
Forward Physics and
Scintillating Fibre Trackers

at the Large Hadron Collider

Jan de Boer

Niels Bohr Institutet
Det Natur- og Biovidenskabelige Fakultet

Københavns Universitet

LHCb Detector Group

Conseil Européen pour la Recherche Nucléaire

Supervisor : Jørgen Beck Hansen | Niels Bohr Institute
External Supervisor : Sune Jakobsen | CERN Detector Technologies

May 2020

Submitted as a Master Thesis in Physics
Faculty of Science, University of Copenhagen

C
ER

N
-T

H
ES

IS
-2

02
0-

29
2

19
/0

6/
20

20





I... a universe of atoms,
an atom in the universe.

- Richard P. Feynman





Abstract

This thesis reports work related to scintillating fibre trackers. Successively presented are a study
on attenuation length measurements of scintillating fibres, the development of a detector control
system, a performance study of services, usage of a detector control system during physics data
taking and the corresponding analysis of elastic scattered protons.

The Scintillating Fibre (SciFi) tracker is part of the Upgrade I of the LHCb detector that is
currently carried out during the second Long Shutdown period of the Large Hadron Collider
(LHC). A systematic study was carried out on attenuation lengths measurements of scintillating
fibres used for the SciFi tracker. To obtain a percent level precision, needed to determine a possi-
ble aging effect, it was shown that a single measurement per fibre does not suffice and multiple
measurement are required.

The development of SciFi detector control system has undergone a first iteration from the pro-
totype stage to the assembly and commissioning of final detector components, that is ongoing
in the assembly hall at point 8. The controls of low-voltage power supplies have substantially
improved by the use of a newly installed OPC-UA server, which to date has maintained a stable
connection. The following detector services and front-end components are monitored: Novec
cooling, dry gas, vacuum, heating wires, SiPM temperature, SiPM voltage and front-end board
temperatures. The monitoring on the first c-frame has been essential for an initial performance
study of the services. The obtained results from the analysis have indicated that there is satisfac-
tory control over the SiPM temperature and the cold box environment. Furthermore, it provides
a first input to the settings needed for operating the final detector.

In October 2018, data of elastic scattered pp was taken with the Absolute Luminosity For ATLAS
(ALFA) detector, a small scintillating fibre tracker. The experiment was conducted at the LHC
with

√
s = 900 GeV and β∗ = 100 m collision optics to access the Coulomb-Nuclear-Interference

region. Special collimation settings were used to ensure good beam background conditions and
has led to a successful data taking campaign. The setup of the optics should enable for measur-
ing the total cross section, σtot, via the optical theorem and a determination of the ρ parameter,
the ratio between the real and imaginary scattering amplitude. The ALFA detector might possi-
bly be sensitive deeply enough into the Coulomb region to enable for a precise measurement of
the absolute luminosity.

A first study on the collected data has formed the basis for the analysis framework that ulti-
mately should lead to the extraction of the physics parameters. From a thorough inspection on
the layer efficiencies of the detector it can be concluded that the performance of the detector dur-
ing data taking was satisfactory. No indications of significant aging and radiation damage was
observed and the few layers showing low efficiencies were likely to have been affected by non-
optimal timing configuration of the electronics. The convoluted detector resolution is found to
have a dominant contribution from multiple scattering due to the unusual low energy. Inspec-
tion of data plots has revealed a feature in the form of an ellipse orientated perpendicular to the
main correlation axis for the x coordinates. As a consequence the current selection criteria of
elastic candidates will have to be revisited. A thorough simulation study has shown the depen-
dence of the elastic signal on the beam spot width, divergence, and detector resolution, all in
combination with the design optics.
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Preface

The principle scope of this thesis is formed by scintillating fibre trackers in high energy physics.
In the work presented, this topic is widely covered from measurements on properties of scintil-
lating fibres to the analysis of data from a scintillating fibre tracker. It elaborates on a number
facets one encounters along the way to the realisation of the aforementioned. The outline of the
thesis successively deals with the consecutive steps from a physics case to a result. It is intended
to be read as a single piece of work, but can alternatively be divided in two distinct parts. The
two parts are constituted by the LHCb SciFi tracker and the ATLAS-ALFA detector, both part of
experiments conducted at the LHC at CERN. The former is currently build up during the second
Long Shutdown period of the LHC, while the latter is operational and has been used during a
physics campaign in autumn 2018.

As a technical student at the CERN LHCb Detector Group, the work done on the SciFi Detector
Control System is of importance to the successful assembly and operation of the new detector.
As a master student at the High Energy Physics group at the Niels Bohr Institute, the work done
on the initial setup of the analysis is of relevance in gaining understanding of elastic physics at
an extraordinary low energy. The suitable title ’Forward Physics and Scintillating Fibre Trackers
at the Large Hadron Collider’ applies to both detectors and intends to emphasize the cohesive
character of the presented works.

v



Contents

Abstract iii

Acknowledgement iv

Preface v

Contents vi

List of Abbreviations x

1 Introduction 1

I Physics 3

2 Theory 5
2.1 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Coulomb and Nuclear Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Running of the Coupling Constants . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Proton Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Elastic Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.1 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Elastic Differential Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.3 Elastic Models and the Importance of Rho . . . . . . . . . . . . . . . . . . . 17

2.4 The 900 GeV Physics Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

II Experimental Setup 21

3 The Large Hadron Collider 23
3.1 The CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4 Beam Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5 Emittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.6 Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.7 Selected LHC Beam Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.7.1 Beam Loss Monitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

vi



3.7.2 Wire Scanner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.7.3 Beam Synchrotron Radiation Telescope . . . . . . . . . . . . . . . . . . . . . 36

4 Scintillating Fibres in High Energy Physics 37
4.1 Scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.1.1 Organic Scintillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1.2 Plastic Scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2 Plastic Scintillating Fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2.1 Attenuation Measurements and Natural Aging Studies . . . . . . . . . . . . 41
4.2.2 Error Analysis of Attenuation Measurements . . . . . . . . . . . . . . . . . . 42

5 ATLAS-ALFA Detector 43
5.1 ATLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.1.1 Sub-detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.1.2 Trigger System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.2 ALFA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.1 Detector Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.2 Squared Scintillating Fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.3 Main Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2.4 Overlap Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2.5 Roman Pot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2.6 Trigger Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 LHCb SciFi Tracker 53
6.1 LHCb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.1.1 Upgrade I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.1.2 Sub-detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.2 SciFi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2.1 Detector Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2.2 Round Scintillating Fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2.3 Attenuation Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2.4 Detector Module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.2.5 Cold Box . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2.6 Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.2.7 Mechanics and Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

III Control, Monitoring and Operation 67

7 DCS of the SciFi Tracker 69
7.1 WinCC OA and the JCOP Framework . . . . . . . . . . . . . . . . . . . . . . . . . . 69
7.2 SciFi ECS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.3 Low-Voltage Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
7.4 Monitoring of Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.4.1 Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.4.2 Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.4.3 Gas System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.4.4 Electric Heating System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.4.5 Front-End Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

vii



7.5 Performance of Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.5.1 Data Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.5.2 Dew Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.5.3 Temperature of Condensation Affected Parts . . . . . . . . . . . . . . . . . . 85
7.5.4 Dry Gas Outlet Connector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.5.5 Top of Cold Box . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.5.6 Novec Bellow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.5.7 Combined Temperature Plot . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.5.8 Cooling Plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.5.9 SiPM Temperature vs Plant Set Point . . . . . . . . . . . . . . . . . . . . . . . 91
7.5.10 SiPM Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.5.11 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

8 Data Taking with the ALFA Detector 95
8.1 Beam Based Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8.2 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.3 Bunch Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.4 Collimation Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.4.1 Two-Stage Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.4.2 Crystal-Assisted Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.5 Track Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.6 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

8.6.1 Trigger Items . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.6.2 Trigger Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8.7 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.8 Emittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.9 Beam Spot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.10 Van der Meer scans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

IV Data Analysis 107

9 Study of Forward Elastic pp Scattering 109
9.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

9.1.1 Track and Trigger Requirements . . . . . . . . . . . . . . . . . . . . . . . . . 110
9.1.2 Geometrical Selection Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
9.1.3 Correlation Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

9.2 Reconstruction of t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
9.2.1 Subtraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
9.2.2 Local Subtraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
9.2.3 Local Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

9.3 Background Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
9.3.1 Random Uncorrelated Coincidence Background . . . . . . . . . . . . . . . . 116
9.3.2 Double Pomeron Exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
9.3.3 Background Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
9.3.4 Antigolden Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
9.3.5 Background and Signal Distributions . . . . . . . . . . . . . . . . . . . . . . 120

9.4 Experimental Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
9.4.1 Acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

viii



9.4.2 Evolution of the Beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
9.4.3 Detector Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.4.4 Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

9.5 Detector status and layer efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
9.6 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

9.6.1 Vertex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.6.2 Divergence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.6.3 Detector Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.6.4 t-Ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

9.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

A DCS of the SciFi Tracker 141
A.1 Panels used in DCS Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Parent Panel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
Gas Rack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
C-frame Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
Heating Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Front-End Board Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
Read-Out Box Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Front-End High Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

A.2 Performance of Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
A.2.1 Cooling Plant Temperature Fluctuations . . . . . . . . . . . . . . . . . . . . . 149
A.2.2 Additional Figures on SiPM Temperatures . . . . . . . . . . . . . . . . . . . 150
A.2.3 Cooling Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

B Study of Forward Elastic pp Scattering 155
B.1 Spatial detector efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
B.2 Spatial layer efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
B.3 Simulation of t-ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

B.3.1 t-range 1e-4 till 3e-4 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
B.3.2 t-range 3e-4 till 7e-4 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
B.3.3 t-range 7e-4 till 1e-3 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
B.3.4 t-range 1e-3 till 3e-3 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
B.3.5 t-range 3e-3 till 1e-2 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
B.3.6 t-range 1e-2 till 5e-2 GeV2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

List of References 226

ix



List of Abbreviations

ALFA Absolute Luminosity For ATLAS
ALICE A Large Ion Collider Experiment
ATLAS A Toroidal LHC ApparatuS
BCM Beam Conditions Monitor
BSRT Beam Synchrotron Radiation Telescope
CMS Compact Muon Solenoid
CP Charge Parity
CNI Coulomb Nuclear Interference
CGC Color Glass Condensate
CTP Central-Trigger Processor
CWG Collimation Working Group
DAQ Data AcQuisition
DCS Detector Control System
EW ElectroWeak
ECS Experiment Control System
FEE Front-End Electronics
FMO Froissaron and Maximal Odderon
FSM Finite State Machine
G-APD Avalanche PhotoDiode in Geiger mode
HLT High Level Trigger
HV High Voltage
IP Interaction Point
IR Insertion Region
L0 Level 0
LED Light Emitting Diode
LHC Large Hadron Collider
LHCb Large Hadron Collider beauty
LINAC LINear ACcelerator
LS2 Long Shutdown 2
LUCID LUminosity measurement using
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Chapter 1

Introduction

Since ancient times humanity has been wondering about the fundamental structure of the uni-
verse. In the past century, tremendous developments in our understanding of fundamental
physics paved the way for a new era in which our perceptions of the nature of space, time and
mechanics were revolutionized. Decades of effort ultimately led to a detailed picture of fun-
damental matter. Particle physics has made important contributions to the understanding and
development of theoretical models. The Standard Model describes the physical world by ele-
mentary particles and their interactions and is the most successful theory to date.

The 2012 discovery of the Higgs boson meant the definite completion of the framework in
which three fundamental forces, the electromagnetic, weak and strong force, are described. Even
though the Standard Model currently offers the best description of the universe, it does not pro-
vide a complete description. In particular, experiments have found the neutrinos to have mass
which is in contradiction with the Standard Model prediction and the remaining fourth force, the
gravitational force, is not included in the theory. In general, the origin of the neutrino masses,
the hierarchy problem, baryon asymmetry, dark matter and dark energy remain open questions
in fundamental physics.

The Large Hadron Collider (LHC) at Conseil Européen pour la Recherche Nucléaire (CERN)
is the most energetic accelerator in the world. The LHC offers a window to study the processes
that took place in the earliest stages of the universe. By recreating these conditions, physicists
hope to find the answers to some of the aforementioned questions. Four large experiments
take place at different locations along the 27 km circular accelerator: ATLAS, CMS, ALICE and
LHCb. The ATLAS and CMS experiments have jointly announced their discovery of the Higgs
boson. With the most energetic accelerator at hand the experiments continue to explore the en-
ergy frontier. The ongoing studies can be mainly categorised as precision studies of Standard
Model processes and searches for new physics beyond the Standard Model. In studies where
there is a tension between the prediction and experimentally observed values, the former may
be a lead to the latter.

Open questions related the lack of symmetry between matter and anti-matter are partly ad-
dressed through the study of CP violation by the LHCb experiment. The initial core of the
experimental program of LHCb is formed by precision measurements on CP violation in the c
and b quark sector as well as rare decays of B hadrons [1]. The physics is predominantly pro-
duced in the forward region, hence the detector holds a special single-arm forward spectrometer
design. The program further extends to measurements of rare decays of C hadrons as well as
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tests of lepton universality. Various crucial measurements are currently statistically limited and
to improve the precision of the studies, the luminosity of the experiment will be increased upon
completion of the ongoing second Long Shutdown period of the LHC [2]. In order to meet the
demands that come with the new conditions, the LHCb detector is currently subject to a major
refurbishment, referred to as Upgrade I. The new upstream Scintillation Fibre (SciFi) Tracker
forms a major part of this upgrade, which is part of the subject of this thesis.

The ATLAS experiment holds a special set of forward detectors, Absolute Luminosity For AT-
LAS (ALFA), that are dedicated to study processes in a region where the theory can not provide
precise descriptions due to the lack of perturbative methods. Among other things, the ALFA de-
tectors can study elastic scattered protons which appear under very small angles in the forward
regions. Hence, the detectors are placed approximately 240 m downstream of the interaction
point to be able to measure the scattered protons. Elastic scattering is worthwhile to study since
it provides measurements of the total cross section, σtot and ρ parameter, the ratio between real
and imaginary part of the forward scattering amplitude. The total cross section is needed for
many analyses and both of these parameters are relevant for the design of a future hadron col-
lider. Recent measurements on these parameters have further established a tension between the
results and predictions by theory, underlining shortcomings in current used models [3]. A new
elastic physics campaign at a center-of-mass energy of 900 GeV has been carried out that should
help to discriminate between newly proposed models.

In High Energy Physics the reconstruction of the trajectories of electrically charged particles,
called tracking, is an integral part of event reconstruction. Tracking is an important task in
which precise position measurements provide vertex and momentum information. For tracking
detectors there are three major technologies: silicon detectors, gaseous detectors and fibre track-
ers. The measurement closest to the interaction point are usually silicon detectors that aim to
measure the primary interaction vertices and secondary vertices from long lived particles. The
second class of tracking aims to measure the momentum of charged particles by determining the
curvature in a magnetic field. The SciFi tracker belongs to the second class and is composed of
scintillating fibres. The ALFA detector is also a fibre tracker made from scintillating fibres, a spe-
cial type of tracking detector since it does not belong to neither of the above classes. Its precise
position measurements are used to reconstruct the four-momentum transfer in the elastic inter-
actions. ALFA and SciFi share their active material, scintillating fibres, and are both forward
detectors. The former is likely the smallest type of scintillating fibre tracker covering a sensitive
area of only tenths of cm2, whereas the latter is the largest sized tracker of this technology with
a total sensitive area of 340 m2.

This thesis is divided in four major parts that hold the following titles : Physics, Experimental
Setup, Control Monitoring and Operation and is concluded with Data Analysis. The theoret-
ical framework and physics case of elastic physics at a center-of-mass energy of 900 GeV will
be introduced in the first part. The second part provides the necessary background informa-
tion on the Large Hadron Collider, Scintillating Fibres, the SciFi tracker and the ALFA detector.
In the third part work on the development of supervision firmware of the SciFi tracker will be
presented together with a performance study of the services. The operation of ALFA detector
during elastic physics campaign is also presented and provides information on the data taking
conditions. The work is concluded with the data analysis of elastic scattered protons at center-
of-mass energy of 900 GeV and 100 m optics.
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Chapter 2

Theory

This chapter provides an introduction to the theory part of the physics that is under study of the
elastic physics program at a center-of-mass energy of 900 GeV. It contains a brief introduction of
the Standard Model and the relevant forces. This is followed by an explanation of the kinematics
involved in proton collisions. Especially, elastic scattering will be clarified along with a theoret-
ical model and expression for the elastic differential cross section. Finally, the physics case for
proton-proton elastic scattering at a center-of-mass energy of 900 GeV is presented. Unless oth-
erwise stated, the presented information in this chapter is obtained from [4].

2.1 The Standard Model of Particle Physics

Particle physics studies the nature of the universe through the fundamental constituents of mat-
ter and the forces acting between them. Since the development of the theory in the early 1970s,
these have been successfully described by the Standard Model (SM). The SM is a theory that
contains two types of elementary particles: fermions with half integer spin and bosons with
integer spin. The SM consists of 24 types of fermions, which are equally divided into quarks
and leptons. Both quarks and leptons are subdivided following a hierarchy of three ’genera-
tions’. Each generation consists of a pair of leptons, a pair of quarks and for each particle there
is an associated anti-particle. All known matter in the universe is made up out of fermions.
The lepton and quarks all have a spin of S = 1/2. The fermions are complemented by gauge
bosons responsible for the force carriers of the electromagnetic, weak and strong forces and the
Higgs boson, responsible for particles to obtain their masses. The SM is able to describe three
fundamental forces. Listed in order of decreasing strength they are: the strong force, the elec-
tromagnetic force and the weak force. Characteristic time scales of processes due to the strong
force are within 10−22 seconds, electromagnetic interactions take place between 10−14 and 10−20

seconds. Processes due the weak interaction are relatively slow and typically occur within 10−8

and 10−13 seconds, with way faster and slower exceptions [5].

The interactions of particles due to a particular force acting between them are mediated by the
gauge bosons, also called force carriers. All force carriers of the forces contained in the SM have
a spin of S = 1. The gluon is the force carrier of the strong force. There are 8 gluons associated
to the strong interaction, which are all massless particles. The photon is the force carrier of the
electromagnetic force, the W+, W− and Z bosons are the force carrier of the weak force. Under
gauge symmetry all four force carries should in principle be left massless. Due to the symmetry
breaking induced by the Higgs field the W+, W− and Z obtain their masses, whereas the photon
is left massless. The range of the weak and strong interaction are of very short range, 10−18 and
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Figure 2.1: The standard model particles, force carriers and the Higgs boson [6].

10−15, respectively. The range of the electromagnetic interaction is in principle of infinite range.
The fourth known force in nature, the gravitational force is not yet included in the SM. The pos-
tulated force carrier of gravity is the gravition, a massless particle of spin S = 2. The inclusion of
gravity into a single theoretical framework containing all forces is subject to many studies.

The electron e− is probably the most well known particle of the lepton family. The electron
neutrino νe is an elusive particle associated to the electron, forming a doublet. The lepton family
is completed by two other doublets, namely the muon µ− and its muon neutrino νµ and the tau
τ− and its tau neutrino ντ . The electron, muon and tau carry a negative charge of -1e, where e
is the magnitude of the elementary charge carried by a single proton or electron, the neutrinos
are neutrally charged. The electron, muon and tauon interact through the electromagnetic and
the weak force, while the neutrinos only interact through the weak force. The properties of a
doublet is therefore identical for every generation. The three generations are only distinctive
through the masses of the particles, the 1st generation in the hierarchy is the lightest. The elec-
tron is the only stable particle. The absolute masses as well as the hierarchy of the neutrinos
have yet not been determined. As stated above, for each particle there exists an anti particle,
which is almost identical, except it carries the opposite charge of the particle. The positron e+ is
the anti-particle of the electron, the anti particle of the muon, tau and all neutrinos do not have
their own name and are referred to with an additional anti- in front of their names.

Similar to the leptons, the quark family is made up out of three generations. Each generation
is again represented by means of a doublet. The first and lightest doublet is made up from an
up quark (u) and a down quark (d). The quark family is completed by doublets of a charm (c)
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complemented by a strange (s), and of a top (t) complemented by bottom (b). The up, charm and
top carry a charge of +2/3e, the down, strange and bottom carry a charge of -1/3e. The doublets
are mutually identical, except for their masses by which they are ordered into the three gener-
ations. The hierarchy is identical to that for the leptons. Only quarks of the first generation are
stable, quarks found in the second and third generation have (very) short life times. For every
quark there is exists anti-quark, which are identical particles of opposite charge. Unlike lep-
tons, quarks carry color charge through which they couple to the strong interaction. Quarks can
therefore interact through the electromagnetic force, weak force and the strong force. As a con-
sequence of the nature of the strong force no isolated quark has been ever observed. Composite
quarks held together by the strong force are collectively known as hadrons. The proton and neu-
tron are perhaps the most well-known hadrons. They are part of a group called baryons, build
up from three quarks. Another group among the hadrons are the mesons, consisting of a quark
anti-quark pair. Recently also tetraquarks and pentaquarks have been observed in experiments,
consisting of 4 and 5 quarks, respectively [7, 8].

2.2 Coulomb and Nuclear Force

The SM describes the fundamental particles and their interactions through the mathematical
framework of Quantum Field Theory (QFT). QFT is concerned with phenomena at small dis-
tances up to the size of the atom and at velocities near the speed of light. It therefore combines
two pillars of modern physics: quantum mechanics and special relativity [9]. In this formalism
the particles are treated as excitations of underlying fundamental fields. For a field to interact
via one of the forces it needs to posses the corresponding charge of this particular force. There
are three charges incorporated into the SM, namely: charge, flavour, colour. They are the corre-
sponding charges of the electromagnetic force, the weak force and the strong force, respectively.
Each force can be described by a theory: the theory of the electromagnetic force and the weak
force are usually treated by the unified Electroweak (EW) theory and the theory of the strong
force is called Quantum Chromodynamics (QCD). The description of the electromagnetic force
is originally developed separately by the theory called Quantum Electrodynamics (QED). The
proton-proton interactions studied in this work are all of small momentum transfer. It is in this
regime where, under the direct influence of its massive force carriers, the weak interaction is
truly weak and can therefore be neglected. QCD and QED are of importance for the interactions
studied throughout this work and will be explained a bit more detailed.

The processes studied are under the influence of forces described by QED and QCD, namely
the coulumb force and the nuclear force. Already mentioned is that for a particle to undergo an
particular interaction it needs to posses the corresponding charge of that field. Beside this, the
strength does also depend on a coupling constant between the fields that undergo interaction.
The coupling constants are however not true constants, but have dependence on the momen-
tum transfer involved in the interaction between particles. Altering of the coupling constant
is an aspect of the underlying formulation of the QFT, referred to as running of the coupling.
The behaviour of this running is related to the internal algebra used to construct the theory. A
theory should satisfy the gauge principle, the invariance of the laws of physics under local trans-
formations of variables of that field. The transformations form a group satisfying an underlying
symmetry. The generators of the group are each associated with a field with a corresponding
particle called a gauge boson. The symmetry group of QED is U(1) and has one generator which
is the photon. The U(1) group is Abelian and thus the photon does not carry the electrical charge
itself. As a consequence there is no self interaction possible between photons, which impacts the
running of the coupling constant. Similar to the electric charge of the electromagnetic force, the
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Figure 2.2: Feynam diagrams of the three possible vertices of QCD, g indicating a gluon and q/q
indicating a quak/anti-quark.

charge associated to the strong force is called color. Color introduces three additional quantum
numbers to particles that couple to the strong force, called blue, green and red. The symmetry
group of QCD is SU(3) and has 8 gauge fields associated to it that make up the generators of
this group. The SU(3) is a non-Abelian group and its generators therefore carry the color charge
themselves. Thus, the 8 gluons can interact with each other. As a result of this, QCD has 2 ad-
ditional vertices which are not present in QED. The three possible QCD vertices are shown in
Figure 2.2. Of three vertices only the first type of vertex is possible in QED, given a replacement
of the letter g by γ and q/q are joined by the l/l possibility.

2.2.1 Running of the Coupling Constants

As a consequence of the self interactions that are present in QCD, the behaviour of the running
of the coupling constant is different from that of QED. For this one has to look at the effect of
charge screening in both theories. In QED, charged particles are surrounded by a cloud of virtual
photons and electron/positron pairs that continuously pop in and out of existence. As opposite
charges attract each other, an electron is more closely surrounded by virtually positrons that
cause the effect of screening of its negative charge. This effect is called vacuum polarisation.
As a consequence of this, in QED the effective charge become smaller with increasing distance.
The screening effect results in a running coupling constant that becomes large at short distance.
Higher interaction transfer thus leads to a stronger coupling constant in QED.

α(q2) =
α(µ2)

1− α(µ2) 1
3π ln q2

µ2

. (2.1)

Equation (2.1) gives the expression in which one can calculate the fine structure constant α at
any given energy transfer q2 if it is known for a particular momentum transfer µ2. The fine
structure constant α is about 1/137 at q2 equal to 0 GeV, rising to 1/128 at q2 equal to 90 GeV, the
mass of the Z. Thus, indeed the coupling strength increases, but the q2 dependence of coupling
is rather weak. Charge screening in QCD works similar to the QED, but here the effect of gluons
carrying color charge changes the effect. The QCD vacuum consists of virtual quark anti-quark
pairs, however in addition it is now also filled with virtual gluon pairs. Since they carry color
charge themselves, the effective charges becomes larger at larger distances. This effect is called
antiscreening. Higher interaction transfer thus leads to a weaker coupling constant in QCD.

αs(q
2) =

αs(µ
2)

1 +Bαs(µ2) 1
3π ln q2

µ2

, B =
11NC −Nf

12π
. (2.2)
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Equation (2.2) gives the expression for the strong coupling constant at any given momentum
transfer q2, once it is known at a particular momentum transfer µ2. Here NC is the number of
colors, Nf is the number of quarks and B is therefore a positive number given these are 3 and
6, respectively. The strong coupling constant αs is about 0.5 at a q2 equal to the proton mass
of about a GeV and decreases to 0.12 at a q2 equal to the mass of the Z. At short distances the
strong coupling constant becomes small. The quarks that are packed together inside hadrons
can therefore be regarded as free when probing them with large enough energies. This property
of QCD called asymptotic freedom. If we go to large distances, the coupling becomes so strong
that it is not possible to isolate a single quark. At a certain distance it is more favourable to
create a quark anti-quark pair and the process of hadronization starts. This effect is called color
confinement and is the reason that no isolated quark has ever been observed.

Figure 2.3: The strong coupling constant as a function of the momentum transfer [10].

2.2.2 Proton Collisions

The proton is not an elementary particle and this is of importance when studying proton-proton
collisions. When considered at low energy, the proton can mainly be considered as a bound
state of two up type quarks and one down type quarks. The color combination is such that it
leaves the proton colorless, as a consequence of the color confinement. Probing the proton at
higher energies will shift the picture of the proton and will reveal additional sea quarks and
sea gluons. Hence to image of the proton continuously changes as a function of the energy at
which it is probed. In experiments the dynamical collection of quarks and gluons, called Par-
ton Distribution Functions (PDFs), have been previously studied and are of importance for the
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understanding of the proton structure. This all is consequence of the nature of the QCD theory,
as previously explained the color charge particles are continuously surrounded by virtual quark
anti-quark pairs and virtual gluon pairs.

When colliding protons, one collides the valence quarks, sea quarks and sea gluons. At large
momentum transfer, the interactions are in fact between two constituents of the proton. How-
ever, for small momentum transfer the proton can be considered as a whole. Depending on
the energy of the momentum transfer, one can either calculate the interactions with perturba-
tive QCD or not. This depends on the strong coupling constant, when significantly below 1 the
processes become calculable since the expansions converge. This makes it possible to calculate
interactions at high momentum transfer whereby one can regard the constituents of the proton
as quasi free particles. These are the classified as hard interactions, the regime in which pro-
cesses are calculable with perturbative QCD. For soft interactions the momentum transfer is low
and hence perturbative QCD can not be applied. Then there is a special sub class of soft in-
teraction, namely the elastic interaction in which one has (very) small momentum transfer that
only leads to a change of momentum. This means the strong coupling constant αs is largest and
hence perturbative QCD is also excluded here. Since QED has a small coupling constant already
and it varies little, perturbative QED calculations are applicable for all these processes. Elastic
proton scattering is a process dictated by the interplay of QCD and QED, since the exchange of
a photon as well a system of gluons can lead to change in momentum.

2.3 Elastic Scattering

Elastic proton-proton (pp) scattering is a process in which only leads to a change of momentum.
Since elastic pp scattering involves small momentum transfer, a description of is not calculable
with perturbative QCD and instead one has to rely on phenomenological models. With elastic
scattering one thus probes the strong force in a regime where the understanding is not sufficient.
In this section the kinematics of elastic pp will be explained, the models to describe the elastic
differential cross will be introduced and will be concluded with the motivation for elastic scat-
tering at a center-of-mass energy of 900 GeV.

Figure 2.4: A schematic depiction of the elastic scattering process, with the incoming particles
denoted with four momentum p1 and p2 and the outgoing particles denoted with four momen-
tum p3 and p4.
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2.3.1 Kinematics

Elastic scattering is defined by the fact that there is only four-momentum transfer between the
particles and no quantum numbers are exchanged between the incoming particles. The initial
kinetic energy of the incoming particles equals the kinetic energy of the outgoing particles af-
ter they have been subjected to an interaction. This is shown by a schematic of the process in
Figure 2.4. The center-of-mass energy squared of the system of two colliding particles with four
momentum p1 and p2 is given by the Mandelstam variable s [9] :

s = (p1 + p2)2 = (E1 + E2)2 − (p1 + p2)2. (2.3)

Both incoming particles are protons with equal momentum but in opposite direction, therefore
this can be written out as follows :

s = E2
1 + E2

2 + 2E1E2 − 2p2 + 2p1p2

= 4(m2
p + p2),

(2.4)

where p1 and p2 are the initial four momentum of the particles, mp is the mass of the proton.
The momentum transfer between particles is given by the Mandelstam variable t :

t = (p1 − p3)2

= (E1 − E3)− (p1 − p3)2

= −2p2 + 2p2 cos θ,

(2.5)

where θ is the scattering angle of the outgoing particles. This angle in the forward direction is
very small and hence one can approximate :

t ' −2p2 + 2p2(1− θ2

2
)

= −(pθ)2.

(2.6)

This final relation between the momentum transfer t, the momentum of the proton and the scat-
tering angle is of importance for the design of the detector, since it directly relates the distance
to the beam to a smallest reachable t value [11].

2.3.2 Elastic Differential Cross Section

The cross section of a scattering process is the measure of the probability that two particles will
undergo an interaction. The differential cross section can be given with respect to momentum
transfer t. The protons carry electric charge and color charge and will therefore undergo both
interactions described by the Coulomb force as well as the Nuclear force :

dσ

dt
= |F |2 = |FCeiαφ(t) + FN |2, (2.7)

in which F is the total scattering amplitude that can be split into contributions arising from FC ,
the coulomb scattering amplitude and FN , the nuclear scattering amplitude. Here α is the fine
structure constant and φ(t) is a phase that describes the interference between both components
of the scattering amplitude. Both contributions will be explained a bit more detailed in the fol-
lowing parts.
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Figure 2.5: Tree level Feynman diagram of the Coulomb part of the elastic scattering amplitude.

Coulomb Scattering Amplitude

The coulomb scattering amplitude accounts for the electromagnetic part of the interactions that
elastic scattered protons are subjected to. The fine structure constant is well below 1 for a wide
range of momentum transfer and one can therefore apply perturbation theory for the electro-
magnetic part, described by QED. The dominating Feynman diagram associated to the electro-
magnetic process is shown in Figure 2.5. In the elastic scattering processes the smallest four-
momentum transfers are studied for which the wavelength of the exchanged photon between
the protons is long compared to the size of the proton. The photon thus experiences the pro-
ton as a whole and the interaction is therefore not between the constituents of the proton but
rather it is between the protons. The form factor of the proton is needed for a description of the
electric charge distribution. For increasing momentum transfer the wavelength decreases and
the photon will become sensitive to a part of the charge held by the proton, hence the scattering
amplitude will decrease.

The dipole approximation will be used throughout this analysis, in which the charge distribu-
tion of proton is described by an exponential decrease as a function of the distance. The electric
form factor is Fourier transformed into momentum space giving the following expression :

G(t) =

(
Λ

Λ + |t|

)2

, Λ = 0.71 GeV2. (2.8)

This dipole model has been ruled out by data, but many of the alternative models that have
been fitted to data lack of physical interpretation. Given a form factor G(t), the expression for
the Coulomb term of the elastic scattering amplitude can be written as [4] :

FC =
−2
√
παG(t)2

|t|
. (2.9)

Nuclear Scattering Amplitude

The nuclear scattering amplitude accounts for the strong part of the interactions that elastic
scattered protons are subjected to. The strong coupling constant is too large in the range of mo-
mentum transfer, and perturbative QCD can not be used the calculate the nuclear amplitude.
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Figure 2.6: Possible interactions exchange multi-bodied objects that may contribute to the Nu-
clear component of the elastic scattering amplitude.

Furthermore, the corresponding tree level Feynman diagram to that of the photon does not exist
in QCD. The gluons carry color charge and can therefore not mediate elastic scattering since it
would imply an exchange of quantum numbers. The description of the nuclear component of
the scattering amplitude is therefore rather complex and of high interest of ongoing studies to
which this analysis might contribute to.

