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ABSTRACT

The High Luminosity (HL-LHC) upgrade to the Large Hadron Collider will oper-
ate at an increased instantaneous luminosity, up to seven times the design value,
in order to collect an integrated luminosity of 3,000 fb~! in the decade following
2025. Proton bunches at the HL-LHC will cross every 25ns, producing an average
of 140-200 pile-up proton-proton collisions per crossing. A new tracking detector
is under development for use by the CMS experiment at the HL-LHC. A crucial
requirement of this upgrade is to provide the ability to reconstruct charged parti-
cle tracks with transverse momentum above 2-3 GeV within 4 us to be used in the
Level-1 (L1) trigger decision.

This thesis presents one of the main proposals for the final L1 Track Finding
system, which exploits a fully time-multiplexed architecture based on high-speed
FPGA electronics. The developed track finding algorithm makes use of the Hough
Transform technique to identify track candidates, followed by a track fitting stage.
Several options for the track fitting task have been explored. One of the most
promising has been identified in the so-called Seed Filter plus Linear Regression
fitter. The chosen track finding algorithm is able to reconstruct efficiently tracks
from charged particles with a processing latency well below the assigned budget.

An hardware demonstrator has been built using existing CMS data processing
boards, known as MPy, and has proved the feasibility to perform track finding at
the HL-LHC within the assigned latency with good reconstruction efficiency.

The thesis explores also a possible use of the L1 tracks to identify primary ver-
tices at the L1 Trigger stage. Several clustering algorithms have been studied. The
Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm
has been found as the most promising option for a final application, showing good
performance and being feasible for a FPGA implementation.
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INTRODUCTION

1.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) [1] is the world’s most powerful particle acceler-
ator, designed to collide beams of protons and heavy ions in its 27 km long ring
of superconducting magnets at a centre-of-mass energy /s = 14 TeV with a peak
instantaneous luminosity of 103* em=2s~ 1.

Its design parameters represent an impressive improvement, seven-fold increase
in energy and a hundred-fold increase in instantaneous luminosity, with respect
to previous hadron collider experiments at the Tevatron [2]. The LHC is located
at CERN, 100m under the Swiss-French border, in the same tunnel that hosted
the Large Electron Positron collider (LEP) [3] until 2000. The LHC beams cross
each other at four collision points where four detectors are installed: the two gen-
eral purpose experiments ATLAS (A Toroidal LHC ApparatuS) [4] and cMS (Com-
pact Muon Solenoid) [5], and the two dedicated experiments LHCb (Large Hadron
Collider beauty) [6], investigating CP violation mechanisms in the B sector, and
ALICE (A Large Ion Collider Experiment) [7], which studies hot QCD phenomena
in heavy-ion collisions.

In order to reach the peak energy of 7 TeV, LHC beams are pre-accelerated in
several stages (Fig. 1.1). The proton beams are formed from hydrogen gas in Linac
2, where they are accelerated up to 50 MeV. Afterwards, they are injected into the
Proton Synchrotron Booster (PSB), where protons are boosted to 1.4 GeV. Then they
enter the Proton Synchrotron (PS), which accelerates them to 25 GeV and separates
the protons into bunches spaced in time by 25ns. Protons enter then the Super
Proton Synchrotron (sPs), where they reach an energy of 450 GeV, before being
finally transferred into the LHC.

For any particle physics experiment the available collision energy is the crucial
parameter for the production of interesting physical processes. Another important
variable certainly is the number of useful interactions (events), especially for rare

phenomena with small production cross sections. The rate of events per second
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Figure 1.1: The CERN accelerator complex. [8]

dR/dt depends not only on the production cross section but also on the instanta-
neous luminosity £, which represents the ability of a particle accelerator to pro-

duce the required number of interactions [9],

R
% =L-0. (1)

For Gaussian-distributed beams containing the same amount of protons per
bunch travelling almost at the speed of light, it is possible to write the following

equation,

ninp

(2)

L="feol 77—,
40,0y
where 1 ; are the number of protons contained into the two bunches, f .y is the
bunch frequency and oy are the beam sizes along the transverse axes.
LHC operation started on a lower energy of /s = 7TeV on the 30th March
2010, delivering a total of roughly 6fb~! of 7TeV collision data to the CMS and

ATLAS experiments at the end of 2011. In 2012 the beam energy has been increased
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to 4TeV for an integrated luminosity of around 20fb~'. After a long technical
shut-down (Long Shutdown 1), ended in May 2015, the LHC has reached a centre-
of-mass energy of /s = 13 TeV. At the end of 2016 the CMS experiment has been
able to record 45fb~! of 13TeV data (Fig. 1.2). The data taking is scheduled to
continue till the end of 2018, when another technical shut-down will occur (Long
Shutdown 2), in order to upgrade the LHC injectors and perform full maintenance

of all the equipment [10].
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Figure 1.2: Cumulative luminosity versus day delivered to CMS during stable beams and
for p-p collisions. This is shown for 2010 (green), 2011 (red), 2012 (blue), 2015
(purple) and 2016 (orange) data-taking. [11]

