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Abstract

The data acquisition system of the LHCb experiment has been substantially
upgraded for the LHC Run 3, with the unprecedented capability of reading out
and fully reconstructing all proton{proton collisions in real time, occurring
with an average rate of 30 MHz, for a total data 
ow of approximately
32 Tb/s. The high demand of computing power required by this task has
motivated a transition to a hybrid heterogeneous computing architecture,
where a farm of graphics cores, GPUs, is used in addition to general{purpose
processors, CPUs, to speed up the execution of reconstruction algorithms. In
a continuing e�ort to improve real{time processing capabilities of this new
DAQ system, also with a view to further luminosity increases in the future,
low{level, highly{parallelizable tasks are increasingly being addressed at the
earliest stages of the data acquisition chain, using special{purpose computing
accelerators. A promising solution is o�ered by custom{programmable FPGA
devices, that are well suited to perform high{volume computations with
high throughput and degree of parallelism, limited power consumption and
latency. In this context, a two{dimensional FPGA{friendly cluster{�nder
algorithm has been developed to reconstruct hit positions in the new vertex
pixel detector (VELO) of the LHCb Upgrade experiment. The associated
�rmware architecture, implemented in VHDL language, has been integrated
within the VELO readout, without the need for extra cards, as a further
enhancement of the DAQ system. This pre{processing allows the �rst level
of the software trigger to accept a 11% higher rate of events, as the ready{
made hit coordinates accelerate the track reconstruction, while leading to a
drop in electrical power consumption, as the FPGA implementation requires
O(50x) less power than the GPU one. The tracking performance of this novel
system, being indistinguishable from a full{
edged software implementation,
allows the raw pixel data to be dropped immediately at the readout level,
yielding the additional bene�t of a 14% reduction in data 
ow. The clustering
architecture has been commissioned during the start of LHCb Run 3 and it
currently runs in real time during physics data taking, reconstructing VELO
hit coordinates on{the{
y at the LHC collision rate.
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Introduction

Cacambo, qui donnait toujours d'aussi bons conseils que la vieille, dit �a
Candide: Nous n'en pouvons plus, nous avons assez march�e; j'aper�cois un
canot vide sur le rivage, emplissons{le de cocos, jetons{nous dans cette petite
barque, laissons{nous aller au courant; une rivi�ere m�ene toujours �a quelque
endroit habit�e. Si nous ne trouvons pas des choses agr�eables, nous trouverons
du moins des choses nouvelles.

| Voltaire, Candide

The Standard Model (SM) of particle physics has proven to be one of the most successful scienti�c
theories to date. Being completed in the seventies, it has been tested with high precision since,
establishing itself as a great success of the reductionist paradigm in describing particles and
fundamental interactions. Despite having passed all experimental tests, the SM is known to
be an incomplete theory, lacking the description of gravity, dark matter, and dark energy. In
this context, High Energy Physics (HEP) experiments aim at probing the SM to higher and
higher precision, exploiting the full predictive power of the theory. Two main research paths are
currently being followed, the direct search and the precision search. The direct search aims at
producing new particles or unveiling new types of interactions that can lead to direct signs of
physics beyond the SM. This approach led to the discovery of the Higgs boson in 2012 [1, 2],
produced in O(10) TeV proton-proton collisions at the Large Hadron Collider (LHC) accelerator
and observed by the ATLAS and CMS collaborations. However, the direct approach is limited
by the collision energy in a scenario where more powerful accelerators are not foreseen in the
near future and direct searches have yielded null results so far. For these reasons the precision
frontier might represent the best opportunity to reveal non-SM dynamics in the next decade.
On one hand this approach relies on comparing precise measurements with similarly precise
SM predictions to highlight deviations from the theory. On the other hand, even if observables
are characterized by relatively large theoretical uncertainties, performing measurements with
ever-increasing experimental precisions allows the parameters of the underlying theoretical
model to be over-constrained. The LHCb experiment installed at the LHC accelerator is one
of the leading players in precision searches. Since its operations started in 2010, LHCb has
been capable of collecting huge samples of charm{ and bottom{hadron decays, providing key
contributions to the �eld such as the �rst single{experiment observation of D 0 mixing in 2012 [3],
the �rst observation of CP violation in the decay of D 0 mesons in 2019 [4], the measurement
of B 0

s ! � + � � decay properties [5], precise determination of the� angle [6] and of theB 0
s

mixing frequency [7], �rst observations of penta{ and tetra{quark states [8,9], the detailed study
of anomalies inb ! sll transitions [10] and the world's most precise measurements of the

angle [11].
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In order to improve its performance and keep up with the ambitious physics program, the
LHCb experiment is currently planning a series of incremental upgrades that will allow it
to collect a data sample consisting of 300 fb� 1 by the end of Run 6, in 2038, sustaining an
unprecedented instantaneous luminosity of 1:5 � 1034 cm� 2s� 1. The �rst step of this ambitious
upgrade path has been recently completed. In fact, LHCb has just undergone a fundamental
upgrade that involved both the detector and the trigger and data acquisition (DAQ) chain.
The new DAQ system is based on trigger{less back{end electronics, reading events at the full
30 MHz LHC inelastic event rate, with an instantaneous luminosity of 2 � 1033 cm� 2s� 1 at
Run 3, corresponding to a bandwidth of about 32 Tb/s. The subsequent event{building stage
and software high{level{trigger (HLT) processing lead to a �nal data storage bandwidth of
80 Gb/s. The LHCb triggering process is divided into two main stages, named HLT1 and HLT2,
where the �rst performs simpler and basic selections to reduce data rate by a factor of about 30,
and it is executed by means of a farm of approximately 170 graphics cores (GPUs)1 installed
in the event builder servers. The latter executes more sophisticated and complex algorithms
on a large farm of general{purpose CPU processors. The large amount of data that has to be
processed upfront in real time challenges the entire acquisition system, and data handling is
anticipated to be one of the key challenges for future runs with higher instantaneous luminosities.
Therefore, a common e�ort is being made to address low{level and high{parallelizable tasks at
early stages of the DAQ system, leveraging various highly specialized accelerator architectures.
This approach goes by the name of heterogeneous computing and it allows the bandwidth and
computing resource needs to be reduced, leaving more room for the higher{level data processing
and selections, while signi�cantly reducing the overall power consumption. LHCb is at the
forefront of heterogeneous applications, having already deployed a grid of GPUs for triggering
purposes in Run 3.