In an elastic scattering no quantum numbers are exchanged and hence the object exchanged on
behalf of the nuclear force should be colorless. This would mean a composite particle in which
its constituents carry color charges that together form a neutral composition. A description of
elastic pp interactions is given by a formulation called Regge theory [12]. Regge solved the non-
relativistic scattering equation for a spherically symmetric potential and analytically extended
the partial wave amplitudes, expressed as a function of angular momentum, to also obtain their
imaginary parts [13]. The singularities of both the real and imaginary parts of the partial wave
amplitudes of the solution are function of four-momentum transfer t :

l = α(t), (2.10)

here l is the angular momentum. These define the Regge trajectories. The real solution are
found to correspond to known baryons and mesons, which are colorless particles and hence
could function as a mediator of the elastic interaction. Regge trajectories can be expressed using
linear expansion as α(t) = α0 + α′(t) [13]. At low energy the Regge theory was able to describe
the cross section at lower center-of-mass energy, but comes short to do so for higher center-of-
mass energy. Pomeranchuck proved that the cross sections for hadron anti-hadron and hadron
hadron become equal at higher center-of-mass energy, which required the existence of an ad-
ditional Regge trajectory [13]. This Regge trajectory is called the Pomeron, which dominates at
high energies. By including this Pomeron trajectory, the Regge theory is able to describe the
behaviour of the scattering cross section with increasing center-of-mass energy. The Pomeron
has the quantum numbers of the vacuum and does not correspond to any of the known particles
that carry integer spin. In QCD the Pomeron is thought to be compatible with colorless multi-
gluon objects called glue balls. A schematic of the possible processes associated to the strong
interaction is given by the diagram in Figure 2.6.

The elastic processes involved in the study presented in this work are in the momentum range in
which the nuclear amplitude is not required to be derived from Regge theory and a phenomeno-
logical model can be used instead. For small t values the following approximation can be used :
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Figure 2.7: The measured elastic differential cross at
√
s = 7 TeV by the TOTEM collaboration

[14]

dσN
dt

=
dσN
dt

∣∣∣∣
t→0

e−Bt, (2.11)

here the nuclear slope B is a parameter that depends on the center-of-mass energy and should
be determined from data. The approximation is valid until |t| ≈ -0.5 GeV2, the point in the
differential elastic cross section where a distinctive dip-shoulder region arises, shown in Figure
2.7. The differential cross section beyond the bump of the slope is better approximated by a
power law. The dip-shoulder region is currently under interest by the elastic physics community.

Elastic scattered events can additionally be used to measure the total cross section, σtot, for pp
collisions by exploiting the optical theorem. The optical theorem is based upon the conservation
of probability and can be used to relate the σtot and the imaginary part of the elastic nuclear
scattering amplitude :

σtot = 4
√
π ImFN (t→ 0). (2.12)

A complete derivation of the optical theorem can be found in the appendix B of reference [13].
Epression (2.12) can be substituted back in to (2.11) to obtain :

dσN
dt

∣∣∣∣
t=0

e−Bt = |FN (t = 0)|2e−Bt

= |ReFN (t = 0) + ImFN (t = 0)|2e−Bt

=

∣∣∣∣ (ReFN (t = 0)

ImFN (t = 0)
+ i

)
ImFN (t = 0)

∣∣∣∣2e−Bt
=

∣∣∣∣(ρ+ i)
σtot

4
√
π
e−Bt/2

∣∣∣∣2,
(2.13)

with the definition of ρ used for substitution :

ρ =
ReFN (t = 0)

ImFN (t = 0)
. (2.14)
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A similar substitution to relate the total cross section to the Coulomb part of the scattering am-
plitude can not be made since it does not contain an imaginary part. The ρ value is connected
to the total cross section via dispersion relations and is important to be studied as it affects the
behaviour of the total cross section with increasing center-of-mass energy.

Coulumb Nuclear Interference

The Coulomb Nuclear Interference (CNI) describes the interference between contributions from
the Coulumb and nuclear amplitude to the total amplitude, expressed by the phase φ(t), given
in (2.15). The CNI term is calculated using only using tree level Feynman diagrams by West and
Yennie, which lead to the following expression :

φ(t) = −γ − ln

(
B|t|

2

)
, (2.15)

here γ is the Euler constant ' 0.577 and also the nuclear slope B appears. Another model by
Cahn using an eikonal approach in which the effect of the form factor of the proton was included
:

φ(t) = −
(
γ + ln

(
B|t|

2

)
+ ln

(
1 +

8

BΛ2

))
+

4|t|
Λ2

ln

(
Λ2

4|t|

)
− 2|t|

Λ
. (2.16)

Final Expression

Combining (2.9), (2.11) and (2.15) leads to the full expression of the elastic differential cross
section :

dσel

dt
= |FCeiαφ(t) + FN |2

=

∣∣∣∣−2
√
παG(t)2

|t|
eiαφ(t) + (ρ+ i)

σtot

4
√
π
e−Bt/2

∣∣∣∣2
=

4πα2G(t)4

t2
− σtot

αG(t)2

|t|
(ρ cos(αφ(t)) + sin(αφ(t)))e−Bt/2 + (ρ2 + 1)

σ2
tot

16π
e−Bt.

(2.17)

The first term is attributed to the Coulomb component, the middlest term including the phase
is attributed to the interference region and the last term is attributed to the nuclear component.
Figure 2.8 shows the elastic differential cross section and separately highlighted in red, green
and blue its three components it consists of. Expression (2.17) is used here, in which the dipole
approximation for the form factor, the West-Yennie model for the interference phase and a pure
nuclear exponential decay are used.
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Figure 2.8: Theory plot of the elastic differential cross section with σtot = 68.0 mb, B = 17.0 GeV2

and ρ = 0.12
.

From Figure 2.8 it can be seen that the Coulomb part dominates the differential cross section,
(2.17), at very small four-momentum transfer squared t, due to its 1/t2 dependence. It is under
the smallest scattering angles where the Coulomb part dominates the elastic events and where
the experiment is sensitive to the delivered luminosity by the LHC machine. The Coulomb term
is well understood from QED and can therefore be used to extract the integrated luminosity, L :

dσel

dt
=

1

L

dNel

dt
≈ 1

L

dNC

dt
=

4πα2G(t)4

t2
. (2.18)

The luminosity is an important experimental quantity that is needed to scale the number of ob-
served events, N, to the cross section of that particular process. The precision on the luminosity
is therefore of importance since it directly impacts the precision one can achieve with a certain
measurement. Unlike the Coulomb term, the CNI and nuclear terms can not be used to extract
the luminosity as they both contain two additional free parameters that need to be fitted from
data, namely the σtot and ρ. The concept of luminosity will be further introduced in Section 3.3.

The increase of the elastic and total cross section are shown in Figure 2.9. The growth of the total
pp cross section as a function of the center-of-mass energy is not yet completely understood. The
soft scattering processes that contribute to the the total cross section can not be calculated with
perturbative QCD and non perturbative methods are yet capable to calculate them from first
principles [16]. Thus, the behaviour of the total hadronic cross section at inreasing energy can
not directly be predicted by QCD. However, it can be shown through unitarity that the rise of the
total cross section with energy is constrained to an upper limit, known as the Froissart-Martin
bound [17, 18] :

σtot(s) ≤ ln

(
s

s0

)2

. (2.19)
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2.3. Elastic Scattering

Figure 2.9: Total and elastic cross section as a function of the center-of-mass energy. The fit does
not include the ATLAS measurement at

√
s = 8 TeV [15].

2.3.3 Elastic Models and the Importance of Rho

Theoretical values for the elastic differential cross section, ρ parameter, nuclear slope B and
σtot are predicted by models based on Regge theory. These predicted values will be compared
here to the experimental results obtained from the LHC experiments. The models contain a
prohibitively large amount of free parameters to be used for fitting purposes in the analysis
framework and hence the simplified model given by (2.17) was used in previous elastic analyses
by ALFA [19, 15, 4] and [20]. The data used for the analysis presented here is of the smallest
reachable t-values, and is aimed to determine the values of σtot and ρ. The pure nuclear slope
region is contained in a second data set, which was also taken during the elastic physics pro-
gram run at a center-of-mass energy of 900 GeV.

Multiple models and their corresponding predictions for ρ and σtot are shown in Figure 2.10.
All models in here, with the exception of the bottom three in the legend, are calculated by the
COMPETE collaboration in 2002 [21]. The remaining three models are, in the order of their ap-
pearance in the legend: the best ranked COMPETE model modified by PDG [22], the AGNM
model [23] and the FMO model [24]. The FMO model differs from all other models since it is the
only model to includes a new exchange of a (quasi) particle called the Odderon. Furthermore,
LHC measurements of ρ and σtot by TOTEM [25, 26, 3] and ALFA [19, 15] are depicted with the
black and purple markers, respectively.

The measured value of the ρ parameter at
√
s = 7 TeV by the TOTEM collaboration has a too

large uncertainty and is therefore ambiguous. A deviating value of ρ emerges at
√
s = 8 TeV,

clearly visible in Figure 2.10. The latest values of σtot and ρ released by the TOTEM collabora-
tion for the center-of-mass energy of

√
s = 13 TeV are shown on the furthest right in both graphs.

Despite the fact that the value of σtot is in good agreement with the standard best COMPETE
prediction, the value of the ρ parameter is in strong disagreement with the COMPETE predic-
tion and confirms the tendency of a decreasing value of ρ [24].
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Figure 2.10: This figure shows multiple models and their corresponding predictions for the
values of ρ and σtot [20]. Left: The value of ρ as a function of the center-of-mass energy. Right:
The value of σtot as a function of the center-of-mass energy.

The ρ parameter is related to the total cross section by dispersion relations and the measurement
of ρ gives insight in the behaviour of the total cross section with energy evolution. A lower value
of ρmight indicate a slow down of the rise of the total cross section with energy. Under the tradi-
tional assumptions by the Regge theory, at high enough energy the particle-particle cross section
becomes asymptotically equal to the particle-antiparticle cross section, assured by the inclusion
of the Pomeron trajectory.

Figure 2.11: Pomeron exchange. Figure 2.12: Odderon exchange.

Models have traditionally only included an even number of gluons exchanged between protons.
The Froissaron and Maximal Odderon (FMO) model is an example of a model including the
Odderon [24]. The Odderon is an additional (quasi) particle to the Pomeron, that is exchanged
during the interactions between protons. The Odderon has been rediscovered in QCD, but also
in approximations such as the Color Glass Condensate (CGC) scheme and in the dipole picute.
Where the Pomeron takes account for the exchange of compositions containing an even number
of gluons, the Odderon does account for the exchange of odd numbered compositions of gluons.
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2.3. Elastic Scattering

That there have not been earlier strong indications of the existence of the Odderon comes
from differences between particle-particle and particle-antiparticle at high energies. However,
at highest energies there are currently no pp and pp colliders running at the same energy and
furthermore it is only with the LHC that the experiments started to probe the high energy re-
gion. The result from TOTEM is therefore of high relevance in the study of this phenomenon. In
their paper the authors have refitted all data available for the σtot and ρ and found that no single
COMPETE model is able to describe the latest data. They have found that their model including
the maximal Odderon, a particular case of the Odderon, leads to a satisfactory fit value [24]. The
phase ρ of the elastic scattering amplitude described by the best COMPETE fit and FMO model
are shown in Figure 2.13 for both pp and pp interactions.

Figure 2.13: The phase ρ of the elastic scattering amplitude, predicted by the FMO model and
with the best COMPETE fit for comparison. Only TOTEM data was used for this study [24].
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2.4 The 900 GeV Physics Case

The elastic pp scattering physics program in LHC era has provided precise measurements of the
ρ parameter and total cross section in a new energy regime. Results from 8 and 13 TeV show
strong indications that the high energy physics community is confronted with possible new
phenomena. These new possible phenomena related to the value of the ρ parameter have been
discussed in the previous section, and are [27] :

1. A slow down of the rise of the total cross section with energy

2. The exchange of a 3 gluon compound in elastic scattering

These two effects, the cross section saturation and the odd gluon exchange could both be present
without being mutually exclusive [3]. The first can be calculated via dispersion relations and
the second implies new models that incorporate the exchange of a new (quasi) particle. There
are several theoretical models and they each provide predictions for the evolution of ρ as a
function of the center-of-mass energy. These models all predict the lower ρ value than what was
previously anticipated by traditional models of the pre-LHC era. Moreover, the evolution of ρ
at lower energies is also modified by these new models. It is in the zone near 900 GeV where
a precise measurement of the ρ parameter can contribute strongly to separate between the two
scenarios. At 900 GeV, the new models foresee different values for the ρ parameter that do not
match the pre-LHC prediction, whereas a slow down of the rise of the total cross section would
not modify the value of the ρ parameter compared to the pre-LHC prediction.
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Chapter 3

The Large Hadron Collider

Both experiments presented in this work are installed at the LHC, currently the largest and most
energetic particle accelerator in the world. The LHC accelerator forms an important part of
the experimental setup as provider of particle collisions. Up to this point the accelerator has
brought protons in collision at various center-of-mass energies with 13 TeV being the highest
accomplished energy. During the second long shutdown period (LS2) the machine and exper-
iments are prepared for operation of pp at the design energy of 14 TeV. Control of the particle
beam inside the accelerator is essential for the success of the dedicated elastic physics experi-
ment. In this section the relevant factors for the elastic analysis on the LHC are described. A
brief introduction to the accelerator complex and in particular the LHC are given. The collima-
tion has a large impact on the elastic measurements and its schemes are introduced here. Unless
otherwise stated, the presented information in this chapter is obtained from [28] and [29].

3.1 The CERN accelerator complex

Located at the border between France and Switzerland, the CERN accelerator complex has grad-
ually evolved since the establishment of the organisation in 1954. Over the course of time, new
and more energetic accelerators have been build to always keep exploring the forefront of par-
ticle physics. These accelerators have successfully contributed to several breakthroughs in the
field. On its way CERN’s accelerator complex has developed to more than a facilitator restraint
to the experiments conducted at the energy frontier. A complete overview of the accelerator
complex as it was during LHC Run 2 (2015-2018) is shown in Figure 3.1.

The injection chain into the LHC starts with the injection of hydrogen gas into a metal cylinder.
An electric field ionizes the hydrogen and then the protons are sent into the Radio Frequency
Quadrupole (RFQ). The RFQ is the first part of the linear accelerator (LINAC) 2 that bunches,
focuses and accelerates the continuous stream of protons by using radio frequency fields only
[30]. The bunches are then sent into a linear succession of Radio Frequency (RF) cavities accel-
erates the protons to 50 MeV. They then enter the first circular and smallest synchrotron of the
accelerator chain, the Proton Synchrotron Booster (PSB), increasing the beam energy up to 1.4
GeV. The Proton Synchrotron (PS) accelerates further to 25 GeV and in the Super Proton Syn-
chrotron (SPS) the beam reaches 450 GeV, the injection energy of the LHC. Up to the SPS the
protons circulate in one direction only. Injection into the two rings of the LHC is done at two
different positions and in opposite direction with respect to each other.

23
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Figure 3.1: The CERN accelerator complex [31].
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Figure 3.2: Overview of the octants of the LHC [28].

3.2 LHC

The LHC is housed in a circular underground tunnel with a circumference of 27 km that lies
between 50 to 175 m beneath the surface. The LHC accelerates and collides the two counter
rotating beams, beam 1 clockwise and beam 2 anticlockwise. The 50 mm diameter beam pipes
contain an ultra high vacuum of 10−10 to 10−11 mbar to reduce the likelihood of protons inter-
acting with gas molecules. The ring consists of 8 insertion regions (IR) interleaved with 8 arcs,
which together form octants, shown in Figure 3.2. An octant starts at the heart of an arc and con-
tinuous until the centre of the next arc, with in the middle one insertion. The insertion consists
of one full straight section of approximately 528 m with on each side a dispersion suppressor. In
the middle of the insertion is the insertion point (IP), the number following the octant number-
ing. In 4 of those points the beams are exchanged from the inner to the outer ring or oppositely.
These insertions points where beams are brought into collision are also called interaction points
(IPs). The interaction points are IP1, IP2, IP5 and IP8. The four IPs are depicted in Figure 3.2
with blue stars and are home to the following experiments: ATLAS, ALICE, CMS and LHCb. At
insertions 2 and 8, beams are injected from the SPS into the outer ring. The 16 RF cavities form
the accelerator system at insertion 4. Cleaning is done at insertions 3 and 7 using collimation
systems. Insertion 6 contains the beam dump system. An arc contains superconducting dipoles,
quadrapoles, sextupoles and decapoles.

The accelerator mainly has two purposes: to increase the particles energy and to govern the
particles direction. An electric field is used in the RF cavities to accelerate the particles. The
dipole magnets are used to bend the beam around the arcs and the higher order magnets are
used for focusing and correcting the beams. A particle with carrying a net charge and moving in
an electric or magnetic field experiences a Lorentz force. The force is proportional to the particles
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Figure 3.3: The principle behind the RF cavities with the two energy regimes for which the slip
factor determines how the phase of the electric field should be set [20]. The synchronous particle
is depicted by the green dots, the asynchronous low energy particle with the red dots and the
asynchronous (ultra) relativistic particle with the blue dots.

charge q, its velocity v and the electric and magnetic field strengths E and B:

F = q(E + v×B). (3.1)

The acceleration of the protons is done using an oscillating electric field in the direction of the
beam. The cavities of the accelerator system operate at a radio frequency of about 400 MHz.
During acceleration the phase of the oscillation is adjusted until the desired energy is reached,
which for the special physics run is 450 GeV per proton. This is the energy that is reached by SPS
in order to inject the bunches into the LHC. A particle that carries the right energy will always
hit the electric field in the same phase. Such a particle is synchronous and receives an equal
kick every pass by of the RF system. A synchronous particle is depicted with the green color in
Figure 3.3. Since there are many particles contained in the bunches, they will have a certain en-
ergy spread and therefore partly hit the electric field in a different phase than the synchronous
particle. During the acceleration of a particle there are two energy regimes to distinguish for
which the phase needs to be adjusted in order to deal properly with the asynchronous parti-
cle. The effect of having too low (high) energy for the two energy regimes leads to an opposite
change in the revolution frequency. Initially a momentum increase mainly leads to a velocity in-
crease, hence the revolution frequency increases. When dealing with a (ultra) relativistic particle
a momentum increase mainly leads to a circumference increase, hence the revolution frequency
decreases [32]. The two cases are depicted in Figure 3.3, the former with the red colored dot and
the latter with the blue colored dot. For low energy, a particle carrying too much (low) energy
will arrive early (late) and receive a smaller (larger) kick, seen on the left-hand (right-hand) in
red. A high energies this is inversed and a particle containing too much (few) energy will arrive
too late (early) and receive a smaller (larger) kick, seen on the left-hand (right-hand) in blue. The
phase should therefore be adjusted according to the regime, such that the particles will either
face the rising or the falling side of the oscillating electric field. In this way balancing around a
certain energy takes place and such that the bunch structure remains intact.

The 27 km ring is for the most part filled with 1232 superconductive dipole magnets to bent the
beams around the LHC circumference, see Figure 3.4. They are complemented by many thou-
sands of higher order magnets with other functions, including insertion, focusing and correction
of the beams. Superfluid helium is used to cool the magnets down to 1.9 K to become supercon-
ductive, this allows to them to be operated at a current of 11850 A to produce a field of 8.3 T. The
magnet are monitored with the quench protection system since the superconducting state of the
material is so critically dependent on the temperature. Heat entering the magnet system can be
caused by many origins, including beam related energy release such as synchrotron radiation
or beam-gas scattering [34]. Another source that the accelerator equipment should be protected
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Figure 3.4: Picture of the LHC tunnel with an illustration of a cut out of a superconducting
dipole in which the twin aperture inside the cryostat is visible [33].

against is beam halo. These are particles that are too far out from the main trajectory, further-
more they form part of the background in the experiments.

A collimation system at IR3 and IR7 protects against regular and irregular beam losses. Collima-
tion affects the background noise observed in the experiments and managing this is key to the
realization of the experiment. Especially for the 900 GeV physics case, prior to the experiment a
series of tests were done to optimize the collimation schemes. Because of the importance of the
collimation scheme to the total feasibility of the experiment, these will be discussed separately
in Section 3.6.

3.3 Luminosity

The presented information in this section is obtained from [35]. In an experiment the beam
energy sets the window to which physical processes can be reached and the luminosity is the
scaling factor of the production cross section to an event rate. The cross section has the dimen-
sions of area and can in fact be thought of as being an effective cross sectional area. The cross
section is the probability that an interaction between two particles will occur. All the fundamen-
tal physics is contained in the cross section. Measurement of a cross section at the experiments
requires the luminosity to be determined accurately since it is often the dominating source of
uncertainty. For a fixed target experiment the luminosity can be decomposed into the number
of target particles contained in a surface area perpendicular to the beam (ntarget) and the rate at
which a beam passes through this area, the flux (nbeamv) :

L = nbeamv · ntarget. (3.2)

An example of this is the LHCb experiment that during special physics runs can run as a fixed
target experiment by using a SMOG internal gas as target [36]. The flux tells how much the
target area is illuminated, together with the number of target particles it sets the luminosity. The
luminosity carries the units cm−2 s−1. For colliding beams the formula looks slightly different :

L = fnb
n1n2

4πσxσy
. (3.3)
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This is for a storage ring in which 2 beams continuously cross each other. The beams circulate
with a revolution frequency, f , having a number of colliding bunches, nb, and the number of
particles contained in these bunches for beam 1 and 2, n1 and n2, respectively. This formula
assumes Gaussian beam profiles in the transverse plane and head on collisions. In reality there
are additional effects to be taken into account such as: non-Gaussian beam profiles, hourglass
effect and the crossing-angle. The luminosity or rather the instantaneous luminosity is part of
the design of a particle collider and together with the cross section of a given process it sets the
experiment’s production rate :

R = L · σ. (3.4)

Hence, the rate at which events of interest occur is depending on the instantaneous luminosity
of the machine. The sizes of the beams σx/σx are therefore minimized at the interaction point.
The sizes of the beam can be controlled through β∗ and therefore, for experiments where high
luminosity is desired the LHC is set with low β∗. The emittance is inversely proportional to
the energy of the beam. Together, the emittance and β set the beam size by relation (3.13). For
elastic data taking at 900 GeV the emittance and hence the beam size are rather larger compared
to normal runs at the energy frontier. To determine to the total amount of events produced over
a certain time period, the integrated luminosity is used. For a particular process, the relation
between the total number of occurred events, N , integrated luminosity, L and the cross section,
σ, is then given by:

N = L · σ. (3.5)

The integrated luminosity is the instantaneous luminosity integrated over time. It tells the ex-
periments the amount of events that are or can be collected in a given time period. Inversely it
is used to determine the production cross section, given the process of interest.

3.4 Beam Dynamics

Unless otherwise stated, the presented information in this section is obtained from [4, 11] and
[37]. The storage of particles is characterized by dipole magnets bending the beams along a
closed orbit and focusing magnets to keep the particles close together. In order to describe
the transverse beam dynamics one needs to know the arrangement of the machine’s magnets,
including their positions and field strengths along the ring. With a well defined description
one can find trajectories of the particles as well as the dimensions of the beam. To describe
the transverse motion of a particle we use a co-moving coordinate system (x,y,s). The x -axis
pointing towards the center of the LHC, the y-axis pointing vertically upwards and the s-axis
moving longitudinally along the ring in counterclockwise direction. The ideal particle perfectly
follows the circle, any other particle will oscillate in the tranverse plane by the focusing field,
the amplitude of these oscillations will dictate the beam size [37]. The following derivation of
the transverse equation of motion holds as a first order linear approximation. The following
differential needs to be solved, called the Hill’s equation :

du2(s)

ds2
+K(s)u(s) = 0, with boundary condition K(s+ L) = K(s). (3.6)

Since the motion in the two planes is uncoupled, the equation holds both in the x and y direction
separately, represented by the coordinate u. The quadrapole gradient and the weak focusing
effect (only in the x -plane) is parameterized by K(s), L is the circumference of the LHC and
hence after one full turn the lattice of magnets will repeat itself. The real part of the solution to
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(3.6) can be given by the expression for a pseudo-harmonic oscillator :

u(s) =
√
εβ(s) cos(Ψ(s)−Ψ(0)), Ψ(s) ≡

∫ s

0

ds

β(s)
, (3.7)

in which Ψ is the phase of the oscillation, the initial condition given by Ψ(0) and the phase
advance by Ψ(s). One recognizes the cosinus term as the oscillating part and its amplitude is
given by

√
εβ(s). The number of oscillations per turn is called the tune, Q, and should not be a

half integer of integer value to prevent constructing interference to happen caused by magnetic
imperfections [32]. The ε is the emittance of the beam and the β(s) describes the oscillations
for particles that are off the design trajectory, called betatron oscillations, under the influence of
focusing and defocusing fields along the ring. The local angle of the oscillation with the respect
to the longitudinal direction is given by :

u′(s) = −
√

ε

β(s)
[sin Ψ(s)−Ψ(0) + α(s) cos(Ψ(s)−Ψ(0))], α = −β(s)′

2
. (3.8)

This is called the divergence of the beam and it is of importance for elastic scattering as it influ-
ences the elastic scattering angle that is measured by ALFA. As depiction of an elastic interaction
we can use the following convention for which s = 0 and Ψ(0) = 0 at the interaction point. Addi-
tionally the following short hand notations are used : u(0) = u∗, u′(0) = u′∗, β(0) = β∗, α(0) = α∗,
α(s) = α, β(s) = β, Ψ(s) = Ψ and Mu(s) = Mu. Including momentum loss and momentum
dispersion together with (3.7) and (3.8), we can rewrite the solution to Hill’s equation in the
following form :  u(s)

u′(s)
∆p/p

 = Mu

 u∗(s)u′∗(s)
∆p∗/p

 ,

Mu =


√

β
β∗(cosψ + α∗ sinψ)

√
ββ∗ sinψ Du

1√
ββ∗ [(αs − α) cos Ψ− (1 + αα∗) sin Ψ]

√
β∗

β (cos Ψ− α sin Ψ) D∗u
0 0 1

 . (3.9)

For the elastic interaction there is no momentum loss (∆p∗ = 0, hence the last entry of the column
vanishes. The dispersion only acts on the intrinsic energy smearing of the beam, which is in the
order of 10−4 rad and can thus be neglected [11]. The third column of the matrix containing
the dispersion terms Du and D∗u is therefore irrelevant, leading to a simplified depiction of the
kinematics :

Mu =

 √
β
β∗(cosψ + α∗ sinψ)

√
ββ∗ sinψ

1√
ββ∗ [(αs − α) cos Ψ− (1 + αα∗) sin Ψ]

√
β∗

β (cos Ψ− α sin Ψ)

 =

[
M11 M12

M21 M22

]
. (3.10)

The parameters in (3.10) can therefore be used with the measured coordinates at ALFA to re-
construct the scattering angle at the interaction point. The set of parameters in this equation
are commonly referred to as the optics. The term optics originating from similarity of the the
effect of the magnets on the beam and optical lenses controlling light. Thus, given the optics, the
measured position at ALFA can be expressed as a linear combination of the transverse position
and the transverse angle at the point of collision, u∗ and u′∗ :

u = Mu,11u
∗ +Mu,12u

′∗.
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Two protons that make an elastic interaction share the interaction point and the magnitude of the
angle, being oppositely oriented, one can subtract the coordinates measured at the right-hand
side from the left-hand side of the interaction point to find the scattering angle :

uL − uR = 2Mu,12 · u′∗ ⇔ u′∗ =
uL − uR

2
√
ββ∗ sinψ

. (3.11)

Finding the scattering in both planes together with the momentum of the particles allows to
reconstruct the t value. Reconstruction methods and their resolution forms are further discussed
in Section 9.2. The

√
ββ∗ sinψ is the effective lever arm, Leff , and is optimized for the vertical

direction to enhance the sensitivity to the value of t in this plane. During elastic physics data
taking the optics are put such that the phase advance, ψ, between the interaction point and
the ALFA detectors equals π/2 and that the divergence at the interaction point is very small,
α∗ ≈ 0. This configuration is called parallel-to-point optics. With the magnets it is not possible to
have simultaneous parallel-to-point optics in both planes, since the beams are approached from
above and below at the ALFA stations, resulting in a detector layout for which optimizing to the
vertical plane is most advantageous.

3.5 Emittance

Unless otherwise stated, the presented information in this section is obtained from [4, 11] and
[37]. Under the influence of focusing and defocusing elements along the storage ring, a particle
starts to oscillate around the design trajectory. At every point of the ring, s, it appears with differ-
ent coordinates in (u, u′) space during every turn, mapping out an ellipse over many turns. The
many ellipses along the ring are all different. Using (3.7) and (3.8) one can derive the following
expression for the integration constant ε :

γu+ 2αuu′ + βu′2 = ε, (3.12)

here γ = 1+α2

β is used. Expression (3.12) describes the ellipses and are referred to as Courant-
Snyder invariant, since the emittance is a constant with respect to position s. Thus, the inte-
gration constant, ε, is a characteristic which describes the phase space occupied by a particles
trajectory. The physical meaning is found through the area mapped out by the ellipse, given
by πε. Even though the ellipses look different at each position s at the ring, the area covered
in (u, u′) phase space and therefore the emittance, remains invariant. Having a look at the ex-
tremes, the relative scale of the oscillations is given by β, whereas the absolute scale is set by the
emittance :

umax =
√
εβ and u′max =

√
εγ. (3.13)

From (3.13), it can be seen that for a given emittance β can be either minimized to obtain a small
beam spot or maximized to obtain a small divergence.

The emittance is through its relation to the phase space of a particles trajectory considered as
a quality factor. A large area in (u, u′) space means large amplitudes and angles of transverse
motion, which would be considered as low quality. Provided that only conservative forces are
acting on the particle, Louiville’s theorem states that the area mapped out is constant. The emit-
tance is therefore a property of the beam which can not be changed by external fields, such as the
optics of the LHC. However, other non-conservative forces such as interaction between particles
in a beam, collisions with beam gas and radiation affects can affect the emittance. Acceleration
will decrease the emittance since u′ is inversely proportional to the particles momentum. For a
beam, an ensemble of particles, the normalized emittance refers to beam size. The transverse
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particle distribution is measured and the value
√
ε · β(s) defines the area in (u, u′) space that

contains one sigma, one Gaussian standard deviation, of the beam particles :

εn = βγε, with β =
β

c
and γ =

1√
1− β2

=
Ebeam
mp

. (3.14)

The emittance is measured in the LHC by using wire scans and beam-spot-radiation telescopes
and will be explained in Section 3.7. The special physics run at the energy of 450 GeV had a
normalised emittance of around 1-2 µm in both transverse planes. The elastic physics program
was conducted with β∗ of 50/100 m in x/y plane. With parallel-to-point optics, Ψ = π/2 and
α∗ ≈ 0, and substituting u′ back by θ, we can rewrite (3.11) to :

y =
√
ββ∗θ∗y. (3.15)

From (3.15) and (3.18) one can notice that the large value of β∗ gives access to smaller t values,
since it enlarges the y-coordinate at the ALFA detectors. A large value of β∗ thus enhances
sensitivity to the CNI and Coulomb region of the elastic differential cross section. Assuming
now for the moment that the elastic scattering only takes place in the vertical plane, by using
(2.6) one finds :

−tmin = (pθ∗min)2 =
p2y2

min
ββ∗

. (3.16)

The smallest obtainable y-value by the ALFA detectors is given by a multiple, n, of the beam
size :

ymin = n ·
√
εβ. (3.17)

For this elastic physics run, n was equal to 3 with a beam size, σ estimated at 1.5 mm. This
means that the Roman Pots, introduced in Section 5.2.5, go into the vacuum pipe with approx-
imately 9 mm opening between the upper and lower edge. Expression (3.16) can be written in
the following form :

−tmin = n2 p
2ε

β∗
. (3.18)

Using the definition presented in (3.14), the emittance ε can replaced by the normalized emit-
tance εn divided by the Lorentz factor γ (β is approximately 1) to the find the final expression of
the smallest reachable -t value :

−tmin = n2 p
2εn
β∗γ

. (3.19)

The normalized emittance εn at the beginning of the analyzed ATLAS run was about 1.0 µm, see
Section 9.4.2. The γ factor for the 900 GeV campaign is 480. Filling in these numbers, one can
estimate the smallest t value:

−tmin ≈ 32 · 4502 · 1.5 · 10−6

100 · 480
≈ 3.8 · 10−5 GeV2. (3.20)

For the 900 GeV physics campaign the smallest reachable t-value is approximately around
3.8·10−5 GeV2. In the experimental setup this value was found to be higher. The reason this
is that the active material of the detectors is not directly present at the Roman Pot edge. They
are thus placed further out, resulting in higher t-values. From simulation studies prior to the
campaign it was known that the acceptance of events by ALFA would become significant from
about ·10−4 GeV2. This is still well into the Coulomb region, shown in Figure 2.8. The acceptance
of ALFA is discussed in more detail in Section 9.4.1.
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3.6 Collimation

The LHC rings each contain a stored beam energy that is potentially highly destructive to the
aperture. Especially the superconducting magnets of the LHC can go into transition and loose
its superconducting property if only small amounts of the stored energy are released into the
magnet. The loss of significant amounts of off-orbit protons must therefore be avoided and sup-
pressed as much as possible. One can not completely prevent the occurrence of beam losses,
since primary beam halo will continuously repopulate under various beam dynamics processes.
As explained earlier, the particles in the bunches undergo various interactions which leads to a
growth of the beam size. Together these processes result in a unavoidable finite lifetime of the
beam.

