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Chapter 1

Introduction

This thesis has been accomplished at the A Large Ion Collider Experiment (ALICE),
which is the Large Hadron Collider (LHC) experiment dedicated to investigate heavy-ion
collisions. The work for this thesis started during the Run 2 period and was concluded
during the subsequent shutdown phase of the LHC, when most of the LHC experiments as

well as the LHC itself have undergone major technical upgrades for new challenges in Run 3.

A major constraint which hinders new discoveries and particle physics research in
general is posed by the limitations in the number of collision events and particles of
interest collected by the experiment. During the Run 1 and Run 2 periods of the ALICE
experiment, this aspect is mitigated to a certain extent by employing trigger mechanisms.
Triggers inspect events during the process of data taking and only record those which
exhibit specific signatures and are beneficial for further physics analysis. In Run 3, the
mitigation by using triggers is superseded by a continuous readout concept at an increased
collision rate. The improvements allow for a remarkably faster data collection along with

the opportunity of investigating effects without specific trigger signatures.

Within the scope of this thesis, a hardware trigger capable of triggering on events
containing light nuclei has been studied and implemented for the first time in Run 2. The
investigation of light nuclei physics is of fundamental interest, as the production of such

loosely bound compound states from a hot and dense environment, as it is created in
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heavy-ion collisions, is not yet fully understood. Furthermore, the interaction of light
nuclei with matter has raised major interest as it can be applied to the transport of
light nuclei within our Galaxy and can strengthen our understanding of dark-matter
annihilation, as shown in the ALICE paper Measurement of Wnuclei absorption in

matter and impact on their propagation in the Galary published in the journal Nature |1].

This thesis presents the development of the new nuclei trigger and shows the achieved
performance using the collected data. The trigger has been operating successfully in both
Proton — Lead (pPb) at /s = 8 TeV and Proton — Proton (pp) at /s = 13TeV collisions
until the end of Run 2 in 2018. In both collision systems, significant enhancements of
(anti-)nuclei have been demonstrated. The new trigger has collected a significant amount
of events containing light nuclei in both collision systems and the acquired data are

currently being analysed further by the ALICE collaboration.

A description of the nuclei trigger developed in the context of this thesis has been pub-
lished in the paper The ALICE Transition Radiation Detector: Construction, operation,

and performance in the journal Nuclear Instruments and Methods |2].

The main goals of the ALICE upgrade for Run 3 are to deeply investigate heavy-ion
collisions, including measurements of new observables, and improve the precision of mea-
surements such as the production of light nuclei. For the Run 3 upgrade, the detectors are
equipped with the latest available technology. An additional achievement of this thesis is
the readout development for the upgrade of the Transition Radiation Detector (TRD) of
ALICE. The main focus is on the development of the TRD specific parts of the Common
Readout Unit (CRU) firmware, which has been entirely and exclusively performed as part
of this thesis. The CRUs are new hardware devices which enable the high performance
data taking operation in Run 3. The CRUs have been deployed at the core of the TRD
infrastructure and control the TRD readout in Run 3 in close coordination with the other
subsystems of the ALICE experiment. Furthermore, the CRUs receive and handle the
entire data which is generated by the TRD.
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The ALICE upgrades during the LHC Long Shutdown 2 paper, which includes the
TRD readout upgrade and the work presented in this thesis, has been published [3].

This thesis describes the evolution from the TRD Run 2 infrastructure and TRD read-
out systems, treats the planning and preparation for the Run 3 upgrade and documents
the details of the newly developed hardware design. Within the scope of this work, the new
hardware design has also been functionally tested and the interactions with other subsys-
tems have been verified. The stability of the new readout system has been proven in long
term technical runs without beam within its final environment and the system has success-
fully recorded its very first physics data sets during a short pilot beam period. The TRD
readout systems perform successfully in today’s regular Run 3 data taking operations in
Proton — Proton (pp) and Lead — Lead (Pb-Pb) collisions, which have started in mid 2022.

For PhD students in the ALICE collaboration, the successful completion of a service
task is mandatory and shall support the detector operation. In the context of this thesis, a
TRD gas system service task has been completed. This task corresponded to an equivalent
of 6 months full time work and consisted of supervising and operating the TRD gas
system which must run permanently on a 24 hours / 7 days in a week base and required
immediate actions in case of issues. In addition, the gas had to be manually purified from

nitrogen contamination using a cryogenic procedure.

The thesis is organised as follows. A brief insight into physics results on light nuclei in
pp collisions recently published by the ALICE collaboration is given in the beginning of
this thesis. Furthermore, the ALICE experiment and the TRD infrastructure in Run 2
are introduced. Then the work concerning the newly developed nuclei trigger is presented.
Finally, the ALICE and TRD upgrades are introduced, followed by the CRU hardware
development and the deployment of the new hardware for the TRD upgrade. The theory
of operation of the CRU firmware developed in the context of this thesis is given in the

appendix.
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The work for this thesis has been carried out during a long term stay at the Conseil
Européen pour la Recherche Nucléaire (CERN). This thesis has been supported by
the Bundesministerium fiir Bildung und Forschung (BMBF) by a Wolfgang-Gentner-
Stipendium in the context of the Deutsches Technisches Doktorandenprogramm at CERN.
In this program it is not foreseen to work on experimental or theoretical physics problems
and it is required that the doctoral student contributes with engineering tasks and topics
to the fundamental physics research at highest energies at the leading edge of today’s

physics research [4].
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Physics Introduction

The ALICE experiment is designed for investigating the physics of heavy-ion collisions.
This chapter gives a short introduction into the nature of heavy-ion collisions and the
Quark-Gluon Plasma (QGP). For a theoretical background, this chapter starts with an

overview over the fundamental particles and their interactions.

This chapter is based on the References [7—8|, which can be consulted for further
details.

2.1. The Standard Model

Today’s understanding of the composition and interactions of matter and anti-matter is
based on the standard model of particle physics. It assumes all matter to be composed
of certain fundamental particle types. A fundamental particle does not have further

substructure and can interact with other particles through certain fundamental forces [].

The elementary particles are divided into quarks (up, down, charm, strange, top, and
bottom) and leptons (electron, muon, tau, and their corresponding neutrinos), which are
fermions. In addition, each elementary particle has its corresponding anti-particle. The

standard model describes the interaction by introducing force carriers, which are gauge
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bosons. All interactions in nature can be divided into four categories: the electromagnetic
interaction, which is mediated by photons; the weak interaction, which is mediated by W
and Z bosons; the strong interaction, which is mediated by gluons; and the gravitation,

which is not described within the scope of the current standard model [5].

In order to interact electromagnetically, a particle has to carry an electric charge. In
analogy to this concept, it is possible to define a colour charge which is carried by the
particles participating in the strong interaction. In the standard model, only quarks and

gluons carry colour charge [5].

2.2. Strong interaction

Quarks have never been observed isolated in nature, but only as constituents of composite
particles, which are called hadrons. The strong interaction is stronger than any electro-

magnetic repulsion and binds quarks within hadrons |5, 6].

Hadrons are required to be neutral with respect to the colour charge. As opposed to
the scalar electric charge, the colour charge is described by a three dimensional vector. Its
components are referred to as red, green, and blue. This convention is chosen in analogy

to optical colours as to how colour neutrality can be achieved |5, (].

Historically, two groups of hadrons have been defined: baryons, which are composed
of three valence quarks; and mesons, which are composed of valence quark and anti-quark.
For the baryons, colour neutrality is obtained by the three quarks carrying different
colours. For the meson, colour neutrality is achieved by combining colour with anti-colour.
In addition to the valence quarks, hadrons contain sea quarks and gluons as product of

interactions |5, 6].

Furthermore, additional exotic types of hadrons are being investigated. For example,

tetraquarks are hadrons composed of four valence quarks and pentaquarks are hadrons com-
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posed of five valence quarks. These two exotic states have been recently measured |9, 10].

Protons and neutrons, which are the constituents of atomic nuclei, are themselves
baryons. Protons are composed of two up valence quarks and one down valence quark,
while neutrons are composed of one up valence quark and two down valence quarks. To the
outer environment, protons and neutrons in principle appear as colour neutral, i.e. they
do not interact strongly with other hadrons. While this is true at large distances from the
proton or neutron, residual effects of the strong interaction are present in close vicinity of
the hadrons. These residual effects decrease with the distance and are significantly weaker
than the strong interaction among the quarks within the hadron, but their strength is
still enough to bind the nuclei of atoms with a sufficient binding energy, overcoming all
electromagnetic repulsions. The average binding energy of atomic nuclei is in the order of

8 MeV per nucleon [11].

The theory which describes the strong interaction is the Quantum Chromodynamics
(QCD). The strength of the strong interactions of quarks and gluons is determined by the
QCD running coupling constant a,. As shown in Fig. 2.1, a; depends on the momentum
transfer () in a process. The coupling «g becomes small for large () values, which
correspond to short distances. At asymptotically large () values, quarks are effectively
free. This phenomenon is called asymptotic freedom. Contrarily, as becomes large for low
(@ values, which correspond to large distances. In this situation, quarks are effectively

confined in hadrons [5,0, 12].

2.3. Quark-Gluon Plasma (QGP)

Under extreme conditions of high temperature or large chemical potential, the QCD
predicts a phase transition into a state of matter, called Quark-Gluon Plasma (QGP),
where quarks and gluons are deconfined from hadrons [6,8]. Fig. 2.2 shows a schematic
view of the QCD phase diagram. The hadronic phase is present at low chemical potential
and temperature [13]. The phase transition from the QGP to the hadron gas at high

temperature and low chemical potential is supposed to be similar to the conditions at the
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Figure 2.1.: QCD running coupling constant a, as a function of the momentum transfer Q.
The results are obtained by different analyses from various experiments. Figure
from Ref. [12].

time of the primordial universe. The QGP and the phase transition can be reproduced
in the laboratory by colliding heavy ions at ultra-relativistic energies [0,&]|. For large

chemical potential and low temperature, a colour superconducting phase is expected [13].

2.4. Heavy-lon Collisions

Particle accelerators are used to collide heavy ions in the laboratory. In a circular collider,
two beams in opposite directions are accelerated independently and are brought to collide
at specific interaction points, where suitable particle detectors are installed. Figure 2.3

illustrates the time evolution of a central high-energy heavy-ion collision with creation of
the QGP.

Due to the high velocities, the accelerated heavy ions are Lorentz contracted in the

laboratory frame. The heavy-ion collision in the collider undergoes several stages. In a
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155 MeV

lj, B 900 MeV

Figure 2.2.: Schematic view of the temperature T as a function of the chemical potential up
of the QCD phase diagram. Figure from Ref. |13].

HH..‘H"I'.*—

Figure 2.3.: Schematic time evolution of a central high-energy heavy-ion collision with QGP
formation. Figure from Ref. [11].
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first stage, parton interactions take place converting energy to form other particles. In a
preequilibrium phase, the temperature is not uniform across the fireball. In this stage,
the system is not in thermodynamic equilibrium such that a hydrodynamic description
cannot yet be used. Once the system reaches its thermodynamic equilibrium, the QGP
is established. The system expands and behaves as a medium which can be described
macroscopically by hydrodynamic models under the assumption of local thermal equilib-
rium. The dynamics of the system evolution is described by thermodynamic variables,
such as temperature, pressure and energy density together with a suitable equation of
state. In addition, the velocity of the expansion is taken into account in hydrodynamic

models [0, 8].

