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Abstract

The LHCb detector will undergo an upgrade during the long shut-down of the
LHC in the years 2019 and 2020. As part of this upgrade the tracking stations
downstream of the LHCb dipole magnet will be replaced by a scintillating fibre
(SciFi) tracker as the higher luminosity and track multiplicity require a tracking
system with an increased granularity. Simulation studies are used to predict the
performance of the SciFi Tracker under realistic operating conditions.

This thesis investigates the cross talk between scintillating fibres as a possible
explanation of an observed deviation between simulation results and testbeam
measurements. The correct understanding of of this efect, which accounts for about18 % of the light from the scintillating fibres, resolves the discrepancies previously
observed. Further studies for the LHCb detector simulation framework undertaken
in this thesis include the development of several models describing the properties of
photons exiting a scintillating fibre, which lead to the adoption of a more eicient
algorithm used within the digitization of the SciFi Tracker. Additionally the so
called Light Yield Attenuation maps are implemented in the simulation framework
to allow a more precise description of radiation damage to the fibres.

Kurzfassung

Der LHCb-Detektor wird im Zuge des Long Shutdowns des LHC in den Jahren
2019 und 2020 ein Upgrade erhalten. Ein Teil hiervon ist der Austausch von drei
Spurdetektoren hinter dem Dipolmagneten des LHCb-Detektors durch einen Detek-
tor aus szintillierenden Fasern (SciFi Tracker). Dies ist notwendig, da auf Grund
von größerer Luminosität und damit höheren Spurmultiziplitäten ein Spurdetektor
mit einer feineren Granularität erforderlich ist. Um die Leistungsfähigkeit des SciFi
Trackers unter realistischen Bedingungen vorherzusagen, werden unter anderem
Simulationen verwendet.

Diese Arbeit untersucht der Crosstalk zwischen szintillierenden Fasern als eine Erklä-
rung für beobachtete Abweichungen zwischen Simulation und Teststrahlmessungen.
Durch gewonnene Erkenntnisse zu diesem Efekt, der circa 18 % des von den Fasern
erzeugten Lichtes ausmacht, konnte eine gute Übereinstimmung von Simulation
und Messung erreicht werden. Des Weiteren wurden verschiedene Modelle für die
Erzeugung von Photonen innerhalb der LHCb-Detektorsimulation untersucht. Dies
trug zur Entwicklung eines performanteren Algorithmus für diese Simulation bei.
Darüber hinaus wurden die so genannten Light Yield Attenuation Maps in die
Detektorsimulation implementiert.
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1 Introduction

Research on elementary particles and their interactions dates back to the beginning
of the 20th century. This efort lead to the development of the Standard Model
(SM) of particle physics, which provides a unified description of three out of the four
fundamental forces in nature: the electromagnetic, strong and weak interactions. The
SM is one of the most precisely tested theories and up to date all measurements agree
with the model within the respective experimental and theoretical uncertainties.
Nevertheless, the SM is not complete as there are phenomena such as gravity,
the fourth fundamental force, which are not included in the SM. Another open
question is the observed imbalance between matter and antimatter in the universe,
which points towards a higher amount of �� violation than predicted by the SM.
Measurements conducted at high energy physics experiments can provide insights
into these problems. One of these experiments is the LHCb detector operated at the
Large Hadron Collider (LHC) at CERN. The LHCb experiment focuses on precision
measurements of decays involving �- and �-quarks, which enables among other
measurements the investigation of �� violation in the decay of heavy particles.

In order enable precise measurements with lower statistical uncertainties, more
needs to be collected than is currently available. For this reason, the current LHCb
detector, presented in Chap. 2, will be upgraded during the LHC Long Shutdown in
the years 2019-2020. After the upgrade [16], the instantaneous luminosity will be
increased by a factor of five to 2 × 1033 fb−1 and all subdetectors will be read out
at a rate of 40 MHz. This necessitates the renewal of the front-end electronics of all
subdetectors and also the replacement of the tracking system. The current tracking
stations behind the LHCb dipole magnet will be replaced by a tracker based on
scintillating fibres, the so called scintillating fibre (SciFi) Tracker. The SciFi tracker,
described in detail in Chap. 3, will cover an area of 360 m2, which will be the first
use of scintillating fibres at this scale.

In order to determine the performance of the SciFi tracker, simulation studies are
conducted and compared to measurements of single fibres and test of prototypes
during testbeam campaigns as described in Chap. 4. Some of the testbeam measure-
ments show a greater spread of the detected light compared to previous simulations.
A possible explanation for the observed discrepancy could be cross talk caused
by UV photons. This efect is investigated in Chap. 5. To this end an existing
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1 Introduction

simulation of a single fibre is extended by including neighbouring fibres, which is
used to determine the amount of cross talk. Results from these studies are used
to improve the digitization of the SciFi tracker in the LHCb detector simulation.
Several studies for the digitization of the SciFi tracker within the LHCb simulation
framework are presented in Chap. 6 of this thesis. To simulate the response of the
SciFi tracker, the signal is reconstructed from individual photons leaving the end
of a scintillating fibre. The properties of these photons are described in detail by
an existing simulation of a single fibre. Based on that several models to simulate
the photons are developed. The impact of these models on the overall behaviour
of the SciFi tracker is evaluated. The number of photons simulated depends on
the attenuation of the light inside the fibre, which is therefore an important factor
for the performance of the SciFi tracker. The so called Light Yield Attenuation
Maps, which are implemented in the LHCB software framework as part of this
thesis, provide a detailed model of attenuation taking into account among other
things the radiation damage of the fibres.

2



2 The LHCb Experiment at the Large Hadron
Collider

2.1 The Large Hadron Collider

The Large Hadron Collider is the largest and most powerful particle accelerator
presently in operation. It is operated by the European Organization for Nuclear
Research (CERN) and located near Geneva, Switzerland. The accelerator is housed
in an underground tunnel with a circumference of 26.7 km which lies between 45 m
and 170 m below the surface of the earth. The LHC is able to produce proton-proton
collisions with a centre of mass energy of up to 13 TeV[23]. An overview of the
accelerator facility is given in Fig. 2.1.

In the first step protons obtained by ionizing hydrogen gas are accelerated by a linear
accelerator (LINAC 2) up to an energy of 50 MeV. The beam continues through the
Booster, the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS).
Before being injected into the LHC a proton beam has an energy of 450 GeV. In the
LHC two beams of protons1 are accelerated in opposing directions. Superconducting
magnets are used to bend the beam along the accelerator ring. The beams are
subdivided into bunches of around 1 × 1011 protons. These packets are collided at
a rate of 40 MHz at four interaction points along the accelerator ring. This is were
the four major experiments are located. There are two general purpose detectors
operated by the ATLAS and the CMS collaboration. These are designed as so called4� detectors almost completely surrounding the interaction point. Some of the
physics goals of these experiments include the search for the Higgs Boson and dark
matter candidates [1, 14]. Besides ATLAS and CMS two special purpose detectors,
namely ALICE and LHCb, are operated at the LHC. The ALICE collaboration
focuses on measurements during the ion runs to study the quark gluon plasma [3].
The LHCb experiment[5], being central to this thesis, will be discussed in greater
detail in the next section.

1During special runs lead ions are used instead of protons.
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2 The LHCb Experiment at the Large Hadron Collider

Figure 2.1: Overview of the Large Hadron Collider accelerator facility. The pre
accelerator chain consists of a linear accelerator (LINAC) and three ring accelerators
(Booster, PS and SPS). The four major experiments are located at the collision
points of the LHC.[41]
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2.2 The LHCb experiment

2.2 The LHCb experiment

The LHCb experiment is designed to study decays of particles containing � and �
quarks. These enable precise probing of the Standard Model of particle physics and
thus also the search for physics beyond the SM. For example measurements of the�� violation in such decays could provide an explanation for the observed matter
anti-matter imbalance in the universe. Other research objectives are the search of
new particles, which could include Dark Matter candidates and the search for rare
decays or decays forbidden by the SM. For these measurements pairs of � and �̄
quarks are studied. These quark pairs are mainly produced at small angles relative
to the beam pipe (see Fig. 2.2). For this reason and as a result of space and cost
constraints the LHCb detector is build as a single arm forward spectrometer. It
covers a pseudo-rapidity of 1.8 < � < 4.9 [12]. The detector is able to observe about24 % [12] of ��̄-pairs produced by the LHC. The detector features a very precise
tracking system and subdetectors for particle identification.
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Figure 2.2: Diferential ��̄ production cross section as a function of the angles of
the �-quarks to the beam axis. The acceptance of the LHCb detector is shown in
red.[12]
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2 The LHCb Experiment at the Large Hadron Collider

2.2.1 The LHCb detector

Fig. 2.3 shows the current design of the LHCb detector. The figure also indicates
the orientation of the axes of the coordinate systems used in this text. The � axis
is parallel to the LHC beam pipe, the � axis describes the vertical direction and
the � axis is perpendicular to the �� plane. The following paragraphs give a short
description of the LHCb experiments diferent components.

y

z

Figure 2.3: Cross section of the current LHCb detector. The figure includes the
interaction point on the left side and the diferent subdetectors of the spectrome-
ter.[35]

VELO The vertex locator (VELO) is a tracking detector made from silicon strips
surrounding the interaction point. Due to its proximity to the beam it enables an
exact measurement of the interaction point. During the injection phase of the LHC
the VELO is moved away from the beam in order to prevent damage to the detector.
When the detector is in operation the so called beam conditions monitor (BCM)
can detect unstable beam conditions and triggers a beam dump if necessary.
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2.2 The LHCb experiment

RICH I/II After the VELO the particles pass the first ring imaging Cherenkov
detector (RICH I). This subdetector determines the velocity of the traversing
particles by measuring the angle under which Cherenkov radiation is emitted by
the particles. The velocity is used together with momentum information from the
tracking system to reconstruct the masses of the particles and thereby enabling
particle identification. RICH I is optimized to detect particles with a momentum of
up to 60 GeV/c2. A second RICH detector located behind the tracking stations is
designed for particle momenta above 100 GeV/c2.

