

Tile Calorimeter (TileCal) designed for the measurement of hadrons. The TileCal

is a sampling hadronic calorimeter covering the most central region of the ATLAS

experiment. The TileCal detector is made of steel absorber plates and plastic

scintillator tiles and is divided into three cylindrical sections along the beam axis:

the central Long Barrel (LB) which is subdivided into Long Barrel A (LBA) and

Long Barrel C (LBC) and the Extended Barrel (EB) which is subdivided into

Extended Barrel A (EBA) and Extended Barrel C (EBC). Each barrel consists of

64 modules divided into groups of tiles called cells. The Photo-Multiplier Tubes

(PMTs) and the on-detector electronics used to read the cells are located in the

outermost portion of the modules, called the super-drawers. There are a total

of 256 super-drawers in the TileCal consisting of ∼10000 readout channels [2].

1



1.1 Motivation

The light produced by the charged particles passes through the plastic scintillator

and is collected by Wavelength Shifting fibers (WLS) and then transmitted to

the PMTs. The analog signals produced by the PMT are converted to electrical

signals and digitised by the on-detector electronics every 25 ns, while an analog

sum of the cells in projective towers from the interaction point is transferred to

the Level-1 (L1) trigger system for the trigger decision. Immediately after the L1

trigger accept signal has been received by the on-detector electronics, the digitised

information for the selected event is transmitted to the off-detector electronics.

At the off-detector electronics, the Readout Drivers (RODs) accept digitised data

from the on-detector electronics at a peak L1 trigger frequency of 100 kHz. The

RODs are responsible for carrying out data processing activities in real time and

for transmitting processed information in Level-2 (L2) trigger to the Readout

Buffers (ROBs). To read 10000 channels, a maximum of 32 ROD modules are

necessary [2].

1.1 Motivation

The LHC is currently undergoing the LS2 or Long Shutdown 2 in which the vari-

ous experiments will maintain and replace their electronics. This will be followed

by LS3 which will be used to upgrade for the HL-LHC. The HL-LHC aims to

fully exploit the physics potential of the LHC by upgrading its current luminos-

ity of 1 × 1034 cm−2s−1 to 7.5 × 1034 cm−2s−1, corresponding to an average of

200 proton-proton simultaneous interactions per bunch crossing [3]. The increase

in luminosity by nearly an order of magnitude above the original design would

result in a corresponding increase in the detector particle flux and require a major

upgrade in almost all ATLAS detector systems. Due to the number of collisions

per bunch crossing, the calorimeter, inner tracker, trigger system and muon spec-

2



1.2 Overview of the Thesis

trometer of the ATLAS detector need to be upgraded to avoid the predicted

degradation in the performance of the detector. To increase choice of events, the

use of readout detector upgrades requires a new trigger architecture [3]. The Tile-

Cal was deployed more than 15 years ago using technology available at that time,

the electronics are outdated and need to be upgraded. During the Test-Beam of

the TileCal comprehensive beam tests are carried out with the final electronics

designs of the planned HL-LHC TileCal upgrades. The results of these tests are

discussed in this document in accordance with the planned physical output of the

TileCal upgrade [3].

1.2 Overview of the Thesis

In Chapter 2 the overview of the Large Hadron Collider is given with the main

focus being on the ATLAS detector and its different subsystems. Chapter 3 and

4 focus on the Tile Calorimeter and the overall online system of the ATLAS

detector. Chapter 5 gives an overview of the TileCal upgrades in preparation for

the HL-LHC. Chapter 6 gives a brief overview on the TileCal TB campaigns and

the results from the electrons, muons and hadron beams.

3



Chapter 2

The ATLAS Detector of the LHC

2.1 The Large Hadron Collider

The LHC at CERN is the world’s largest particle accelerator designed for a 14 TeV

proton-proton center of mass and a design luminosity of F1 × 1034 cm−2 s−1. It

currently operates at a luminosity of 1 × 1034 cm−2 s−1 and a center of mass

of 13 TeV. It consists of a huge superconducting magnet with a ring of length

of 27 kilometers and a number of accelerating structures that boosts the number

of particles along the way. The LHC was designed to discover new particles

detecting the products of the interaction in proton-proton collisions. Inside the

LHC, bunches of particles travelling in opposite directions with a speed close to

that of light are made to collide [4]. The beam particles are directed around the

LHC ring by the strong magnetic field sustained by the superconducting dipole

[4]. In proton-proton collisions for a particular process, the number of events

produced is obtained via equation 2.1 which depends on the physical process

itself and the total integrated luminosity:

R = σL, (2.1)

4



2.1 The Large Hadron Collider

where σ refers to the cross section of the process and L is the total integrated

luminosity which is obtained by
∫
Linstdt, while Linst refers to the instantaneous

luminosity. This quantity is obtained using equation 2.2, by measuring the beam

parameters during specific LHC Runs called van der Meer (vdM) scans:

Linst =
1

4π

N2f

σxσyt
, (2.2)

where N represents the number of protons per bunch, f represents the fraction

of bunch positions containing protons, t is the time between bunches, and σx

and σy are the transverse dimensions of the Gaussian beam profiles. All these

parameters are configured in order to achieve a reasonable production rate for

the physics process of interest [5].

The LHC (see Figure 2.1) consists of four major experiments: A Toroidal LHC

Apparatus (ATLAS), Compact Muon Solenoid (CMS), A Large Ion Collider Ex-

periment (ALICE) and LHC beauty (LHCb). The ATLAS and CMS experiments

are multipurpose detectors that are designed for the discovery of new physics

through proton-proton collisions. In 2012, after three years of operation, these

two experiments announced a new elementary particle with a mass of 125 GeV, as

predicted by the 50-year-old Brout-Englert-Higgs mechanism [6, 7]. The LHCb

was designed to examine CP violation in the bottom-quark sector and ALICE is

designed for quark-gluon plasma through heavy-ions, lead-lead and lead-proton

collisions [8].

The upgrades, Long Shutdowns (LS) and Run periods define the activity stages

of the LHC and its milestones. The upgrades refer to the LHC system and

the modifications of the detectors that should be completed in 2021 and 2025.

Respectively, the terms LS1, LS2, LS3 refer to the long shutdown periods of

5



2.2 The ATLAS Detector

Figure 2.1: The LHC Accelerator ring displaying the different experiments [10].

the LHC machine during 2013-14 and are expected to be updated again in 2019,

2020 and 2024 until mid-2026. Run 1, 2 and 3 refer to the data acquisition period

before and between the long shutdowns [9].

2.2 The ATLAS Detector

The ATLAS detector is one of the two multi-purpose experiments at the LHC

and it is utilised for the search of new physics. The ATLAS detector has the

shape of a cylinder; it weighs about 7000 tonnes with a length of 46 m and a

diameter of 25 m. The detector consists of six different sub-detectors that are

6



2.2 The ATLAS Detector

Figure 2.2: The ATLAS Detector and its components. The main components
of ATLAS are the inner detector, the calorimeters, the muon spectrometer and
magnet system and they are clearly displayed in this figure [13].

wrapped around each other in concentric circles around the collision point to

record the momentum, energy and trajectory of particles. The different properties

of the sub-detectors make it easy for the particles to be individually identified

and measured, and there is a large magnet inside the detector that bends the

paths of the charged particles to allow accurate measurement of the momenta of

the particles [11, 12].

The ATLAS detector consists of four main components namely the Inner Detec-

tor (ID), Calorimeters, Muon spectrometer and a Magnet system. The ATLAS

detector with its main components is shown in Figure 2.2.

7



2.3 Components of the ATLAS Detector

2.3 Components of the ATLAS Detector

2.3.1 The Inner Detector

The Inner Detector (ID) in Figure 2.3 is contained within a cylindrical cover of

length 7 m and a radius of 1.15 m, in a solenoid magnetic field of 2 T. The pri-

mary purpose of the ID is the high-precision measurement of the momentum and

vertex resolutions, as well as the pattern recognition of charged particles tracks

above a given transverse momentum pT threshold and within a pseudo-rapidity

of |η| < 2.5. It also provides electron identification and a wide range of energies

in the range |η| < 2.0 [11, 14].

The ID consists of three main components: The Pixel Detector consisting of four

pixel layers(IBL was added during LS0), Semiconductor Tracker (SCT) consisting

of four layers of silicon micro-strip and Transition Radiation Tracker (TRT) a

straw tube tracker split into 2 barrels and 2 end-caps. The pixel detector has

the highest granularity and is situated nearest to the interaction point. The

SCT is a silicon detector with micro-strips which surrounds the layers of the

Pixel Detector. The pixel and SCT sub-detectors are commonly referred to as

the Precision Tracker. The TRT resides in the larger radii, it constitutes many

layers of gaseous straw-tubes elements interspersed with the transition radiation

material. The TRT provides continuous tracking with an average of 36 hits

per track thus providing continuous tracking to enhance the pattern recognition

and improve the momentum resolution over |η| < 2.0 and electron identification

compatible to that of the calorimeter over a wide range of energies [12, 15]. Figure

2.3 displays the ATLAS ID with its sub-systems.
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2.3 Components of the ATLAS Detector

Figure 2.3: The ATLAS Inner Detector [5].

2.3.1.1 The Pixel Detector

The pixel detector resides in the inner-most layer of the inner detector and it

consists of four barrels with an average radii of approximately 3 cm, 4 cm, 11 cm

and 14 cm and three disks on each side between radii 11 cm and 20 cm completing

the angular coverage. Its sole purpose is the high-granularity and high-precision

measurements closest to the interaction point. It provides three of the precision

measurements over the full acceptance, and determines the impact parameter

resolution and the ability of the ID to find short-lived particles such as b-quarks

and τ -leptons [14, 15].

The pixel detector system contains a large amount of modules with an approx-

imate number of 1500 identical barrel modules and 1000 identical disk modules

and uses only type of support structure in each of the types of modules. The

modules are similar in terms of design for the disks and barrels. Each barrel
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2.3 Components of the ATLAS Detector

modules has the dimensions of 62.4 mm length and 22.4 mm width, with 61440

pixel elements read out by 16 chips each serving an array of 24 by 160 pixels,

for the 3 outer pixel layers, and 20 × 20 mm2 modules, with 26880 pixels of size

250 × 50 m2 in the first layer (IBL). The chips must be able to withstand radi-

ation, as they will be exposed to ionising radiation of 300 kGy and over a NIEL

of 5 × 1014 1 MeV neutron equivalent per cm2 in ten years of operation. The

detector offers about 140 million pixels, with position measurements of 50 µm in

the Rφ direction and 300 µm in the z-direction [12, 15].

2.3.1.2 The Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) is designed to provide four precision mea-

surements per track in the middle layer of the ID. This contributes towards the

momentum, impact parameter and vertex position measurements, as well as the

high granularity pattern recognition. It uses four layers of silicon micro-strip de-

tectors with each detector being 6.36 × 6.40 cm2 with 768 readout strips each

with a pitch of 80 µm. The four detectors provide precision points in the Rφ and

z-directions, making use of a small angle stereo to obtain the z measurement [16].

The barrel modules are mounted on local supports which only allows a maximum

of six units of modules to be tested together before being mounted on the carbon-

fiber cylinders which carry cooling system, the four complete barrels at radii of

300 mm, 373 mm, 447 mm and 520 mm are then linked together [14, 15].