As the expansion continues, the temperature decreases. Once the system is cooled
down sufficiently, the confinement is restored and the quarks form hadrons. This phase
is called hadronisation. When the system reaches the chemical freeze-out temperature,
the energy involved in the interactions does not suffice to generate new hadrons. At this
point, the total yield of each particle type is fixed. After the chemical freeze-out, hadrons
can still interact elastically, such that the momenta and thus the momentum differential
yields may still be altered. Only after the kinetic freeze-out, the momenta do not change
as no interactions, neither inelastic nor elastic, among the particles occur anymore. In

this stage, the particles travel outbound and can be measured by detectors [0, 3].

Recently, signatures of the QGP have been observed in small collision systems. However,
the nature of these systems is not fully understood [15]. Except for the QGP phase under
investigation, the time evolution from Fig. 2.3 remains valid for describing small collision

systems [0, 8.



Chapter 3

Physics of Light Nuclei

This thesis involves the development and commissioning of a hardware trigger on light
nuclei. Before presenting details about the development of the trigger and its technical
implementation, this chapter briefly presents the physics background and the motivation
of the trigger. Analyses involving nuclei usually have to deal with a limited number
of events, which leads to statistical limitations of the accuracy. The developed trigger
has increased the number of events containing nuclei significantly. Some of the most
recent results in nuclei physics obtained by the ALICE collaboration are summarised in
this chapter. This chapter is based on the references [16-24]. For further details, these

references can be consulted.

The development of the CRU firmware in the context of the upgrade of the TRD along
with the upgrade of the entire ALICE experiment also aims at increasing the number of
events in general, including those containing nuclei, by increasing the detector readout

rate.

3.1. Production mechanisms of light nuclei

An important research goal concerning light nuclei observed in high energy collisions is
to understand their production mechanisms. Light nuclei - as deuterons, tritons, %He2+,

4He’Tand their antiparticles - are compound particles of protons and neutrons which are

11
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deuteron triton 3He

Figure 3.1.: Nucleon composition of deuteron, triton and 3He*".

held together by a small binding energy (Fig. 3.1). For light nuclei, the binding energy is

lower than the average binding energy per nucleon, which is approximately 8 MeV [11].

The theory predominantly favours two production mechanism models, the production
in the thermal statistical model and the production by coalescence. When testing the
hypotheses of these models experimentally [20,25,26], so far none of them can be ruled
out and both models can describe the measurements within the current experimental
uncertainties. The two models make different assumptions about the fact during which

stage of a collision the nuclei are produced.

3.1.1. Statistical thermal model

In the statistical thermal model, nuclei are produced at chemical freeze-out. The model
makes predictions on the expected particle yields and formulates a dependence between
the differential yield of a certain particle species, the particle mass m and the chemical

freeze-out temperature Ty, [26]:

dN m
e X exp (_Tch). (3.1)

If the model is valid, the chemical freeze-out temperature shall be equal for the experi-
mentally measured nuclei. In this case, nuclei can be used as a precise thermometer for

the chemical freeze-out temperature due to their large masses.
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It can be deduced that, when comparing the experimentally accessible density ratio
between 2 particle species ni/ny with a mass difference of Am, the ratio is directly

connected to the chemical freeze-out temperature [20]:

ny Am
— =exp| — . 3.2
U ( Ten ) ( )

Measurements of particle ratios in heavy-ion collisions are in agreement with a chemical
freeze-out temperature of approximately 160 MeV [26] and the predictions of particle

yields by this model generally agree with measurements [20].

3.1.2. Coalescence model

The statistical thermal model assumes that nuclei with their low binding energy of a few
MeV are generated at the chemical freeze-out, i.e. in an environment with a temperature
of approximately 160 MeV [20,26], although the low binding energy of nuclei may affect
their stable existence in an environment at such high temperature. Assuming this, the
production may actually not be possible at chemical freeze-out and happens in fact later.

The coalescence model [16-21] describes the production of nuclei in this later stage.

Also, in the coalescence model, the notion of particle generation at chemical freeze-out
is still valid, but only for the constituting nucleons and lower-mass particles. The nuclei
are bound states of nucleons at low binding energy and they are generated at kinetic
freeze-out by a coalescence of the available nucleons. At this stage, the temperatures are

sufficiently low to allow for the stable existence of the bound states.

The coalescence model assumes that a coalescence of nucleons to form a nucleus is only
possible if the nucleons are close enough in phase space and their difference in momentum
is smaller than an empirical parameter py. Assuming that protons and neutrons have the

same mass and pr spectrum, the yield of any nucleus can be expressed using the proton
yield [20]:
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BN, BN\
E — B, E—_F) . .
A dp?, A( " dp3 ) (3:3)

In this equation, A is the number of nucleons within the generated nucleus and
d3Ny d>N,
dp3, dp3
yield, respectively. B, is a factor, which can be measured experimentally.

pa = Ap, its momentum. and are the predicted nuclei yield and the proton

The simplest available coalescence model does not consider any spatial properties
of the production mechanism, but considers only momentum space. The coalescence
probability is related to the probability of the nucleons to be within a sphere with the

radius py in momentum space. Ref. [20] finds for By

ar N\ M
By = (gpo) A (3.4)

where M is the mass of the generated nucleus and m is the mass of the proton. The term

%’rpg is also called the coalescence volume in momentum space.

In the simple coalescence model, the parameter B, is a constant and does not depend
on variables such as the transverse momentum. The independence of these variables can
be experimentally tested, in order to investigate the validity of the simple coalescence

model.

Generally, By can be measured by comparing the spectra of deuterons with the ones
of protons, while By can be measured by comparing the spectra of 3He*"with the ones of

protons.
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The simple coalescence has later been extended, such that the neglected spatial aspects,
such as the size of the emitting source and the size of the produced nucleus are taken into

account. In this advanced coalescence model, B4 is no longer constant. For the refined
model, Ref. [27,28] finds for By

2J4+1 1 1 9 2(4-1)
T
B, =224 _ , (3.5)
2 VAm <R2+<%>2>

where J4 is the spin of the resulting nucleus, my is the transverse mass of each nucleon
participating in the coalescence, R is the radius of the emitting source and 74 is the radius

of the resulting nucleus.

3.2. Recent ALICE results in pp collisions

This section shows some recent ALICE results on light nuclei in pp collisions, where the
nuclei trigger is required to enhance statistics. The means of PID are not shown here, but
they will be discussed in more details in Section 4.1. In all figures in this chapters, system-

atic uncertainties are shown as boxes and statistical uncertainties are shown as vertical bars.

Figure 3.2 shows the integrated yields of antiprotons, antideuterons, and 3He*"in pp
collisions at /s = 7TeV [22]. A reduction of the pr integrated yield (dN/dy) is observed
of about 1000 for each additional nucleon. The horizontal lines represent a fit with the

function cyAc{' in accordance with the coalescence model.

The antideuteron to deuteron ratio d/d is presented in Fig. 3.3 for different collision
energies and in Fig. 3.4 for different multiplicities in pp collision at /s=7TeV. The
ALICE collaboration expresses multiplicities as multiplicity classes, where class I-+I11
corresponds to events with the largest multiplicity. The multiplicity decreases with the

class number. Furthermore, Fig. 3.3 also reports the squared ratio between antiparticles
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Figure 3.2.: pr integrated yields (dN/dy) of antiprotons, antideuterons and %He”nuclei as a
function of the number of antinucleons in pp collisions at /s = 7TeV. Figure
from Ref. [22].

and particles for protons, (p/p)? for comparison.

It can be observed that across all presented energies, multiplicity classes and pr bins,

antideuterons are produced with similar abundances as deuterons within the uncertainties.

Figure 3.5 shows the coalescence parameter B, of deuterons and antideuterons as a
function of the transverse momentum per nucleon in different multiplicity classes in pp

collisions at /s = 7 TeV [23]. Different scalings are applied for better readability.

Figure 3.6 shows the coalescence parameter By of deuterons and antideuterons, pre-
sented separately, as a function of the transverse momentum per nucleon pr/A at mid-
rapidity in pp collisions at /s = 0.9, 2.76, and 7 TeV [22]. For more details about the

kinematic variables, refer to appendix B.1.
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per nucleon pr/A in pp collisions in different collision energies. The (p/p)? ratios
are shown for comparison. Figure from Ref. [22].
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Figure 3.7 shows the coalescence parameter B; for deuterons and antideuterons and
the coalescence parameter By for He?tand %H?as a function of pr/A in pp collisions at
Vs = 13 TeV [24]. The parameter By is obtained using High Multiplicity (HM) triggered
data. The results are shown separately for different multiplicity classes, where class |
corresponds to the largest multiplicity. Subsequent multiplicity classes correspond to
lower multiplicities. The parameter B3 is obtained separately, using HM and Minimum
Bias (MB) triggered data. In addition, the MB data sample is separated into 2 multiplicity

classes I and II, where class I corresponds to the larger multiplicity.

It can be observed that in Fig. 3.5 the coalescence parameters By of deuterons and
antideuterons show no significant dependence on the transverse momentum per nucleon
within the uncertainties in all presented multiplicity classes [23]. This behaviour is in

agreement with the simple coalescence model.

In Fig. 3.6 an increasing trend of the coalescence parameter By can be observed.
The difference becomes visible when results are integrated over the multiplicity and
the behaviour is observed across different collision energies. Simulations using an event
generator together with an afterburner to simulate the coalescence of nucleons with similar

momenta confirm this trend [24].

In Fig. 3.7 an increasing trend of the coalescence parameter Bs with respect to pr/A
is also observed for both integrated and differential multiplicities [24]. This observation is
not expected in the simple coalescence model, but it is found to be in agreement with the

advanced coalescence model described by equation 3.5 [25].

Differential results — in multiplicity, pr, particle/antiparticle, etc — are important to
investigate the production of light particles. In order to obtain conclusive results with
sufficient accuracy, large statistics are required. In addition, results for light nuclei with
A > 2 are generally impacted by lower statistics due to lower production yields. The

nuclei trigger greatly enhances the statistics, especially for the case of light nuclei with
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A > 2, and thus extends the physics prospects of the ALICE experiment.

This is not only relevant for the directly measured nuclei, but also for strengthening
the understanding of the physics of hypernuclei, such as their production yields and their
lifetimes. An example is the hypertriton, which is the lightest known hypernucleus and
consists of a proton, a neutron and a A baryon, whose properties raise major interest in

the research community [29].

Other measurements which can be extended with larger statistics concern the interac-
tions of antinuclei with matter. Recent ALICE measurements allow for the conclusion that
$He?*can travel long distances within our Galaxy and can be used to study cosmic-ray

interactions and dark-matter annihilation [1].
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Chapter 4

A Large Ion Collider Experiment

The ALICE experiment is located at CERN and belongs to the four largest LHC experi-
ments. The LHC beams collide within ALICE and the generated particles are measured
by the particle detectors of ALICE. The experiment is operated in all proton—proton (pp),
proton-lead (pPb) and lead-lead (Pb—Pb) collision systems. The detectors are optimised
for the operation in heavy-ion collisions, which are the primary research field of ALICE.
The detectors of the ALICE experiment provide excellent particle tracking capabilities
with track reconstruction down to the level of single particles, even in high-multiplicity

environments, at low to medium transverse momentum.