TT Upstream of the magnet the Tracker Turicensis is located. It consist of silicon
strips with a width of 200 µm, which enable a single hit resolution of about 50 µm.
The detector consists of four layers of which the two in the centre are tilted by an
angle of ±5°. This so called stereo geometry enables a track reconstruction in three
dimensions.

Magnet A non super-conducting magnet with a bending power of 4 T m deflects
charged particles which allows a measurement of their momentum. The direction of
the magnetic field is reversed several times during data taking in order to reduce
systematic uncertainties in the measurements.

IT/OT The tracking stations downstream of the magnet consist of two parts. Close
to the beam pipe the Inner Tracker(IT) is located. The IT uses a set-up similar to
the TT and consists of 4 layers of silicon microstrips arranged in a stereo geometry.
The IT however does not cover to whole acceptance of the LHCb detector. It is
surrounded by the Outer Tracker (OT) which consists of a drift time gas detector
made from straw tubes. The usage of straw tubes leads to an increased spatial
resolution of 200 µm and a dead time for individual tubes which lies below 50 ns.
Calorimeters The goal of the calorimeter system is to determine the energy of the
particles. The LHCb detector employs an electromagnetic (ECAL) and a hadronic
calorimeter (HCAL). These calorimeters consist of alternating layers of lead or iron
and scintillating material. In the former, particles generate showers which in turn
create light in the scintillating layers. This light is then guided by optical fibres
into photomultiplier tubes (PMTs). Upstream of the ECAL the scintillating pad
detector (SPD) and the preshower detector (PS) are used to diferentiate between
photons and electrons. The information from the calorimetry system is used by the
hardware trigger (see below) to select events which include high transverse energy.
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2 The LHCb Experiment at the Large Hadron Collider

Muon system Another indicator for interesting decays are muons. One muon
station is located before the calorimetry system and four downstream of the HCAL.
The muon stations consist of multi wire proportional chambers. Stations M2 to M3
also include iron layers between the chambers to select the muons by energy.

2.2.2 Triggering system

The LHCb experiments takes data with an instantaneous luminosity of ℒ =4 × 1032 cm−2 s−1 and an event rate of 40 MHz. It is not practical to read out,
process and store the detector response for all events. Therefore the trigger system
is employed to select events which are deemed interesting for physics analyses and
thereby reducing the data rate. Currently the LHCb experiment employs a two
stage triggering system to select events. The first stage (L0) is implemented in
hardware and mainly uses data from the calorimeters and the muon system to
select events with high transverse energy and momentum respectively. In this way,
the L0 hardware trigger is reducing the 40 MHz bunch crossing rate to 1 MHz. At
this rate all subdetectors of the LHCb experiment are read out and a partial event
reconstruction is performed. Based on these results the so called High Level trigger
(HLT), which is implemented in software, selects events and tries to reject as much
background as possible. This way the HLT further reduces the data rate to 12 kHz
at which the data is stored to disk.[26]

2.2.3 Upgrade of the detector

The LHCb detector will be undergoing a comprehensive upgrade [2] during the
Long Shutdown 2 of the LHC in the years 2019 and 2020. In order to lower the
statistical uncertainties of the measurements and increase the sensitivity of physics
analyses a larger dataset needs to be collected. Hence the LHCb detector will
be operated at an increased instantaneous luminosity of 2 × 1033 fb−1 [16]. To
make use of the increased luminosity, the L0 trigger, which limits the data rate
to 1 MHz, will be removed and replaced by a software only trigger. This change
requires an replacement of the front-end electronics to enable the readout of all
subdetectors at the full bunch-crossing rate of 40 MHz. In the course of the upgrade
the SPD/PS detector and the first muon chamber M1 will be removed, because
these subdetectors were primarily used to provide input for the L0 trigger. After
the upgrade it is planned to collect 50 /fb of data in the following ten years. The
increased instantaneous luminosity leads to an increased pile-up, which means an
increased number of proton-proton interactions per bunch crossing. The greater
number of tracks causes a higher occupancy in the tracking subdetectors. To counter
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2.2 The LHCb experiment

this efect the granularity of the tracking systems needs to be increased. For this
reason all tracking detectors will be upgraded. This includes a replacement of the
tracking stations T1 to T3, necessary in part, because of the large dead time and
comparably low resolution of the OT.

The requirements of the new tracker, as laid out in the LHCb Tracker Upgrade
Technical Design Report (TDR) [16], include a spatial resolution of at least 100 µm
in the bending plane of the magnet. The single hit eiciency should be around 99 %
and the signal to noise ratio shall be below 10 % at any location of the tracker. In
order to enable the full software trigger, the readout electronics need to operate at a
rate of 40 MHz. The detector needs to maintain its performance during the expected
lifetime in order to collect 50 /fb of data in spite of irradiation. The interaction
of the particles with the detector material, known as multiple scattering, increases
the uncertainty of the momentum measurements. Therefore the upgraded detector
is required to have a relative radiation length of �/�0 ≤ 1 % per layer. In order
to meet these requirements a detector composed of scintillating fibres will replace
the three tracking stations after the magnet. The next chapter includes a detailed
description of this proposed detector and its components.
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3 Scintillating Fibre tracker

Guided by the requirements for the tracking system after the LHCb upgrade, laid
out in the previous section, a tracker based on scintillating fibres is developed by
the LHCb group. The so called SciFi Tracker will replace the current OT and IT at
the three tracking stations T1 to T3 by a single subdetector. The following chapter
gives an introduction into the SciFi Tracker and covers concepts that are relevant
for this thesis. This includes the general layout of the tracker, the properties of the
scintillating fibres used, the readout electronics and the challenges posed by the
radiation environment inside the LHCb cavern.

3.1 Layout of the detector

This section describes the layout of the SciFi Tracker as presented in the TDR [16].
The three tracking stations of the SciFi Tracker will be located in the same place
as the previous downstream trackers. An overview of a tracking station is given in
Fig. 3.1. Each tracking station consists of four layers. The second and third layer,
the so called stereo layers are tilted by ±5°. This geometry enables the localization
of hits in three dimensions. These layers are made up of modules, which consist of
eight fibre mats embedded in a support structure made from a carbon reinforced
polymer and honeycomb material [27, 17]. The layers of the tracking stations T1
and T2 contain 10 modules each and the layers of the third station 12 modules
[44]. For the fibre mats scintillating fibres with a nominal diameter of 250 µm are
wound with a spacing of 275 µm between neighbouring fibres. This way six layers of
fibres are stacked on top of each other guided by the layer below (see Fig. 3.2). To
fix the fibres in place and provide some mechanical stability, the stacked fibres are
embedded in EPOTEK-301-2 epoxy[21] glue. Titanium dioxide is added to the glue
in order to suppress cross talk between individual fibres.

Light, which is created by scintillation, travels along the fibre guided by total internal
reflection. On either end of the module the light from the fibre mats is read out by
silicon photomultiplier arrays (SiPMs). A mirror is located on the other end of the
fibre mats and guides light travelling in the opposite direction towards the SiPMs.
The mats are assembled with the mirrored end back to back into a module. Hence
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3 Scintillating Fibre tracker

the readout electronics lie outside of the detectors acceptance which minimizes the
material budget and exposure to radiation.

Figure 3.1: Schematic representation of a tracking station made up of 12 modules
each housing eight fibre mats and the readout electronics.[20]

Figure 3.2: Six layers of fibres are wound on top of each other to form a fibre
mat. A schematic of fibre mats is shown on the left and the cross section of a
wound mat sandwiched between a support structure on the right.[27, 39]

3.2 Scintillating fibres

Scintillating fibres are the active component of the SciFi Tracker. These fibres are
of type SCSF-78MJ [37] from the manufacturer Kuraray. The nominal radius of the
fibres is 250 µm and they are made up of a core surrounded by two layers of cladding.
Each layer of cladding has a thickness of 6 % of the fibre’s radius. In the core, which
consists of doped polystyrene, traversing ionizing particles deposit energy that is
then emitted in the form of photons. As the scintillation yield from the polystyrene
is quite low, it is doped with the scintillating dye p-terphenyl with a concentration
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3.2 Scintillating fibres

of approximately 1 % by weight. This also decreases the scintillation time, which
is important due to the short time interval of 25 ns between consecutive bunches.
The energy deposited in the base material is transferred to the p-terphenyl (PT)
via a non-radiative process (Förster transfer). This dye then emits UV photons
with a decay time of 2.8 ns. This increases the light yield to approximately 8000
UV photons per MeV of deposited energy[16]. To enable the Förster transfer the
concentration of the scintillating dye needs to be relatively high. This causes a high
attenuation of the light due to self absorption by the scintillating dye. In order
to mitigate this efect, a second dye tetraphenyl-butadiene (TPB) is added which
acts as a wavelength shifter by absorbing UV photons and re-emitting them with a
higher wavelength. See Fig. 3.3 for the relevant emission and absorption spectra.
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Figure 3.3: Absorption (red) and emission (blue) spectra of the fibre’s base
material and added dyes.[16]

The core is surrounded by claddings with decreasing indices of refraction. This
causes a part of the emitted light to be captured in the fibre and guided to its
ends due to total internal reflection (see Fig. 3.4). Scintillation photons, which are
created isotropically on the fibre axis, are trapped with an eiciency of 5.34 % in
either direction [16].