1.2 PHYSICS AT THE LHC

Thanks to its unique characteristics, the LHC is able to explore a vast programme
of physics studies. The main physics motivations for its construction were the
testing of the Standard Model (sM), with particular attention to the search for the
SM Higgs boson, and searching for Beyond the Standard Model (BSM) physics
hints [12].
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1.2.1  The Standard Model of Particle Physics

The Standard Model of Particle Physics is the theory that currently provides the
best description of particle interactions. The fundamental blocks of the theory are
the elementary particles, which can be divided into two main groups depending
on their spin. The fermions (half-integer spin particles) are the main constituents of
matter and interact with each other by means of bosons (integer spin), which are
the mediators of the fundamental forces.

The sM takes into consideration only three of the four fundamental interactions,
not being able to give a qualitative description of gravity, because of its extreme
weakness with respect to the other forces and because of the lack of a valid quan-
tum theory for general relativity. The three forces described by the Standard Model

are:

¢ the electromagnetic interactions, which act on particles with a non-zero electric

charge or with magnetic moments, that move in electromagnetic fields;

* the weak force, acting on all particles and characterised by a very low magni-

tude at low energy scales;

* the strong force, which bind the nuclear matter together in the nuclei and is

relevant only over a very short distance (d < 1fm).

Each fundamental interaction is represented by charge quantum numbers, and
described via the mediation of virtual particles, called gauge bosons, which are the
quanta of the force fields. Fermions are usually subdivided into two categories: the
quarks and the leptons. The quarks are the elementary blocks of nuclear matter
and are the only particles in the model to be sensitive to the strong force, while
the leptons undergo only the electromagnetic and the weak interactions, depend-
ing on their charge. Fermions are also arranged in three generations of matter,
where the particles from the first generation form ordinary matter. Figure 1.3 lists
the elementary particles that compose the Standard Model, outlining the three
generations of matter and grouping together leptons, quarks and bosons.

Formally the Standard Model (SM) is a quantum field theory, resulting from the
combinations of three previous models: the Quantum Electrodynamics (QED), the

Quantum Flavourdynamics (QFD) and the Quantum Chromodynamics (QCD).
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Figure 1.3: The Standard Model (sM) of Elementary Particles. Sourced from [13].

QUANTUM ELECTRODYNAMICS. Quantum Electrodynamics (QED) was the first
to be historically developed, thanks to the independent work performed by S.
Tomonaga (1946), R. Feynman (1950) and J. Schwinger (1948). [14-16]. The mathe-
matical formulation of QED is the one of an Abelian gauge theory, with the simple
unitary group U(T). The quantum of the theory is the photon (y), which is a mass-

less boson exchanged in the interactions between electrically charged particles.

WEAK INTERACTIONS.  Weak interactions have at low energies the smallest
scattering and decay amplitude between the forces described in the sM. The first
attempt to describe the weak interactions was made by E. Fermi in 1934 [17], when
the Italian physicist tried to create a mathematical formulation of the nuclear {3 de-
cays. He hypothesised a point-like interaction, without the exchange of a mediator
particle. This is indeed valid at low energies, but not at a higher scale where such
a model leads to a divergence in the cross-section (o o G%Ez) and, therefore, to an
interaction probability larger than 1.

Hence a better description of the theory involves a non-contact force, mediated

by vector bosons, two electrically charged, the W' and the W~ with a mass of
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~ 80GeV, and the neutral Z° boson (mz ~ 90GeV). The existence of these new
bosons was verified at the CERN Super Proton-Antiproton Synchrotron (SPPs) in
1983 by the experiments UA(1) and UA(2) [18, 19]. The weak interactions have
some unique characteristics, being the only ones that can change the quark flavours.
Also, it is the only interaction that can give rise to violations of the parity P [20]
and the charge-parity CP symmetries [21].

The theory of weak interactions was combined with QED in the so-called Elec-
troweak theory by S. Glashow, S. Weinberg and A. Salam in 1980 [22—24]. Here the
electromagnetic and the weak forces are treated as two different aspects of the
same force, that merge into a single electroweak force once above a critical uni-
fication energy of about 246 GeV. This theory is described mathematically by the
fundamental representation of the gauge groups SU(2) ® U(1).