A robust collimation system is required for careful handling of the high beam intensities. Around
the LHC, collimators are installed at seven out of eight insertion regions at optimal positions
and at various transverse angles, see Figure 3.5 and Table 3.1. The used abbreviations are the
following, all starting with a ’T’ for target. The collimator primary (TCP), collimator secondary
(TCSG), collimator long active absorber (TCLA), collimator tertiary (TCT) and collimator dump
quadrupole (TCDQ). They can be oriented to scrape the beam horizontally (H), vertically (V)
and skew (S). The material is either carbon (C), carbon fibre composite (CFC), tungsten (W) or
cupper (Cu).

There are two main locations, IR3 and IR5, at which a series of collimators are placed called
’warm insertion regions’. The collimation system should, among other things, provide efficient
cleaning of beam halo, minimize halo-induced backgrounds in the experiments, scraping of
beam tails and diagnostics of halo population. The collimators are the closest elements to the
beams and can trigger a beam dump in case of a potential dangerous situation. It consists of
two movable jaws that approach each other to constrain the beam halo. They are enclosed in a
vacuum tank that can be rotated in the transverse plane to enable effective interception of beam
halo in either horizontal (H) , vertical (V) or skew (S) orientation. Most of the LHC collima-
tors contain pairs of 1 meter long jaws which can leave an operational gap as small as 2.1 mm.
To reduce the population of halo particles multi-stage cleaning is performed using a setup of
primary, secondary and tertiary collimators with additional absorbers. Single-stage collimation
would result in too high rates of products, inducing a quench of the superconducting magnets.
Beam cleaning is done by primary and secondary collimators made out of a carbon-fibre com-
posite (CFC), additional tungsten (W) absorbers provide downstream protection [38].

For elastic physics the setup of the collimators is crucial to the conditions under which data
can be taken, since it affects the level of irreducible beam-induced background. The rate along
with the spatial distribution of the background ultimately decides whether the elastic signal can
be sufficiently extracted for analysis purposes. Special settings of the collimation system were
critical for the feasibility of the unusual conditions of the 900 GeV elastic physics program. An
appropriate collimation scheme had to be found to achieve successful data taking, for which the
Collimation Working Group (CWG), in close collaboration with the experiments, was respon-
sible. The preparation and final setup of the collimation system is discussed in more detail in
Section 8.4 as part of the data taking conditions.
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Figure 3.5: Schematic overview of the collimation system around the LHC ring [39].

Functionality Name Plane Number Material
Primary IR3 TCP H 1 CFC
Secondary IR3 TCSG H 4 CFC
Absorbers IR3 TLCA H/V 4 W
Primary IR7 TCP H/V/S 3 CFC
Secondary IR7 TCSG H/V/S 11 CFC
Absorbers IR7 TLCA H/V 5 W
Tertiary IR1/2/5/8 TCT H/V 8 W
Physics abs. IR1/5 TCL H 2 Cu
Dump Protection IR6 TCSG H 1 CFC

TCDQ H 1 C

Table 3.1: List of LHC collimators, per beam pipe. The material is either carbon (C), carbon fibre
composite (CFC), tungsten (W) or cupper (Cu). (Injection collimators are not listed) [39]
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3.7 Selected LHC Beam Instrumentation

The operation of the accelerator is supported and maintained by various types of instruments
of which a part are involved in measuring beam properties. For elastic physics in particular,
the measurements of the emittance by the wire scanners and Beam Synchrotron Radiation Tele-
scopes (BSRTs) since they form an important input in the simulation of the elastic signal. These
two types of instruments are introduced here and are their measurements are further discussed
in Section 9.4.2. Beam loss monitors are used for measuring beam losses that might be of poten-
tial danger to the machine. They will be described in the following section since they are also
specially used for the positioning of the detectors with respect to the beam. Unless otherwise
stated, the presented information in the following sections is obtained from [29, 40] and [41].

3.7.1 Beam Loss Monitors

The beam loss measurement system is part of the LHC machine protection. Its main function is
to protect against potential damage caused by energy deposition from lost beam protons, since
the repair of a superconducting magnet would mean a down time of weeks [42]. For the LHC,
ionization chambers are used that are cylindrical in shape and have a sensitive volume of 1.5 l.
The detector is about 50 cm long and has a diameter of 9 cm. The ionization chamber contains
parallel aluminum electrode plates and is filled up with N2 at 100 mbar overpressure. These are
contained in yellow insulated tubes and mounted on possible loss locations.

The positioning of the ionization chambers are on the outside of the magnets or near the col-
limators. Additionaly, they are used for the beam based aligned procedure of the ALFA roman
pots, as will be further explained in Section 8.1. The potential damage locations are addressed
by particle tracking and particle shower simulations. For the LHC, one such location of losses
of off-orbit protons is the transition between a quadrapole and bending magnet. A beam loss
monitor near the transition of the quadrapole and bending magnet is shown in Figure 3.6. Lim-
its on timing response of the beam loss measurement system is mainly set by the quench levels
of the dipole magnets. The timing resolution of the system on the quadrapole section is 2.5 ms,
whereas for the collimation section it is 89 µs, the equivalent of 1 beam revolution.

Figure 3.6: Yellow BLMs on a quadrapole magnet [42].
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3.7.2 Wire Scanner

The emittance of the beam can not be directly measured and should be determined through the
transverse beam size. The two methods of measuring the transverse profile that are of relevance
for the elastic signal simulation used in this work will be briefly explained. The wire scanner
is used to measure the beam profile at low beam intensity over the whole energy range of the
LHC and is used as a calibration apparatus for other beam profile monitors. There are two sets
of four wire scanners installed at the LHC, one set at IR4 and one spare set at IR5, at which there
is one wire scanner for each beam and plane. The measurements of the wire scanners at IR4 are
used in this work as they provide the calibration of the Beam Synchrotron Radiation Telescope
(BSRT) located 20 meter upstream of magnet D2.

Figure 3.7: Wire scanner used in PS and Booster [43].

The wire scanner consists of carbon wire that is attached at the end of a movable fork. The
measurement of the transverse beam profile is done by scanning the beam by a linear movement
of the wire through the beam. The speed at which the wire crosses the beam is kept at a constant
1 m/s. The wire scanner makes two scans per measurement, one for the in and one for the
out movement of the wire. It gives the transverse profile for each bunch, for which several
passages of the bunch are required. The principle of the wire scanner is the measurement of
secondary particle particles that are emitted when the wire crosses the beam and are measured
by scintillator placed outside the beam pipe. The signal it transported to a PhotoMultiplier Tube
(PMT), of which the output current together with the wire position is used to reconstruct the
transverse profile.

ε =
σ2

β
. (3.21)

The obtained profiles are typically Gaussian, the obtained distribution are therefore fitted with a
Gauss function. The calculated width of the beam, the beam size σ, can then used to extract the
emittance. In dispersion free regions one can infer the emittance through the following relation
between the beam size and beta function, as given in (3.21) [44].
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3.7.3 Beam Synchrotron Radiation Telescope

On each side of IP4 there is a synchrotron light monitor installed, one for each beam. Syn-
chrotron light is produced by either the D2 dipole magnet or a superconducting undulator, de-
pending on the energy of the beam. At the injection energy of 450 GeV, the dipole does not
provide sufficient amounts of visible light and the synchrotron radiation has to be intensified by
the superconducting undulator that is installed right before the dipole. An undulator is made
up of a periodic magnetic structure that is used to produce quasi-monochromatic synchrotron
radiation [45]. The undulator can only be actively used up to a beam energy of 2 TeV, above
the wavelength of the synchrotron light does no longer peak in the visible range [40, 46]. In
the drift space to the next magnet the light diverges from the beam and with the use of an ex-
traction mirror it is passed trough a vacuum viewport to the optics outside the aperture. Here,
2-dimensional transverse images are taken with a camera. During the ramp up of the energy,
the optics can be adjusted to the source of the radiation, undulator or dipole [40].

σ =
√
σ2

bsrt − σ2
corr. (3.22)

The BSRTs continuously measure transverse profiles per bunch and need to be calibrated with
wire scanners. The 2-dimensional beam images can make beam tilt visible. The BSRT camera
measures only actively in the visible range of 400 to 700 nm. Similar to the wire scanners a
Guassian fit can be used to extract the transverse beam size in both directions, but due to intrin-
sic calibration limitations the values need to be corrected with a calibration factor σcorr to be in
agreement with the measurement of the wire scanner, see (3.22).
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Chapter 4

Scintillating Fibres in High Energy
Physics

The scope of this thesis is formed around work related to the commissioning, operation and
analysis of two fibre trackers, to be introduced in the next chapters. The active material of these
detectors is formed by plastic scintillating fibres. In this chapter the scintillation principle along
with properties of scintillation materials are briefly introduced. The scintillation mechanism in
plastic scintillators and total internal reflection for scintillating fibres are explained. Attenuation
length measurements as part of quality assurance for fibres of the LHCb SciFi detector lead to an
systematic error study, the reader is pointed to the extensive report following up on the study.
Unless otherwise stated, the presented information in this chapter is obtained from [47].

4.1 Scintillators

In organic scintillating materials a fraction of the energy loss of traversing particles is converted
into light. The scintillating phenomenon is also called luminescence and the underlying phe-
nomenon is fluorescence in which absorption of energy in material is followed by a fast re-
emission of light, within typical decay times of the range of 1 to 10 ns. The wavelength of the
emitted photons is within or near the visible spectrum. The emitted light can be detected using
photo sensors that convert the light into an electronic pulse. In general the scintillation principle
is widely used for particle detection purposes since it provides a fast response time, it can be
operated such that the electronic pulse is proportional the deposited energy and is very inex-
pensive compared to the covered area. The ideal scintillation material used for trackers should
possess, amongst other things, the following characteristics :

• High efficiency for the conversion of energy into detectable light

• Proportionality of the light response to the deposited energy

• Transparency to its own wavelength in order to obtain sufficient light collection at the light
sensor

• Short decay time to achieve fast response and thereby high pulse rates

The selection of scintillation material to be used has to be matched to the purpose of the detector
as no material simultaneously incorporates all these properties perfectly. The various materi-
als that can be used as scintillators are organic plastics and liquids, inorganic crystals, gaseous
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scintillators and glasses [48]. Gaseous scintillators are generally noble gases in which individual
atoms are excited followed by the emission of light upon relaxation to their ground state. Glass
scintillators are generally used for the detection of thermal neutrons due to the large neutron
cross section of the constituents lithium and boron. They are very robust and can be used in
extreme environmental conditions. For inorganic crystals, the scintillation mechanism depends
on the band structure of the crystal. The electrons are promoted from the valence to the conduc-
tion band and fall back under the emittance of light. The organic scintillation mechanism will
be explained in more detail in the following section.

4.1.1 Organic Scintillation

The majority of organic scintillators are based on aromatic hydrocarbon molecules, these are
molecules that contain carbon atoms forming circular structures called benzene rings. The rings
are named after the benzene molecule, the simplest aromatic hydrocarbon: a single ring made
out of 6 carbon and 6 hydrogen atoms. These are formed through covalent bonds between the
respective atoms in which the electrons are not bound to a particular atom by forming molecu-
lar σ- and π-orbitals. The π electrons are delocalized and together with the conjugated double
bonds of the unsaturated carbon atoms in the benzene rings, they are of importance to the scin-
tillation properties [49]. Opposed to inorganic crystals, the fluorescence in organic scintillators
is of molecular origin, the transitions of the electrons take place between energy levels within
the molecules. The fluorescence is therefore also independent of the physical state of the matter,
in contrast to inorganic crystals which require an orderly structured crystalline lattice.

Figure 4.1: Energy levels of an organic molecule with π orbital structure [50].

The energy levels of the π electrons are shown in Figure 4.1. The singlet states, spin 0, are labeled
with S0, S1 and S2, additionally a triplet state, spin 1, is labeled with T1. The energy spacing be-
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tween the ground state S0 and first excited state S1 is about 3 or 4 eV, the spacing between higher
excited states is smaller. Each of the energy levels can be further subdivided in finer energy lev-
els corresponding to vibrational states of the molecule. The ground state of the electrons is the
S0 state and upon energy absorption they can be excited to any of the excited states, depicted
by the blue arrows pointing upwards. This process occurs upon absorption of kinetic energy of
charged particles passing through the material. De-excitation of the higher singlet states to the
S1 state takes place through radiationless decay by giving up energy to their surroundings. This
process to loose excess vibrational energy is called relaxation and is of a rather fast timescale
in orders of picoseconds [51]. Vibrational relaxation and internal conversion are depicted by
the yellow arrows in the figure. As a consequence of energy absorption, the material contains a
population of excited S1 molecules within a negligible amount of time.

From the first exited state S1 prompt fluorescence occurs under emmission of light in the transi-
tion to one of the vibrational modes of the ground state. The process is indicated by the green
arrows pointing downwards. The prompt fluorescence intensity can be described by an expo-
nential decay in which the typical life time is in the order of nanoseconds. Additionally, under
the influence of the spin-orbit coupling the molecule may undergo intersystem crossing by un-
pairing the electron spins. This is a non-radiative process and as consequence the molecule is
converted into a triplet state. The life time of the T1 state is much longer, in the order of up
to milliseconds, since the return to the ground state is a forbidden decay. This relatively slow
process is called phosphorescence and is depicted by the dark red arrows pointing downwards.
Some of the T1 molecules may be thermally excited to the S1 state again, giving rise to a delayed
fluorescence component.

The emission energy of the fluorescence is smaller than the initial excitation energy of π elec-
trons. This can be seen from Figure 4.1, in which the y-axis represents the energy scale of the
orbital states. The arrows pointing upwards are larger then the one pointing downwards. This
has previously already been explained by the fact the molecules partly get rid of energy through
relaxation. The energy of the emitted photons under fluorescence is therefore smaller than the
initial energy gap of the ground state to the excited states. In organic scintillators there is only
little overlap between the absorption and emission spectra. Hence, the organic scintillator is
transparent to its own fluorescence with a wavelength around 300 nm. The difference between
the absorption and emission spectra is known as the Stokes shift and an illustration of this is
shown in Figure 4.2.

Organic crystals are hard to cut and its response might depend on its orientation. Organic scintil-
lators are therefore commonly dissolved in liquid or plastic materials with concentrations in the
order of 1% by weight [52]. In most solvents there is efficient energy transfer between molecules
and this is important since most of the absorbed energy is by the solvent. Through intramolec-
ular transfer the energy finds its way to the scintillation molecules that subsequently undergo
fluorescence. However, the light yield of organic scintillators remains low compared to other
scintillating materials. There is a variety of solvents and organic scintillants, and the use of these
binary organic scintillators provide another benefit, namely that the solvent can be loaded with
additives. An example of additional components are wavelength shifters that are added in low
concentrations of about 0.05% in weight [52]. Wavelength shifters absorb the light from the scin-
tillator and re-emit at longer wavelength. This shift in the emission spectrum can be beneficial to
better match the optical sensitivity of the photo sensor and enhance the transparency of the ma-
terial towards it own radiation. This last point is particularly useful for large detectors volumes,
for which liquid and plastic scintillators form attractive materials.
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Figure 4.2: Illustration of the Stokes shift for a typical organic
scintillator: difference in optical absorption and emission spectra [47].

4.1.2 Plastic Scintillators

Organic scintillators can be dissolved in a solvent which subsequently can be polymerized to
produce a solid solution. The styrene monomer is an example of a solvent in which an organic
scintillator, called fluor, can be dissolved. After this, the styrene is polymerized to form a solid
plastic. Plastic scintillator materials have good rise and decay times of the level of only ns and
few ns scales, respectively. Additionally, they are attractive since they can be shaped rather
easily in any desired form. Therefore, plastic scintillators are available in a large variety of sizes
and shapes. Since the material is relatively inexpensive, plastics are often attractive to use in
case large volumes need to be equipped. Degradation is of the material affects the light output
and hence the overall efficiency and usability of this type of plastic scintillators. In high energy
physics the main cause of degradation is often through exposure to high levels of radiation. The
degradation due to irradiation damage depends on a variety of variables such as the dose rate,
presence of oxygen and the nature of the radiation. A reduced light yield output can be caused
by direct damage of the scintillating component but is typically characterized by enhanced light
transmission losses by created absorption centers. The damage might be of temporary nature
and the material might show (partly) recovery over time windows that last from hours to days.
Plastic scintillators are also available as small diameter fibres, scintillating fibres, which can be
used when good spatial resolution of the position of traversing particles is required. Scintillating
fibres are the subject of the next section.

4.2 Plastic Scintillating Fibres

Plastic scintillation materials are fabricated as fibres with diameters ranging from as small as
tenths of a millimeters to several millimetres. The material is of rather ease use which enables for
production of round, square, hexogonal and other cross-sectional fibre shapes. Due to limited
energy deposition in small diameter fibres and relatively low scintillation efficiency, the light
yield output is moderate. A commonly used core material is made of polystyrene with added
dopants functioning as scintillator and wavelength shifter. Additionally, scintillation fibres may
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contain one or more claddings. Scintillation light originates in the core of the fibre where the
scintillator is present. The core is optically denser than the cladding(s) which is required for
the total internal reflection at the interfaces, by which the light is guided towards the end of the
fibres. Total internal reflection can be understood by exploiting Snell’s law, in case of incident
light crossing an interface to a medium with lower index of refraction, n. At increasing angle the
light will surpass the critical incident angle, resulting in total internal reflection:

sin ΘT =
ncladding

ncore
(4.1)

Only a small part of the light is successfully guided to the end of the fibre. To maximize the light
yield, sufficient concentrations of scintillator is usually added. At high enough concentrations
the distance between the polystyrene and the scintillator may be sufficiently small to sustain
energy transfer through non-radiative dipole-dipole coupling, called Förster transfer [53]. The
wavelength shifter enhances the light yield at the end of the fibre by increasing the wavelength
of the emitted light towards the more transparent part of the material and therefore the propa-
gated light becomes less prone to absorption along the fibre. However, the intensity of the scin-
tillation light is inevitably attenuated along propagation towards the fibre end. Amongst other
things, one can think of several affects such as imperfections at core-cladding interfaces that
disrupt total internal reflection, remaining overlap between emission and absorption spectra of
the scintillator and fibre material and production of absorption centres created by irradiation.
The combined affect of attenuation is an intrinsic property of the fibre and if referred to as the
attenuation length, forming the subject of Section 6.2.3. Photo sensors can be placed a both ends
of the fibre to have nearly coincidence pulses or only at one end. In the latter case the opposite
end of the fibre can be fabricated to create a mirror effect and reflect back and yield as much
light output as possible.

4.2.1 Attenuation Measurements and Natural Aging Studies

The production of the 12,000 km of fibre used for the SciFi tracker was done by Kuraray and
organised in three phases, namely a pre-series of 500 km, a main series of 10,500 km and 1,000
km spare series. This was delivered over time period of over three years, with batches arriving
at CERN weekly or bi-weekly. The batches consist of spools, with each typically 12,5 km of fibre
wound up around it. After arrival, samples from all fibres delivered by Kuraray underwent
a quality assurance procedure. Part of the quality assurance was to determine the attenuation
length and has been reported on by collaborators in [54]. The author has not participated in any
of the activities. A detailed introduction on the fibre and its attenuation length properties can be
found in Sections 6.2.2 and 6.2.3.

At the end of their lifetime after 10 years of operation, the fibres will reach a foreseen age of
up to 14 years since their production date. A small aging rate of a near percent level per year
might thus significantly impacts the performance of the detector. Natural aging might appear
due to diffusion of small molecules and oxidation of the material, which are temperature and
oxygen dependent effects [54]. To gather information on degradation of the fibre attenuation
measurements have been carried out and collected since the first deliveries in 2015, batches
were re-measured approximately every 3 to 5 months.
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In [54], the obtained results from various batches are shown in combined plots for which the
aging time is taken with respect to the delivery date. The production date was assumed to be
1-2 months prior to delivery. In general the results show that the behaviour of up to 15 months
is unambiguous. Initially, fibres of an initial short attenuation length even tend to improve,
which after approximately 15 months also tend to degrade similar to the fibres with an initial
long attenuation length. The improvement in attenuation of smaller initial attenuation length is
not fully understood. From 15 months onward, the combined result of batches shows a small
overall degradation in attenuation length, which to first approximation is taken linear with an
aging rate of 1.4% per year.

In order to quantify the attenuation length for the delivered batches and by that verify the qual-
ity, the used setup has been adequate. In respect of the presented aging studies one should,
however, be cautious with drawing conclusions. Subject to the above, one might think of some
remarks regarding the presented data. The shown data points represent a sample in which sin-
gle measurements of individual fibres are taken together. The fibres belong to different batches
produced over a wide time range of up to several years. Even though one aims for homoge-
neous production conditions, there might be fluctuations in fibre composition. Therefore, one
can question whether individual measurements on the fibres originating from various batches
can represent a sample of measurements. Furthermore, with retrieved production dates from
Kuraray, it was shown that the production dates of the spools in a single batch (shipping) var-
ied stronger than was anticipated. The variation in production dates within the batches was
typically 2 till 4 months, with extremes of up to 6 months. Hence, data presented based on a
delivery date could be misleading, exact production dates would be more appropriate. Overall,
this would lead to significant changes in time labeling and rearrange data points on the graphs.
Most importantly, for individual measurements the uncertainty is known with poor accuracy
and hence knowledge on this would be beneficial in view of the continuation of the aging study.
In view of the relatively small aging effects and better understanding the attenuation length
measurements a summer student project was dedicated to repeatability and the investigation of
error sizes. The author actively participated and supported the student in his endeavours, the
outcome of the error analysis will be briefly presented in the following section.

4.2.2 Error Analysis of Attenuation Measurements

The program on the investigation of attenuation measurements has been carried out by a sum-
mer student in close collaboration with the author of this thesis. The workload dedicated to this
study takes a relevant share in the efforts that are reported on in this thesis. A full chapter could
have been dedicated to the setup and outcome of the various tests that were conducted over the
summer of 2019. However, the collaborative work was already extensively described in a report
written solely by the summer student, and hence it was decided not to spend time on it since
such an extra report would be unnecessary. For the reason that it reflects yet another important
aspect of work related to fibre trackers, namely laboratory work on active detection material, it
is strongly suggested to reader to have a look at the report [55]. The document describes the full
setup, method, conclusions and considerations that were encountered during the study. One
of the main conclusions was that multiple measurements of individual fibres are required to be
sensitive to the aging effect described in the previous section.
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ATLAS-ALFA Detector

A Toroidal LHC ApparatuS (ATLAS) detector is one of two general purpose detectors at the
LHC.The ATLAS detector is built cylindrically around IP1 of the LHC and its barrel is depicted
in Figure 5.1. The barrel is composed of many sub-detectors, of which most are illustrated in
the figure. and will be briefly introduced below. The ALFA detector is yet another sub-detector
of ATLAS. In contrast to the other ATLAS sub-detectors ALFA is not located in the cavern of
the ATLAS barrel, but approximately 240 meters away on each side of IP1. The first section
provides a brief introduction of the ATLAS detector in which sub-detectors may be pointed out
if they are of particular interest for the analysis. The second section provides a more detailed
introduction of the ALFA detector and is relevant for the elastic physics data taking campaign
and subsequent analysis presented in Chapters 8 and 9, respectively.

Figure 5.1: An illustration of the ATLAS detector [56].
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5.1 ATLAS

The particle collisions take place in the heart of the detector. Following a collision short-lived
particles and resonances are created, and undergo subsequent decay. The decay products are
moving outward from the innermost part of ATLAS and may traverse the sub-detectors in con-
secutive order. Unless otherwise stated, the presented material in this section relies on [57].

5.1.1 Sub-detectors

The innermost part of ATLAS is the Inner Detector (ID). The ID consists of the silicon Pixel and
silicon microstrip (SCT) trackers and Transition Radiation Tracker (TRT), depicted in Figure 5.2.
The TRT straw tubes contain a xenon-based gas mixture. The ID is contained in a solenoidal
magnetic field of 2 T. The purpose of the ID is track pattern reconstruction, thereby providing
high resolution measurements of momentum and vertices of charged particles. The spatial dis-
tribution of the primary vertices, the luminous region, is used to determine the transverse beam
spot width. The variation in the exact interaction location is relevant since the IP determines
where the events will hit the ALFA detectors. This spread is thus an important input parameter
for simulation of the elastic signal in ALFA and is discussed in Section 9.4.2.

Figure 5.2: An illustration of the Run 1 Inner Detector (during Run 2 it had additional pixel
layer) [57]: (a) barrel and end-cap sections; (b) cross-sectional view of the barrel.

The ATLAS calorimetry system consists of an electromagnetic and an hadronic calorimeter that
provide energy measurements by fully absorbing particles, illustrated in Figure 5.3. The electro-
magnetic calorimeter consists of active liquid argon (LAr) layers interleaved with lead absorber
plates. The hadronic calorimeter can primarily be divided into two parts: 1) the barrel part us-
ing scintillating tiles as active material interleaved with lead, 2) the end-caps and forward parts
using LAr as an active material. The absorbing material in the end-cap is solely copper, whereas
the forward part is partly built with copper and partly with tungsten plates.

The outermost part is the muon system. The muon spectrometer consists of the superconduct-
ing toroid magnets producing a field in the transverse plane. The magnets are complemented
by monitored drift tube chambers (MDT) and multi-wire proportional chambers in the form of
cathode-strip chambers (CSC) used for precision tracking of the muon.
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Figure 5.3: An illustration of the calorimetry system (left) and an enlarged view of the end-cap
calorimeters (right) [57].

The Minimum Bias Trigger Scintillators (MBTS) are placed on the inside of the electromagnetic
end-cap calorimeters. They are of importance for soft QCD physics, and in particular for the
elastic physics program. This trigger provides information on inelastic events: single diffractive
events in combination with a halo particle might fake an elastic trigger, discussed in Section 9.3.

5.1.2 Trigger System

During normal runs the proton-proton interaction rate far exceeds the capacity of data record-
ing resources. Furthermore, one is only interested in hard scattering processes between partons
(quarks and gluons). A trigger system is required to significantly reduce the event rate and
thus only select and store events of interest. The ATLAS trigger system can be divided into two
parts: the Level-1 (L1) and the High-Level-Trigger (HLT). The Central-Trigger-Processor (CTP)
is an integral part of L1 that only selects the events that fulfill combination of a triggers. The
L1 trigger is based on reduced granularity of the calorimeters and muon chambers. It is a fully
hardware-based trigger that runs at full rate, using custom built electronics. Each individual
CTP item consists of logical trigger scheme, together the various CTP items form the trigger
menu. If an event meets the trigger logic of an CTP item it continues to next step in the data
acquisition. Each item in the trigger menu holds a prescale, n, to reduce the event rate by letting
only one out of n events fulfilling the CTP item to pass through to the HLT.

During the normal physics program the L1 trigger reduces the 40 MHz bunch crossing rate
to an event rate of less then 100 kHz that is further processed by the HLT. The HLT is a 2-layer
software based trigger that refines the selection further. The first layer performs reconstruc-
tion in the regions of interest, the second layer has access to the complete information from all
sub-detectors at their full granularity. The HLT is an entirely software based trigger using fast
algorithms to reconstruct events. After reconstruction it is decided whether an event should be
selected. This second layer further reduces the event rate to 1 KHz to be stored for offline anal-
ysis [58].

In addition to the calorimeters and muon detectors, the forward detectors are connected to the
CTP. The elastic trigger menu items related to the ALFA detector are all of trigger type L1.
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5.2 ALFA

The measurement of elastically scattered protons is one method of determining the absolute
luminosity for the ATLAS experiment. To accomplish this it is necessary to measure elastically
scattered protons that are closest to the beam, i.e. with smallest t-values, as was previously
explained in Section 2.3. The Absolute Luminosity For ATLAS (ALFA) detector is designed to
approach the beam and measure elastically scattered protons to a few microradians. This section
provides a description of the ALFA detector and unless otherwise stated, the presented material
in this section is based on [11, 59] and [4].

5.2.1 Detector Design

The ALFA detector system is a set of 8 tracking detectors located on either side of the ATLAS
barrel. Elastic interactions between protons occur uniformly in the transverse plane, i.e. equally
likely for a given azimuthal angle. The setup of the magnets during an elastic physics program
is such that the elastically scattered protons appear in a vertically-shaped hit pattern at ALFA.
To reach the smallest possible t-values means that the detector should approach the beam as
closely as possible.

These factors require vertical movement of the detector as far as inside the beam pipe while
being physically separated from the ultra-high LHC vacuum. The detector is therefore housed
inside a vessel called a Roman Pot, to be introduced in Section 5.2.5, is a metal housing that has
a thin window to minimize the distance of the detector to the beam and thin walls to minimize
the material in front of the detector. The electronics of the detector are all contained outside the
Roman Pot. Movement of the Roman Pot is done using high precision roller screws connected to
a step motor, which allows for a minimum displacement of 5 µm. The detector is composed of a
main detector (MD) to measure the coordinates of protons and two overlap detectors (OD) used
for alignment, a frontal view of a detector placed inside the beam pipe is illustrated in Figure
5.5. The main detectors and overlap detectors each have dedicated trigger tiles, shown by the
central picture in Figure 5.4.

The detectors are placed on both sides of the ATLAS barrel on the outgoing beam pipes. At
each side, there are two stations, the inner station, and the outer station, placed at approxi-
mately 237 and 245 meters, respectively. A single station holds two Roman Pots, one that can
be inserted into the beam pipe from above and another one that can be inserted from below.
The stations are placed in between quadrupoles Q6 and Q7. A complete overview of the ALFA
detector system is illustrated in Figure 5.4. The eight detectors are labeled uniquely using a five
character string, in the order of their position: B7L1U, B7L1L, A7L1U, A7L1L, A7R1U, A7R1L,
B7R1U, and B7R1L. Throughout this thesis this official naming convention will be used, holding
the following logical scheme :

• A/B labels whether is an inner/outer detector.

• 7 indicates that it is the 7th element from the IP.

• L/R labels whether it is on the left/right hand side of the IP, denoted by A-side and C-side.

• 1 indicates the location around the LHC, namely IR1.

• U/L labels whether is an upper/lower detector.
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LFA

Figure 5.4: Map of the eight ALFA detectors with the naming scheme and their corresponding positions and orientations at the outgoing
beams. The quadrupoles are denoted by Q and dipoles are denoted by D. A picture of a top view of the lower detector shows the first and
last layer of the main detector labeled in green by MD1 and MD10, its trigger tiles are labeled TR2 and TR4. The inner overlap detector layers
are labeled by OD1, OD2 and OD3, its trigger tile by TR3. The trigger tile of the outer overlap detector is labeled by TR1. By S. Jakobsen.
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Figure 5.5: Frontal view of the Overlap Detector (purple) positions with respect to the Main
Detector (blue), inserted inside the beam pipe (red) with at its center the beam (red dot) [4].

Due to momentum conservation, the experimental signature of an elastic pp interaction is a
proton hitting detectors that are diagonally located of the IP compared to the detectors hit by the
other proton on the opposite side, illustrated in Figure 5.6. Naturally, one has two configurations
in which an elastic interaction can manifest itself, referred to as arms. An elastic event hitting
detectors B7L1U, A7L1U, A7R1L, and B7R1L is referred to as an arm 1 event, whilst an elastic
event hitting detectors B7L1L, A7L1L, A7R1U, and B7R1U is referred to as an arm 2 event. A
set of two upper or lower events is referred to as an armlet. The arms and armlet are shown by
the schematic of the ALFA detector in Figure 5.6. As indicated by Figure 5.4, each detector has

Figure 5.6: Overview of the nomenclature held by the elastic program, in which the dashed
green (red) line shows the elastic arm 1 (arm 2). Armlet 1 is indicated by the dashed box around
detectors B7L1U and A7L1U. The armlet number following the counterclockwise direction [20].

a corresponding position. Following the increasing position number gives the following order:
B7L1U, B7L1L, A7L1U, A7L1L, A7R1U, A7R1L, B7R1U, and B7R1L. For shorthand notation only
the position number might be used to indicate a certain detector involved in a particular event.
For example, an elastic event hitting detectors 1,3,6, and 8 is an elastic event of type arm 1
consisting of detectors B7L1U, A7L1U, A7R1L and B7R1L.
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5.2.2 Squared Scintillating Fibre

The presented material in this section relies on references [11] and [59]. The scintillating fibres
used in the ALFA detector are squared single-cladding fibres as illustrated in Figure 5.7. They
are produced by Kuraray Co., Ltd (JP). The fibres are of type SCSF-78, S-type with a size of 0.5
x 0.5 mm2. The emission spectrum of the fibre extends from 415 to above 550 nm, with a peak
of the emission light at 450 nm. The main core material is polystyrene surrounded by a PMMA
cladding, their properties are listed in Table 5.1. Light is trapped by total internal reflection

Figure 5.7: Cross-sectional view of a
single-cladded squared fibre [60].

Material Refractive index Density
[ g

cm3

]
Core Polystyrene (PS) 1.59 1.05
Cladding Polymethylmethacrylate (PMMA) 1.49 1.19

Table 5.1: Main materials for single-cladded squared fibre

by the core-cladding interface which for single-cladded fibres shows larger trapping efficiency
for squared shaped fibres compared to round shaped fibres: 4.2% against 3.1% [60]. This effect
can be attributed to the effect that the reflection angle increases near the corners of the square
fibre and are larger compared to the center, which is the equivalent of all the reflections made
within a round fibre. The light yield could benefit from a second layer of cladding, but this also
implies less cross sectional active material, which is of importance when used stacked structure.
The cladding of the square fibre used is made from PMMA and has thickness of 10 µm, 2% of
the diameter. Each cladding layer in a round fibre takes account 3% of the fibre diameter. For
this reason the squared single-cladded fibres have been chosen to be used for the ALFA detector.