In this chapter, a summary about the most important subsystems of ALICE is given.

It is based on the references [30,31], which can be consulted for further details.

4.1. ALICE particle detectors for track reconstruction
and PID

Figure 4.1 shows a sectional view of the setup of the ALICE experiment with its detectors.
The collisions take place in the centre of the central barrel (in red). The particles emerge
from the collision vertex into all directions. ALICE is capable of measuring the particles

in the transverse region (perpendicular to the beam pipe). Many detectors in the central
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Figure 4.1.: Sectional view of the ALICE experiment during Run 2. Figure from Ref. [32].

barrel provide full azimuthal coverage within the pseudo rapidity region —0.9 < n < 0.9.
For more details about the kinematic variables, refer to appendix B.1. Furthermore,
ALICE is equipped with specific forward detectors, including the muon spectrometer at
the forward pseudo rapidity region —4.0 < n < —2.5 [30,31].

In the transverse region at mid rapidity, charged particles are deflected by a homo-
geneous magnetic field in beam direction. The magnetic field is generated by a large
solenoid, also called the 1.3 magnet (10 in Fig. 4.1). During the reconstruction of tracks,
it is possible to reconstruct the momentum of each particle by measuring the amount of
track bending in the magnetic field. Low momentum particles travel on trajectories with

smaller radii due to lower Lorentz forces [30,31].

At mid rapidity, the Inner Tracking System (ITS) (1 in Fig. 4.1) surrounds the beam
pipe. The ITS is a silicon based detector and is subdivided into three subdetectors: the
Silicon Pixel Detector (SPD) (a in Fig. 4.1), the Silicon Drift Detector (SDD) (b in
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Fig. 4.1) and the Silicon Strip Detector (SSD) (c in Fig. 4.1). The ITS is used as a
tracking detector in order to locate the vertex position. In addition, it also provides
energy loss measurements, such that it can be used for Bethe-Bloch based PID (for more
details, refer to appendix B.2) together with the global particle transverse momentum

reconstruction [30,31].

Apart from the ITS, there are the VZERO Detector (V0) (d in Fig. 4.1), the Forward
Multiplicity Detector (FMD) (e in Fig. 4.1) and the Time 0 Detector (T0) (d in Fig. 4.1)
in close vicinity to the vertex. The VO is based on Photo Multipliers (PMs) and serves as
a detector to provide minimum bias triggers when a collision occurs. Its acceptance in
pseudo rapidity is 2.8 < n < 5.1 on the A-side and —3.7 <71 < —1.7 on the C-side. The
FMD is used to measure the multiplicity in the forward region and to provide multiplicity
based triggers. The TO provides time measurements of the precise starting time of the
particle trajectories. Together with other detectors, it allows for precise particle velocity

measurements, which can be used for PID [30,31].

The TPC (3 in Fig. 4.1) is the main tracking detector of ALICE and consists of a large
volume which contains a nobel gas mixture. The TPC contains high voltage electrodes in
order to generate a homogeneous electric field parallel to the beam direction inside the
gas volume. Particles which enter the gas volume, ionise the gas and deliberate charges
which are subsequently drifting along the electric field lines towards the readout electrodes
located at the end of the cylindrical TPC shape. The impact location of the drift charges
together with the measured drift time, allow for a precise reconstruction of the locations

of each track in 3-dimensional space and for transverse momentum reconstruction [30,31].

Furthermore, the TPC measures the energy loss of the particle. The mean energy
loss of a charged particle can be predicted by the Bethe-Bloch formula and depends on
the particle charge, rest mass and its momentum. For details, refer to appendix B.2.
The energy loss within the TPC is characteristic for a particular particle species and
a given momentum. However, ambiguities are present in certain momentum regions.

When plotting the energy loss of a particle measured by the TPC against the momen-
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Top panel: Separation of different particle species for PID with the TPC. The figure
shows for each particle the reconstructed particle momentum on the horizontal axis
TPC energy loss on the vertical axis. Bottom panel: Separation of different particle
species for PID with the TOF detector. The figure shows for each particle the
reconstructed particle momentum on the horizontal axis and the particle velocity
measured with TOF on the vertical axis. Both figures have been adapted from [33].
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tum from the global reconstruction, particles of the same species gather around specific
splines in the plot. The location of each particle within this plot can be used for par-

ticle identification purposes [30,31]. An example of the TPC PID plot is shown in Fig. 4.2.

The TRD (4 in Fig. 4.1) is another gas detectors which measures the energy loss and
which in addition enhances the energy loss by a radiator material, especially for electrons
and their antiparticles. Furthermore, the TRD also provides tracking and triggering
functionalities [30,31]. Since the TRD is the central detector in this thesis, more details

will be given in Section 5.1.

The TOF detector (5 in Fig. 4.1) measures for each particle the arrival time at the
TOF detector. When combining this data with the starting time measured by TO, a time
difference can be calculated for each particle. With the track length between the vertex
and TOF, as it can be obtained from the tracking detectors via a global reconstruction,
the velocity of the particle expressed as a fraction of the speed of light § = v/c can
be obtained for every particle. Since different particles have different rest masses, the
dependence between the velocity § and the momentum is different for each particle species.
When plotting the velocity [ against the momentum, particles with the same rest masses
gather around specific splines in the plot. The location of each particle within this plot
can be used for PID purposes [30,31]. An example for the TOF PID plot is shown in Fig.
4.2.

ALICE employs the Electromagnetic Calorimeter (EMCal) (7 in Fig. 4.1) and the
Di-Jet Calorimeter (DCal) (8 in Fig. 4.1), which are used for electron identification by
measuring the relation between energy and momentum E/p. They can also be used to
identify photons and neutral pions. EMCal and DCal cover only a fraction of the full

azimuth and they are located in opposite azimuth [30,31].

ALICE also contains the high-resolution Photon Spectrometer (PHOS) (9 in Fig. 4.1).
In front of the PHOS, the Charged Particle Veto Detector (CPV) is located, which is used
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to reject charged particles [30,31].

The Photon Multiplicity Detector (PMD) (16 in Fig. 4.1) is located in a different
acceptance region and is used for measuring photon multiplicity. Internally, it also contains

a veto detector for charged particles in its first layer [30,31].

The High Momentum Particle Identification Detector (HMPID) (6 in Fig. 4.1) is a
Ring-imaging Cherenkov Detector (RICH) detector and allows to identify particles with
high momentum, where the major detectors of ALICE do not provide enough separation

between the particles. The HMPID covers only a fraction in rapidity and azimuth [30,31].

In forward direction, ALICE features an absorber cone made of tungsten (11 in Fig.
4.1) which absorbs mainly hadrons and muons at low momentum. The muons trav-
elling in forward direction are deflected by a dipole magnet (15 in Fig. 4.1) and are
then detected by using muon trigger (14 in Fig. 4.1) and tracked by the muon tracker
(12 in Fig. 4.1). The muon wall (13 in Fig. 4.1) provides means of shielding in order
to reduce the background of low energy particles in the muon trigger (14 in Fig. 4.1) [30,31].

In the very forward rapidity region, far away from central barrel in the LHC tunnel,
there is a calorimeter, the Zero Degree Calorimeter (ZDC) (18 in Fig. 4.1), and the
scintillator detector, the ALICE Diffractive Detector (AD) (17 in Fig. 4.1) [30,31].

On top of the L3 magnet, the ALICE Cosmic Ray Detector (ACORDE) is located.

The ACORDE is a scintillator detector and it functions as a trigger detector on cosmic

rays [30,31].
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4.2. Central Trigger Processor

The typical time distance between bunches in the LHC is in the order of 25ns and the
crossing of bunches depends on the concrete LHC filling scheme. When bunches are
forced to cross each other, new particles may be generated. However, this is a statistical
process and implies that the time between interesting events (e.g. containing nuclei) is

not constant. The timing of a particular event is impossible to predict.

Furthermore, ALICE consists of many detectors with very different properties with
respect to their readout timing, some detectors provide a fast readout, while others
require a longer time for the readout of a particular event. Typically, the latter ones pro-

vide in turn a more elaborate data set which may be required for meaningful offline analysis.

The raw data rate of all detectors in ALICE triggered at their maximum rates is in the
order of several TB/s and it is not feasible to permanently record on permanent storage

at this data rate with resources available in Run 2.

Fortunately, not all events are interesting for physics analysis, which allows to reduce

the rate of events which need to be recorded on permanent storage significantly.

This section is based on information from the references [31-39], which may be consulted

for further details.

4.2.1. Trigger hierarchy of ALICE

In order to technically address all these issues and to efficiently record data at a feasible
rate while filtering systematically for interesting events, a sophisticated trigger system is
in place which is centrally managed by the CTP. The idea is to work with an hierarchic
system in which the fast detectors perform a pre-examination of the event directly after

the collision. The readout of the slower detectors is only triggered in case the event was
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Table 4.1.: Trigger levels used in ALICE during Run 2 [36].

Trigger level Typical time after the collision
Collision (not detected yet) 0

Level Minus One (LM) 0.3 ps

Level 0 (LO) 1.2ps

Level 1 (L1) 6.5 11s

Level 2 accept (L2a)/Level 2 reject (L2r) | ~88 ps

found worth recording. This concept can be generalised by introducing multiple stages,
which are called trigger levels. Only events which pass the last trigger level qualify for per-
manent data storage. The slowest detector determines the maximum event recording rate

of the experiment. Table 4.1 shows the hardware based trigger levels as used during Run 2.

For the LM, the LO and the L1 the timing is fixed as with the due times given in the
table. If the CTP does not send one of these fixed timing triggers in due time, the event
is considered as globally discarded after the timeout. For the Level 2 (L2) trigger, the

timing is more flexible and explicit L2 accept or L2 reject trigger messages are issued by

the CTP [30].

In fact, there is another last instance in addition to the hardware based triggers which
is able to discard an event entirely before it goes to the final storage. It is called the
High Level Trigger (HLT). This trigger is not considered here because it is not hardware
based and works independently from the CTP. Instead, it is implemented in software and
therefore does not operate with strict real time requirements with respect to the data

taking, i.e. it is also not synchronous to the LHC Bunch Crossing (BC) clock [36].

During the operation throughout Run 1 and Run 2, not all trigger levels, for which
the system is designed for, have been permanently used. In practice, the experiment has
been operating with two important strategies. The first one is minimum bias, where in

principle every LO trigger leads to the recording of the event. Of course, the rate has to
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be limited artificially to account for the limits which slow readout detectors and storage
rate bottlenecks impose. This down scaling has to select events randomly, i.e. without
introducing any bias. The second strategy is the recording of rare triggers. In this mode,
the trigger scheme works as described up to the L1 trigger level. In case that an event
passes the L1 level, the data are determined to be recorded on final storage, i.e. after the
L1 trigger, the CTP issues the L2a in all cases. With these strategies, also the HLT is not
used for discarding entire events. Instead it has been compressing the data using lossless

methods in order to exploit the available storage bandwidth to a better extent.