The presence of massive bosons is an issue for the theory since the gauge invari-
ance of the Lagrangian requires the mediators to be massless. Also, the fermions
in the theory are assumed to have zero mass. These issues are solved thanks to the
work of Brout, Englert and Higgs in the 60’s [25, 26], paved the way for the under-
standing of the spontaneous symmetry breaking that allows electroweak theory
to be compatible with the observed particle content of the SM. In this way the La-
grangian stays invariant under gauge transformations, while its ground state, i.e.
the physical vacuum, does not, resulting in a degeneracy that induces scalar fields
with non-zero vacuum expectation values [27].

The spontaneous symmetry breaking is obtained by the introduction of a po-
tential density V(@) of a scalar complex field ®@. Three of the real components of
this field are transformed into the longitudinal components of W+ and Z°, giv-
ing them masses, while the fourth component, the photon, remain massless. The
remaining component of @ gives rise to the scalar neutral boson, known as the
Higgs boson, whose mass is non-zero and it is not predicted by the theory. On the
other hand, it is possible to calculate with precision the production cross sections
and decay branching fractions of the Higgs boson, once its mass is known (Figure
1.4). The Higgs scalar is also responsible for the fermion masses, which emerge

through Yukawa couplings.

QUANTUM CHROMODYNAMICS. Quantum Chromodynamics is the quantum
field theory describing the strong interactions [29]. QCD is an exact symmetry un-

der transformation of the gauge group SU(3), meaning that the colour charge is
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Figure 1.4: (a) Standard Model Higgs boson production total cross sections at /s =7, 8
and 14 TeV. (b) Standard Model Higgs boson decay branching ratios. [28]

always conserved. The group has two fundamental representations, 3 and 3, with
three different colours and anti-colours (R, G, B and R, G, B). By convention, quarks
have a colour charge while anti-quarks have an anti-colour charge. The mediators
of the strong interactions are the gluons, which are spin-1 bosons and carry colour
charge. The hadrons are a bound state of coloured quarks and anti-quarks. They
are typically divided into two categories: the baryons, formed by three quarks or
three anti-quarks, and the mesons, composite states of a quark and an anti-quark.
All hadrons must be colourless, meaning that the colour charges of the quarks must
form a neutral combination. This is due to the confinement property of QCD, which
states that only colourless particles can be directly observed, hence no free quark
can be detected. Another main characteristic of QCD is the so-called asymptotic
freedom, which happens at very high energies, where the QCD coupling strength
become small enough that quarks will interacts weakly, allowing perturbative cal-

culations [30].

1.2.2 LHC results

Experimental proof of the electroweak symmetry breaking mechanism has been
a major issue in particle physics for many years, being a fundamental part of the
Standard Model theory. Therefore, a main goal of the ATLAS and CMS collabora-

tions has been the search for the Higgs boson. Eventually in 2012, after almost two
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years of LHC operations, the two collaborations independently announced the dis-
covery of a new particle with a mass of approximately 125 GeV with characteristics
compatible with the Higgs boson [31, 32].

A combined analysis [33], using LHC Run 1 data from both experiments on the
H — vy and H - ZZ — 41 decay channels, was published in 2015. The combined
mass measurement is my = 125.09 + 0.21(stat.) = 0.11(syst.) GeV (Figure 1.5).

Another important test of the SM has been conducted by looking at the very
rare beauty decay BY — pp. Within the SM, this channel must have a very small
branching ratio, occurring just four times for every billion BS produced. For this
reason, any observed difference in the branching fraction with respect to standard
model expectations would constitute an evidence of BSM effects. This decay was
observed for the first time by the LHCb collaboration in 2012 [34] and later by CMs
[35]. The measured branching ratios are in agreement with the standard model

expectations, within the current uncertainties.

ATLAS and CMS ——iTotal Stat == Syst

LHC Run 1 Total  Stat Syst
ATLAS H-yy | pam— | 126.02 £ 0.51 (£ 0.43 + 0.27) GeV
CMS H—yy == 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ 41 | — m— 124.51+ 0.52 (+ 0.52 £ 0.04) GeV
CMS H—ZZ—4l —=— 125.59 £ 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS yy —— 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 41 I—I‘E—| 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l @4 125.09 £ 0.24 ( £0.21 £ 0.11) GeV
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Figure 1.5: Summary of Higgs boson mass measurements from the individual analyses of
ATLAS and CMS and from the combined analysis. [33]

1.2.3 Open questions in high-energy physics

Despite describing with extreme precision a large amount of experimental data,
the Standard Model does not provide the answer to all the open questions in
particle physics. In fact, it is a common belief that the SM is nothing but a low
energy effective theory. A short list of issues that have not been addressed by the
SM include:
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* What is the nature of the dark matter that populates the universe? From
cosmological observations [36] we know that the SM describes only a small
fraction of the matter in the universe (~ 20%), while the rest should be con-
stituted by a different kind of matter that interacts weakly with sM fields.

