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Abstract

During LHC’s long shutdown 2 in 2019/20, an upgrade of the LHCb detector will
be installed. One of the changes to the infrastructure of the detector involves the
replacement of the downstream tracking station by the scintillating fibre (SciFi)
tracker. The SciFi tracker will be constructed with modules, which contain scintillat-
ing fibre mats with silicon photomultiplier (SiPM) read-out. To assure the required
detector performance over the full lifetime of the upgrade, it is essential to study
the properties of the modules with respect to the level of irradiation the tracker will
obtain during its operation.

Irradiated prototypes of fibre mat modules were investigated in a test beam cam-
paign to determine their tracking performance. The results of the data analysis were
compared to a stand-alone simulation of a single scintillating fibre mat with SiPM
read-out. Cross-checks in cluster charge and hit efficiency have been conducted,
which are quantities with great influence on the detector performance. The effect
of fibre cross-talk is introduced and simulated resulting in a very well agreement
between simulated and test beam data. The simulation provides information on
parameters and distributions that are difficult to determine in experiments.

Kurzfassung

Während des LHC Long Shutdown 2 in den Jahren 2019/20 wird ein Upgrade des
LHCb-Detektors installiert. Eine Veränderung der Infrastruktur des Detektors sieht
die Ersetzung der Tracking-Stationen hinter dem Dipolmagneten durch den Scintilla-
ting Fibre (SciFi) Tracker vor. Der SciFi Tracker wird aus Modulen konstruiert, die
szintillierende Fasermatten mit Silizium-Photomultiplier (SiPM)-Auslesung beinhal-
ten. Es ist entscheidend die Eigenschaften der Module im Hinblick auf den Strahlen-
schaden zu erforschen, den sie während des Betriebs im späteren Detektor erfahren
werden, um die erforderliche Performanz des Detektors über die volle Lebensdauer
sicher zu stellen.

Bestrahlte Prototypen von Fasermatten-Modulen wurden in einer Testbeam Kam-
pagne untersucht, um ihre Tracking-Performanz zu untersuchen. Die Ergebnisse der
Datenanalyse wurden mit einer eigenständigen Simulation von szintillierenden Faser-
matten mit SiPM-Auslesung verglichen. Es wurden Gegenproben in Bezug auf die
Clusterladung und Hit-Effizienz durchgeführt, welches Größen mit hohem Einfluss
auf die Performanz des Detektors sind. Die Auswirkungen von Faser-Crosstalk wer-
den untersucht und simuliert, wodurch eine sehr gute Übereinstimmung zwischen
simulierten und Testbeam Daten erreicht wird. Die Simulation stellt nützliche Infor-
mationen über Parameter und Verteilungen zur Verfügung, welche schwer zugänglich
für Experimente sind.
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1 Introduction

The Standard Model of particle physics [1–3] is a very successful theory that is able
to classify all known elementary particles and to describe their interactions. Several
particles and parameters were predicted by this theory before they were discovered
experimentally. To this day, all tests with precision measurements lie within its
predictions. However, the theory does not explain some observations, e.g. gravity,
dark matter and neutrino oscillations. Additionally, the explanation of the observed
asymmetry between matter and antimatter in the present universe requires a higher
amount of CP violation than included in the Standard Model. These phenomena
demand extensions of the theory and thus the search for New Physics.

The LHCb experiment is one of the four large experiments at the LHC and is
committed to the search for physics beyond the Standard Model. To this end, it
performs high precision measurements of heavy flavour physics. One main objective
is the investigation of CP violation in the b and c sector.

An upgrade of the LHCb detector will be installed during the LHC long shutdown
2 in 2019-2020. Afterwards, the detector will run at an increased instantaneous
luminosity of L = 2 · 1033 cm−2 s−1 and collect larger data samples. Thus, the
upgraded experiment reduces statistical uncertainties of measurements and allows
for more precise comparisons with theory.

The upgrade entails many changes to the infrastructure of LHCb: the L0 hardware
trigger will be removed in favour of a trigger-less read-out of the entire detector at
the LHC bunch crossing rate of 40 MHz, which requires the exchange of all front-end
electronics of the sub-detectors. The increased luminosity involves a higher irradia-
tion and track density inside the detector. Several sub-detectors need replacement
to cope with the harsher conditions. Especially the tracking stations require an
increased granularity and faster response time to keep occupancy at an acceptable
level.

The current downstream tracking system, consisting of silicon microstrip sensors
and gas-filled drift-tubes, will be replaced by a scintillating fibre (SciFi) tracker
with silicon photomultiplier (SiPM) read-out, which will cover the full acceptance
of LHCb. Since it is the first time that this technology will be used in such large
dimensions, it is essential to assure whether the SciFi tracker is able to fulfil the
multitude of requirements. Therefore, various measurements and simulations were
conducted resulting in the decision to realise the detector. Nevertheless, it is still
necessary to further study the properties of the detector and its behaviour under
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1 Introduction

LHC conditions, to optimise its performance over the full intended lifetime of the
LHCb upgrade.

In the context of this thesis a stand-alone simulation of a single scintillating fibre
mat with SiPM read-out is developed, which is based on a Geant4 scintillating fibre
simulation [4]. The simulation calculates in detail the interaction between ionising
particles and a fibre mat as well as the response of the SiPMs. Therefore, information
from hardware side is used as input to match realistic conditions. Additionally, the
work presented in this thesis contributed to a test beam campaign at CERN in
November 2016, in which the interaction between fibre mat prototypes and different
ionising particle beams was determined. These measurements enable very useful
cross-checks with simulation results. The effect of fibre cross-talk is investigated,
which refers to the ability of UV-photons to leave their original fibre and enter a
neighbouring fibre, where they can get wavelength-shifted and subsequently detected
by the SiPMs. The goal of the presented studies is to measure parameters that are
difficult to access in real measurement setups, e.g. fibre cross-talk and amount of
produced UV-photons. These information is used by the SciFi digitisation group
for an improved simulation of the entire detector.

The structure of this thesis is described in the following: Chap. 2 briefly presents
the LHCb experiment and the motivation for the upgrade. Chap. 3 deals with the
requirements and diverse components of the SciFi tracker. Additionally, an overview
of the module production is given and the digitisation is introduced. The test beam
campaign and data analysis are described in Chap. 4. Development and results of
the stand-alone simulation are subject of Chap. 5. Finally, a summary of the results
is given in Chap. 6.
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2 LHCb and its upgrade

The Large Hadron Collider (LHC) built at CERN near Geneva is the world’s largest
and most powerful particle collider. In two parallel aligned rings with a circumfer-
ence of 27 km, proton beams are accelerated to centre-of-mass energies of up to√
s = 13 TeV [5]. At four interaction points, the beams are brought to collision.

Those are the very places where the large experiments ATLAS, CMS, ALICE and
LHCb are located; the latter is more closely discussed in the next sections. A
schematic overview of the LHC is shown in Fig. 2.1.

Figure 2.1: A schematic of the LHC and its four large experiments ATLAS, CMS,
ALICE and LHCb [6]. The blue and red lines illustrate the two beam pipes with
their four interaction points.

The remainder of this chapter is divided into three sections: Firstly, the motivation
and intention of LHCb are discussed. Then, the individual sub-detectors and their
function as well as the trigger systems are described. The last section refers to the
LHCb upgrade and to the goals which are aimed to achieve.
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2 LHCb and its upgrade

2.1 Physics at LHCb

The LHCb experiment [7] is designed to perform flavour physics measurements in
b- and c-hadron decays, which are an excellent source to search for physics beyond
the Standard Model (SM) of particle physics, due to their high sensitivity to New
Physics (NP) effects. Despite being a very successful theory of all known particles
and their interactions, the SM fails, however, to explain some observations. One
of those is the baryon asymmetry in the present universe. CP violation is one of
the three conditions that are required to explain this asymmetry [8]. Albeit the SM
contains CP violation arising from the Cabibbo-Kobayashi-Maskawa mechanism
[9, 10], there must exist further sources to explain the total amount of observed
asymmetry.

To test SM predictions of observables and parameters as well as to search for NP,
LHCb tries to measure the decay products of bb pairs resulting from proton-proton
collisions and to reconstruct their diverse decays. Therefore, LHCb possesses a series
of various sub-detectors, each having a different purpose. The following section
provides a brief description of the detector and its components.

2.2 LHCb detector

Pairs of bb quarks, produced under LHC conditions, mainly propagate with small
angles close to the beam axis. Therefore, the LHCb detector is constructed as a
forward spectrometer covering the pseudorapidity range 2 < η < 5 [7]. A schematic
profile of the LHCb detector is shown in Fig. 2.2. The picture also shows the defined
coordinate system of LHCb: the z-axis is parallel to the beam pipe, the x-axis is
the horizontal and the y-axis the vertical component orthogonal to the beam pipe.

2.2.1 Tracking

The tracking system of LHCb contains the Vertex Locator (VELO) at the inter-
action point, the Tracker Turicensis (TT) upstream of the dipole magnet and the
three tracking stations downstream of the magnet, which are divided into the Inner
Tracker (IT) covering the area close to the beampipe and the Outer Tracker (OT)
for the remaining acceptance. Information about a particle track, that is bent by
the LHCb dipole magnet, enables the calculation of its momentum.

The VELO is performing accurate measurements of track coordinates of traversing
ionising particles. This information is used to reconstruct both particle tracks and
their production and decay vertices. The latter are used to determine the decay
time of the considered particle.
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2.2 LHCb detector

Figure 2.2: Cross-section of the LHCb detector [7].

The VELO consists of several silicon modules aligned perpendicularly to the beam
axis, each capable of determining all three spatial coordinates of a particle hit.
Therefore, each silicon module has two sensors, one determines the radial distance,
the other determines the azimuthal coordinate of the hit, whereas the position along
the beam axis is given by the position of the module itself. Since the beam requires
a large transverse aperture during injection, the VELO modules are divided into
two semicircles that can be moved closer to the beam once its conditions are stable.
During operation, the distance of the VELO to the beam line is 5 mm.

The TT and IT consist of silicon microstrip sensors providing a spatial resolution of
50µm. They are composed of four detection layers aligned in an (x-u-v-x) arrange-
ment, i.e. the first and last layers are orientated along the y-axis and the second and
third layers are tilted by an −5◦ and +5◦ angle, respectively. Thus, the detector
measures the track in x- as well as in y-direction.