4.2.2. Technical realisation of the communication between the
CTP and individual detectors

In Run 2 the communication between the CTP is realised differently for the downstream
data (CTP — detector) and upstream data (detector — CTP). The downstream data
consist mainly of the different triggers which have to be sent to the detectors with the
correct timing. These trigger data are broadcasted by the CTP via the Trigger and Timing
Control (TTC) network. This is an unidirectional optical network designed with single
mode fibres and driven by laser diodes on the CTP side using Trigger and Timing Control
Emitter (TTCex) devices. To receive the triggers, all detectors are required to use a
specific Integrated Circuit (IC), the Trigger and Timing Control Receiver chip (TTCrx),
which is common to all LHC experiments. Since the trigger data are always synchronous
to the LHC BC clock, the TTCrx IC is also able to recover the LHC BC clock from the
established link, though it is not a dedicated clock transmission. The LHC orbit signal

can also be recovered locally [35,37].

For the upstream communication, copper wires are used. The data to be sent from
the detectors to the CTP are the detector specific trigger contributions. After the pre-
examination of an event by a fast detector, the detector has to communicate to the CTP
whether the detector considers the event worth to climb up the trigger hierarchy. This
is typically the case if the detector finds a specific signature, like a particle with high
transverse momentum or other possibly more complex criteria. Every detector can have

several trigger contribution inputs to the CTP, one for every specific signature. This gives
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full control of the experiment-wide readout policy to the CTP. In case that the readout
policy defined by the Run Coordination (RC) changes, only the CTP configuration needs

changing and individual detector settings can be left untouched [35,37].

4.2.3. Configuration of the CTP

The configuration of the CTP is very thorough and allows a fine grained control of all
parameters in order to meet the requirements of RC. The trigger scheme which is applied
by the CTP technically enforces the readout of those events which are considered to be
interesting in view of the ALICE physics programme. It also allows to share in a fair
manner the available number of events which can be read out among different trigger
types and strategies as the total event statistics is limited by the running time and the
slowest readout detectors. This can be achieved by applying down scaling to the trigger
inputs in order to account for the requirements in statistics for different types of data.
The requirements in statistics and the split factors between different triggers are defined
by the Physics Board (PB) of ALICE depending on the priorities of different aspects of
the ALICE physics programme.

In addition, the trigger hierarchy shown in Section 4.2.1 does not necessarily need to
be applied to the entire experiment at once. ALICE consists of different detectors and not
all detectors, which provide trigger inputs, have to trigger the readout of all detectors in
the experiment. Instead, the detectors can be grouped for readout into readout clusters.
Every readout cluster can be triggered by an individually configurable set of trigger inputs.
This is of great advantage in order to reduce the impact that slow detectors have on the

overall data taking performance.



Chapter 5

TRD Operation and Developments in
Run 2

The achievements of this thesis during the LHC Run 2 period are presented in this chapter.
For readability, the chapter starts with a theoretical description of the Transition Radiation
Detector (TRD), including the detector structure and the principles of its operation. In
Run 2, the data collection is governed by hardware triggers. These triggers are able to
inspect each event for interesting signatures prior to data recording. The TRD Run 2
setup is able to perform a preliminary track reconstruction for this purpose and provide a
trigger decision within microseconds after the collision. In the context of this thesis, this
functionality has been extended in order to identify light nuclei on this timescale with
excellent performance. As the data recording can be focused on events containing nuclei,

a significant enhancement in available interesting events is achieved.

The development of the nuclei trigger with the TRD along with prior feasibility studies
and measurements of the enhancement factors for light nuclei using the triggered data are

part of the achievements of this thesis.

The trigger has been operated in both pPb and pp collision systems. An outstanding
result is the discovery of two 4He”"candidates within the pPb data collected with the
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nuclei trigger. This observation is unprecedented in the small pPb collision system.

The introductory overview of the TRD setup in Run 2 is given in section 5.1. The
section 5.1.3 contains a brief description of the TRD gas system service task carried out
as part of this thesis. The achievements of this work concerning the developed nuclei

trigger and the corresponding results are presented in section 5.2.

5.1. Transition Radiation Detector

The TRD is a gaseous detector which provides charged particle tracking and particle iden-
tification (PID) capabilities. Due to its fast online data processing capabilities and its low
latency optimised readout tree, it can furthermore be used as a trigger detector to provide
other detectors with physics triggers based on specific event signatures. Its cylindrical
shape around the collision vertex allows for full azimuthal coverage and —0.9 <17 < 0.9
coverage in pseudorapidity. The full inner barrel coverage around the Time Projection
Chamber (TPC) makes the TRD suitable for the calibration of the TPC mitigating the

negative impact of space-charge distortions within the TPC.

This section is based on information from the References |2, 31,3611, which may be

consulted for further details.

5.1.1. Detector Structure

The detector structure is organised into 18 Super Modules (SMs) along the ¢-direction
and each SM is further subdivided into 5 stacks along the beam direction. The stacks are
further subdivided into 6 Readout Chambers (ROCs) each, constituting 6 layers along
the radial direction. The full detector has support for a total of 540 ROCs, although 18
of them have never been installed in consideration of concerns regarding the material
budget in front of the PHOS. This missing part of the TRD is referred to as PHOS hole

in this thesis. A ROC, which is also referred to as a module, is the smallest unit of the
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detector which can operate in standalone mode as there are no inter dependencies among
the ROCs [2,34,40]. The detector structure is illustrated in Fig. 5.1.
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Figure 5.1.: Structure of the TRD [34,10].

5.1.2. Principle of Particle Tracking and PID inside a ROC

The particle detection principle inside a ROC is based on the ionisation of gas molecules
in combination with the generation of Transition Radiation (TR). A particle which hits
the detector from inside the cylindrical volume enclosed by the TRD first encounters
a radiator material on the bottom of the ROC (compare Fig. 5.2). The radiator has
dielectric properties, such that the speed of light inside the radiator medium is significantly
lower than outside. A particle travelling through the medium polarises the molecules of
the material locally. In case the particle travels at a velocity higher than the speed of
light in the medium, the locally produced field fluctuations of neighbouring molecules
cannot interfere destructively and a cone shaped wave front emerges. This happens as

soon as the particle passes the boundary air/medium. Therefore, the generated photons
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are referred to as transition radiation (TR). They are emitted within a small cone around
the direction of flight of the initial particle and the effect gets more intense, the more
relativistic (larger ~ factor) the initial particle is. In practice, the cone size can be
considered negligible, such that the generated photons travel into the direction of flight of
the initial particle and contribute to the measurable energy loss behind this point. This
helps distinguishing light charged particles from heavy ones at equal transverse momenta,
which otherwise would only have less significant differences solely in their own Bethe-Bloch
energy losses. In particular, this can be exploited to generate pure electron data samples by

separating the electrons from the background formed by the more abundant pions [2,34,10].
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Figure 5.2.: Principle of particle detection within a ROC [34,410)].

Behind the radiator, the particle travels through a drift chamber. The drift region
has a length of 3 cm, across which an electric field is generated via high voltage (HV)

power supplies. The drift chamber is entirely filled with a gas mixture composed of 85 %
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Xenon (Xe) and 15 % carbon dioxide (CO3) of high purity. Particles travelling through
the drift region, ionise gas molecules. The deliberated charges cannot recombine as they
are immediately separated in the electric field and drift towards the electrodes. They drift
at a constant drift velocity which is limited due to the interactions with the gas molecules
and thus depends primarily on the gas mixture. To exploit the TR effect to the maximum
extent, a short photon absorption length of the detector gas within the energy range of
several keV of TR photons is highly desirable [2]. This motivates the use of Xe as primary

component over the other nobel gases (compare Fig. 5.3).
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Figure 5.3.: Photon absorption length of different nobel gases vs. energy of the impinging
photon [2].

After passing through the drift region, the negative drift electrons enter an amplification
region. The amplification region contains in its centre plane thin anode wires at positive
High Voltage (HV) potential, while the bottom plane of the amplification region contains
thin wires at ground potential. Similarly, the top plane of the amplification region consists
of small separated readout pads at ground potential. This geometry is also called Multi
Wire Proportional Chamber (MWPC) and the static electric field is largest in the close
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vicinity of the thin anode wires. The closer a drift electron approaches an anode wire,
the stronger it gets accelerated by the electric field. In this region, the energy which
the electron gains between interactions with the gas molecules suffices to ionise the gas
molecules. This process generates additional electron/ion pairs which contribute to the
total electric current. Since the generated electrons can ionise additional gas molecules,
this effect is also referred to as the avalanche effect and effectively leads to a strong signal
amplification. The generated ions drift away from the anode. Partially, they drift towards
the cathode wires or fall back into the drift chamber, but a significant fraction drifts
towards the cathode readout pads, where they contribute to a measurable signal. The
readout pads are connected to different channels of the readout electronics and allow for
reconstructing the particle trajectory coordinates in the r¢-z plane. During the entire
drift time, charge deposition values are sampled in a configurable number of time bins,
which allows the reconstruction to resolve the trajectory coordinates in the radial direction.
In order to improve the resolution beyond the resolution provided solely by the readout
pad size, the Pad Response Function (PRF) can be used, which describes the fact that
the deposited charge is typically not concentrated in a single pad, but shared between
adjacent pads, such that an interpolation of a more precise position is possible [2|. In
beam direction z, the readout pads are larger than in the r¢ direction. In order to
improve the position resolution also in beam direction, the elongated pads are tilted by a
small 2° angle (compare Fig. 5.4) with respect to the beam direction z. The sign of the
tilting in a particular stack alternates from layer to layer. This tilting is exploited during

reconstruction to improve the resolution. [2, 34, 10].

5.1.3. Gas system of the TRD (Service Task)

The gas mixture, ideally composed of 85 % Xenon (Xe) and 15 % carbon dioxide (CO,),
is recirculated permanently through the TRD SMs. The TRD ROCs expose large outer
surfaces and their thin walls make them susceptible to damage from small pressure differ-
ences between the inside gas mixture and the outside atmospheric pressure. The pressure
difference which can be tolerated is in the order of only 1 mbar. Since the variations of
the atmospheric pressure due to weather changes generally exceed this tolerance, the gas

system has to regulate the pressure inside the detector by storing excess gas in an external
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Figure 5.4.: Illustration of tilted readout pads in adjacent layers. This is used to improve the
tracking resolution beyond the limitations imposed by the finite number of readout
pads and channels [34,10].

high pressure buffer [2,11].

Another important aspect of the TRD gas system is maintaining the purity of the
gas. Although the gas system is an entirely closed system, neither continuous small gas
losses nor the contamination of the gas with impurities from the ambient can be avoided.
The gas system provides means of automatically refilling any amount of gas which gets

lost with fresh gas and it provides means to clean the gas from atmospheric impurities [2,11].

The most important contaminants from the atmosphere are Oy, H,O (humidity) and
Ns. O, and H5O are eliminated by the gas system automatically. The elimination is based
on 2 purifiers which are able to absorb the contaminants and can afterwards regenerated
at high temperatures. In a recurrent cycle of 4 days, the 2 purifiers are alternated between
absorption of contaminants and regeneration. The contamination of the gas mixture with

N3 is far more problematic, as no automatised decontamination procedure is available [2,11].