The fibres are of S-type, a parameter that describes the axial alignment of the polystyrene in
the fibre core. A higher degree of alignment is beneficial for the mechanical properties, however
it also reduces the attenuation length. Since the length of the fibres used for the ALFA detector
are rather short this is of minor importance. The strength of the fibres are needed in case of the
ALFA detector since they are bend, even up to 90◦ for the overlap detectors.

To avoid optical cross-talk, by which scintillation light propagates from one fibre to a neigh-
bouring, the fibres are coated with a thin aluminum film layer of 100 nm thickness. The quality
of the coating at the surface interface is important to light containment and the prevention of
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cross talk. The end of the fibre are machined to make a mirror finish with aluminum coating,
this is beneficial to the overall light yield collected at the other end by the MultiAnode Photo-
Multiplier Tube (MAPMT). Radiation hardness of the fibre is of importance for the lifetime of
the detector. During radiation studies it was found that obtained losses can be mainly attributed
to loss in transparency of the fibre and not by loss of primary scintillation light. The test fur-
thermore showed a full recovery of the fibres within a few weeks after irradiation tests with an
accumulated dose below 10 kGy [59].

5.2.3 Main Detector

The MD is used to measure the coordinates of elastically scattered protons. The active part of
the detector is formed by scintillating fibres. One ALFA detector consists of ten MDs made out
of a titanium plate with a layer fibres on each side of the plate, giving a total of 20 layers of
fibres. One MD is shown by the picture in Figure 5.8: a single layer consists of 64 scintillating
fibres. Each MD has layers in two orientations: the front side of the titanium plate is a V-plane
and the backside a U-plane. The V- and U-plane are put in orthogonal setup giving 2D dimen-
sional tracking. A cut of 45◦ to the end of the fibre is applied to 40 out the 64 fibres to have the
detector edge horizontally and maximize the acceptance. This gives the characteristic diamond
shape of the tracking region, more pronounced in Figure 5.5. In this tracking region there is no
titanium in between the front and back layers in order to reduce multiple scattering inside the
detector. The titanium plates are put such that the consecutive layers of fibres are shifted about
one tenth of the fibre width from one plate to another. This creates a staggering that enhances
the resolution of reconstructed tracks.

The 24 fibres with a 90◦ cut have been machined and aluminized at the end to create a mir-
ror finish which increases the light yield at the readout. The 40 fibres cut at 45◦ have not been
finished with an aluminized coating at the end as a dedicated study showed that the reflectivity
was almost independent of such mirror finish [59]. The fibres of a single layer are individually
connected to a 64-channel MAPMT. Light generated by the passage of proton is converted into
an electronic signal by the MAPMTs. The mapping of the fibres is such that neighbouring fibres
are not put on neighbouring channels of the MAPMT. This is to reduce the cross-talk between
neighbouring channels.

Figure 5.8: ALFA MD: fibres of the V(U)-plane glued on the front(back) of a titanium plate [4].
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Figure 5.9: Principle of distance determination using Overlap Detectors [20].

5.2.4 Overlap Detector

The OD is used to determine the distance between the detector edges of the MDs in a station.
The ODs are placed on both sides of the MD and when the upper and lower detectors approach
the beam, these detectors overlap in the longitudinal direction. The active part of the ODs are
formed by the same type of scintillating fibres as used for the MDs. The principle of extracting
the distance, d, is illustrated in Figure 5.9. During a test beam campaign the relative positions
between the ODs and the MD edges have been measured [4]. A halo particle traverses the ODs
of the upper and lower detector, giving distances Dup and D low. With the measured calibration
constants dup and d low, the distance between the detector edges, d, can be determined.

The OD consists of 3 layers made out of titanium plates with 30 fibres on both the right-hand
and the left-hand side. The 30 fibres are divided equally, having 15 fibres glued on the front and
15 fibres glued on the back of the titanium plate. The front and back parts do not overlap, but
rather they are displaced vertically such that they form a single, continuous active layer when
approached frontally. The active part of the fibres are orientated horizontally since the OD only
aims to determine the vertical distance between the upper and lower MD. The end of the fi-
bres have a 90◦ cut with an aluminum coating at the end, giving a mirror finish. The OD fibres
are connected to MAPMTs. The 30 fibres of the inner OD and the outer OD of a layer share a
MAPMT and cross-talk between ODs is therefore possible. Similar to the MD, no neighbouring
fibres share neighbouring channels on the MAMPT. This is in order to minimize the combined
effect of optical and MAPMT cross-talk. Similar to the MD, the 3 layers of the OD were intented
to be staggered, with 166 µm and 333 µm offset, to increase the track resolution. The actual
staggering was not ideal, causing the overlap size to vary between 1 µm and 380 µm. The large
deviation from the ideal 166 µm staggering reduces the precision of the distance measurement.

Only halo particles are aimed to be observed by using a small acceptance placed in a region
where no elastic events are to be expected. The OD edges are positioned 19 mm from to the
beam pipe center, depicted in blue in Figure 5.5. The LHC beam screens are positioned 18 mm
outward with respect to the beam pipe center and are located only 4 meters upstream of the
inner ALFA stations. This entails that halo particles must have minimum horizontal angle of
1/4000 rad in order to be observed.
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Figure 5.10: Left : An ALFA Roman Pot (A10), the thin window (highlighted) and the thin wall.
Right : ALFA4 detector [59]. In front all the aluminized fibres that make up the active part of the
detector, in the back left corner the clear fibre used for the triggers, painted in white [59].

5.2.5 Roman Pot

The ALFA detectors need to be separated from the ultra-high LHC vacuum and are therefore
put inside vessels called Roman Pots. A Roman Pot houses the active part of the ALFA detector
contained in a secondary vacuum that is needed to keep the thin window flat. The fibres end
outside the Roman Pot and hence the MAPMTs are placed outside with the benefit that there
is no risk of radiofrequency pick up. The positioning of the ALFA edge, i.e. the edge of active
part of the MDs, inside the Roman Pot should have a minimal distance to the Roman Pot thin
window, to reach lowest vertical distance to the beam and thus the smallest t-values. The thin
window, shown in Figure 5.10, only has a thickness of 200 µm. The measured distances between
the outside of the Roman Pot thin window edge and the MD edge vary by about 450 µm. The
Roman Pot thin wall has a thickness of 500 µm. This ideally would have been as thin as the
thin window, to minimize the probability of protons undergoing interactions. Due to a risk of
vacuum tightness and the lack of a dedicated study a more safe thickness was chosen [59].

5.2.6 Trigger Detectors

All ALFA trigger signals are directly connected to the ATLAS CTP. Due to the large distance
to ATLAS a transmission speed of 91% the speed of light in vacuum is essential for reaching a
decision while the data of the event is still in the buffers. The MD and OD are each provided
with a dedicated trigger to ensure high trigger efficiency while minimizing the background aris-
ing from either noise or non-elastic events. The MD tracking region is fully covered by two
diamond-shaped plastic scintillator plates with a thickness of 3 mm, painted white as can be
seen in Figure 5.10. The light output is converted into an electrical signal by PhotoMultiplier
Tubes (PMTs). A hit coincidence between the two plates releases a trigger signal to the CTP and
is used to reduce the noise of the individual PMT channels. The OD region is covered by a single
trigger tile of size 15 x 6 mm2. A single tile suffices since a coincidence is required between an
upper and lower ODs in a station for a trigger to be released to the CTP.
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LHCb SciFi Tracker

The Large Hadron Collider beauty (LHCb) detector is a single-arm forward spectrometer located
at IR8 of the LHC. Its sub-detectors are not build around the interaction point, but are arranged
successively in the forward direction, see Figure 6.1, of which the acronoyms are explained in
Section 6.1.2. The angular coverage of detector is 10 to 300 (250) mrad in the bending (not-
bending) plane of the dipole magnet. The initial core of the experimental program of LHCb is
formed by precision measurements on CP violation in the c and b quark sector as well as rare
decays of B hadrons [1]. With the limited coverage, the LHCb detector is able to accept 24% of
the produced bb pairs, since they are predominantly produced in the forward direction [49]. The
sub-detectors of the LHCb detector will be briefly introduced in the next section and also the
need for the upgrade will be discussed. The SciFi Tracker will be introduced in more detail in a
separate section, since this is relevant for the understanding of the development of SciFi Detector
Control System as well the performance analysis of the services, both presented in Chapter 7.

Figure 6.1: A schematic side view of the LHCb detector upon completion of Upgrade I [61].
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6.1 LHCb

The collisions of particles take place at IP8, which has been displaced by 11.25 m from the centre
of IR8 to free space for detector components. The LHCb detector is oriented in the direction of
beam 1 towards IR1. After the collisions, short lived particles and resonances decay and their
subsequent products traverse the sub-detectors. In successive order, these sub-detectors as they
will be present upon future completion of Upgrade I will briefly introduced throughout the
next section. The sub-detectors can be categorized in two groups, namely tracking and particle
identification (PID). The tracking system will consist of a warm dipole magnet delivering an
integrated field of 4 Tm, 4 tracking station (1 x UT + 3 x SciFi) and the VELO. The PID will
consist of 2 RICH detectors, 2 calorimeters and the muon chambers. The presented material is
based on information found in [1, 2, 62, 49] and upgrade TDRs [63, 61, 64, 65].

6.1.1 Upgrade I

The LHCb has performed significant successful precision measurements with 3 fb−1 of collected
data during Run 1. Various crucial measurements are statistically limited and do not reach the
experimental precision required for direct comparison to uncertainties given by theoretical pre-
dictions [2]. This will only partially improve by the integrated luminosity of 9 fb−1 that was
reached by the end of Run 2. Significant improvement in the rate of data collection by the exper-
iment is required, which is the main reason for the ongoing major upgrade of the LHCb detector.
The upgrade is aimed to collect 50 fb−1 by the end of 2028, and enables for a sufficiently large
data set to reach comparable precision to theoretical predictions. To reach about ten times the
current collection rate of data, the delivered instantaneous luminosity by the LHC will be in-
creased by a factor five to 2·1033 cm−2 s−1 and upgrading the trigger and readout of the detector
will improve the event selection of a factor of two to four, depending on the decay channel. This
has implied the need for drastic changes to the infrastructure of the existing detector, currently
carried out during the ongoing Long Shutdown 2 period.

The existing trigger system, consisting of a hardware-based trigger Level 0 (L0) and a High
Level Trigger (HLT), will be revolutionised to the use of a full software-based HLT only. The
new trigger system will improve efficiency and provide maximum flexibility in implementing
trigger decisions that even allow for exploiting the detector as a main purpose detector in the
forward region. The existing L0 trigger reduces the event rate from the 40 MHz LHC bunch
crossing rate down to 1 MHz, this is the equivalent readout rate of the existing frond-end (FE)
electronics. The new HLT and readout allow for processing of events at an inelastic event rate of
30 MHz. The HLT generally consists of two parts, the first stage is the full online reconstruction
of events at 30 MHz and is followed by the second offline stage, in which particle identification
precision and track quality information are added to the selection of events. The second stage
reduces the rate further down to 20-100 kHz, the rate at which selected events will be stored.

To deal with the challenges of increased luminosity, higher radiation levels and enhanced data
collection rate, sub-detectors need to be upgraded. Higher granularity and radiation hardness
is required, particularly for the tracking detectors which are therefore fully replaced. To adapt
the readout rate from the existing 1 MHz to the future 40 MHz, existing FE electronics of most
sub-detectors will be replaced.
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6.1.2 Sub-detectors

The Vertex-Locator (VELO) will be used as a dedicated tracking detector for the precise determi-
nation of the primary pp interaction vertices as well as displaced secondary vertices originating
from short lived b- and c-hadrons. The VELO will consist of 26 layers of L-shaped silicon pixel
modules, with a pixel size of 55 x 55 µm. Each VELO half will be housed in a vessel, similar
to Roman Pots, that contain a secondary vacuum and can be horizontally inserted to 5.1 mm of
beam center during stable beam conditions.

The Upstream Tracker (UT) will be the next downstream tracker, to be placed in front of the
dipole magnet. It will be used to provide precise position measurements for track reconstruc-
tion of long lived particles. The UT will consist of 4 stereo layers of silicon strip technology with
decreasing size closer to the beam: 99.5 mm x 180 µm, 99.5 mm x 95 µm and 51.5 mm x 95 µm.
The acceptance improve as innermost sensors will be placed closer to the beam pipe than its
predecessor.

The Scintillating Fibre tracker (SciFi) will be be placed downstream right after the dipole mag-
net and completes the tracking system. The SciFi tracker is organised over three tracking station
with each 4 stereo layers of 2.4 m long scintillating fibres of 250 µm diameter. Each layer consists
of 6 layers of fibres, arranged in a way that each successive layer is placed in the grooves of
the previous layer, leading to a displacement of half the fibre diameter. The SciFi will be more
extensively introduced in Section 6.2.

The two Ring Imaging Cherenkov (RICH) detectors are used used for p, π and K particle iden-
tification. The RICH1 detector will be placed between the VELO and UT. The RICH1 will use
C4F10 as a radiator of Cherenkov light and covers low momentum range of approximately 1 to
60 GeV/c. The aerogal radiator will be removed due to reduced effectiveness under enhanced
luminosity. The RICH2 will be placed downstream, right after the SciFi tracker. The RICH2 uses
CF4 as a radiator and covers the high momentum range up to 100 GeV/c. The readout for both
detectors used hybrid photo detectors (HPD) with and will be replaced by Multi-Anode Photo-
Multiplier Tubes (MAPMTs).

The calorimeter system is placed in front of muon station M2 and consists of an electromag-
netic (ECAL) and hadronic (HCAL) calorimeter. The former is used for energy measurement
and identification of e and γ, the latter for measuring the energy of hadrons. Both the ECAL and
HCAL are sampling type calorimeters. The ECAL consists of layers of 4 mm thick scintillating
tiles interleaved with 2 mm lead absorber plates. The HCAL consists also of layers of 4 mm
thick scintillating tiles, but is interleaved by 16 mm thick iron absorber plates. For both systems,
the light of the scintillating tiles is absorbed, re-emitted and transported by wavelength-shifting
fibres to PMTs.

The muon system will consist of the remaining muon stations M2 to M5 with already exist-
ing read-out at 40 MHz, and are placed furthest downstream of the LHCb detector. These are
multi wire proportional chambers which use a mixture of Argon, CO2 and CF4 as ionization
gas. The stations are interleaved with 80 cm thick iron absorber layers that allow only muons of
momentum greater than 6 GeV/c to pass the whole detector.

The existing muon station M1, Scintillating Pad Detector (SPD) and the Preshower (PS) will
be removed during the upgrade. Previously, they enabled for an adequate L0 trigger decision as
well as supporting PID by the calorimetry system.
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6.2 SciFi

The tracking stations just located upstream and downstream of the LHCb dipole magnet must
provide track reconstruction leading to high precision momentum measurements of charged
particles. Additionally, the orientation of the tracks are used as an input to light cone search
by the RICH detectors. The increased luminosity would lead to an enhanced occupancy in the
innermost regions of the former Outer Tracker (OT) and result in a loss of triggered events.
Furthermore, part of the OT modules would need to be replaced. The OT consisted of an inner
part based on silicon strip technology and an outer part based on gas straw tubes. For both
technologies the read-out electronics would have needed to be replaced to be compatible with
reading out at the event rate of 40 MHz. It was therefore decided to replace the complete OT
tracker by the Scintillating Fibre Tracker (SciFi). The SciFi Tracker will be introduced in the
following sections. Focus will be on the overall requirements of the detector as well the relevant
parts related to the development of the Detector Control System (DCS), presented in Chapter 7.
Unless otherwise stated, the presented material is based on [66, 61, 67, 49] and [62].

6.2.1 Detector Layout

The SciFi Tracker will consist of 3 tracking stations: T1, T2 and T3. Each Tracking station com-
prises of 4 four detection layers following a (X,U,V,X) orientation scheme. The letter refers to the
angles (0◦, +5◦, -5◦, 0◦) of the scintillating fibres with respect to the vertical axes. This is close to
parallel to the main component of the magnetic field produced by the dipole magnet, the reason
for requiring the best spatial resolution in the bending plane. Each detection layer will leave a
hole to enclose the beam pipe and will consist of either 10 (T1/T2) or 12 (T3) modules to satisfy
the angular coverage of the detector.

Figure 6.2: A schematic frontal view of a T1/T2 tracking station [68].
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6.2.2 Round Scintillating Fibre

The presented material in this section relies on information obtained from references [61, 49].
The scintillating fibres used for the SciFi tracker are double-cladded round fibres as shown by
Figures 6.3 and 6.4. Like the square fibres used for the ALFA detector, also these fibres are pro-
duced by Kuraray Co., Ltd. (JP). The fibres are of type SCSF-78MJ, with a diameter of 250 µm.
The M indicates multi-cladding and the J indicates a process of high purity distillation which re-
sults in elongated attenuation length. The emission spectrum extends from 400 to 600 nm and it
peaks at 450 nm. The main core material is based on polystyrene, surrounded by two claddings
with decreasing index of refraction, see Table 6.1.

Figure 6.3: Cross-sectional view of a
double-cladded round fibre [60].

Material Refractive index Density
[ g

cm3

]
Core Polystyrene (PS) 1.59 1.05
Inner cladding Polymethylmethacrylate (PMMA) 1.49 1.19
Outer cladding Fluorinated polymer 1.42 1.43

Table 6.1: Main materials for single-cladded squared fibre [60]

The total internal reflection benefits from the presence of a second layer of cladding, resulting in
a trapping efficiency of 5.4%. This is an significant increase to the efficiency of 3.1% achieved in
round single-cladded fibres. Each cladding layer has a thickness of 7.5 µm, 3% of the diameter.
The additional light containment of the fibre is of importance for the SciFi tracker. The fibres
used are 2.4 m long and therefore light attenuation effects will affect the output at the end of the
fibre where it is collected by the SiPM. The fibre has an S-parameter of about 0.4.

The relaxation time as well as the light yield of the base material of the polymer is not sufficient
for which a dopant (about 1%) is added to polystyrene. This first dopant is p-terphenyl, an or-
ganic fluorescent dye that is matched to the energy levels of the base material, this improves the
scintillation mechanism and decays much faster. There is fast transfer (sub ns) of energy to the
dye by means of Förster transfer, as was explained previously. The concentrations of p-terphenyl
(PT) however affect the attenuation length by self-absorption of the light. For this purpose a sec-
ond dopant is added to act as a wavelength shifter, for which tetraphenyl-butadiene (TPB) is
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Figure 6.4: Illustration of a round double-cladded fibre used for the SciFi tracker, the creation of
scintillation light and multiple reflections made by a photon towards the fibre end [62].

used. The TBP dye absorps the energy from the PT dye, either via radiative or non-radiatve
transfer, and re-emits at a longer wavelength. At longer wavelengths the self-absorption is less
likely to occur and, additionally, it better matches the sensitivity of the SiPM.

The fibres positioned most closely to the beam pipe are expected to accumulate a ionising ra-
diation dose of about 35 kGy over a foreseen lifetime of 10 years. The expected dose decreases
rapidly with distance to the beam pipe. Similar to the fibres used for ALFA, the main reason for
reduced light output is transmission loss due to optical changes in the base material. This way
the radiation damage causes a decrease in the attenuation length, which is crucial to functioning
of a detector with such long fibres. Hence, there have been multiple irradiation tests [49].

6.2.3 Attenuation Length

The scintillation light is produced isotropically in the fibre core of which a fraction is captured
by total internal reflection, as discussed in the previous section. The optical way to the fibre
end is in most cases not simply straight but follows a helical path, illustrated in Figure 6.4.
The light may therefore undergo many reflections at material interfaces which decreases the
light intensity along propagation. Also, additional effects such as the previously mentioned
re-absorption by used materials and transmission loss by absorption centres due to radiation
damage further decrease the collected light output. Attenuation in pure polystyrene is mainly
caused by Rayleigh scattering, molecular vibrations and electronic transition, shown in Figure
6.5. The combined effects of attenuation characterizes the attenuation length of a fibre. For
a constant attenuation probability along a fibre, the intensity I(x) falls off exponentially over
distance x :

I(x) = I0e
−x/Λ, (6.1)

in which I0 is the initial intensity at the fluorescence source and Λ is the attenuation length. The
appearance of attenuation in reality often deviates from simple exponential behaviour. This can
for a large part be attributed to a larger re-absorption fraction of the shorter wavelengths in the
emission spectrum compared to the longer wavelengths. The added wavelength shifter causes
significant re-absorption of wavelengths shorter than 450 nm, which is also apparent in Figure
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6.5. The combined effect of composite attenuation properties is also observed by intensity stud-
ies as a function of wavelength, shown in Figure 6.6. The peak of the observed intensity shifts
towards longer wavelength for longer distance, as the shorter component is already more atten-
uated. For small distances, the shorter wavelength component is absorbed resulting in a smaller
attenuation length, whereas for large distances the remaining longer wavelength component
endures longer since it is characterized by longer attenuation length. The overall light inten-
sity is therefore often better described by a double exponential, taking account for combined
attenuation effect over small and large distances [47].

Figure 6.5: Relevant attenuation coefficients for a scintillating fibre.

Figure 6.6: Intensity spectrum for a scintillating fibre for different distances to the detector [49].
The distance to the excitation location is varied from 5 to 245 cm in steps of 5 cm.
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6.2.4 Detector Module

The module can be considered as the building block of the SciFi Tracker and contains the active
material of the detector made out of scintillating fibres. A single module is highlighted in light
blue in Figure 6.2 and its support structure is made from plastic and carbon foils. A module
consists of two equal parts split in the middle by a mirror, each part is read out at the far end by
Silicon Photomultipliers (SiPMs). The 2.4 m long scintillating have a diameter of 250 µm. They
are round double-cladded fibres in order to increase the light capture by total internal reflection.
The fibre has been chosen by its high light yield and fast decay constant. These are relevant
parameters due to the length of the fibres as well as the read-out a the bunch crossing rate of 40
MHz. The mirror at one end of the fibres functions to increase the light yield collected by SiPM.
Extensive information on the scintillating fibre and its properties was explained in Section 4.2.

Figure 6.7: Cross sectional view of a fibre mat [69].

A module consists of eight mats with each six layers of fibres to achieve a sufficient amount of
light yield output to the SiPMs, see Figure 6.7. A mat has a length of 2.4 m, a width of about
13.0 cm and a thickness of approximately 1.35 mm. To achieve a homogeneous spatial reso-
lution below 100 µm across the full detector, the positioning of the individual fibres has to be
exactly parallel. Using a winding machine, the production of the fibre mats has been done with
a threaded wheel to guide the first layer of fibres. The remaining layers were guided by the
grooves of the previous layer, by which a displaced of half the horizontal position for each suc-
cessive layer was realised. The mats have been casted and their ends are glued in between two
endpieces, these are pieces providing support during milling and serve as a support for both
the SiPMs and the mirror. The endpieces have undergone diamond milling by which a smooth
surface is created for the SiPM window and mirror to be put against. The transversal diamond
cut ensures maximal optical transmission at the fibre ends. The last step in the mat production
is glueing an aluminized mylar foil to create the mirror.

Figure 6.8: Cross sectional view through the centre of a module with fibre mats enclosed by
honeycomb structure, carbon fibre skins and mounting endplugs [67].
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A module is a rigid structure that can be mounted onto the frames of the SciFi Tracker. A
schematic side and cross sectional view of a module is shown in Figure 6.8. The structure assem-
bles 8 mats, which can be clearly seen by the frontal view of the highlighted module in Figure
6.2. Prior to the module assembly the fibre mats have undergone a longitudinal cut to minimize
the loss in acceptance at the boundary between mats. The fibre mats are enclosed by endplugs,
honeycomb panels and carbon fibre skins from each side. The carbon fibre skins are wider and
are used to close the side walls and provide light tightness. The radiation lengthX/X0 of a mod-
ule, i.e. a single detection layer of SciFi, is 1.02% [49]. The module is then ready for installation
of the cold box. The readout ends of the fibre mats remain the only part of the mats to stick out-
side the module and their endpieces are shown in purple and red in Figure 6.8. The endplugs of
the modules come in two types, on one side of the module it provides support for the mounting
and thereby alignment of a module onto the detector frame and on the other side it contains
the light injection system (LIS). The LIS is composed of LED lights that can be used to act as a
superficial light source to the fibres in the fibre and can thus be used to check the functioning of
the individual SiPM channels. The endplugs are sealed off by a coldbox containing the SiPMs.

6.2.5 Cold Box

On either side of the modules a cold box seals off the readout ends of the fibre mats, the cold
box consists of a shell and a top cover, see Figure 6.9. The coldbox shell and top cover structure
is made from a glass filled material, which is filled up by a foam for isolation. A cold box serves
as the interface between the modules and the readout electronics. The shell is closed by a top
cover which houses the cooling of the SiPMs, the SiPMs and the flex-cables. The structures leave
little clearance around the parts to minimize the overall heat loss. In Figure 6.10 the inside of
the parts are shown, the structure and isolation are left out for clarity. One end of the flex-cable
is connected to the SiPM, the other side sticks out at the top of the cold boxes and contains
the connectors for the front-end electronics. A detailed cross sectional side view can be seen in
Figure 6.11, in which the various parts and their temperatures in the cold box are shown. The
SiPMs are glued to a titanium cooling bar, which in turn is aligned in front of the fibres mats
using pins mounted at the endpieces. The cold bar is connected with springs from the back and
upon insertion of the top cover there is pressure exerted on the SiPMs to the fibre ends. A

Figure 6.9: Coldbox : shell and top cover. Figure 6.10: Coldbox : inside structure.

spontaneous signal can be created in the SiPM by thermal energy and can not be distinguished
from a single entering photon. This type of background is independent of the the light falling
onto the SiPM and is called dark noise. The dark noise in the SiPM becomes higher with the
collected irradiation dose of the detector over its lifetime. This effect can be mitigated by cooling
of the SiPM, which is necessary in order to reduce the rate of fake signals. A temperature of -40
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Figure 6.11: Cross sectional side view of the Cold box : (a) elements (b) thermal simulation [61].

◦C ensures a sufficient low dark noise level in the SiPM at its full irradiation dose. The cooling
bar can however not only be restricted to cooling of the SiPM, but will also lead to drop of
temperature in for the surroundings. Therefore, dry air will be circulated through the cold box
to prevent from condensation and frost build up.

6.2.6 Clustering

Silicon Photomultipliers (SiPMs) are the photon detection devices used at the module ends to
detect photons released in the fibres. The SiPM enables for measurements at single photon level,
which is of importance for low light intensities. The emission spectrum of the used scintillating
fibre is well matched by the SiPM to have a high photon detection efficiency. The SiPMs con-
sist of an array of Avalanche Photodiodes in Geiger mode (G-APDs), which are semiconductor
diodes (pixels) which upon absorption of incident light can generate an electric current by the
photoelectric effect. A SiPM channel is made up out of an array of 24x4 pixels and the number
of fired pixels is proportional to the number of incident photons. A module is read out by 16 pcb
flex-cables which are each connected to 4 SiPM dyes, with each containing 64 channels, giving
256 channels per flex-cable. Per mat there are 1048 channels and a total of 4192 SiPM channels
per module. The SciFi tracker will be composed out of 128 modules, resulting a total of 536576
SiPM channels.

With the SiPM channel width of 250 µm, a spatial resolution below 100 µ can be realised us-
ing a clustering procedure. The height of the channel is 1.62 mm. In Figure 6.13, a schematic
of a particle crossing the fibre mat is shown. A 6-layer mat has been chosen for reasons to have
sufficient light yield and resolution while respecting the material budget. The positioning of the
individual SiPM channels are marked by dark blue color. A crossing particle traverses multi-
ple fibres and creates an amount of scintillating light that is proportional to the distance of the
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trajectory to the heart of the fibre. The scintillation light is picked up by individual pixels, typ-
ically leading to firing of multiple SiPM channels. Using thresholds (t1,t2,t3) set in electronics,
the noise level can be reduced and clusters can be formed. The hit position is calculated by a
weighted mean of the channels inside a cluster.

Figure 6.12: The SciFi clustering procedure : A crossing particle generates scintillation light
in multiple fibres, resulting in firing of multiple channels. Using three thresholds (t1,t2,t3), the
noise level is reduced and clusters can be formed. The hit position is calculated using a weighted
mean inside a cluster [49].

6.2.7 Mechanics and Services

The three tracking stations each contain four stereo layers which are divided over four c-shape
like mounting frames that can be horizontally moved to enclose the beam pipe either side. These
so-called c-frames consist of two detector layers, with 5 (6) modules per layer mounted on the
c-frame for tracking station(s) T1/T2 (T3). The SciFi Tracker will be carried by a total of 12
c-frames, enclosing the beam pipe with 6 c-frames on either side. Not only does the rigid struc-
ture serve as mounting frame for the modules, it also provides the necessary infrastructure for
operation of the detector. These include trays for optical, LV bias and HV bias cabling. Further-
more, it houses services like water cooling of the front-end electronics (FEE), Novec cooling of
the SiPMs and a dry gas system to avoid condensation and frost build up at the SiPMs and the
insides of cold boxes. Additionally, a heating wire system is placed to act against the appearance
of condensation on the outside of cold parts. A schematic of a c-frame together with modules,
infrastructure and services is shown in Figure 6.13.
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Figure 6.13: The SciFi C-Frame : mechanical structure to carry two layers of modules, front-end
electronics and is equipped with all the necessary services for operation of the detectors. The
SciFi Tracker will consist of total of 12 frames that provide central enclosure of the beam pipe
and total of 12 detector layers [70].

The front-end electronics are contained in a front-end box and will warm up due to heat gen-
eration by the electronics. With water cooling the temperature of the electronics can be limited
to a maximum of 50 ◦C. Water cooling is done using a single continuous and straight copper
pipe that traverses aluminum cooling blocks, the water flow and temperature is regulated by an
external body. During the assembly a chiller regulates water of 20 ◦C with flow rate of 2.5 l/min
per quadrant. The copper pipe connects 5 (6) cooling blocks and is bend in a u-shape at the end
by a 180◦ turn. The inlet and outlet direction of the pipe is separated by a few centimeters from
each other. The front-end boxes are placed against the aluminum cooling blocks and need good
a thermal coupling for efficient cooling. The cooling infrastructure of the SiPM is more complex
and has to ensure a temperature stability of ± 0.5 ◦C to the SiPMs. This is an important criterion
since the temperature of the SiPM directly influences the bias voltage and thereby the gain and
pixel cross-talk. The SiPMs are glued to a cooling bar in which the monophase liquid coolant
Novec-649 is circulated. The cooling bar is split up in segments to prevent from the build up of
mechanical stress due to the large temperature gradient between non-cooling and cooling con-
ditions. A cold box is individually connected to a manifold via an inlet and outlet bellow pair.
A c-frame holds two cooling circuits that supply a top and bottom manifold with the coolant.
Each manifold holds a total of 12 parallel branches for the cold boxes to connect to.
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Figure 6.14: Novec cooling : cooling bar and vacuum insulated connectors to the manifold. The
red dashed line indicates the interface between the in- and outside of the cold box.

The industrial size cooling plant will be about 70 m away from the detector in the UXA area
to allow for interventions during physics data taking. Glass foam insulated transfer lines are
used for the supply and return of Novec from the plant to the detector in the UXB area [71, 61].
The transfer lines are split in two at the detector where they are connected to distribution boxes,
of which there is one located on each side of the beam pipe. From the distribution box the man-
ifolds on the c-frames are individually connected by a pair of distribution lines, consisting of a
feed and return line. These lines need to be flexible and allow for movement of the c-frames to
open and close the detector halves. For performance reasons and limited space on the c-frames
these distribution lines, manifolds and the connectors to the cold bars are equipped with vacuum
isolation. The cooling bar, cooling line and the vacuum insulated flexible connectors (bellows)
to the manifold are shown in Figure 6.14. In total there are 48 distribution lines and 24 mani-
folds that all need to be vacuum isolated. The distribution lines are made from two concentric
corrugated stainless steel tubes and are about 20 m long. The Novec coolant will flow through
the inner tube and the outer tube will be evacuated to create thermal insulation. The vacuum
continues into the vacuum volume of the manifold and further into cold box via the bellows.

The vacuum system has to ensure thermal insulation of the distribution lines, manifolds and
connector bellows [71]. To minimize heat losses in the lines it needs to maintain a pressure in
the range of about up to a few 10-4 mbar. The vacuum system will consist of two independent
subsystems, with an identical pumping group on each detector side made of scroll type primary
pump together with a pair of turbo pumps, to have one for redundancy. Each pumping group
holds a large main vacuum line with the valves and flexible connections to the distribution lines
on which also one Pirani pressure gauge is installed to measure the vacuum. One primary pump
serves as a back up for the other in case of failure or during maintenance, for this purpose the
two main vacuum lines can be connected by opening a valve. A Pirani vacuum sensor is placed
between the primary pumps and the valve to the main vacuum line to survey the vacuum at
the beginning of the vacuum system. Additionally, a Pirani pressure gauge is installed on each
manifold to measure the vacuum at the end of each line. The electronics of the Pirani gauge are
placed in a non-radioactive area. Due to the presence of a small magnetic field of up to 10 mT,
the turbo pump is required to be placed inside a magnetic shield.
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Figure 6.15: Cross sectional view of the cold box: Novec cooling and dry gas flushing [72].