2.3.1.3 The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) resides on the outer layer and is based

on the use of straw detectors. Each straw has a diameter of 4 mm, this gives it

a fast response and a mechanical properties for a straw as long as 150 cm. The

straws can function at the very high rates needed by virtue of their small diameter
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and the isolation of the sense wires within individual gas envelopes [16]. The TRT

provides good pattern recognition by continuous tracking (approximately 36 hits

per track) and it contributes to the electron identification, which is possible by

the employment of xenon gas utilised for the detection of the transition-radiation

photons that is produced in a radiator between the straws [14, 15].

2.3.2 The Calorimeters

The ATLAS calorimeter (see Figure 2.4) consists of the Electromagnetic Calorime-

ters (ECAL) and Hadronic Calorimeters (HCAL). They cover the pseudo-rapidity

region of up to |η| < 4.9. The calorimeters measure the energy of the showers of

charged and neutral particles resulting from proton-proton collisions in the LHC.

The ECAL measures photons and electrons and the HCAL measures the hadrons,

as well as the charged and neutral particles. The calorimeters differ in terms of

technology: the ECAL is based on the Liquid Argon (LAr) technology and the

HCAL is based on the scintillating tiles technology [12, 15].

2.3.2.1 Electromagnetic Calorimeters

The Electromagnetic Calorimeter (ECAL) surrounds the ID, it is a sampling

detector with accordion-shaped electrodes that uses Liquid Argon (LAR) as the

active material, and lead as an absorber. It consists of three longitudinal layers

split into one barrel (EMB) covering the pseudo-rapidity region of |η| < 1.475

and two end-cap barrels (EMEC) covering the regions 1.375 < |η| < 3.2. An

additional pre-sampler is installed in in the barrel region that covers the pseudo-

rapidity |η| < 1.52 and the pre-sampler in the end-cap region covers 1.5 < |η|

< 1.8. It has a thickness of X0 > 22 radiation lengths in the barrel region and

X0 > 24 in the end-cap region [12, 15]. Figure 2.5 displays a cut-way view of

the ECAL, plus other LAR based hadronic calorimeters explained in the next
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Figure 2.4: Cut-away view of the ATLAS calorimeter. The LAR calorimeters are
shown inside the scintillator [17].

section.

2.3.2.2 The Hadronic Calorimeters

The The Hadronic Calorimeter (HCAL) system is divided in terms of pseudo-

rapidity coverage: in the central region |η|< 1.7 the HCAL is a plastic scintillating

calorimeter (TileCal); in the forward region 1.5 < |η| < 3.2 HCAL is a hadronic

end-cap calorimeter (HEC) and in the region 3.1 < |η| < 4.9 it is a Forward

Hadronic Calorimeter (FCAL). The TileCal is situated behind the ECAL and

the solenoid magnet. It is a sampling calorimeter that uses steel as an absorber

and scintillating tiles as an active medium. It is divided into a central Long

barrel (LB) in the region |η| < 0.8 and two extended barrels (EB) in the region

0.8 < |η| < 1.7. Each barrel consists of 64 azimuthally segmented modules. The

TileCal has an inner radius of 2.28 m and an outer radius of 4.25 m. The LBs

and EBs are segmented in depth in three layers (A, BC, D) having the thickness
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Figure 2.5: A remote view of the calorimeters that use LAR as active material
[18].

of approximately 1.5, 4.1 and 1.8 interaction lengths (λ) in the LB and the EB

having approximately 1.5 λ, 2.6 λ and 3.3 λ. Figure 2.6 displays the segmentation

and the optical readout of the TileCal, in which the optical output of the tiles is

grouped into cells with segmentation ∆η × ∆φ is 0.1 × 0.1 for A and BC type

cells and 0.2×0.1 for D type cells as shown in Figure 2.7.

The The Hadronic EndCap (HEC) is a copper/liquid argon sampling calorimeter

with a flat-plate design and it covers the end-cap range 1.5 < |η| < 3.2, that is

located inside the end-cap cryostats. The HEC consists of two wheels at each side

of the interaction point: a front-wheel (HEC1) and a rear-wheel (HEC2), with

two longitudinal sections for each wheel. The wheels are cylindrical with an outer

radius of 2030 mm. Each HEC wheel comprises 32 identical modules with the

same wedge shape. The front wheel modules consist of 24 copper plates with a

thickness of 25 mm each, plus a 12.5 mm thick front plate. The sampling fraction
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Figure 2.6: Schematic displaying the mechanical structure and the optical read-
out, corresponding to a Φ wedge of the TileCal so called module [19]. There are
11 rows of tiles in the radial direction.

Figure 2.7: Schematic of the TileCal distribution for half of a long module barrel
(left) and an extended module barrel (right) with lines showing the projective
pseudo-rapidity distribution [19].
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Figure 2.8: A schematic diagram showing the three modules of the FCAL located
in the cryostat end of the heading [20].

in the rear wheels is more rough, with 16 copper plates each 50 mm thick, and

the front plates are 25 mm thick. The spacing between the plates is 8.5 mm thick

[12].

2.3.2.3 The Forward Calorimeters

The The Forward Calorimeter (FCAL) positioned within the same cryostats as

the HEC, covering the region 3.1 < |η| < 4.9. Every FCAL is divided into three

45 cm deep modules: one electromagnetic (FCAL1) modules and two hadronic

(FCAL2 and FCAL3) modules. Copper was chosen for FCAL1 as the absorber

for optimum heat removal and resolution, while tungsten was primarily used in

FCAL2 and FCAL3 to preserve and mitigate the lateral dispersion of hadronic

showers. A copper alloy shielding plug was installed behind the FCAL3 to de-

crease the background of the end-cap muon system. The FCAL1 layer consists

of copper plates that are stacked behind one another and there are 12,260 holes

in the plates, through which the electrodes are mounted. An electrode is made

up of a copper rod and a copper tube separated from each other by a precision,

plastic radiation hard fiber. The mechanical integrity can be achieved by making

use of a set of four tie-rods that are bolted through the structure. The electrode
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pipes are swaged to provide a good electrical connection at the end of the signal

[12]. Figure 2.8 displays how the FCAL modules are aligned. The shielding plug

behind the material in front of FCAL is also shown. The black regions are struc-

tural components of the cryostat. The diagram is visually wider in order to make

it simpler.

2.3.3 The Muon Spectrometer

The muon spectrometer (see Figure 2.9) surrounds the calorimetry system. The

main purpose of the muon spectrometer is to detect and measure the momenta of

the muons leaving the barrel and the end-cap calorimeters in the pseudo-rapidity

range of |η| < 2.7. The muon spectrometer achieves the full measurement of the

muon momenta with the three stations of precision tracking chambers located on

and between the eight coils of the superconducting barrel toroid magnet in the

barrel region, while in the two end-cap regions it resides both at the front and

behind the two end-cap toroid magnets [12, 15].

In the barrel region the muon chambers are arranged in three concentric cylin-

drical shells of the detector with radii of approximately 5 m, 7.5 m and 10 m.

Respectively, in the end-cap regions the chambers form large wheels that are

aligned perpendicular to the z-axis and are located at distances |z| ≈ 7.4 m,

10.8 m, 14 m, 21.5 m.

The Monitored Drift Tubes (MDT) chambers, which cover the range |η| < 2.7

(except in the innermost end-cap layer where their range is limited to |η| < 2.0)

performs the measurement of accuracy through a combination of high precision

calculation, predictability of mechanical deformations and simplicity of design.

The MDTs are aluminium tubes with a diameter of 30 mm, and 400 µm thick-
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Figure 2.9: The ATLAS Muon Spectrometer [21].

ness with a 50 µm diameter of Tungsten-Rhenium wire. Each MDT is coupled to

an Resistive Plate Chamber (RPC) that is a faster muon detector that provides

information to the L1 trigger system [12, 15].

The Cathode-Strip Chambers (CSCs) covering the range 2.0 < |η| < 2.7 are

utilised in the innermost layer due to their higher rate capability and time resolu-

tion. The CSCs are multi-wire proportional chambers with cathode strip readout

and in orthogonal symmetry [12, 14]. The Thin Gap Chambers (TGC) are lo-

cated in the forward region of ATLAS, it is divided into 3 wheels on each side,

with up to 6 different types of modules, and provides a trigger coverage from 1.0

< |η| < 2.7.

2.3.4 The Magnet System

The ATLAS magnet system is a system of superconducting magnets arranged in

optimised positions around the collision point. The four superconducting magnets

are the central solenoid, which provides the magnetic field for the inner detector,

the eight air-core superconducting magnets for the barrel toroid and two end-cap
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Figure 2.10: The Magnet System of the ATLAS detector [22].

toroids that provides the toroidal field configuration for the muon spectrometer.

The dimensions of the system are driven by the size of the barrel toroid which has

a 26 m diameter, 20 m length and a volume of 8000 m3. The two end-cap toroids

reside on each end of the barrel toroid and are lined up with the central solenoid.

They are 5 m long with inner and outer diameters of 1.65 m and 10.7 m. The

central solenoid is about 5.3 m long with a diameter of 2.4 m. The solenoid is

hosted inside the cryostat of the ECAL [12, 15].

The central solenoid provides a magnetic field of 2 T with a magnetic field peak

of about 2.6 T on the superconductor in the windings. The magnetic field peak in

the barrel and end-cap toroids is about 3.9 T and 4.1 T. Each of toroids consists

of eight coils that are placed in separate cryostats. Respectively, the end-cap coils

are rotated 22.5◦ with respect to the barrel coils in order to provide radial overlap

and to optimise the bending power in the interface regions of both coil systems.

Figure 2.10 shows the magnet system of the ATLAS detector.
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2.4 The ATLAS Trigger and Data Acquisition Systems

2.4 The ATLAS Trigger and Data Acquisition

Systems

The proton-proton collisions at the LHC generate a huge amount of data. How-

ever, not all the data have characteristics that are deemed useful. The ATLAS de-

tector uses a specialised three-level online trigger system that reduces the amount

of data to manageable levels. The ATLAS Trigger system is a system that analy-

ses and selects events that have characteristics that makes them seem interesting

for physics analysis. The trigger system consists of three distinct levels Level-1

(L1), Level-2 (L2) and the Event Filter (EF). The L1 trigger is implemented

using custom-made electronics, the L2 and the EF trigger forms the High-Level

trigger (HLT) and they are based on commercially available computers and net-

work hardware [12, 23, 24].

The Data Acquisition (DAQ) system is designed to handle the data from the

detector at the L1 trigger rate. The data transmission from the detector is done

through point-to-point Readout-Links (ROLs). The data requested by the trigger

is transmitted from the L1 to the L2 through ROLs, event-building is performed

for the events fulfilling the L2 selection criteria. The selected events in the L2 are

then moved by the DAQ system to the EF and the events selected there are then

moved to permanent event storage. The DAQ system is also in charge of the

configuration, control and monitoring the ATLAS detector during data-taking

period [12, 25]. Figure 2.11 displays the overview of the TDAQ system during

the 2015-2018 data-taking period.
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Figure 2.11: ATLAS Trigger and Data Acquisition System Outline, showing an
occurrence and data levels expected for the data acquisition during the 2015-18
data-taking period [26].

2.4.1 The Level-1 Trigger

The L1 trigger is based on the custom made on-detector electronics. The ini-

tial event-selection is performed at the L1 trigger, the events selected are based

on the information received from the calorimeters (information is received from

all the calorimeters i.e ECAL, TileCal, HCAL and FCAL) and muon detectors.

The purpose of the L1 calorimeter trigger is to identify high pT electrons, pho-

tons, jets, τ -leptons that decays into hadrons with a high energy in the transverse

plane. It also selects events with large missing transverse energy (Emiss
T ) and large

total transverse energy. Isolation may be required for the high energy particles

identified. Isolation suggest that the energetic particle in the same trigger must

have a minimum angular separation from any significant energy deposit [12, 27].