The removal of Ny is however possible by a manual procedure, which uses cryogenics

and takes advantage of the difference in the boiling point between Xe (—108°C) and Ny
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(—196°C). The contaminated gas mixture is pumped into a dewar which cooled down
using liquid nitrogen. The desirable Xe and CO, condensate inside the dewar while the
contaminating Ny does not. The purified mixture of Xe and CO5 can afterwards be heated
up and compressed into gas bottles. The gas bottles can later be used to refill the gas
system with purified gas. Since this procedure involves the removal of the gas mixture
from the detector and takes many days to complete, it can only be performed during

experiment shutdown phases.

As part of the work for this thesis, a gas system service task has been completed
within 2 years at a workshare of 25%. This service task has consisted of supervising and
operating the TRD gas system which runs permanently on a 24 hours / 7 days in a week
base and has required immediate actions in case of issues. In addition, the cryogenic
purification procedure has been carried out during a Year-End Technical Stop (YETS)

shutdown period.

5.1.4. Front End Electronics (FEE) and data flow in a ROC

during readout

The readout electronics of a ROC is organised in 6 to 8 readout boards (ROBs). They
are separate printed circuit boards (PCBs). The exact number of ROBs depends on
the location of the ROC within the detector, as they vary in size. Every ROB contains
16 mutli chip modules (MCMs), which constitute the first data sampling, shaping and
processing stage. The MCM is an application-specific integrated circuit (ASIC), which
has been specifically developed and manufactured for TRD readout. Its hybrid design in-
tegrates both analogue and digital processing steps as well as suitable Analogue-to-Digital
converters (ADCs) in between. Every MCM provides 18 separate channels and collects
the data from 18 adjacent readout pads [2,39]. For details on the data processing in an
MCM, refer to the following Section 5.1.5.

In addition to the MCMs providing the readout channels, the ROBs contain additional
MCMs which act as data concentrator nodes. Every ROB contains a Board Merger (BM)
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collecting the data from the other MCMs of the same ROB. The data from all BMs are
merged at the half chamber (HC) level by the half chamber merger (HCM). The HCM
pushes the data to the optical readout interface (ORI) board, which is a dedicated PCB
attached to the HCs. Every ROC is equipped with two ORI boards, one for each HC. They
provide data serialisation and encoding capabilities to push out the data through an opti-

cal link using a laser diode [2,38,39]. More details on the ORI can be found in Section 6.3.1.

Besides the data push out infrastructure within the FEE, there are additional and
independent infrastructures to distribute trigger information to the MCMs and to com-
municate with the MCMs via slow control. These networks are controlled by the detector
control system (DCS) board. The DCS board is an additional dedicated PCB mounted
on the ROCs |2, 30, 39].

It receives triggers via the trigger and timing control (TTC) system from the CTP
using a specific integrated circuit (IC), the TTCrx chip, which is common to all LHC
experiments and also recovers the bunch crossing (BC) clock as well as the orbit signal
locally from the LHC Prévessin site. Triggers are always synchronous to these clocks.
The triggers are redistributed to all the MCMs of the ROC. In particular, this allows the
MCMs to wake up in time and start data sampling after a collision has taken place. The

corresponding trigger is therefore also referred to as the wake-up trigger [2,35,39)].

The Slow Control Serial Network (SCSN) is used to exchange configuration and debug-
ging data with the MCMs using using low voltage differential singling (LVDS). Differential
signalling with two signal paths always carrying strictly opposite signal levels is more
robust against common mode interference from external sources. As the receiver is only
sensitive to the difference, potentially harmful interference gets compensated. The SCSN

is used in particular during detector configuration before the start of data taking [2,36,39].

For the interface with the DCS and for convenience during debugging, the DCS board
implements a full Linux system. In view of the limited resources of the DCS board, the

memory footprint of the Linux system is kept as small as possible by using the BusyBox
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Linux distribution. The DCS board is equipped with an Ethernet interface and it is
integrated into the DCS network of the experiment. Most features of the DCS board can
be accessed by command line for debugging. During detector operation, the interaction
between the DCS and the DCS board occurs via a locally running Distributed Information
Management System (DIM) server |2, 30, 39].

5.1.5. Data Sampling and Processing in a Multi Chip Module

As every MCM collects the data from 18 adjacent readout pads, it can already perform
data processing and compression for the corresponding local detector segment. The
concept of early data reduction is an important aspect of the whole low latency optimised
and fast readout detector design. However, there is still the possibility to circumvent

processing stages and to read out the full and unmodified raw data if required |2, 36, 39].

The data path through the MCM with the processing steps is illustrated in Fig. 5.5.
The 18 readout pads, to which the MCM is connected to, are connected to the Preamplifier
and Shaper (PASA) unit which constitutes the analogue circuit of the MCM. It measures
the charge which has been deposited on the readout pads and creates a charge dependent
output signal prescaled for the 10 bit input range of the following Analogue-to-Digital con-
verter (ADC). The ADC has a maximum conversion rate of 10 MHz, effectively imposing
a limit on the number of time bins which can be sampled throughout the drift time. The
digitised, but unprocessed data directly behind the ADC, is often referred to as raw data
and allows for the largest flexibility in terms of offline data analysis. It is written into an
event buffer for a potential later complete readout. This event buffer can hold an entire
single event. At the same time the data undergoes several digital processing steps. They
are carried out by specialised custom ASIC logic, but the logic is kept highly configurable
through slow control. In the first step digital filters can be applied, e.g. to subtract
background noise or to compensate for different chamber gain factors. All filter can be
disabled entirely and filter parameters can be configured through slow control. The filtered
data enters then the main processing stage, which consists of tracklet preprocessor and
tracklet processor. Tracklets are small track segments measured and reconstructed in a
ROC by a single MCM. They result as a fit through detected charge clusters (hits) within
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the drift volume. This early reconstruction eliminates the need to send single hits through
the readout network. Instead, every found tracklet is represented by only one data word as
small as 32 bit, which encodes all geometric parameters of the tracklet as well as the energy
loss. Details on the tracklet data format can be found in Section 5.1.7. The local geometric
slope of a tracklet is approximative for the curvature and hence for the rigidity pr/z of the
global trajectory due to bending in the magnetic field. Since high pt particles are often
more interesting for physics, the MCM is capable of applying a configurable cut on the
rigidity. Throughout Run 2, this threshold has been set to 2 GeV /c. Every MCM can send

a maximum of 4 tracklets through the network interface (NI) over the readout tree [2,36,39].

The bifurcation behind the ADC with its parallel processing and buffering of data
reflects the trigger scheme of ALICE: The TRD is designed to provide data after both the
LM/L0 and the L1 trigger levels. If an LM trigger is received, the data sampling starts
and undergoes all digital processing steps. All processing steps are completed before the
global decision by the CTP whether to issue an L1 trigger is due. Therefore the TRD is
able to contribute actively to the L1 trigger decision. In case that the L1 trigger decision
gets confirmed, the TRD will ship the raw data from the event buffer over the readout
tree. This takes more time, but it is only necessary in case that the event is already to
confirmed to exhibit interesting signatures |2, 30,39]. Details on the timing can be found

in Section 5.1.6.

5.1.6. Readout time windows

The typical timing of reading out an event is given in Fig. 5.6. The figure shows a typical
drift time duration of 2 pus. For latency optimisation, the processing pipeline is started in
parallel at the earliest possible time. The total duration of building tracklets is around
3.75ps. These 3.75 s are the absolute minimum dead time of the TRD when reading out
tracklets |2, 30].

After the tracklet processing is finished, data shipping via the optical readout fibres

starts. Fig. 5.6 shows an exemplary short shipping time of less than 1 ps. In general, the
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Figure 5.5.: Schematic processing steps in the FED [39].
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Figure 5.6.: Typical timing of the involved processing steps when reading out an event with
the TRD [306].

shipping time however depends on the event multiplicity and the presented performance
is typical in low multiplicity environments. For black events, a shipping time of several ps

is necessary, the limited buffer sizes however guarantee that tracklet shipping completes
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within the first 10 ps after the collision |2, 30].

The shipped tracklets are buffered and further processed in the Global Tracking
Unit (GTU). More details on the GTU are given in Section 5.1.8.

In case of a positive L1 trigger decision after about 6.5 s, the raw data is shipped via
the optical links. The timing depends on the involved event sizes and may take several

100 ps |2, 36].

5.1.7. Tracklet Data Format of the MCM

Since all data sampling and processing on the fast readout path has to fit into the short
time window between the LM and the L1 trigger levels (/6 ps), the data format which
represents a tracklet has to be carefully optimised. A compromise is needed between
precision and the time needed for saving data, shipping and processing. This requirement
excludes the possibility of relying on standardised data types like integer or float for the

tracklet transmission. Instead a careful bit by bit optimisation is necessary [30,42].

Therefore, the MCM ships a 32 bit wide word for every found tracklet which encodes

the information shown in Table 5.1.

Table 5.1.: Format of the 32 bit wide word generated for every found tracklet by the MCM |[12].

Name Granularity | Range Number of Bits
Axis intercept 160 pm —643.2 mm — 643.2 mm | 13

Deflection 140 pm —8.8 mm — 8.8 mm 7

Pad row 1 0-15

Charge deposition || 1/256 0-1

The axis intercept encodes the position of the tracklet in ¢ direction. The value is

given as a distance between the ROC centre line at the outer surface in beam direction
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and the crossing point of the particle trajectory with the outer ROC surface [12].

The deflection encodes the slope of the tracklet and is directly related to the rigidity
of the particle. The value is given as the ¢ directional component of the distance between
particle entry point at the ROC inner surface and the particle exit point at the ROC

outer surface [12].

The pad row encodes the tracklet position in beam direction. The Multi Chip Mod-
ules (MCMs) do not communicate with neighbouring MCMs. The readout pads, to which
a single MCM is connected to, are aligned in ¢ direction. This value thus depends solely

on the mounting position of the transmitting MCM [12].

The charge deposition value corresponds to the charge deposited by the corresponding
particle integrated over all time bins throughout the drift time. Although this field is
named charge deposition in this thesis, there have been many attempts in the past to use
it more efficiently in terms of electron identification. This has been motivated by the fact
that only 8 bits, i.e. 256 distinct values, are available. The charge deposition of electrons is
larger than the one of the more abundant pions due to TR, but the difference is small and
might become invisible after scaling down the integrated charge deposition value (initially
16 bit) down to an 8 bit resolution. Therefore so called Lookup Tables (LUTSs) have been
introduced to map the initial 16 bit charge deposition to the 8 bit value for transmission
using a configurable table. The LUT is configured during the MCM configuration by
slow control and typically scales non linearly, trying to assign more resolution to the
electron/pion overlap region, while reducing the resolution in other parts of the range.
This can even be tuned such that the 8bit value corresponds directly to an electron

probability. Therefore, the entire field is named accordingly in some references [39,12].

5.1.8. Global Tracking Unit

The GTU, which is based on Field Programmable Gate Arrays (FPGAs), is used in Run

2 as a global data concentrator and data processor node. It receives the data from all
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ROCs of the TRD which are delivered via 1044 unidirectional optical links (1 link per
HC). The processed data are forwarded to the Data Acquisition System (DAQ).