One of the most time consuming tasks that is still addressable at early DAQ stages is track
reconstruction, where the information of multiple subdetector layers is processed to identify the
trajectories of particles within the detector acceptance. Within LHCb, the \Arti�cial Retina"
project is one of the most advanced R&D projects that aims at solving track reconstruction at the
pre{event{building stage. In order to accomplish this ambitious goal, Retina employs a parallel,
high{throughput, low{latency tracking architecture to be deployed on FPGA{based accelerators,
capable of sustaining a 30 MHz input event rate. The �rst step to enable track reconstruction
of the LHCb VErtex LOcator (VELO) pixel subdetector with the Retina algorithm consists in
grouping contiguous active pixels inside the silicon vertex detector. The clustering process is the
�rst key task to be performed before the actual tracking algorithms can go through the detector
clusters and reconstruct tracks. Clustering is both time consuming, due to the two{dimensional
geometry of the pixel detector, and highly parallelizable. In this context, this thesis reports the
development, testing, and commissioning of a real{time two{dimensional clustering algorithm
and the corresponding VHDL �rmware that runs on the back{end FPGA{based boards of the
LHCb silicon pixel detector. The algorithm has been fully integrated with the LHCb DAQ chain,
allowing a signi�cant improvement of the time needed to perform the online reconstruction for
trigger purposes, while reducing the bandwidth required to output the vertex detector data.
This is the �rst{ever implementation of a FPGA{based two{dimensional clustering algorithm
that runs in real time at the unprecedented speed of 30 MHz.

1The current plan is to double the number of graphics cores during 2023 to maximize the experiment capabilities.
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The thesis is structured as follows. Chapter 1 introduces the concept of heterogeneous computing,
explaining why it is one of the most promising solutions for data{taking architectures of future
envisioned HEP experiments. The key components of the LHCb upgrade are described in
Chap. 2 on both the detector and the data acquisition side. Chapter 3 details the clustering
algorithm, describing its functioning principles, parameters, and limitations, while its �rmware
implementation is accurately illustrated in Chap. 4. Chapter 5 goes through the �rmware and
software integration of the new algorithm within the LHCb infrastructure. Physics performances
of the algorithm are instead detailed and compared to a full{
edged CPU{based software
implementation of the clustering algorithm in Chap. 6. The key commissioning steps that led
to a properly functional �rmware within the LHCb DAQ chain are described in Chap. 7. The
chapter also concludes the thesis by summarizing the achievements of this work, which is meant
to be a �st step towards building a FPGA{based tracking unit running in real time, in the
context of Future LHCb Upgrades.
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Chapter 1

Heterogeneous computing
in High Energy Physics

Starting from the Heavy Flavor Physics research case, this chapter introduces the concept of
trigger and data acquisition (DAQ) in modern High Energy Physics experiments. In particular,
as the High{Luminosity LHC (HL{LHC) era approaches, heterogeneous computing seems to
be one of the most promising and viable options to handle ever{increasing data complexity,
bandwidths, and power consumption. Example applications of the heterogeneous computing
paradigm are discussed with a speci�c focus on the LHCb Retina project, which led, as a �rst
stage of a more complex tracking unit, to the development and implementation of the FPGA{based
two{dimensional clustering algorithm, which is the main topic of this thesis.

1.1 Probing the Standard Model: Heavy Flavor Physics

Despite its numerous achievements in explaining a wide variety of phenomena at their most
fundamental level [1,2,12{ 15], the Standard Model (SM) of particle physics is far from being
considered a complete theory. Instead, it is usually described as a low{energy limit of a more
comprehensive model. Arguments typically used to motivate the fact that the SM might be
an e�ective theory with a limited validity range are the baryon asymmetry of the universe,
the lack of dark matter and dark energy descriptions and a coherent merging with General
Relativity. These and other observations motivate the search for New Physics (NP), aiming at a
high{energy completion of the SM. NP models, such as Supersymmetry and extra dimensions
models, can introduce additional forces, particles or sources of symmetry but they all need to
view the SM as a low{energy e�ective theory, given its success in explaining electromagnetic,
weak, and strong interactions. Two main paths are currently being explored when it comes
to NP research: the direct search that aims at revealing new particles by directly producing
them in high energy collisions and the precision search that looks into indirect evidence of NP
phenomena by measuring with extreme precision fundamental processes and comparing the
observations with SM predictions.

