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CHAPTER 1

INTRODUCTION

The Standard Model (SM) of particle physics is a theory that describes the electromagnetic,
weak and strong interactions, explaining most of the phenomena observed in nature. The SM
declares that the material in the universe is built of two types of particles: fermions and bosons.
Fermions, which comprise all quarks and leptons, are the building blocks of matter and they
follow the Pauli exclusion principle. On the other hand, bosons are the force carriers that act as
the “glue” that holds matter together, they carry the electromagnetic, strong, and weak forces

among fermions.

Unfortunately, the SM can not formulate some phenomena, such as: the gravitational in-
teractions, why do the 3 flavour families (explained in the previous paragraph) exist?, why this
structure? or how to explain the asymmetry between matter and antimatter in the universe,
etc. This drives many New Physics models along the last years and also high energy physics

experiments to explore these models.

In the area nearby Geneva (Switzerland) is the seat of the European Organization for Nuclear
Research (CERN) that holds several high energy physics experiments. One of CERN facilities
is the LHC, a 27km circular accelerator designed to collide protons at a nominal centre of mass
energy of /s = 14TeV. The LHC has 4 interaction points, located where the four experiments
are built ATLAS, CMS, LHCb and ALICE.

This thesis is intended to be a guide that allows the understanding of the LHCb VELO
upgrade electronics from both hardware and firmware point of view. It will also explain the
integration of this system with the rest of the LHCb sub-detectors. The work presented in

this thesis is the fruit of a large collaboration that goes beyond VELO collaboration and also
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involves common developments for the whole LHCb experiment. However, this thesis does not
cover other minor tasks carried out within the framework of VELO upgrade, but which were
not the central tasks of the thesis: shifts on the LHCb experiment, total ionizing dose and single
event effects tests.

Instituto Galego de Fisica de Altas Enerxias (IGFAE) group, to which I belong since the
beginning of this thesis, is involved in the design of the back-end readout and control firmware,
testing of the front-end ASIC, validation and integration of the different electronic components
of the VELO system. IGFAE is also involved in the production and QA for the VeloPix carrier
board used for the testing of the front-end ASIC, high speed and high voltage flexible tapes.

1.1 Thesis content

This thesis is organized as follows:

chapter 2 This chapter describes the LHC operation and the different filling schemes, which is
important to understand and design the readout electronics of the LHCb VELO upgrade
that will operate at the LHC rate. This chapter also describes the reason and the LHCb
experiment, the weakness and needs of the original experiment that motivated a major
upgrade during the LHC Long Shutdown 2 (LS2) that is taking place during 2019-2020.

chapter 3 This chapter shows a complete overview of the LHCb VELO upgrade that is going
to be installed in the pit during LS2 of the LHC with a special emphasis on the electronics

design.

chapter 4 This chapter describes the design of the electronics placed at the surface LHC inter-
section point 8, LHCb surface.

chapter 5 This chapter explains, chronologically, the different setups used for the design of
the VELO upgrade electronics, culminating with a VELO test beam campaign in October
2018. This chapter also covers the methodology followed for the design of the firmware.

chapter 6 This chapter gathers all the setups designed at IGFAE to warranty the quality of the

assembly components in which Santiago’s group was involved.



CHAPTER 2

THE LARGE HADRON COLLIDER AND
LHCB EXPERIMENT

2.1 The LHC

The world largest particle collider, LHC [2] is hosted by the CERN. It is placed in the surround-
ing area of Geneva (Switzerland). The LHC is a circular collider of 27 km built in the tunnels of

the old LEP collider, placed between 45m and 170 m under the ground level.