In addition, the GTU is capable of performing preliminary online reconstructions of
the tracks in an event and generate TRD trigger contributions based on certain conditions.
They are sent to the CTP via Low Voltage Differential Signalling (LVDS). The GTU can
receive copies of the L0, L1, L2 accept and L2 reject triggers from the CTP for controlling

the TRD readout. More details will be given in the following sections.

This section is based on information from the References [34,37, 38,43, 44], which may

be consulted for further details.

Structure of the GTU

The GTU consists of 90 Track Matching Units (TMUs), 18 Super Module Units (SMUs)
and 1 Trigger Generation Unit (TGU). These 3 units have different Printed Circuit
Board (PCB) designs, but are all based around a Xilinx Virtex-4 XC4VFX40 FF1152
FPGA. In addition, there are backplane PCBs for interconnecting all PCBs and power
supplies. All components are housed in 3 dedicated racks. The GTU structure is hierar-
chical and reflects the hierarchic structure of the TRD: every TMU receives the data from
1 TRD stack and also houses the necessary optical receiver modules. 5 TMUs each form a
group and serve 1 entire SM. Such 5 TMUs are connected to an SMU which concentrates
their data and provides it to the Data Acquisition (DAQ) on a dedicated optical output.
The TGU is responsible for concentrating the trigger contributions generated in the other

units and sending them to the CTP. It also provides the necessary electrical outputs [34].

The hierarchic and parallel GTU structure also reflects the design idea of facilitating

highly parallel data processing and thus enabling low latency trigger decisions.
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TMU

Each TMU is connected to a particular stack. After an LO trigger, the TMU receives
the tracklet data generated by the HCs of that stack and uses it to perform fast online
tracking. The tracking algorithm starts the processing already at the arrival of the first

tracklet in order to optimise latency [34,43,44].

The TMU groups geometrically matching tracklets from different layers together. The
matches are identified by projecting all tracklets on a common plane which is perpendicular
to the radial direction and identifying geometrical clusters. A minimum of 4 contributing
layers in a cluster is required to use the cluster for online tracking and to reconstruct a
GTU track from it. The threshold ensures a reasonable track quality. Tracklets which do
not have matching counterparts in at least 3 other layers, are not considered for online

tracking [34, 43, 44].

The online reconstruction is performed by fitting a straight line through the contribut-
ing tracklets. This allows for a significantly better estimation of the track inclination
and position than it has been possible in the FEE using a single tracklet only. The
approximation of the circular trajectory as a straight line within the space region covered

by the TRD stack is sufficient for many purposes [31, 13, 11].

Besides the geometric GTU track position, the online reconstruction algorithm calcu-
lates [34, 43, 44]:

e The arithmetic average of the charge deposition values of the contributing tracklets

of the GTU track.

e The online transverse momentum of the GTU track pr gty under the assumption
that the particle trajectory originates from the primary vertex. Note that for particle
not originating from the primary vertex, the GTU online transverse momentum

pr,gTu May not be representative.
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e The sagitta of the trajectory, which allows for a direct estimate of the actual track
curvature, independent of the position of the vertex. This parameter can be used to

reject tracks from secondary vertices (Late Conversion Rejection (LCR)).

These track parameters are vital for physics and their exceptional early availability
before the L1 trigger decision allows the generation of TRD L1 physics trigger contributions

for an efficient online event selection.

SMU

The SMUs act as data concentrator nodes. Every SMU receives data from 5 associated
TMUs through electrical back plane connectors. Both readout data and trigger contribu-

tions are concentrated by the SMUs.

The SMU is equipped with optical outputs which connect to the DAQ to ship out the

data from the connected TMUs for further processing and final storage.

Furthermore the SMUs support multi-event buffering. For that, the SMU FPGA
communicates with an external Static Random Access Memory (SRAM) on the PCB and
buffers events in this memory until they can be shipped. This feature effectively decreases
the detector dead time as the detector can start to sample new events, even though the

previous event is still in the readout chain. The details can be found in [13].

TGU

The TGU acts as a concentrator node to collect relevant trigger information from the
18 SMUs and generates the final L1 trigger contributions for the CTP. For every possi-
ble trigger contribution, a dedicated LVDS cable between the TGU and the CTP is in place.

For most trigger types, there is no additional processing required in the TGU and the
L1 trigger contribution for the CTP is obtained from the SMU contributions by applying
an OR-function. However, the TGU is equipped with the same FPGA model as used for
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the TMUs and SMUs and provides resources to allow more complex trigger types, which
correlate the SMU trigger contributions in a sophisticated manner. A possible application
is a trigger on particles from the cosmic radiation, which impinge on a straight track and

thus generate correlated signals in 2 opposed SMs on both detector sides 34,43, 14].

TRD Triggers

In Run 2, prior to the development of the nuclei trigger in the context of this thesis, the

TRD has been already providing the following L1 trigger contributions |34, 43—15]:

e TRD Single Electron Trigger (HSE)

This trigger intends to fire when an electron with high transverse momentum is
detected. The focus is on the transverse momentum, not charge deposition, when
compared to the HQU trigger, however, there is an overlap region between both
triggers. The condition for a firing the HSE trigger is the occurrence of at least 1

track in any stack fulfilling all of the following conditions:
— The track has been identified in at least 5 TRD layers.
— The track has been identified in the TRD layer 0 (vertex side of the detector).
— The PID value averaged across all participating layers is > 120.
— The GTU transverse momentum calculated by the TMU is > 3 GeV /c.
— The LCR cut parameter is < 0.2¢/GeV.
e TRD Quarkonia Trigger (HQU)

This trigger intends to fire when an electron with high transverse momentum is
detected. The focus is on the charge deposition, high transverse momentum is
secondary, when compared to the HSE trigger. The trigger is supposed to enhanced
electrons which result from heavy quarkonia decays. The condition for a firing of
the HQU trigger is the occurrence of at least 1 track in any stack fulfilling all of the

following conditions:

— The track has been identified in at least 5 TRD layers.
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— The track has been identified in the TRD layer 0 (vertex side of the detector).
— The PID value averaged across all participating layers is > 130.
— The GTU transverse momentum calculated by the TMU is > 2 GeV /c.
— The LCR cut parameter is < 0.2¢/GeV.
e TRD Jet Trigger (HJT)

This trigger intends to enhance statistics in jets, which are showers of particles
collimated within a limited cone size. The jet trigger operates on a stack level and
the stack size is connected to the considered jet cone size. The condition for a firing
of the HJT trigger is that at least 1 stack exists which identified at least 3 particle

tracks, where each of the tracks fulfils all of the following conditions:
— The track has been identified in at least 5 TRD layers.
— The track has been identified in the TRD layer 0 (vertex side of the detector).
— The GTU transverse momentum calculated by the TMU is > 2 GeV//c.

— The LCR cut parameter is < 0.2¢/GeV.

Within the scope of this work, this list has been extended by the nuclei trigger. The

details on the nuclei trigger are given in the next Section 5.2.

5.2. Transition Radiation Detector Nuclei Trigger

In the context of this thesis, the TRD has been extended with an additional trigger type,
the nuclei trigger HNU. This trigger is capable of significantly enhancing the abundance
of light nuclei, such as deuterons, tritons, %He”and 3He2+particles and their antiparticles.
It has been widely used since its commissioning in late 2016 until the end of Run 2 data
taking in 2018. Today, there are nuclei triggered data sets from a pPb at \/syy = 8 TeV
period as well as pp at /s = 13TeV periods available for use by data analysers. For
instance, the measurement of the production of hypertritons and antihypertritons in pp
collisions at /s = 13TeV using events selected by the TRD nuclei trigger HNU is in the
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process of publication. The latest results have been presented in Ref. [16].

The first development and implementation of the nuclei trigger based on the TRD has
been done in the context of this thesis. The possibility of a nuclei trigger development
had been already considered earlier and first feasibility studies are e.g. presented in
Ref. [17]. However, the nuclei trigger had never been implemented previously. In this
thesis, improved feasibility studies and detailed optimisations are presented. These results
have been used for the hardware realisation of the nuclei trigger in the context of this

thesis and have been further used during data taking.

This section outlines the development of the new TRD nuclei trigger from first feasibility
studies to the hardware implementation and the commissioning in the experiment. Finally,
the actual trigger performance is verified by measuring it based on the nuclei triggered

data sets in pPb and pp collisions.

5.2.1. Motivation of using the TRD for the nuclei trigger

Due to their large masses, nuclei are rarely produced in a collision. Especially in collision
systems with low average multiplicities like pp and pPb, physics analyses targeting nuclei,
have to deal with very low available statistics from minimum bias data taking. Therefore,

an enhancement of events containing these nuclei is desired.

Considering the available TRD hardware, the TRD appears suitable for the implemen-

tation of a nuclei trigger due to its following properties:

e The TRD is capable of measuring the particle energy loss within the detector
gas. Nuclei are expected to undergo excessive energy loss compared to other more
abundant particles at low transverse momentum pr. Especially in case of the
%He2+and %He2+species, there is in addition the doubled charge 7 = 2, which is

expected to quadruple the energy loss compared to the very abundant Z = 1
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particles and should thus produce a unique signature. For more details, refer to the

Bethe-Bloch formula, described in appendix B.2.

e The TRD is equipped with powerful hardware which allows for a preliminary online
reconstruction of the particle tracks. It has all the required data, including the energy
loss signature, readily available prior to the L1 trigger decision. The hardware has
proven its capabilities by providing the already existing TRD L1 trigger contributions
and the necessary adaptions for an additional trigger contribution at the same latency
might be feasible with specific strategic hardware modifications, but without a major

upgrade or other disruption of the Run 2 data taking activities at that time.

5.2.2. Feasibility studies for the nuclei trigger implementation

Although the envisaged trigger targets the low-multiplicity pp collision system, most
studies, which have been carried out before the actual implementation of the trigger, have
been done using Pb—Pb data. Data sets from small collision systems did not provide enough
statistics of nuclei tracks to estimate the trigger performance. The studies presented in
this section mainly investigate the detector response at the traverse of given particles.
The detector response for a given particle should in principle not depend on the collision
system in which the particle has been originally created. Following this argument, an
arbitrary choice of the collision system for the feasibility studies appears justified and
should not affect the results significantly. There are limitations of this assumption though,
as the angle of incidence of the particle on the detector does play a role for its response.
The distribution of the angles of incidence depends on the collision system and becomes

asymmetric for asymmetric collision systems.

Feasibility studies based on existing Monte Carlo data

Data sets For this study, the Monte Carlo (MC)-production LHC14a6 anchored to
the the Pb-Pb at \/syy = 2.76 TeV period LHC14a and the MC-production LHC14b3a
anchored to the pPb at /sy = 5.02TeV period LHC14b are used. The LHC14a6
MC-production has been produced with artificial Hijing nuclei injection. Due to its large

statistics, it thus proves ideal for detector response studies. Similarly, the LHC14b3a
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MC-production contains an enhancement of electrons due to the use of both TRD and
EMCal electron triggers during the production of this MC. It thus proves ideal for the
study of the detector response of electrons. Electrons may be a predominant source of
signal contamination for the trigger, as the electron signal in the TRD is increased due to
additional transition radiation. Although the use of radiator material to ease electron
identification is a fundamental design principle of the TRD, it may negatively impact the

performance of the nuclei trigger.