* Why is the Higgs boson so much lighter than the Planck mass (hierarchy

problem)?

* How do the neutrinos get their masses? Neutrino oscillation experiments
have shown that neutrinos indeed have masses [37], which are not predicted
by the SM. Adding neutrino mass terms to the model would introduce a

series of theoretical problems, i.e. why is there no right-handed neutrino?

* Why is anti-matter mostly absent in the universe (matter-antimatter asymme-
try)? The Standard Model predicts that matter and anti-matter should have
almost the same density in the universe. However cosmological observations

clearly show that antimatter is nearly absent [38, 39].

Some of these problems are so lved by means of new models known as physics
Beyond the Standard Model (BsM). One of the most popular is the SuperSymmetry
(susy) model, which hypotheses that each sM particle has a super-symmetrical
partner particle, called sparticle. ATLAS and CMS are both working on direct searches,
thus trying to observe the decay of a BSM particle, for new physics and have been

already able to place some important limits on several BSM models [40, 41].

1.3 THE HIGH LUMINOSITY LHC UPGRADE

In 2024 physics operations at the LHC will be stopped in order to perform a major
upgrade. CERN decided to upgrade the accelerator in order to bring the instan-

251 five times the nominal design

taneous luminosity to a level of 5 x 1034 cm™
value for the LHC [42]. The enhanced collider, formally called the High Luminosity
Large Hadron Collider (HL-LHC), will be expected to run for about a decade from
2025, collecting 14 TeV collision data for a total integrated luminosity of 3,000 fb~!.

This upgrade will be necessary in order to achieve the required statistics to
maintain scientific progress. In fact, to achieve a reduction of a factor of two of the

statistical errors for the measurements, the LHC would have to run for more than
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Figure 1.6: Projected LHC performance through 2038, showing preliminary dates for long
shut-downs (LS) of the LHC and projected luminosities. Sourced from [42].

ten years from 2020. The same factor can be obtained at the HL-LHC in less than
two years (Fig. 1.6).

The HL-LHC installation will take place during the Long Shutdown 3 (2023-
2025), in order to minimize the machine downtime (Fig. 1.7), with some modifica-
tions planned already for the Long Shutdown 2 (2019-2020). In fact, already after
LS2, LHC is expected to reach a peak luminosity of 2 x 103* cm~2s~', delivering
an integrated luminosity of over 300fb~! by 2023. During LS3 the quadrupole
magnets that focus the beams at the ATLAS and CMS collision regions will be re-
placed with new low-f3 quadrupole triplet. Also, the overlap of the proton bunches
will be enhanced by adding crab-cavities at the interaction region. Thanks to these
changes, the HL — LHC will be able to deliver up to 250fb~" of collision data per

year for more than 10 years of operation.
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Figure 1.7: LHC/HL-LHC time-scale. [43]
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1.3.1 HL-LHC Physics Motivations

Thanks to the increased luminosity, the HL-LHC will be an excellent Higgs factory.
It will allow a drastic improvement of the precision of the measurements of the
Higgs boson couplings and the search for rare SM and BsSM decay channels. Figure
1.8 compares the predicted uncertainties on the Higgs couplings at the beginning
and at the end of the HL-LHC data taking period. An improvement about a of
factor three is expected to be reached for most measurements. Eventually, it will
be also possible to observe for the first time di-Higgs production events, which
have a very small cross-section (40 fb) and will provide a better understanding of

the Higgs boson self-coupling mechanism [44, 45].

CMS Projection CMS Projection
L B e e e e e I s s e L B e e B e L s s ey
Expected uncertainties on 1 300" at fs = 14 TeV Scenario 1 Expected uncertainties on 1 3000 " at {5= 14 TeV Scenario 1
Higgs boson couplings 1 300" at f5 = 14 TeV Scenario 2 Higgs boson couplings — 3000 o' at f5= 14 TeV Scenario 2
—— ——
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Figure 1.8: Estimated precision of the coupling measurements for a SM-like Higgs boson.
The projections assume a centre-of-mass energy of 14 TeV and a data-set with
integrated luminosity of 300 (a) and 3,000 fb~" (b). Scenario 1 assumes that
the systematic uncertainties are as today, Scenario 2 that the experimental un-
certainties scale as 1/+v/L and the theoretical uncertainties halved [46].

Another crucial study will be the search for new particles at the TeV scale, which
have not been observed yet at the LHC. This might be due to the fact that those
particles have either masses above the current level of sensitivity or their produc-
tion cross sections are lower than expected. The increased luminosity of the HL-LHC
will improve the sensitivity for searches of new particles. Figure 1.9 shows the new
mass scales that the 3,000fb~! integrated luminosity will allow the experiments
to reach, for some selected SUSY channels.