The L1 muon trigger identifies all the signals in the muon trigger chamber: RPCs

in the barrel region and TGCs in the end-cap region. The trigger studies and

identifies patterns of hits similar with the high momentum muons originating
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Figure 2.12: The architecture of the L1 trigger system [28].

from the interaction point.

The Central Trigger Processor (CTP) oversees the overall accept decision of the

L1 trigger and it combines the information for the different object types. The

trigger menus can be programmed with up to 256 distinct items, with each item

being a combination of the required input data. Figure 2.12 shows the archi-

tecture of the L1 trigger system. The calorimeter analog data is digitised and

linked to the correct bunch crossing in the pre-processor and then sent to the

Jet/energy-sum processor and the cluster processor, two algorithmic processors

[12, 28].
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2.4.2 The High-Level Trigger

During the L1 trigger event selection, the event data is buffered in memories that

reside in specific Front-End (FE) electronics. The selected data is transferred to

the HLT over 1574 Readout Links (ROLs). The 1574 event fragments are obtained

by the 1574 Readout Buffers (ROBs), which are accommodated by the Readout

System (ROS) which stores them for a limited period before being provided on

request to the subsequent stages of the HLT/DAQ system [12]. The L1 trigger

subsystems (calorimeter, muon and CTP) also provide the Region of Interest

(ROI) data on eight ROLs, a dedicated data line, for every selected event to the

ROI builder, where it is assembled in a single data structure, and transmitted to

one L2 supervisor (L2SV). The activities in the L2 signal are marshalled by the

L2SV. It gets the ROI, assigns each event for the analysis to one of the L2 trigger

units (L2PUs) and receives the results of the analysis from the L2PU. Requests

for event data are made to the corresponding ROS using the ROI information

[24].

The HLT farm in Run 2 does not distinguish between L2 and EF nodes. Both

algorithms are run on the same node. Each node implements a Data Collection

Manager (DCM), that receives the ROI from the ROIB and decides if it will

request data from the ROS or not. The data is only transferred out of the ROS

once, reducing the data bandwidth usage. The DCM reports back to the ROIB

that it finished processing the event.
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Figure 2.13: Overview of the ATLAS High Level Trigger selection software [29].
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Chapter 3

The Tile Calorimeter

The TileCal is a sampling calorimeter that reside in the innermost part of the

ATLAS detector and is used to measure energies carried by charged and neutral

particles. It consists of two EBs and one LB. The TileCal is split into four

partitions such as EBA and EBC for the EB and LBA and LBC for the LB. Each

partition consists of 64 azimuthally-segmented modules that are mounted with

the super-drawers. The super-drawers are embedded with a number of electronics

that have different roles in the functioning of the TileCal [25].

Each module contains a matrix of steel plates with tiles of plastic scintillators

sandwiched in between. The scintillating tiles are grouped into cells (A, BC

and D), as shown in Figure 2.7. The cells are readout on both sides by the

Wavelength Shifting fibers (WLS). The WLS are in turn read-out by the Photo-

Multiplier Tubes (PMTs) located along with the rest of the (FE) electronics in

the super-drawers axially oriented at the maximal radius of the barrels. The FE

electronics are powered by the Low-Voltage Power Supplies (LVPS) which resides

at the outer radius of the module and is controlled from the Detector Control Sys-

tem (DCS). The electronics are protected from radiation by the calorimeter steel
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Figure 3.1: The ATLAS Calorimetry system [17].

plates. The FE electronics are those housed inside the super-drawer: Mother-

board, Interface board, Digitiser board, Adder board, High-Voltage (HV) board

, 3-in-1 cards and PMTs. The FE electronics have important functions such as

summing up the PMT signals originating from different cells to form a fast analog

trigger signal [30].

The data from the FE electronics is transferred to the Back-End (BE) electronics

for further processing and readout to permanent storage. The communication be-

tween the FE and BE electronics is done through redundant optical links, which

are of two types: write only which are used for the Timing, Trigger and Control

(TTC), and the read only which are used for Readout. Finally, the TileCal is

instrumented with three detector calibration systems namely the Charge Injec-

tion System (CIS), the Laser system and a Cesium (137Cs) radioactive system.

Together, these systems are used to maintain the calibration of TileCal to the

electromagnetic scale with a very good precision [25]. The calibration factor was
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extracted from the test-beam campaign in 2005.

3.1 The TileCal Front-End Electronics System

The FE electronics are the on-detector electronics that are housed inside the

super-drawer. Each super-drawer consists of two electronically connected drawers

and can be inserted easily inside the module girders. The TileCal consists of

two extended barrels (EBA, EBC) with 64-modules each, and one long barrel

instrumented from both sides with 64 modules (LBA, LBC). A total of 256 super-

drawers constitute the front-end electronics of the TileCal. The super-drawer

consists of a number of different electronics with each electronic playing a different

role. The electronics inside the super-drawer are listed and explained below [25].

Only 45 PMTs are instrumented in the LB super-drawers, and 32 in the EB

super-drawers.

3.1.1 The Mother-board

The basic element that holds all the other electronics inside a super-drawer. Two

mother-boards are placed in every super-drawer. It gives power and TTC com-

mands to the 3-in-1 card. 4 digitiser boards and one interface board are hosted

on the mother-board [25, 31].

3.1.2 The Interface Board

The interface board is placed in the middle of the super-drawer and receives the

digitised signals from the Data Management Units (DMUs) and distributes TTC

signals to the rest components inside the super-drawer. It realigns the data to a

common clock and packs them together into 32-bit words and transmits the data

through optical links to the BE electronics [15] together with Cyclic Redundancy
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Checks (CRC) that are performed on the input and output data streams. The

memory in the interface board holds up to 16 event frames containing 7 samples

of 10 bits for each PMT [31].

3.1.3 The Digitiser-Board

The digitiser boards are connected to 6 PMTs. The digitiser receives the high

and low signals from the 3-in-1 cards inside the PMTs. The signals are digitised

every 25 ns by the 10-bit ADCs which utilises the TTC clock system that can be

adjusted in 106 ps units. Each digitiser board consists of two DMUs, which are

custom ASIC chips which store data temporarily in pipeline memories awaiting

L1 Accept (L1A). One DMU can process digitised samples from three PMTs,

thus 2 DMUs are mounted on each digitiser board. The digitiser board is also

equipped with the TTC receiver (TTCrx) [25] chip which is responsible for the

timing and programming of the digitiser system. There are 8 digitiser boards

in the LB super-drawer which reads out 45 PMTs and 6 digitiser boards which

reads out 32 PMTs in the EB super-drawer [25, 31]. Figure 3.2 displays the block

diagram for the digitiser system.

3.1.4 Photo-Multiplier Tube Block

The PMT block (see Figure 3.3) is a compact instrument that converts the light

signal to analog signal. Each super-drawer can house up to 48 PMTs. It contains

the 3-in-1 card, light mixer, HV Divider and a PMT. The PMT blocks are located

on the outer radius of each module. The light mixer is placed between fiber bun-

dle and the photo-cathode and mixes the light originating from the fibers. The

location of the mixer ensures that there is no correlation between the position of

the fiber and an area around the photo-cathode which receives light.
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Figure 3.2: The block diagram for the digitiser system [25].

The PMT is responsible for the measurement of light originating from the scin-

tillators. The PMT employed at the TileCal is a Hamamatsu R7877 (special

evolution of the R5900 model) which is very compact with a dinode structure of

about 8 – 10 amplification stages.

The HV divider is a printed circuit board with surface mounted components and

is attached to the 3-in-1 cards. Two additional HV bus cards and two HV opto-

controller cards installed in the super-drawer are able to provide individually

tuned HV to the 24 PMTs. The HV distribution is controlled by an HV micro

connected to the ELMB card for the slow control of the super-drawer.

The 3-in-1 card is a printed circuit board with dimensions of 7 cm × 4.7 cm. It is

responsible for most of the analog functions of the electronics inside the drawer.

The PMT pulse produces a standard signal shape for all the channels by the
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Figure 3.3: Schematic of a PMT Block [25].

removing the pulse by pulse fluctuation in the raw signal. The standard signal in

amplified to produce two signals with a ratio of 1:64, corresponding the low and

high gain range. It provides the (CIS) system which allows for the injection of

a known charge into the input of the signal shaper and slow integrator amplifier

which is used for the cell calibration and monitoring [31].

3.1.5 Adder Boards

The adder boards are mounted on the mother-board. Each adder board receives

the analog trigger output signals from a maximum of 6 3-in-1 cards, the inputs

are combined to form analog trigger signals. The input signals are summed up

by the adder and two readout signals are sent out through the long cables to the

L1 trigger system. From the two output signals, one contains the summation of

all samples and the other signal is the summation of the muon samples [25].
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Figure 3.4: The TileCal Back-End electronics partitions [30].

3.2 The TileCal Back-End Electronics System

The BE electronics system for the TileCal is organized in four partitions (see

Figure 3.4), with two of the partitions servicing the LB and the other two servicing

the EB. Each of four partitions consists of its own TTC and Readout Units. Each

partition is divided into a 6U Versa Module Euro-card (VME) TTC crate and

9U VME ROD, which readout all the 64 super-drawer modules in all the barrels

[12, 25]. The back-end system of all the calorimeters is located at the main

services cavern (USA15), which resides 70 m away from the ATLAS detector.

The TTC and ROD crates are controlled by the Single Board Computer (SBC)

6U VME module [12, 25].

The crates are also monitored and powered by the DCS. The VME modules are

described in the following sections.
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3.2.1 Trigger Timing and Control Module Crates

The TTC system is implemented by the utilisation of four VME crates, where

each single crate implements up to two partitions. Each single crate contains a

controller and a Local Trigger Processor (LTP). The purpose of the LTP of the

ATLAS detector is to receive the TTC signals from the CTP and inject them

into TTC system of the sub-detector. The Local Trigger Processor Interface

(LTPI) VME module that interfaces multiple LTP modules with the CTP and

it also allows communication between sub-detectors. The ATLAS TTC VME

bus interface (TTCvi) is in charge of the interaction between the local TTC

system and the global TTC system. The ATLAS TTC emitter (TTCex) [25] is a

laser transmitter module, it converts commands from the TTCvi into the optical

signals that are further transmitted to the FE electronics. The busy module of

ATLAS ROD tracks the busy, calculates it in bunch crossing units, and generates

the sum of each of its 16 busy input lines that can be conveniently masked [25].

3.2.2 Shaft Module, TTC Receiver in PMC Form Factor,

Trigger and ROD busy

Shaft module is a 6U VME module that controls the various requests for the

TileCal calibration trigger. The TTC PMC Form Factor Receiver (TTCpr) is a

specific TileCal card that is plugged into the SBC. Its main function is to provide

the event identification, bunch crossing identification and trigger type for each

event recorded in the data. The Trigger and Busy module is a 9U VME module

for the ROD crate module. It receives TTC signals from the optical link of the

local TTC system [25].
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3.2.3 Laser Readout Driver and Readout Driver

The Laser ROD is a 6U VME module that provides information from the laser

calibration system to the data-flow and provides TTC signals to the Laser System.

The ROD driver is a 9U VME module that receives data from the 8 FE links of

the super-drawers [25]. There are 8 ROD modules per partition, each one reading

out 8 super-drawers.

3.3 The Calibration Systems

The TileCal calibration system is divided into three sections: the optical part

that consists of fibers and scintillators, the PMTs, the FE part that digitises and

shapes the light signals. Each of these sections is independently accredited by

the calibration and monitoring system.