Several processes lead to an attenuation of the light travelling in the fibre. The
magnitude of the attenuation depends on the wavelength of the photons. In the core
material Rayleigh scattering is the dominant attenuating process for wavelengths
above 450 nm. For photons with lower wavelengths electronic transitions and re-
absorption by the wavelength shifting dye become the dominant processes despite
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3 Scintillating Fibre tracker

Figure 3.4: A scintillating fibre with the core and two claddings and their re-
spective refractive indices. Light which reaches the interface of the inner and
outer cladding with an angle smaller then 27.4° (critical angle) to the fibre axis is
trapped and guided towards the ends of the fibre by total internal reflection. This
leads to a trapping eiciency of 5.34 % in either direction [16].

the TPB’s low concentration in the fibre (∼ 0.05 % by weight). In addition to the
intrinsic attenuation of the fibre there are other losses due to imperfections in the
fibre. For example photons are lost at irregular boundaries between core and inner
cladding or inner and outer cladding instead of being reflected. Radiation damage
also introduces a significant attenuation as it leads to additional absorption and
scattering centres. Due to the high levels of radiation present in the LHCb this
efect heavily influences the performance of the SciFi Tracker and therefore calls for
detailed analysis (see also Sec. 3.5).

3.3 Silicon photomultipliers

The light that reaches the end of the fibre is read out by silicon photomultiplier
arrays (SiPMs). These devices are chosen for the SciFi Tracker because of their
high photon detection eiciency and high granularity. Photons are detected by
semiconductor devices called avalanche photo diodes (APDs). In order to detect
single photons these devices are operated in Geiger mode by applying a reverse bias
voltage above the breakdown voltage to the diode. This way an avalanche created by
a single photon can be amplified by a factor of 105 to 107 [40]. A quench resistor is
added to lower the applied voltage below the breakdown voltage after an avalanche
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3.3 Silicon photomultipliers

has occurred. The signal produced by the diode is independent of the number of
photons triggering the breakdown. Therefore multiple APDs are operated in parallel
and are arranged into a rectangular grid forming pixels of a SiPM channel. Because
each pixel can only fire once per event the signal of a SiPM does not increase linearly
with the number of incident photons. To avoid this saturation efect the number of
pixel is chosen to be large compared to the mean number of photons per event.

Custom designed SiPMs from the manufacturer Hamamatsu[29] are used for the
SciFi tracker. Several generations of these chips were developed and studied during
the development of the SciFi Tracker. The current generation H2017_HRQ [30, 32]
features channels with a width of 250 µm, which corresponds to the diameter of a
scintillating fibre. Each channel is made up of 104 pixels arranged in a 4 × 26 grid.
A SiPM array consists of 128 channels split into two silicon dies with 64 channels
separated by a gap of 220 µm (see Fig. 3.5).

Figure 3.5: Magnified view of the H2016_HRQ SiPM from Hamamatsu. In the
centre of the image the 220 µm gap between the to Silicon dies is visible. A channel
with a width of 250 µm is marked in red. [32]

Important properties of the SiPM include the photon detection eiciency (PDE)
and the dark count rate (DCR). The PDE is the wavelength dependent detection
probability of a photon and it is influenced by two factors. The geometric eiciency
is given by the amount of active area in relation to the total area of the sensor,
which is determined by the manufacturing process of the SiPM. Additionally the
quantum eiciency is the probability that a photon entering a pixel leads to an
avalanche.
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3 Scintillating Fibre tracker

However the overvoltage can not be increased arbitrarily as this would lead to an
increased dark current. This efect is caused by pixel firing without an incident
photon due to thermal fluctuations in the silicon material. The dark count rate
is raised additionally by irradiation of the SiPMs [32]. In order to maintain the
performance of the SciFi Tracker, the SiPMs are cooled to −40 °C, which decreases
the DCR due to the thermal nature of this efect. Another source of noise is pixel
cross talk, which is caused by secondary photons generated by the recombination
of electron and hole pairs in a fired pixel. These photons can trigger avalanches
in neighbouring pixels. The probability of pixel to pixel cross talk in the 2016
SiPM is measured to be 5.5 %. This cross talk is able to increase the noise caused
by the dark current. In order to suppress the noise, thresholds are applied to the
signal and clusters are formed by combining the signal from multiple channels. This
procedure together with the read out electronics of the SiPMs is described in the
next section.

3.4 Readout and Clusterization

The signals produced by the SiPMs is read out by a custom designed integrated
circuit. The Pacific (low Power Asic for the sCIntillating Fibres traCker) [38]
performs the shaping, integration and the digitization of the signal. The signal from
one event is not fully contained in its 25 ns bunch crossing time slot. This efect is
called spillover and it is caused by the propagation delay of the photons in the fibre
and recovery time of the SiPMs. In order to minimize spillover, the signal of the
SiPM is shaped by the Pacific. This process leads to the suppression of the signal
tails[16]. Afterwards the signal is integrated over the period of 25 ns and digitized
with a 2 bit analogue digital converter (ADC). The ADC is implemented by three
comparators with thresholds, which can be set for each channel individually (see
Fig. 3.6).

Clusterization is performed on the signal in order to suppress noise and to reduce
the data rate. Figure 3.7 illustrates this process. The thresholds used are set during
the digitization of the signal. Candidate clusters are channels which pass the seeding
threshold, which is set by the second comparator of the Pacific. Then up to three
neighbouring channels are added to the clusters if these channels pass the threshold
set by the first comparator (neighbouring threshold). If the summed signal of the
candidate cluster and its neighbours pass the sum threshold a cluster is formed.
Alternatively a cluster can be formed by a single channel exceeding the so called
high threshold set by the third comparator. The position of the cluster is given by
the weighted mean of all contributing channels, which allows for a resolution better
then 100 µm [16]. In this thesis two properties of a cluster are of interest. The first
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Figure 3.6: Schematic of the diferent components of the PACIFC chip. The
signal is amplified, shaped, integrated and digitized. The digitization thresholds
(shown in red) are set at the comparators. The clusterization algorithm is applied
to the output.

Figure 3.7: Illustration of the clusterization algorithm. Clusters are either formed
by channels exceeding the high threshold or by a group of channels above the sum
threshold. In the latter case at least one channel needs to be above the seeding
threshold and the other ones above the neighbouring threshold. Most noise occurring
in only one channel is suppressed by this procedure. As indicated on right hand
side of the figure, clusters larger than the maximum width of four channels are
split.
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3 Scintillating Fibre tracker

is the cluster charge, which is given by the total number of fired pixels per cluster.
Due to the applied thresholds only a lower limit of cluster charge can be measured
when using the Pacific to readout the SiPMs. The second property of interest
is the size of a cluster, which is the total number of contributing channels. In the
current clustering algorithm this number is limited to 4 with larger clusters being
split into smaller ones.

The clusterization procedure reduces noise which occurs only in a single channel due
to the requirement set by the neighbouring threshold. In addition this noise clusters
which do not exceed sum threshold are discarded. It was shown in Monte-Carlo
studies that the clusterization reduces the noise from the SiPMs to below 2 MHz
[13]. For the setting of these thresholds a compromise between the noise rate and
the hit eiciency needs to be reached.

3.5 Radiation environment

The radiation present in the LHCb cavern has several adverse efects on the perfor-
mance of the SciFi Tracker. In order to determine the impact of the this radiation,
Monte Carlo simulations are used to estimate the dose applied to diferent parts
of the LHCb detector. Multiple Fluka [9, 24] simulations were performed [28, 36]
to the dose levels after the collection 50 fb−1 of data. For the SciFi Tracker, dose
maps with diferent granularities are available (see Fig. 3.8). Due to the symmetric
built-up of the SciFi Tracker it is suicient to study the irradiation in one quarter
of the detector.

In the SiPMs the irradiation leads to damages in the lattice structure of the silicon.
This in turn increases the dark count rate of the detectors. The increased dark
current translates into a higher rate of noise clusters. To mitigate this efect the
SiPM arrays are cooled to −40 °C. Measurements show that the DCR increases
linearly with the applied dose[33]. Due to their position on the ends of the modules
the dose applied to the SiPMs is significantly lower compared to the dose applied to
the fibres close to the beam pipe.

Radiation also efects the attenuation of the scintillating fibres by introducing
additional absorption centres inside the fibre material. The Fluka simulation
predicts an integrated dose of 35 kGy in the worst case region which is located next
to the beam pipe after an integrated luminosity of 50 fb−1 [16]. The process by which
radiation increases the attenuation is not fully described by theory. Measurements on
single fibres provide an estimate on the extent of the radiation damage [20]. Multiple
irradiation campaigns with diferent dose levels and dose rates were conducted by
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Figure 3.8: Dose map for the third tracking station T3 after 50 fb−1 of integrated
luminosity. The beam pipe hole is visible in the centre and for reference the
outline of the SciFi modules is superimposed in black. In the area close to the
beam pipe a finer binning (2.5 cm × 2.5 cm) is used compared to the outer region
(20 cm × 20 cm). [19]
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3 Scintillating Fibre tracker

the SciFi group [20]. For each dose level the additional attenuation was measured
as a function of wavelength (see Fig. 3.9).
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Figure 3.9: Additional attenuation due to irradiation as a function of wavelength.
Diferent levels of doses from diferent irradiation campaigns are colour coded.[20]

At lower wavelengths the attenuation, which is caused by absorption centres peaking
at 250 nm to 320 nm [45], increases exponentially. This functional dependence allows
the attenuation to be extrapolated for a specific wavelength based on a reference
value chosen at 450 nm, which corresponds to the peak in the fibre spectrum. In
Fig. 3.10 the attenuation for the reference wavelength is plotted against the applied
dose. Two models are used to describe the dependence between the attenuation and
the dose. The best fit is achieved with a power-law given by�pow (�, �) = 0.4 kGy−0.8�0.8 ⋅ e−3.01 × 10−2 nm−1(�−450 nm), (3.1)

where � is the applied dose and �pow the additional attenuation due to radiation
damage. The irradiation campaigns in the high dose region were performed with
higher dose rates than those expected in the LHCb cavern due to time constraints.
It is predicted that the radiation damage is lower at higher dose rates [20]. Therefore
it can be assumed that this model underestimates the radiation damage of the SciFi
Tracker in normal operating conditions. To avoid this underestimation a linear
radiation damage model is introduced:�lin (�, �) = 0.38 kGy−1� ⋅ e−3.01 × 10−2 nm−1(�−450). (3.2)

This parameter of this model is determined by performing a linear fit to the data in
the low dose region (see Fig. 3.10).
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Figure 3.10: Additional attenuation as a function of applied dose for a wavelength
of 450 nm. The Data represent a combination of multiple irradiation campaigns.
The blue line shows the power law model for radiation damage. The linear model
(green) is fitted to the data in the lower dose region corresponding to the solid line
(modified from [20]).