The TT covers the full acceptance of the experiment, while the IT covers only the
area close to the beam pipe where the particle density is highest, since it has a
better spatial resolution and granularity than the OT.

The OT, like the IT, is composed of four layers in each of the three tracking stations
T1-T3 in an (x-u-v-x) arrangement. It is a drift-time detector consisting of gas-filled
straw-tubes with an inner diameter of 4.9µm, which enable a spatial track resolution
of 200µm. The maximum drift time is 50 ns and thus higher than the time between
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2 LHCb and its upgrade

two bunch crossings of 25 ns. It is possible, that a tube, hit by a particle, cannot
detect further particles in subsequent events, which has a negative influence on the
hit detection efficiency and the occupancy.

2.2.2 Particle identification

This section briefly describes the function and operating mode of all sub-detectors,
that are involved in particle identification.

The RICH (ring imaging cherenkov) detectors provide the ability of charged hadron
identification, which is of great importance for instance to distinguish kaons from
pions in selected b-hadron decays. Therefore, these detectors make use of the
Cherenkov effect, i.e. the radiation of photons by a charged particle travelling faster
than the speed of light in the respective medium. The light is focused through spher-
ical and plane mirrors and then guided outside the detector acceptance, where it is
detected by hybrid photo detectors. In this way, the opening angle and thus the
speed of the particle can be determined. Together with the momentum information
provided by the tracking system, a reconstruction of the mass and consequently the
identification of the particle becomes possible.

LHCb has two RICH detectors. RICH 1 is located upstream of the magnet in front
of the TT and covers the full acceptance of the detector. It is designed to detect
particles with low momenta in the range of 1−60 GeV/c. RICH 2 on the other hand
is located downstream of the magnet behind the last tracking station and covers
a smaller acceptance area near the beampipe where most of the high momentum
particles pass through, since it is designed to detect particles with high momenta
above 100 GeV/c.

The Calorimeter System includes the Scintillating Pad Detector (SPD), the
Preshower Detector (PS), the Electromagnetic (ECAL) and the Hadronic (HCAL)
Calorimeter. It is located between the first and second muon station downstream of
RICH 2. It provides information on hadrons, electrons and photons about identity
and transverse energy, the latter being of great importance for the L0 trigger.

The SPD is able to distinguish photons from electrons, because only the charge-
carrying electrons produce a detectable signal. In the PS electrons, in contrast to
hadrons, generate a detectable shower and can thus be separated. The operating
mode of both the ECAL and the HCAL is based on the same principle: in layers of a
dense absorber medium the incoming particle generates a shower, which is measured
in subsequent scintillating layers.

The Muon Chambers M1-M5 are multi-wire proportional chambers. M1 is placed
upstream of the calorimeter system and its purpose is to improve the transverse
energy information input for trigger decisions. The stations M2-M5, being the last
sub-detector, are located downstream of the HCAL and distinguish muons from
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2.3 Upgrade

other particles by having such a high material budget, that only muons can pass
and generate hits. Since muons occur in many final states of b-hadrons decays the
detection of muons and hence the muon system are essential for LHCb.

2.2.3 Trigger

The trigger system at LHCb is divided into the First Level Trigger (L0) and the
High Level Trigger (HLT) and reduces the signal rate from the LHC bunch crossing
rate of 40 MHz to the rate of 3 kHz respectively 5 kHz [11,12] for the years 2011 and
2012, at which events are stored. The L0 hardware trigger decreases the signal rate
to 1 MHz by using data of the Calorimeter System and the Muon Chambers. At this
rate all sub-detectors can be read out. Thus, the entire detector signal of an event is
available for the HLT, which makes decisions based on the quality of reconstructed
tracks, kinematic quantities and final state selections possible and reduces the data
flow to the required rate. All trigger decisions attempt to maximise the amount of
stored events including a decay considered in the offline analysis and to reject as
much background events as possible.

2.3 Upgrade

During the LHC long shutdown 2 in 2019-2020, an upgrade to LHCb will be im-
plemented [13]. On the one hand, this will enable the experiment to operate at a
higher instantaneous luminosity of L = 2 · 1033 cm−2 s−1. On the other hand, the
trigger system will be changed to a flexible full software trigger which uses infor-
mation of all detector components. The new trigger system makes decisions at the
bunch crossing rate of 40 MHz. After the upgrade, the LHCb experiment will be
able to take larger data samples with an increased sensitivity in B and D decays.
In this configuration the detector shall collect 50 fb−1 data in ten years. These data
samples enable more precise comparisons between experimental measurements and
theory for example by searching for NP in rare decays, that become experimentally
accessible by the upgrade.

However, the upgrade entails many changes in the infrastructure of the detector.
The change of the trigger system needs the entire detector to be read out syn-
chronously with the LHC bunch crossing rate. Therefore, all the front-end electron-
ics of the sub-detectors have to be replaced. In addition, the muon chamber M1
as well as the SPD and the PS are removed, since their main purpose is to provide
data for the L0 trigger. After the upgrade, the LHCb experiment will operate with
a larger pile-up, i.e. an increased average number of primary proton-proton interac-
tions per bunch crossing. This leads to an increased luminosity, and thus a higher
number of particles traversing the detector acceptance. Thus, the tracking stations
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2 LHCb and its upgrade

have to deal with a higher level of irradiation and density of particle tracks. There
will also be an upgrade for the VELO, the TT and the T1-T3 stations to cope with
those conditions [13]. In Fig. 2.3 the cross-section of LHCb after the upgrade is
shown, in which the TT is replaced by the new upstream tracker (UT) and the
tracking stations T1-T3 are replaced by the scintillating fibre (SciFi) tracker that
is subject of the following chapters.

Figure 2.3: Cross-section of the LHCb detector after the upgrade [14].
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3 SciFi Tracker

The scintillating fibre tracker will operate as downstream tracker at LHCb after the
long shutdown 2 [14]. In this chapter, the requirements the SciFi tracker has to
fulfil are described. Afterwards, the architecture and properties of the tracker are
discussed. The following section briefly describes the production of the detector
modules. In the last section the detector simulation is motivated and introduced.

3.1 Requirements

The three tracking stations downstream of the LHCb dipole magnet are currently
occupied by the IT and OT which provide a precise measurment of the spatial posi-
tion of charged particles with a high hit detection efficiency (< 99%) [14], leading to
accurate mass resolutions in reconstructed particle decays. The spatial resolutions
of the IT and OT in the bending plane of the magnet are 50µm and 200µm re-
spectively, while the SciFi tracker aims at a single hit resolution of at least 100µm
over the total acceptance. The track reconstruction requires a high hit efficiency
(< 99%) while keeping noise cluster rate well below (< 10%) the signal rate.

However, every design of a particle tracker has to cope with the same dilemma: by
increasing the amount of detector material, the traversing particle deposits more
of its energy in the detector material leading to a higher output signal but also
to a bigger change of the initial state of the particle. Every interaction of the
incoming particle with a detector molecule slightly changes the flight direction of the
particle, an effect known as multiple scattering (MS). The momentum resolution of
the current downstream tracker for tracks with momenta of up to 80 GeV/c is mainly
limited by MS, while the uncertainty caused by the detector resolution dominates
for tracks with higher momenta [14]. Therefore, the detector material of the SciFi
tracker inside the LHCb acceptance is required to have a radiation length ofX/X0 ≤
1% for increased momentum resolutions especially for high momentum tracks and
less biased energy determinations in the calorimeter systems, since these are located
downstream of the tracker.

The IT and OT are designed for best performance at present LHC beam conditions
and luminosity. After the long shutdown 2, LHCb will operate at an increased
luminosity of L = 2 · 1033 cm−2 s−1, which in this case is equivalent to a higher
average number of primary proton-proton interactions per bunch crossing. Hence,
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3 SciFi Tracker

there are more particles traversing the tracking stations and therefore, the SciFi
tracker has to cope with a higher hit density.

After the upgrade, the LHCb experiment is supposed to operate for at least ten
years and collect a data sample of 50 fb−1, consequently the SciFi tracker must be
able to perform measurements after ten years of irradiation [14].

The last requirement to the SciFi tracker results from the change of the LHCb
trigger system to a full software trigger which needs all sub-detectors to be read out
at the LHC bunch crossing rate of 40 MHz. This must be considered in the design
of the SciFi read-out electronics and the response time of the detector.

3.2 Layout

The SciFi tracker occupies all three downstream tracking stations, each having four
detector layers in an (x-u-v-x) arrangement, see Fig. 3.1. Every layer is composed
of twelve modules arranged along the x-axis. One module contains eight fibre mats
surrounded by a support structure. A fibre mat includes a stack of six layers of
2.5 m long scintillating fibres which contain the active detector material. To achieve
the required spatial resolution, the fibres have a nominal diameter of 250µm and
a well-known position. Therefore, the fibres are positioned with high precision
and the modules are supported by sandwich panels which enable a precise spatial
alignment. The fibres guide the light, produced by traversing particles due to scin-
tillation processes, to both ends of the module. At one end of the fibre mat, which is
at the height of the beam pipe, a mirror is attached to the mats reflecting the light
which propagates in this direction. The light escaping the fibres at the other end is
detected by silicon photomultipliers (SiPMs) with rectangular channels of 250µm
width. The electronic read-out is performed by a custom-design ASIC chip which
integrates the SiPM signal of one bunch crossing.

All the read-out electronics and cooling systems of the SciFi tracker lie outside of
the detector acceptance, resulting in a homogeneous and low material distribution.
A comparison of the simulated material budget between the current tracker and the
SciFi tracker is shown in Fig. 3.2.

3.3 Radiation environment

The expected level of radiation at the tracking stations after the lifetime of the
LHCb upgrade with an integrated luminosity of 50 fb−1 is estimated by a Fluka
simulation [16], using the latest simulation version of the LHCb detector geometry
[17]. For a detector module close to the beam pipe (worst case irradiation), the
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3.3 Radiation environment

Figure 3.1: One station of the SciFi tracker with four detector layers in an (x-u-
v-x) arrangement. Every layer is composed of twelve modules containing eight
fibre mats each. A mirror is added at the inner end of a mat while at the other
end the mat is read-out by SiPM arrays [15].