Other exotica studies will benefit from the increased luminosity. Searches for

new heavy gauge bosons with SM couplings will be extended to a mass scale of

11
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6 TeV or more. Also other analyses, like searches for extra dimensions, composite-
ness and leptoquarks, will see their mass range extended by a few TeV.

Another crucial priority of the HL-LHC physics programme will be the search
for evidence of dark matter. This will be done by making use of methods that have
been developed during the LHC years, which typically exploit mono-object signa-
tures. An intriguing possibility will also be constituted by novel studies, looking
for events where an Higgs boson has been produced in association with a dark
matter particle. An increase in integrated luminosity is essential for these studies,
because of the small cross sections of their signals.

In addition to searches for new physics, the HL-LHC will improve the precision
of many fundamental SM measurements, like the parton distribution functions
(PDFs) and inclusive, differential, and double-differential cross sections of events

with jets, photons, W and Z bosons, and top quarks.

-—_—
[~ Summary of CMS SUSY Projections with SMS
|~ Preliminary i P
L I 5o discovery: 14 TeV, 3000 b
. o = [ so discovery: 14 Tev, 300 fb"
Xk, = WZHX, - [ ] 5% CLlimits: 8 Tev |
PSS S— *
XIXZ XIXI [ —]
i~ 00 ]
% 7, - L
pou ~0_0 ]
% — G007, I
PR (SN S S NN SN S SO S N S ST SR S N S S
500 1000 1500 2000 2500
Probe *up to* the quoted mass Mass scales [GeV]

Figure 1.9: Mass reach of searches for super-symmetry based on simplified models [17].

1.3.2  Detector Challenges at the HL-LHC

During 1S3, all four collaborations will upgrade their detectors in order to cope
with the challenges introduced by the new HL-LHC environment [46, 48-50]. In
particular, ATLAS and CMS will have to face a considerable increase in the radi-
ation dose levels, which could lead to detector damage. Another important chal-
lenge will be the increased number of overlapping proton-proton per BX (‘pile-up’)

caused by the high instantaneous luminosity.
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1.3.2.1 Radiation damage

In the process of the detector design, ATLAS and CMS will have to consider the
effects of ionising and non-ionising radiation produced by pp collisions at the
HL-LHC. Indeed the annual radiation dose that will be delivered to the experiments
is expected to be comparable in magnitude with the total dose delivered from the

start of the LHC programme to the start of Long Shutdown (LS)3.
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Figure 1.10: Map of the expected particle fluence in the upgraded CMS tracker detector, to
an integrated luminosity of 3, 000 b7, expressed in terms of 1 MeV neutron
equivalent fluency [46].

The main source of radiation at the HL-LHC will be constituted by charged
particles, typically pions, produced in the collisions. The mean rate of energy loss
by ionisation for a mid-relativistic (0.1 < By < 1,000) charged particle is described
by the well-known Bethe-Bloch formula [51],

8(By)
*BZ*T , (3)

< dE > el [1 L 2mee?B2Y 2 Wonax
dx AB2 |2 I2
where K is a constant, z the charge number of incident particle, Z and A the atomic
number and mass of the absorber material, § is the relativistic velocity, y the
relativistic Lorentz factor and Wy, qx the maximum energy that can be transferred
to an electron in a single collision.
Radiation produces different damage depending on the type of detector. The
main degradation can be observed in the silicon detectors, since they are usually
the closest to the interaction point (Fig. 1.10). Defects can be created in the silicon

lattice leading to an increasing leakage currents. The charge collection efficiency
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decreases while the full depletion voltage' increases, making the detector less sen-

sitive to a crossing ionising particle, hence producing a lower signal [52].
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Figure 1.11: Mean energy loss rate in different material for protons, muons and pions as a
function of the particle momentum [51].

1.3.2.2 High pile-up

At full operation the HL-LHC will collide bunches of protons every 25ns with

25—1 . A collision between two

a peak instantaneous luminosity of 5 x 1034 cm™
bunches at the LHC is called a Bunch Crossing (BX). In high-luminosity conditions
the average number of pp pile-up interactions will spread between 140 and 200.
Most of these will be soft collisions, thus not carrying enough transverse momen-
tum to be useful in high-energy physics studies. Only a very small percentage of
events can be classified as hard interactions, which contain high transverse momen-

tum (pT) particles.

1 The depletion voltage is the minimum voltage at which the bulk of the sensor is fully depleted
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Figure 1.12: High pile-up event recorded at CMS during the high pile-up fill of Run 2 at
center-of-mass energy of 13 TeV [53].