One of the most promising ways of probing the SM via precision searches consists of exploiting
its 
avor structure. The term 
avor is used to identify �elds sharing the same spin and quantum
numbers. Interactions being able to distinguish between them are the main focus of 
avor physics.
Within current understanding, quarks, leptons, and neutrinos are observed to be organized into
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three 
avors each (families or generations). However, their 
avor structure, which, unlike other
forces, is not determined by an invariance of the theory under symmetry transformations, might
be a clue to NP at higher energies. The existence of the three generations, together with the
unexplained pattern of masses of quarks and leptons, spanning several orders of magnitude, is
referred to as the SM 
avor puzzle and is one of the central mysteries of particle physics. Both
quarks and leptons have 
avor and mix between families, however the matrices describing the
couplings between di�erent 
avors, the Cabibbo{Kobayashi{Maskawa (CKM) [16,17] matrix for
quarks and the Pontecorvo{Maki{Nakagawa{Sakata (PMNS) [18,19] for neutrinos, have di�erent
structures. On one hand the CKM matrix is highly hierarchical, with diagonal elements having
magnitude close to unity, and progressively smaller o�{diagonal elements. On the other hand, the
PMNS matrix has much larger o�{diagonal elements. Moreover, 
avor physics shows a wide and
diverse variety of phenomena, currently obeying the SM predictions, that can be measured to test
these predictions. Examples are mixing andCP violation in both the charm and bottom sectors
and b quark decays that allow transitions between all three quark families to be probed, while
being suppressed within the SM and hence representing potential sensitive channels for NP. This
plethora of observables allows very high mass scales to be probed, well beyond the center{of{mass
energy of any current or planned future collider [20]. This high mass{scale sensitivity is directly
related to the SM 
avor structure, which strongly suppresses 
avor{changing neutral{current
(FCNC) processes. In this respect 
avor physics has two main objectives: understanding the
family structure and its properties and studying the wide variety of decays of di�erent 
avor
species to probe deviations from SM expectations with a multiplicity of approaches. The richness
of decays of di�erent 
avor species available to experimental observations allows deviations from
SM expectations to be probed with a multitude of approaches. Precise theoretical computations
and predictions are fundamental to determine the key parameters of the SM to be probed at the
experimental level. However, also observables characterized by bigger theoretical uncertainties
are key to over{constrain the couplings of possible new degrees of freedom within new models.

The previous considerations should suggest that 
avor physics is a very powerful tool to search
for NP, also at energy scales much higher than those accessible through direct{type searches,
and it should motivate the design and operations of dedicated experiments such as Belle II at
SuperKEKB and the Large Hadron Collider beauty experiment (LHCb) at LHC. Belle II and
LHCb have the unique potential to unveil new physics by con�rming hints of deviations from
the SM that have been recently observed inb ! s`+ ` � and b ! c� � transitions or �nding new
unexpected outcomes in the study of rare and forbidden decays such asb ! s�� or B (s) ! `+ ` � .
While being described in Chap. 2, it is worth saying that LHCb has proven to be an ideal
laboratory for 
avor physics in the past ten years of operations. LHCb main achievements
include the discovery of the ultra{rare decay B 0

s ! � + � � [21{ 24], the �rst single{experiment
observation of charm mixing [3], the world's most precise measurements of the CKM angle

 [11] and the �rst evidence of CP violation in c{hadron decays [4]. Over the past years, several
anomalies have emerged from 
avor experiments that could potentially point to NP. The most
prominent among the anomalies are the hints for lepton 
avor universality violation (LFUV) in
the charged currentb ! c`� transition, RD ( � ) = B(B ! D (� ) � � )=B(B ! D (� ) `� ), where ` = e; � .
The RD ( � ) measurement, together with updated observations in neutral currentb ! s`+ ` �

transitions, RK ( � ) = B(B ! K (� ) � + � � )=B(B ! K (� )e+ e� ), which recently showed agreement
with the SM [25,26], clearly indicates the need for more data to better understand the origin of
anomalies. For this purpose, LHCb has just completed a major upgrade (Upgrade I) that allows
the experiment to operate at a luminosity of 2� 1033 cm� 2s� 1 during Run 3 and 4 data taking
periods (2022{2030), �ve times higher with respect to Run 1 and 2 operations (2010{2018). By
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the end of Run 4, a data sample of about 50 fb� 1 is expected to be collected. Furthermore,
an Upgrade II is currently being planned and will allow LHCb to take data at a luminosity of
1:5 � 1034 cm� 2s� 1, aiming at collecting 300 fb� 1, by the end of Run 6. Figure 1.1 shows the
instantaneous and integrated luminosity projections for LHCb between Run 1 and Run 6. Jumps
in luminosity can be observed corresponding to the start of Run 3 and Run 5, when Upgrade I
and Upgrade II are planned to be installed, respectively. This upgrade path will greatly improve

Figure 1.1: Instantaneous (blue dots) and integrated (red line) luminosity projections for LHCb between
Run 1 and Run 6, referring to left and right vertical scales, respectively [27].

the sensitivity of many 
avor studies, many of which are still statistically limited, and will allow
us to increase our knowledge on highly suppressed processes, while being able to distinguish
between di�erent NP scenarios. Table 1.1 shows current and extrapolated uncertainties on some
key 
avor observables in the current and future upgrades of LHCb, motivating its ambitious
physics program. On one hand weak decays of all the quarks and the CKM matrix are key
probes of deviations of SM expectations and already constrain reasonably well the number of
generations. On the other hand, rare decays seek to uncover new physics manifesting itself
through interference with SM diagrams. Searches for charged lepton 
avor violation examine
the nature of lepton 
avor. Whether in the B , D or K systems, comparisons of decay rates into
di�erent lepton species challenge the notion of lepton universality, strongly implied by the SM.