Figure 3.2: Simulated distribution of the material budget in the T1 station for the
current tracker (left) and the SciFi tracker (right) [14].
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3 SciFi Tracker

simulation results show an obtained dose of 35 kGy at the height of the beam pipe
and 50 Gy in the SiPM region [14].

Irradiation of SiPMs leads to an increased dark count rate (DCR) due to creation
of defects in the silicon lattice, which enhance the number of thermal excitations.
SiPMs were irradiated with a different obtained neutron flux to investigate the effect
of irradiation [18]. The DCR seems to increase linearly with the obtained dose.
However, annealing of the SiPMs can reduce the noise by a factor 2. Therefore, the
SiPMs need to be warmed up to 20 − 30 ◦C, which can be done at LHCb during
accelerator shutdowns.

The influence of the expected dose on the light yield of fibre mats was also measured
using irradiated fibres [15]. The irradiation leads to an increased attenuation of the
light inside the fibres due to creation of additional absorption and scattering centres.
With the expected dose profile, an attenuation map simulation was developed [19],
based on a Geant4 single fibre simulation [4]. The attenuation map provides two-
dimensional histograms of a quarter of one detector layer containing the ratio of the
number of photons reaching the fibre end and the number of produced photons by
the ionising particle in the fibre in every bin. Therefore, the Geant4 simulation
simulates the attenuation of the light using a dose profile for the irradiation of the
fibres, which depends on the position of the fibre inside the detector layer. The
other three quarters of the layer are given by symmetry. The light yield of the fibres
located close to the beam pipe and excited near the mirror drops to 62% [15] in this
simulation.

3.4 Scintillating fibres

The active detector material of the SciFi tracker are scintillating plastic fibres of
type SCSF-78MJ from Kuraray [20]. The cylindrical fibres consist of a core which
is surrounded by two claddings, see Fig. 3.3.

The core is made of the organic scintillator polystyrene which is doped with an
organic dye (∼ 1% by weight) [14]. A traversing particle can deposit some of its
kinetic energy in the fibre core via scattering processes. A few eV of deposited energy
are sufficient to excite the polystyrene. However, relaxation time and light yield of
polystyrene alone are not adequate, thus the dye is added which can receive the
excitation energy from the polystyrene by non-radiative dipole-dipole interactions,
the so-called Förster Transfer [21]. The excited electron of the dye subsequently
returns to its initial state by emission of a photon. To decrease the chance of re-
absorption of the photon inside the fibre a second dye is added (∼ 0.05% by weight)
which is used as wavelength shifter because of its larger separation of the absorption
to the emission spectrum. For the fibres p-terphenyl (PT) is used as primary dye
due to its high quantum efficiency (> 95%) and fast decay time (< few ns), as
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3.4 Scintillating fibres

Figure 3.3: A schematic view of a section of a scintillating fibre with two claddings.
Traversing particles can produce light due to scintillation processes in the fibre
core. If produced under suitable angle, the light can travel via total reflection to
both ends of the fibre [14].

wavelength shifter tetraphenyl-butadiene (TPB) was selected as a result of previous
experience gained in other experiments [14]. The absorption and emission spectra
of the polystyrene and both dyes are shown in Fig. 3.4.

Figure 3.4: Absorption (red) and emission (blue) spectra of polystyrene, PT and
TPB [4].

The diameter of the fibres is 250µm including both layers of cladding which account
for 6% of the total diameter each. Since the thickness of the core as well as of the
claddings is at least ten times the typical wavelength of the scintillation photons (up
to ∼ 600 nm), the track of the photons can be described by using geometrical optics.
The photons are guided inside the fibre via total reflection, and the claddings are
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composed of materials with decreasing indices of refraction to increase the amount of
trapped light, see Fig. 3.3. The scintillation light is produced isotropically, resulting
in a total trapping efficiency of ∼ 10.7% [14]. This number does not include photons
travelling alongside helical paths. The light that is produced under a suitable angle
can travel through the entire fibre, escape at its end and subsequently be detected
by the SiPMs.

There is a number of effects that lead to an attenuation of the trapped light in the fi-
bre. For photons with a wavelength below 450 nm, re-absorption by the wavelength
shifter is the dominant factor of attenuation. For longer wavelengths, effects like
molecular vibrations, Rayleigh scattering and electronic transitions become domi-
nant. Additionally, in real fibres further attenuation occurs due to reflection errors
at the boundaries. Therefore, helical modes are suppressed because of their high
number of reflections. Another source of absorption results from irradiation by
ionising particles. The irradiation causes an increased number of absorption and
scattering centres inside the fibres [22]. Therefore, the detected light yield of a
particle hit is expected to decrease during the run-time of the experiment.

3.5 SiPMs and noise

Silicon Photomultipliers (SiPMs) are used to detect the light escaping the fibre end.
SiPMs are multi-cell avalanche photodiodes operated in Geiger-mode [18]. They
are constructed as a matrix of small pixels that fire independently. An incoming
photon is detected with a certain probability, the so-called photon detection effi-
ciency (PDE). The PDE consists of three factors: first, there is a geometric factor
resulting from the ratio between sensitive and non-sensitive detector area of the
SiPMs. Second, the quantum efficiency which is the probability of the photon to
produce a photoelectron. The last factor of the PDE is the probability of a primary
photoelectron to trigger the pixel breakdown. The PDE depends on the wavelength
of the incoming photon and the applied overvoltage ∆V , see Fig. 3.5.

SiPMs from manufacturer Hamamatsu [23] are planned to be used for the SciFi
tracker. This thesis especially considers Hamamatsu H2015 SiPMs since these were
used in the SciFi test beam campaign 2016, see Chap. 4. For the actual detector, a
new generation of SiPMs is currently being developed. The PDE peaks at ∼ 50%
for wavelength of 480 nm with an adjusted overvoltage of ∆V = 3.5 V [18].

The breakdown of a pixel increases the electronic signal by several orders of magni-
tude, thus a single photon becomes detectable. The gain is the number of electrons
set free by an avalanche, and is about 3.25 · 106 e/ph for H2015 SiPMs. A single
pixel works as boolean device, so that several photons hitting the same pixel nearly
simultaneously produce the same signal as one photon. The output signal of a SiPM
channel, which contains a matrix of 4 × 26 pixels, is given by the sum of signals
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Figure 3.5: PDE measured of three H2015 SiPM channels at ∆V = 1.5 V (black),
2.5 V (blue) and 3.5 V (green). The PDE of H2014 SiPMs at ∆V = 3.5 V is
shown in yellow. The emission spectra of the Kuraray fibre is plottet in red and
of a green emitting (NOL L191) fibre in magenta [18].

produced by individual cells. Due to the fact that a pixel can only fire once per
event1, the output signal does not increase linearly with the number of photons
but saturates because of the limited number of pixels. To decrease the influence of
saturation, the number of pixels should be large compared to the average number
of photons hitting the SiPMs per event.

A pixel breakdown can also occur randomly due to thermal excitation, an effect
referred to as dark counts since no light is needed as trigger. The SiPMs are cooled
down to −40 ◦C which reduces this effect by a factor 2 every 10 ◦C [18]. The DCR,
which is the number of dark counts per second, increases after irradiation because of
defects in the silicon lattice created by incoming particles inside the semiconductor
material.

During the breakdown, a pixel emits light which can be absorbed by adjacent pixels.
Thus, a neighbouring pixel can fire without being hit by a scintillation photon itself.
Trenches, which separate neighbouring pixels, are introduced to reduce this so-called
cross-talk of pixels. Additionally, a breakdown can trigger a discharge of a pixel in a
neighbouring SiPM channel. This channel cross-talk has a smaller probability than
pixel cross-talk because of the larger distance.

A pixel that fired most recently has a certain probability to fire again during a
period of several 100 ns. The second breakdown is triggered by charge which was

1An event is limited by the span of time between two bunch crossings at which rate the SiPMs
are read out
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trapped during the first avalanche. This effect is called after-pulsing.

Combined, these three effects represent the noise rate of the SiPMs. All three ef-
fects increase with ∆V , which is the reason for no further raise of ∆V to improve
the PDE. Dark noise and after-pulses can produce signals without entering photons
in this event. These signals can be increased by cross-talk. Thus, a noise signal
might be generated which mistakenly can be interpreted as a traversing particle.
To reduce the noise cluster rate, a measured signal has to exceed defined thresh-
olds to be considered as a cluster, see Sec. 3.6. By raising these thresholds, more
clusters generated by actual traversing particles are cut off, which reduces the hit
efficiency.

Another effect that can generate an unwanted signal is called spillover. It describes
signals resulting from traversing particles of previous or subsequent bunch crossings
measured in the current event. Spillover depends on the time of flight of the particle
from the primary interaction point to the SciFi tracker, the decay time of the scin-
tillators, the time the photon needs to travel to the SiPM as well as the response
time of the SiPM and read-out electronics.

The SiPMs used for the SciFi tracker are especially designed for this experiment by
the manufacturer Hamamatsu. One SiPM array contains 128 channels subdivided
into two dies with 64 channels each, see Fig. 3.6. A smaller number of channels per
array would increase the number of gaps between two dies and two arrays, and thus
increase the amount of dead area of the detector which leads to a lower PDE and
detected signal. A larger number of channels would lead to mechanical problems
and higher costs.

Figure 3.6: Photography of a SiPM array with 128 channels and the flex-PCB
cable which serves as connection to the front-end electronics. On the right side a
close-up view of the gap between the two dies and some channels is shown, one
of them is outlined in red [15].
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3.6 Clusterisation

As explained in the previous sections, a traversing particle generates scintillation
photons inside the fibre cores which can travel to the end of the fibres where they
can be detected by SiPMs. The emerging photons can be detected by several neigh-
bouring channels due to diverse reasons: the width of the SiPM channels is equal
to the diameter of the fibres, there is a horizontal shift between fibres in two adja-
cent layers and the traversing particle can hit several fibres in one mat. Therefore,
individual signals of neighbouring channels are combined to a so-called cluster. The
position of a particle hit is calculated as the mean position of the signal weighted
by charge in a cluster. This method is illustrated in Fig. 3.7.

The algorithm, which searches for clusters in the output signals of the SiPMs, applies
certain thresholds on the signal of a cluster to reduce the influence of the SiPM
noise and spillover. First, the algorithm searches for a channel signal which exceeds
the so-called seed-threshold. Once a seed-channel is found, neighbouring channels
are added to the cluster, if their signal is higher than the neighbouring-threshold.
In this way the cluster is extended until a channel with a signal lower than the
associated threshold is found on each side. Lastly, the total charge of all channels
that belong to the cluster has to exceed the sum-threshold. All SiPM arrays of
the detector are scanned for clusters in an event. The gathered information is used
by the tracking algorithm to determine the tracks of ionising particles travelling
through the acceptance.