Figures 5.7 and 5.8 show the pr-dependent abundance of different particles in the con-
sidered MC-productions. These results have been obtained based on the MC-truth labels.
The artificial and almost uniform injection of deuterons, tritons, 3He**tand 4He*"as well as
their respective antiparticles up to a maximum transverse momentum of pr = 10 GeV /c
is clearly visible in Fig. 5.7. In contrast, the LHC14b3a MC-production shown in Fig. 5.8
without artificial nuclei injection from the pPb collision system does not provide sufficient
statistics in nuclei. However, the much larger abundance of electrons and positrons in the

triggered LHC14b3a data set is visible when comparing the two figures.

Effects due to altered TRD installation When using data sets from the year 2014,
it has to be accounted for the fact that the TRD had not been fully installed at that
time. As opposed to the time of the nuclei trigger development, the TRD did not cover
full azimuth and only the sectors 0, 1, 7, 8, 9, 10, 11, 15, 16 and 17 had been available.
The installation with 10 fully available super modules, had been established in 2011.
Considering that even in the final TRD installation, the sectors 13, 14 and 15 miss
their middle stack to avoid shielding the PHOS detector, in total 49 stacks have been
available in the year 2014. At the time of nuclei trigger commissioning, the full TRD is
available with 87 stacks. From this, a correction factor 87/49 can be derived by which
all detector acceptance efficiencies have to be multiplied to reflect the actual expected
detector performance. For illustration of this effect, Fig. 5.9 shows the distribution of
TRD tracks across the detector super modules and detector stacks. The blind spots due

to missing super modules are clearly visible.
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injection for sufficient statistics, especially with respect to %He2+ 4He2+and their

respective antiparticles.
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Figure 5.9.: Distribution of TRD tracks in the MC production LHC14a6 across sectors and
stacks in the TRD.

Acceptance efficiency for Z = 2 particles The trigger optimisation will be done
for the most desirable 3He*"and jHe*" nuclei. For the evaluation of the TRD acceptance
efficiency for these species, Event Storage Data (ESD) tracks of 3He*", 4He*tand their
respective antiparticles have been selected based on the available MC truth information.
A track matching between these ESD tracks and the available TRD tracks has been
conducted by matching the MC labels. Due to detector acceptance limitations, not every
ESD track can be attributed to a TRD track. The ratio of successful matches is the
detector acceptance efficiency which generally depends on the transverse momentum
pr. Note that in this work the term acceptance efficiency is defined as the number of
detected tracks in the TRD divided by the number of globally reconstructed tracks. This
acceptance efficiency includes effects due to limitations in the geometric acceptance and
also all other effects, as long as they are not related to triggering. The pr dependent

acceptance efficiency is shown in Fig. 5.10.

Figure 5.10 reveals that the efficiency for very low transverse momentum pr <0.5 GeV/c
Z = 2 particles is zero and rises up to 68% with increasing pr. For very low transverse

momentum with pp <0.5GeV/c, no TRD tracks are expected, as these particles are slow
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Figure 5.10.: Fraction of %He2+, gHeQJrand their respective antiparticles measured by TRD
with respect to all reconstructed tracks of the corresponding particle species.
Statistical uncertainties are shown as vertical bars. Small uncertainties are hidden
by the point markers.

and the radii of their trajectories in the solenoid magnetic field are too small to reach the
TRD. For increasing pr, this effect decreases and the acceptance efficiency improves. It

flattens for pr >6 GeV/c, above this level the majority of particles reaches the TRD.

For pr < 3GeV/c, a significantly larger acceptance efficiency for 3He*"is observed
when compared to the acceptance efficiency for gHeerWithin the same pr bin. The effect

gets stronger the lower the pr and gets insignificant for pr > 3 GeV /c. The same observa-

tion can be made when comparing $He?*with $He**.

Across all pr bins it can be observed that the negatively charged anti-nuclei exhibit a
higher acceptance efficiency than their positively charged nuclei counterparts. This is an
effect which can be observed in the TRD for all pairs of particles with opposed charges.
It is due to the fact that the drift charges which are liberated within the TRD gas are not
only influenced by the electric field which makes them drift, but also by the outer solenoid

magnetic field. The magnetic field is perpendicular to the electric field, thus resulting in
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a Lorentz force on the drift charges. The drift current, the magnetic field and thus the
resulting Lorentz force always show into the same direction, independent from whether
the drift process has been initiated by a positive or negative traversing particle. Due to
the modularity of the TRD structure and fact that distinct MCMs work independently
and do not perform tracking together in the border regions, the TRD tracking can fail on
tracks which are effectively too much inclined and localised in unfortunate positions, such
that the same track traverses regions handled by different MCMs. The probability for the
tracking to fail therefore increases with the track inclination corrected by the additional
inclination introduced by the Lorentz force on the drift charges. The direction into which
the charged particle trajectories are bent in the magnetic field depends on the sign of the
charge. The same applies for the direction of the impinging angle of the particles onto the
inner TRD surface. In case of negatively charged particles, the Lorentz force on the drift
charges effectively makes the measured tracklets be more straight, such that they have a
higher probability to be registered in the TRD, while for positively charged particles, the
Lorentz force increases the effective inclination, worsening the performance. This effect is
also referred to as the E x B effect.

Efficiency of the trigger condition for Z = 2 particles The layers of the TRD in
which a traversing particle is registered measure the energy deposition within the layer
and generate unsigned 8-bit numbers which is representative for the energy losses. The
idea of the nuclei trigger operation is to apply an online cut on these values, such that only
events which contain particles which energy deposition above the threshold are recorded.
The 8-bit energy deposition values of the participating layers are gathered at the level
of the GTU and an 8-bit arithmetic average is calculated for every particle track, in the
following called the PID value.

For studying the properties of the trigger condition, data samples with 3He?", 3He*",
3He2+and 4He?Thave been selected from the MC production, requiring the condition that
the particle track has been registered in both, the TPC and the TRD. The matching of

global tracks to TRD tracks is here based on the MC truth labels.



TRD Operation and Developments in Run 2 59

o
TTTT

=}
TTTT

P, (GeVic)
OO - N w S <) [} ~ o ©
al
3
N
o
o
IS
p, (Gevic)
o =y N W S Ll (2] ~ Co ©
T TTTT TTTT
L LTI (1117
o

PR U S S S ST S S S S
100 150 200

o
@
=}
ok
S
al-
=}
N
S
o
N}
a
=}

o
T

§ E < 106

§ oF 3 of

<+ sF S E
E o 8F
7E E
E TE
6F E
E 6F
5E E
E SE
4F E
E 4E
3E E
E 3E
2F E
E 2F
1E E
E 1E
oF L PP PR B B E
0 50 100 150 200 250 b L L L L ) 0

PID 50 100 150 200 250

Figure 5.11.: PID value as a function of py. Top left panel: %He2+. Top right panel: %He2+.
Bottom left panel: $He®". Bottom right panel: §He".

For the different particles species, 2-dimensional histograms illustrating the distribution
of PID values along with the corresponding track pr from the global reconstruction have

been generated. The histograms are shown in Fig. 5.11.

Figure 5.11 shows that the energy loss generally increases as pr decreases. The nuclei
of interest exhibit a broad spectrum of possible energy losses in the region of pr > 4 GeV /¢
and the 8-bit value ranges between approximately 30 and 200. In this region, energy loss
based triggering on nuclei is not possible, as the broad energy loss spectrum may overlap
with almost any other particle. Note that in the py > 4 GeV/c region, even an offline
nuclei identification with the TPC is difficult and suffers from severe contamination with

other particles.
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In the region pr < 4 GeV /c, a strong shift of the PID distribution mean towards larger
PID > 200 can be observed. For the heavier §He*"and 4He*", the effect is even stronger.

In this region triggering on nuclei appears to be promising.

The fraction of nuclei with TRD tracks which get accepted by the trigger has been
investigated separately for the different nuclei species and for different PID thresholds.
The resulting fractions, in the following called trigger condition efficiencies, are plotted

for exemplary thresholds in Fig. 5.12. Statistical uncertainties are shown as vertical bars.

Figure 5.12 shows quantitatively, that significant trigger condition efficiencies can be
achieved in the region pr < 4 GeV/c. The efficiency of the trigger is in general larger for
lower pr and a lower PID threshold. In addition, the trigger is generally more efficient for
4He’Tand Wtham for the lighter 3He?*and *;’H?. For the same particle types, a small
difference in the trigger condition efficiency can be observed between particles and their
corresponding antiparticles. For the antiparticle, the trigger condition is slightly more

efficient.

Consideration of different LUTs

Since the PID values determine significantly the performance of the trigger, it is impor-
tant to consider the details on how these values are generated by the TRD Front End
Electronics (FEE).

When the MCM samples the amplified drift charges of a tracklet, the charge deposition
raw value is converted to digital by an Analogue-to-Digital converter (ADC) with a 16-bit
resolution. This corresponds to a numeric range from 0 to 65535 and the obtained value
is truly proportional to the energy loss of the particle. However, during the optimisation
of the TRD for fast triggering during the FEE design, it has been decided to not ship the
16-bit ADC raw value within the tracklet, but to shorten it and only ship 8 bits as a PID
value, effectively limiting the range of possible numeric values from 0 to 255. Both the

GTU, which is responsible for evaluating the trigger condition, and the tracklet data in
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Figure 5.12.: Trigger condition efficiency as a function of pr, shown separately for the different
Z = 2 nuclei for various PID cuts. Statistical uncertainties are shown as vertical

bars.
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the final storage are concerned by the limitation of having only a range from 0 to 255

available as PID value.

For translating the original 16-bit ADC value into the 8-bit number, different strategies
have been used previously by the TRD team. Technically, the translation is performed
on the TRD FEE using a LUT. The LUT is a static list of 256 16-bit values, mapping
uniquely each 8-bit value to a certain subrange of the 16-bit value range. The LUT is
fixed during the creation of the TRD FEE configuration and gets loaded into the MCMs
via the Detector Control System (DCS) network at FEE configuration time.

Since the LUTs may differ between different runs, different LHC periods and different
MC productions, while only the 8-bit values are stored in the data, only trigger performance
analyses which rely on data with the same LUT can be compared. During the previous

data taking periods, 2 principle strategies have been widely used to determine the LUT:

e Linear LUT

The relation between the 16-bit value and the 8-bit value is linear up to a certain
threshold of a reasonable maximum energy loss. Particles exceeding this threshold
get an 8-bit value of OxFF (overflow bin) assigned. An example of this type of LUT

is given in Fig. 5.13.
e Electron probability LUT

This LUT aims at facilitating the identification of electrons by electron triggers
and is designed such that the 8-bit represents no longer a direct measure for the
energy loss, but it represents the probability that the tracklet is part of an electron
or positron track. An example of this type of LUT is given in Fig. 5.14. Electrons
and positrons have characteristic energy losses within a certain range, but electron
triggers suffer from pion contamination within the same energy loss range. Pions
have a smaller energy loss signature than electrons, but the separation is small and
there is an overlap. In order to be able to distinguish electrons from pions at the
level of the GTU, the LUT is designed such that a major subrange of the full 8-bit

range maps to a comparatively small subrange of the original 16-bit range in the
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Figure 5.13.: Shipped 8-bit value as a function of the measured 16-bit raw ADC value (linear
LUT).

electron/pion overlap region. This explains to steep rise of the curve in Fig. 5.14.
After the maximum of the LUT, the probability drops again, as electrons - as opposed

to nuclei - do not exhibit such large energy loss signatures.