Even if soft interactions usually do not carry high py particles, sometimes they
contain some tracks and energy that superimposed on the actual hard collision.
This can lead to misinterpretation in the event selection and reconstruction. More-
over, the increased number of particles produced per BX at the HL-LHC will result
in a growth in the amount of data that will have to be processed by the online

trigger system and read out for offline analysis.

1.4 THE CMS EXPERIMENT

The Compact Muon Solenoid (CMS) [5] is a general-purpose detector located at the
LHC Point 5, 100 m underground close to the French town of Cessy. The detector
has been built around one of the four LHC collision points. It has a cylindrical
symmetry around the beam axis, with a central part (barrel) closed at both ends by
two disks (endcaps). A schematic view of the detector can be seen in Figure 1.13.
Figure 1.14 shows a slice of the detector in the barrel region. Starting from the
interaction point it is possible to list all the different sub-detectors that compose

the experiment.

¢ The Silicon Tracker is the closest sub-detector to the interaction points. Made
of silicon sensors, it is designed to find the primary and secondary vertices in
the collisions and to give precision measurements of the particle transverse

momenta.

¢ The Electromagnetic Calorimeter is composed of scintillating PbWO4 crys-

tals and it is used to measure the energy deposited by electrons and photons.
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Figure 1.13: Schematic view of the CMS detector. [54]

¢ The Hadron Calorimeter records the energy deposited by hadronic particles

in the event.

* The Superconducting Solenoid magnet generates an almost uniform mag-
netic field of 3.8 T along the beam axis, allowing the measurements of the

particle momenta in the Silicon Tracker.

¢ The Muon Chambers, located at the edge of the detector, are needed to

identify muons and measure their momenta.

1.4.1 Coordinate system

The CMS coordinate system has its centre at the interaction point. The z axis
follows the beamline, the x axis points toward the centre of LHC ring, while the
vertical y axis points upward.

The cylindrical geometry of CMS makes natural to use polar coordinates:
e 1= /x2+y? is the transverse distance from the beam axis z,
* ¢ = cot(x/y) is the azimuthal angle in the range [, +m],

* O = cot(r/z) is the polar angle measured from the z axis in the range [0, +].
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Figure 1.14: Transverse slice of CMS detector in the barrel region. The signatures left by
the different particles in the sub-detectors are also shown.

Typically in high energy physics experiments it is more convenient to use the

pseudorapidity variable 1 instead of the polar angle 6,

n = —Inftan(8/2)]. (4)

The pseudorapidity could be rewritten in terms of momentum

1 pl +pz>
=-In|{ ——,
(o ®)
where p is the particle three-momentum and p, is the projection on the z axis. By

this equation it is easy to see that pseudorapidity coincides with rapidity y when

the momentum is large, that is when [p| ~ E,

1 E+Pz> 1 <|p|+pz>
=-In ~<In( ) = 6
Y72 (E—pz 2" \Upl=p.) " ©)

The rapidity and the pseudorapidity are very useful variables in particle physics

and their are often used in place of the polar angle 0. This is because the particle

production is more or less constant with respect to the rapidity, and especially
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because differences in rapidity Ay (or pseudorapidity An) are Lorentz invariant
under boosts along the longitudinal axis. This is fundamental in hadron collisions,
where the longitudinal momentum carried by the colliding partons is unknown.

Other useful variables to be defined are the transverse momentum of a particle,

pT = Ipl-sind, (7)

and the beam spot length, which is the luminous region around the coordinates
origin where the proton bunches collide. The Gaussian widths of this region are

15cm in z, 16 um in x and 100 um in y.

1.4.2 The Silicon Tracker

To meet the various physics requirements CMS has to be able to find the trajec-
tories of charged particles emerging from the collision and to reconstruct all the
secondary vertices from particle decays with extreme precision. Those tasks are
addressed by the Silicon Tracker system [55].

The tracker is the innermost sub-detector of the experiment, surrounding the
beam pipe, with an area of 2.5 x 5.8 m in the -z plane. On average at the LHC
around 20 pile-up collisions take place at the same time, producing ~ 1,000 parti-
cles per bunch crossing (every 25ns). These parameters require the tracker to have
high granularity and fast response electronics. Unfortunately, this implies a high
power density to supply the on-detector electronics, which in turn needs an effi-
cient cooling system. Those requirements are in contrast with the need for a low
material mass detector, in order to reduce the effect of particle energy loss due to
interactions with matter.

The CMS silicon tracker has been thus built as a compromise for the different
necessities. The designed system has a total sensitive area of around 200 m?, mak-
ing it the largest silicon tracker ever constructed. Two different silicon module
technologies have been adopted. The innermost part of the tracker is formed by
pixel sensors distributed along three layers in the barrel (4.4 cm < r < 10.2cm) and
two disks in the endcaps. The region up to a radius of 1.1m is covered by silicon
microstrip sensors arranged in 10 layers in the barrel and 3+9 disks in the endcaps.