3.3.1 The Charge Injection System

The Charge Injection System (CIS) system has been designed to correctly cali-

brate the FE shaping and digitising circuits by 1%. Every TileCal PMT channel is

bi-gain (consists of two analogue paths), the high and low gains are 82 counts/pC

and 1.3 counts/pC, is digitised by a 10 bit ADC and covers an 800 pC range. The

CIS constants allow ADC counts to be converted to energy. Each channel has

calibration capacitors that are charged and released to the input electronics from

an extremely precise voltage source. The CIS runs are taken, which scans the full

range of charges for both gains and allow each channel to determine the number

of ADCs/pC. The amplitude of the pulses is reconstructed with a 3 parameter fit

from ADC samples every 25 ns [32, 33].
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3.3.2 The Laser System

The laser system was intended to calibrate and accurately monitor the PMT

response by more than 0.5%. It will be used for monitoring PMT linearity, for

pulse saturation and calorimeter timing studies as well as for debugging and

diagnostic testing. A Nd:YVO4 double frequency laser is used to produce pulses

that are synchronised with a wavelength of 532 nm and a width of a ∼10 ns.

In close proximity to the laser, the LED is shared by sending part of it to a

set of photo-diodes for monitoring relative intensity, and the rest to each PMT

calorimeter via a light distribution system and transparent optical fibers. The

most important role of the system is to monitor PMT gains in the short and long

term. This is achieved in the special calibration ranges from the charge ratio

of each PMT to the photo-diode response of the laser pulse. The relative gain

of each PMT is given by this ratio. The results from the TB conditions show

the reliability of PMTs and the accuracy of the laser system match the design

target. In a known range, the linearity of PMTs may differ in the intensity of

the light provided. While the laser intensity itself can only be varied by a factor

of 10, an automatic collection of filters enables an additional dynamic range

of more than 1000. In combination with the measured calorimeter response in

pC/GeV the laser system is also used to measure the absolute gain of all PMTs

and the photo-electron output may be obtained. It benefits from the precise

tracking of the pulse-to-pulse intensity fluctuations at the laser with the photo-

diodes monitored. In timing studies, the laser system is also useful because the

differences in signal spreading can easily be correlated with projection particle and

laser pulses. High-intensity laser pulses can be transmitted to PMTs in order to

saturate the reading response and then use saturation recovery strategies [32, 33].

33



3.3 The Calibration Systems

3.3.3 Cesium System

The Cesium (Cs) calibration is designed to determine the performance of the

optical reactions of each calorimeter cell, adjust the HV of the PMT to equalize

and monitor the response of all cells over time. The goal of Cs calibration is to

maintain the energy calibration stability at 0.5%. The system use 137Cs γ source

that move through a hole in the scintillating tiles, orthogonal to the them. This

source is transported through a hydraulic system in a number of direct paths along

the calorimeter modules and passed through the holes in each tile and absorber

base. The current of each PMT is measured using an integrator that samples

the signal at a rate of 90 Hz. Since the mean path of gravity is comparable to

the regular separation of 18 mm between tiles, the response of the individual

tiles is clearly visible. The calorimeter response is calculated using two methods.

The first method referred to as the Integral Process is evaluated and divided by

the corresponding size of the cell and the area of the curves for each cell. The

cells on the boundary need a special procedure to understand the invisible tail

and to correct the cross-talk between cells. This approach is approximately 0.2%

accurate. Another method is the Amplitude Method in which the signal is placed

on each tile with the tails in mind and the signal amplitude for each tile is given

in the calorimeter. The accuracy is better than 2% for a single tile response and

greater than 0.3% for the average amplitude of a cell. When comparing the two

methods, the integral method is faster so that the cell response can be quickly

equalized while the amplitude technique is used for detailed module quality scans

[32, 33].
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Chapter 4

The Online Software

4.1 The ATLAS Online Software

The ATLAS online software is a part of the Trigger and Data Acquisition (TDAQ)

system. It is a software system that manages, controls and keeps track of the

TDAQ system, excluding the transport and processing of the physics data. It is

therefore the core system that combines the other subsystems, exists simultane-

ously and operates with the other subsystems in terms of the triggers, a uniform

interface system, event-builder, processor farm, detector readout crate controller

and DCS [25]. The online system consists of various components of which are

listed below [25, 30]:

• Inter-Process Communication (IPC): The main component for contact. This

depends on the transfer of the underlying TCP/IP message.

• Information Services (IS): The service which allows sharing between appli-

cations of any sort of user-defined data.

• Configuration Databases: File device design used to define the configura-

tion.
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• Process Manager: The system that is responsible for applying to the nodes.

• Access Manager: The network responsible for a given user’s access to re-

sources and nodes.

• Resource Manager: The resource allocation bookkeeping.

• Run Control: The core Finite State Machine (FSM) service in charge of the

controlled application structure.

• Monitoring: The infrastructure for online monitoring.

• Integrated Graphical User Interface (IGUI): The user-friendly interface with

the run control.

• Expert System: The service overseeing the actions of recovery.

The Graphical User Interface (GUI) used in the ATLAS online software system

is the partition (see Figure 4.1). The partition is a software element with infor-

mation regarding the software and hardware that can executed at a specific time.

Each partition can only use one given resource only once, but multiple partitions

can be run simultaneously as long as they don’t use the same resources. The

software description is done through the configuration database which relies on

the Object Kernel System (OKS). The OKS is an object-oriented database with

its storage based on XML [25].

Each of the four TileCal partitions (EBA,EBC,LBA,LBC) (See section 3.1) can

be operated by TDAQ independently, as so called TTC partitions. This is be-

cause each partition is equipped with its own back-end electronics that make it

possible for independent operation of the front-end. [15].
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4.1 The ATLAS Online Software

Figure 4.1: The ATLAS Partition [34]
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Multiple TDAQ partitions can be employed at the same time depending on the

maximum number of occurrences allowed for the resources in use. Some resources

such as the detector instrumentation resources are created in such a way that

allows them to have unique instances across all partitions. A super-drawer cannot

be in the Finite State Machine (FSM) in two opposing states, but two super-

drawers from two separate TTC partitions could be. There is one TDAQ partition

in the database of the configuration which defines each TTC partition of the

TileCal. The four TTC partitions, each identified in a different segment, are

included in another TDAQ partition. This allows for easy swapping between the

configurations [25].

4.2 The TileCal Online Software

The TileCal Online Software is a software used in the TileCal operation that is

not provided by the ATLAS Online Software. It provides detector-specific soft-

ware for the BE electronic crates, the calibration runs steering mechanism and

infrastructure for handling calibration events during physics runs, hardware-level

monitoring of software, so called Diagnostics or Detector Verification System

(DVS) tests, and read-out system level monitoring. The software does not pro-

vide for Cs calibration scans that are done by specialized software derived from

the TileCal online software. One of the key pieces of the TileCal online software

is the ROD Crate DAQ.

The ROD Crate DAQ (see Figure 4.2) (RCD) framework is an extension of the

ROS software that allows for the integration of handmade hardware into the gen-

eral TDAQ software. The RCD is based on a multi-threaded readout application

core that loads specific plug-ins at run-time to suit the specific needs of the detec-
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Figure 4.2: The ROD Crate DAQ [25].

tor. Various plug-ins are available for different purposes. A schematic overview

of the application readout is displayed in Figure 4.2. The Configuration plug-in

loads the configuration database information and transfers it to the core appli-

cation of the RCD. The trigger plug-in manages data fragment requests. This

operates on a request list as a separate thread that queues requests. A variety

of RCD request handlers dequeue them by executing the requests for data that

transfer the output information to the output plug-in. The module plug-in is a

controlled resource that receives RCD commands for transformation. It does not

send data to the output plug-in in the ATLAS activity mode. The output plug-

in manages the data output that can be sent or written down to a file elsewhere

through the ethernet [25, 30].

The run control service commands the RCD application. When the user sends
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a command to run control transition through the IGUI, the RCD will receive

a request for a state transition. The RCD responds to the request and oper-

ates the controlled hardware according to the specific code of the detector. The

RCD required configuration is stored in the configuration file, which is an object-

oriented database that enables object-to-object connections. To add an object

to the database configuration, it must belong to a class specified in the schema.

To describe the specific classes of TileCal, the basic schema is extended. The

configuration database describes all hardware objects.

Most objects in the RCD inherit from the Readout Module. The RCD object

represents an RCD application in the configuration database. It loads various

plug-ins based on its attributes and relationships. The RCD recovers the class

name of the associated objects and loads the plug-in library with the same name

dynamically. A programming interface referred to as Data Access Libraries (DAL)

is auto-generated from the schema classes in order to access the objects stored in

the configuration database [25, 30].

4.3 The Diagnostics and Verification System

The Diagnostics and Verification System (DVS) is part of the ATLAS Online

TDAQ software. It is a supporting structure that allows TDAQ developers and

experts to combine tests and knowledge into it, thus making it user-friendly for a

non-experienced shift operator to be able to diagnose problems within the TDAQ

component. There are two types of TDAQ users namely the TDAQ operator and

the TDAQ expert. The TDAQ Expert is mainly involved in the implementation,

configuration and storing tests in the database while the role of the TDAQ oper-

ator is to perform tests on the components [35].
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Figure 4.3: The TileCal super-drawer extracted from the module [36].

The DVS tests are a set of digital checks that examines the functionality of the

components of the super-drawer (see Figure 4.3). They are similar to the Mobile

Drawer Integrity Checking System (MobiDick) in the sense that they check the

functionality of the individual components of the super-drawer. the MobiDICK

and DVS tests differs in aspects of how the test is being performed. For the

MobiDICK testing the drawer has to be opened while the drawer has to remain

closed for the dvs testing. DVS are second level tests that follows immediately

after MobiDick to verify the faults found in the components [35].

The DVS can be accessed by users (TDAQ operator) via the DVS Graphical User

Interface (GUI) or by online software packages (TDAQ supervisor) via the Appli-

cation Programming Interface (API). To be able to implement the required func-

tionality, the DVS reads the TDAQ configuration via the configuration databases

service, it then launches the tests via the test manager and then use the CLIPS

(”C” language Integrated Production System) packages to implement the expert
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system [35]. The DVS has an internal architecture that is composed of the fol-

lowing:

• A Test Repository Database: A database that describes the attributes of a

test in the configuration database. The test attributes are described in the

form of classes in this case the classes are Test, Test4Object or Test4Class.

• A knowledgeable Base: Store specific Knowledge about component func-

tionality.

• An Expert System Engine: Available via the C/C++ API.

• C++ and Java Libraries.

• A GUI application: The user interface used for DVS is the partition. The

hardware components are described in the configuration database of the

ATLAS TDAQ. Tests are configured using the Test Manager which reads

the configuration database to select tests to be executed. Tests have to

be collected in Test Repositories and linked to the Partition or one of its

Segments [35]. The user can select any component on the partition and

perform tests specific for that component.

DVS package internal architecture (see Figure 4.4) for end users (TDAQ Operator

or other Online SW component like the Supervisor application), DVS provides

the possibility to have a testable view on a TDAQ configuration, where a user

can select a single component or a group of components and verify its status.

This functionality is provided via GUI, or via the C++ and Java.

4.3.1 DVS Tests

There are several types of DVS tests:
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Figure 4.4: DVS internal architecture package for end-users [35].

• CIS: This test checks the existence of a pulse inside some bands for high

and low gains.

• Pedestal Test: This test checks the low and high frequency values and

compares it to nominal values.