In the SciFi tracker, the clusterisation is performed by the front-end read-out elec-
tronics. The signal of the SiPMs is amplified, shaped and digitised by a custom-
design ASIC-board called PACIFIC [24]. Afterwards, the cluster algorithm is ap-
plied by field programmable gateway arrays (FPGAs) on the digitised signal of the
individual SiPM channels. All SiPM signals that are not combined to a cluster are
discarded to reduce the amount of data significantly.

A confirmed cluster has three important quantities that will often be considered in
the course of this thesis: the cluster charge which is the total charge of all channels
in a cluster, the cluster size which is the number of channels that belong to the
cluster and the mean signal position which represents the determined hit position
of the particle.

3.7 Module construction

This section contains an overview of the production process of SciFi detector mod-
ules [15, 25]. Some of this information will be used for implementations in the
simulation of Chap. 5.
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3 SciFi Tracker

Figure 3.7: The lower part of the picture exemplifies the distribution of the pho-
tons over the SiPM channels of one particle hit. The upper part shows the in-
dividual signals of the channels and the calculated mean signal position of the
cluster [18].

18



3.7 Module construction

The first step in the serial production of a fibre mat module is the winding of fibre
mats. For the production of a mat with a width of 13 cm and with six layers of
fibres ∼ 7100 m of scintillating fibres are required which need precise alignment to
form the fibre matrix, see Fig. 3.8.

Figure 3.8: Photography of the cross section of a fibre mat with six layers [25].

The construction of the entire SciFi tracker needs ∼ 1000 of those mats. Therefore,
a mostly automated process was developed to wind the mats. The fibre is delivered
on a spool and wound automatically on a rotating threaded wheel. The pitch of
the thread is 275µm and thus larger than the diameter of the fibres to cope with
fluctuations in the diameter of the fibres. After the first layer is wound, the fibre
is cut off at its end and epoxy is added on top of the layer to bond the fibres and
successive layers. The next layer is wound on top of the first layer which now serves
as thread, thus the subsequent layer is shifted horizontally by half the pitch. All
six layers are manufactured in this way. Afterwards, the mat keeps rotating on the
wheel until the glue is cured. A vertical cut is applied to remove the mat from the
winding wheel and to bring it into a plane form. The mat is laminated from both
sides with a 25µm thin polyimide foil as protection. Next, the so-called endpieces
are glued at both endings of the mat. The endpieces provide protection for the
mats during the orthogonal cuts by which the proper length is achieved and the
optical quality is increased. Additionally, at one end the respective endpiece is used
to mount the SiPMs. The mirror is glued at the other end of the mat. In the last
step of the mat production, the mat is cut off longitudinal to achieve the correct
width.

The completed mats are positioned in a support panel designed as a sandwich struc-
ture of honeycomb and carbon fibre. This structure was selected because of its high
stiffness and low material budget. A detector module is 5 m long and contains eight
fibre mats surrounded by the panels. At its end the so-called end-plugs are mounted
on the panels. The end-plugs are used as a connection to the frames as well as to
the read-out boxes which contain the front-end electronics and the cooling system.
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The module allows precise alignment of the mats in the LHCb detector which is
necessary to achieve the required hit resolution.

3.8 Simulation

A simulation of the SciFi detector is needed to estimate its performance and to
investigate influences of irradiation and other ageing effects [26]. In the simulation
the light yield, which is the mean cluster charge, and SiPM noise after irradiation
are studied to be able to predict whether the detector can operate efficiently over
the full lifetime of the experiment.

The digitisation implemented in the LHCb software in Boole [27] simulates the
electronic response of the entire SciFi detector. The implemented detector geometry
is described in Ref. [28]. Taking into account information from hardware side the
following effects are simulated:

• number of produced photons in fibre core per deposited energy

• trapping and attenuation of the light, and reflection of the light at the mirror

• distribution of the emerging photons over the SiPM channels

• pedestal and gain of the SiPMs in photoelectrons (p.e.) and its conversion in
ADC counts

• SiPM noise and spillover

• clusterisation of the output signal in the front-end electronics

The simulation uses the Geant4 [29, 30] toolkit from the Gauss [31] framework
to generate particle hits on the fibre mats. No individual fibres are implemented,
since their complex geometry and the calculation of scintillation processes and pho-
ton tracks would increase the computing effort considerably. The fibre mats, de-
scribed as homogeneous blocks of active material, are the smallest elements simu-
lated. Therefore, the Geant4 simulation only provides the entry and exit points of
a track through a mat. An algorithm was developed that assumes the structure of
the fibre stack and returns the fraction of the path length in active material. Based
on this calculations the amount of deposited energy and produced scintillation light
are estimated. The attenuation of the light inside the fibres is estimated by the
factor

a(l) = FS exp

(
− l

λshort

)
+ (1− FS) exp

(
− l

λlong

)
, (3.1)

where l defines the distance between the point of creation of the photon and the
end of the mat, λshort and λlong describe two components of the attenuation length
and FS is the fraction of the short component. The effect of irradiation on the
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attenuation is also simulated. Therefore, the expected level of radiation after an
integrated luminosity of 50 fb−1 is estimated by a Fluka simulation. The attenua-
tion of the light yield after irradiation is calculated for every detector position with
an attenuation map simulation, see Sec. 3.3.

The photons and their tracks are not actually simulated but the amount of deposited
energy after attenuation is directly distributed over the adjacent SiPM channels via
the so-called light-sharing model [26]. Next, the number of fired pixels is calculated
considering SiPM noise and spillover. The number of photoelectrons is converted
into ADC counts using a gain factor of 2.0 ADC

p.e. . The SiPM charge is integrated
over 25 ns and a cluster algorithm is executed in the same way as it is done by the
front-end FPGAs in the real detector.

The most recent results of the simulation predict that the SciFi tracker is able to
operate efficiently over the full lifetime of the experiment, but especially the detector
modules close to the beam pipe, where the level of irradiation is highest, show a light
yield decrease by nearly 40% [14,15] for tracks near the beam axis and an increased
SiPM noise. In this region the detector performance after irradiation decreases to
a level at which an efficient operation is no longer guaranteed. That is why the
simulation results have to be precise and reliable.

However, the simplifications used in the simulation cause discrepancies to reality
which affect the significance of the results. That is why in the course of this thesis a
simulation of a single fibre mat with SiPM read-out was developed, which describes
the physics of a particle hit in much more detail. This stand-alone simulation is
used to gain further knowledge of the mechanisms happening inside the fibre mats
and thus providing information to optimise the models in the LHCb digitisation,
see Chap. 5.

A test beam campaign of prototype scintillating fibre mats with SiPM read-out was
conducted in November 2016 at CERN. The results of the test beam are invaluable
to verify both simulations by making cross-checks and also to test the performance
of finished mats. The data acquisition and analysis of the test beam are subjects of
the following chapter.
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4 Test beam

In this chapter the test beam campaign of prototype scintillating fibre mats at the
SPS, which is the final injector of the LHC, conducted at CERN in November 2016
is described. The goal was to determine the light yield and hit efficiency of the
mats which are quantities of particular importance for the SciFi detector. The mats
were supplied with a support structure similar to the panels of the SciFi tracker
and placed in the beam line. The modules were previously irradiated, so that the
effect of irradiation on the light yield could be studied. The results are used to
investigate the performance of the modules while providing input for cross-checks
with simulated data.

4.1 Data acquisition

The test beam took place at the North Area SPS Test Beam Facility at CERN
in November 2016. The primary proton beam of the SPS with a momentum of
450 GeV is shot on a target to create a secondary beam. The beam is guided along
the H8 beam line, where the experimental area of the test beam is located. The
beam consists of pions, protons, muons and electrons at 180 GeV. By closing two
collimators asymmetrically, all hadrons and electrons can be filtered out which leaves
a clean muon beam. Both the mixed pion beam and muon beam were used during
the test beam campaign.

Three prototypes of scintillating fibre mats, which have received different types of
irradiation, were used:

• a five layer module of 2.5 m long fibres irradiated in 2014 in the LHCb tunnel
(2014 module),

• a six layer module of 2.424 m long fibres irradiated in 2015 at the CERN PS
IRRAD facility (2015 module),

• a six layer module of 2.424 m long fibres irradiated in 2016 at the CERN PS
IRRAD facility (2016 module).

The 2015 and 2016 module have been irradiated over a certain fraction of their width
with a 24 GeV proton beam at the CERN PS IRRAD facility [32]. The irradiation
of the modules was performed with the goal to reproduce the same dose profile as
under LHCb conditions after 50 fb−1. This dose profile predicts a dose of 35 kGy
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close to the mirror and 50 Gy near the SiPMs for a module next to the beam pipe,
see Sec. 3.3.

The experimental setup of the test beam is shown in Fig. 4.1. All three modules
were mounted on a two axis linear table and placed in the beam line. The beam hit
the mats close to their mirror end, which is the location of lowest light yield of the
mats and of greatest importance for the SciFi tracker, since it is the area with the
highest density of traversing particles in the LHCb detector. The table, equipped
with an electric motor, could move the modules automatically, which was necessary
because of the narrow beam width. Thus, a scan over the full mat width could be
performed without entering the test beam area. The table also had a sinusoidal vise
which was used during the angular scans. The 2016 module, which is the device
under test (DUT), was placed in the middle of the other two.

Each module was read out by four SiPM arrays operated at ∼ 30 ◦C with an over-
voltage of about 3.5 V. The SiPMs were connected to SPIROC front-end boards [33],
which is another type of ASIC boards, and USB read-out boards, which includes
an analog-to-digital converter (ADC) and performed the digitisation of the analog
signals. The used read-out electronics differs from the front-end electronics of the
SciFi tracker.

Two plastic scintillator detectors were placed in the beam line upstream of the
modules. An electronic signal of both detectors, created by a traversing particle,
was used as trigger signal for the read-out electronics of the fibre modules. After
a trigger signal, the signal in the SPIROC boards measured synchronously of all
three modules was integrated over 200 ns followed by a certain dead time for the
digitisation in the USB boards. Afterwards, the trigger system returned to its initial
state and the digital data of the event was stored.