In total the whole tracker constitutes 1440 pixel and 15,148 micro-strip modules.
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1.4.2.1  Tracker layout

Figure 1.15 shows a schematic cross-section of the CMS tracker in the r-z plane.
Since the average hit rate density in the silicon tracker area spreads from 1 MHz/mm?
in the innermost pixel barrel layer to 3kHz/mm? in the outermost micro-strip bar-
rel layer, the detector requires a high granularity in order to keep the occupancy
below 1% per sensor per BX. This low occupancy is needed to resolve the high
track density, with an average of 1,000 tracks being produced at each LHC colli-

sion. This is achieved by adopting different kinds of silicon modules.
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Figure 1.15: Layout of the CMS silicon tracker. Each line represents a silicon module with
double lines indicating back-to-back modules which deliver stereo hits. [5]

PIXEL DETECTOR. The innermost detector is built using pixellated silicon sen-
sors with a size of 100 x 150 um? per pixel, segmented in the r-® plane and along
the z axis, which leads to an average occupancy per sensor per BX of around 10~
The excellent track resolution on both planes is required for an optimal 3D vertex
reconstruction, essential for secondary vertices with low track multiplicities.

The pixel detector constitutes three layers in the barrel (BPix) and two endcap
disks (FPix), covering the pseudorapidity range | < 2.5. The BPix layers are lo-
cated in radius of 4.4, 7.3 and 10.2cm and are 53 cm long in z. The two FPix disks
are located at z = +34.5 and z = £46.5cm and have a length of 6 and 15cm in
radius.

Since the pixel detector is the closest to the interaction point, it is the system

most subject to the radiation damage. For this reason, the CMS collaboration de-
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cided to replace the system in the end-of-year shut-down during winter 2016/2017
[56].

Upgrade BPix FPix ;
o el to is o Outer rings
16.0cm

10.9cm
6.8cm
2.9cm

n=2.5
| Innerrings

4.4cm
7.3cm
10.2cm

Current
n=0 n=0.5 n=1.0 n=1.5

Figure 1.16: Comparison of geometrical layouts of the old (bottom) and upgraded (top)
CMS pixel detectors [56].

Figure 1.16 shows a comparison between the old and the upgraded pixel detec-
tor. The new system is now composed of four barrel layers, located at radii of 2.9,
6.8,10.9,16.0 cm, and three endcap disks at a distance from the interaction point of
29.1,39.6 and 51.6 cm. The total number of pixels increases from 66 million to 124
million, while at the same time the material budget is reduced. The installation
of the new innermost barrel layer has been possible thanks to replacement of the
beampipe in 2014, which has a smaller diameter of 45 mm.

Both primary vertex resolution and b-tagging efficiency have improved thanks
to the new layer closer to the interaction point (Figure 1.17). Moreover the addi-
tional tracking station reduces the combinatorics in track reconstruction, enhanc-

ing the overall tracking performance.

MICRO-STRIP DETECTOR. The region between 20 and 110cm is covered by
micro-strip silicon sensors. The detector is composed of three different subsystems.

The Tracker Inner Barrel and Disks (TIB/TID) system occupy the area in the
region 20 < r < 55cm, |z| < 118cm and are composed of four barrel layers and
three disks. Different strip pitches have been adopted for each layer/disk. TIB1-2
have a pitch size of 80 um, resulting in a single point resolution of 23 um on the
r-@ plane. TIB3-4 uses modules with pitch size of 120 um, for an r-@ single point
resolution of 35 um. In the TID the strip pitch sizes spread from 100 um to 1471 um.



1.4 THE CMS EXPERIMENT

-

N\

2E34 cm?s™ (50

2

-
e

A\t
\

o Transverse Resolution [um]
-

i
.
.
3

R
-

»

=

[

° [
[

[

[

C)

=

)

-
5
%

c/light Jet Efficiency

N\

—.—
3

; o

T T T 1T

+ c-jet: Upgrade Detector

%%gq&:%

H o light jet: Current Détector
« light jet: Upgrade Detector
a c-jet: Current Detegtor
M |

[
e o

Ratio  Longitudinal Resolution [um]
n
ue
[l
n
.
.
e
e
e
(T
=
[
e

e

/ <

@

T

G WY T b b b b e g Py
01 02 03 04 05 06 07 08 09 1
o s T b Jet Efficiency

LIS Ty 10

Figure 1.17: (a) Transverse and longitudinal primary vertex resolution as a function of the
track multiplicity in the vertex for the old (black) and upgraded (red) pixel
detector. (b) b-tagging performance for jets with pt > 30 GeV using the old
(open points) and the upgraded pixel detector (solid points). These studies
have been conducted using top pair production events with an average pileup
of 100. [57]

The region 55 < r < 116 cm, |z| < 118 cm is called Tracker Outer Barrel (TOB) and
it is subdivided in six barrel layers. The first four at a smaller radii adopt sensors
with a pitch size of 183 um, while for the outermost layers it is 122 um, leading to
single point resolutions of 53 um and 35 um on the r-® plane respectively.