• DMU Memory: This is a test whereby a bit-wise pattern is written to the

DMU memory and then pattern data is read out and checked for errors.

• Stress: This is a test whereby a 100 kHz random trigger and a full busy

logic is used to reject the acquisition. Data is processed inside the Digital

Signal Processor. The number of the Cyclic Redundancy Check (CRC)

errors found in the data is reported.

• Digitiser Address: The test checks the correct address of the digitiser board

[34].
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Figure 4.5: Charge Injection Scan plots for EBA16 in both Low and High Gains.

Although there are a number of the DVS tests, the TDAQ experts focus only on

the CIS and Pedestal tests. In this section the plots were made by the author

by making use of the existing DVS codes for the CIS and Pedestal tests. Figure

4.5 displays the results for the CIS DVS test for the sixteenth Extended Barrel

(EBA16) module in the low and high gain.

For the purpose of simplicity a gaussian function is fitted through the samples

for pulse recognition. The plots are also color coded, green means everything

is fine, and red means that something is wrong with that particular channel i.e

channel 0. A channel is associated with the PMT number and the DMU. Finding

a problem in a certain channel makes it easy to determine which electronic is
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faulty. After testing the module using DVS, the module is repaired and tested

again to confirm the repair [37].

The low and high gains refers to the Analogue to Digital Converter (ADC) gains.

The gains are chosen automatically by the DMUs. If the number of ADC counts

in High Gain (HG) is 1023 for at least 1 of the data samples, then the gain is

switched to Low Gain (LG). If the number of ADC counts in HG is 0, then the

gain is switched to LG [37].

Figure 4.6 displays the high and low frequency noise for the Long Barrel number

17 and 34 (LBA19 and LBA34). LBA19 had a bad response in both the low and

high gains. LBA34 had a good response in both gains.

4.3.2 Future Plans with DVS

The DVS testing system has fewer tests compared to the MobiDICK, so more

tests need to be implemented to make the DVS complementary to the MobiDICK

tests, once the super-drawer has been closed into operation mode. The tests that

are yet to exist in the DVS tests are the stuckbit tests that already exists in the

MobiDICK system. Considerable progress was made in this area, and although

prospects are good for the near future, clear effort is needed. The Diagnostics and

Verification System (DVS) is part of the ATLAS Online TDAQ software. It is a

supporting structure that allows TDAQ developers and experts to combine tests

and knowledge into it, thus making it user-friendly for a non-experienced shift

operator to be able to diagnose problems within the TDAQ component. There

are two types of TDAQ users namely the TDAQ operator and the TDAQ exper

The Diagnostics and Verification System (DVS) is part of the ATLAS Online

TDAQ software. It is a supporting structure that allows TDAQ developers and
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(a)

(b)

Figure 4.6: Results for the high and low frequency noise pedestal tests in every
channel.
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experts to combine tests and knowledge into it, thus making it user-friendly for a

non-experienced shift operator to be able to diagnose problems within the TDAQ

component. There are two types of TDAQ users namely the TDAQ operator and

the TDAQ exper
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Chapter 5

Requirements for the HL-LHC

The LHC plans to increase the current luminosity to become the High Luminos-

ity LHC (HL-LHC) (See Figure 5.1) which will create more opportunities in the

search for physics beyond the SM. The LHC is mainly designed for the discovery

of new physics through proton-proton collisions at a center of mass of 14 TeV

and a luminosity of 1 × 1034 cm−2 s−1. The LHC plans to increase the luminosity

to up to 7.5 ×1034 cm−2 s−1, which corresponds to an increase in the number of

simultaneous proton-proton interaction per bunch crossing of up to an average

of 200. The LHC has managed to achieve the instantaneous luminosity of 2.06

× 1034 cm−2 s−1 in 2017 [38]. The LHC is currently undergoing Long Shutdown

2 (LS2), which will last until early 2021, during which the injectors will be up-

graded to prepare for the luminosity increase and Run 3. During the LS3, which

will take place between 2025 and 2027, the interaction points will be upgraded

by the installation of new elements, including new focal magnets and crab cavi-

ties. All of the equipment needed for the HL-LHC, and its experiments will be

installed during LS3 [39]. The increased luminosity of nearly a magnitude above

the original design will lead to an increase in the particle flux in the detector,

requiring an upgrade of almost all ATLAS detector systems. The increase in the
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5.1 The Trigger and Data Acquisition System

Figure 5.1: HL-LHC Timeline [41].

number of collisions per bunch crossing will cause a deterioration in the perfor-

mance of the ATLAS detector. However, an upgrade in the calorimeters, trigger

system, inner tracker and muon spectrometer readout electronics will improve

the performance. The TileCal was designed 25 years ago but has only been in

operation for the last 10 years, using the technology or electronics provided at

the time. The electronics are outdated, and they are becoming more difficult to

use and costly to maintain. This means that modern electronics that can provide

faster and high-precision measurements are required [3, 40].

5.1 The Trigger and Data Acquisition System

The TDAQ system (see section 2.4) of the ATLAS detector is being redesigned

completely pending the upgrades. The redesign of the trigger system is currently

being considered in two scenarios namely a single-level (L0) and a two-level trigger

(L0 or L1) system. The starting point for the HL-LHC is the L0 trigger system
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Figure 5.2: High level overview of the trigger and readout structure of the HL-
LHC framework with two Level-0/Level-1 ATLAS triggers [3].
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Figure 5.3: Schematic signal and data path for the upgraded TileCal. Shaping is
carried out in the front board on a PMT frame, Main-board digitisation, high-
speed Daughter-board communications. The off-detector Pre-Processor (PPR)
processes and transmits data to the DAQ system and triggers TDAQi module
processors [3].

and a possible evolution to the L1 system is predicted in a second phase. Figure

5.2 displays the High-Level description of the new trigger system design [42].

For the TileCal, the two systems are not drastically distinct, this makes the

evolutionary transition between them much easier. The TDAQ architecture of

the entire ATLAS detector anticipates a fully digital calorimeter trigger that has

a higher granularity and higher precision compared to the current TDAQ system.

The L1Calo in the current TDAQ scheme uses analogue signals that corresponds

to the pseudo-projective towers of 0.1 × 0.1 in ∆η ×∆φ. The pseudo-projective

towers in the The PMT signals are adjusted approximately in time using delay

lines but not calibrated to account for gain differences in electronics. In the

TileCal, the tower signals are built from the summation of the PMT signals

by making use of the analog summing boards. The PMT signals are adjusted

approximately in time using delay lines but not calibrated to account for gain

differences in electronics. The summing board output are then sent off-detector

to the trigger Pre-Processor (PPR) system by using 30 m to 60 m long cables.

The analogue system in the upcoming upgrades will be replaced in such a way

that all the information from the TileCal cells will be sent to the trigger system

at a rate of 40 MHz with a maximum latency of about 1.7 µs [3, 42].
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Downlinks Present Upgrade
Number of fibres 256 1024
Link Bandwidth 80 Mbps 4.8 Gbps

Uplinks Present Upgrade
Number of fibres 256 2048
Link Bandwidth 800 Mbps 9.6 Gbps
Back-end readout modules 32 32
Back-end crates 4 (VME) 4 (ATCA)
Back-end Input bandwidth 6.4 Gbps 625 Gbps
Back-end output bandwidth to DAQ 3.2 Gbps 40 Gbps
Back-end output bandwidth to trigger Analogue FE ∼ 500 Gbps

Table 5.1: Comparison of the present (ROD) and the PPR upgrade architectures
of the TileCal BE readout. The redundancy and backup data links are not
included. The system has a total number of fibers twice that indicated here.

The transmission of all information requires a significant increase in the band-

width of system data, as seen in table 5.1. Each of the 256 optical links that

runs at 800 Mbps will now have to run at 38.4 Gbps to transmit all the samples

out from the front-end. This is realized by splitting each link into 4, and thus

running 1024 links from the front-end each one running at 9.6 Gbps.

The new trigger system design will have access to the digital data from each

calorimeter cell with low electronic noise levels and precise energy measurement.

Numerical precision, calibration accuracy and equivalent noise characteristics of

the current information should increase the selectivity of the trigger. The data

pipelines are on the detector in the current system; thus, the trigger accept sig-

nals must be propagated to the electronics at the FE. The transmission delay

is approximately half of the current 2.5 µs latency of the first level trigger. In

the upgrades, the maximum latency trigger ATLAS L0 will be increased to cope

with the higher pile-up while retaining the L0 trigger at a reasonable rate and

good performance. For the upgraded architecture, including the pipeline buffers,

the BE PPR system is shown in Figure 5.3; it will be placed closer to the trigger

system to reduce latency due to delay in signal propagation. The propagation of
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the off-detector detector signals is similar to the current method, but with the

new architecture, the transmission of the L0/L1 approval signals to the pipelines

is significantly reduced [42]. At the LHC the bunch crossing rate, the pulses

from the PMTs are conditioned and digitised in the FE boards and continuously

transferred off-detector to the PPR module using an optical link interface board

called the Daughter-board. The PPR stores the ADC information in pipeline

memories and processes the data simultaneously by planning optimised primitive

triggers. The trigger primitives are the energy measured in towers and cells of

pseudo-projection, they are transmitted at each bunch crossing to the L0 trigger

processors with a delay of 1.5 µs. The reconstructed energy, time and quality fac-

tor for each cell will be sent to the data network (FELIX) for event aggregation

and storage upon receiving the L0 and or L1 acceptance signal [3].

5.2 Radiation Hardness

As explained in Section 2, the TileCal readout electronics are stored in the outer

radius of the calorimeter and shielded by the body of the calorimeter, so that the

radiation dose requirements are not as critical as in other ATLAS sub-detectors.

However, the expected increase in HL-LHC particle fluxes requires that the cur-

rent electronics be replaced because many on-detector components will not with-

stand the projected HL-LHC radiation dose. A maximum Total Integrated Dose

(TID) of 244 Gy is estimated at the HL-LHC over 10 years of operation in the

most critical areas as seen in Figure 5.4. This figure takes into account the safety

factors used to describe the uncertainties in the simulation of particle fluence and

the low rate of accumulated dose; this is an order of magnitude greater than that

used in current electronics.
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Figure 5.4: Total dose of ionization in Gy/4000 fb−1 in the upgrades of the
ATLAS tracking and calorimeter areas. The minimum bias pp events in 14 TeV
center of mass energy, assuming a total inelastic section of 80 mb, are simulated
using Pythia8. The GEANT3/GCALOR code simulates partition tracking and
material interactions [3].

Zlo Zhi Rlo Rhi TID NIEL SEE
On-detector electronics cm cm cm cm GY n/cm2 h/cm2

High voltage 275 275 410 410 10 1.32 × 1012 2.31 × 1011

Main-board 275 275 400 400 10 1.03 × 1012 2.46 × 1011

FE board 270 280 400 410 10 1.03 × 1012 2.46 × 1011

Daughter-board 210 240 400 400 2 2.44 × 1011 1.50 × 1010

LVPS - Barrel 275 300 390 400 24 1.77 × 1012 4.20 × 1011

LVPS - End-cap 610 635 390 400 4 2.40 × 1011 5.64 × 1010

Scintillators
E3 353 354 184 228 6.88 × 103 1.36 × 1014 1.92 × 1013

E4 353 354 147 184 2.1 × 104 2.81 × 1014 5.08 × 1013

E4’ 353 354 131 147 2.36 × 104 3.31 × 1014 6.00 × 1013

MBTS 355 357 13 89 1.46 × 106

Table 5.2: Simulated radiation doses for 4 ab−1 of HL-LHC running.
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Figure 5.5: Silicon displacement damages, expressed as a fluence of the equivalent
of 1 MeV neutrons for an integrated 4000 fb−1 luminosity, respectively. Pythia8
simulates the minimal pp events at 14 TeV centers of mass energy assuming a
cross section of inelastic 80 mb. The GEANT3/GCALOR code simulates particle
tracking and material interactions using the latest ATLAS detector geometry
description. In azimuth and around z = 0 the geometry model is symmetric [3].