To assure a uniform read-out of the mats, the SiPMs need calibration, since the
individual channels have slightly different intrinsic breakdown voltages resulting in
different PDEs and gains. The calibration measurement was performed before a
measurement with an actual particle beam was started. Therefore, a measurement
without an active light source inside the modules was conducted. With this so-called
pedestal spectrum, the offset signal of the read-out electronics can be determined.
Next, the mat response was measured with LED bars, that were mounted inside
the modules, turned on to determine the SiPM gain, see Fig. 4.2. Both calibration
measurements used the self-trigger mode of the USB boards.

4.2 Data analysis

Several measurements were conducted during the test beam campaign with different
setups and beam types. Every measurement contains a vertical scan over the full
mat width with usually ∼ 105 events.
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Figure 4.1: Setup of the test beam campaign 2016 with three scintillating fibre
mat modules covered in black blankets as protection of external light. The beam
pipe is visible in the top half of the picture and the direction of the beam is
indicated with a red arrow.
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Figure 4.2: Typical ADC spectrum of the test beam campaign. Individual peaks
correspond to the number of fired pixels starting with 0 at the first peak, which
represents the pedestal. The mean value of the pedestal is already set to
0 ADC counts. The difference between two adjacent peaks corresponds to the
gain of the SiPMs.
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The data acquired in the measurements with a particle beam has to be converted
with the respective calibration measurements first. The signal amplitude of the
pedestal run ADCp is subtracted from the beam measurement ADCb. The resulting
signal amplitude of the beam data is divided by the gain g measured in the LED
run. Due to time-dependent effects, the SiPM gain in the beam measurement can be
different from the gain measurement, which makes a correction factor fgain necessary.
The charge of a channel c in photoelectrons (p.e.) is calculated with the following
equation

c =
ADCb −ADCp

g · fgain
. (4.1)

After determining the charge in every channel, the cluster algorithm (described in
Sec. 3.6) is executed to find all clusters in an event. In this way, every detected
cluster is found in all three mats individually.

A particle hitting all three mats perpendicularly would not create a signal in the
same SiPM channels in all mats, because of misalignment of the mats on the table.
That is why a vertical adjustment is performed, in which the outer two modules are
shifted, so that their average cluster position is the same compared to the central
module.

In the following analysis, the results of the central module (DUT) are presented,
while the outer two modules are used for hit verification. A cluster of the DUT is
considered as a true (no noise) cluster, if its position differs less than 1 mm from the
position resulting geometrically from the cluster positions of the outer modules. It
has turned out, that virtually all true clusters lie within the 1 mm tolerance. Thus,
raising this value only increases the chance of detecting noise clusters. Several cuts
are applied on the data to filter out noise clusters and events with more than one
traversing particle, the requirements are:

• there is exactly one cluster (sum-threshold: 4.5 p.e.; seed-threshold: 2.5 p.e.)
in both outer modules

• there is a true cluster in the DUT module

• maximal cluster size is 6 channels

In the following analysis of cluster charge and cluster size, the thresholds applied
on the cluster in the DUT are the same as for the outer modules.

4.2.1 Cluster charge

The average number of photoelectrons in a cluster per particle hit is a quantity of
great interest for the SciFi tracker regarding its performance. The cluster charge is
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determined for every SiPM channel individually: the total charge of a found cluster
is linked to the channel in which the mean signal position of the cluster is located.

During the test beam, the cluster charge was measured with different setups. The
pion beam was used when the DUT was read out by H2014 SiPMs. With the muon
beam measurements were performed with both H2014 and H2015 SiPMs. Thus, it
is possible to compare the beams both read out by the same SiPMs and vice versa.
In Fig. 4.3 the mean light yield per channel for the two beam types is shown. The
irradiated region of the mat is clearly visible because of the reduced light yield. The
narrow minima result from gaps, which are non-sensitive detector areas, between
two SiPM dies or arrays every 64 channels. If a cluster contais a gap, the gap
acts like a dead channel thus reducing the charge of the cluster. The outermost
channels, especially those above channel number 490, differ from the others because
of vertical misalignment of the modules, which prevents the finding of clusters in
all three modules. The figure shows that the difference between the pion and muon
beam is very small. This result is consistent with theory: since the mass of the
muon mµ = 105.66 MeV and pion mπ = 139.57 MeV [34] are small compared to
their momentum of about 180 GeV, both can be considered to be minimum ionising
particles.

Figure 4.3: Mean light yield per channel of the pion beam (black) and the muon
beam (red). Both measurements were performed with H2014 SiPMs.

The comparison of the mean light yield per channel for both SiPM types is shown
in Fig. 4.4. The mean light yield of the H2015 SiPMs is slightly higher which could
be a result of its higher PDE of 50% compared to H2014 with 39% [18]. In fact, the
PDE comparison would suggest an even higher difference of the light yield between
the SiPMs. Due to the higher pixel cross-talk of H2014 SiPMs (17%) compared to
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H2015 SiPMs (4.5%) the charge of a cluster is stronger increased by noise, which
settles some of their difference in light yield.

Figure 4.4: Mean light yield per channel of the muon beam, read out with H2015
(black) and H2014 (red) SiPMs.

In all three setup configurations, the cluster charge is determined for the irradiated
(used channel numbers: 150−170) and non-irradiated (used channel numbers: 390−
440) region of the DUT. The results are shown in Fig. 4.5 and the mean values are
given in Table 4.1.
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Figure 4.5: Cluster charge of all three setups in the irradiated (left) and non-
irradiated (right) region of the DUT.
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4.2.2 Cluster size

The number of channels belonging to a cluster is an important quantity to charac-
terise the electronic output of the mats. The cluster size is determined analogously
to the cluster charge analysis. The results of the cluster size for all three setups are
shown in Fig. 4.6 and the mean values are given in Table 4.1.
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Figure 4.6: Cluster size of all three setups in the irradiated (left) and non-
irradiated (right) region of the DUT.

Table 4.1: Mean cluster charge and size in the irradiated and non-irradiated region
of the DUT for all three setups.

beam type pion muon muon
SiPM type H2014 H2014 H2015

irradiated charge [p.e. ] 10.02± 0.04 10.27± 0.06 10.38± 0.05
size 2.041± 0.006 2.063± 0.009 1.930± 0.007

non-irradiated charge [p.e. ] 15.58± 0.04 15.95± 0.04 16.22± 0.05
size 2.514± 0.004 2.542± 0.004 2.150± 0.005

Fig. 4.7 shows for both the H2014 and H2015 SiPMs the cluster size plotted against
the cluster charge to study their dependency. The mean cluster sizes of every charge
bin are fitted with a linear function l(x) = a · x+ b. The results

H2015 : a = (6.52± 0.10) · 10−2 p.e.−1 b = 1.11± 0.02

H2014 : a = (7.14± 0.07) · 10−2 p.e.−1 b = 1.42± 0.01

show, that there is a higher mean cluster size at same cluster charges for H2014
SiPMs.
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Figure 4.7: Cluster size plotted against the cluster charge for H2014 (left) and
H2015 (right) SiPMs measured with the muon beam. The mean cluster size per
charge bin is plotted with black points. A linear fit of the points is shown in red.

4.2.3 Hit efficiency

The single hit detection efficiency is determined for every SiPM channel individually
as in the analysis of the cluster charge and size. The hit efficiency is calculated as
the fraction of the number of events in which a cluster with the applied thresholds is
found and the number of all considered events. Therefore, the second cut (there is
a true cluster in the DUT module) on the data is removed, otherwise the efficiency
would always be 100%. Nevertheless, a found cluster in the DUT has to fulfil the
geometric constraint of true clusters to be considered as detected.

The hit efficiency depends on the thresholds applied on the clusters in the DUT.
Fig. 4.8 shows the hit efficiency of every H2015 SiPM channel for two different
thresholds. The irradiated region of the DUT is clearly visible as the area of minimal
efficiency. The hit efficiency is determined in the irradiated (used channel numbers:
150-170) and non-irradiated (used channel numbers: 390-410) region as mean value
of the respective channels. For the H2014 SiPMs, the hit efficiency is analysed in
the same way. The results are shown in Table 4.2.

A comparison of the two SiPM types, using the same cluster thresholds, is shown in
Fig. 4.9. The figure shows the hit efficiency plotted against the cluster charge of the
individual SiPM channels. Every data point of the plot contains the mean results
of eight neighbouring SiPM channels to make the plot clearer. The distributions of
both SiPMs are fitted with an exponential function

f(x) = 1− α e−x/β . (4.2)

This plot and the results of Table 4.2 show, that the hit efficiency is higher when
using H2015 SiPMs. On the one hand, this results from the slightly higher cluster
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Figure 4.8: Single hit detection efficiency of the H2015 SiPM with sum threshold
4.5 p.e. (black) and 2.5 p.e. (red).

Table 4.2: The hit efficiencies the H2014 and H2015 SiPMs in the irradiated and
non-irradiated region for two different sum-thresholds.

SiPM sum-threshold [p.e.] irradiated eff. [%] non-irradiated eff. [%]

H2015 4.5 85.4± 0.5 98.0± 0.2
H2015 2.5 94.6± 0.2 99.0± 0.1
H2014 4.5 81.2± 0.6 96.9± 0.1
H2014 2.5 91.1± 0.5 98.4± 0.1
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4 Test beam

charge of H2015 (see Fig. 4.4). On the other hand, the cluster size at the same
cluster charge is smaller for H2015 than for H2014 SiPMs, as shown in Fig. 4.7.
The same total charge distributed over a smaller number of channels is more likely
to exceed the cluster thresholds, which increases the hit efficiency.

Figure 4.9: Hit efficiency against the mean cluster charge of H2015 (black) and
H2014 (red) SiPMs. Both datasets are fitted with an exponential function.