The gas system has to ensure a very low humidity inside the cold box down to a dew point
of approximately -50 ◦C. Dry gas will be constantly circulated through the cold box to avoid
condensation and frost build up inside the box. The dry gas port is shown in a cross sectional
view of the inside of the cold box in Figure 6.15. The gas system consists of a supply system that
is similar to the cooling system divided over the two underground areas UXA and UXB. The
system is composed of a gas supply rack with humidity analyzer and pneumatic controls in the
UXA area. The supply rack provides two distribution racks with gas, one distribution placed on
each detector side. Each distribution rack supplies 6 c-frames with dry gas. At the c-frame the
supply pipe is split over the quadrants and then even further with lines to each cold box. At the
outlet bellows of the dry gas two flow meters are connected to monitor the flushing rate at all
times. The gas outlets will normally be opened to air. External electro-valves can be added to
multiplex the gas ouput to a single humidity sensor to assess the dew point inside the cold box.
During the commissioning this is analyzed by humidity sensor on an analysis trolley, that later
can be used in the cavern for humidity measurement, however this will then be limited during
periods in which access to UXB is possible. By default the system will use dried air as gas, but in
case of shortage of dry air the system will automatically switch to N2 supply. This is important
in case of power cuts where the immediate lack of gas circulation might be a direct risk to the
cooled SiPM environment. The flow regulation for each c-frame is only manually possible for
which one needs to access near the detector.

An electrical heating wire system has to prevent from condensation to appear on the outside
of the cold box shell, dry gas and novec bellows. For this purpose each module will be equipped
with 15.5 m of Kapton insulated heating wire, spread of the named parts. Additionally, PT100
temperature sensors will be installed on the dry gas outlet and on the top of the cold box. Each
c-frame contains four quadrants. Each quadrant will be equipped with 10 (12) PT100 tempera-
ture sensors and 5 (6) heating wires. The amount depending on the number of modules present
for a tracking station T1/T2 (T3). The powering will be provided by using similar infrastructure
as is used for the front-end electronics, namely by radiation hard Maraton power supplies.
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Chapter 7

DCS of the SciFi Tracker

The SciFi Tracker is currently being build up at point 8. Piece by piece a c-frame is assembled by
installing modules, front-end boxes together with the necessary services needed for proper con-
trol of the SiPM environment. Additional preparations for the final installation of the detector
in the cavern are in full progress. Upon completion, the SciFi Tracker will be a complex system
consisting of many sub-systems that will have to be controlled. For this purpose a supervisory
control and data acquisition (SCADA) system architecture will be used to control, monitor and
operate the detector. Adequate and safe operation will be carried out through the tracking detec-
tor’s Experiment Control System (ECS), that is currently under development by the SciFi online
group. The following paragraphs will briefly introduce the relevant sub-systems and their corre-
sponding projects. The author of this work is responsible for the development of two projects in
the SciFi infrastructure domain: the Detector Control System (DCS). The projects are the controls
of the low-voltage power supplies and the monitoring of services and electronics. Relevance of
these projects was exploited by the first ever performance study of integrated services on a full
c-frame, which is presented in the final section.

7.1 WinCC OA and the JCOP Framework

Unless otherwise stated, the presented information in this section is obtained from [73] and [74].
WinCC Open Architecture (WinCC OA) is the SCADA system used for the majority of the con-
trol systems around the CERN sites. It is used to connect hardware (and software) devices,
acquire their produced data and for their supervision, including monitoring and the initializa-
tion, configuring and operation. The system consists of a distributed architecture with several
autonomous program units, called managers in the WinCC OA nomenclature. An overview of
a general WinCC OA application with the basic managers is shown in Figure 7.1.

The architecture contains multiple managers that can be subdivided over several layers as de-
picted. The event manager (EVM) forms the core of the application and is responsible for all
communications. The database manager (DBM) provides the interface to the Oracle database.
Device data is structured using datapoints (DP) of a certain datapoint type (DPT). All device
information can be grouped together to form a datapoint type, this is a user defined structure in
which each datapoint contains particular information related to the device. Defining datapoint
types is very useful in case of many devices such that one can create another instance of a dat-
apoint type for every additional device. In this way, all device information can be conveniently
grouped in a structure adapted to the desire of the user and uniformly stored for a device type.
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Figure 7.1: Typical architecture of a WinCC OA application [74].

The event manager receives data from the drivers (D) and stores it via the database manager. The
driver provides the interface to hard- or software devices to be controlled. In addition there are
the user interface manager (UIM), control manager (Ctrl), application programmable interface
(API) and other specific manager may be included. The user interface manager is responsible
for graphical depiction of the process states, it can retrieve and send device data via the database
manager. The manager can request an open connection with the database, meaning it will be in-
formed when new data arrives and trigger an action based upon that, e.g. the update of a sensor
value in a panel. The DCS panels of the low voltage and monitoring projects that will be used in
the control room by the operators form a good example of graphical user interfaces. The control
manager contains the environment for event-driven and run time processes, these are written
programs called control scripts that provide a functionality and are run in the background.

A WinCC OA system is an application that holds one event manager, one database manager
and can hold any number of the other managers. WinCC OA can be used for very large appli-
cations for which one system might not be sufficient. For this purpose a distribution manager
can be added to each system to establish connections with other systems. In this way hundreds
of systems can be connected via the distribution managers of each system. The SciFi ECS will
be such a distributed system, part of the even larger LHCb ECS. The online sub-systems of the
SciFi Tracker more or less each hold their own project, i.e. a WinCC OA system.

The WinCC OA software is not an off the shelf control system in itself, rather it supports users
with the tools to develop tailor made systems. As the experiments at CERN share similar techni-
cal challenges, the Joint COntrols Project (JCOP) of the 4 big LHC experiments was created with
the intention to reduce the amount of resources spent on the development of new control sys-
tems [73]. WinCC OA was chosen by the joint controls project as the SCADA system to use for
the experiments. Since then it has spread and the software is now widely adopted across CERN.
In addition, the JCOP Framework has been developed and it consists of a set of standard tools
and components that hide much of the WinCC OA complexity underneath. The JCOP Frame-
work is developed and maintained at CERN and is built-in in the WinCC OA environment. The
SciFi ECS will be developed on the basis of the JCOP Framework with in addition LHCb specific
tools.
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Figure 7.2: Schematic overview of the SciFi Experiment Control System: domains (yellow) with
underneath the several WinCC OA projects (colored) [75].

7.2 SciFi ECS

Unless otherwise stated, the information presented in this section is obtained from [76]. The
LHCb Experiment Control System (ECS) handles the complete operation of the detector and its
interaction with the outside world. The ECS provides an interface to all experimental equipment
involved in the different activities of the detector. Example activities may be the start of the data
acquisition at the point the LHC machine goes into colliding mode but can also be the interven-
tion in case of high voltages tripping. Among other things, the communication to outside world
provides interaction with the LHC machine, CERN safety system and CERN technical services.
The SciFi Experiment Control System will have to provide safe and adequate operation of the
SciFi Tracker as an embedded piece in LHCb’s ECS. The system should provide highly auto-
mated functionality to fasten standard procedures and avoid operator mistakes. The detector
will mainly be operated as a whole, but sub-detectors can be taken out of the partition to allow
for independent operation in a stand-alone manner. This may be during testing, calibration and
also for commissioning of the SciFi Tracker.

The SciFi ECS is in charge of operation of the tracker and all its sub-systems. The ECS mainly
includes the controls of the high-voltage power supply (SiPM), the low-voltage power supply
(electronics and heating wires), the front-end electronics including the data acquisition (front-
and back-end). Additionally, the ECS provides monitoring of the electric heating, water cooling
of the electronics, the Novec cooling of the SiPMs including the integrated vacuum system, the
dry gas system for controlling humidity inside the cold box, and the alignment of the detector.
These will be arranged over five domains: DAQ for data acquisition of the front- and back-end,
TFC for timing and fast control signals, HLT for the high level trigger, HV for the high voltage
and the DCS for the detectors infrastructure. A schematic overview of the SciFi ECS is depicted
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Figure 7.3: The DCS infrastructure FSM [76].

in Figure 7.2. Underneath a domain WinCC OA system(s) are assigned to facilitate the custom
made functionality. In principle the hierarchy splits the detector sides (A- and C-side) to allow
them to be operated independently. Each color in the overview corresponds to an individual
WinCC OA project. For the detector infrastructure there is the detector control system (DCS),
a domain that holds three independent projects. The Low Voltage (LV) project accounts for the
controls and monitoring of the low-voltage power supplies. The Monitoring (MON) project
provides monitoring of the services and the front-end electronics. The Brandeis CCD Angle
Monitor (BCAM) system will constantly monitor the surface geometry to detect alignment vari-
ations. The first two projects in the DCS domain will be elaborated on the following sections as
their development is currently under the responsibility of the author.

The LHCb ECS is a hierarchical supervision architecture that provides the organisation to (partly)
control the experiment in a coherent manner. The JCOP framework provides the implementa-
tion of this control architecture via the Finite State Machines (FSM) tool. The FSM provides an
hierarchical organisation of interconnected control nodes, each node contains of reduced set of
lower level children nodes. At higher levels these nodes are all of the type control unit (CU) and
at the lowest level these are of device unit (DU) type, connected to the hardware components.
Each of the main domains of the SciFi ECS will have its own CU with their own children nodes,
the domains have a shared master CU, the SFECS control unit. Each control unit has only one
master control unit, i.e. one parent node from which it receives its commands to execute. There
are in principle only two types of control flows in this hierarchy. The command initiated by the
operator that propagates downwards the tree along the CU’s to the lower level DU’s to have an
action executed and the state change from hardware that propagates upwards the tree until a
CU is reached that can take an action upon this state change. The FSM system is such that only
one user at a time can take the control over a part of the detector, therefore if a user takes control
of a CU at the lower level this is not controllable any longer by a user at higher level until it
is released again by the lower level user. This way a full sub-detector can be taken out of the
partition of the LHCb ECS to for example conduct stand-alone tests.

Each of the control domains in of the SciFi ECS holds its own specified functions for proper
functioning of the detector. The DCS domain will have the FSM functionalities as presented in
Figure 7.3. The figure shows state diagram of detector infrastructure domain as presented in the
guideline document for the ECS FSM design [76]. The DCS mainly consists of the monitoring
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of devices and a smaller part with control of low-voltage channels. As shown by the diagram,
the DCS FSM contains five states that are defined for the DUs and CUs. Off states the channel is
off, which is not meaningful in case of a pressure sensor. The not ready state is used to signal a
problem, the ready state means the channel or device is at nominal operation values. The error
state can for example be used to indicate a voltage trip or a too high temperature. The emer-
gency off state is raised when a channel is automatically switched off due to an external cause,
for example when the electronics temperature surpassed a critical value the low-voltage crates
will have to be powered off. The channel can only be switched back to the normal off state upon
receiving a clear emergency command. Monitoring of various types of sensors can have their set
of defined alarm levels and may depend on the data run type. For the CUs these states reprent
the states of all their children, i.e. of they are all off a CU node in the upper level goes to off,
when a single child node is not ready this states is propagated up to the master nodes.

7.3 Low-Voltage Controls

The powering of the front-end electronics and electric heating is provided by Maraton power
supplies. The Maraton (Magnetism Radiation Tolerant New power supply system) is a radia-
tion hard power supply manufactured by Wiener [77]. It is a water cooled system that provides
up to 12 independent low voltage/high current channels with 300W each. The power supply
system, shown by Figure 7.5, is mainly composed out of three components: the power box, a
primary rectifier and a remote controllable module (RCM). The primary rectifier converts 230V
AC to a regulated DC input voltage (385V nominal) for the Maraton. The Maraton uses the 385V
DC input for a DC-DC converter to provide up to 12 independent low voltage floating output
voltages. The system is capable to measure the voltage on the load via small cross section ca-
bles and adjust the voltage dynamically. However, for the SciFi Tracker the dynamic (floating)
behaviour of the output voltage will be disabled by jumpers to prevent oscillatory behaviour.
The system has adjustable trip level that can be set with the control module. Additionally, for
absolute limits on the output voltage, current limit and over-voltage protection, the trip level
can only be adjusted at the read of the power supply.

The power boxes need to be installed in the harsh environment near the detector to limit the
voltage drop in the cables due to high current. The primary rectifier and Remote Controllable
Module (RCM) will be installed a another location in the cavern under normal conditions. The
RCM can remotely control the outputs of the channel, i.e. switch the channel on and off, and
read the measured sense voltage, output current, channels status. The RCM is connected via
a TCP/IP connection to the LHCb network and is accessible via an OPC (Object Linking and
Embedding (OLE) for Process Control) protocol driver. The OPC UA server is a WinCC OA
manager and forms an abstraction layer between the hardware and the user of the low-voltage
project. The OPC server simplifies the communication with the hardware and directly provides
a set of available items. This set is mainly composed of the aforementioned items relevant for
each of the individual controllable channels on the Maraton power supply. For control via the
WinCC OA project, a set of data point elements need their address to be configured to the corre-
sponding OPC items.

SFDCSLV, SciFi Detector Control System Low Voltage, is the name of the project that is cur-
rently used for the controls of the low-voltage powering of the front-end electronics. The project
owes credit to Karol Poplawski, the author’s predecessor who has initiated the DCS low-voltage
and monitoring projects, and also Lukas Gruber has to be credited for his supporting role. The
current panel used to control and monitor the Maraton is shown in Figure 7.5. The panel has
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Figure 7.4: Frontal view of a W-IE-NE-R MAgnetic field and RAdiation TOleraNt (Maraton)
power supply, developed for the CERN LHC [77].

been setup up by Karol, but most of the functionalities have been re-designed or further devel-
oped by the author. Via this panel the channels can be turned on/off and this status is reflected
by the light coloring green (on) and grey (off). Also monitoring of the voltage, current and their
trip levels is available. In principle there are two front-end boxes powered by a single channel,
which is reflected by the label that is assigned to the data point of the channel. These labels are
the aliases of assigned to the data points by the developer and correspond to the module end
power by that channel. Failures are indicated on the right side of each channel by a red light and
message stating the exact channel failure. The current and voltage are archived to the Oracle
data base and a graphical display of the history can accessed by the trending buttons. These
show a value over time histogram of the selected data points.

In the course of the assembly and testing work here, a temporary safety system has been devel-
oped by the author for projection of the front-end equipment. This is a software-based control
script that runs in the back and has an open connection to all the sensor involved for the c-frame
under commissioning. This script constantly runs, but the intervention action is made active
by enabling it from the panel by the "on" button. Based on critical temperatures reached by a
set number of sensors, the system will then automatically switch off the Maraton channels. The
FSM and the safety system are under development and will be the final operational systems
upon completion of the LHCb Upgrade I.
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Figure 7.5: Control panel of the Maraton power supply LV02 connected to c-frame 3 during commissioning.
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7.4 Monitoring of Services

The monitoring of services and the frond-end electronics will be done via a project called SFDC-
SMON, SciFi Detector Control System MONitoring, in the DCS domain. Also this project owes
large credit to Karol Poplawski and the support from Lukas Gruber. The cooling and vacuum
panels are fully developed by Karol. The gas and heating panels owe part credit to Karol, since
his quadrant panel with flow meters and the graphical depiction of the c-frame including mod-
ule numbering has been used to develop these panels. The front-end monitoring, that includes
SiPM temperatures, SiPM bias voltage, and board temperature, are completly developed from
scratch by the author, with the only exception of the graphical depiction of the c-frames that
also re-occur in these panels. The project is in itself fully passive, i.e. there are no controllable
devices in this part of the domain. The project in principle monitors the vast majority of infras-
tructure related to the services as it has been introduced in Section 6.2.7 and can be accessed
through a parent panel, shown in Figure A.1 of the appendix. The majority of the panels are
put in Appendix A.1 for the readability of this chapter. The project is currently used during
the build up of the c-frames in the assembly hall. The monitoring has already been valuable to
the detector technologies group as a supervision and feedback tool on the operation of newly
installed services. During the commissioning of the frond-end electronics via the DAQ domain
the monitoring of the frond-end has been beneficial to get insight in temperature developments
on the boards. Furthermore, the services have undergone initial tests to analyse the performance
of the integrated infrastructure of a c-frame. This will be presented in the concluding section of
this chapter on the development of the SciFi DCS.

7.4.1 Cooling System

The cooling system in the assembly hall is connected to a single c-frame at the time. The baby
cooling plant is a temporary system used for cooling during the build up of the c-frames. A c-
frame can directly be connected to the cooling plant with a pair of distribution lines. The project
is a passive supervision system and collects all the presented information via a PLC connected
to the system in the assembly hall. The controls are provided by the engineering cooling and
ventilation group (EN-CV). The panel of the temporary used Novec cooling circuit is shown in
Figure A.2. The inner structure of the plant is shown on the left with the level of cooling fluid
present in the reservoir and on the right the vacuum isolated distribution lines connect to the
manifolds on the c-frame. The panel holds a drop down structure in which all c-frames can be
selected. During the assembly of the different frames one can select for which c-frame the data
has to be stored in the archive. The archive can also be directly visualised using the trending
buttons on the panel.

7.4.2 Vacuum System

The vacuum system in the assembly hall directly evacuates the distribution lines at their con-
nections with the cooling plant. Similar to the cooling system this is of temporary use during
the assembly period at the surface. The controls are provided by the EN-CV group and the data
is collected via a DIP protocol from the CERN technical network. The system consists of two
pumps that evacuate the lines and are monitored for the pressure at several points with Pirani
and Penning gauges. On the right-hand side of Figure A.3 the same structure as was shown for
the Novec cooling system is used as these system go together. Also for the vacuum system the
monitored values are archived to the connected c-frame and can be visualised directly on the
panels by the trending buttons.
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7.4.3 Gas System

The gas system has a temporary supply rack in the assembly hall that in principle provide dried
air to the c-frames, but has N2 as a second gas for backup use. The panel of the supply system is
shown in Figure A.4. The flushing rate to the c-frame can be manually controlled in the assembly
hall. The data is collected via a DIP protocol from the CERN technical network. The panel used
for monitoring of a c-frame is shown in Figure 7.6. This panel serves as the bases for the final
system and shows the redundant set of flow meters at the output lines and also the measured
dew points for every cold box. A c-frame is composed of two module layers and are graphically
depicted in a way as one faces them, i.e. the outer side of a module layer as one stands in
front of a side. Per quadrant of the c-frame a control script provides that minimum, maximum
and average values. In addition there is trending available for both the flow meters and the
dew points, which provides valuable information on the control of humidity in the cold boxes.
Higher functionalities of this panel include the blue marking of the cold boxes that currently
undergo the humidity measurement, alarms are indicated by flashing squares around the sensor
values and broken sensors can be masked after which their color greys out. The flows of cold
boxes that undergo a humidity measurement and masked sensors are not taken into account for
computation of the minimum, maximum and average values of their respective quadrant.

7.4.4 Electric Heating System

The electric heating system is monitored by 2 PT100 sensors per module end, one on the dry
gas outlet connector and one on the top of the cold box shell. Equivalent to the vacuum and gas
system, the data is collected via a DIP protocol from the CERN technical network. The panel to
monitor these temperatures for a c-frame has a similar outline as the gas panel and is shown in
Figure A.6. The sensors are installed to gain feedback on the temperatures on the these parts of
the module ends that are the coldest. The electric heating can be used to raise the temperature
on the outside when this is required. The minimum, maximum and average values for the two
locations are shown per complete c-frame. Also, trending is available to have graphical feedback
on temperature developments.

7.4.5 Front-End Monitoring

The front-end boards and SiPMs have their temperatures sensors connected via the Front-End
Electronics (FEE) project in the DAQ domain. Additionally, the voltages at the SiPMs and mas-
ter boards are also measured by the front-end electronics and can thus be monitored from the
project. The projects of the several domains for the SciFi tracker form a distributed system and
the monitoring project can therefore directly access all the datapoints from the front-end elec-
tronics project via a distribution manager. The relevant datapoints for the boards and SiPM are
connected to the tables that are used to display the large number of temperature and voltage
sensors. The panel displaying all SiPM temperature sensors on c-frame is given in Figure 7.7.
The SiPM tables will be taken as an example, the other tables have almost identical functionality
and are shown in Figures A.7 and A.9 of the appendix. The SiPM sensors give real time feed-
back on the Novec cooling. There are 16 SiPM sensors per module or 384 per c-frame. For the
monitoring of the board temperatures the table is significantly larger, since it needs to display 66
sensors per module, resulting in 1584 sensors per c-frame. Trending is available by clicking the
H0 and H1 push buttons in the Trending column. By clicking the push buttons in the Module
column another panel appears, the panel gives a detailed overview of the temperatures on the
corresponding read-out box of that module. This panel is shown by Figure A.8 in the appendix,
from this panel also trending is available for the cluster boards, pacific boards and SiPMs.
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Figure 7.7: Tabulated SiPM temperatures for a c-frame, arranged per module.
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The panel showing the overview of temperatures in the read-out box is also part of the front-
end electronics panel. shown in Figure A.7 in the appendix. Due to the large number of tempera-
ture sensors on the front-end electronics panel is tabulated per half read-out box. The tabulated
sensors are completely shown by the panel of the overview of read-out box, that is reachable
from the push buttons in the Module column. The panels is used during the commissioning of
newly installed front-end electronics and also serves as a feedback on the functioning of the wa-
ter cooling of the electronics. This panel for example lead to the discovery of a bad connection
between the cooling plate and a front-end box.

The panel showing the voltages as measured at and by the frond-end electronics are shown
in Figure A.9 in the appendix. It shows the high voltage measured by the pacific boards on the
SiPMs and the voltage on the master board. The voltages measured by the frond-end can be
used as a cross check on the voltage as provide by the CAEN power supplies. No additional
functionality is currently available for this panel.

7.5 Performance of Services

A series of performance tests have been carried out during October and November of 2019 to
inspect the integrated services of a c-frame for the first time. These performance tests have been
collectively referred to under the name of the heating wire test program. The heating wire test
program is the name for the performance tests that were done after condensation problems had
been solved. More background information on the condensation problems can be found in Ap-
pendix A.2.3. It refers to the installation of the heating wire that allowed to cool down to a
temperature of -40 ◦C on the SiPM without condensation forming anywhere. Hence, other than
the name might suggest, it is not solely focused on active heating. Yet, there was a special con-
cern that the use of active heating might affect the SiPM temperature. Throughout the heating
wire test program three services have mainly been varied, namely:

• the Novec temperature

• the dry gas flow rate

• the supplied heating power per module end

The outcome of these tests are relevant to adequate operation of the SciFi Tracker and form the
core purpose of this document. The results are sub-divided over several topics and a separate
section is dedicated to each of them. The subsequent subjects are: dew points inside the cold
boxes, temperatures of parts prone to condensation, dissipated energy by the cooling system
and also SiPM temperatures are discussed. Prior to this, a necessary introduction to the data
samples along with the caveats that one should bear in mind is presented.

7.5.1 Data Samples

The data samples were taken during a busy assembly period and due to the strict schedule
limited in the number of samples. A more extensive study is prepared to have more complete
data set. The measurement program can be divided over numerous sub-sets of data in which the
earlier mentioned services have been subject to variation. The plant temperature was adjusted
between -50, -30, -10, 0 and 20 ◦C. The dry gas flow was varied between rates of 0.3, 0.6, and
0.9 l/min. The supplied heating power per module end was changed between 10, 25, and 35
Watts of power. A configuration of settings was typically kept and monitored for time windows
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of 4 to 10 hours, but exceptionally shorter and longer are included as well. All data taking
periods with the corresponding settings are listed in Table 7.1. The data taking can mainly be
divided over two separate periods. The first period lasted from the 23rd of October till the 1st

of November, during which only two frond-end boxes were installed on modules T3L2Q0M0
and T3L2Q0M1. The second period lasted from the 24th till the 28th of November, during which
the remaining 22 frond-end boxes were also installed. During the second period of the program
with 24 frond-end boxes available, the readout was limited to a maximum of 12 frond-end-boxes.
Hence, it was decided to monitor either the two top quadrants or the two bottom quadrants
of the c-frame. Therefore, the data points presented during these measurements are specially
referred to with top and bottom in the graphs to follow.

To analyse how the c-frame performed under the various conditions, a total of 518 points were
monitored. The values were archived to the Oracle database typically every 120 seconds or
with a relative change of the value of the order of 1 to 3 percent. The monitored sensors can be
subdivided into the following categories :

• 3 temperature sensors on the Novec cooling plant

• 2 vacuum gauges for the vacuum system, one per manifold

• 1 dew point sensor for ambient conditions in the hall

• 48 flow meters for the dry gas system

• 2 dew point sensors with gas multiplexers for the cold boxes

• 384 SiPM temperature sensors

• 24 temperature sensors on the top of cold boxes

• 24 temperature sensors on the dry gas outlet connectors

• 7 temperature sensors on Novec bellows

• 1 temperature sensor for the ambient conditions in the hall

Pictures of the PT100 temperature sensors placed at the dry gas outlet connector, top of the cold
box and novec bellow arcs are shown in the respective Figures 7.10, 7.11 and 7.12. The presented
values are the calculated averages of a selected time window during which a certain setting was
run. That average is calculated in two steps, first the mean value for each individual sensor is
calculated and then the average value of the involved sensors is calculated by averaging their
means. The error on the value is represented by the standard deviation among the mean values
of the sensors. In case a single sensor is presented, the value and error are represented by its
mean and standard deviation.

A picture of a module end is given by Figure 7.8 and is equipped with the following sensors
:

• 2 dry gas flow meters

• 1 dew point sensor

• 1 temperature sensor on the dry gas outlet connector

• 1 temperature sensor on the top of the cold box shell
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Set Start Time Selected Period TNOV EC Dry Flow Heating
(◦C) (l/min) (W)

1 23 OCT 23:30 24 OCT 04:00-10:00 -50 0.90 35
2 24 OCT 18:30 24 OCT 22:00-06:00 -50 0.60 35
3 25 OCT 11:30 25 OCT 14:00-20:00 -50 0.30 35
4 25 OCT 21:20 26 OCT 00:00-09:00 -50 0.30 25
5 26 OCT 12:00 26 OCT 14:00-11:00 -50 0.60 25
6 27 OCT 13:20 27 OCT 15:00-10:00 -50 0.90 25
7 28 OCT 12:10 28 OCT 14:00-17:00 -50 0.90 10
8 28 OCT 20:00 28 OCT 22:00-09:00 -50 0.60 10
9 29 OCT 11:00 29 OCT 13:00-22:00 -50 0.30 10
10 29 OCT 23:20 30 OCT 01:00-08:00 -30 0.30 10
11 30 OCT 10:20 30 OCT 12:00-16:00 -30 0.30 35
12 30 OCT 18:30 30 OCT 21:00-11:00 -50 0.60 35
13 31 OCT 13:00 31 OCT 14:00-22:00 -10 0.30 10
14 31 OCT 23:10 01 NOV 01:00-10:00 -10 0.30 0
15 01 NOV 11:40 01 NOV 16:30-20:30 0 0.30 10

16 08 NOV 18:20 08 NOV 20:30-13:00 20 0.30 10
17 09 NOV 14:40 09 NOV 15:00-18:30 20 0.30 25
18 24 NOV 14:00 24 NOV 14:30-18:30 -50 0.90 25
19 24 NOV 19:00 24 NOV 20:00-10:00 -50 0.30 25
20 25 NOV 10:40 25 NOV 11:30-13:00 -50 0.15 25
21 25 NOV 19:30 25 NOV 21:00-08:00 -50 0.90 35
22 26 NOV 09:00 26 NOV 10:00-19:00 -50 0.30 35
23 26 NOV 20:20 26 NOV 21:00-10:00 -50 0.60 25
24 27 NOV 19:00 27 NOV 20:00-23:00 -50 0.60 25
25 27 NOV 23:00 28 NOV 00:00-09:00 -50 0.60 35
26 28 NOV 10:00 28 NOV 10:44-11:44 -50 0.60 10

Table 7.1: All data sets taken during the performance campaign of October and November 2019
on c-frame 1. The blank space between setting 15 and 16 marks installation of 22 remaining
front-end boxes and the transition from the first to the second data taking period.

• 16 SiPM temperature sensors

It is worth mentioning some important caveats related to the presented material of the test pro-
gram :

• The measurements of the dew point inside the cold box are done by an external body for
which temporarily the cold box has to be flushed. Ideally this flushing is at the same or at a
very similar rate to which the dry gas is circulated through the boxes. However, at the time
the tests were conducted this was not adjusted accordingly. The dew point measurement
was adjusted to take 10 minutes per coldbox, so a full c-frame was measured in about 2
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hours. The presented values for the dry gas flow rate are therefore affected by the flushing
during the dew point measurement.

• A consequence of the fact that the flushing is not adjusted to the dry gas flow rate is that
the dew point measurement itself might be influenced by this difference. The presented
values for the dew points might therefore be affected.

• The dry gas is leaving the cold box very cold and strongly cools the dry gas outlet con-
nector, which is the reason for it being the most affected part by condensation problems.
The fact that the flushing has not been adjusted to the dry gas flow also means that the
temperature measurements on the dry gas outlet connector might be influenced during
the flushing and hence these presented temperatures could be affected.

• Shortly before the first test period, module 5 of layer 2 got exchanged and hence the inside
of its cold boxes were quite humid at this point. Since dry gas was circulated only for a
couple of days before the first test setting, the measured dew point on this module was 5-8
◦C higher compared to the average value of the other modules and has thus been excluded
in the analysis.

• For temperature measurements on the Novec bellows only 7 sensors were available, which
further had to be divided of top and bottom quadrants. They were temporarily placed with
tape and the position might vary from one sensor to another, see Figure 7.12. For the first
c-frame no bellow stretching was applied on the outer bellow and hence cold spots are still
expected to appear. Bellow stretching is a procedure to elongate the outer Novec bellow,
such that during cooling the inner and outer bellows do no longer touch each other. The
touching led to cold spots at (nearly) touching locations that were shown to be solvable
by a stretching procedure 1. These two facts together with the few temperature sensors
used for monitoring might mean that the presented temperature values should perhaps be
taken with bigger uncertainty than is shown.

• During the first test period it was noticed that there were sinusoidal temperature fluctua-
tions on the Novec cooling plant. The amplitude of the fluctuations was about 1.5 ◦C, i.e.
3 ◦C between the maximum and minimum, see Figure A.10 in the appendix. The period
lasted a bit more then three minutes. These temperature fluctuations could simultaneously
be observed with the temperature sensors on the SiPMs, hence directly affecting the sta-
bility of their environment. Before the second test period the controls of the cooling plant
were adjusted which resulted in an amplitude of only 0.1 ◦C, the accuracy of the tempera-
ture sensor.

At this point the motivation of the program has been given, along with a description of the data
along with the caveats that one should bear in mind when drawing conclusions from the pre-
sented material. The main focus for all parts are temperature effects under the various settings
handled by adjustment of the Novec cooling temperature, dry gas flow rate and supplied heat
power. The measured dew point in the cold box will be presented first. The next part will be
on the parts that were found to be affected by condensation during the earliest Novec cooling
tests of the SiPM in July 2019. These are the dry gas outlet connector, the Novec bellows and the
cold box shell. The dissipated energy by the cooling plant is given as well as the effectiveness of
SiPM cooling. The SiPM temperatures are presented, central to the performance of the services
to check if the required -40 ◦C can be reached and maintained adequately. The Novec cooling
temperature is denoted as the Plant Tout in the following figures.

1see e.g. SciFi detector talk during 94th LHCb week: https://indico.cern.ch/event/859068/
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Figure 7.8: Picture of a module end with installed services before read-out box installation.
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7.5.2 Dew Points

In Figure 7.9, the average of the measured dew points inside the cold boxes are depicted under
various settings, but all taken with a Novec cooling temperature set at -50 ◦C. The flow rate of
the circulating dry gas has been set at roughly the following points: 0.3, 0.6 and 0.9 l/min. The
three colors show the supplied heating power per module end by the heating wire system. The
obtained measurements depicted in this graph show that with the dry gas flow rate one has a
good handle to control the dew point. With the adjustment of the flow rate one is able to manage
a dew point that is lower than the Novec cooling temperature with the required safety margin of
5 ◦C below cooling temperature is in reach. Dry gas had been circulating the boxed for several
months at the point of the test program.

Figure 7.9: The dew point measured as a function of the dry gas flow rate.

7.5.3 Temperature of Condensation Affected Parts

In the following sections the temperatures on the outside parts of modules that were most af-
fected by condensation will be discussed. These critical locations that are strongly cooled are
shown by Figures 7.10, 7.11 and 7.12, in which also the heating wires are shown.

7.5.4 Dry Gas Outlet Connector

In Figures 7.13 and 7.14 the average temperature on the dry gas outlet connector is shown for
the first data taking period and the first superimposed by the second data taking period, re-
spectively. All data shown is taken with a Novec cooling temperature set at -50 ◦C. The solid
markers represent a setting for which the front-end electronics were not configured and all dry
gas outlets are taken into account. A note here has to be put on the fact that during the first
period the electronics of the 2 installed read-out boxes were configured at all time, however this
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Figure 7.10: PT100 glued
onto the dry gas outlet

Figure 7.11: PT100 glued on
the top of cold box

Figure 7.12: PT100 taped
onto the arc of Novec bellow

is considered of negligible effect to the full c-frame. The hollow markers represent a setting for
which the front-end electronics were partly configured, either only front-end electronics of the
top quadrants or of the bottom quadrants were configured simultaneously. Hence, the presented
data in this case only takes into account temperature readings from the module ends that had
their read-out boxes configured.

The figure shows that with the given range of supplied heating power one is capable of manag-
ing the temperature of the dry gas outlets in a range of about 20 ◦C for a given flow rate. The
temperature of dry gas outlet connector is clearly affected by the flow rate of the dry gas. To
first approximation a linear fit is used for each heating setting, however a more sophisticated
approach might be needed at extended range. It can be envisioned from comparing the data to
the linear fit that at lowest flow rates the temperature starts to rise non-linear and at the highest
flow rates it starts to flatten. The data from the second period in which all frond-end boxes were

Figure 7.13: The dry gas outlet temperature
measured as a function of the dry gas flow rate
under three different heating settings.