A Non-Ionizing Energy Loss (NIEL) equivalent of 6 × 1012 (1 MeV) neutrons/cm2

over 10 years is projected for the displacement damage as seen in Figure 5.5. From

Figure 5.6 the Single Event Effects (SEE) are evaluated taking into account an

expected fluence of 1.5 × 1012 hadrons/cm2 over a period of 10 years.

Table 5.2 gives a more detailed information about the location of the on-detector

electronics and the simulated dose for the whole HL-LHC program for the elec-

tronics and scintillators that are most exposed. Table 5.3 gives the associated

safety factor multipliers, as specified by the ATLAS Electronics Coordination

Group. In the current readout system, the data from each bunch crossing will

be processed on-detector using electronic pipeline until the trigger to be sent off-
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Figure 5.6: Total fluence of hadrons with E > 20 MeV per cm2 for an inte-
grated luminosity of 4000 fb−1. The minimum-bias pp events are simulated with
Pythia8 at the 14 TeV center of mass energy assuming an inelastic cross-section
of 80 mb. Particle tracking and material interactions are simulated with the
GEANT3/GCALOR code using the latest geometry description of the ATLAS
detector upgrades [3].
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Safety Factor Simulation Enhanced Low Dose Rate Lot Variation
(no anneal test) (no anneal test) (ASIC) (COTS)

TID 1.5 5 1 1 4
NIEL 2 1 1 1 4
SEE 2 1 1 1 4

Table 5.3: Safety factors multipliers for radiation certification of ATLAS elec-
tronics.

detector selects one specific bunch crossing. The new design is important due to

the large rise in SEE in the electronic pipelines and has an additional advantage of

constantly digitising and transmitting off-detector data using high-speed optical

links. The vulnerability of FPGAs and other components in the Daughter-board

to single-event upsets will be reduced using a triple redundant framework for

memory and logic configuration [3].

5.3 Accessibility to the Electronics

Another common problem faced in the upgrade and operation of the ATLAS

detector at the HL-LHC is the activation of the detector. Therefore, the upgrade

and maintenance work will have to be analysed and optimised according to the

As Low As Reasonably Achievable (ALARA) principle. The rules of CERN on

radiation protection clearly states that the maximum dose exposure allowed for a

professional worker should be less than or equal to 6 mSv/year and 2 mSv/month.

For the simplicity of installing, maintaining and manipulating the super-drawer,

the new super-drawer design is split into four mini-drawers. The splitting of

the super-drawer will improve access to the electronics. This will allow for easy

installation and maintenance operation in all scenarios of the detector opening,

thus avoiding the current situation in the standard small opening where the super-

drawers in the current EB modules cannot be fully extracted.
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Figure 5.7: The configuration of the present readout electronics (Run 1) [3].

5.4 The Reliability and Redundancy

The detector operations during Run 1 and Run 2 gives valuable information on

what is needed to improve the reliability of the electronics and how to limit the

influence of component failures on the data quality. In the current detector, the

super-drawer is the basic readout unit, it is supplied with an independent data

link, a TTC link, power lines, cooling and monitoring services [3]. During Run

1 the most important failures were due to the power distribution; the finger low

voltage supply failures, the DC/DC converter stage installed on the detector, the

failures in the power distribution in the interconnected optical interface cards, the

digitisers and the mother-boards. The power distributions in the super-drawers

displayed a significant voltage drop that had a severe impact on the range of

proper operation of critical components like the TTCrx. Other failures were also

observed in the HV distribution to the PMTs. The above failures were reduced

by a consolidation campaign (see Figure 5.7) that was held during the LS1 in

2013-2014. Other failures worth mentioning was a failure in the cooling circuit

and the links in the optical interface card. The failures described above result

in having a dead region in the detector of about 24 cells covering an area of 0.7

× 0.1 radians in ∆η × ∆φ. To reduce the impact of such failures, the upgrade

system will be partitioned into smaller independent readout units [3].
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Figure 5.8: Organization of the readout electronics in four HL-LHC separate
mini-drawers [43].

Figure 5.8 demonstrates the overall structure of the new super-drawer with four

different readout parts, the mini-drawers. Every mini-drawer accommodates up

to 12 PMTs, FE boards and all related service boards. Logically, the mini-drawer

is divided into two independent sides, each with independent power, data links,

and monitoring services. In this scheme, each cell is read out by two separate

PMTs with power, services and data connections that are completely redundant

to BE electronics. There should be no failures in the redundant power distri-

bution scheme. However, in the worst case, one-eighth of the area affected by

a malfunction in the current system would be the dead zone. There were other

major failures in the interconnection between boards. The latest electronics are

arranged in various boards and mezzanines, therefore, the mechanical and elec-

trical interconnections consistency over the 3 m long unit is a weakness. Because

of the partitioning of the functions of mezzanine cards, the stacking of boards

and all interconnections must be avoided as much as possible in order to boost

the long-term performance.

Certain failures found during Run 1 were single-channel failures, often due to the

failure of ADCs or the failure of opto-couplers in the HV regulation board or the
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capacitor in the PMT HV dividers. Apart from the capacitor in the HV dividers,

the reported single-channel failures do not have major impact on the physics

performance. Sometimes this result in a short circuit that could jeopardize the

operation of the neighboring PMTs since the granularity is grouped together in

the HV input order. The other thing about the new electronics is that they’ve

been in use for a long time, so they’re getting older. [3].

5.5 The Optics Robustness and PMT stability

After a detailed study on the aging and radiation sensitivity of scintillating tiles,

WLS fibers of all PMTs, it was determined that there was no need to replace

them. This study was carried out by observing the evolution over time of the

performance of these active elements during normal operation and verified by the

irradiation tests of the scintillator in the laboratory during production. Using

thorough extrapolation, the studies predict that the scintillator equips the most

exposed cells within the EB thereby resulting in light loss that is slightly lower

than 5% (10%) after 300 fb−1. Such variations would be easily rectified with the

calibration systems. There is no strong concern based on these trials regarding

the light loss of the scintillator which increases radiation in regular TileCal cells.

However, the gain drift of the PMT had to be carefully measured. This was done

by measuring the response after long time exposure of the PMT installed in the

detector (R7877) and the newest model from Hamamatsu (R11187). In these

studies, both PMTs resulted in t a drift of 0.1% in the gain for each Coulomb

of integrated charge at the anode. Which is similar to the one observed on the

detector during Run 1 and 2.

An important observation is the fact that each tested PMT group shows a large
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spread in the individual drift with time. After a 500 C integrated anode charge,

the spread the exceed ± 25% of the average value. Conservative projections of the

expected global loss of HL-LHC irradiation show that a significant degradation

will likely occur only in most exposed, low-radius and high-speed cells (8% of

total PMTs). Laboratory tests were performed on 20 latest generation PMTs

(model R11187) and a sample of 10 PMTs (model R7877) disassembled from

the detector during the 2017 maintenance period. Measurements have shown

that the latest PMT design has significantly improved amplification stability as

a function of time, resulting in a very promising alternative to the current PMT

model (R7877). The replacement of these 768 PMTs protecting the most exposed

cells is included in the TileCal phase-II upgrade [3].

5.6 Mechanics

The super-drawers currently in use will be replaced with structures a quarter as

long. This move is deemed necessary to enhance the performance of the existing

drawer cooling system and to allow for easier access to electronics advised by

ALARA (see section 5.3) when opening the detector, for which the end-caps of

the detector will only have to move by half the distance [3, 42].

5.6.1 The Mini-drawers and Installation

The new mechanical structures proposed for the upgrades are called the mini-

drawers. For the upgrade system, four mini-drawers will make up a super-drawer,

where each mini-drawer consists of its own power and independent signal path

to the BE electronics. A single super-drawer will consist of three types of mini-

drawers, which are similar in terms of mechanical structures but slightly different

due to their position in the super-drawer. The most important elements in the
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mechanical structure of the mini-drawer are: the mini-drawer body, the sliding

plates, the mechanical links, the hydraulic connectors, brackets and the cooling

bridge [42]. The mechanical structure for mini-drawers provides electric and op-

tical services consisting of specific routes and cables and optic fiber connections.

Mini-drawer prototypes have been designed and tested in a comprehensive man-

ner to verify the expected results. The testing program evaluated the functions

and operation of the mini-drawers, including the installation of all FE electronics

and PMTs. The full super-drawer was installed into the actual TileCal wedge in

Building 175 (at CERN) under practical assembly conditions.

A new installation tool has been developed for easy extraction and insertion of the

super-drawers into the TileCal. The new tool is being tested during the demon-

strator prototype tests. The new tool concept consists of three key elements, such

as baskets, sliders and spools. Baskets are necessary for securing and assisting

the insertion and removal of a mini-drawer during handling, while sliders are re-

quired to extend the girder rings inside the finger with respect to guiding axes

and spools are required during mini-drawer installation in the TileCal module to

provide distribution of electrical and optical services.

5.6.2 The On-detector Electronics

The mini-drawer contains up to 12 PMT blocks, where each PMT block consists

of a light mixer, 3-in-1 card, an active HV divider and a PMT. The constituents

of the PMT block are then connected to the Main-board (see Figure 5.9) that

supplies them with low voltage and controls the 3-in-1 cards, it digitises their

signals, transports the data to the Daughter-board link.
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Figure 5.9: The Main-board [2].

Figure 5.10: The Daughter-board for the upgrade system [2].

The Daughter-board (see Figure 5.10) oversees the high-speed communication

with the BE electronics. The mini-drawers also contains the HV distribution

cards that receives the individual HV levels from each PMT via separate cables

from a multi-channel off-detector HV supply. The on-detector TileCal structure

is shown in Figure 5.11 [3, 44].

The overall design of the mini-drawers strongly emphasizes on reliability through

redundancy and simplicity. In addition to the implied redundancy enabled by

reading two PMT channels on each cell, low voltage distribution redundancy is

made easy by splitting each mini drawer into small, separating units. Figure 5.12

shows the PMT block with its new constituents.

With the 3-in-1 FE card, high and low gain PMT signals (with a gain of 32) are

amplified, gains are achieved, and CIS calibration is provided. One additional
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Figure 5.11: The TileCal and the on-detector drawers [3]. As mentioned in section
5.1, the links to the FE will arrive to the DB which is equipped with GBTx to
decode the commands, and extract the system clock. Additional redundancy is
achieved by duplication of the links, such that the back-end electronics can switch
between the links in case of error.

Figure 5.12: The assembly of a PMT block with the new constituents [3].
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function is to integrate and digitise the current from a minimum bias event or

a calibration capsule from a Cs source that can be moved via hydraulic pipeline

cells. Each raw data from each PMT is digitised with an active dynamic range of

17 bit and sent for processing and data acquisition at the off-detector electron-

ics. The 3-in-1 cards have discreet components and are a revised model with an

improved linearity and noise level efficiency [42].

5.6.3 The Low and High Voltage Power Supplies

The TileCal Low Voltage Power Supply (LVPS) system provides power to all

FE electronics, it also provides feedback and control via a monitoring system.