The electron probability LUT is disadvantageous for triggering on nuclei because the
mapping is not monotonous and after applying the LUT it is not possible to distinguish the
rare particles with a large energy loss from the very abundant particles in the electron/pion
overlap region. This is problematic for both, the actual online trigger and for offline
studies of the nuclei trigger performance. Concerning the data recorded in the past, only

data and MC production which have been recorded with the linear LUT can be used.

The nuclei-enhanced MC production LHC14a6 (compare Section 5.2.2) fulfils the con-
dition of LUT linearity, while the electron-enhanced MC production LHC14b3a has been
found to use the electron probability based LUT. An analysis of the trigger contamination

with an MC production aimed at electrons would thus not be representative. Therefore
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Figure 5.14.: Shipped 8-bit value as a function of the measured 16-bit raw ADC value (electron
probability LUT).

and for an even more realistic approach, the trigger contamination will be investigated

later using real pp data within the scope of this thesis.

Feasibility studies based on existing real data

For this study, the nuclei tracks have been collected from the Pb—Pb data taking in
LHC11h, while contaminating tracks have been taken from pp data taking in LHC12a.
Both data sets have been recorded with the linear LUT.

On the LHC11h data set, the nuclei of interest have been identified using the TPC.
The Bethe-Bloch parametrisations for $He?tand §He*" are not available within the ALICE
analysis framework AliPhysics and have been taken instead from Ref. [18]. Also, the
track selection cuts have been adapted from Ref. [18]. The optimisations in this section
are mostly based on He*"and %H?only, as for §He*"and Wthe available statistics

is often too low for conclusive results. However, as shown in Section 5.2.2, the expected
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Figure 5.15.: Acceptance efficiency as a function of pr/Z of nuclei in Pb-Pb collisions at
V/SNN = 2.76 TeV compared to the average acceptance efficiency in pp collision
at /s = 8TeV. Statistical uncertainties are shown as vertical bars.

trigeer performances for #He? and 4He?tare superior to those for 3He?tand 3He?™.
p 2 2 p 2 2

For the LHC12a pp data set, all particle tracks without any selection cuts are used in

order to keep the contamination estimate as conservative as possible.

Acceptance efficiency Figure 5.15 shows the ratio between particle tracks with a
TRD track and those identified by the TPC. The pr dependent ratio is shown separately

for 3He*"and $He?*as well as for the pp particle mix.

For 3He®", the acceptance efficiency values are in reasonable agreement with the
MC results in Fig. 5.10. For the same pr 3He?*and 3He*"are about twice as efficiently

accepted by the TRD than the particles from the pp particle mix.
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Figure 5.16.: Normalised distribution of PID values for %He2+and %He“in Pb—Pb collisions at
VSNN = 2.76 TeV. Statistical uncertainties are shown as vertical bars.

Distribution of PID values The 3He?"and sHe*"particles which have been identified
by the TPC have been matched to TRD tracks based on proximity in space. For this
study only particle tracks in the target pr range with pr/Z < 2GeV/c are considered.
Figure 5.16 shows a normalised distribution of the PID values measured by the TRD for

$He*"and 3He’"particles. Statistical uncertainties are shown as vertical bars.

Figure 5.17 shows a reverse integrated version of the result in Fig. 5.16, i.e. for a given
PID threshold, the y-axis indicates the fraction of particles which pass the threshold, also
called the trigger condition efficiency. Stastical errors are shown as vertical bars. In Fig.

5.17 the statistical errors bars are small and hidden by the point markers.

When comparing the results for the trigger condition efficiency in real data (Fig. 5.17)
with the trigger condition efficiencies obtained in MC (Fig. 5.12), it can be observed that
the trigger performance in MC is slightly overestimated. The reason for the overestimation
might be attributed to the particle transportation code in the GEANT framework, which is
used in ALICE during the generation of the MC productions and is not well adapted to the
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simulation of the transition radiation detector response for rare nuclei with exceptionally

large energy depositions.

Consideration of the PID values of contaminating particles Figure 5.18 shows
the normalised distributions of the PID values of 3He?tand 4He*", similar to Fig. 5.16,
but on a logarithmic scale. In addition to the distributions for 3He*"and 4He*", Fig. 5.18
also contains the normalised PID distribution for all particles from the pp data taking
in LHC12a for a quantitative background estimate. The background distributions are
further subdivided into 3 different cases: particle tracks which have been registered in all
6 layers of the TRD and tracks with only 5 or 4 tracklets in the TRD, respectively.

For the background distributions, it can be observed that the vast majority of back-

ground particles have very low PID values which are significantly lower than the typical
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2.76 TeV compared to the normalised background spectrum in pp collision at
/s = 8TeV. Statistical uncertainties are shown as vertical bars.

PID value range of the target nuclei. The trigger sample is only contaminated by the tail of
the background particle distribution. Furthermore, it can be observed that the potentially
problematic tail of the PID distribution of background particles depends strongly on from
how many tracklets the average PID is calculated. The less tracklets are available for
calculating the average PID on the GTU, the more prominent is the tail of the background

PID distribution and the more it interferes with the signal.

The strong dependence of the background PID distribution on the track quality (4, 5
or 6 tracklet cases) motivates a more sophisticated trigger condition. Instead of defining
a single PID threshold for all cases, it is viable to define 3 different PID thresholds for
the 3 different track qualities. The track qualities are known at the level of the GTU,
so that the hardware implementation for this more complex trigger condition is feasible.
Using this method, the increased background for low-quality tracks can be cut off with a
stronger cut, while at the same time relaxing the cut for higher quality tracks and gaining

additional trigger efficiency.
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Track qualities of gHeerand ‘;’HT It is important to understand how the track
qualities are distributed for the target nuclei 3He*"and ‘;@as a preferred selection of
certain track qualities may not only suppress the background, but also have an influence
on the trigger condition efficiency. Figure 5.19 shows the relative abundances of the 3
different track qualities for the different particle species 3He2+, %H?and background

particles. Statistical uncertainties are shown as vertical bars.

For 3He*", the distribution is flat within the uncertainties and no significant dependence

> a significant dependence is observed,

on the track quality can be observed. For 3He
with a preference for lower quality tracks and lowering probability the more tracklets are
required. The E x B effect (also compare Section 5.2.2) explains the observed differences.
For positively charged particles, the track bending due to the solenoid field is inclined
into the same direction as the Lorentz angle of the drift charge path is inclined and thus

the effective probability to not be measurable in all layers of the TRD is therefore larger.
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While a strong cut on the 4-tracklet case is expected to reduce the background
significantly, this has an undesirable impact on the efficiency for the positive 3He*", as a
large fraction of %He2+particles is expected to leave only low quality tracks. Therefore,
it is not possible to cut the 4-tracklet case too strong or even forbid 4-tracklet cases,
a trade-off is required and thus a careful optimisation of the free threshold parameters

promises best performance and will be presented in the next Section 5.2.2.

Optimisation of the trigger condition For the optimisation of the trigger cuts, a
target trigger rejection factor of 1000 has been used. This number has been agreed upon
with the ALICE trigger coordination team for the approval of the trigger during data
taking for a fair use of ALICE readout resources while running the trigger at an envisaged

10 kHz inspection rate.

For finding the best cuts, an optimisation script has been written, which systematically
loops over all free parameters and calculates the rejection factor based on LHC12a pp
data. The results which match the target rejection factor of 1000 are further analysed
regarding the resulting efficiencies. The final cuts are optimised for efficiency of 3He*"in

order to not cut into its signal (compare Fig. 5.19).

In addition to the PID values of all single tracklets, the GTU has even more track
properties available within the online trigger decision logic. Among those, there are LCR
flags, which have originally been developed for electron triggering. These are usually used
to reject electron tracks which do not come from the primary vertex, but originate from
later secondary decays. The flags are determined in the GTU based on the geometric
track bending within the TRD. Though not originally developed for the nuclei trigger,
the rejection of secondary electrons and positrons may be beneficial for triggering on
nuclei too, as these background particles generate TR and may thus exhibit large PID.

Therefore they may contribute to the trigger contamination.

The trigger cut optimisation has accordingly been adapted to support systematic

variation of the following 6 free parameters:
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Table 5.2.: Estimated required trigger cuts for a target trigger rejection factor of 1000 for a
maximum g’HeQ+trigger efficiency.

Parameter Cut

PID cut on 4-tracklet tracks 126
PID cut on 5-tracklet tracks 118
PID cut on 6-tracklet tracks 112
LCR on/off for 4-tracklet tracks | on
LCR on/off for 5-tracklet tracks | off
LCR on/off for 6-tracklet tracks | off

PID cut on 4-tracklet tracks

PID cut on 5-tracklet tracks

PID cut on 6-tracklet tracks

LCR on/off for 4-tracklet tracks

LCR on/off for 5-tracklet tracks

LCR on/off for 6-tracklet tracks

The cuts have been found by the optimisation to allow for the largest trigger efficiency

for 3He?*at a constant trigger rejection factor of 1000 are shown in Table 5.2.

As the optimisation is carried out on a 6-dimensional space, only projections of the
optimisation procedure can be plotted. For illustration, Fig. 5.20 and Fig. 5.21 show pro-
jections of how the results from Table 5.2 are obtained. In both figures all LCR cuts and the
4-tracklet PID cut are already fixed as in Table 5.2, leaving only 2 coordinates, the PID cut

on b-tracklet tracks (shown on x-axis) and the PID cut on 6-tracklet cuts (shown on y-axis).

The colours in Fig. 5.20 indicate the inverse trigger rejection factor and each contour

line indicates an area of a constant inverse rejection factor. The contour line with the
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Figure 5.20.: Contour lines of constant inverse trigger rejection factors as a function of the
trigger cuts in pp collisions at /s = 8TeV. Exemplary projection from 6-
dimensional optimisation. The marked contour line corresponds to the target
inverse trigger rejection factor of 1 /1000.
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Figure 5.21.: Average trigger efficiency for ‘;’He2+ (arb. units) as a function of the trigger cuts in
Pb-Pb collisions at /sNny = 2.76 TeV. Exemplary projection from 6-dimensional
optimisation. The marked area corresponds to the target inverse trigger rejection
factor 1/1000.
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Figure 5.22.: Trigger condition efficiency on real data after optimisation and for a rejection
factor of 1000 obtained in Pb—Pb collisions at /syn = 2.76 TeV. Statistical
uncertainties are shown as vertical bars.

target inverse rejection factor of 1/1000 is marked in the figure.

The colours in Fig. 5.21 indicate the resulting trigger efficiency for 3He*". The marking
of the contour line from Fig. 5.20 along which the trigger runs with the target rejection
factor of 1000 has been replicated in Fig. 5.21. The largest efficiency at the target rejection
factor can be found along the contour line marking in