4.2.4 Angular scans

The angle θ between the mats and the beam line was changed by using the sinusoidal
vise of the table. This way, the cluster charge and size can be studied for different
angles of incidence of the particle beam. The angles 3 ◦ and 6 ◦ were measured with
the muon beam and the angles 10 ◦, 15 ◦, 20 ◦ and 25 ◦ with the pion beam. The
6 ◦ measurement is neglected, because the small number of recorded events leads to
a large statistical uncertainty. The measurement with the muon beam and H2015
read-out is chosen to provide data for an angle of 0 ◦, so that all angular scans
use H2015 SiPM read-out. The results of Table 4.1 show a 2.37% higher charge
and a 1.11% higher size of the clusters with the muon beam. Both the 0 ◦ and 3 ◦

measurement results are corrected with these factors to settle the difference between
the beams. In the analysis, the SiPM channels 260-270 are used, because they lie
in the non-irradiated area of the DUT and provide clean results (no gaps or noisy
channels) in all measurements.
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4.2 Data analysis

For larger angles the travel distance d through a mat of thickness t increases accord-
ing to the function

d =
t

cos θ
. (4.3)

If small differences from the inner fibre stack structure are neglected, the cluster
charge should also increase with this function. Additionally, the particle track,
projected on the SiPM layer, covers more SiPM channels for larger angles. Thus,
the cluster charge and size are expected to increase with the angle. The results of
the mean cluster charge and size for all adjusted angles are given in Table 4.3, the
individual plots are shown in Figs. 5.6 and 5.7 compared to simulation results.

Table 4.3: Mean cluster charge and size in the non-irradiated region of the DUT
with H2015 read-out for different incident angles of the particle beam.

angle 0 ◦ 3 ◦ 10 ◦ 15 ◦ 20 ◦ 25 ◦

charge [p.e. ] 15.88± 0.10 15.99± 0.07 16.22± 0.09 16.80± 0.07 17.16± 0.09 17.92± 0.11
size 2.200± 0.010 2.227± 0.007 2.433± 0.010 2.635± 0.007 2.848± 0.009 3.139± 0.012

In Fig. 4.10 the mean cluster charge is plotted against the incident angle. The fit
with the function of Eq. (4.3) shows that the increase of the cluster charge follows
the expected behaviour.

Figure 4.10: Mean cluster charge for different incident angles of the particle beam
with H2015 read-out. The data points are fitted with a function according to
Eq. (4.3).
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4 Test beam

The data from the angular scans are of special interest for the simulation: if the
test beam and simulation results match for all tested angles, the comparison is a
very good indicator for a properly working simulation.

4.3 Test beam summary

The light yield analysis of the DUT shows that in the irradiated region of the fibre
mat the light yield is reduced to ∼ 64% for all three setups. This result is in good
approximation consistent with the prediction of simulations (decrease to around
62% [14, 15], see Sec. 3.3). The mean cluster charge is slightly increased by using
the newer H2015 SiPMs. Due to the higher cluster charge and smaller cluster sizes,
H2015 SiPMs provide better results regarding the hit efficiency, too. In the fibre
mat region with the expected radiation dose after the lifetime of the SciFi tracker,
the hit efficiency drops to 85% for a sum-threshold of 4.5 p.e. This value is clearly
below the required hit efficiency. The new H2016 generation of SiPMs, which are
currently in development, could further improve the hit efficiency. Another way to
achieve a higher hit efficiency is lowering the cluster thresholds. In the analysis with
a sum-threshold of 2.5 p.e. the hit efficiency is significantly increased, especially in
the irradiated region. However, irradiation also leads to an increased noise of the
SiPMs, see Sec. 3.3. Combined with low cluster thresholds, this results in a high
NCR and thus a high ghost track rate, which decreases the tracking efficiency of
the SciFi tracker. A good balance between hit efficiency and NCR has to be found
to maximise the performance of the detector.

The results of the angular scans show the expected increase of cluster charge and
size with the incident angle of the particle beam. These results are used as cross-
check for stand-alone simulation results in the next chapter as well as for the Boole
digitisation from the SciFi simulation and reconstruction group.
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5 Stand-alone Simulation of a scintillating fibre
mat

In this chapter the development and results of a stand-alone simulation of a single
scintillating fibre mat are described. For this simulation a Geant4 single fibre
simulation is used to calculate the light production and propagation inside the
individual fibres, and a fibre mat geometry with SiPM read-out implemented in
Root [35]. The simulation results of cluster charge, cluster size and hit efficiency
are compared to test beam data (see Chap. 4).

5.1 Single fibre simulation

The used single fibre simulation was developed in the working group at TU Dort-
mund [4] with the Geant4 toolkit to increase the knowledge about properties of
scintillating fibres. The program provides detailed information on single fibre re-
sponse for other simulation studies, which cannot operate in so much detail them-
selves, because of the high computing effort. Furthermore, the simulation results,
for instance of the response time of the fibres, are needed for the detector hardware
to adjust the front-end electronics.

In the application, the interaction of ionising particles with a single scintillating
fibre is simulated. The fibre geometry is implemented according to the dimensions
of the fibres used in the SciFi tracker, see Fig. 3.3. At the start of the program,
the code imports several parameters from configuration files. Various scenarios can
be simulated by changing several parameters. A mirror is placed at one fibre end
like in a real fibre mat. The reflection probability can be adjusted. In the following
simulation studies the reflectivity is set to 70%. At the other end, a volume is
defined in which photons reaching this volume are considered as detected. The
volume is chosen as vacuum, so that photons which exit the fibre are exposed to
Fresnel reflection or refraction under similar conditions as real photons exiting a fibre
end with a small air gap between fibres and SiPMs. In the simulation, the material
surrounding the fibre is chosen as vacuum, too. However, a photon that reaches the
boundary between outer cladding and external vacuum is always considered as lost,
because of the poor surface quality of real fibres which prevents total reflection.

The type as well as the initial position and momentum of the traversing particle
can be adjusted to hit the fibre at different positions and with different energies.
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5 Stand-alone Simulation of a scintillating fibre mat

The average number of created scintillation photons per energy, deposited by the
ionising particle in scattering processes, can also be adjusted. Additional light
can be produced by Cherenkov radiation. The path of the simulated photons is
influenced by wavelength shifting, Fresnel reflection and refraction, absorption and
Rayleigh scattering. The output information of the simulation is stored in several
Root TTree objects. In the course of this thesis the ProducedPhotons tree and the
DetectedPhotons tree are of importance. In the ProducedPhotons tree, all initial
parameters, e.g. location, momentum and wavelength, of every created photon
are stored. The DetectedPhotons tree includes all photons reaching the detector
volume. Those photons provide additional information like the number of reflections
or whether the photon was reflected by the mirror.

5.2 Stand-alone simulation

In the context of this thesis a detailed simulation of a single scintillating fibre mat
with SiPM read-out was developed. This stand-alone simulation claims to match
the conditions of the test beam (Chap. 4) as good as possible and tries to produce
similar results in cluster charge, cluster size and hit efficiency. Therefore, a multi-
tude of parameters from the detector hardware are used for implementations. The
simulation’s advantage over the test beam is to provide information that is not mea-
surable with the test beam setup, e.g. the number of produced photons or the SiPM
charge before clusterisation. The goal is to gain further knowledge of the interaction
between ionising particles and scintillating fibre mats, especially with regard to an
improved input for parametrisations in the LHCb digitisation. The simulation is
written in the C++ programming language and makes use of the Root data analysis
framework.

The two-dimensional cross-section of a fibre mat is implemented with the fibre stack
structure, see Fig. 3.8. The cross-section lies in the y-z-plane of the coordinate
system of the simulation. To match realistic mats after the winding process, the
position of individual fibres inside the first layer differs from the ideal location by a
gaussian distribution with σy = 20µm [25]. This deviation in y implies a deviation
in z-direction, because of the triangular shape of the winding wheel threads. The
position of a fibre in subsequent layers results from the two touching fibres in the
layer below, see Fig. 5.1.

In the following, the incident angle of the ionising particle is set to 0 ◦, so that the
particle hits the fibre layers perpendicularly. An incoming particle, implemented as
a straight line, crosses several fibre cross-sections. The distance of the fibre centre
to the closest point of the particle track is calculated for every fibre crossing. With
this distance the chord of the particle track through the fibre core is given, because
of rotational invariance. The total path length through active core material in all six
layers per particle hit is shown in Fig. 5.2. The initial particle position is changed
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Figure 5.1: Cross-section of the simulated fibre mat with random fibre positioning
(first simulated layer is plotted at the top). The vertical black lines indicate the
SiPM channels and the red line is an exemplary particle track with an incident
angle of 10 ◦.

randomly in y-direction over the mat width to cover different fibre arrangements.
The mean path length of 0.8284 ± 0.0008 mm for the random fibre positioning has
not changed from the ideal positioning with 0.8286 ± 0.0009 mm. The peak in
both distributions is caused by particles travelling through the gap between two
neighbouring fibres in every second layer. That is why the position of the peak lies
at about three times the core diameter 0.66 mm.

A TTree is created in advance with the Geant4 single fibre simulation, in which
the position of the incident particle is distributed randomly over the fibre diameter
in every event. The events are ordered, relating to their distance between particle
track and centre of the fibre cross-section, into groups of equal fractions of the fibre
radius. For every fibre crossing in the stand-alone simulation the program calls the
TTree and randomly picks an event from the same group of track to fibre centre
distance. This approach is valid, since the exit location of the photons is almost
independent from the point of its creation, so that the track distance contains all
information needed. Now, information on all produced photons and their tracks
through the fibre are available. The advantage of this approach is that the single
fibre output is immediately available rather than running the Geant4 simulation,
which needs a high computing time, for every fibre crossing. At first, the stand-
alone simulation uses Geant4 input simulated with the default parameters of the
single fibre simulation. Later, the parameter of the number of created photons per
deposited energy will be tuned to match test beam data. The number of produced
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5 Stand-alone Simulation of a scintillating fibre mat

path length in active material [mm]
0.6 0.8 1

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

total

3 fibres

6 fibres

path length in active material [mm]
0.6 0.8 1

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.02

0.04

0.06

0.08

0.1

0.12 total

3 fibres

4 fibres

5 fibres

6 fibres

Figure 5.2: Path length through active fibre core material for ideal (left) and
random (right) fibre positioning. The coloured histograms show the number of
crossed fibres per event.

photons per event is shown in Fig. 5.3. The peak of the distribution is subdivided
because of the peak in the path length distribution. On average, there are 1256± 3
photons created by the ionising particle per event.