In order to study the influence of the additional attenuation on the performance
of the SciFi Tracker, simulation studies can be used. The next section will discuss
several approaches to simulate the behaviour of scintillating fibres and key properties
of the SciFi Tracker as a whole.
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4 Simulation of the SciFi Tracker

Simulation studies are an important part of the research and development efort for
the SciFi Tracker. These studies are used to predict the performance of the SciFi
Tracker under realistic operating conditions over its full lifetime. The simulations
difer both in the level of detail simulated and the number of included detector
systems. Within the LHCb software framework a simulation of the whole whole
detector is implemented. The scope of this simulation includes the interactions
at the collision point, tracking of particles through the LHCb spectrometer and
determining the responses of the sub detectors. The latter process is referred to
as digitization. Because of the scope of the LHCB detector simulation and due to
restraints on computing power, the simulation of some physical processes needs to
be substituted by approximating models. In contrast to this, simulations of the
individual components of the SciFi Tracker have been developed, such as a detailed
simulation of the behaviour of a single scintillating fibre. The objective of this
chapter is to introduce the simulations relevant to this thesis. In order for the results
of such simulations to be used in the development of the tracker, their validity needs
to be ensured by comparing them to measurements of prototypes during testbeam
campaigns. For this reason the results of the 2016 testbeam measurements are
presented in Sec. 4.4. These results are the motivation for the simulation studies of
fibre to fibre cross talk, which are presented in Chap. 5 of this thesis.

4.1 LHCb Detector Simulation

The LHCb software framework implements a description of the complete detector in
order to generate Monte Carlo data, which is in addition to detector development
vital for analyses of LHCb data. The output of this simulation can be used
interchangeably with data taken by the LHCb detector. Figure 4.1 gives an overview
of the process which consists of two phases. The first step is performed by the
Gauss [8] program. Proton-proton collisions are simulated using the Pythia [42]
toolkit. Based on these collisions the EvtGen package simulates the decays of
heavy flavour particles into final state particles. The resulting particles from these
collisions are traced through the geometry of the LHCb spectrometer with the
Geant4 framework [4]. The result of this generation phase are so called MCHits,
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Figure 4.1: Overview of the LHCb detector simulation tool chain relevant for
the SciFi Tracker. Steps in the Gauss package are shown in yellow followed
by the digitization performed by the Boole package shown in green. The
MCFTDepositCreator algorithm relevant for this thesis is presented in greater
detail. Afterwards the digitization the output is processed analogous to data taken
by the physical detector.
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4.1 LHCb Detector Simulation

which represent energy deposited in the diferent active media of the LHCb detector
such as the mats of the SciFi Tracker.

The second step, in which the actual response of the detector is simulated, is referred
to as digitization. The data is handed the Boole [15] software packet, which for the
SciFi Tracker includes several efects: first the response of the fibre mat is simulated
by the MCFTDepositCreator, which converts an MCHit deposits in the appropriate
SiPM channels. Afterwards the readout of the SiPMs is simulated followed by an
clusterization procedure. The amount of energy deposited in a fibre mat is given by
the results of the Gauss application. Based on the distance from the hit in the mat
to the SiPMs and the propagation time of the photons the mean arrival time of the
signal is determined. The attenuation of light due to the fibres is determined with
the following parametric model:�dir/ref = �S exp (−�dir/ref�short

) + (1 − �S) exp (−�dir/ref�long
) . (4.1)

The attenuation is given by two exponential components �short and �long as a
function of the distance travelled by the signal in the mats.The values for the
attenuation lengths � and the fraction of the short component �S are determined by
fitting simulation results to testbeam data [6]. The computation of the attenuation
is handled by the MCFTAttenuationTool for which an alternative implementation is
presented in Sec. 6.5. The attenuation is calculated individually for the direct and
reflected signal, taking into account the greater distance travelled by the photons
reflected at the mirror.

Two implementations of the MCFTDepositCreator exist, which difer in how the
signal is distributed to the SiPM channels. The so called efective procedure has been
the default algorithm at the time the work for this thesis started. This algorithm
does not simulate the layout of the fibres inside the mat. But as individual fibres are
not aligned to the SiPM channels, light from a single hit usually generates a signal in
multiple SiPM channels. To account for this spread, the so called light-sharing model
is used. The energy deposited in the channel corresponding to the hit is shared
with its neighbours. The amount of light in the neighbouring channels is given as a
function of the position of the hit in the original channel. In each channel the energy
is then converted to a number of photons with a tunable scaling factor. Based in
the amount of light in each channel additional deposits are added to simulate the
noise of the SiPMs. Because the efective implementation does not model the SiPM
noise suiciently well, it’s output did not match the testbeam measurements.

This lead to the development of the detailed implementation, which models which the
geometry of individual fibres within a mat. The energy of a MCHit hit is distributed
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4 Simulation of the SciFi Tracker

to the fibres according to the path length travelled in each fibre (see Fig. 4.2). For
each fibre the energy is converted to a number of photons with a scaling factor.
This amount of photons are spawned at the end of the fibre facing towards the
SiPMs. The positions, angles and wavelengths of the photons exiting the end of
the fibres are drawn according to probability distribution functions (see Sec. 3.4).
Within the Boole application this functionality is encapsulated in the so called
MCFTPhotonTool and in Sec. 6.2 studies concerning this procedure are presented.
The generated photons are then tracked from the end of the fibre to the SiPM.
Based on the wavelength and the arrival time of photons the response of the SiPMs
is simulated. This includes efects like pixel to pixel cross talk and thermal noise.

In either implementation the resulting deposits are shaped and integrated to simulate
the front-end electronics and afterwards the clusterization (cf. Sec. 3.4) is performed.
The resulting output is then used analogous to data from the physical detector.

Figure 4.2: The energy deposited in individual fibres is proportional to the path
length of the track in the fibre core, shown in red here.[7].

4.2 Single Fibre Simulation

An essential requirement for the simulation of the SciFi Tracker is an understanding
of the properties and the performance of the scintillating fibres. Extensive research
was performed on these fibres, which include various measurements on single fibres.
To gain additional understanding of the processes in the fibre, a Geant4 simulation
of a single scintillating fibre was developed by the Dortmund LHCb group [18]. By
tracking each individual photon through the fibre and simulating its interactions with
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the surrounding material the single fibre simulation enables a detailed description
of the fibre response. This level of detail is made possible by simulating only a
single fibre as opposed to the full detector simulation implemented by the Boole
software.

The simulation implements the geometry of a double-clad fibre. The dimensions
of the simulated fibre corresponds to the ones used in the SciFi Tracker. Ionising
particles can be fired at the fibre at arbitrary positions. Based on the amount of
deposited energy, scintillation photons are emitted by the scintillating dye in the
fibre core. The wavelength shifting dye is also simulated by the Geant4 application.
The simulation of the scintillation process can also be skipped by directly exciting
the fibre with UV-photons corresponding to the emission spectrum of the scintillator.
This allows for a flexible simulation by enabling the excitation of specific areas of the
fibre. A mirror with a variable reflectivity is placed at one end of the fibre and the
photons are detected on the other side. The output of the simulation contains the
properties of all simulated photons. This includes all photons which were detected
at the non mirror end of the fibre.

Several configuration files are used to set material properties like the refractive
indices of the fibre material and the reflectivity of the mirror. Also the emission and
absorption spectra of the scintillator and the wavelength-shifting dye are specified.

4.3 Stand-Alone Simulation

The Geant4 single fibre simulation is a valuable tool to study the response of a
single scintillating fibre. In order to transfer the gained knowledge to a fibre mat,
the so called stand-alone simulation was developed. This program was developed
during the course of a master thesis [22] at the Dortmund SciFi group. Its purpose
is to simulate the properties of a single mat of scintillating fibres and the associated
SiPMs. The simulation has been developed independently of the LHCb detector
simulation. This allows a more flexible implementation of the program and made
it possible to study the efect of multiple parameters on the response of the fibre
mat.

The stand-alone simulation implements a fibre mat, which is composed of six layers
of scintillating fibres. The fibres are stacked on top of each other to emulate the
geometry of a wound fibre mat. The spacing of the first fibre layer is randomly
varied around the nominal fibre pitch of 275 µm, which takes fluctuations during
the actual winding process into account. To reduce the necessary computing power
the response of the single fibre is not computed with Geant4 for every event.
Instead the stand-alone simulation makes uses of cached event data. These events
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were generated using the preexisting single fibre simulation. The fibre is excited by
charged particles whose tracks are randomly distributed over the fibre cross section.
The events are sorted into bins according to the minimum distance between the
primary particle track and the centre of the fibre. This parameter is a measure of
the path length travelled inside the fibre and therefore the deposited energy. To
generate the response of a fibre mat in the stand-alone simulation, the distance from
the particle’s track to the core of each fibre the particle passes is determined. A
event with an similar distance between track and fibre core is randomly selected
from the cache. This approach is based on the rotational invariance of the fibre and
the fact that the locations of the exiting photons does not depend on the position
of the incident particle.