1.2 Trigger and Data Acquisition towards the HL{LHC era

Ful�lling the ambitious LHCb 
avor{physics program at a 1 :5 � 1034 cm� 2s� 1 peak luminosity
poses several challenges, both on the detector and on the data handling and triggering sides. A
direct consequence of the increase in luminosity is the higher number of interactions per event,
which is expected to be around 40 during Run 5 operations1. In order to maintain comparable
detector performance with respect to Run 3 at higher luminosities, the new detector should
have a higher granularity, while reducing the amount of material. With such a high pile{up,

1The average number of interactions during Run 3 is around 7.6.
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Observable Current LHCb Upgrade I Upgrade II
(up to 9 fb � 1) (23 fb� 1) (50 fb� 1) (300 fb� 1)

CKM tests

 (B ! DK; etc: ) 4� 1.5� 1� 0.35�

� s (B 0
s ! J= � ) 32 mrad 14 mrad 10 mrad 4 mrad

jVubj=jVcbj (� 0
b ! p� � �� � ; etc:) 6% 3% 2% 1%

Rare Decays
B(B 0 ! � + � � )=B(B 0

s ! � + � � ) 69% 41% 27% 11%
S�� (B 0

s ! � + � � ) | | | 0.2

A (2)
T (B 0 ! K � 0e+ e� ) 0.10 0.060 0.043 0.016

Lepton Universality Tests
RK (B + ! K + `+ ` � ) 0.044 0.025 0.017 0.007
RK � (B 0 ! K � 0`+ ` � ) 0.12 0.034 0.022 0.009
R(D � ) (B 0 ! D �� `+ � ` ) 0.026 0.007 0.005 0.002
Charm
� ACP (D 0 ! K + K � ; � + � � ) 29� 10� 5 13� 10� 5 8� 10� 5 3.3� 10� 5

A � (D 0 ! K + K � ; � + � � ) 11� 10� 5 5� 10� 5 3.2� 10� 5 1.2� 10� 5

� x (D 0 ! K 0
S� + � � ) 18� 10� 5 6.3� 10� 5 4.1� 10� 5 1.6� 10� 5

Table 1.1: Run 1/2 and extrapolated uncertainties on some key 
avor observables at the current and
future LHCb upgrades [27].

the use of precision fast{timing information becomes essential to cope with the combinatorial
background. Furthermore, the detector and its front{end readout electronics should cope with
higher radiation damage throughout the entire data{taking period.

In addition to detector and front{end challenges, data handling and online processing
represent one of the main technical di�culties in successfully operating LHCb at ever increasing
luminosities, where the trend toward increasing bandwidth is a common theme among all major
HEP experiments, as shown in Fig. 1.2. Therefore careful R&D and appropriate choices on
Trigger and Data Acquisition (DAQ) systems are pivotal for the success of the LHCb physics
program. DAQ systems have always been part of the HEP �eld since the beginning, and their
importance is particularly clear nowadays, where detectors produce large amounts of data that
generally exceed the capabilities of any practical permanent storage system. As beam crossings
at the LHC occur at 30 MHz and for each beam crossing manypp collisions occur, thousands of
tracks traverse the detector. However, not all the collisions in a crossing and not all the tracks in
a collision event are interesting for physics studies. For these reasons, several methodologies are
applied to regulate and reduce the data 
ow to a manageable level, by deciding which parts of
the detector information should be acquired and saved. The trigger needs to be highly e�cient
in selecting processes for physics analyses, while providing a large rate reduction from unwanted
high{rate processes. It also needs to be robust and highly 
exible to react to changing conditions.

Modern DAQ systems make decisions to permanently record a particular collision event in
a sequence of stages, with progressively decreasing data 
ow, and increasing computational
cost and complexity. Usually, the lowest{level trigger decision is based on low{complexity
algorithms using a limited amount of event data, whereas the last level before permanent storage
is usually performed by CPU systems running high{level code, the performance and complexity
of which are close to the o�ine analysis. During the �rst LHC era, the overall DAQ bandwidth
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Figure 1.2: Evolution of the data bandwidth requirements over time of HEP experiments. The current
LHCb Run 3 conditions are highlighted [28].

has increased, taking advantage of telecommunication technology rapid developments driven
by fast internet growth, which allowed large data handling systems to be built at reasonable
prices, using commercial o�{the{shelf technologies (COTS). As COTS were adopted, the use of
custom{developed electronics became limited to on{detector and front{end electronics, whereas
intermediate trigger levels have been absorbed in the High Level Trigger implemented on
commercial CPUs. However, as we move towards the High{Lumi LHC era, data handling and
availability of cost{e�ective computing resources are getting increasingly challenging. Moreover,
Moore's law slowing down poses limits on the role played by consumer CPUs, which have
provided 
exible computing power at low cost up to now. This is compounded by the fact
that data handling demands in HEP have been growing at an even faster rate than consumer
electronic technology. As a consequence, DAQ systems might represent a major cost item and
technical limitation to future HEP experiments performances [29].

Taking LHCb Run 5 as an example, at an instantaneous luminosity of 1:5 � 1034 cm� 2s� 1,
the detector is expected to produce up to 400 Tb/s of data, which need to be processed in real
time and reduced by roughly four orders of magnitude before being saved to permanent storage.
As a �rst challenge, the resulting number of serial data links needed to read out the whole
detector would be prohibitively huge. Taking as a reference the GigaBit Transceivers (GBTs),
designed and built within CERN, which are capable of sustaining a 4.8 Gb/s transmission rate,
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the number of GBT links that would be required2 to read out the whole detector if running at
400 Tb/s would be of the order of 8� 104. Moreover, with heavy{
avor hadrons being present
in all bunch crossings, with around 40 interactions each, one of the challenges to face within
DAQ will be to move from a traditional trigger strategy of selecting bunch crossings based on
generally interesting signatures, like displaced vertices, which will be no more e�ective to a more
complex online event selection based on the complete information of the event.