The probability of a photon to get lost during a reflection at the boundaries between
fibre core and first cladding or both claddings has been experimentally determined
to εreflection = 5 · 10−5 [15]. Yet, in the Geant4 simulation this value is set to 0,
which is why in the stand-alone simulation a photon, considered as detected by the
Geant4 simulation, is only considered detected with the probability

εtotal = (1− εreflection)nreflection , (5.1)

where nreflection is the total number of reflections of the entire photon track. The
number of exiting photons per event is shown in Fig. 5.3. The mean number of
photons, escaping at the end of the fibres per event, is 46.18± 0.09.

By using the information on the exit location and the three-dimensional momentum
it is possible to calculate the track of every photon after leaving the fibre precisely.
Like this, the hit position of the photons on the SiPM arrays can be determined.
The SiPM structure is implemented as Hamamatsu H2015 SiPMs, since these were
used in the test beam campaign during angular scans, whose results are compared
later to simulation output. If well adjusted, the SiPMs are touching the fibre ends,
so that after an air transition the photons directly enter into a 100µm thick epoxy
layer (index of refraction: 1.52), that covers the SiPM pixels [36]. If a photon
hits a pixel, which has not already fired in this event, the simulation randomly
decides whether a pixel break-down occurs by taking into account the wavelength-
depended PDE of the SiPM, see Fig. 3.5. A break-down can provoke a neighbouring
pixel or even a pixel of a neighbouring channel to fire, too. In the simulation
the probabilities 4.5% for pixel and 2% for channel cross-talk of H2015 SiPMs are
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Figure 5.3: Number of produced (left) and exiting (right) photons per event (de-
fault results, tuned results: Appendix 3). The left plot shows the share of events
with 3 fibre crossings (red) and 4-6 fibre crossings (blue) to explain the subdivided
peak of the total distribution (black).

used [18]. Additionally, the DCR of the SiPMs is simulated as random fire of pixels
with a rate of 14 kHz [36], which equates the measured rate of non-irradiated SiPMs
at room temperature. To consider saturation caused by the dead time of single
pixels after they have fired, a pixel can only fire once per event in the simulation.
Fig. 5.4 shows the total SiPM charge per event. The mean charge collected in the
SiPMs per event is 21.76± 0.04 p.e. with simulated noise (cross-talk and DCR) and
saturation of SiPM channels which is true for real SiPMs, 19.85± 0.04 p.e. without
noise and 23.87 ± 0.05 p.e. with neither noise nor saturation, which means that a
single pixel can fire more than once in an event.
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Figure 5.4: Total SiPM charge in photoelectrons per event for realistic SiPMs
(black), without simulated noise (red) and without saturation (green) (default
results, tuned results: Appendix 3).
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5 Stand-alone Simulation of a scintillating fibre mat

After all photons are distributed over the SiPM channels, a cluster algorithm, as
described in Sec. 3.6, links the charge of neighbouring channels. The applied thresh-
olds on the cluster are: sum-threshold 4.5 p.e., seed-threshold 2.5 p.e. and neighbour-
threshold 1.5 p.e. The cluster charge and cluster size per event are shown in Fig. 5.5.
The mean cluster charge and size are 21.24 ± 0.04 p.e. and 2.110 ± 0.003, respec-
tively.
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Figure 5.5: Cluster charge and size per event (default results, tuned results: Ap-
pendix 3).

5.3 Comparison with test beam data

The simulation results are compared to the data of the test beam described in
Chap. 4. Therefore, the input parameter that regulates the average number of
created photons per deposited energy in the Geant4 single fibre simulation, is
tuned to match the cluster charge distribution of the test beam data for an incident
particle angle of 0 ◦ as good as possible. However, in the test beam data a larger tail
to high charges is visible in the distribution. One possible explanation of this tail
are events in which the primary beam particle has produced a secondary particle
for example during an interaction with the first tracking fibre mat or the trigger.
These secondary particles can create additional photons in the considered fibre mat
resulting in higher cluster charges. Therefore, the maximum cluster charge for both
test beam and simulation is set to 25.5 p.e. whilst tuning the parameter. Afterwards,
the parameter is fixed for comparisons at different angles. In fact, the only parameter
that is changed in the simulation for the comparison with the different angular scans
is the input value of the angle itself. The mean values of cluster charge and cluster
size with the applied maximum charge threshold are given in Table 5.1. The results
show a good agreement between simulation and test beam in cluster charge. The
cluster size of the simulation is smaller than in test beam data, especially for small
incident angles of the ionising particle.
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5.4 Fibre cross-talk

Table 5.1: Cluster charge and cluster size for different beam angles of test beam
and simulation. The maximum cluster charge is set to 25.5 p.e. for both data sets.

angle 0 ◦ 3 ◦ 10 ◦ 15 ◦ 20 ◦ 25 ◦

charge [p.e.]

simulation 14.47± 0.03 14.61± 0.03 14.85± 0.03 14.99± 0.03 15.34± 0.03 15.83± 0.03
test beam 14.47± 0.07 14.48± 0.05 14.90± 0.07 15.20± 0.05 15.40± 0.06 15.91± 0.07

size

simulation 1.911± 0.003 1.950± 0.003 2.144± 0.003 2.344± 0.003 2.619± 0.003 2.891± 0.004
test beam 2.083± 0.008 2.111± 0.006 2.320± 0.008 2.481± 0.006 2.699± 0.007 2.969± 0.010

The comparison of cluster charge distributions for all analysed test beam angles is
shown in Fig. 5.6. Cluster sizes are compared in Fig. 5.7. The distributions without
the maximum cluster charge threshold are shown in Appendix 1.

The comparison of the cluster size suggests that the photons are wider distributed
over the SiPM channels in real fibre mats. Hence, there must be an effect which
is not considered in the simulation. One possible effect is introduced in the next
section, the so-called fibre cross-talk.

5.4 Fibre cross-talk

The basic idea of fibre cross-talk is, that photons, which are produced inside the
fibre by scintillation or wavelength shifting and do not propagate inside the fibre
via total reflection but escape the fibre, are not lost but can enter and interact with
neighbouring fibres. Presently, photons exiting the primary fibre are always consid-
ered as lost by the Geant4 single fibre simulation. This assumption is technically
true for photons that are already wavelength shifted by the second dye, because
if the photon is not affected by scattering processes, e.g. Rayleigh scattering, or
absorption on its track, the angle does not change and the photon simply exits the
neighbouring fibre, too. Most of the excited polystyrene-states pass their energy on
via non-radiative dipole-dipole interactions to a primary dye molecule. The photon
created by relaxation of the dye has a wavelength in the near ultraviolet region
(∼ 350 nm) and can travel through the fibre core before being shifted by the second
dye. The mean free path of the UV-photons is long enough for some of them to
escape the fibre core without a wavelength shift, especially when created near the
claddings, see Fig. 5.8. These photons can enter neighbouring fibres and get wave-
length shifted in their cores. The shifted photon is produced with a random angle
and thus has a probability to travel along the fibre and be detected by the SiPMs.
Fibre cross-talk increases the mean cluster size, since the photons are distributed
over a larger number of fibres.
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Figure 5.6: Cluster charge compared to test beam data for different incident angles
of the particle.
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Figure 5.7: Cluster size compared to test beam data for different incident angles
of the particle.
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5 Stand-alone Simulation of a scintillating fibre mat

Figure 5.8: Illustration of the UV-photon propagation through the fibre mat cross-
section.

The Geant4 simulation is modified to determine the influence of fibre cross-talk in
a mat by a master’s student of the working group at TU Dortmund [37]. Therefore,
eight neighbour fibres are placed next to the primary fibre: four diagonal touching
fibres, two layer neighbours (gap: 25µm) and both the top and bottom fibre in the
second next layers (gap: 167.6µm). The volume surrounding the fibres is filled with
epoxy to simulate the glue of the fibre mats. However, the attenuation length of
the photons created by the first dye inside the glue has not been measured yet. The
simulation uses an attenuation length of 1 mm but lacks input from measurements
on this value.

Photons with a wavelength matching the scintillation spectrum of the primary dye
are directly created inside the primary fibre. The initial position of the photons is
homogeneously distributed over the cross-section of the fibre core and the initial solid
angle is random. In a 2D-histogram the initial position of the photons is divided in
square bins, see Appendix 2. The simulation determines how many photons escape
at the end of each of the nine fibres for every initial position bin individually. The
ratio of cross-talk photons, depending on the initial position of the photon, in each
neighbouring fibre can be calculated with these numbers. About 20% of the total
number of detected photons is caused by cross-talk photons in the simulation [37].

This information is used for an implementation of fibre cross-talk in the stand-alone
simulation. The particle track through the fibre core cross-section is divided into
squares according to the binning of the cross-talk histograms, see Fig. 5.9.
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5.4 Fibre cross-talk

ionising  
particle

Figure 5.9: Illustration of the particle track through a fibre cross-section separated
into bins as it is done in the fibre cross-talk algorithm.

For a neighbouring fibre the given cross-talk ratio of all crossed squares are sum-
marised and multiplied with the number of produced photons in the primary fibre.
The resulting value is used to estimate the number of produced cross-talk photons
in the considered neighbour fibre. This calculation is done for every existing neigh-
bouring fibre. Fig. 5.10 shows how fibre cross-talk affects the photon distribution
for a fixed particle track.

Since additional photons are produced by fibre cross-talk, the Geant4 parameter
of produced photons per deposited energy has to be tuned again to match the test
beam data. The new results are shown in Figs. 5.11 and 5.12. The plots without
maximum cluster charge threshold are shown in Appendix 1.

The mean values of cluster charge and size of both the simulation and test beam
as well as the ratio of fibre cross-talk for all angles are given in Table 5.2. The
cross-talk ratio is calculated as the fraction of photons, that exit the end of the
fibres, produced by fibre cross-talk and the total number of photons. It is worth
mentioning, that the given uncertainties in this table (and Table 5.1) do not include
systematic errors from misalignment of the angle between mat and particle beam
in the test beam setup.

The simulation results of cluster charge and size match the test beam data very well.
The previous difference in cluster size seems to be solved by fibre cross-talk at a
level of ∼ 19% of the total charge, which is in good agreement with the cross-talk
ratio of the Geant4 simulation. Some of the remaining difference can be explained
by deviations of the adjustment of the angle between fibre mat and particle beam in
the test beam. Table 5.3 shows the results of the stand-alone simulation calculated
with the tuned Geant4 parameter and simulated fibre crosstalk, the individual
plots are shown in Appendix 3.
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5 Stand-alone Simulation of a scintillating fibre mat
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Figure 5.10: Photon exit position distribution along the particle track (red line)
without (left) and with (right) fibre cross-talk (2000 events simulated). The inci-
dent angle of the particle is 10 ◦.