The particle acceleration mechanism is performed in several stages and it is supported by
smaller accelerators. The LHC can accelerate different kinds of Ions, such as nuclei of lead,
argon or xenon atoms. However, the most commonly used particles are the protons. In the case
of protons, the acceleration mechanism starts by extracting them from a simple bottle of hydro-
gen gas. The extraction is performed by a duoplasmatron which consists of a metal cylinder
with an electrical field applied, allowing the removal of the electrons present in the hydrogen.
At this point, the protons leave the Duoplasmatron with 1.4% the speed of light (~ 4000km/s)
and enter in a series of accelerator stages: A 50 MeV LINear particle ACcelerator (LINAC),
1.4 GeV Proton Synchrotron Booster (PSB), 25 GeV Proton Synchrotron (PS), 450 GeV Super
Proton Synchrotron (SPS).

Once the protons are accelerated at the SPS, they are finally transferred to the two beam pipes
of the LHC, where they reach their maximum energy of 6.5 TeV per beam pipe and then they
collide inside the four detectors present at the LHC ring (ALICE, ATLAS, CMS and LHCb) with

an energy of 14 TeV at the centre of mass and a 30 MHz inelastic collision rate. The acceleration
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Figure 2.1: LHC complex detector.

of the particles is achieved by using sixteen radio-frequency cavities distributed along the ring.
However, the radio-frequency cavities accelerate the protons in a straight line. Thus, to maintain
the protons, it is needed to bend the trajectory of the protons by using Niobium-Titanium (Nb-
Ti) superconducting dipole magnets that have a nominal bending field of 8.65T and operate
below 1.9 K in static baths of pressurized super-fluid helium.

Each detector has its own physics target. While ATLAS [3] and CMS [4] are general purpose
detectors, with a large physics programme, designed for the study of collisions that produce a
high transverse momentum particles, the ALICE experiment [5] is devoted to heavy ion studies
resulting from nucleus-nucleus collisions taken in the LHC lead special runs. Finally, the LHCb
experiment [6], which is the frame of the content of this thesis (see section 2.2), was originally
devoted to the CP violation and rare decays study. But, thanks to the excellent performance of
the detector, the LHCb collaboration is able to deploy a larger physics program.

CERN experiments are not only the four shown above. There are multitude of small detec-
tors placed along the LHC and the other pre-acelerators. The LHC also hosts TOTEM and LHCf
experiments that focus on the forward particles and they are placed close to CMS and ATLAS re-

4
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Figure 2.2: (Top left) ATLAS Experiment, (Top right) CMS experiment, (Bottom left) ALICE
experiment, (bottom right) LHCb experiment.

spectively. MoEDAL, which is also placed in the LHC (around LHCb VELO), is used to search
for a hipothetical particle called magnetic monopole. As shown in Figure 2.1, other experiments
like a Radioactive Ion Beam facility (ISOLDE), neutron Time Of Flight (nTOF), fixed-target ex-
periments (COMPASS, NA61, NA62, etc.) are placed along the rest of the accelerator complex.
An Antiproton Decelerator (AD) is shown in Figure 2.1. It is used in combination with a new
decelerator called ELENA to serve the experiments that study antimatter (AIPHA, ASACUSA,
ATRAP and BASE).

2.1.1 LHC filling schemes

As it has been mentioned above, the LHC particle acceleration complex has multiple steps
previous to the interaction of the two opposite beams. Due to the construction of the different
accelerators, the beams are not a constant flow of accelerated particles, nor evenly distributed
along time. The distribution of these particles with time is the so-called filling scheme of the

LHC. The particles travelling the LHC are gathered in bunches, where the minimum separation

5
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between the two colliding bunches is 25ns.

These schemes have several constraints by the construction of the LHC:

e LHC clock that runs at ~40MHz!.

e LHC ring length of 27.6km, which combined with the previous point, gives a theoretical

maximum number of bunches present at the ring of 3564.

e The LHC injection also applies several constraints: a beam dump gap of at least 3 us

The actual LHC clock frequency can vary between 40.0784 and 40.0789 MHz, but as a simplification, in

this thesis, these clocks are referred as 40MHz or a multiple of it, for example, 160MHz clocks should be

~160.3125MHz.

LHC (1-RING) = BB.924 ps
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Figure 2.3: 25ns LHC Filling scheme.
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to allow for the rise time of the dump “kicker” magnet?, space between adjacent batches
injected into the LHC must be greater than the rise time of the LHC injection “kicker”

magnets (0.95us) and the LHC injection “kicker” flat top cannot exceed 7.86 us.