Based on the number, the location and the wavelength of the exiting photons the
signal of the SiPMs is simulated. In this step of the simulation, the photon detection
eiciency and the noise from the SiPMs are incorporated into the simulation. This
step is followed by a simulation of the integration of the SiPM signal, taking the
time response of the read-out electronics into account and the application of the
digitization thresholds. Afterwards the clusterization is implemented as described
in Sec. 3.4.

4.4 Testbeam Measurements

Measurements at testbeam facilities are employed to study the performance of
prototypes of the SciFi Tracker under realistic conditions. This is also a good
opportunity to verify the simulations of the detector by comparing their output to the
data taken with the prototype modules. Three testbeam campaigns were conducted
during the time of this thesis. One was conducted at the CERN SPS testbeam
facility in November 2016. In 2017 two more testbeam campaigns were carried at
the testbeam facility of DESY1. In this thesis data from the 2016 measurement
considered. This section gives a short introduction into the setup of the measurements
and presents important results, which lead to changes in the detector simulation.

4.4.1 Setup

Measurements were taken at the North Area of the SPS testbeam facility. A primary
beam of protons with an energy of 450 GeV is ejected from the SPS accelerator and
is fired onto a target. This produces a secondary beam which contains a mixture of
pions and muons with an energy of 180 GeV. Figure 4.3 gives an overview of the

1Deutsches Elektronen-Synchrotron
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4.4 Testbeam Measurements

experimental setup. The device under test was a prototype module with a length
of 2.424 m, which were partially irradiated. The prototypes are mounted onto a
movable table in such a way that the beam crosses the fibre mats close to the mirror.
To eliminate any efects from the narrow beam the modules are moved horizontally
to perform scans over the total width of the fibre mats.

Figure 4.3: Setup of the testbeam measurements taken in November 2016 at the
CERN SPS testbeam facility.[22]

The scintillation light is detected by four SiPM arrays per module, which are read
out by a Spiroc front-end board [10]. This board difers from the Pacific, which
will be used in the final design. It integrates the signal of the SiPMs over time of200 ns instead of 25 ns and does not apply any thresholds to the digitized signal. This
allows for a precise measurement of the fibre mat light yield in terms of individual
photons, which is not possible with the Pacific boards (cf. Sec. 3.4). The read-out
is triggered by the coincidence of two plastic scintillators with photomultiplier tubes
placed between the beam pipe and the modules.

4.4.2 Results

A detailed analysis of the data taken during the testbeam campaign is presented in
Ref. [22]. In this section the key results on their implications on further simulation
studies are discussed. An important measure for the light yield of the fibre mats is
the so called cluster charge (cf. Sec. 3.4) given by the number of photo electrons
(p.e.) in a cluster. Figure 4.4 shows the distribution of the cluster charge. In the
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4 Simulation of the SciFi Tracker

stand-alone simulation the mean light yield of a fibre is a free paramter, which
is adjusted such that the distribution of the cluster charge matches the measured
testbeam data.

The cluster size is the number of SiPM channels contributing to a cluster. For which
a comparison between the testbeam measurements and the stand-alone simulation
can be seen in Fig. 4.5. A diference in the mean values can be observed with the
testbeam data showing larger clusters compared to the stand-alone simulation. These
results show that so far the stand-alone simulation does not describe the response
of the fibre mat suiciently well to reproduce the measurements. Furthermore it
should be noted, that this discrepancy can not be reduced by tuning parameters of
the simulation, as the mean light yield is already adjusted in a way to produce a
matching cluster charge distribution. This suggest that some efect is not taken into
account in the stand-alone simulation so far. Cross talk between the scintillating
fibres is considered as a possible explanation for the observed discrepancy. A major
part of this thesis are studies of fibre cross using the Geant4 single fibre simulation,
which will be presented in the next chapter.
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Figure 4.4: Comparison of the cluster charge between the 2016 testbeam data
(black) and the stand-alone simulation (red). The latter distribution is optimized
to match the testbeam data by adjusting the mean light yield in the simulation.
[22]
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5 Simulation Studies on Fibre Cross Talk

The results from the 2016 testbeam campaign show a discrepancy in the size of the
measured clusters compared to the stand-alone simulation. A possible explanation
for this mismatch between measurement and simulation is the existence of fibre cross
talk. Fig. 5.1 illustrates this process. When an ionizing particle crosses the core of
a fibre, UV photons are emitted by the p-Terphenyl dye. Some of these photons
escape the fibre, in which they were created, and excite the wavelength shifting
dye in a neighbouring fibre. This is possible, because the low concentration of the
wavelength shifting dye leads to a low absorption cross section. Here visible photons
are emitted by the wavelength shifter. A fraction of these photons is guided along
the fibre by total internal reflection. This light can be detected in SiPM channels,
which do not cover the primary fibre and therefore increases the observed cluster
size.
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Figure 5.1: Fibre cross talk can be caused by UV photons, which can cross fibre
boundaries and excite the wavelength shifting dye.

In this chapter the efect of the fibre cross talk is studied with a Geant4 simulation
based on the existing single fibre simulation (cf. Sec. 4.2). In the last two sections
of this chapter the impact of the results of the cross talk studies is presented. This
also includes a comparison of data from the stand-alone simulation (cf. Sec. 4.3)
containing fibre cross talk to the testbeam data shown in the last chapter.
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5.1 Set-up of the simulation

In order to measure the amount of fibre cross talk with the single fibre simulation
two changes need to be made to the existing implementation. The geometry of the
simulation is extended by the addition of multiple fibres, in which cross talk can be
detected. Also the epoxy glue surrounding the fibre is introduced in the simulation.
To characterise this material two parameters are required by the Geant4 tool kit:
The refractive index of glue is available from the manufacturers data sheet [21]. No
information could be obtained for the attenuation length of the glue. Moreover the
during the production of the fibre mats white titanium dioxide powder is added
to the glue to increase its attenuation length. Nevertheless it is assumed that the
attenuation length of the glue is large compared to the relevant scales. Therefore
a dummy value of 1 mm is chosen for this parameter in the simulation. Therefore
the values determined for the cross talk need to be understood as upper limits.
In parallel to this thesis dedicated measurements of the attenuation length are
performed to provide a more reliable value for this parameter [11].

The simulated geometry, which is shown in Fig. 5.2, is based on the layout of the
fibres in a wound mat (cf. Fig. 3.2). It consists of a central fibre embedded in a
stack of surrounding fibres. The axes of the coordinate systems used throughout
this thesis correspond to the standard LHCb coordinate system (cf. Sec. 2.2.1).
The origin of the coordinate system lies in the middle of the central fibre. The axis
of the fibres is aligned with the � direction of the simulation’s coordinate system.
The fibres are modelled as cylinders with a diameter of 250 µm and a length of2500 mm1, which placed in layers with a spacing of 275 µm along the � axis. These
layers are then stacked on top of each other along the � axis. Every other layer is
shifted by half of the fibre pitch to model the geometry of a wound mat. The central
fibre is excited with UV-photons corresponding to the emission spectrum of the
scintillating dye (cf. Fig. 3.3). The fibre is excited at three locations along the fibre
axis, which correspond to testbeam measurements and are displayed in table 5.1.
At these locations photons are created isotropically and distributed over the whole
fibre cross section. A mirror is placed at one end of the fibre stack. On the other
side the arriving photons are detected and recorded in a ROOT Tree. Additional
properties of the fibres can be changed with configuration files. The values used in
this thesis are matched to the stand-alone simulation [22].

1The claddings are modelled by three nested cylinders with the appropriate refractive index for
each material
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Figure 5.2: Layout of the fibre geometry used to simulate cross talk between
separate fibre. The exited fibre is shown in red. The colours correspond to the
diferent classes of fibres. Class I fibres are shown in green, class II in yellow and
class III in blue.

Table 5.1: Excitation positions along the fibre used during the testbeam cam-
paigns.

position � [mm]
A close to mirror −1245
B −250
C close to SiPM 750

35



5 Simulation Studies on Fibre Cross Talk

5.2 Simulation Results

The dataset at hand is generated by spawning 1 × 106 UV photons in the central
fibre for the excitation position at the mirror (position A) and 1 × 105 photons for
the other positions listed in table 5.1. The output of the simulation is a ROOT
TTree, which contains information on the primary UV photons and all photons that
reached the SiPM end of the fibre stack. Multiple observables, such as exit position
and direction, are available for each photon.

Photon losses due to reflections on the interface between the core and the inner
cladding of the fibre or the inner and outer claddings are not included in the
Geant4 simulation. Therefore these losses need to be applied to the output data
before any further analysis. The probability that a photon is lost during a single
reflection was determined using measurements of single fibres to be �S = 5 × 10−5
[43]. The overall survival probability of a photon with �core-clad reflections at the
core cladding boundary and �clad-clad reflections between the claddings is hence
given as �survival = (1 − �s)�core-clad+�clad-clad = (1 − �s)�rel . (5.1)

Based on this probability photons are stochastically removed from the dataset.
Fig. 5.3 shows the efect of this selection on the distribution of �rel.
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Figure 5.3: Distribution of the reflection count of the detected photons before
and after selection based on reflective losses. The data shown is generated by
extiting the fibre at Position A (�UV = −1245 mm).

The photons, which are detected in the sensitive volume, are assigned to the
corresponding fibre based on their exit coordinates provided by the simulation.
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Because of the symmetric geometry, the neighbouring fibres can be categorized into
three groups, which are indicated by the colours of the fibres in Fig. 5.2. The first
contains the four fibres directly touching the primary fibre. In the following this
group of fibres is referred to as class I. The second group (class II) includes the two
neighbouring fibres on the same layer, i.e. in the direction of the � axis. Class III
contains, the two fibres are located directly above and below the original exited
fibre along the �-axis.