In this context, there is the increasing need for more e�ective and specialized solutions that
can perform real{time reconstruction at early data acquisition stages. This will allow the amount
of data to be sent to general{purpose computing farms to be reduced more e�ectively than
simple hit zero{suppression, while being able to reconstruct the charged particle trajectories as
early as possible in the processing chain, so that triggering on speci�c heavy{
avor signatures
can be performed in an optimal way. Moreover, this will lead to a signi�cant reduction in the
time needed to perform the reconstruction in subsequent processing stages, since part of the
reconstruction duties is o�oaded to earlier stages, specialized in parallel and e�cient processing.

1.3 Heterogeneous computing: concept and applications

Heterogeneous computing is one of the most promising solutions to tackle high{data{volume{
related issues, described in the previous section. Large farms of versatile and general{purpose
CPUs are coupled with specialized hardware like FPGAs and GPUs, usually referred to as
accelerators. Accelerators are very fast at executing heavily parallelizable tasks, leaving to
CPUs only the more complex ones. Architectural heterogeneity is currently one of the main
topics being developed and deployed in industry, from high{performance to cloud computing.
Deploying di�erent types of accelerators suited for di�erent types of workload improves both
performance and energy e�ciency. High{throughput, low{latency interconnections between CPU
and accelerators allow the di�erent elements to operate as a single unit, while maintaining a high
degree of scalability and 
exibility. Accelerators are especially well suited for the development
of arti�cial intelligence through machine vision and deep learning, where vast amounts of data
need to be processed. When deploying a heterogeneous system, one of the main challenges
to face in order to exploit its full potential is to be able to leverage each compute unit with
user{friendly programming models that can be applied across di�erent platforms. Another
challenge is related to the e�ective sharing of data between accelerators and an accelerator
and the host system. During recent years, several solutions have been proposed to tackle these
challenges when leveraging extremely heterogeneous systems [30{33].

The heterogeneous computing model is currently being applied in HEP experiments, following
the ongoing industry trend. Some implementation examples at the LHC include the following:

ˆ ALICE deployed heterogeneous computing infrastructures already during Run 1 and 2
performing the tracking of the Time Projection Chamber (TPC) on GPUs at around 1 kHz
of Pb{Pb collisions. During Run 3, ALICE performs the full raw data processing in the
online computing farm in software at 50 kHz Pb{Pb interaction rate, where the dominant
part of the real{time processing, the TPC tracking, is run fully on GPUs [34];

ˆ ATLAS has been investigating possible solutions to cope with the foreseen increase in the
collision rate by approximately a factor of 5 during HL-LHC operations, with respect to the
current LHC operation. The earliest trigger stage needs to provide a higher rejection factor

2LHCb Run 3 readout system requires about 9 � 103 optical data links.
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in a more di�cult environment. Studies have been performed based on the architectures
developed within the Fast TracKer and L1Track projects [35,36]: track reconstruction is
based on associative memories, where linear �tting algorithms are run within FPGAs;

ˆ CMS has explored several R&D paths in terms of heterogeneous computing, one of the most
relevant projects aims at reconstructing charged particle trajectories within the hardware{
based trigger system, implementing a novel approach using an all{FPGA solution, as
the HL{LHC era approaches [37{ 39]. Another advanced CMS project in this context
is Patatrack [40] that aims at reconstructing charged particle trajectories in CMS pixel
detector exploiting GPU power. Within this project, it has been demonstrated that
low{power GPUs can be used for track reconstruction purposes, at a fraction of the cost
of a single CPU node, previously deployed;

ˆ LHCb Upgrade represents a unique opportunity to test new technologies for high luminosity,
during LHC Run 3, even before ATLAS and CMS High Luminosity Phase II. The upgraded
LHCb uses a triggerless readout chain that sends raw detector hits to a custom data
processing center at the full 30 MHz LHC bunch crossing rate, enabling an unprecedented

exibility for trigger selections. However, the corresponding data rate (32 Tb/s) is so
high that the LHCb collaboration moved from a more traditional CPU{based farm to a
heterogeneous computing system, based on GPUs, to perform the High Level Trigger �rst
stage (HLT1). Reconstruction algorithms were optimized for many{core architectures and
integrated into a compact, modular, and scalable framework, called Allen [41,42].

As demonstrated by these examples, heterogeneous trigger and computing farms are now
becoming a reality in the HEP �eld. HEP can pro�t from industry advancements to deploy
accelerator solutions that are becoming increasingly powerful and inexpensive. However, it is
worth noting that this will make HEP dependent on a market of which it is not a driver, and
future market choices may not be HEP{friendly. HEP will therefore need to adapt to future
market trends or, in case its needs cannot be met by such trends, take early action to develop
its own solutions.

1.4 The LHCb Retina project

Given the ongoing trend towards heterogeneous computing architectures, the LHCb collaboration
has identi�ed the accelerator{related R&D program as a critical element to ensure that trigger
and reconstruction algorithms are optimally designed to take full advantage of the most e�ective
and a�ordable architectures, as we move toward the HL{LHC era. To this end, LHCb has,
already in Run 3, implemented a Coprocessor R&D Testbed [43], already in Run 3, to investigate
new architectures, based on accelerators, that will be developed, optimized and commissioned
in the context of future high{luminosity runs. The Testbed allows di�erent R&D projects to
cooperate in a common e�ort of processing as much data as possible at low data acquisition levels
to limit the data 
ow to be sent to the High Level Trigger 3 stage, while reducing computing
resources and power consumption needs. This is done exploiting di�erent technologies like GPUs,
FPGAs, and IPUs, while dealing with di�erent types of algorithms and data handling, including
neural networks, machine learning, and pattern matching.