A filling scheme can vary with the particles present in the LHC [7] (75ns, 43 bunch, Ions
scheme, etc.), however, the most commonly used and also the most demanding in terms of fre-
quency is the 25ns filling scheme that uses 2808 of the 3564 slots, as can be seeing in Figure 2.3.

The coincidence of the beams in the four experiments could have four scenarios: beam-
beam, beam-empty, empty-beam, empty-empty. Table 2.1 shows the number of beam-beam
collisions on each interaction point per orbit® for the 25ns filling scheme. The different number
of collisions is caused by the different gaps in the filling scheme. The number of collisions of
ATLAS and CMS interaction points is coincident because they are built on opposite sides of the
LHC ring, while ALICE and LHCD are not symmetric and thus they have a different number of
collisions. The number of collisions delivered is maximized for ATLAS and CMS, giving an

average rate of collisions ~30 MHz.

Interaction Point (experiment) | Number of collisions
IP1 (ATLAS) 2808
IP2 (ALICE) 2736
IP5 (CMS) 2808
IP8 (LHCb) 2622

Table 2.1: Number of collisions for the 25 ns filling scheme in the four interaction points.

2.2 The LHCb Experiment

In the proton-proton collision mode, the LHC produces a huge amount of b b pairs per second

in the forward and backward direction of the beams. The LHCb detector [6] was designed as

2This type of magnets are used in the injection and extraction stage because they minimize the beam loss and
they are very precise in terms of trajectory, phase and space. These magnets are a type of dipoles that can quickly
switch a particle beam between paths. At injection, they merge the circulating beam with the incoming one by
appending the comming in particles after the circulating bunches. At dumping, it does the opposite by ejecting the
entire bunch of protons.

3LHC orbit is a full loop; in other words, the entire filling scheme time.
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a forward arm spectrometer (Figure 2.4), covering an angle between 10 and 300 mrad. LHCb
complements the other LHC detectors, as it covers a pseudo-rapidity range* between 2 and 5
(Figure 2.5).

The LHCDb experiment has an excellent tracking resolution, particle identification and a flex-
ible trigger. The tracking is performed by the VELO and four tracking stations distributed up-
stream and downstream the magnet. Particle identification is carried out with two Ring-Imaging
Cherenkov Detectors (RICH) detectors, electric and hadronic calorimeters and a muon detector.

A dipole magnet that covers the forward acceptance of the detector was installed to measure
the momentum of the charged particles. The magnet consists of two trapezoidal aluminium
coils bent by 45° at the two transverse sides, arranged inside an iron window-frame yoke. The
magnet gap is wedge-shaped in both, the vertical and horizontal planes, following the detector

acceptance.

4Pseudo-rapidity describes the range of particle angles relative to the beam axis that a detector can measure. It
has a value O for the plane perpendicular to the beam and infinite for the beam axis.

Figure 2.4: LHCb detector.
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Figure 2.5: (Left) Angular distribution of b and b. (Right) Illustration of the acceptance com-
plementarity as a function of pseudo-rapidity between experiments at the LHC.

The flexible trigger system consists of two stages [8]. At first, a hardware level trigger uses
information provided by the calorimeter and muon systems to filter 1 MHz of the 30 MHz of the
colliding proton bunches. All the data that pass through the first trigger, are sent to a CPU farm
where the events are reconstructed and selected. Thus, the LHCb output rate is SkHz. LHCb
experiment data taking has been successfully performed during LHC Run 1 and 2, collecting
nearly 9.2fb~ 1.

Although this thesis is made under the frame of the LHCb upgrade, it is necessary to describe
the hardware of the original detector to justify the reasons behind the upgrade. The main systems

are:

VErtex LOcator (VELO) [9] is the sub-detector closest to the interaction point in the whole
LHC, 8.2mm during data taking®. VELO is used to measure the trajectory of the parti-
cles close to the interaction point in order to distinguish between primary and secondary
vertices. VELO sub-detector consists of 42 semi-circular modules with two 300 s thick

silicon strip sensors arranged in radial shape (measuring r) and azimuthal (measuring ¢).