The number of photons in each fibre is assumed to be distributed according to a
Poisson distribution with a mean of � = �UV × ��, where �UV is the number of UV
photons used to excite the primary fibre. The transport probability �� describes
the likelihood that a UV photon leads to a detection in the �th fibre. Table 5.2
shows the relative distribution of the detected photons. The figure for each class is
given by the quotient of the number of photons detected in said class and the total
number of photons: ∑class� ��∑� �� ≈ ∑class� ��∑� �� . (5.2)

In this formula �� is the number of photons detected in a specific fibre. An estimation
of the uncertainty of the resulting distribution can be obtained by first order error
propagation.

position fibre 0 class I class II class III
A 0.8264(8) 0.1124(6) 0.0511(4) 0.010 14(20)
B 0.8214(17) 0.1166(14) 0.0515(10) 0.0105(5)
C 0.8202(21) 0.1158(17) 0.0542(12) 0.0098(5)
all 0.8247(7) 0.1138(5) 0.0515(4) 0.010 05(17)

Table 5.2: Relative amount of cross talk for diferent fibre classes and excitation
positions.

Two conclusions can be drawn from these results: On the one hand, the simulation
shows that about 18 % of light the fibre mat generated by fibre cross talk. This
means that previous simulations, which do not include fibre cross talk, do not
correctly account for a significant fraction of the light yield. Therefore the inclusion
of cross talk in these programs is important for a valid description of the SciFi
tracker. On the other hand, the results in table table 5.2 show that the distribution
of the cross talk photons is independent of the position of the source of the UV
photons along the fibre within the statistical uncertainties. This is expected for UV
cross talk, because it is a process, which local is to the excitation point of the fibres.
Therefore it can be concluded to the cross talk is in fact caused by UV photons
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before wavelength shifting occurs and not by visible photons emitted by the TPB
dye. After the wavelength shifting the cross talk photons are expected to behave the
same way as the non cross talk photons. The independence of the fibre cross talk
from the excitation point enables a simple implementation of the fibre cross talk in
the Boole simulation based on the relative distribution of cross talk photons.

5.3 Integration of cross talk into the Boole simulation

Using the results from the last section the inter fibre cross talk is introduced into
the LHCb detector simulation. This implementation extends the detailed Boole
simulation (cf. Sec. 4.1). The energy, which is deposited into a fibre, is distributed
to the eight surrounding fibres. The amount of energy �� in the neighbouring fibres
is given by �� = �0 × �tot

CT × �� (5.3)

where �0 is the amount of energy deposited in the primary fibre and �tot
CT is the

total cross talk probability. The factor �� describes the distribution of the cross talk
photons for the diferent fibre classes. It can be estimated by�class = ∑class� ���class × ∑neigbbours� �� ≈ ∑class� ���class × ∑neigbbours� �� , (5.4)

where �� is the number of photons detected in each fibre, �class the number of
fibres in the class considered. By definition the factors sum to unity for all eight
neighbouring fibres. This allows the total amount of cross talk to be determined
by a single value �tot

CT. In principle this number can be estimated from the results
of the multi fibre simulation presented here. Instead this number is left as a free
parameter, which allows the simulation to be tuned by fitting the results of the
Boole simulation to testbeam data.

5.4 Integration of cross talk into the stand-alone
simulation.

Before the introduction of the fibre cross talk into the Boole simulation, the results
of the presented in this chapter are cross checked using the stand-alone simulation,
where the fibre cross talk is implemented and the results are compared to testbeam
data as part of a study[22], which was conducted in parallel to this thesis. Even
though it was demonstrated that the �-coordinate of the excitation position (along
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the fibre) does not influence the distribution of the cross talk photons, it however
does change the overall transport probability ��. Therefore the smaller datasets for
position B and C are discarded in the following analysis.

The stand alone simulation determines the amount of fibre cross talk based on the
relative transport probability into the neighbouring fibres. The UV photons are
more likely to travel into neighbouring fibres, if they are spawned on the edge of
the fibre. Therefore the �� is a function of the excitation position in the fibre cross
section. This area is divided into 20 × 20 bins. The �� is given by the ratio of
detected photons in the �th fibre and the number of excitation photons in each bin.
An exemplary distribution of � for a class I fibre is displayed in Fig. 5.4 and for the
primary fibre in Fig. 5.5. Data for all nine fibres can be found in Fig. A.1 in the
appendix.
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Figure 5.4: Transport probability into the grey fibre as a function of excitation
position. Lighter colours indicate a higher probability for an UV photon leading to
a detection in the grey fibre.

Based on these values the number of cross talk photons in the stand alone simulation
is given by �� = �0 bins∑� �(�) ��(�)�0(�) (5.5)

as a function of the light yield in the central fibre �0. The contribution of each bin is
proportional to the relative path length � of the track in each bin. Fig. 5.6 shows an
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Figure 5.5: Mean number of photons detected in the central fibre per UV-photon
as an estimate for the transport probability as a function of excitation position.

exemplary event. The addition of fibre cross talk to the simulation introduces new
light into the signal and therefore increases the mean light yield of the fibre mat. In
order to maintain a constant mean cluster charge, the average number of photons per
energy deposited in the fibre needs to be reduced. This is accomplished by tuning
the distribution of the cluster charge to measurements from the 2016 testbeam
campaign. Fig. 5.7 shows both distributions. The mean cluster size is increased by
the introduction of fibre cross talk, as expected. Comparing Figs. 4.5 and 5.8 it can
be seen that the simulation of cross talk leads to a much better description of the
processes in the fibre mats. The good agreement in cluster size between simulation
and testbeam is especially remarkable considering, that only the cluster charge and
not the cluster size is explicitly tuned to the testbeam measurements.

The introduction of fibre cross talk is an successful example of transferring insights
of the single fibre simulation into the simulation of the fibre mats respectively the
whole detector. This principle will be further employed in the next chapter by using
data of the single fibre simulation to model the generation of photons in the Boole
simulation.
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Figure 5.6: Stand alone simulation of an event without (left) and with (right) inter
fibre cross talk. The amount of cross talk in the neighbouring fibres is calculated
based on the results from the multi fibre simulation.[22]
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Figure 5.7: Comparison of the cluster charge between the 2016 testbeam data
(black) and the stand-alone simulation including inter fibre cross talk (red). The
latter distribution is optimized to match the testbeam data by adjusting the
mean light yield in the simulation. Only clusters with a charge of up to 25
photo electrons are considered in order to supress multiple scattering events in the
testbeam data.[22]
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The Boole software is used to simulate the response of the LHCb detector (cf.
Sec. 4.1). An important part of this simulation for the SciFi-tracker is the so called
deposit creator which converts the energy deposited in the fibre mats into a signal of
the SiPMs. This algorithm simulates individual photons to describe the behaviour of
the scintillating fibres and the SiPMs. This approach allows for accurate replication
of the noise and cross talk exhibited by the SiPMs. In the detailed simulation these
photons are spawned exiting the fibres and are then tracked into the appropriate
SiPM channel. The Boole simulation represents photon by six observables: Two
coordinates describe the exit location of the photon on the fibre surface. The
direction is given by another set of two coordinates. Additional properties are the
time arrival at the fibre end, which is determined by the scintillation time and the
travel time inside the fibre, and the wavelength of the photon. These values are
generated randomly according to a probability distribution function (pdf). In the
Boole simulation this functionality is encapsulated in the MCFTPhotonTool for which
diferent implementations are presented. In the course of this thesis the information
obtained with the single fibre simulation is used to make the photon generation
in Boole more realistic. The first section describes the dataset generated by the
single fibre simulation, which is used to extract the distributions of the photon
observables. Parametric models, each describing a class of distribution characterized
by a small set of parameters, are presented and fitted to the dataset in the second
section. A disadvantage of this approach is, that correlations between the variables
need to be explicitly included in the model. An algorithm which generates the
photon observables by sampling and thereby circumvents this problem, is presented
in the third section. Additionally this method provides a standard, which can be
used to judge the validity of the parametric models. Finally the implementation of
the so called light yield attenuation maps[19] are discussed. This procedure is an
example of a non parametric approach to simulate the attenuation inside the fibres
for diferent radiation doses.
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6.1 Simulation dataset

The dataset used to study the photons exiting the fibres is generated with the
Geant4 single fibre simulation (cf. Sec. 4.2, [18]). In contrast to the cross
talk studies just one scintillating fibre is simulated. This fibre is exited with UV
photons, whose wavelength distribution corresponds to the emission spectrum of the
scintillating dye (p-Therphenyl). Instead of using discrete excitation points along
the fibre axis, the UV photons are generated inside the whole volume of the fibre
core. In order to achieve a realistic distribution of the these photons, they are not
generated uniformly over the fibre length. Instead they are distributed according to
the expected track density of the SciFi-tracker. This quantity is approximated by
the radiation dose deposited in the detector. The dose data is obtained from the
Fluka simulation (cf. Sec. 3.5). The fibre’s dose profile corresponds to the fibre
next to the beam pipe whole, which receives the largest dose and hence the most
particle hits. The distribution of the � coordinates of the UV photons and the dose
profile from the Fluka simulation are shown in Fig. 6.1.
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Figure 6.1: The distribution of the � coordinate of the UV photons is matched
to the radiation profile of a fibre close to the beam pipe. Radiation dose data is
taken from the Fluka simulation [19].