3The LHCb{Upgrade trigger system receives data at the full 30 MHz LHC bunch crossing rate and it is divided
into two main stages, named High Level Trigger 1 (HLT1), performed on GPUs, and High Level Trigger 2
(HLT2), performed on CPUs. More details about the LHCb High Level Trigger can be found in Sect. 2.10.
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One of the main actors in the Testbed R&D activity is the \Arti�cial Retina" project [44],
a parallel, high{throughput, low{latency tracking algorithm inspired by the natural vision of
mammals' brains. It has been speci�cally designed for track reconstruction by a massive and
intelligent pattern matching, exploiting the FPGA architecture capabilities (see Appendix A).
While GPUs have been the de facto choice for accelerating compute{intensive operations, FPGAs
have been gaining ground because their recon�gurable fabric can be tailored to a speci�c
application or domain. FPGAs bridge the gap between CPU processors that are 
exible and
relatively easy to program, and ASICS that o�er optimal performance at a high power e�ciency,
while being less 
exible. FPGAs can potentially address I/O and memory access issues that
have been one of the traditional bottlenecks of GPU acceleration, since FPGAs are characterized
by a versatile and diverse connectivity, covering several widely{spread protocols, such as PCIe,
Ethernet and Serial Lite, while allowing for highly{con�gurable connections both to other devices
and to the host.

Figure 1.3 shows the track{reconstruction processing steps performed by the Retina ar-
chitecture. Retina implements a set of cells, each sensitive to hits belonging to a reference

Figure 1.3: Track{reconstruction processing steps performed by the \Arti�cial Retina". Reference tracks
and their interceptions with the detector layers are mapped into a matrix of cells (top left). Cells compute
and sum up the Gaussian weight of the hitsx l (top{right). Tracks are reconstructed �nding local maxima
in the cell space. Track parameters are computed interpolating the activation level of the 3� 3 clusters
around the maxima (bottom).

track, where the response of a cell is proportional to how close the hits are to the reference
track. Cells compute and sum up the Gaussian weights of the hits and tracks are reconstructed
�nding local maxima in the cell space, accordingly. Tracks corresponding to cells with a higher
activation level are the tracks that were most likely present in the event. Unlike traditional
reconstruction systems where bandwidth is progressively reduced during processing, Retina
requires the bandwidth to increase signi�cantly at some point, because multiple copies of the
same data are produced and reach di�erent cells, shrinking down only at a later stage where few
tracks are reconstructed from many hits. These features of the Retina architecture make FPGAs
the natural devices where to implement it, given their large internal bandwidth and high degree
of parallelization. Two main components are needed to implement the Retina architecture: the
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engine and the distribution network. A set of engines implements the weight and sum mechanism,
where each engine corresponds to a cell of the track parameter space, and works in parallel
with respect to the other engines. Since cells are spread over several FPGA chips to overcome
FPGA size limitations and given that detector hits need to be collected from di�erent sources, a
distribution network that exchanges hits between di�erent boards is needed. In order to take full
advantage of the algorithm high{throughput, while signi�cantly reducing the data bandwidth,
the Retina architecture needs to be deployed at pre{build stage, before the proper build stage,
where data are collected by readout boards and exchanged between servers to build complete
events. In addition to data exchange through the event builder network, data are also sent from
the server memory to tracking boards that implement the Retina architecture. Detector hits are
then exchanged between boards by means of an optical network built using optical transceivers,
�bers, and an optical patch panel. Reconstructed tracks are then sent from the tracking boards
back to server memory and added to the data to be built. Figure 1.4 shows a high{level view
of the Retina architecture being implemented within the event builder servers. Further details

Figure 1.4: Scheme of the data 
ow between readout cards, Retina tracking boards, the event builder
network, and HLT1 GPUs.

about the Retina architecture can be found in Ref. [45]. Retina is an architecture of rather
general applicability and can be used to reconstruct tracks from hits of detectors characterized
by di�erent technologies and geometries. Over the years, several detailed studies have been
performed to characterize and tune the Retina algorithm for di�erent applications within the
LHCb detector [45{ 49]. Within the LHCb Coprocessor R&D Testbed, Retina aims at building
and successfully operating a full{size demonstrator capable of reconstructing tracks from the
LHCb silicon pixel vertex locator (VELO), at the full 30 MHz input event rate. Figure 1.5
shows a study on VELO tracking e�ciency (see Sect. 6) comparing the Retina response with a
CPU{based tracking algorithm. This and other in-depth studies have demonstrated that High
Level Trigger performances are only negligibly a�ected when running on tracks produced by
FPGAs. In addition to the VELO application and in the context of future Runs at higher
luminosities, as presented in both the Expression Of Interest for a Phase{II LHCb Upgrade [50]
and the Framework TDR for the LHCb Upgrade II [27], the \Arti�cial Retina" is considered
a viable option to reconstruct tracks downstream of the magnet at the earliest trigger level
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(see Sect. 6.3). Reconstructing these tracks will allow long{liveds{quark �nal states ( K 0
s , �)

decaying outside the VELO to be identi�ed. This is crucial to increase the acceptance for many
important bottom and charm decay modes, such asD 0 ! K 0

s K 0
s , B 0 ! K 0

s K 0
s and � b ! 3�.