>During beam injection or unstable beam, the sensors are moved away from the beam axis to prevent any
damage.
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Tracking stations consist of two sub-detectors with different technologies. The first one [10][11]
is based on a large-surface silicon microstrip detector, which may itself be divided into
two: four layers before and twelve after the magnet. In order to give an idea of the surface
covered by this sub-detector, the station upstream the magnet covers a 1.7 m?, whereas
the downstream station covers 4.2 m?. The second sub-detector is a gas tracking detector
[12] that allows the measurement of the momentum of the particles covering a large area.
It is built by grouping straw-tubes filled with a mixture of Argon and CO,. These straw

tubes are arranged in three stations of four layers each, similar to the silicon trackers.

RICH [13] is the sub-detector capable of distinguishing the pions and kaons in a range between
2 and 100 GeV/c by measuring the Cherenkov light. This sub-detector is divided into
two stations, one before the dipole magnet between VELO and the first tracking station
and other after the magnet between last tracking station and the calorimeter. When the
particles travel through a very dense gas (C4Fj9 or CF,), faster than the speed of light
traveling through this gas, they emit a cone of light that is reflected on mirrors, driving the

light outside of the detector acceptance for digitalization on hybrid photon detectors.

Calorimeter [14] system is designed to identify and measure the energies of the electrons, pho-
tons and hadrons. It consists of several layers: the Scintillating Pad Detector (SPD), the
pre-shower detector, the Electromagnetic Calorimeter (ECAL), and the scintillating tile
iron plate Hadron Calorimeter (HCAL). The SPD determines whether particles hitting the
calorimeter system are charged or neutral, while the pre-shower indicates the electromag-
netic character of the particle (i.e. whether it is an electron or a photon). They are used
at the trigger level in association with the ECAL to indicate the presence of electrons,

photons, and neutral pions which are inductors of an event of interest for LHCb.

The working principle of the different layers is similar. It alternates layers of metal, to
initiate a particle shower, with a scintillating material and a photo-detector to convert
the shower into an electrical signal. Each calorimeter subsystem is configured with the
appropriate metal layer, scintillating material, photo-detector and the dimensions for op-
timal detection of every type of particle. Thus, SPD and pre-shower use a 15 mm thick
scintillating pads interspaced with a 2.5 times the radiation length lead converter. Then,
the light is collected using wavelength shifting fibres and driven to a multi-anode photo-

multiplier tube in the periphery of the sub-detector. ECAL uses lead plates to create the
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particle shower and scintillating plates with a different cell size, depending on the posi-
tion. The cell granularity is the same as for the SPD and pre-shower. The light detection is
performed on photo-multiplier tubes with an individually regulated high voltage base. Fi-
nally, the HCAL uses iron plates interspaced with scintillating tiles arranged in parallel to

the beam pipe. Like the ECAL, the inner and outer regions use different cell dimensions.

Muon detector [15] is located at the far-end of the LHCb. It comprises five stations (one in
front of the calorimeter SPD and pre-shower and the remaining four downstream), the

four latest stations are interleaved with iron filters.

Each one of the five stations is divided into four regions with respect to the radial distance
to the beam axis, all with the same acceptance. Inner regions have better granularity due
to their higher particle density. The granularity is likewise better in the horizontal plane,

to give an accurate measurement of the track momentum and transverse-momentum.

The different granularity choice drives the use of two different technologies for the muon
detection: the first one is used in the inner region of the first station and it is called triple
Gas Electron Multiplier (triple-GEM) and the second one, used for the rest of the detector,
is called Multi-Wire Proportional Chambers (MWPC).