Figure 7.14: The dry gas outlet temperature
measured as a function of the dry gas flow rate
under three different heating settings.
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installed and shows some changes with respect to the first period. Looking to the two additional
points at flow rates of 0.3 and 0.9 l/min and a heating power of 35 Watt, there is an increase in
temperature visible of about 1-3 ◦C with respect to the first data taking period. Additionally, in
the second data period also settings were run with full quadrants of front-end electronics config-
ured. This is shown by the hollow red marker at a flow rate of about 0.6 l/min. The increase of
temperature here is an additional 5-7 ◦C on top of the non configured setting, which is a rather
significant increase. A similar trend is found for the two other heating powers of 25 and 10 Watt.
Hence, the conclusion drawn from this is that there is a slight increase of temperature due to the
installation of the 22 remaining frond-end boxes and that during periods in which the electronics
are actively used, i.e. configured, the temperature rise is a rather significant 5-7 ◦C.

Figure 7.15: The top of the cold box temper-
ature measured as a function of the dry gas
flow rate under three different heating set-
tings.

Figure 7.16: The top of the cold box temper-
ature measured as a function of the dry gas
flow rate under three different heating set-
tings.

7.5.5 Top of Cold Box

In Figures 7.15 and 7.16 the average temperature on the top of the cold is shown for the first
data taking period and the first superimposed by the second data taking period, respectively.
All data shown is taken with a Novec cooling temperature set at -50 ◦C. All the plotted data
points correspond the same ones shown in Figures 7.13 and 7.14. Similar to the dry gas outlet
figures, the data of the top of the cold box have solid and hollow markers. For the solid mark-
ers the front-end electronics were not configured, whereas for the the hollow markers they are,
although only partly as explained previously.

The influence of the given range of supplied heating power is apparent, allowing for a tem-
perature range of about 15 ◦C independent of the flow rate of the dry gas. In fact, for the top
the cold box the temperature is relatively flat with respect to the flow rate. Data from the second
data period only show a minimal temperature increase of about 1 ◦C. When the front-end elec-
tronics are configured, the increase of temperature is about 2-6 ◦C with respect to non configured.
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The hollow marker at a heating power of 10 Watt might not taken be into full consideration
for this estimate as this data set only lasted 10 minutes and was taken shortly after a data taking
setting for which the heating power was put to 35 Watt. The cold box mass might therefore not
have been fully cooled down.

7.5.6 Novec Bellow

In Figures 7.17 and 7.18 the average temperature on the Novec bellows is shown for the first
data taking period and the first superimposed by the second data taking period, respectively.
All data shown is taken with a Novec cooling temperature set at -50 ◦C. All plotted data point
corresponds to the same ones shown in Figures 7.13, 7.14, 7.15 and 7.16. And likewise, the same
convention for the markers is used as was done for the dry gas outlet and top of the cold box,
in which for the solid markers the front-end electronics were not configured and for the hollow
markers they were configured, though only partly as explained previously.

The influence of the heating system is apparent for the Novec bellows. For the studied range
of heating one can control the temperature to range of about 15 ◦C. This temperature range is
almost independent of the dry gas flow rate. The temperature of the Novec bellows is relatively
flat with respect to the flow rate. The data from the second period shows a slight increase of
about 0-2 ◦C compared to the first data taking period. With the front-end electronics configured,
there is a rise in the temperature of about 2-8 ◦C, compared to the first data taking period. Once
more, it has to be stressed that the number of temperature sensors on Novec bellows is limited
to 7, which gives only 3 or 4 measurements per quadrant for the average on data points where
part of the frond-end electronics configured.

Figure 7.17: The Novec bellow temperature
measured as a function of the dry gas flow rate
under three different heating settings.

Figure 7.18: The Novec bellow temperature
measured as a function of the dry gas flow rate
under three different heating settings.
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7.5.7 Combined Temperature Plot

A combined plot of the dry gas outlet connector, top of cold box and Novec bellow temperature
is shown in Figure 7.19. Only measurements during the first data taking period are shown here,
they together form a grid containing 9 points. The superimposure of the 3 monitored locations
on a module can be used to deduce a minimum temperature under a particular setting of the
dry gas flow and supplied heating power.

The data shown is for the first period in which only 2 out of 24 frond-end boxes where installed
and the electronics were configured. As shown by the previous figures for the individual loca-
tions is that there is a minor effect due to the installation of the 22 remaining frond-end boxes
and a rather significant effect caused by configuring the frond-end electronics. Thus, the cur-
rent figure functions to give a first estimate for which an offset on the temperature axis should
be added for later use. This offset depends on the status of the detector, when the front-end
electronics are not configured an offset of about 0-3 ◦C should be added and when configured
2-8 ◦C should be added to the given plot. From the plot in Figure 7.19, one is interested to ex-

Figure 7.19: Combined plot of temperature measurements on condensation affected parts.

tract the minimum temperature, since this will ultimately determine which part is most prone
to condensation. The dew point in the cavern is expected to be up to 12 ◦C. Already during the
first data taking period, one reaches this temperature on all parts for a supplied heating power
of 10 Watt. Additional frond-end boxes improve the situation and with all front-end electronics
are configured the minimum temperature might be even raised sufficiently enough such that no
heating power will be needed during active data taking. However, a suggested safety margin of
about 5 ◦C should take account for uncertainty in actual coldest locations.
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7.5.8 Cooling Plant

The dissipated energy during the cooling process of the SiPMs is measured by comparing the
return temperature to the output temperature by the Novec cooling plant. Furthermore, it is also
a measure of how well the vacuum isolation shields against convection losses. This is done for
several cooling temperatures and under different settings for the supplied heating power and
dry gas flow rate, shown in Figure 7.20. All data shown here is obtained during the first data
taking period. A similar comparison for the dissipated energy could not be carried out for the
second data taking period since the calibration of the sensor was known to be off during this
time.

From the graph a minor trend can be noticed for which the dissipated heat increases with a
decrease in cooling temperature. This trend can be understood by the fact that the tempera-
ture gradient increases when lowering the cooling temperature. It can be noticed from the data
points at a cooling temperature of -50 ◦C that the supplied heat by the heating system has min-
imal influence on the cooling system. The Novec cooling system thus is separated rather well
from the outside environment. The influence of the circulating dry gas is negligible. It should
be noted once more that the error bars of about 1.5 ◦C can be ascribed to the fluctuations of the
Novec cooling plant output temperature.

Figure 7.20: Difference between return and output temperature of the Novec cooling plant.
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7.5.9 SiPM Temperature vs Plant Set Point

Similar to the study of the dissipated energy of the cooling plant, the offset of the SiPM tempera-
ture with respect to the Novec cooling temperature is measured by comparing the average of the
SiPM temperature sensors to the plant output temperature. This is of interest to obtain knowl-
edge about the offset compared to Novec cooling plant, and can therefore be used to control the
temperature on the SiPMs more accurately. It should be noted that the data shown in Figure
7.21 is all taken with a dry gas flow rate of 0.3 l/min and since it concerns the first data taking
period, only two read-out-boxes were installed. Therefore, the data is split in SiPM averages for
module T3L2Q0M0 and T3L2Q0M1, denoted as M0 and M1, respectively. Also here it is rather
unfortunate that during the second data taking period the calibration of the temperature sensors
on the Novec cooling plant was known to be incorrect. A study with a more precise offset from
the SiPMs of all frond-end boxes was therefore not feasible.

The graph shows a small trend that with the increase of the temperature gradient the offset of
the SiPM temperature to the cooling temperature increases. The influence of the heating power
on the SiPM temperature can be noticed, but is no larger than approximately 1 ◦C. The differ-
ence in temperature between the two modules is also visible and will be of interest during data
taking with all frond-end boxes installed. This will be elaborated on during the coming pages.
In Figure 7.22 the offset of the SiPM temperature to the Novec cooling temperature is shown. All

Figure 7.21: Difference between SiPM and
plant output temperature.

Figure 7.22: Difference between SiPM and
plant output temperature.

data shown is for a plant output temperature set at -50 ◦C. The supplied heating temperature
is varied as well as the flow rate of the dry gas. As it concerns data from the first data taking
period, only measurements from modules M0 and M1 exist as was explained previously.

The flow rate does not have strong influence on the offset of the temperature, which shows
almost flat behaviour. From this graph it can also be seen that the temperature spread of module
M0 is only about half the spread compared to module M1.

91



Chapter 7. DCS of the SciFi Tracker

7.5.10 SiPM Temperature

During the second period of data taking all frond-end boxes were installed and due to a limita-
tion only 2 quadrants could be configured at a single instance. Hence it was chosen to configure
the front-end electronics for either the top two quadrants or the bottom two quadrants. For all
the settings during the second data taking period the Novec cooling temperature remained at
-50 ◦C. Although the flow rate of the dry gas was varied, only data is presented here for which
the flow was circulated at an approximate rate of 0.6 l/min.

In Figures 7.23 and 7.24, data is shown for all SiPM temperature sensors present on quadrant
T3L2Q0. During this period the control of the Novec cooling plant had been adjusted such that
the amplitude of the sinusoidal fluctuations was about 0.1 ◦C. The temperature spread found
on the SiPM temperature is about 0.5 ◦C, corresponding to the ADC precision. This is signif-
icantly smaller than was found before the controls of the plant were adjusted. In Figure 7.23,

Figure 7.23: Temperature dispersion for the
SiPM array of quadrant L2Q2.

Figure 7.24: Temperature dispersion compar-
ison for modules of quadrant L2Q2.

96 SiPM temperature sensors are shown that are physically adjacent in neighbouring modules
on the quadrant. No clear trend is visible from the first to the last SiPM, the values seem to
fluctuate without a clear pattern at first glance. With the guidance of the dashed blue vertical
lines to visualise where the module edges are, this changes slightly and the first 2 sensors then
seem to be a bit higher then the others. In Figure 7.24, the temperature sensors of the 6 modules
are overlayed with each other. Here it becomes clear that a temperature sensor on a particular
location on the module is constraint to a fixed range. This pattern is found for all quadrants and
one might even able to distinguish the four mats inside a module.

It was of interest whether the temperature sensors are affected rather strongly by the active
heating power system. In Figure 7.25, all SiPM temperature sensors on quadrant T3L2Q2 are
shown for the three different heating powers. The effect is similar to what was seen earlier by
the averages of the first two modules. For all the individual sensors the response to different
heating power is limited to a maximum of about 1 ◦C when changing from 10 to 35 Watt. An-
other brief comparison between the top and bottom layers of a quadrant was done to see if there
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are significant differences in temperature between them. The obtained result is shown in Figure
7.26, from which a clear difference in individual and overall temperature can not be noticed at
first glance. Additional figures can be found in Appendix A.2.2.

Figure 7.25: Temperature dispersion compar-
ison of heating power for quadrant T3L2Q2.

Figure 7.26: Temperature dispersion compar-
ison of top/bottom quadrants of layer T3L2.
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7.5.11 Conclusion

This section summarises the first set of performance studies that have been carried out on the
first c-frame of the SciFi Tracker. This initial study serves as a stepping stone in the process of
gaining understanding on the functioning of the services, which should ultimately lead to com-
petent controls. The results can be categorized according to the presented sections.

With the dry gas flow rate one has a good handle to the control of the dew point inside cold
boxes and it meets the requirement of having a 5 ◦C margin with respect to the cooling tem-
perature. The combined temperature plot of the measured temperatures on the dry gas outlet
connector, Novec bellow and cold box gives a good idea of the minimum temperature on the
outside parts under various settings. It is shown that with applying power to the heating wires
all components reaching adequate temperatures above the expected maximum dew point in the
cavern. With the installation of all frond-end boxes, one should take into account that an off-
set should be added to this plot. This offset depends on the status of the detector, when the
front-end electronics are not configured an offset of about 0-3 ◦C should be added and when
configured 2-8 ◦C should be added to the given plot. A future study could enlighten the details
for those effects.

The effectiveness of the cooling plant is given in terms of dissipated energy during the cooling
process. The difference in output and return temperature is no more than 2 ◦C and the supplied
heat by the heating wire is of minimal influence to this. The difference, i.e. lost heat during
cooling, is proportional to the cooling temperature. Similar, the offset of the SiPM temperature
to the cooling temperature has been measured. At a cooling temperature of -50 ◦C the SiPMs are
approximately 6 ◦C warmer. Also this offset is proportional to the cooling temperature. Hence,
with an increasing gradient of the cooling temperature to the ambient temperature the offset is
enhances. Thus, this serves to get an idea of how the cooling temperature should be adjusted to
reach a certain SiPM temperature.

The SiPM temperatures are found to follow a distinguished module pattern. The 16 SiPM tem-
perature sensors contained per module end are individually constraint to fixed temperature
range, this becomes clear when overlaying multiple sensors from different modules. This pat-
tern may likely be a result of the mechanical process by which the SiPMs and their sensors have
been glued onto the cooling bars. The influence of the supplied heating by the wires show a
temperature difference below 1 ◦C between 10 and 35 Watts of heating power.

This will study will be continued upon with the coming c-frames that will be assembled.
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Data Taking with the ALFA Detector

The data used for the elastic physics in this thesis was collected during special physics runs
in October 2018. The complete 900 GeV elastic physics program lasted from Thursday 11th till
Monday 15th. The data taking period was preceded by beam based alignment, the procedure of
finding the position of the roman pots relative to the beam. The physics data taking can be sep-
arated in two different settings of the optics: the first with a β∗ = 100 m aimed to study elastics
physics with t values that lay in the CNI region and the second with β∗ = 11 m for the extension
to higher t values. Prior to the second data taking with 11 m optics, again the procedure of beam
based alignment was carried out. The campaign was concluded with Van der Meer scans that
are used for a precise luminosity determination during the elastic physics program.

Figure 8.1: ALFA Detector Control System: monitoring of the Roman Pot Control System that
shows the detectors in their data taking positions during lumiblock 64 of ATLAS run 363461.

The author has actively participated during the data taking period by means of shifts in the AT-
LAS control room. The ATLAS experiment also uses the WinCC OA software as their SCADA
control system architecture. For data acquisition the ALFA has been brought in a combined par-
tition with the ATLAS TDAQ software. The data acquisition during the 900 GeV campaign was
centrally managed for the entire ATLAS detector by dedicated DAQ shifters. The ALFA DCS
has been used to by shifters representing the ALFA community throughout the 900 GeV cam-
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paign. The DCS allows for monitoring of detector status and the Roman Pot Control System,
HV powering of the MAPMTs and trigger PMTs, and powering and configuring of the Mother-
Boards (MB) as well as PhotoMultiplier Front-ends (PMFs) and the Triggers. Additionally, with
the Online Histogram Presenter (OHP) multiple plots can be used for online monitoring of the
activity and status of various processes. Among other things, this includes synchronisation, the
MAPMT activity and hit maps of the detectors. The data quality was also monitored through
trigger rates and based upon the conditions it was decided when to retract the Roman Pots and
scrape the beams from halo particles.

The analysis that is presented in Chapter 9 concerns elastic data taken with β∗ = 100 m and
hence, only relevant information for this part of the campaign will be treated in more detail.
Information about all runs during this part will be presented in this work. However, since the
analysis part of this thesis will be restricted to ATLAS run 363461 and presented plots originate
from this run. A run is a reference to a data acquisition period within the ATLAS experiment.
During the β∗ = 100 part of the 900 GeV campaign, the LHC has in total been filled up 12 times
resulting in 12 runs.

8.1 Beam Based Alignment

The beam is not necessarily concentrated in the middle of the beam pipe and may vary from
fill to fill. Therefore, the position of each Roman Pot needs to be found using an alignment pro-
cedure. The positioning of the collimators with respect to the beam around the LHC ring are
determined through a procedure called Beam Based Alignment (BBA). During BBA the collima-
tor slightly scrapes the beam. This process has been adopted by the Roman Pots as they can
approach the beam very similarly. First, the Roman Pot is put in a position close to the beam,
considered as safe. This position is calculated from the nominal emittance and β-function of the
beam. The Roman Pot then approaches the beam in steps of 10 µm. Once the Roman Pot starts
to scrape the beam, the induced losses will be picked up by a beam loss monitor downstream of
the ALFA stations which stops the movement of the Roman Pot. The alignment of the Roman
Pot to the beam is then known. The beam loss monitors can react very fast upon induced beam
losses and thereby induce a beam dump. During BBA the threshold of the used beam loss mon-
itors is temporarily increased to obtain a bigger margin in order not to dump the beam during
the procedure. The actual position of the Roman Pot during data taking is a bit outward from
the determined position and depends on the properties of the beam. The positioning is usually
3σ, in which σ is the beam size, which was expected to be about 1.5 mm for this data set. Hence,
leaving 9 mm between upper and lower Roman Pots. During BBA the LHC is filled with only a
few bunches (3-15) and with a low bunch intensity of about 0.7-1.2·1011 protons per bunch. The
total intensity has to stay below 3·1011, the limit for the LHC to run in beam setup mode [59].
This procedure is repeated for each Roman Pot individually and in total this process takes up to
several hours.
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8.2 Optics

The LHC beam dynamics at a center-of-mass energy of 900 GeV heavily influence the feasibility
of the experiment, as discussed in Sections 3.4 and 3.5. Especially, the settings of the magnets en-
closed between the IP and the ALFA stations were optimized to reach very low t values during
the β∗ = 100 m run. In order to achieve this the β∗ was maximised to effectively obtain a large
lever arm and the phase advance Φ between the interaction point and the middle in between the
stations was π/2. These combined settings of the magnets are called parallel-to-point optics, of
which the corresponding design values for the optics are listed in Table 8.1.

The design optics were calculated through simulations with MadX by a collaborator, a soft-
ware package used in accelerator physics to compute beam dynamics under the influence of the
magnetic fields [78]. The effective optics can be calculated by means of a data driven method
in which the symmetry of elastic events is used. Preliminary studies have indicated that the ef-
fective optics might deviate strongly from the design optics. In this work only the design optics
will be used for studying the physics effects, the effective optics remain to be determined.

M11 M12 M21 M22

B7L1x -1.69355 4.71859 0.00005 -0.59062
A7L1x -1.69399 9.59626 0.00005 -0.59062
A7R1x -1.7658 9.81712 -0.00223 -0.55393
B7R1x -1.7842 5.24277 -0.00223 -0.55393
B7L1y -0.02602 165.874 -0.00559 -2.81583
A7L1y 0.02012 189.128 -0.00559 -2.81583
A7R1y 0.02048 186.165 -0.00569 -2.85018
B7R1y -0.02647 162.629 -0.00569 -2.85018

Table 8.1: Design values for the optics by (3.10)

The My
11 values were very small to realise the parallel-to-point optics, leaving My

12 to be decisive
in reconstruction of the angle at the interaction point. The My

12 were very large under these op-
tics and enlarge the vertical coordinate of the scattered protons in the detectors. Hence, it was
optimized for the acceptance of very low t values and at the same time it should provide a good
resolution in this plane. In the horizontal plane these settings did not apply, which can be seen
by comparing the elements Mx

11 and Mx
12 to the vertical plane. This lead to a poorer resolution

in the horizontal angle. The size of the beam, the optics and the geometric limitations ultimately
determine the acceptance window of the elastic scattered protons.

8.3 Bunch Structure

During the β∗ = 100 m campaign the LHC was filled 12 times, each LHC fill resulted in an
individual ATLAS run. In most runs the total beam intensity was roughly in the range of 2-
4·1011 protons throughout the entire run. In the majority of the runs the LHC is filled with 6
colliding bunches, additional non-colliding bunches were also present during some runs. Table
8.2 provided an lists the setup of the fill for each run. The non-colliding bunches can potentially
be used for background studies. The beam energy together with the optics of the 900 GeV elastic
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physics program give rise to a relatively large transverse size of the beam at the IP. As a direct
result the average pile-up µ is in the order of 10−3 and the probability of two or more elastic
interactions taking place at a single bunch crossing is thus negligible.

Run LHC Fill Crossing Unpaired B1 Unpaired B2
363452 7280 11, 520, 1019, 1541, 2067, 2555
363460 7281 11, 520, 1019, 1541, 2067, 2555 2811 2751
363461 7282 11, 520, 1019, 1541, 2067, 2555
363462 7283 11, 520, 1019, 1541, 2067, 2555 2811
363469 7284 11, 1019, 1541, 2067, 2555 462 520
363489 7285 11, 520, 1019, 1541, 2067, 2555
363495 7286 11, 520, 1019, 1541, 2067, 2555 2655, 2855, 3034 2755, 2955
363498 7287 11, 520, 1019, 1541, 2067, 2555
363499 7288 11, 520, 1019, 1541, 2067, 2555
363500 7289 11, 520, 1019, 1541, 2067 2655 2755
363506 7290 11, 520, 1019, 1541, 2067, 255
363510 7291 11, 520, 1019, 1541, 2067, 2555

Table 8.2: Bunch-Crossing IDs (BCID) and their corresponding setup during each ATLAS run.

8.4 Collimation Schemes

In preparation of the 900 GeV campaign the CWG came up with several setups determined
through simulations and were tested during four test runs in 2017 and 2018. During the first of
these test runs, several schemes were tested. The expected signal rate during the campaign is
about 10 Hz, however the combined rate of signal and background at ALFA was found to be of
the order of a few kHz at only a few minutes after scraping the beam. Offline analysis proved
that under these conditions the level of background was much too high for properly distinguish-
ing the elastic signal [79].

During the last test campaign held in October 2018, the CWG had prepared new and more ad-
vanced collimation schemes. The previous background levels observed by ALFA were now bet-
ter understood and could be made visual by simulations at the time. Given the fact of improved
understanding of the previous dynamics, there was confidence that newly proposed schemes
could provide satisfactory conditions for physics data taking. Two of these schemes were found
to dramatically improve the beam conditions by which the level of background dropped three
orders of magnitude compared to the rates found in earlier test runs. Hence, under these con-
ditions the elastic signal was sufficiently clean from background that green light was given to
conduct the proposed 900 GeV elastic physics campaign later that month.

The test runs of early October 2018 had resulted in two collimation schemes, a very tight two-
stage scheme and crystal assisted scheme, and were used during the β∗ = 100 m program. This
resulted in 9 runs with two-stage collimation setup and 3 runs with crystal-assisted collimation
setup. The run numbers that end with a 0, which are run 363460, 363500 and 363510, were
all with crystal-assisted collimation setup. During all other runs a two-stage collimation setup
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was used. The collimation settings have a strong influence on the dynamics of beam halo back-
ground and are therefore crucial to the feasibility and success of the elastic physics campaign,
as was stressed before. In this section both schemes will be treated in more detail, for which
particularly the warm collimation region IR7 is of importance.

8.4.1 Two-Stage Collimation

Two-stage collimation refers to the collimation setup for which two types of collimators were
actively used for scraping the beam. These are the primary (TCP) and long absorbed (TCLA)
collimators, the former is used for initial scraping of the beam after injection, the latter for re-
scraping during throughout a run. During beam injection the Roman Pots were in the retracted
’home’ position, likewise all collimators remained at their injection position.

After initial beam stabilisation was realised by the LHC operators, the initial scraping of the
beam was carried out by moving the TCP.D6[L/R]7.B[1/2] collimators down to 2.5σ. A schematic
depiction of the initial scraping process is shown in Figure 8.2. Following this all the colli-
mators were simultaneously brought to their data taking positions, listed in Table 8.4. The
TCP.D6[L/R]7.B[1/2] collimators were then retracted to 3.2/3.0σ. The TCLA.A6[L/R]7.B[1/2]
collimators were then moved further in from 2.5σ to 2.0σ. After this, they were moved back to
2.5σ, the data taking position. Finally, the Roman Pots were moved to a 3σ position, at which
the ALFA detector took elastic data.

Figure 8.2: Schematic depiction of initial beam scraping after injection [39].

During the operation shifters in the ATLAS control room monitored the rates of various triggers,
which will be treated next in Section 8.6. Based on the signal and background levels observed
through the monitoring it was decided when the beam should be scraped to clean from halo in-
duced background. Scraping was requested when the observed levels of signal and background
roughly balanced each other. Re-scraping of the beam went as follows. First the Roman Pots
were retracted to their home positions, following this the TCLA.A6[L/R]7.B[1/2] collimators
were moved further in from 2.5σ to 2.0σ. The TCLA.A6[L/R]7.B[1/2] collimators were then re-
tracted back to 2.5σ. Then another data taking period could start by moving back in the Roman
Pots to the 3σ position.
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8.4.2 Crystal-Assisted Collimation

During the crystal-assisted collimation setup bent crystals located at IR7 were used as primary
collimators, shown by the photograph in Figure 8.4. The bent crystals are bent mechanically to
create a curve at microscopic angle. Opposed to the conventional collimators, the halo particles
scraped by the crystal do not scatter off at random angles but can be steered and channeled
directly to absorbers, this is due to the crystalline structure. An additional consequence is that
the secondary and tertiary collimators are less of need during this new collimation setup [38].
In Figure 8.3, the scraping process is schematically depicted for the crystal-assisted collimation
scheme. For a more detailed discussion, we refer the reader to a presentation held by the LHC
collimation working group [80].

Figure 8.3: Schematic overview of beam scraping in the crystal-assisted collimation scheme [39].

The scraping procedure in the crystal-assisted scheme is identical to that of the two-stage scheme
as was described previously. Difference were that after the initial scraping the TCLA.A6[R/L]7.-
B[1/2] collimators were retracted further back to 2.7σ and the crystal collimators were moved
in to 2.5σ. After stable conditions we reached the Roman Pots were moved to a 3σ position
at which the ALFA detector took elastic data. The crystal scheme resulted in very background
clean conditions such that no re-scraping of the beam was needed during these runs. Back-
ground non-related to colliding bunches can be studied and compared to the two-stage scheme
by studying non-colliding bunches that were present during part of the runs, which was carried
by ALFA as a matter of feedback to the LHC collimation working group [79].

Figure 8.4: The used crystal at IR7 developed by the UA9 collaboration [81].
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Collimator IR Plane Two-Stage scheme Crystal scheme
TCP.6[L/R]3.B[1/2] 3 H 5.3 5.3
All TCSGs @IR3 3 H/S 6.3 6.3
TCLA.A5[L/R]3.B[1/2] 3 V 2.7 2.7
Rest of TCLAs @IR3 3 H 9.0 9.0
TCP.D6[L/R]7.B[1/2] 7 V 3.2/3.0 3.2/3.0
TCP.C6[L/R]7.B[1/2] 7 H 4.0 4.0
TCP.B6[L/R]7.B[1/2] 7 S 5.7 5.7
All TCSGs @IR7 7 H/V/S 5.3 5.3
TCLA.A6[L/R]7.B[1/2] 7 V 2.5 2.7
TCLA.B6[L/R]7.B[1/2] 7 H 8.0 8.0
TCLA.C6[L/R]7.B[1/2] 7 V 2.7 2.7
TCLA.D6[L/R]7.B[1/2] 7 H 10.0 10.0
TCLA.A7[L/R]7.B[1/2] 7 H 8.0 8.0
TCTPH.4[L/R]1.B[1/2] 1 H 13.0 13.0
TCTPH.4[L/R]1.B[1/2] 1 V 2.7 2.7/13.0
TCTPH.4[L/R]2.B[1/2] 2 H 13.0 13.0
TCTPH.4[L/R]2.B[1/2] 2 V 2.7 13.0
TCTPH.4[L/R]5.B[1/2] 5 H 13.0 13.0
TCTPH.4[L/R]5.B[1/2] 5 V 2.7 13.0/2.7
TCTPH.4[L/R]8.B[1/2] 8 H 13.0 13.0
TCTPH.4[L/R]8.B[1/2] 8 V 2.7 13.0
Crystal 7 V n/a 2.5
Roman Pots 1/5 V 3.0 3.0

Table 8.3: Data taking positions of the collimators in terms of beam width σ for two-stage colli-
mation and crystal-assisted collimation. The table only lists a subset of the collimators that were
inserted during the runs, collimators related to injection and beam dump protection are left out.
The most relevant elements are highlighted in boldface font, table is adapted from [79].

8.5 Track Reconstruction

A proton traversing the detector will causes several scintillating fibres in the consecutive layers
to light up and leave several signals along its trajectory. The signals are combined to reconstruct
the position in a certain plane. Using the overlap of the fibres one can reconstruct the track and
find the position. The positions of the U- and V-plane are combined and translated into an (x,y)
coordinate in the detector coordinate system. These coordinates are given with respect to the
precision hole drilled in the titanium plates, depicted in Figure 5.8. In the detector coordinate
system the MD edge is located at y' -135 mm. In Figure 8.5, part of the U-plane is shown where
a proton left a track. The overlap between the 10 layers is shown on the right-hand side. The
width of the overlap is a measure of the resolution, which benefits from the increasing number
of layers that have fired as well as the staggering between these layers.
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Figure 8.5: Illustration of the track reconstruction principle [19].

8.6 Trigger

8.6.1 Trigger Items

The ALFA trigger menu consists of a list of various logical combinations of ALFA detectors
called trigger items. The relevant trigger items for the analysis are listed in Table 8.4. In addi-
tion to the trigger logic, each trigger item is paired to two bunch group triggers: BGRP0 and
BGRP1. The BGRP0 trigger is used for all possible BCIDs that may be filled, thus excluding
the BCIDs of the abort gap. The BGRP1 trigger is used for all paired BCIDs, meaning colliding
bunches. The following items of the trigger menu used during the elastic physics program are of
interest for the ALFA analysis. The L1_ALFA_ANY is the least tight trigger item, requiring only
a single MD trigger release. The L1_ALFA_BGT10 can be randomly triggered on every bunch
crossing and is prescaled with a factor 20. For the elastic events the two most important triggers
are L1_ALFA_ELAST15 and L1_ALFA_ELAST18, used for elastic events in arm1 and arm2, re-
spectively. They are least strict as they require a coincidence of one detector on the A- and one
detector on the C-side of the IP, within a given arm configuration. The L1_ALFA_SYST17 and
L1_ALFA_SYST18 triggers are important for background understanding in the upper and lower
detectors, respectively. They are triggered on coincidences of only upper or lower detectors,
again least strict requiring only one detector on the A- and one detector on the C-side of the IP.

Trigger item Trigger logic Prescale
L1_ALFA_ANY B7L1U || B7L1L || A7L1U || A7L1L 1

|| A7R1U || A7R1L || B7R1U || B7R1L
L1_ALFA_ELAST15 (B7L1U || A7L1U) && (A7R1L || B7R1L) 1
L1_ALFA_ELAST18 (B7L1L || A7L1L) && (A7R1U || B7R1U) 1
L1_ALFA_SYST17 (B7L1U || A7L1U) && (A7R1U || B7R1U) 1
L1_ALFA_SYST18 (B7L1L || A7L1L) && (A7R1L || B7R1L) 1

Table 8.4: An overview of the trigger items, their logic and prescales during run 363461 that are
used in the analysis. All triggers are paired with coincidence of triggers BGRP0 and BGRP1.
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8.6.2 Trigger Conditions

The data collected for the analysis corresponds to LHC fill 7282 on October 12th 2019. During
this fill the ATLAS DAQ stored the data in run 363461, which lasted from 04:28 till 08:36. Dur-
ing this period, a variety of event rate types were online monitored, for which histograms were
used in which either events were updated per second or per lumiblock (LB), a period of ap-
proximately 60 seconds of data taking. These histograms were constantly updated during the
run. Throughout the 900 GeV physics campaign they have been closely followed by the ALFA
shifters who were present in the ATLAS control room.

In particular, the trigger rates of ELAST15, ELAST18, SYST17 and SYST18 were followed closely
with interest. The ELAST are the loosest signal triggers, whereas the SYST are the loosest back-
ground triggers, discussed above. With these four triggers, one can have a rough estimate of
the data taking conditions throughout a run, as they give an idea of the levels of signal and
background. The signal rate should preferably be higher than the background rate. In case the
trigger rate of the background approaches the level of the signal rate it becomes increasingly
hard to distinguish the actual signal. The background level is mainly due to beam halo which
grows during a run, with an increase in halo background the likelihood of fake elastic signals
becomes larger. Therefore, the amount of background in the elastic sample enhances as the beam
halo grows. For this reason, the beam had to be scraped from halo by collimators if the observed
background level became to high.

Figure 8.6: Trigger rates during the second data taking period of run 363461, showing the ob-
served levels in the time window corresponding to LB 95-168, just prior to another scraping
block.
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The elastic trigger rates were typically between 10-20 Hz throughout the run. At the start of
run 363461, the signal rate was higher than at the end of the run, were at the beginning of the
third data taking period the observed rate was below 10 Hz. Throughout a run the expected
signal has to decrease due to a decrease in bunch population. Naturally, protons are consumed
by elastic interactions, but also they are lost due other processes during their circulation in the
LHC, which in turn may feed the beam halo. Additionally, scraping does not only clean the
beam from halo background, but also partly affects the beam itself, resulting in a reduction of
bunch population and thus lowering the elastic event rate.