Moreover, performing downstream reconstruction at early data acquisition stages will allow the
time needed for long{track reconstruction and for the overall HLT1 processing to be signi�cantly
reduced.

Figure 1.5: Comparison between VELO tracking e�ciencies obtained with the CPU algorithm and the
Retina pattern recognition algorithm. The e�ciency is shown as a function of the z coordinate of the
track origin vertex. 1000 B 0

S ! �� simulated events at LHCb Upgrade conditions are used [49].

1.5 LHCb VELO clustering

For the purpose of applying the Retina architecture to the reconstruction of VELO detector
tracks, I have developed, implemented, optimized, and commissioned a new low{latency, high{
throughput two{dimensional cluster{�nding algorithm and the corresponding �rmware. Cluster
reconstruction, which consists in grouping contiguous active pixels, is the �rst step in the chain
of operations to perform an e�ective VELO tracking, regardless of the architecture in which
tracking itself is carried out. Inheriting the Retina approach, the clustering algorithm, described
in the subsequent chapters of the thesis, is meant to be run at the very early stage of the
data acquisition system on FPGA{based VELO back{end readout cards, processing pixel hit
coordinates at an unprecedented speed, exceeding the bunch crossing frequency of 30 MHz, for
the �rst time. This approach is bene�cial in terms of computing resources, as a signi�cant task
is removed from the HLT sequence, bandwidth reduction, as preprocessed data are sent out
from readout cards to the event building stages, and electrical power consumption, as FPGAs
are power e�cient devices.
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Chapter 2

The LHCb Upgrade experiment

This chapter describes the LHCb experiment in the current Upgrade I con�guration, focusing on
the systems closely related to the design and deployment of the clustering architecture, namely
the VELO subdetector and the data acquisition and trigger system. The underlying motivations
for the LHCb Upgrade I and an overview of the other subdetectors are also given.

2.1 Why upgrade LHCb?

The LHCb experiment [51] is one of the four large detectors at the Large Hadron Collider (LHC)
accelerator facility at CERN, and it was designed to search for new physics throughCP{violation
studies and rare decays of heavy{
avor hadrons. LHCb has been successfully operated from 2010
to 2018 during the LHC Run 1 (2010{2012) and Run 2 (2015{2018)era, and has demonstrated
excellent performance [52], collecting 9 fb� 1 of data. Between 2018 and 2022, LHCb underwent
a major update, called Upgrade I, to cope with an instantaneous luminosity of 2� 1033 cm� 2s� 1,
�ve times higher than that of Run 1 and 2, and thus with a corresponding increase in the number
of interactions1. In addition to replacing most of the subdetectors, the front{end electronics
and the data{acquisition system were completely renewed to read out and process the complete
information of all subdetectors at the full LHC inelastic event rate of 30 MHz.

Despite the considerable 9 fb� 1 data set collected during Run 1 and 2, as discussed in Chap. 1
and in Ref. [53], the precision on many of the key 
avor physics observables measured by LHCb
remains statistically limited. In order to probe the Standard Model even more precisely and
thus get the required sensitivity to observe possible new{physics e�ects, signi�cantly larger data
sets are needed, and this can be obtained only by increasing the instantaneous luminosity of
physics collisions. The LHCb Run 1{2 detector and data acquisition chain were designed and
built with the aim of a�ording luminosities of about 2 � 1032 cm� 2s� 1 and did not allow the
experiment to signi�cantly increase the size and purity of the collected physics samples in case
of a large increase in instantaneous luminosity, as foreseen during the operations of Run 3 (and
beyond). The maximum allowed readout rate of the tracking subdetectors was about 1 MHz and,
consequently, the High Level Trigger (HLT) was designed and sized to process not more than
this amount of data. In order to increase e�ciency on the most interesting physics channels, a
hardware Level{0 trigger (L0) stage [54] was used, during Run 1{2, to reduce the event rate to

1The corresponding average number ofpp interactions per bunch crossing increases from 1.1 to 7.6, moving from
Run 2 to Run 3.
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1 MHz, by exploiting the information from either the Calorimeters or the Muon System, which
were, together with the small upstream VELO PileUp system [55], and later the HeRSChel
subsystem [56], the only subdetectors which could be read at the beam crossing rate. However,
as luminosity increases, simple selections based on transverse energy deposits will no longer
allow hadronic signals to be e�ciently disentangled from background and reduce the rate to
1 MHz, as previously done at lower luminosities, as shown in Fig. 2.1.

Figure 2.1: Relative trigger yields as a function of instantaneous luminosity, normalised to
2 � 1032 cm� 2s� 1 [57].

In order to take full advantage of a higher luminosity and to collect signi�cantly more physics
data per fb� 1 of integrated luminosity, the L0{hadron trigger stage has been removed in favor of
a more powerful HLT, capable of applying selections that are more discriminating than simple
inclusive criteria exploiting only calorimeter information. Such selections require a detector that
can be read at the full 30 MHz LHC inelastic event rate and a High Level Trigger capable of
processing events at the full rate and discriminating signal channels over background, based on
the full event reconstruction in real time. The increase in instantaneous luminosity (by a factor
of �ve) and the improved trigger e�ciency for most decay modes (by a factor of two) will lead
to an order of magnitude increase in the annual yields in most channels with respect to the
previous LHCb experiment. A total integrated luminosity of around 23 fb � 1 is expected by the
end of Run 3 and 50 fb� 1 by the end of Run 4.