6.2 Parametric models

One approach to generate the photons for the Boole simulation is to approximate
the true pdf � of the observables by a parametrization ̂� ⃗�. Then an optimal set of
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6.2 Parametric models

parameters ⃗� can be determined with an maximum likelihood fit of ̂� to the data
generated by the single fibre simulation. In order to find a suitable parametrization
of � the following assumption is made: the observables for the exit position, direction,
wavelength and time are generated independently of each other, i.e.�(�, �, ��, ��, �) ≈ ̂�loc(�, �) × ̂�dir(��, ��) × ̂�wl(�). (6.1)

In the following sections diferent parametrizations for the location, direction and
the wavelength of the photons at the fibre end will be presented.

6.2.1 Photon exit location

If the exit location is expressed in a Cartesian coordinate system, the variables� and � are correlated. They can be decorrelated by a transformation to polar
coordinates. In Figs. 6.2 and 6.3 the distributions the transformed coordinates is
displayed. Due to rotational symmetry inherent in the geometry around the axis
of the fibre, the polar angle �loc can assumed to be uniformly distributed on the
interval [0, 2�). In the Boole implementation preceding this thesis the photon exit
location is assumed to be distributed uniformly over the fibre’s surface. This results
in a triangular distribution in �loc up to an efective radius �ef. This distribution
does not describe the data in the cladding area very well. In addition to this the
Geant4 data shows a slight bias towards higher radii. In order to better match the
simulation results the following normalized parametrization is proposed:̂�(�loc; �, �core, �clad, �) = ⎧{⎨{⎩

(1 − � ⋅ �clad) �+1��+1
core

⋅ ��
loc 0 < �loc < �core� �core < �loc < �core + �clad0 otherwise

(6.2)

A maximum likelihood fit was used to determine optimal values for the parameter,
which can be found in table A.1 in the appendix.

As the Boole simulation generates a large number of photons per simulated event,
it is essential that the photon observables can be generated in an eicient way. For
the current implementation two uniformly distributed floating point numbers are
needed. One is used for the polar angle and one for the radius coordinate �. For the
proposed distribution an additional random number is required. The polar angle
is generated in the same way as currently implemented. Then a random number
is used to determine, whether the photon is emitted from the core or the cladding
area of the fibre. After this decision is made, the radius � is generated with the
transformation method from the third random number. A random number generator
for this distribution is implemented in the Boole simulation as part of this thesis.
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Figure 6.2: Distribution of the distance between the location of photons exiting
the fibre and its axis. Data from the single fibre simulation is shown in blue, the
orange distribution corresponds to an uniform distribution of photon exit points
over the fibre surface. A least squares fit of model given by Eq. (6.2) (green) to
the Geant4 data is performed.
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Figure 6.3: Distribution of the polar angle for the photon exit location. The
uniform distribution of this variable is given by the rotational symmetry around
the fibres axis.
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6.2.2 Photon exit direction

The direction of the photons exiting the fibre is used to track them to the appropriate
SiPM channel. Hence this property may have an impact on the size of the simulated
clusters and thereby on the resolution of the fibre tracker. The direction of a photon
can be specified in Cartesian coordinates with the slope of the track given by the
derivatives d�d� and d�d� . Alternatively the direction of flight can be specified by two
angles (see Fig. 6.4): the angle between the photon direction vector and the fibre
axis is given by the coordinate �dir. The second coordinate �dir is given by the angle
between the projection of the photon direction vector onto the fibre surface and the
position vector of the photon exit point. An advantage of this coordinate system is
the decorrelation of �dir and �loc due to the rotational symmetry inherent in the
geometry.

Figure 6.4: The orientation of a photon track can be specified by two angles:
the angle �dir between the photon track �⃗ and the fibres axis ⃗�. The angle �dir
between the projection ⃗� of the track onto the fibre’s surface and the position
vector ⃗� of the photon’s exit point.

Figure 6.5 shows distribution of the angles �dir and �dir as currently implemented
in the Boole simulation. The latter is assumed to be uniformly distributed on
the interval from 0 to 2�. The cosine of the angle �dir is modelled by a normal
distribution truncated on the interval from 0 to 1. The figure also includes the
distribution of these angles obtained from the Geant4 single fibre simulation.

The angles generated this way need to be converted to Cartesian coordinates to
be used in the Boole simulation. Timing studies showed, that this coordinate
transformation accounts for a large part of the computing time necessary to simulate
a photon. Due to the large number of photons generated in each event, a signif-
icant increase in the performance of the Boole simulation can be achieved by
simplifying this computation. This makes the generation of the photon direction
observables directly in Cartesian coordinates desirable. The marginal distribution of
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Figure 6.5: The orientation of the photon tracks expressed in polar coordinates.
The data from the Geant4 simulation (blue) is compared to the original Boole im-
plementation (orange).

the directional derivative d�
d� is shown in Fig. 6.6. The assumption of independence

between the Cartesian direction coordinates allows for sampling from the marginal
distribution. These distribution are modelled by a single normal distribution centred
around zero. The variance of this Gaussian is estimated with a �2 fit to the
Geant4 data, which is shown in Fig. 6.6 together with the estimated pdf.

6.2.3 Photon wavelength and SiPM PDE

Figure 6.7 shows the wavelength distribution obtained by the Geant4 simulation.
A translated log normal distribution, the pdf of which is given by

̂�wl(�; �, �, �) = ⎧{⎨{⎩ 1√2��(�−�) exp (− ln( �−�� )22�2 ) � > 00 � ≤ 0 (6.3)

is a good approximation of the wavelength distribution. The parameters �, �
and � are extracted by a least squares fit from the dataset. The resulting values
are shown in table A.2 in the appendix. A major advantage of the log-normal
distribution is, that samples can be generated by applying the exponential function
to normally distributed random numbers with mean � and variance �2. For the
normal distribution eicient generators are available within the Gaudi framework.
In order to simulate the wavelength response of the SiPMs, their photon detection
eiciency (PDE, cf. Sec. 3.3) needs to be determined for each arriving photon.
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Figure 6.6: Slope of the photon track given by d�
d� and a �2 estimate of a

Gaussian distribution.

The SiPMs’ PDE is measured by the SciFi group [32, 31, 34] for several dif-
ferent wavelengths. Interpolation is necessary to obtain the eiciency for arbitrary
wavelengths. A third degree polynomial is chosen as a trade-of between an accurate
description of the PDE’s form and the susceptibility to overfitting numerical errors.
The data points and the interpolating polynomial are displayed in Fig. 6.7. The
PDE gives the probability that a photon with a certain wavelength is detected
by the SiPM. In Boole this efect is simulated by randomly discarding photons
reaching the SiPM with a probability of 1 − ���(�).
This approach has a significant drawback: As the wavelength is generated inde-
pendently of the other photon observables, applying the PDE does not change the
distribution of the other observables as seen by the SiPM:�SiPM( ⃗�, ⃗�) = ∫ ���(�)�( ⃗�, ⃗�, �)d � ≈ ∫ ���(�)�( ⃗�, ⃗�)��(�)d �= ∫ ���(�)��(�)d �⏟⏟⏟⏟⏟⏟⏟⏟⏟=0.405 ⋅�( ⃗�, ⃗�). (6.4)

The only efect of the PDE’s application is a 40.5 % reduction in the number of
detected photons. An efect that can also be achieved by reducing the mean light
yield accordingly and thus create less photons in the first place. This increases the
performance of the program as it eliminates the simulation of photons which do not
contribute to the signal. For a more precise simulation of the SiPMs’ wavelength
dependent eiciency the correlation between � and other photon observables needs
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Figure 6.7: The wavelength distribution of the photons exiting the end of the
fibre as determined by the Geant4 single fibre simulation (blue). A log-normal
distribution (orange) is fitted to the data with the maximum likelihood method.

to be taken into account. In addition to this the � coordinate of the primary
particle’s hit along the fibre influences the wavelength distribution due to the
wavelength dependent absorption inside the fibre. In the last section of this chapter
the Light Yield Attenuation Maps will be presented as a solution to this problem.
A non parametric approach will be used in the next chapter to generate the photon
observables. This algorithm implicitly handles the correlation inherent in the data
and will serve as a reference, allowing the models presented in the section to be
compared and validated.

6.3 Validation of presented models

Diferent parametrizations of the photon distribution were developed in Sec. 6.2.
These models mostly difer in the complexity of the assumed functional form. But
they rely on the assertion that the variables are independent of each other. In
order to validate these assumptions a reference implementation, which takes the
correlations into account, is needed.

6.3.1 Photon sampling

Instead of drawing photons according to a parametrized distribution ̂� the photon
data is sampled from a dataset generated by the single fibre simulation. This allows
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for the generation of photon properties without making any assumptions about
functional form of the distributions or dependence of variables. The samples will
be drawn from the same dataset used in this chapter (cf. Sec. 6.1). It includes the
photon exit location, direction and the wavelength. An early implementation of
the sampling algorithm reads the photon data directly from a file on the hard disk.
This lead to a prohibitively long run time due to the high number of i/o operations
necessary for each event. By loading the complete dataset into the memory during
the set-up phase of the simulation, the performance of the program can be increased
considerably. The generation of a photon consists of drawing a single random
integer and a read operation from memory. This leads run times per event that
are even lower than the implementations presented in Sec. 6.2. Due to the large
amount of memory required to hold the samples, the sampling implementation of
the Boole simulation is not suitable to run in a production environment. Rather
provides a reference to validate other implementations of the Boole simulation.

6.4 Comparison of presented implementations

In addition to the Sampling based implementation three versions of the MCFTPhotonTool
are developed based on the presented parametrizations. The Legacy implementation
utilizes the distributions already implemented in the Boole simulation. The exit
locations of the photons are distributed uniformly over the fibre surface and the
photon’s direction is generated based on polar coordinates. In the Precise version
the direction is generated in the same way. The radial distribution distribution
is given by Eq. (6.2), which enables a more accurate description of the photons
exiting the fibre in the cladding area. Lastly the Fast implementation focuses on
the performance of the simulation. To this end the orientation of the photon tracks
is generated in Cartesian coordinates and the exit position is chosen to be uniformly
distributed.