Online system ensures the transfer of data from the FE electronics to permanent storage un-
der known and controlled conditions. This includes not only the movement of the data
themselves, but also the configuration of all operational parameters and the monitoring
of these, as well as environmental parameters, such as temperatures or pressures. The
online system must also ensure that all detector channels are properly synchronized with
the LHC clock. It can be decomposed into three sub-systems: Data AcQquisition (DAQ)
that transfers the data belonging to an event of a LHC bunch crossing from the detector
FE to permanent storage, Timing and Fast Control (TFC) that drives all stages of the
data readout between the FE and the final storage by distributing the synchronous clock,
resets and fast control commands, and Experiment Control System (ECS) that controls

and monitors the operation of the detector.
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Figure 2.6: LHCb upgrade detector.

2.3 The LHCDb upgrade

Results from LHCD analyses so far, have mostly been consistent with the SM. However, the ex-
periment needs to collect more data to reduce the current statistical uncertainties, and therefore
continue with the quest for physics Beyond the SM (BSM). In 2019-2020, during the LHC Long
Shutdown 2 (LS2), LHCD is suffering an important upgrade (LHCb Upgrade Phase I) [16]. The
detector operated in Run I and IT was not able to handle all the luminosity® that the collider could
provide, thus the LHC was working with offset collisions in LHCb interaction point to reduce
the delivered luminosity. This offset will be kept for the upgrade I but the upgraded detector
will be designed to operate at 5 times the actual luminosity, up to 2 x 1033cm=2s~!, expecting
an integrated luminosity of 50fb~! by the end of Run IV (2030). Moreover, the events will
be fully-reconstructed at the LHC inelastic event rate using a fully software-based trigger. All

LHCD sub-detectors will be upgraded as well as their readout system in order to sustain the new

The luminosity measures the number of collisions produced per cm? and per second.
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experimental conditions.

2.3.1 LHCDb trigger and readout upgrade

The main limitations of the original LHCb experiment was that the collision rate had to be
reduced to a fixed latency 1 MHz rate. The cause of this reduction was the hardware trigger of
the experiment. The low acquisition rate causes inefficiencies in the trigger chain, especially
for purely hadronic decays. Thus, from the readout point of view, the primary objective is to
implement a trigger-less hardware detector. To reduce the storage costs, all sub-detectors must
perform zero-suppression before propagating the data to the DAQ system.

The whole detector will be operated through the optical fibre radiation hard Versatile Link

[17], differentiating two kind of links: full duplex for control and timing information and sim-

LHCD surface
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slow control
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v
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Figure 2.7: LHCb upgrade Readout architecture.
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plex for data acquisition. Timing and control information (TFC/ECS) is driven on the same
link using the GigaBit Transceiver (GBT) protocol [18]. On the other hand, data links will be
read out using GBT for all sub-detectors but VELO that will use an specific protocol Gigabit
Wireline Transmitter (GWT) [19] (more details on chapter 3).

All Back-End (BE) electronics are designed to control, synchronize and read out the ex-
periment. They are placed in the surface area of LHCb and they share the same hardware, a
board called PCIe40 connected to a server. The functionality of this board is determined by its

firmware.

Figure 2.7 shows the architecture for the upgraded LHCb where all FE electronics record

and transmit data synchronously at 40 MHz to the readout boards through the versatile links.
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Figure 2.8: LHCD upgrade trigger diagram.
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Muon and Calorimeter detectors transmit in parallel event information to the high level trigger
software, which will take the physics accept or reject decision per LHC bunch crossing and
propagate it through the TFC system. This system is based on two different types of boards:
a readout supervisor board (S-ODIN) and an interface board (SOL40). The first one acts as
an interface with the LHC, generating the TFC commands of the detector. The second one
handles the distribution to all FEs of two kinds of signals: the previously mentioned TFC and the
control/monitoring commands, ECS, from the multiple computers used as Supervisory Control
And Data Acquisition (SCADA).

The flow of the data and its various transformations are summarized in Figure 2.8. In this ar-
chitecture all FE electronics record and transmit data continuously to the readout boards, where
each sub-detector pre-process the data in real time in a so-called “data processing” block. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>