For this purpose, the LHCb subdetectors and readout electronics have been redesigned and
are now able to read events at 30 MHz rate and cope with the larger event multiplicity [58]. The
entire software and data processing stack also needed to be upgraded to handle the expected
large increase in data volume.

2.2 Overview of the LHCb Upgrade detector

LHCb is a single{arm forward spectrometer covering the pseudorapidity range 2< � < 5. It is
located at interaction point 8 on the LHC ring, approximately 100 m underground. Figure 2.2
shows the layout of the upgraded detector. LHCb subdetectors are devoted to two main tasks:
tracking [60,61] and particle identi�cation [62]. Particle tracking is performed by means of the
vertex locator (VELO), an array of silicon pixel subdetectors surrounding thepp interaction region,
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Figure 2.2: Layout of the LHCb Upgrade I detector. The Vertex Locator (VELO), the Upstream tracker
(UT) and the Scintillating Fiber tracker (SciFi) are the subdetectors responsible for tracking, whereas �rst
and second Ring Imaging Cherenkov subdetectors (RICH1 and RICH2), the electromagnetic (ECAL) and
Hadronic (HCAL) calorimeters and the Muon system (M2{M5) perform the particle identi�cation [59].

the silicon{strip upstream tracker (UT) in front of the dipole magnet, and three scintillating �ber
tracker (SciFi Tracker) stations downstream of the magnet. VELO, UT and SciFi subsystems
are detailed in Sects. 2.3, 2.4 and 2.5, respectively. Particle identi�cation is performed by two
ring imaging Cherenkov subdetectors (RICH1 and RICH2), a shashlik{type electromagnetic
calorimeter (ECAL), an iron{scintillator tile sampling hadronic calorimeter (HCAL), and four
stations of muon chambers (M2{5) interleaved with iron shielding. RICH1 and 2, ECAL, HCAL,
and the muon subsystems are described in Sects. 2.6, 2.7 and 2.8, respectively. Between the UT
and the SciFi the spectrometer's dipole magnet is placed, providing a vertical magnetic �eld with
a bending power of about 4 Tm. It is a warm magnet designed to match the detector acceptance,
with a vertically and horizontally increasing pole gap moving towards the downstream tracking
stations.

The data acquisition chain (DAQ) starts at the detector level with front{end (FE) electronics
boards that amplify and shape the signals generated within the subdetectors. The chain continues
towards the back{end (BE) electronics located in a data center on the surface and connected to
the FE in the cavern by 250 m{long optical �bers. Data are then handled by the event{builder
and the event{�lter farms. Sects. 2.9 and 2.10 detail the DAQ and trigger system, respectively. A
fast signal control system (TFC) distributes clocks and fast commands to FE and BE electronics,
which are con�gured and monitored using the experiment control system (ECS).
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2.3. Vertex locator

2.3 Vertex locator

The main goal of the vertex locator (VELO) [60] is to precisely measure tracks produced by
ionizing particles, providing the positions of primary and secondary vertices. Its main physics
design requirements are a track reconstruction e�ciency greater than 99% and an impact
parameter resolution2 of the order of 10 � m. Physics requirements, together with mechanics,
vacuum, and cooling constraints, led to the design of the VELO subdetector shown in Fig. 2.3.
The 26 VELO layers are placed perpendicularly to thez axis between� 287.50 mm and 750 mm,
where the origin of the LHCb coordinate system is represented by the nominal interaction point.
Each layer consists of two modules, each made of four sensors. A sensor is bump{bonded to
three VeloPix [63] ASICs (chips), as shown in the right part of Fig. 2.3. The two sides of the

Figure 2.3: (left) z � x schematic view of the VELO layers. The luminous region and the 2< � < 5
LHCb acceptance are also displayed. (right)y � x schematic view of a VELO layer with the ASICs
layout. Grey sensors are placed on the module upstream face whereas blue sensors on the downstream
face. Purple{highlighted modules are on the C side [59].

VELO, 26 modules each, are movable in order to be retracted from the beamline under all
conditions other than stable beams. Each half moves independently in the horizontal direction
from a � 29 mm retraction position from the beamline to +4 mm over{closure. VELO is based
on a hybrid silicon pixel detector technology, where the radius of the closest active pixel edge is
5.1 mm from the beamline. The core component of the VELO is the pixel tile that is composed
of a pixellated, planar silicon sensor and three pixellated ASIC chips. Each VeloPix ASIC is
bounded to the sensor and provides analog signal processing and digitization. Each ASIC has
an active matrix of 256� 256 pixels, each 55� m� 55� m in size, fabricated in TSMCTM 130 nm
CMOS process. When a pixel{hit is recorded, it is time{stamped, labeled with the pixel address,
and sent out from the ASIC, without the need for a trigger signal. In order to reduce the data
bandwidth out of the subdetector by a factor of approximately 30%, 2� 4 neighboring pixels are
grouped into SuperPixels (SP), avoiding duplication of the time stamp and address �eld. Four
serial links carry up to 20.48 Gbit/s of data out of the ASIC by means of a low power custom
serializer, named gigabit wireline transmitter (GWT) [64], that has been designed for the VELO
use case. The silicon sensors, together with cooling, powering, readout, and mechanical support,
are brought into a single unit, the VELO module. Figure 2.4 shows the main components of a
VELO module. The module has a double{sided structure, where two tiles are glued on each
face. Each VeloPix ASIC triplet is connected to the FE electronics that transmits control signals
2Track reconstruction e�ciency and impact parameter resolution are de�ned in Sect. 6.
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