Each super-drawer is powered by one LVPS box, which means that one LVPS

box will power up four mini-drawers for the upgrade system, resulting in a total

of 256 LVPS boxes for the entire TileCal. The components of the LVPS box are:

eight individual power supply regulators called bricks, a fuse board, a monitor-

ing/control board and a cold plate running sideways through the center of the

water-cooled LVPS container. The LVPS box is powered by the 200 V circuit

supply that resides at the USA15 cavern. The LVPS in the current system con-

sists of eight types of bricks that are different in terms of voltage and current [3].

The new brick design for the upgrade system is similar to the current design in

terms of the box structure, water-cooled cold plate and simple footprint of the

brick used in the upgraded system. The new design will be different from the

current design in terms of: the new design will have single type of brick that will

convert the 200 V into 10 V output, the other significant difference is that the re-

dundancy will be included in the design so that the eight bricks will be included

in four sets of two. The current monitoring and control system of the LVPS
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makes use of the Embedded Local Monitoring Board (ELMB) that is mounted

on top of a custom mother-board with 32 analog inputs, 8 analog outputs and

8 digital outputs. The new LVPS monitoring system is being designed for the

next generation but will use the new ELMB version of CERN. A prototype of

10 V bricks LVPS box was completed successfully and it was used in the three

previous TileCal TBs in 2016 and 2017 [3, 42].

The HV system must provide individual power to almost 10000 PMTs, monitor

the voltage for each PMT, and report the values to the DCS system. The HV

system follows the design of the existing system, with a single primary HV feeder

and an HV control panel that regulates individual high voltages for 32 or 48

PMT. In the current system, the HV control panel (called the HVopto) inside

the detector minimizes the number of cables used to supply the primary HV

detector (one per partition, i.e. a total of 256 driver pairs). The new system

includes the HV regulation board, now referred to as HVremote, located outside

the USA15 cavern, which allows easy access for maintenance at the price of a

much larger number of cables. The current monitoring system based on HV-

micro and CANbus, will be replaced by standard Ethernet. The HV prototypes

have been implemented and the performance was tested in the laboratory and in

TBs with an adaptation of the existing HV system [3, 42].

5.6.4 Off-detector Electronics

The structure of the DAQ of the TileCal HL-LHC is such that the digital samples

of the PMTs are transferred to the TileCal Pre-Processor (PPR) bunch crossing.

The data signals are stored in the PPR pipeline buffers and awaits a trigger deci-

sion, while in parallel, the PPR provides reconstructed data to the trigger system

at 40 MHz. The reconstructed data consists of calibrated energy per cell or cell
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Figure 5.13: A functional block diagram for the Back-End electronics [44].

group, depending on the device trigger. For certain areas of the detector, the

PPR system offers many copies of the data. The selected data events are then

transferred to the FE Link Exchange (FELIX) device following the L0 trigger

accept [3].

ATLAS selected the Advanced Telecommunications Computing Architecture (ATCA)

to replace the VME bus as the base for modular electronics of the upgrade sys-

tem. The ATCA blade form component in the end system is in the PPR modules

and is mounted in separate ATCA shelves. The basic principle is to maintain four

racks for the new partitioning (two for the main barrel and two for the extended

barrels) each with 8 PPR blades [3].

The FE electronics interface, the pipeline buffering, and signal reconstruction are

carried out in the PPR ATCA blade while the TDAQ Interface (TDAQi) Rear

Transition Module (RTM) will interface with the Trigger and FELIX. The PPR

upgrade module has a full-size ATCA blade design [3].

As mentioned in section 5.6.2, each mini-drawer daughter-board will be connected
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to the PPR through. 4 data links and 2 TTC links, such that there is redundancy

through the middle of the mini-drawer. Since there are 4 mini-drawers. We

therefore, require a total of 12 links per super-drawer side, which can be routed

using a single Multi-Fiber Push On (MPO) cable. A second completely redundant

MPO fiber is mounted per super-drawer. Optical fibers are single-mode, Optical

Multimode Type 3 (OM3) and tolerant to radiation shown in section 5.2. The

routing from the detector to the PPR in the electronics room is organized into

trunk cables [3]. To reduce latency, the path is as short as possible. Figure 5.13

shows the functional block diagram for the new system.

5.6.5 The TileCal Demonstrator

In order to evaluate and validate the new readout and trigger concepts, an ex-

perimental ”TileCal demonstrator” (see Figure 5.14) model has been produced

in full. The model is based on the 3-in-1 FE design and is completely compat-

ible with the current system, including both analog trigger sum for the existing

L1 trigger and digital readout for the PPR trigger prototypes. The PPR is the

central part of the off-detector electronics for the demonstrator program. The

PPR can be operated in the upgrade and legacy mode; in the legacy mode it

emulates the FE electronics. The upgrades and legacy systems run parallel and

are synchronised using the clock and trigger data transmitted from the legacy

TTC modules via dedicated optical connections. The PPR adds identification

information from triggers to data packets which are used at the readout driver

level to synchronise [42].

The PPR prototype also implements a readout architecture for the upgrades

which is usable in stand-alone mode or parallel to the legacy system. The PPR

runs within its legacy infrastructure and transfers the triggered data to the FELIX
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Figure 5.14: The TileCal Demonstrator with the new FE electronics embedded
[45].

system via a high-speed optical connection to store its data for offline reconstruc-

tion and analysis on a local disk.

During the previous TBs, the prototype TileCal demonstrator was equipped with

the legacy and upgraded electronics and the performance of the prototype was

tested using different particle beams with different energies. In 2015 two different

TB campaigns tested the 3-in-1 solution alone and in 2016 and 2017 the other

two experimental FE technologies (A Dedicated FE ASIC for the ATLAS TileCal

Upgrade (FATALIC) and Charge Integrator and Encoder (QIE)) were evaluated

in addition to the 3-in-1 (see Figure 5.15). The modules were mounted on a

remote mobile table to indicate the beam at the various modules and cells and at

different angles. The modules have been exposed to different energies of muons,

positrons and hadrons. The beam system has been installed for separating the
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(a) (b)

(c)

Figure 5.15: The new FE electronics proposed for the upgrades. (a) is the new
3-in-1 option, (b) is the FATALIC card and (c) is the QIE card [30].

various types of particles, measuring the location of the beam, activating the data

readout and synchronising the beam. There are two Cherenkov counters used to

separate protons, pions and electrons for energies less than 50 GeV, and a muon

hodoscope was used to detect muons behind the tubes. The wire chambers of the

Cherenkov counters provide the exact position of the beam on the modules, and

a coincidence trigger in two scintillator detectors produced the signal [3, 42].

Synchronisation with the TTC system is one of the key integration subjects for

the demonstrator. The TTC clock recovery technique tests the discrepancy in

phases between the TTC and local signals with a resolution of less than 15 ps.

The bench measurements showed a maximum variation delay of less than 100 ps
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after 1000 reset cycles while the studies on long-term stability showed a maximum

phase difference of 10 ps during 8 hours of operation. Such studies show that the

predicted phase variation between the LHC clock transmitted and the receiver is

below 100 ps [3].

5.6.6 Calibration Systems

As mentioned in Section 3.3, the calibration systems of TileCal are CIS, Laser

and 137Cs. These systems will be upgraded like detailed below.

5.6.6.1 The Charge Injection System

The CIS has been updated in order to keep track with the new 3-in-1 card dynamic

range.

5.6.6.2 The Laser System

The Laser System can be upgraded by following the recommendations below:

• The laser source as well as the optical components inside the optics box

must be replaced due to aging.

• In order to comply with the TDAQ upgrades, the electronic unit called

LASCAR, which manages the laser system and interfaces it with the TDAQ

system has to be modified.

5.6.6.3 Cesium System

The Cs control system must be upgraded to be integrated into the ELMB++ of

the LVPS system via a mezzanine, or to the Daughter-board through the SPI

interface of the GBTX, and thus interfaced through FELIX via the PPR. The

two options are still possible [3, 42].
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Test-Beam Campaigns

6.1 Test-Beam Setup

During the Test-Beam (TB) three TileCal modules, two LBs and one EB, were

exposed to muons, pions, kaons, electrons and protons with different energies and

angles of incidence. The data from September 2017 TB allow the performance

of the updated FE electronics systems built for LHC upgrade operations to be

examined. The results from the TB data was compared with the simulated data

that were obtained using ATLAS offline software simulation framework based

on Geant4 [46]. As mentioned in Section 3, the electromagnetic calibration of

the TileCal cells was achieved by equalizing the current of the photo-multiplier

that was induced by a moving 137Cs radioactive source through each line of the

scintillating. Since the response of the tiles depends on the impact point location

and size of the tile, correction factors were applied for each cell size. The scale

was maintained in ATLAS by adjusting the PMT gain in order to reproduce the

PMT current of the reference 137Cs source at the level it had during the electron

beam tests, where the calibration factor was set. ATLAS uses the reaction of the

simulated electrons to set the energy scale of the MC jets. In the case of good
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performance of the FE electronics systems foreseen for the LHC upgrades, the

same calibration technique has been applied with the data collected at 2017 TBs

and then one expects to get responses to the leptons and hadrons close to those

that were obtained by the 2000 TB data analysis [3, 47].

6.1.1 Beam Line and Calorimeter setup

The particle beams were obtained by extracting 400 GeV protons from the Su-

per Proton Synchrotron (SPS) accelerator, made collide with a primary target of

beryllium was 300 mm long while the produced secondary beams are allowed to

have energies that ranges from 10 GeV to 350 GeV. A secondary target made up

of 1000 mm long polyethylene, together with a lead absorber can be positioned

inside the beam to produce tertiary beams. The beam momentum and charge is

determined by the bending magnets. Other constituents were the electrons, kaons

and muons. Figure 6.1 shows the setup of the H8 beamline that is equipped with

coincidence trigger scintillators, beam particle identification Cherenkov counters,

and wire chambers for lateral beam particle coordinates. The TileCal TB setup

(see Figure 6.2) consists of two LB (LBA and LBC) and EB (EBA and EBC)

super-drawers. The LB super-drawer LBC 65 is equipped with the 3-in-1 card up-

grade option, while the other option the FATALIC card, which is the alternative

to the 3-in-1 card is mounted in LBA65. The other super-drawers M0 C and EBC

65 were equipped with the legacy system. The M0 C super-drawer was equipped

with Multi-Anode (MA) Photo-Multipliers. For comparison the modules were

stacked on a scanning table, which was able to position the modules at any de-

sired angle and location with respect to the input particles. Data was collected

from the incident beams at the center of the front of the A-cell at the angle of

θ = 20◦ away from the normal and incident at the ends of the modules, in the

center of each tile row. Two selection criteria were generally applied to all particle
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Figure 6.1: Modules and beam elements at the SPS H8 Beam-line [48].

Figure 6.2: The schematic front view of the TileCal Modules placed on the scan-
ning table at the H8 beam [3].
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beams. Single-particle events were picked with beam detectors upstream of the

TileCal for all particle types. Signals from single minimum ionizing particles were

required in the upstream scintillator counters. This cut, particularly suitable for

electrons, removes particles that initiated upstream showering of the calorimeter

and two-particle events. Events in which the beam chambers displayed tracks

far from or outside the beam axis were dismissed as they could scatter upstream

and thus be off-energy. The second set of selection criteria was for the particular

particle type to be studied. Nevertheless, the three strip-lined cherenkov counters

further assisted in the detection of particles with different energy sources, mainly

through the calorimeter response [3, 47].

6.2 Test-Beam Results

6.2.1 Results with electrons

The results for electrons are the TileCal TB analysis conducted in 2017 and 2018.