Previously discussed in Section 8.4, the Collimation Working Group had came up with two
promising collimation schemes that could sustain promising data taking conditions. For both
collimation schemes, the resultant background rate directly upon scraping was between zero
and a few Hz. Over time the rates increased until the point was reached that the level of back-
ground was considered to have sufficiently closed in on the signal level that it was decided to
re-scrape the beam. The request of scraping then conveyed to CERN Control Centre, where the
positioning of the Roman Pots as well as the collimators were controlled. The Roman Pots were
retracted prior to scraping and inserted after scraping was carried out to not expose the detectors
to high shower rates induced by the scraping process. An example of a data taking period with
the growth of the relevant trigger rates after scraping shown in Figure 8.6, which is just prior
to another scraping period to prepare for a third data taking period. A data taking period is a
period between scrapings during which the ALFA detector were inserted and took data. Based

Run Selected LBs L [µb−1] Comment
363452 177-241, 249-308 64
363460 90-202 80.4
363461 63-88, 95-168, 178-240 90.2
363462 53-81, 90-145 32.7 ALFA 6 bad LB 64-End
363469 60-70, 76-118, 126-177, 184-225, 249-275 79.8 ALFA 6 bad LB 1-118, 218-End
363489 76-103, 111-135, 151-236 79 ALFA 6 bad all LBs
363495 62-91, 102-162, 169-229, 237-281 111 ALFA 6 bad LB 1-191
363498 59-84, 93-166, 174-218 105.1
363499 55-72, 77-137, 145-190 80.6
363500 26-224 99.4
363506 50-72, 82-142, 160-196 88.9
363510 46-210 119.9

Table 8.5: Preliminary luminosity of the corresponding good LB selection that has been deter-
mined offline by looking at trigger rates in each LB, four runs were affected by a disconnected
ALFA 6 detector resulting in a drastically reduced number of collected events in arm 1.

on the data taking conditions, out of all data a selection of lumiblocks (LBs) is formed to be used
for offline analysis. This is the good lumiblock list and is shown in Table 8.5 for each run. This
preliminary list is made by one of the ALFA collaborators and is only based on the raw trigger
rates found in each LB during data taking periods. During further selection LBs can be rejected
if the trigger deadtime of the ELAST triggers are above 5% and if their duration is below 55
seconds, indicating a deviance from nominal beam parameters. Additional, a comment has to
be made on the four runs in which ALFA detector number 6 was not giving data. The amount of
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events collected by elastic arm 1 is strongly affected during the down time of the detector. The
motherboard of detector 6 became irresponsive during run 363462 and could not be recovered
for some time. It was attempted several times to recover it by power cycling and came partly
back alive during 363469, but was lost 100 LBs later again. This lasted until another power cy-
cling attempt in run 363495 finally was successful: MB6 was recovered and remained up during
the rest of the campaign.

8.7 Luminosity

For the special physics runs the luminosity is usually determined by LUCID, BCM or vertex
counting. Based on the given good lumiblock list an integrated luminosity for each run can be
calculated, listed in Table 8.5. These are preliminary values calculated by the ATLAS luminosity
calculator iLumiCalc, for which the run list with good lumiblocks is used as an input. The
integrated luminosity during run 363461 is 90.2 µb−1. This concerns a preliminary value as the
luminosity measurements will still have to be calibrated by an absolute measurement of the
luminosity by the Van der Meer scans. The uncertainty of the presented values should therefore
be considered large at this stage. The integrated luminosity per run is calculated without taking
into considering that detector number 6 has been irresponsive during part of the runs. Therefore,
the presented values are the delivered luminosity during the selected LBs, but a correction due
to the downtime of detector number 6 will be needed.

8.8 Emittance

The emittance has to be kept as small as possible during the special physics runs. The emittance
is measured constantly by the BSRTs throughout the entire run. Additionally, the emittance is
measurement by the wirescan at least a single time every run. The wirescan provides a calibra-
tion to the BSRTs, as previously explained in Section 3.7. These measurements on the machine
side are available through an application called timber, which stores information per LHC fill.
The emittance typically grows throughout the run under the influence of various interactions of
the particles inside the bunches. The measured emittance during LHC fill 7282, corresponding
to run 363461, is used as in input to the Monte Carlo simulation of the elastic signal and will be
discussed in Section 9.4.2.

8.9 Beam Spot

During two runs the Inner Detector (ID) was partly taking data, these are runs 363461 and
363500, one ID run per collimation scheme. The ID measures the luminous region by recon-
structing vertices from which the position and spread of the interaction point can be determined.
The beam spot width and possibly also the position of the beam underwent changes through-
out a run. Similar as for the emittance, this is caused by the various interactions that particles
inside the bunches may undergo. The information on the beam spot width is used as input for
the Monte Carlo simulation of the elastic signal. The measured beam spot by the ID will be
discussed in Section 9.4.2.
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8.10 Van der Meer scans

The 900 GeV special physics campaign was concluded with Van der Meer scans. The measure-
ment of absolute luminosity by means of beam displacement was introduced by Simon van der
Meer at the time of the Intersecting Storage Rings [82]. During a Van der Meer scan, the beams
start non colliding and are then simultaneously moved in steps in opposite direction. During
the crossing of the beams the interaction rate per step starts to increase and reaches a maximum
when the two beams show maximum overlap. From the observed rates during this scanning of
the beams one can determine the sizes of the beams.

Using (3.3), one can determine the instantaneous luminosity if one has knowledge of the revolu-
tion frequency of the beam, the number of bunches, and the beam size, which is being measured
during Van der Meer scans. There are several detectors capable of measuring the instantaneous
luminosity over time. These are needed for the normalization factor of measurements of the
total cross section. The normalization factor is expressed in terms of proportionality of the total
delivered interactions over time, the integrated luminosity. For precise determination of the in-
tegrated luminosity, several detectors rely on a calibration by an independent measurement, the
absolute luminosity.

In principle when the ALFA detectors are sensitive deep into the Coulombic region, one can
directly the determine the absolute luminosity scale, previously explained in Section 2.3.2. This
measurement is for which the ALFA detector was originally intended and the acronym origi-
nates from. In practise, the sensitivity of the ALFA detectors to this region of elastic physics still
has to be proven. Hence, also the measurements of cross sections by ALFA rely on integrated
luminosity measured elsewhere, which in turn rely on an absolute calibration of the luminosity
by Van der Meers scans. These scans are highly important for a measurement of the total pp
cross section, since its systematic uncertainty is often dominated by the knowledge of the abso-
lute scale of the luminosity [83].

Having another look at (3.3), with the revolution frequency, the number of particles circulating
the LHC and the transverse beam sizes determined by Van der Meer scans, one has an abso-
lute measurement of the luminosity at a certain time to which other luminosity detectors, for
example LUCID or BCM, can be calibrated. Since the Van der Meer scans are only done at a
particular time, the calibration must be assumed to be constant for longer periods of time and
under various machine conditions [83]. For this a good cross check is provided by the various
luminosity measurements through different methods.
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Chapter 9

Study of Forward Elastic pp Scattering

The final chapter describes the initial work on the analysis of elastic scattered protons with data
collected during ATLAS run 363462. The work focuses on data taken with β∗ = 100 m optics at
a center-of-mass energy of 900 GeV and that is intended to probe the CNI region of the elastic
differential cross section. An approximate integrated luminosity of 90−1 µb of elastic pp col-
lisions was collected during the data taking campaign, presented in the previous chapter. An
elastic collision is an event with two protons of opposite momentum as outcome and without
energy transfer to the surroundings. The experiment measures the cross section by counting
elastic events as a function of Mandelstam variable t, the four-momentum transfer. The number
of events have to undergo a translation into the cross section before physics parameters can be
extracted by a performing a fit on the measured elastic differential cross section. This translation
incorporates the various experimental effects that have to be accounted for in the experiment :

σ =
Nc −B
ε ·A · L

, (9.1)

in here N c is the number of candidate events, B the approximated number of background events,
ε the detector’s efficiency, A the detector’s acceptance and L the integrated luminosity. The
above equation forms the basis of the analysis and of all of these variables will have to be incor-
porated in the final analysis. Some of the experimental effects have been determined and form
the subject of this chapter. The work includes the event selection, reconstruction methods of
four-momentum transfer t, background estimation, detector layer efficiency, acceptance of the
detector and a the simulation of the elastic signal. Other experimental effects such as the align-
ment of the detector, evolution of the beams and the detector’s resolution will also be discussed.
Due to the premature state of the analysis, the presented work is far for complete and a lot of
work lies ahead to come to a proper determination of the physics parameters.

The analysis is not a straight set of consecutive steps to be followed in order to get to the final
extraction of a result, but forms a rather complex scheme of inter-dependencies between various
experimental effects. The used framework heavily relies on an original code used during a pre-
vious analysis in [4]. The analysis framework has undergone its first evolution to customize it
for the use of the elastic physics campaign at a center-of-mass energy of 900 GeV. The experience
from the past is currently used for the development of a more user friendly analysis code. The
presented material in this chapter all uniquely belongs to the 900 GeV, 100 m data, but also con-
siderably benefits from obtained knowledge during the previous analyses [4] and [20]. These
documents have served as a guideline for the presented work.
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9.1 Event Selection

The collected events have all been online selected through the loosest elastic trigger items:
ELAST15 and ELAST18 for events occurring in arms 1 and 2, respectively. The offline selection
criteria further sort out the events based on track and trigger requirements but also on geometri-
cal and correlation cuts. This section explains the offline selection criteria that are currently used
to select elastic candidates in this analysis.

9.1.1 Track and Trigger Requirements

Events are required to have only a single reconstructed track in all four MDs that constitute an
arm. Layers do not have a 100% efficiency and directly neighbouring fibres may give a signal,
both will affect the width of overlap and thus the resolution. This can be understood from Figure
8.5 that illustrates the reconstruction principle. For this reason as set of criteria are used in the
ALFA analysis :

• A track should have a minimum of 5 overlapping layers per plane

• A least 3 of the overlapping layers should have a maximum of 3 fibre hits, referred to as
"good layers".

• An event is rejected if it contains an additional 5 overlapping fibres that are not recon-
structed into a track, because of failure of the reconstruction algorithm.

The above criteria have to be changed form run to run, depending on the quality of the data. The
track reconstruction efficiency and detector resolution are also re-evaluated with each run. The
first requirement removes tracks that are due to detector noise, the second requirement reduces
the amount of tracks related to cross-talk or shower events. A third requirement is the rejection
of events which have in addition to the reconstructed track another 5 additional overlapping
layers. This might have indicated that there was another track present for which the reconstruc-
tion algorithm has failed to reconstruct it. An example of such an event is depicted in Figure
9.1. From the event display it seems that the A-side of the detector has been simultaneously hit
by two particles. In the U-plane the reconstruction algorithm has successfully reconstructed the
two tracks, one in blue and the other in green. In the V-plane the reconstruction algorithm has
failed to find the second track, although the red fibres indicate its presence. The rejection of such
an event as background while it likely contains an elastic event would make the reconstruction
efficiency appear better than it actually is [20].

In this stage of the analysis events with multiple tracks are left out. In the case where two
protons leave tracks in the U- and V-layer, it is difficult to determine which U-track belongs
to which V-track. All four possible track coordinates are then stored and should in principally
considered in the analysis.

9.1.2 Geometrical Selection Cuts

Two geometrical selection cuts are applied to the collected events to assure proper data qual-
ity. These are the edge and beam screen cut, and are illustrated in Figure 9.2. The geometrical
selection cuts are applied in the detector coordinate system and are thus independent of the
alignment of the detector with respect to the beam.
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Figure 9.1: Display of an selected arm 1 event that is part of the
√
s = 8 TeV, β∗ = 1 km analysis

[4]. The U-plane with all fibres of the MD layers are shown on the left-hand side, all fibres of
the V-plane are shown on the right-hand side. The fibres that are filled indicate that they have
fired in the event: the blue fibres have been reconstructed into a track, the green fibres have
reconstructed into another track and the red fibres have not been related to a track, from [20].

Figure 9.2: A schematic illustration of the hit pattern (blue band) of the ALFA MD during elastic
physics runs. The drawn red dashed lines indicate the beam screen cut and the edge cut. The
blue band represents the region where elastic scattered protons likely hit the detector, the purple
region indicates the events that are rejected by the selection cuts. The edge cut in the illustration
is exaggerated for visualisation purposes [20].

Edge Cut

An edge cut has been introduced to ensure the tracking region overlaps with the MD trigger
tiles. At the same time this region is most sensitive to the smallest scattering angles and thus t
values. Therefore, the edge cut removes part of the events that provide the experiment with the
largest sensitivity to L and the ρ parameter. Nevertheless, making this cut is important since it
would otherwise lead to trigger efficiency that is position dependent leading to complications
during the analysis. The cut also assures that the protons have traversed active material in all
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Figure 9.3: Area in the detector coordinate system that shows the significant drop in the y-
distributions of collected events due to the presence of the LHC beam screen. A clear difference
of 2 mm in the location of the beam screen effect can be observed between the inner and outer
detectors. The applied beam screen cut at a value of -122.5 mm is indicated by the dashed black
vertical line.

MD layers. Given the amount of background, this cut may have to be optimized for a given data
set. Due to the novel collimation schemes the collected events contain a low level of background,
hence the least possible edge cut of 90 µm can be applied.

Beam Screen Cut

The location inside the beam pipe naturally puts an upper limit to the detectors acceptance
of events. Moreover, elastic particles that leave the IP under an angle will at some point hit
the LHC beam screen and undergo multiple scattering and showering. This reduces the quality
of the data and therefore the beam screen cut is introduced to remove these effects. The beam
screen cut rejects events that are beyond a certain y value. The value is chosen 1 mm before the
drop in events due to beam screen becomes apparent. This is illustrated in Figure 9.3 and shows
the distributions of all reconstructed tracks that satisfy the first two track requirements for the
individual detectors. The drop appears earlier for the outer detectors, since these detector were
not as inserted into the beam pipe as the inner detectors. This difference between the inner and
outer detectors is about 2 mm. A uniform beam screen cut at a value of -122.5 mm is applied in
the event selection. This has been determined by taking 1 mm before the first drop in a detector
is visible, in this case case that is B7L1U. Due to the significant differences between the detectors,
this ideally should be modified to individual values set for each detector.

112



9.1. Event Selection

9.1.3 Correlation Cuts

The selection of elastic candidates is concluded by a series of correlation cuts on the coordinates
of the reconstructed tracks in the four detectors of an arm. The cuts utilize the constraints on
the coordinates put by the momentum conservation of elastic events. The cuts are determined
by simulation of the elastic signal. From the simulation of the elastic signal it becomes evident
that traditional selection cut do longer suffice. The main reason is the presence of an ellipse
that is orientated off-axis of the main correlation of the x correlation plots. The elastic signal is
simulated using (2.17) with σtot = 68.0 mb, B = 17.0 GeV2 and ρ = 0.12. The simulation further
requires the following experimental inputs: detector resolution, beam properties, optics and also
the alignment of the detector. These inputs are subject of Section 9.4. The following correlations
are traditionally used for selection of elastic events:

yA
inner − yC

inner,

yA
outer − yC

outer,

xA
inner − xC

inner,

xA
outer − xC

outer,

xA
inner − θA

x ,

xC
inner − θC

x .

The simulation of the elastic signal will be discussed in more detail in Section 9.6. Examples of
the elastic signal simulation are depicted in Figures 9.4a and 9.4b. In Figure 9.4a, the local angle,
θx, is plotted against the x -coordinate of the inner detector. The local angle is measured by
dividing the difference in x -coordinates in the inner and outer detector by the 8 meter distance.
In Figure 9.4b a correlation plot of the inner detectors in arm 1 is shown. The elastic signal
manifests on the diagonal when the y-coordinates are depicted on a 2-dimensional plot. The
traditional selection contours are left out. These will have to adjusted to properly incorporate the
ellipse at the origin of the x correlation plots. Once these selection are determined by simulation
of the elastic signal, they can be used for rejection of background in the candidate example.

(a) The xInner-θx correlation. (b) The yA
inner − yC

inner correlation.

Figure 9.4: Elastic simulation showing two correlation cuts used for event selection.
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9.2 Reconstruction of t

The measured positions and local angle at the ALFA stations can be used to reconstruct the
momentum transfer of the candidate event. For this purpose Hill’s equation, introduced in
Section 3.4, is used to formulate the following relations :

uA
237 = MA

11,237u
∗ +MA

12,237(θ∗u +DA
u ), (9.2)

uA
245 = MA

11,245u
∗ +MA

12,245(θ∗u +DA
u ), (9.3)

uC
237 = MC

11,237u
∗ −MC

12,237(θ∗u −DC
u ), (9.4)

uC
245 = MC

11,245u
∗ −MC

12,245(θ∗u −DC
u ), (9.5)

θA = MA
21u
∗ +MA

22(θ∗u +DA
u ), (9.6)

θC = MC
21u
∗ −MC

22(θ∗u −DC
u ). (9.7)

These set of 6 linear equations can be used to solve for the 2 unknowns: the scattering angle
and the position of the interaction point. Since there are more equations than unknowns, one
can compose various pairs of equations to determine the scattering angle. The divergence is
unavoidably present and will limit the reconstruction of the scattering angle. The scattering
angles in both transverse planes are used for the reconstruction of t of the elastic interaction.
The total momentum transfer t is given by the sum of the momentum transfer in the x - and
y-plane :

t = tx + ty = −(pθ∗x)2 − (pθ∗x)2. (9.8)

Three of the reconstruction methods are discussed in the following sections, for which the di-
vergence term is left out of simplicity.

9.2.1 Subtraction

The subtraction method combines the positions measured on the A-side with the one on the
C-side. The two pairs are constructed by the combinations of either the inner or outer detectors.
The inner pair is formed by (9.2) and (9.4), whilst the outer pair is formed by (9.4) and (9.5).
These can be used to solve for the angle θ∗, in which the coordinate from the C-side is subtracted
from the A-side:

θ∗u =

MC
11

MA
11
uA − uC

MC
11

MA
11
MA

12 +MC
12

≈ uA − uC

MA
12 +MC

12

, (9.9)

in here the subscripts indicating the inner or outer detector have been omitted. This is similar
to (3.11) in Section 3.4, except in this equation the matrix elements MA

12 and MA
12 are not taken

identical, whereas the matrix elements MA
11 and MA

11 are. The validity of this simplification
step for the y-plane is supported by the values shown in Table 8.1. However, a note has to be
placed on the approximation in the x -plane, since the validity does not hold. In previous elastic
campaigns the values of the matrix elements in the x -plane allowed for this simplification. The
900 GeV optics do not allow for this and hence the full formula will be used in the reconstruction.
With the reconstructed scattering angles of the inner and outer manner, one can take the simple
mean to get the angle of this method :

θ∗u =
θ∗u,237 + θ∗u,245

2
. (9.10)

For this to be valid, the matrix elements M12 should be of similar size, since the resolution of the
reconstruction method is determined by their size. Hence, if they differ substantially in size a
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simple mean would penalize the better resolution combination. In the y-plane the elements are
very large and relatively similar, whereas in the x -plane they differ by a factor 2. A weighted
average could suppress the less precise resolution from the outer planes, another option would
be to omit the outer detectors.

9.2.2 Local Subtraction

The local subtraction method combines the positions measured within an armlet, thus from one
side of the interaction point. For this either (9.2) and (9.3) or (9.4) and (9.5) are used to reconstruct
the scattering angle :

θ∗u =
M11,245u237 −M11,237u245

M11,245M12,237 −M11,237M12,245
. (9.11)

This equation holds for both detector sides and since the matrix elements are similar for the A-
and C-side the angle of both side could be averaged to determine the scattering angle. Since
one measures the scattering angle for each of the elastic scattered protons individually, one can
calculate the difference between θ∗Au and θ∗Cu to measure the convoluted divergence of the beam
:

Dcon =

√
εBeam1
u + εBeam2

u

γβ∗
. (9.12)

The convoluted divergence by ALFA can be compared to the measured divergence by the LHC.

9.2.3 Local Angle

The local angle method combines the measured local angle at the ALFA stations on each side to
reconstruct the scattering angle. The local scattering angles θA and θC are calculated by subtract-
ing the measured positions in the inner and outer station and dividing this by their distance d :

θ =
u245 − u237

d
. (9.13)

The angle of the outgoing proton does not change between the inner and outer station since there
are no magnets present between quadrupoles Q6 and Q7, where the ALFA detectors are located.
Combining (9.6) and (9.7), one can derive the following expression for the reconstruction of the
scattering angle :

θ∗u =
θA −

MA
21

MC
21
θC

MA
22 +MC

22
MA

21

MC
21

≈ θA − θC
MA

22 +MC
22

. (9.14)
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9.3 Background Estimation

The elastic candidate sample mainly contains three sources of background: halo particles, single
diffractive events (SD) and the double pomeron exchange (DPE). The DPE process leaves two
protons in the interaction intact, while in single diffractive events one proton breaks apart and
only one proton remains intact. The DPE can give rise to a coincidence on both detector sides,
the single diffractive events only hit one detector side is hit and should thus be coincident with
an unrelated event at the opposite side. These events usually do not appear as of elastic origin,
but incidentally may mimic an elastic event. Such incidents fulfill all the elastic selection criteria
and are impossible to distinguish from true elastic events. Consequently, they are inevitably
present in the candidate sample. The exact level of background has to be quantified to achieve a
correct determination of the physics parameters.

9.3.1 Random Uncorrelated Coincidence Background

Background events due to halo and SD events emerge from halo/halo, halo/SD and SD/SD co-
incidences on either detector side. Simulation only exist for the SD processes, and due to the low
pile up during the elastic physics program the SD/SD contribution can be neglected. The back-
ground arising from halo events can only be studied by considering non-colliding bunches that
were present in some runs. The level of halo background may be estimated this way, provided
that they appear under similar conditions as the colliding bunches to have a valid comparison.
Therefore, to cover the background contributions due to halo and SD processes they have been
combined into a single background term coined random uncorrelated coincidence (RUC). Since
no simulation is available, a data driven method is used to construct the RUC events. These
events have to satisfy the following conditions :

• A trigger signal from one of the MDs in an armlet.

• The detectors should have a single reconstructed track.

• The event has to pass the edge and beam screen cut.

• The event is rejected if there is a trigger signal in the diagonal armlet that would constitute
an elastic arm.

The events that pass these criteria are combined with events of the diagonal armlet to construct
the RUC events. These events are then subjected to the elastic selection criteria. The complete set
of RUC events obtained via this procedure are shown in Figure 9.5. The figure contains x Inner-θx
and yA

Inner-y
C
Inner correlations are shown in Figures 9.5a and 9.5b, respectively. The distribution

of the x Inner-θx correlation shows a horizontal band that is likely due to beam halo, this was also
seen in the two mentioned analysis at 8 and 13 TeV. Beam halo usually does not hit the ALFA
station under an angle which is supported by this correlation plot. The black ellipse indicates
the traditional selection region of elastic candidates and is rather effective against a substantial
amount of background. However, part of the horizontal band remains present in the elastic
selection region at small x values, i.e. the region of smallest t values contains relatively the most
background events. The rest of the elastic selection region contains approximately 2 orders of
magnitude events less on average. The distribution of the yA

Inner-y
C
Inner correlation shows that the

selection region is less effective in mitigation of background than the x Inner-θx selection region.
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(a) The xInner-θx correlation. (b) The yA
Inner-y

C
Inner correlation.

Figure 9.5: Two correlation plots containing all constructed RUC events prior to the correlation
cuts : the black lines indicate the traditional selection cuts and the red lines indicate the regions
used for scaling of the background.

9.3.2 Double Pomeron Exchange

The background contribution from Double Pomeron Exchange (DPE) has not been simulated at
this stage. In previous analysis this was simulated using PYTHIA8, generated using the MBR
parameterization and pomeron flux [20]. Since the protons have lost momentum, they can not be
transported using Hill’s equation and will instead be individually tracked from the IP to ALFA
using MAD-X [78]. Detector effects are then first applied, before the events are subjected to the
elastic selection criteria. Identical to the RUC events, the DPE events can be plotted with the
same x Inner-θx and yA

Inner-y
C
Inner correlations.

9.3.3 Background Scaling

The RUC and DPE background have to be scaled to the level of background present in the data.
For this the scaling region in the two correlations, x Inner-θx and yA

Inner-y
C
Inner, are used. The scal-

ing region in Figure 9.5a is used for scaling of RUC background. The region does not contain
elastic events and in previous analysis the simulation of DPE showed not to contain this type
of background either. Therefore, events found in data in this region can only originate from
RUC background. The number of events found in data in this region are counted and the RUC
sample is then scaled to match this number. The same procedure should be done for the DPE
background, but here the region in Figure 9.5b is used for scaling. Unfortunately, due to the
lack of the DPE simulation no hard conclusions on the validity of these scaling regions can be
made at this stage. However, already from the RUC sample it is clear that there will be RUC
events present in its scaling region. This is mainly due to the presence of the SD component in
the RUC sample. Since the region does not purely contain DPE events, the scaling might lead to
an overestimation of the level of DPE background present in data.
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(a) The xInner-θx correlation. (b) The yA
Inner-y

C
Inner correlation.

Figure 9.6: Two correlation plots containing all elastic candidates in data prior to correlation cuts
: the black lines indicate the traditional selection cuts and the red lines indicate the regions used
for scaling of the background.

The scaling regions in data are shown in Figure 9.6. The amount of events in the scaling re-
gion of Figure 9.6a is sufficient to scale the RUC background. The horizontal band due to beam
halo is clearly present in the data. The amount of events in the scaling region in Figure 9.6b are
far fewer than what was found in the other region, indicating a low background level of DPE
and RUC events combined.

The background scaling may improve by using a time and bunch dependent procedure, since the
background changes throughout a run. The halo background start will start to increase immedi-
ately after every scraping block due to re-population of beam halo. The interaction rate between
protons decreases over time since the beams continuously loose protons. Consequently, the DPE
and SD rate will also fall over time and hence their background contribution. This means that
over time the composition of the background changes, leading to a constantly changing ratio of
the halo and SD in the RUC background throughout a run. The background composition may
also vary between the bunches as their emittance and beam spot are not necessarily identical.
To take care of the dynamic behaviour of the data taking conditions, the data is split into groups
of 10 lumiblocks called superlumiblocks (SLB) with approximately constant background condi-
tions. SLBs should be short enough to catch time dependent effects and long enough to have
sufficient statistics for an accurate determination of the background level. The scaling procedure
is applied per SLB and the background is then subtracted from the corresponding candidate
sample in that SLB. Due to scraping blocks an SLB may not consists of the aimed 10 lumiblocks,
since this has significant effects on the background conditions. As a consequence, these SLBs
may therefore have a larger statistical uncertainty on the event numbers.
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9.3.4 Antigolden Events

The estimated background can be cross checked against the background of the antigolden topol-
ogy. These are events that were recorded using the L1_ALFA_SYST17 and L1_ALFA_SYST18
triggers, which require one trigger from a detector on either side of the IP. The L1_ALFA_SYST17
is for a pair of two upper detectors and L1_ALFA_SYST18 is for a pair of two lower detectors. A
schematic of these type of events is shown in Figure 9.7. These events are not related to elastic
scattering since they would violate the conservation of momentum. They can, however, be used
as such by inverting one of the y-coordinates on either the A- or C-side. This procedure has been
used in the past for background determination. The method assumes a symmetry in background
between the upper and lower detectors which does not necessarily hold and for this reason the
previously introduced RUC methods was developed [20]. A comparison between the two meth-
ods is shown in Figure 9.8. The figure shows fair agreement in number of events collected in the
actual antigolden topology and the generated antigolden events by the RUC description. Hence,
the RUC methods holds promising description of the background data.

Figure 9.7: The two antigolden arms: ++ refers to upper detectors and – to lower detectors [20].

Figure 9.8: Comparison between number of events by RUC antigolden description and the
antigolden topology.
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9.3.5 Background and Signal Distributions

The number of elastic candidate and estimate background events as a function of the four-
momentum transfer -t is shown in Figure 9.9. At low -t, the estimated level of background
in arm 2 is substantially higher compared to the level in arm 1. The number of elastic candidates
tends to follow this. In general, the background level is found to only be of about a percent, with
an exception found in the two lowest -t bins for arm 2 where higher levels are noted.

(a) Arm 1. (b) Arm 2.

Figure 9.9: The number of elastic candidate and estimated background events as a function of
the four-momentum transfer -t. The DPE background has not yet been simulated and can thus
not be included in the background spectrum.
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9.4 Experimental Effects

In the previous section the events were selected, the next step is to cover the experimental effects
that have to be accounted for. They are of importance for the final step in the analysis, namely
the determination of the physics parameters. The beam size grows and therefore also the spread
of the interaction points, the beam spot width. The emittance grows throughout a run and
affects the scattering angle via the divergence of the beam. The detector’s resolution has to be
determined and the exact positions of the detectors with respect to the beam, the alignment, has
to be determined for accurate reconstruction of the scattering angles.

9.4.1 Acceptance

The acceptance of ALFA is determined by simulation of elastic events and is defined as the ratio
between the generated events and events that pass the selection criteria set by the geometrical
and correlation cuts. This simulation is also used to determine the correlation cuts as well as the
t-resolution. The acceptance of ALFA is shown in Figure 9.10. Figure 9.10a shows the acceptance
of events as function of the transverse scattering angles. The transport matrices and correlation
cuts are uncorrelated in the x - and y-plane. The transverse scattering angles are, however, cor-
related through their shared -t value and azimuthal angle φ. This can be also be noted from the
way that the angles are generated in the simulation :

θ∗x = cosφ
√
−t/Ebeam, θ∗y = sinφ

√
−t/Ebeam. (9.15)

The physics is symmetrical in phi and maps out a circle with radius
√
−t/Ebeam. Under the in-

fluence of IP and the transport matrices the scattered particles hit the ALFA detectors at different
locations. The events have to hit the sensitive area of the detector and are then subjected to the
selection cuts. The acceptance in θ∗ is shown by the two rectangles that have to two tiny tails
towards center of the histogram, which are the smallest reachable -t values. This can also be
seen from Figure 9.10b that shows the acceptance as a function of the four-momentum transfer.
At 5 · 10−5 GeV2 the acceptance starts, though at the minimum level. The reduced level of ac-
ceptance only start to rise significantly from 10−4 GeV2 onwards and peaks just below 2 · 10−3

GeV2. At the boundaries the acceptance of events fade outs due to the applied selection cuts.

(a) The acceptqance of ALFA as a function of
the transverse scattering angles at the IP.

(b) The acceptance of ALFA as a function of the
four-momentum transfer -t per elastic arm.

Figure 9.10: The acceptance of ALFA determined using simulation.
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9.4.2 Evolution of the Beam

The IP has a certain spread which is called the luminous region. The location of the luminous
region as well as the spread define the beam position and beam spot width. The width of the
beam is not constant and grows under various non-conservative processes. Also the beam po-
sition may even possibly slightly change throughout a run. The IP of an elastic interaction has
a direct relation to where the elastic scattered protons ends up in the ALFA detector. This can
be seen from (3.9) and, consequently, this effect has to be taken into account for the analysis.
The ATLAS beam spot group determines the luminous region by reconstructed vertices by the

(a) The position of the beam in x. (b) The position of the beam in y.

(c) The width of the beam in x. (d) The width of the beam in y.

Figure 9.11: The position and size of the beam as a function of LB during run 363461, determined
by the ATLAS inner detector. The grey bands indicate scraping blocks, the white bands indicate
data taking periods. The LBs that do not have markers, the inner detector was turned off.

inner detector. In Figure 9.11, the beam position and width of the transverse planes are shown
for run 363461. The inner detector was only turned on partly during two data taking periods,
which leave some LBs in data taking periods without measurements of the beam spot. These LBs
can be recognised by the white background without markers, the grey regions indicate scraping
blocks. The regions that contain measurements can be extrapolated to LBs that lack measure-
ments of the beam spot. This is currently achieved by applying a linear fit to the data points. The
information of the beam spot width is directly used as an input parameter for the simulation of
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the elastic signal in ALFA and will be further discussed in the section dedicated to simulation.
The beam growth can be directly related to the growth in the emittance of the beam. The emit-
tance is continuously measured by the BSRTs and are normalized using the wire scanners [40].
The evolution of the emittance can be described by an exponential. Using the emittance one can
calculate the divergence of the beam, given by (9.16). Knowing the divergence is of importance
since it impacts the observed scattering angles at ALFA.

Du =

√
εu
γβ∗u

(9.16)

Measurements of the emittance by the BSRTs and wire scanners are centrally dealt with by the
LHC. The information is stored per LHC fill and the database is available through an API called
timber. The extracted BSRT data is then fitted with an exponential function for each data taking
period. The normalisation of the measurements per fill is found using the measurements from
the wire scanners. The resulting normalized emittance of the BSRT data is shown by Figure 9.12.

(a) Beam 1 horizontal. (b) Beam 1 vertical.

(c) Beam 2 horizontal. (d) Beam 2 vertical.

Figure 9.12: Emittance measurements from the BSRT normalized by the wire scanners. The
three periods corresponds to the three data taking periods in ATLAS run 363461. The time is
with respect to the start of the LHC fill 7282 in which the ATLAS DAQ run 363461 was collected.
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9.4.3 Detector Effects

Detector effects have to be determined and taken into account for reconstruction of elastic can-
didates. A data driven method is used to determine the convoluted resolution of the detector.
The convoluted resolution incorporates the combined effect of the intrinsic resolution of the de-
tectors and multiple scattering:

σ2
conv = 2σ2

det + σ2
ms

The measured coordinates in the inner detector are used to predict the coordinates in the outer
detector by using the transport matrices. The predicted value is than compared by the measured
value in data. The difference in predicted and measured value gives the convoluted resolution
of ALFA. It is convoluted since the measured coordinates are already affected by the resolution
of the inner the detector. Additionally, by traversing the material of the inner detector multiple
scattering will disperse the outgoing angle and thereby the hit position in the outer detector,
located 8 meter downstream.