Table 5.2: Cluster charge and cluster size for different beam angles of test beam
and simulation with fibre cross-talk. The maximum cluster charge is set to
25.5 p.e. for both data sets. Additionally, the fibre cross-talk ratio of the sim-
ulation is given.

angle 0 ◦ 3 ◦ 10 ◦ 15 ◦ 20 ◦ 25 ◦

charge [p.e.]

simulation 14.44± 0.03 14.55± 0.03 14.74± 0.03 15.02± 0.03 15.33± 0.03 15.81± 0.03
test beam 14.47± 0.07 14.48± 0.05 14.90± 0.07 15.20± 0.05 15.40± 0.06 15.91± 0.07

size

simulation 2.131± 0.004 2.168± 0.004 2.328± 0.003 2.496± 0.004 2.717± 0.004 2.987± 0.004
test beam 2.083± 0.008 2.111± 0.006 2.320± 0.008 2.481± 0.006 2.699± 0.007 2.969± 0.010

ct ratio [%] 19.3± 0.1 19.1± 0.1 19.0± 0.1 19.1± 0.1 19.2± 0.1 19.3± 0.1
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5.4 Fibre cross-talk

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    27863

Mean      14.44

StdDev    4.83

Testbeam

Entries    4814

Mean      14.47

StdDev    4.88

(a) particle angle: 0 ◦

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    28077

Mean      14.55

StdDev    4.69

Testbeam

Entries    9080

Mean      14.48

StdDev    4.66

(b) particle angle: 3 ◦

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    28375

Mean      14.74

StdDev    4.51

Testbeam

Entries    4880

Mean      14.90

StdDev    4.57

(c) particle angle: 10 ◦

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    28201

Mean      15.02

StdDev    4.54

Testbeam

Entries    10038

Mean      15.20

StdDev    4.62

(d) particle angle: 15 ◦

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    27861

Mean      15.33

StdDev    4.59

Testbeam

Entries    6526

Mean      15.40

StdDev    4.66

(e) particle angle: 20 ◦

 cluster charge [p.e.]
0 20 40 60 80

 #
 o

f 
ev

en
ts

 (
no

rm
al

is
ed

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Simulation

Entries    27585

Mean      15.81

StdDev    4.55

Testbeam

Entries    4066

Mean      15.91

StdDev    4.74

(f) particle angle: 25 ◦

Figure 5.11: Cluster charge with simulated fibre cross-talk compared to test beam
data for different incident angles of the particle.
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5 Stand-alone Simulation of a scintillating fibre mat
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Figure 5.12: Cluster size with simulated fibre cross-talk compared to test beam
data for different incident angles of the particle.
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5.5 Single hit detection efficiency

Table 5.3: Simulation results of the tuned simulation with fibre cross-talk on dif-
ferent parameters. The values are the per event average.

simulation input parameter: simulation result

produced photons 831± 2
exiting photons 30.63± 0.07
SiPM with noise and saturation [p.e.] 15.79± 0.03
SiPM without noise but saturation [p.e.] 14.30± 0.03
SiPM without noise and saturation [p.e.] 15.84± 0.04
cluster charge [p.e.] 15.31± 0.03
cluster size 2.168± 0.004

5.5 Single hit detection efficiency

The agreement between simulation and test beam in cluster charge and size encour-
ages a comparison in hit efficiency. In the simulation, the hit efficiency is determined
as fraction of the number of events in which a cluster, exceeding the applied thresh-
olds, is found and the total number of simulated events. In the different plots of
Fig. 5.13 the single data points of the simulation result from individual datasets,
that were calculated in the following way: a difference of the light yield is achieved
by modifying the Geant4 parameter of produced photons per deposited energy
or by changing the point of excitation along the fibre axis. For every light yield
adjustment a dataset is generated and the hit efficiency is calculated by running a
cluster algorithm with the stated thresholds over all simulated events.

The comparison in hit efficiency is tested for several sets of cluster thresholds without
changing any parameters of the simulation or cuts on the test beam data, to increase
the value of the cross-check. The simulation and test beam results for different
thresholds are shown in Fig. 5.13. The hit efficiency is plotted against the light
yield to study the dependency of the tracking performance on the per event cluster
charge. The distributions are fitted with an exponential function of the form given
in Eq. (4.2).

The figure shows an excellent agreement between test beam and simulation in terms
of hit efficiency for all tested thresholds, which indicates that the simulation de-
scribes the performance of a real scintillating fibre mat accurately. The two different
ways of varying the light yield in the simulation seem to be consistent with each
other, since all data points are described very well with the same fit curve. It is
worth noting, that the simulation was tuned to test beam data for only one setup:
excitation of the mat close to the mirror and with 4.5 p.e. as sum and 2.5 p.e. as
seed-threshold of the cluster algorithm. All results from other alignments or cluster
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5 Stand-alone Simulation of a scintillating fibre mat
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Figure 5.13: Single hit detection efficiency compared to test beam data for differ-
ent cluster thresholds.
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5.5 Single hit detection efficiency

thresholds are provided by the simulation without further tuning or modifying of
parameters.

The fit curves enable to interpolate the hit efficiencies of test beam and simulation
for the determined light yield of the DUT in the non-irradiated region (16.22 p.e.)
and the irradiated region (10.38 p.e.), see Sec. 4.2.1. The results for all investigated
cluster thresholds are given in Table 5.4.

Table 5.4: Hit efficiency results of test beam and simulation for light yields corre-
spondent to the non-irradiated and irradiated region of the test beam DUT tested
for different cluster thresholds.

hit efficiency [%] non-irradiated irradiated
test beam simulation test beam simulation

cluster thresholds [ p.e.]

sum: 5.5 seed: 2.5 96.4± 0.4 96.4± 0.3 73.5± 2.3 75.5± 1.6
sum: 4.5 seed: 2.5 98.0± 0.3 98.1± 0.2 85.6± 1.4 86.7± 1.0
sum: 4.0 seed: 2.5 98.3± 0.2 98.5± 0.2 88.8± 1.2 89.5± 0.9
sum: 3.5 seed: 2.5 98.6± 0.2 98.9± 0.1 91.5± 1.0 92.0± 0.8
sum: 3.5 seed: 1.5 98.8± 0.2 99.1± 0.1 93.1± 0.9 93.5± 0.7
sum: 2.5 seed: 2.5 99.1± 0.2 99.5± 0.1 95.6± 0.6 96.1± 0.5

The results show that in nearly all cases the test beam and simulation values agree
within uncertainties, but in general the simulation seems to overestimate the hit
efficiency very slightly.
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6 Summary

The SciFi tracker will replace the downstream tracking stations of the LHCb detector
in course of its upgrade during LHC’s long shutdown 2. This thesis presents studies
that contribute to the investigation of the tracking performance over the lifetime of
the upgraded LHCb detector.

The analysis of the test beam data shows, that the cluster charge of the tested
fibre mat drops to ∼ 64% in the irradiated region, which is consistent with other
measurements and simulations. Moreover, the hit efficiency, which is an essential
quantity for the tracking performance, is found to drop to (85.4 ± 0.5)% using
standard cluster thresholds.

The fibre mat response was determined with both H2014 and H2015 SiPMs thus
allowing a comparison of the SiPM generations. The cluster charge of H2015 SiPMs
is about 1.5% higher while the cluster size is about 15.5% smaller compared to
H2014 SiPMs. This is reflected in the hit efficiencies which is about 1% higher in
the non-irradiated region and about 4% higher in the irradiated region for H2015
SiPMs. This shows, that further improvements of the tracking performance can
be expected from the H2016 SiPM generation, which is currently in development.
Additionally, the development of the module production is not finished, so that the
light yield of SciFi modules in the final detector could be higher. Another approach
to increase the hit efficiency is to lower the thresholds of the cluster algorithm.
However, this also raises the noise cluster rate, which can cause problems for the
tracking algorithms, especially with the dark count rate increased by irradiation.

The results of the stand-alone simulation in terms of cluster charge agree very well
with the angular scan data of the test beam after tuning the Geant4 parameter
of produced photons per deposited energy. However, the simulated cluster sizes
are too small. This problem is solved by introducing fibre cross-talk. With a level
of ∼ 19% of the total charge caused by fibre cross-talk, the cluster sizes in the
simulation match the test beam results for all tested angles. The simulation with
included fibre cross-talk also shows very good agreement with test beam results
in terms of hit efficiency for all tested cluster thresholds. This success lead to an
implementation of fibre cross-talk in the official digitisation of the SciFi simulation
and reconstruction group. Additionally, results of the stand-alone simulation of
parameters and distributions from quantities that are difficult to determine in an
experiment, are also used for parametrisations in the SciFi digitisation.
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6 Summary

The comparison between stand-alone simulation and test beam data increased the
knowledge of fibre mat response, especially with respect to fibre cross-talk. The
results of the simulation lead to an improved implementation of the SciFi detector
in the LHCb digitisation.
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1 Cluster charge and cluster size
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Figure 1: Cluster charge without simulated fibre cross-talk compared to test beam
data for different incident angles of the particle.
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Cluster charge and cluster size
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Figure 2: Cluster size without simulated fibre cross-talk compared to test beam
data for different incident angles of the particle.
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Figure 3: Cluster charge with simulated fibre cross-talk compared to test beam
data for different incident angles of the particle.
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Cluster charge and cluster size
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Figure 4: Cluster size with simulated fibre cross-talk compared to test beam data
for different incident angles of the particle.
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Appendix

2 Fibre cross-talk simulation

Figure 5: Fibre cross-talk simulation results. The plot in the center of the figure
shows in every bin the number of photons produced at the bin position, that
were detected in the primary fibre. The other plots show the number of photons
produced at the bin position of the primary fibre, that were detected in the
respective neighbouring fibre. The plots in the corner show the results for the
four touching fibres, the left and right plot show the layer neighbour fibres and
the top and bottom plot show the two closest fibres in the over next layer [37].
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Tuned stand-alone simulation results

3 Tuned stand-alone simulation results
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Figure 6: Number of produced (left) and exiting (right) photons per event.
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Figure 7: Total SiPM charge in photoelectrons per event for realistic SiPMs (black),
without simulated noise (red) and without saturation (green).
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