The main idea with electrons in particular is to better understand the EM showers

that sometimes develop inside the hadronic ones. The TB results on electrons

focuses on the response of electrons at energies 20 GeV, 50 GeV and 100 GeV.

The initial electron data is contaminated with data from other particles, mainly

hadrons. The data of the electrons was yet to be separated from the hadron data.

The analysed electron runs with the beam hitting at LB or EB modules in an

angle of θ = 20◦ at different values of Ebeam and HV settings. The plots in this

section were created by the author using ROOT software, taking into account the

points with the most interesting events (points where the beam was most visible).

Figure 6.3 shows the beam profiles for the signals in the X impact point (Ximp)
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Figure 6.3: Beam Profiles for 20 GeV (a), 50 GeV (b) and 100 GeV (c) electron
signals. The data for the plots is from the 2018 TB campaigns.
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and Y impact point (Yimp). The X impact point and Y impact point are the

coordinate points when the TB table is rotated at angle θ = 20◦.

The profile plots show how the beam was mostly distributed and concentrated in

the center as expected. The regions with the most visible beam are: Ximp > -50

and Ximp < 35 and Yimp > -30 and Yimp < 20. It can be seen from the figure

that the beam gets more focused as the energy increases. The focus of low energy

beams is affected by multiple scattering in the material.

Pure electron signal samples are targeted by separating electrons from other par-

ticles (mostly concerned about electron/hadron separation). The electrons were

selected using the Clong and Ctot shower profile parameters, using the difference

in the calorimeter between the electromagnetic and the hadronic shower profiles

[47]. The Clong equation 6.1 corresponds to the energy fraction of the first two

longitudinal layers (A,BC,D) of the module (given by index i), and 3 adjacent

towers (given by index j):

Clong =
2∑
i=1

3∑
j=1

Eij
Ebeam

, (6.1)

where Eij stands for the measured energy in each cell. The Ctot equation 6.2

calculates the spread of the energy shower:

Ctot =
1∑
cE

α
c

√√√√∑
c

(Eα
c −

∑
c E

α
c

Ncell
)2

Ncell

, (6.2)

where Ec represents the energy in cell c, and Ncellrepresents the total number of

cells considered which in our case is Ncell = 9. The exponent α= 0.6 was tuned

at the TB of 2005 [46] to achieve maximum electron/hadron separation based

on MC simulation. Pure electromagnetic showers will have wider lateral spread
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Figure 6.4: The scatter plots shows how the electrons and hadrons at 50 GeV
are separated using the Ctot vs Clong method. The region to the right/top is the
electron, the other the hadron [49].

(Clong), and larger overall spread (Ctot) in the TileCal which has ∼14 X0 and

only ∼1.5 λ in the first layer.

Figure 6.4 shows the Clong vs Ctot scatter plot that shows how the separation

takes place. The two variables provide effective electron/hadron separation when

used together. The top part on the figure refers to the electrons while the other

is the hadrons. The Clong (Ctot) cut varies from 0.75 (2.1) at 20 GeV to 0.88 (6.5)

at 100 GeV, depending on beam energy [3, 48]. At energy Ebeam = 20 GeV,

the purity of the electron sample is increased as the signal from the Cherenkov

counters 1 and 3 of the beam line is greater than 500 ADC counts [48, 50].

The Figures 6.5 and 6.6 show the Clong and Ctot plot distributions (respectively)

for the electron energy signal at 20 GeV, 50 GeV and 100 GeV. The vertical lines
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Figure 6.5: The Clong (a) plot distribution for the electron signal at 20 GeV (a),
50 GeV (b) and 100 GeV (c).

79



6.2 Test-Beam Results

(a)

50 GeV
ATLAS Work in Progress

(b)

100

ATLAS Work in Progress

(c)

Figure 6.6: The Ctot plot distribution for the electron signal at 20 GeV (a),
50 GeV (b) and 100 GeV (c).

on the plots shows the points where the cuts are supposed to be made. In Figure

6.5 the cut for the 20 GeV signal is made at Clong ∼ 0.8 and Ctot ∼ 2.4, while

the cut for 50 GeV signal is also made at Clong ∼ 0.8 and Ctot ∼ 4.5 and for

the 100 GeV the cut at Clong ∼ 0.8 and Ctot ∼ 6.6. It can be assumed that the

data on the left side of the vertical line is that of the hadrons, while the data on

the right side are the electrons. It can be observed that on the Ctot the cuts on

all the plots is made just before the highest peak which moves further along the

x-axis as the energy increases. The value of α has no significant influence on the

variable performance.
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Figure 6.7: The Total energy deposited in the calorimeter 20 GeV , 50 GeV and
100 GeV electrons incident in the cell A4 at 20◦ and simulated results using Geant
4.10.1 Fritiof model implemented inside Geant4 (FTFP) and Bertini Cascade
(BERT) [48].

Figure 6.7 shows the simulated data for the electrons in the cell A4 at θ = 20◦.

The data has to correspond to the simulated data before the new electronics are

verified (The cell area does not matter). In the case of an electron beam, the full

energy of the electromagnetic can be collected, and the peak of the distribution

will coincide with the energy of the beam.

Figure 6.8 shows the pure electron signal plots at energies of 20 GeV, 50 GeV

and 100 GeV. The figure shows the appearance of the electron data without any

contamination from the hadron data. Pure electron plots are easier to analyse

and are compared to previous TB data where current electronics have been used.

Since the tiles are placed perpendicularly to the beam direction, the sampling

fraction of the shower will depend on the incident beam position. If the beam
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Figure 6.8: Pure Electron signal plots at 20 GeV (a), 50 GeV (b) and 100 GeV
(c) after separation from other particles.
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6.2 Test-Beam Results

hits first the scintillator tiles the measured energy will he higher that if it hits

the absorber steel plates, as shown in Figure 6.9. The energy dependence with

the position (X) is well described by a simple regular function:

Eraw(X) = p0[1 + p1sin(
2πX

p2
+ p3)], (6.3)

where p0 is equivalent to the average energy and is used to evaluate the calibration

constant:

Efit = p0. (6.4)

The parameter p1 indicates the oscillation’s relative amplitude. The parameter

p2 is the thickness of the time as seen by the beam at the angle of impact of 200

and p3 is a phase. The impact point X is redeveloped with the chambers of the

beam [3].

As shown in Figure 6.10, where the Efit/Ebeam is plotted as a function of the

beam energy, the uncertainty of the calibration constant is less than 4% for the

3 beam energies considered. This is expected to improve with increased statistics.

6.2.2 Results with Muons

Muons produced in the H8 beam line, are minimum ionizing particles, they de-

posit a constant amount of energy along their path through matter and indepen-

dently of the angle of incidence, they traverse all the TileCal modules. Therefore,

the measurement was carried out by rotating the TileCal by θ = 90◦, so that the

beam would cross completely the modules completely perpendicular to the tiles,

and parallel to the beam in ATLAS. Beam was pointed to the center of each of

the 11 rows of tiles in the radial direction with an energy of 165 GeV [3, 48, 51].
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Figure 6.9: The oscillation of the electron response by the difference in the sample
fractions determined by 20 GeV (a), 50 GeV and 100 GeV beam signal. The line
indicates the correction for the consequence of Equation 6.3.
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6.2 Test-Beam Results

ATLAS Work in Progress

Figure 6.10: Calibration constant from pC to GeV represented as Efit/Ebeam, for
electron beam energies of 20 GeV, 50 GeV and 100 GeV.

Figure 6.11 show the muon response in the wire chambers in the beam line (cha1

and cha2). From the figure it can be observed that cha1 has a better beam re-

sponse than cha2. Ximp and Yimp refers to the coordinates of the beam at point

of impact. The points with the most visible beam are: Xcha1, Xcha2, Ximp, >

-50 and Xcha1, Xcha2, Ximp < 35 and Ycha1, Ycha2, Yimp > -30 and Ycha1,

Ycha2, Yimp < 20.

Figure 6.12 shows the muon response in the wire chambers in the beamline (cha1

and cha2) for the 300 GeV muon signal. From the figure it can be observed that

cha1 has a better beam response than cha2. Ximp and Yimp refers to the coor-

dinates of the beam at point of impact. These beam quality and the maximum

precision of the data can be inferred from these plots.

The response of the TileCal to high-energy muons is a Landau distribution with

typically long tails at high energies. The Total energy is obtained as the sum of
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6.2 Test-Beam Results

(a) (b)

(c) (d)

Figure 6.11: The two plots (a) and (b) show the beam response in chambers 1 and
2 for 165 GeV muons. They show how the beam is distributed in each chamber.
The bottom plots show the beam at the impact point.
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6.2 Test-Beam Results

(a) (b)

(c) (d)

Figure 6.12: The two plots (a) and (b) at the top shows the beam response in
chambers 1 and 2 for the 300 GeV muons. They show how the beam is distributed
in each chamber. The bottom plots (c) and (d) shows the beam at the point of
impact.

87



6.2 Test-Beam Results

Figure 6.13: Distribution of dE/dl using experimental data and simulated muons
at θ -90◦ [51].

the reconstructed energy in each PMT of a cell [51]. Three types of tiles at the

TB surface were irradiated by muon beam at different points: Tile 2 (165 GeV),

Tile 6 (300 GeV), Tile 10 (300 GeV)

Figure 6.13 shows the distribution of dE/dl using experimental data and simu-

lated muons at θ = -90◦ and an energy of 165 GeV. The muon data from the TB

is compared to this distribution plot to further verify the functionality of the new

electronics.
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6.2 Test-Beam Results

6.2.3 Performance of the FE electronics

The performance of the new electronics proposed for the upgrades is determined

during the TB periods. The data obtained from the TBs have to match with

the simulations and the data from the current electronics acquired in the TB of

year 2005. The analysis of the electron and muon data yields very good results,

consistent with the previous results within 4%. Additional analysis from the wire

chambers yield a small beam profile used for this TB campaign.
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Chapter 7

Conclusions

As ATLAS is undergoing the LS2 and the TileCal electronics are currently under

maintenance in preparation for the upcoming data-taking period (Run 3). During

this maintenance period, two electronics functionality testing systems are being

used to validate the repairs (MobiDICK and DVS). However, while the DVS tests

are designed to be identical to the MobiDICK tests, but to be executed with the

ATLAS online software and BE readout electronics once the super-drawer is in

its final position, occasionally, after a drawer repair, the offline team might re-

ceive negative feedback about certain faults that are not identified by DVS and

MobiDICK. This shows that more DVS tests need to be implemented to deal

with such issues. There are currently more DVS tests being implemented to be

able to improve the quality assurance procedure after the repairs. In particular,

a stuckbit test is currently being implemented by the author, which is currently

not available in DVS but it is in MobiDICK.

Furthermore, in view of the HL upgrade of the LHC, TileCal is undergoing TB

campaigns that aim at testing the performance of the new electronics that are

deemed to be compatible with the HL-LHC. The new proposed electronics were

embedded in the prototype TileCal module, the demonstrator. In the TB cam-
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paigns between 2017 and 2018, these modules have been equipped with the elec-

tronic update with modules fitted with a legacy system that shows different par-

ticles and energies from the SPS accelerator. The TB data analysis in this paper

is performed for the demonstrator program during the 2017-2018 TB period. The

data analysis performed is related to the electrons and the muons. The data from

the electrons and muons allow for the verification of the performance of the new

electronics. The results achieved with muons and electrons are consistent with

the settings for calibration obtained with the old electronics and with the expec-

tations produced by simulated data. The results show that the new electronics

are performing well.
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