In Figure 9.13, the residuals between the predicted and measured y-coordinates in the outer
detector are shown. The distribution has been fitted by Gaussian function to extract the width
of 100 µm, the convoluted resolution for the 900 GeV elastic physics campaign. The value of the
convoluted resolution is significantly larger compared to previous campaigns at 7, 8 and 13 TeV.
Multiple scattering is inversely proportional to the energy and since the energy is about one or-
der of magnitude smaller than the previous campaigns this term becomes more dominant to the
convoluted resolution. From test campaigns and simulation the detector resolution is known to
be between 25 and 29 µm [59]. With the above relation one can in principle, under the assump-
tion of having an identical detector resolution between two campaigns and the dependence of
multiple scattering on energy, determine the individual terms σdet and σms.

The 8 TeV has been used to draw a comparison and extract the multiple scattering term, since
the detector was in similar condition to 900 GeV. Optimizing lead to a intrinsic detector reso-
lution, σdet, of 28.8 µm under which scaling the multiple scattering term, σms, found at 8 TeV
by a factor of 8.9 to 900 GeV leads to 100 µm convoluted resolution that is observed in data.
At 8 TeV the multiple scattering was only 10 µm, whereas at 900 GeV it is found to be 90 µm
and thus dominant for this physics campaign. Hence, the material budget of the detector at
this energy might become more relevant to the precision of the measurement. With this scaling
method of the multiple scattering the detector resolution is found to be in the expected range.
Even though the detection efficiencies might vary between campaigns, one in principle has a
handle to determine the actual detector resolution using the scaling method.
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Figure 9.13: The residuals of the predicted and measured y-coordinate in the outer detector
B7L1U. The residuals are fitted by a Gaussian function, the results is indicated by the red line
and its values are given. A double Gaussian function could be used to account for the tails.

9.4.4 Alignment

The detector alignment directly impacts the reconstructed t-values, since coordinates found in
the detector are related to the event at the interaction point, shown by the equations introduced
in Section 9.2. For this, the coordinates in the detector have to be translated into the coordinate
system with respect to the heart of the beam. This translation depends on the alignment of the
detector, i.e. its position with respect to the beam. The alignment determination demands a lot of
attention and forms a separate analysis on its own and has dependencies on detector efficiencies
that vary with the position were particles hit the detector. At this stage a collaborator has only
started with the alignment, but no definite alignment has yet been determined. Therefore, a
simple alignment has been determined by the author using the motor values of the Roman Pots
extracted from timber together with the positioning of the detectors inside the pots from [59].
This currently lead to the use of the following distances in mm between the detectors:

d12 = 9.315,

d34 = 10.482,

d56 = 10.311,

d78 = 9.107.

Further analysis is needed to determine the distances precisely, but also to incorporate effects
such as transverse tilts of the detector called rotation and offsets both horizontally as well as
vertically.
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9.5 Detector status and layer efficiency

Not only the background levels, but also the functioning of the detector determines the prospect
of analysis. This can be noticed from (9.1), in which the detector’s efficiency, ε, is embedded. As
part of initial data quality checks, the functioning of the detector has been investigated and will
presented in this section. These checks are meaningful since they are important indicators of the
detectors performance and consequently the feasibility of the analysis. The detector functioning
directly influences the track selection cuts and the reconstruction efficiencies. At this stage of the
analysis only the basic detector functioning has been studied and will be discussed next.

In Figure 9.14, a 2-dimensional histogram depicts the relative distribution for tracks in elastic
triggered events by the number of U- and V-layers. No geometrical and correlation cuts are ap-
plied. The tracks are binned according to the layer participation in the selected tracks. Ideally,
the majority of events should lie in the top right corner of the histogram, having all individual
MD layers involved. Identical histograms are used online during the data taking since they pro-
vide feedback on the detector status. In preparation for a physics campaign the timing of signals
can be optimized to catch the majority of the signals. Prior to the 900 GeV physics campaign
there has not been such a dedicated preparation, leading to less optimal performance of the de-
tector. This can for example be seen for detectors B7L1U (a) and B7R1L (h) in which the peak of
the distribution is at 9 U- and V-layers.

Another informative method is to check the individual layer efficiencies. The layer efficiency
is computed by the taking the amount of times a layer has participated in an elastic candidate
event. This number is normalized by the total number of elastic candidate events in the corre-
sponding elastic arm and are depicted in Figure 9.15. The layer efficiencies are relevant to the
tightness of the track requirements in the analysis. In general the layer efficiencies are found to
be near 90%, indicating a good level of activity. Detectors B7L1U and B7R1L now have their bad
detection layers clearly exposed, which could not directly be seen from Figure 9.14. There are
several identified layers with lower efficiencies. All spatial hit distributions for the individual
layers in each detector have been looked at. This includes the poor ones, of which some have
their spatial efficiencies shown by Figure 9.16. The fibre structure of layers is clear from these
plots, but there are no indications of dead layers which would appear white.

There are 160 layers for the eight detector that has been looked at and all have been put in
Appendix B.2. The layers with efficiencies significantly below 90% are most interesting and pro-
vide some information on the current state of the detector. If fibres were to be dead, they would
show up white in these plots, however there weren’t any such fibres encountered by check the
layers. Therefore aging, radiation and timing seem to be the causes for reduced efficiency. These
effects can not be fully disentangled from each other by studying the plots. The first two effects
would lead to reduced light transmission, by which the timing of the electronics becomes even
more critical to signal extraction. Since these effects are limited to a few of the 160 layers, it is
likely mostly due to a timing problem.
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(a) Detector B7L1U. (b) Detector B7L1L.

(c) Detector A7L1U. (d) Detector A7L1L.

(e) Detector A7R1U. (f) Detector A7R1L.

(g) Detector B7R1U. (h) Detector B7R1L.

Figure 9.14: Overlapping layers in the U- and V-plane for elastic triggered events.
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(a) Detector B7L1U. (b) Detector B7L1L.

(c) Detector A7L1U. (d) Detector A7L1L.

(e) Detector A7R1U. (f) Detector A7R1L.

(g) Detector B7R1U. (h) Detector B7R1L.

Figure 9.15: Layer efficiencies for elastic candidate events.
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(a) Detector B7L1U U layer 11. (b) Detector B7L1U U layer 13.

(c) Detector B7L1U V layer 14. (d) Detector B7L1U U layer 15.

(e) Detector B7R1L U layer 5. (f) Detector B7R1L U layer 7.

(g) Detector B7R1L U layer 9. (h) Detector B7R1L V layer 20.

Figure 9.16: Spatial track efficiency for elastic triggered events for poor layers in detectors B7L1U
and B7R1L.
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9.6 Simulation

The Monte-Carlo simulation of the elastic signal is used to define correlation cuts that are ap-
plied in the selection of elastic candidates and ultimately also for fitting of the physics parame-
ters. The simulation depends on a lot of input parameters that need be taken into account from
the underlying theory to detector effects. At the current stage of the analysis this simulation can
significantly contribute to the understanding of elastic physics at 900 GeV center-of-mass energy
at the LHC.

The simulation package incorporates the differential elastic cross section (2.17) as introduced
in Section 2.3.2. This model was also used in previous ALFA analysis to serve as fundamental
description of the physics. The settings of the magnets as determined by simulation, referred to
as design optics, are used for transportation of elastic events from the IP to ALFA. The optics are
listed in Table 8.1 of Section 8.2, and the presented matrix elements Mij are used to construct the
transport equations (9.2)-(9.7) via Hill’s equation. In Section 9.4 the experimental effects have
been introduced, including the beam spot width, emittance and convoluted resolution. The
beam spot width is used the generate a Gaussian distribution of interaction vertices. The coor-
dinate of the vertex is directly put in the transport matrices. The emittance is used to calculate
the divergence of the beam and a Gaussian distribution is used to mimic this effect. Identical to
the interaction vertex the divergence of the elastic event is a direct input for the transport ma-
trices. The resolution of the detector is taken into account by using the data driven convoluted
resolution for smearing the hit coordinates of the protons in the detectors following a Gaussian
distribution.

To briefly summarize: the elastic interaction is generated by randomly picking a t-value ac-
cording to the underlying theory. The vertex is then generated according to the observed ex-
perimental values. The transportation of the elastic scattered protons from the IP in the ATLAS
barrel to the ALFA detectors then follows by using the design optics. The resolution of the de-
tector is then applied by smearing the coordinates according the found convoluted resolution.
Once events are smeared in the detector they are subjected to the edge and beam screen cut.
The events are then stored in histograms to determine and optimize the correlation cuts used in
data for the event selection. The resulting correlation plots of a Monte-Carlo sample of 1 million
elastic events are shown in Figure 9.17. The dominance of a cross-diagonal shape for the all the
x -coordinate plots is a feature not seen before in previous elastic physics campaigns. Variations
of the experimental effects were then applied to gain understanding in their influence on the
elastic signal in the detector. The acquired results are briefly discussed in the following sections.
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(a) Outer detectors x correlation. (b) Outer detectors y correlation.

(c) Inner detectors x correlation. (d) Outer detectors y correlation.

(e) Inner detector x-θx correlation. (f) Inner detector y-θy correlation.

Figure 9.17: Correlations for the simulation of the elastic signal in ALFA.
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9.6.1 Vertex

The coordinates of the vertex, or IP, are generated according to a Gaussian function that has
a width corresponding to the beam spot width: the spread in vertices determined by the ID.
The impact of the location of the IP on where the protons hit the detector has been studied
by modifying the beam spot width in steps of 0.25 of the observed value. The simulation was
repeated for widths of 0, 1/4, 2/4, 3/4, 1, 5/4, 6/4, 7/4 and 8/4 times the observed beam spot
width. This was done for both the width in the x - and y-orientation. The results for the x -θx and
y-θy are shown in Figures 9.18 and 9.19, respectively. The beam spot width x clearly determines
the behaviour of red ellipse in the heart of the x -θx correlation plots of Figure 9.18. The axis
of the ellipse rotates from being aligned with the diagonal to horizontal in the plots. In other
words, one could state that the events appearing close to the origin of this plot are elongated
along x stronger than events further from the origin. The feature of having two correlations
in the x -θx is new and this study shows that the beam spot width is, in combination with the
optics, of direct influence. In addition it is then interesting how well the parallel-to-point optics
hold under large beam spot width. This can be studied by the y-θy correlation plots depicted
in Figure 9.19 in which the beam spot width y was varied. The effect of variation in beam spot
width is indeed of less influence on the spread in these plots compared to the x -θx plots. This
is due to the large difference in magnitude of the transport element M11 in both planes. The
element is minimized in the vertical plane, However, under perfect parallel-to-point optics there
should be no difference when varying the vertex spread in y. It has to be noted that parallel-to-
point optics are such to have its focal point in between the inner and outer detectors. Hence, the
coordinate is not exactly located of where parallel-to-point optics holds. Despite this fact, it is
worth noting that the beam spot size in combination with the optics, i.e. close to zero transport
element M11, impacts the elastic signal in the detector.

9.6.2 Divergence

The influence of the divergence is of importance to the resolution of the t-reconstruction of
elastic events. In Section 9.2 the divergence that are an additional term on the outgoing angle at
the interaction point are neglected for simplicity. However, these terms are unavoidably present
and hence influence the resolution achieved by the reconstruction methods. The reconstructed
angle at the interaction point is not solely due to the elastic interaction. To study influence the
divergence on the elastic signal in the detector the value has been studied in three settings: 0,
nominal and doubled. The result on the correlation plots are depicted in Figure 9.20. There is a
noticeable difference on the local angle, which can be observed by looking at the y-θy correlation,
in which the red center smear towards the bottom right. From the inner detector y correlation,
the effect of divergence becomes more evident, since it affects the interaction oppositely for A-
and C-Side. For the equivalent correlations in x, the local angle and coordinates are affected
minimally. This is due to the large difference in magnitude of the transport element M12 in both
planes. The influence of divergence is relatively larger for the smaller t-values compared to
larger t-values, and will therefore relatively affect the resolution of smaller t more.

9.6.3 Detector Resolution

In the simulation the influence of the detector’s resolution on the elastic signal is minimal. The
spread in the plots is on the order of several millimeters and since the convoluted resolution
is a tenth of a millimeter the smearing in the detector does not lead significant changes in the
correlation plots.
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(a) x Beam spot width = 0 · nominal width. (b) x Beam spot width = 1/4 · nominal width.

(c) x Beam spot width = 2/4 · nominal width. (d) x Beam spot width = nominal width.

(e) x Beam spot width = 6/4 · nominal width. (f) x Beam spot width = 8/4 · nominal width.

Figure 9.18: Inner detector x-θx correlation under variation of the beam spot width in x. The
effects of divergence and detector resolution are taken out of the simulation in this study.
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(a) y Beam spot width = 0 · nominal width. (b) y Beam spot width = 1/4 · nominal width.

(c) y Beam spot width = 2/4 · nominal width. (d) y Beam spot width = nominal width.

(e) y Beam spot width = 6/4 · nominal width. (f) y Beam spot width = 8/4 · nominal width.

Figure 9.19: Inner detector y-θy correlation under variation of the beam spot width in y. The
effects of divergence and detector resolution are taken out of the simulation in this study.
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(a) No divergence. (b) No divergence.

(c) Nominal divergence. (d) Nominal divergence.

(e) Double the divergence. (f) Double the divergence.

Figure 9.20: Inner detector y, (a), (c), (e), and y-θy, (b), (d), (f), correlations under variation of the
divergence. The beam spot width is kept normal and the effect of detector resolution is taken
out of the simulation.
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9.6.4 t-Ranges

To determine where elastic events of different t-values end up in the detector a study is con-
ducted in which the t-range of the detectors acceptance is split in 6 ranges. The 6 ranges are not
linearly divided and focus more on the smallest t-values. The used ranges are:

1 · 10−4 < t < 3 · 10−4GeV2,

3 · 10−4 < t < 7 · 10−4GeV2,

7 · 10−4 < t < 1 · 10−3GeV2,

1 · 10−3 < t < 3 · 10−3GeV2,

3 · 10−3 < t < 1 · 10−2GeV2,

1 · 10−2 < t < 5 · 10−2GeV2.

For each range again 1 million elastic events are created. In Figures 9.21 and 9.22 the resulting
x -θx and y-θy correlation plots are shown, respectively. This correlation is preferred since it both
shows the coordinate as well as the local angle the detector. comparing the two figures one
can observed a smaller spread of the local angle in the case of x compared to y. It is even such
that for y the largest t-values can still overlay events of small t-value. This can be observed by
comparing plots (a) and (f) in Figure 9.22. This is something that does not occur in the horizontal
orientation, which is due to the large difference in magnitude of the transport element M11 in
both planes. To study the relative effects that may depend on the t-range and a brief set of
variation have also been carried out for the 6 ranges. All these plots are collectively put in
Appendix B.3. The reader is strongly encouraged to go through this appendix that includes 6
correlations under 6 variations of the simulation for each t-range.
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(a) 1·10−4 < t < 3·10−4 GeV2. (b) 3·10−4 < t < 7·10−4 GeV2.

(c) 7·10−4 < t < 1·10−3 GeV2. (d) 1·10−3 < t < 3·10−3 GeV2.

(e) 3·10−3 < t < 1·10−2 GeV2. (f) 1·10−2 < t < 5·10−2 GeV2.

Figure 9.21: Inner detector x-θx correlation under variation of the t-range. This is with a nominal
beam spot width and divergence, the detector resolution is taken out of the simulation in this
study.
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(a) 1·10−4 < t < 3·10−4 GeV2. (b) 3·10−4 < t < 7·10−4 GeV2.

(c) 7·10−4 < t < 1·10−3 GeV2. (d) 1·10−3 < t < 3·10−3 GeV2.

(e) 3·10−3 < t < 1·10−2 GeV2. (f) 1·10−2 < t < 5·10−2 GeV2.

Figure 9.22: Inner detector y-θy correlation under variation of the t-range. This is with a nominal
beam spot width and divergence, the detector resolution is taken out of the simulation in this
study.
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9.7 Discussion

This chapter is called ’Study of Forward Elastic pp Scattering’ and has shown the groundwork of
what should result in the analysis of the 900 GeV elastic physics program. A long road remains
ahead in preparation of the analysis for a fit to extract the physics parameters. This chapter has
contributed to the initial steps and paved the way for further progress. A list on recommended
work that the presented material could directly be followed up on is given here:

• In the event selection the beam screen cut currently is set globally but should be adjusted
to set it individually per detector. From Figure 9.3 it can be seen that there is a rather
significant difference of about 2 mm between the drop in events between inner and outer
detectors. Hence the event selection will likely benefit from such a modification.

• The correlation cuts that were used in previous analysis, in particular the ellipse of the x -θx
correlation does no longer suffice and will have to be replaced by a more optimal shape to
better incorporate that off-diagonal ellipse in the inner part of the elastic signal.

• The resolution of the reconstruction methods could be determined using the simulation.

• DPE could be simulated to have a more complete modeling of the background.

• The beam spot width for this run should also be determined using the ALFA detector such
that it can be compared with the values from the ATLAS Inner Detector. If this results
valid comparison, the ALFA method could used for other runs in which the ATLAS Inner
Detector was turned off.

• The normalization of the emittance measurements from the BSRT depends on the presence
of wire scans in the data taking periods. A solution should be found for runs in which the
lack of wire scans prevents the measurements from the BSRT to be normalized.

Before a final fit can be applied there are several aspects to be accounted for, in addition to the
list stated above. Among other things, key features for a precise extraction of the physics param-
eters include the alignment of the detector, reconstruction efficiency, optics and the integrated
luminosity. These are non-trivial tasks that each will demand serious effort from the ALFA col-
laborators.
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9.8 Conclusion

This thesis forms the first study of elastic physics at a center-of-mass energy of 900 GeV with
100 meter optics. A successful data taking campaign in October 2018 led to 12 runs with two
different collimation schemes to mitigate background. The schemes are referred to as ’standard
2-stage’ and ’crystal supported’ collimation and are used during 9 and 3 runs, respectively.

A first look at the data has shown that both schemes resulted in low background levels of the
single percent level. The 2-stage collimation has led to background levels of above a percent,
whereas the crystal scheme led to just below the percent level. The background shape between
the two schemes is slightly different and hence they might need a different approach in the sub-
traction of the background from the elastic sample.

During all 12 runs the detector showed an overall good performance despite the 4 runs in which
ALFA detector 6 was not responding and hence failed to collect data. Therefore, a significant
drop in events collected in the corresponding elastic arm resulted in less optimal performance.
A look at the collected events showed that the majority of detectors have an average layer ef-
ficiency around the expected 90%, with the exception of a few layers in detectors 1 and 6. The
status of the detector during the elastic physics program proved to be promising for the analysis
that will follow. The additional check on aging and radiation effects currently do not indicate
significant deterioration of the detector. The few layers with efficiencies significantly below 90%
is likely caused by timing of the electronics.

Two significant experimental effects were observed that indicate dramatic changes to elastic
physics encountered by the ALFA community during previous analysis. The first is that the
elastic signal in the ALFA detector has a feature in which ellipses is observed in multiple corre-
lation plots. The ellipses have their axis oriented perpendicular to the main axis of events. As
a consequence the selection procedure with in particular the x -θx cut will have to be revised.
A simulation study on the beam spot width has shown that the combination of the IP with the
optics can explain the central ellipses observed in the x -correlations. The second is that the con-
voluted resolution of the ALFA detector system faces significant drop of a factor two compared
to previously analysis to a value of 100 µm. Brief calculations have shown that the multiple
scattering is dominating over the intrinsic detector resolution at a center-of-mass energy of 900
GeV. The energy is about an order of magnitude lower compared to the previous elastic physics
programs and could therefore explain the observed resolution of 100 µm.

This initial study indicated to have an excellent data set in which a well functioning detector
has recorded elastic physics with low background levels. New challenges were revealed for the
analysis and indicate that the selection cuts and background subtraction will have to be revis-
ited. With a strong physics case and a data set of high quality, the analysis of 900 GeV elastic
physics program has a promising perspective and might even include the measurement of the
absolute luminosity for ATLAS.
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DCS of the SciFi Tracker

A.1 Panels used in DCS Monitoring

Figure A.1: Parent panel of the monitoring project with all systems.
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Figure A.2: Panel of the baby cooling plant attached to a c-frame in the assembly hall.
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Figure A.3: Panel of the vacuum system attached to a c-frame in the assembly hall.143
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Figure A.4: Panel of the dry gas system and the ambient dew point in the assembly hall..

Figure A.5: Panel of 8 movable PT100 sensors that can be used for temperature studies.

144



A
.1.

Panels
used

in
D

C
S

M
onitoringFigure A.6: Panel of a c-frame in which temperatures on the top of the cold box shell and dry gas outlet connector are displayed.145



A
ppendix

A
.

D
C

S
ofthe

SciFiTracker

Figure A.7: Tabulated front-end board temperatures for a c-frame, arranged per module.
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Figure A.8: Overview of the frond-end board temperatures in a read-out box.
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Figure A.9: Tabulated frond-end voltages for a c-frame, arranged per module.
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A.2 Performance of Services

A.2.1 Cooling Plant Temperature Fluctuations

The figure shows the fluctuations by the cooling plant controls is also sensed at the SiPMs fol-
lowing a small delay1.

Figure A.10: Left: red the output temperature by the plant and blue/green the return tempera-
ture. Right: SiPM temperature that follow the period fluctuation of the cooling plant.

1https://indico.cern.ch/event/859856/contributions/3620980/attachments/1938817/3213968/SciFi_
AssemCoord_JdB_20191105.pdf
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A.2.2 Additional Figures on SiPM Temperatures

In Figures A.11 and A.12, the comparison between modules is given for bottom quadrant T3L2Q0.
The data for the top and bottom quadrants of layer 3 are shown in Figures A.13 till A.18. These

Figure A.11: Temperature dispersion for the
SiPM array of quadrant L2Q0.

Figure A.12: Temperature dispersion compar-
ison for modules of quadrant L2Q0.

depict the same information as the previous figures for the top quadrantof layer 2, hence the
same explanation that was given for layer 2 applies to these figures and can be consulted. The
behaviour of layer 2 and layer 3 are very similar and equivalent conclusions can be drawn from
all the shown figures for the SiPM quadrant study.

Figure A.13: Temperature dispersion for the
SiPM array of quadrant L3Q2.

Figure A.14: Temperature dispersion compar-
ison for modules of quadrant L3Q2.
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Figure A.15: Temperature dispersion compar-
ison of heating power for quadrant T3L3Q2.

Figure A.16: Temperature dispersion compar-
ison of top/bottom quadrants of layer T3L3.

Figure A.17: Temperature dispersion for the
SiPM array of quadrant L3Q0.

Figure A.18: Temperature dispersion compar-
ison for modules of quadrant L3Q0.
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A.2.3 Cooling Tests

A first Novec cooling test was conducted during a period lasting from the 9th till the 11th of July
2019. The dew point in the hall during the test was about +8 ◦C. The cooling test aims to grad-
ually lower the temperature while monitoring the c-frame. For this test it was aimed to lower
the temperature of the SiPMs from around 20 ◦C to -40 ◦C by lowering the cooling plant output
temperature in steps of 10 degrees. To reach the -40 ◦C at the SiPMs, the output temperature of
the plant should go down to -46 ◦C. The temperature was lowered five times, when at a plant
output temperature of -39 ◦C serious condensation appeared on the equipment. The condensa-
tion heavily affected the dry gas outlets, and also to a less extend the Novec bellows and cold
boxes. It was therefore decided to abort the test and heat the system up again to the starting
temperature of 20 ◦C.

Figure A.19: Condensation forming on dry
gas outlet. Photo taken by S. Jakobsen.

Figure A.20: Condensation forming on Novec
bellow. Photo taken by S. Jakobsen.

Investigating the cause of the appearance of condensation led to several suggested ideas. Sev-
eral movable PT100 temperature sensors were placed on the cold boxes, dry gas bellows and
Novec bellows to monitor the temperature on the affected parts. There was no condensation
observed on the dry gas bellows when performing a similar test on the prototype, for which
plastic dry gas bellows were used. A possible explanation may be that the dew point at the time
of the prototype test was lower. Before a second cooling test was performed, several modifica-
tions were done to some of the modules to check if this would positively affect the condensation
problem. Among other things, the stainless steel dry gas out bellow was replaced with a plastic
one, a plastic one covered with aluminium tape, an isolated one and one surrounded by knitted
copper connected to water pipes to created a heat sink, which was also done for a Novec bellow.

A the second Novec cooling test was conducted during the 17th and 18th of July 2019. The
dew point in the hall during the test was about +11 ◦C. The cooling plant output temperature
was lowered from 20 ◦C to -46 ◦C in four steps. The several modifications to both the dry gas
outlet as well as the Novec bellow did not result in a clear solution to prevent from condensa-
tion to appear. A thermal camera was used this time to inspect the temperatures on the Novec
bellows. With the thermal camera, local cold points called ’cold spots’, that appeared on almost
all Novec bellows were made visual. These cold spots were mainly observed to be in the bent
section of the Novec bellows, which can be seen in two pictures from the thermal camera in
Figures A.21 and A.22. The cold spots are depicted by the (dark) purple color in both pictures.
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Figure A.22 shows on the left the cold spots on the Novec bellow and on the right the cold dry
gas outlet. This supported the idea that the inner bellow does (nearly) touch the outer bellow at
these points. During an X-ray campaign on 22nd and 23rd of October, the Novec bellows were
X-rayed under various conditions. First, at a cooling temperature of -46 ◦C, it showed that all
inner bellows were touching the outer one. No significant change was observed by reducing the
Novec pressure. And again at room temperature, for which only minor difference was found
between with and without vacuum. Extra length was added to an outer bellow and this proved
to be a promising solution, although not enough length was added at that point. Then it was
decided to stretch the outer bellows to obtain extra length. During a second X-ray campaign
it was shown that this was an effective method against the cold spots on the Novec bellows.
The inner bellow was now placed more centrally, not touching the outer bellow anymore in the
curved part. The X-rays showed that the outer bellow should be stretched even a little bit extra
to obtain an even more optimal length. It has to noted that no stretching was applied to the
Novec bellows of the first c-frame, as it was already assembled at that time.

Figure A.21: Thermal picture taken during the
second cooling test of C-Frame 1.

Figure A.22: Thermal picture taken during the
second cooling test of c-frame 1.

During the second Novec cooling test the following temperatures on the most affected were
measured with the 8 installed PT100 sensors :

• Dry gas outlet connector : 16 ◦C below air temperature

• Novec bellow : 7 ◦C below air temperature

• Cold box : 8 ◦C below air temperature

The implementation of another round of modifications was focused on modification to the
Novec bellows, for which the vacuum temporarily needed to be broken. These modifications
implied, amongst other things, that the Novec bellow was packed in knitted copper, isolated,
packed in aluminum tape and the use of a plastic support to fix the bellow. Knitted copper
connected to the mounting plate or water pipes was used on the top of the cold box to create a
heat sink. Unfortunately, during the third Novec cooling test, it was observed that also neither
of these modifications prevented from condensation to appear on the parts. Additionally, the
water cooling temperature was raised from 20 ◦C to 25 ◦C, but this did not lead to a significant
improvement.
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None of the efforts were effective enough to prevent from condensation to emerge. The at-
tempted modifications are all methods to prevent from humid air to condensate on cold parts of
the system. This is done through either transferring heat to the most affected parts or prevent
from humid air to be directly in contact with the most cold parts. As such they could be consid-
ered as passive methods in the prevention from condensation. Since these attempts did not lead
to a solution, it was decided to test active heating as a possible solution.

A very brief study with active heating followed with a heating wire that was around at the
time. A cold box, two Novec bellows and a dry gas outlet were equipped with heating wire. A
total of about 25 W of power was then supplied, such that the each part reached a temperature
in the range of 20 ◦C to 25 ◦C. All the condensation disappeared and no cold spots could be
observed anymore with a thermal camera. Then a Kapton isolated heating wire was selected
among several heating wires. The wire is from MWS wire industries TwistiteTM, type 2/36 QPN
twisted pair of wires with Kapton insulation. The thickness with isolation is 0.065 mm per wire
and 0.13 mm for the twisted pair. That it consists of a twisted pair means it has a build-in redun-
dancy: if one wire break still half of the power can be supplied to the parts.

The first test with the Kapton insulated wire involved three module ends, each supplied with 12
meters of wire, this time the length was divided differently for each module end over the cold-
box, dry gas bellow outlet and Novec bellow. The first heating test was conducted during the 3rd

and 4th of September 2019. The Novec cooling temperature during the test was put to a temper-
ature of -46 ◦C, to reach -40 ◦C on the SiPMs. The power supplied per module end was 10 W and
was later also briefly raised to 15 W. The test showed that the distribution of the heating wire of
the three parts was not perfect yet which lead to overheating of the dry gas outlets, reaching 3
to 18 ◦C above the air temperature. It further showed that the cold box temperature was within
3 to 4 ◦C to the air temperature. The fast temperature drop after turning of the heating power
means the heat dissipates quickly.

A second test followed for which the module end was wrapped with 14 meters of wire, the
distribution of wire over the parts was changed according to the experience from the first wire
test. Again, the Novec cooling temperature during the test was put to a temperature of -46 ◦C,
to reach -40 ◦C on the SiPMs. During the test on the 9th of September 2019, the supplied heat-
ing power was adjusted from the initial 15 W to 20 W and later to 25 W. During the period in
which the supplied heat was 25 W, all three parts wrapped in wire reached a temperature above
room temperature. Then the Novec cooling was stopped to observe what temperatures would
be reached without cooling. The maximum temperatures observed were 30 ◦C for the cold box
and 36 ◦C for the dry gas outlet, temperatures that are not critical to the detector.
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Study of Forward Elastic pp Scattering

B.1 Spatial detector efficiencies
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(a) Detector B7L1U. (b) Detector B7L1L.

(c) Detector A7L1U. (d) Detector A7L1L.

(e) Detector A7R1U. (f) Detector A7R1L.

(g) Detector B7R1U. (h) Detector B7R1L.

Figure B.1: Spatial track efficiency for all U-layers elastic triggered events.
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B.1. Spatial detector efficiencies

(a) Detector B7L1U. (b) Detector B7L1L.

(c) Detector A7L1U. (d) Detector A7L1L.

(e) Detector A7R1U. (f) Detector A7R1L.

(g) Detector B7R1U. (h) Detector B7R1L.

Figure B.2: Spatial track efficiency for all V-layers elastic triggered events.
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B.2 Spatial layer efficiencies

(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.3: B7L1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.4: B7L1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.5: B7L1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.6: B7L1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.7: B7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.8: B7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.9: B7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.10: B7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.11: A7L1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.12: A7L1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.13: A7L1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.14: A7L1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.15: A7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.16: A7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.17: A7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.18: A7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.19: A7R1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.20: A7R1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.21: A7R1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.22: A7R1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.23: A7R1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.24: A7R1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.25: A7R1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.26: A7R1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.27: B7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.28: B7L1L: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.29: B7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.30: B7L1L: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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(a) U layer 1. (b) U layer 3.

(c) U layer 5. (d) U layer 7.

Figure B.31: B7R1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) U layer 9. (b) U layer 11.

(c) U layer 13. (d) U layer 15.

(e) U layer 17. (f) U layer 19.

Figure B.32: B7R1U: spatial layer efficiency in the U-plane for tracks with elastic triggers.
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(a) V layer 2. (b) V layer 4.

(c) V layer 6. (d) V layer 8.

Figure B.33: B7R1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.2. Spatial layer efficiencies

(a) V layer 10. (b) V layer 12.

(c) V layer 14. (d) V layer 16.

(e) V layer 18. (f) V layer 20.

Figure B.34: B7R1U: spatial layer efficiency in the V-plane for tracks with elastic triggers.
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B.3 Simulation of t-ranges

B.3.1 t-range 1e-4 till 3e-4 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.35: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.36: Inner detectors x correlation for 6 different simulation settings.
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(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.37: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.38: Outer detectors y correlation for 6 different simulation settings.
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(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.39: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.40: Inner detector x-θx correlation for 6 different simulation settings.
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B.3.2 t-range 3e-4 till 7e-4 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.41: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.42: Inner detectors x correlation for 6 different simulation settings.
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(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.43: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.44: Outer detectors y correlation for 6 different simulation settings.
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(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.45: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.46: Inner detector x-θx correlation for 6 different simulation settings.
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B.3.3 t-range 7e-4 till 1e-3 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.47: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.48: Inner detectors x correlation for 6 different simulation settings.

203



Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.49: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.50: Outer detectors y correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.51: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.52: Inner detector x-θx correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

B.3.4 t-range 1e-3 till 3e-3 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.53: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.54: Inner detectors x correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.55: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.56: Outer detectors y correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.57: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.58: Inner detector x-θx correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

B.3.5 t-range 3e-3 till 1e-2 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.59: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.60: Inner detectors x correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.61: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.62: Outer detectors y correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.63: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.64: Inner detector x-θx correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

B.3.6 t-range 1e-2 till 5e-2 GeV2

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.65: Outer detectors x correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.66: Inner detectors x correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.67: Inner detector x-θx correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.68: Outer detectors y correlation for 6 different simulation settings.
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Appendix B. Study of Forward Elastic pp Scattering

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.69: Inner detectors y correlation for 6 different simulation settings.
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B.3. Simulation of t-ranges

(a) W 2o4 D 0 O design R no smearing. (b) W 8o4 D 0 O design R no smearing.

(c) W normal D normal O design R normal. (d) W normal D 0 O design R no smearing.

(e) W normal D normal O design R no smearing. (f) W normal D 8o4 O design R no smearing.

Figure B.70: Inner detector x-θx correlation for 6 different simulation settings.
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