Each implementation was used in the Boole program to digitize a dataset consisting
of 40 events of the decay �s → ��. The comparison focuses on three properties of
the reconstructed clusters. The cluster size is determined by the number of SiPM
channels covered by a cluster. This value can be afected by the angular distribution
of the photons, as photons generated at larger angles to the fibre axis may reach
neighbouring SiPM channels. Closely related to this is the single hit resolution
expressed by the distance between the hit of the Monte Carlo particle and the
reconstructed cluster. As a control variable the cluster charge, is studied. As this
value is a measure for the mean light yield of the fibre mat. Hence it is not expected
to change for the diferent implementations of the photon tool as total number of
generated photons does not change.
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Figure 6.8: Distributions of cluster charge (left), hit resolution (right) and cluster
charge (bottom) for four diferent implementations of the MCFTPhotonTool.
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The resulting distributions of the diferent implementations are summarized in
Fig. 6.8. No significant diferences can be observed for the observables under
consideration. It can be concluded that the properties of the simulated clusters are
not sensitive to minor changes in the underlying photon distribution. The results of
this study lead to the adoption of the adoption of the Fast implementation of the
MCFTPhotonTool. In order to estimate the impact of this change on the performance
of the simulation a profiling study with the Callgrind tool [46] is conducted. The
results predict a decrease of 31 % in the runtime of the MCFTPhotonTool for the
generation of a single photon. Among other things, such as the better description
of SiPM noise, this increase in performance leads to the adoption of the Detailed
simulation as the default implementation of digitization for the SciFi Tracker.

6.5 Attenuation maps

The so called Light Yield Attenuation Maps[19] were developed as an alternative
approach to describe the attenuation of the photons in the fibre, which replaces the
description by Eq. (4.1). Data from the single fibre simulation is used to describe
both the attenuation intrinsic in the fibre and due to radiation damage. The dose
distribution in the region of the SciFi tracker is given by the Fluka dose maps
(see Sec. 3.5). Due to reasons of symmetry only one quarter of the SciFi tracker
is analysed. Dose maps with a bin size of 25 mm are used. For each bin a fibre is
simulated with the corresponding dose profile along the � axis. The fibre is excited
on the lower edge of each bin with UV photons, whose energy distribution matches
the emission spectrum of the scintillating dye (p-Terphenyl). The attenuation
coeicient is the fraction of photons detected at the end of the fibre and the number
of initial UV photons �ex used to excite the fibre. This value is recorded for direct
and photons reflected at the mirror individually. In this step the photon detection
eiciency of the SiPM is taken into account. This is achieved by weighting each
photon with the wavelength dependent PDE. In addition to this losses due to
reflections on the core cladding or cladding cladding interface accounted for (cf.
Sec. 5.2). This leads to an attenuation coeicient given by

�dir/mirr (�, �) = 1�ex
⋅ �dir/mirr(�,�)∑� ��� (��) ⋅ (1 − �S)�rel,� (6.5)

for directed and mirrored photons. The change in the wavelength distribution based
on the attenuation in the fibre is accounted for correctly and the issue demonstrated
by Eq. (6.4) is prevented. Thusly the efect of the SiPM PDE, which has a strong
dependence on this wavelength distribution, is simulated more accurately. The
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6 Studies for the LCHb Detector Simulation

resulting attenuation maps are shown in Fig. 6.9 for the unirradiated detector and
in Fig. 6.10 after an integrated luminosity of 50 fb−1.
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Figure 6.9: Attenuation maps for the unirradiated detector with attenuation
coeicients for direct (left) and mirrored (right) photons [19]
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Figure 6.10: Attenuation maps for the irradiated (ℒint = 50 fb−1) detector with
attenuation coeicients for direct (left) and mirrored (right) photons. The radiation
induced attenuation is clearly visible particularly in the region close to the beam
pipe [19]

-

Part of this thesis is the implementation of an AttenuationTool (cf. Sec. 4.1) based
on the attenuation maps in the Boole simulation. The maps are stored as a XML file
in a version controlled database.1 In addition to this the user can choose between
irradiated and unirradiated fibres. In the set-up phase of the Boole simulation
the attenuation map is loaded into memory to enable fast access to the attenuation
data for an eicient simulation. The mean number of direct and reflected photons

1In the so called conditions database several parameters of the LHCb detector are stored, which
may change over the lifetime of the detector.
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6.5 Attenuation maps

of a MCHit calculated based on its location and deposited energy �hit:�dir/mirr = � ⋅ �dir/mirr (�, �) ⋅ �hit. (6.6)

The constant scaling factor is used to set the mean light yield, which can be
determined by comparing the simulation results to measurements from testbeam
campaigns. Based on the mean � the actual number of photons in the event is
drawn from a Poisson distribution. As a first approximation � was chosen in a way
to keep the mean light yield constant when moving from the parametric model to
the attenuation map. This leads to a value of 9500 photons per MeV (cf. Fig. 6.11),
which is close to the literature value of 8000 MeV−1[16] for the scintillation yield of
the fibre Currently further studies are ongoing to match the simulation result to
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Figure 6.11: Comparison of the cluster charge (left) and size (right) for both
parametic (red) attenuation and the simulation based on the Light Yield Attenua-
tion Maps. The lightyield of the latter simulation was matched to the former by
scaling the number of photon generated per MeV �.

testbeam data [6]. For this reason the values of � and other simulation parameters
are subject to change as more certain estimates are available. In order to provide
attenuation for dose levels other than the ones presented here interpolation between
diferent attenuation maps may be used. The feasibility of this approach is evaluated
at the moment[25]. Other future developments should include the correct description
of the stereo layers of the SciFi tracker, because in the current implementation
the rotation of these layers is not taken into account. The implementation of the
attenuation maps in the Boole simulation framework enables further studies of for
example hit and tracking eiciencies for diferent levels of irradiation. These results
allow the estimation the future performance of the SciFi tracker and aid further
design decisions.
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7 Summary and Outlook

In order to extend the physics reach of the LHCb experiment, the detector will be
upgraded in the years 2019 and 2020. The current downstream tracking station will
be replaced by a tracker consisting of scintillating fibres, which is the first use of
scintillating fibres at this scale. Simulations are an important tool used to estimate
the performance of the tracker and evaluate design decisions. Additional studies
include measurements of single fibres and tests of prototypes with particle beams.

The latter studies showed a discrepancy in the size of the simulated clusters and
the measured data. As a possible explanation for this efect cross talk between
scintillating fibres caused by UV photons was studied in the first part of this thesis.
In order to model this efect, an existing Geant4 simulation [18] of a single fibre
was extended by adding multiple neighbouring fibres. It was found that around 18 %
the light emitted by a fibre mat is the result of cross talk photons. Further studies
on the amount of cross talk for diferent excitation positions laid the foundation for
the SciFi software group to include this efect in the LHCb simulation framework.
The amount of cross talk predicted by the extended Geant4 simulation leads to an
increase in the size of simulated clusters, which eliminated the discrepancy between
simulation and measurement.

In addition to the cross talk studies, results from the single fibre simulation are used
to improve the digitization of the SciFi tracker in the LHCb detector simulation.
Among others, the single fibre simulation provides information on the properties
of photons leaving the end of a scintillating fibre. Parametric models describing
the distributions of these photons’ position, direction and wavelength are fitted to
the simulated dataset. In order to study the validity of the approximations made
by these models, a non-parametric reference implementation based on sampling
directly from simulated data was developed. No change in the cluster size, charge
and resolution could be found for the models under consideration. For this reason
the implementation with the least computational overhead is chosen for the LHCb
software. This leads to an estimated 31 % decrease in the computing time necessary
not generate a single photon.

Another important property for the digitization of the SciFi tracker is the attenuation
of the photons inside the fibre, which depends strongly on the radiation dose received
by the fibre and the wavelength distribution of the photons. The Light Yield
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7 Summary and Outlook

Attenuation Maps provide a non-parametric description of the light losses caused by
the fibres and the detection eiciency of the SiPMs. An algorithm was developed
within this thesis to include this model in the simulation framework enabling an
estimation of the number of UV photons produceced as a function of deposited
energy. This light yield was determined to be 9500 MeV−1, which agrees well with
the literature value, 8000 MeV−1, [16] for the fibres used.

The work presented in this thesis lays the foundation for further studies in the areas
of fibre cross talk and the attenuation maps. Based on the multi fibre simulation
developed for this thesis the influence of the epoxy surrounding the fibres is studied
[11]. The implementation of the attenuation maps enables further studies on the
attenuation of light for the SciFi tracker. This includes e.g. the interpolation of
attenuation maps to simulate arbitrary dose levels for the digitization of the SciFi
Tracker [25]. These studies help to develop a detailed understanding of the SciFi
tracker and aid the successful development and deployment of the detector.
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Figure A.1: Transport probability as a function of excitation point for all nine
fibres considered in the multi fibre simulation. From upper left to lower right:
Transport probability into the centre, class I, class II and class III fibres.
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A Appendix

Table A.1: Result of the maximum likelihood fit of the distribution of the distance
between the location of photons exiting the fibre and its axis. Uncertainties for
the parameters are ommited, beacuse the fit procedure used does not provide a
reliable estimate of these quantities.

parameter value� 0.4805�core 0.1100 mm�clad 0.0075 mm� 9.3773

Table A.2: Result of the maximum likelihood fit to the wavelenth distribution.
Uncertainties for the parameters are ommited, beacuse the fit procedure used does
not provide a reliable estimate of these quantities.

parameter value� 4.00� 405.54 nm� 2.36 mm
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