Finally the endcap area between 22.5 < r < 113.5cm, 124 < [z] < 282cm is
occupied by the Tracker EndCaps (TEC). These are composed of 18 disks in total,
9 per each endcap, which in turn are formed by up to 7 rings per disk. Again
different pitch sizes has been used, from 97 um to 184 um.

The micro-strip modules of the tracker also have different thickness, depending
on their radial position. This difference in thickness arises from the different levels
of radiation fluence that the sensors undergo. Two kinds of radiation damage
can occur: bulk effects, caused by the displacement of silicon atoms in the lattice,
and surface effects, mainly due to charge trapping at the interface between silicon

and oxide. Bulk damage translates into an increase of leakage current, a variation

of depletion voltage (sensor type inversion) and a decrease of charge collection.

Surface effects mainly cause an increase of the inter-strip capacitance and hence
higher noise [58].

The use of a low resistivity material in the region of highest radiation fluence
(innermost) offers advantages in terms of depletion voltage. For this reason up

to a radius of 55cm, thin sensors of 320 um thickness have been adopted, with
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substrate resistance of p = 1.55-3.25k( cm. On the other hand, at larger radii, sen-
sors of 500 pm thickness and higher resistivity (p = 4-8 k() cm) could be adopted,
because of the lower radiation level. The increased thickness is necessary in order
to increase the signal to compensate for the increased noise caused by the larger

strips (load capacitance) [59].

1.4.3 Superconducting magnet

A large magnetic field is required in CMS, in order to perform precise measure-
ment of high energy particle momenta. This is provided by a large superconduct-
ing solenoid magnet [60], 6.3 m cold bore, 12.5m length and 220 tons mass, which
is installed in the centre of the apparatus. It produces an almost uniform 3.8 T
magnetic field in the inner region, containing the tracker and calorimeters.

The magnet conductor is a Rutherford-type NiTi (niobium-titanium) cable co-
extruded with pure aluminium. It generates the field with a unique four layer

winding system and stores at full current a total energy of 2.6 GJ.

1.4.4 Electromagnetic calorimeter

The discovery of the Higgs boson through the ‘golden channel’ H — yy would
not have been possible without an excellent electromagnetic calorimeter. The CMS
Electromagnetic Calorimeter (ECAL) [61] was designed to have very good energy
resolution and fine granularity, which allows the separation of two photons and,
as a result, to suppress the background constituted by n° — yy decays.

The ECAL is a compact hermetic homogeneous (non-sampling) calorimeter and
it is composed of lead tungstate (PbWO,) crystals, 61200 installed in the central
barrel and closed by 7324 other crystals in each of the two endcaps. PbWO,4 has
been a perfect choice for operation at the LHC, because of its perfect characteristics.
Its high density (p = 8.28 g/cm?), short radiation length (Xo = 0.89 cm) and small
Moliere radius (Ry = 2.2 cm) are ideal for the construction of a compact and high-
granularity calorimeter. In addition, it shows also a good radiation hardness and
it has a fast scintillation decay time, with about 80% of the light emitted in 25ns.

The scintillation light is emitted in the blue-green wavelengths (420-430nm)

with a relatively low light yield (~ 30 photons per MeV). The light is then collected
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Figure 1.18: Longitudinal section (top) and 3D view of the CMS electromagnetic calorime-
ter (bottom). [5]
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by Avalanche Photodiodes (aPDs) in the barrel and by Vacuum Phototriodes (vPTs)
in the endcaps.

The ECAL is divided into two part: the ECAL Barrel (EB) and ECAL Endcap (EE),
as shown in figure 1.18. The 61200 crystals of the EB are arranged in order to have
360-fold divisions in ¢ and 2 x 85-fold divisions in 1, covering the pseudorapidity
region up to | < 1.479. Crystals are have a truncated pyramid shape, 230 mm
long (25.8 Xo) with a with a cross-section of 22 x 22mm? at the front face and
26 x 26 mm? at the rear face, for a resulting granularity equal to 0.0174 x 0.0174 in
n-¢. The remaining pseudorapidity region up to |eta| < 3.0 is covered by the EEs.
Each endcap is sub-divided in two halves, called Dees and made of 3662 crystals.
The crystals in the endcaps are arranged in a x-y grid and have all the same
shape, with a front face cross section 28.62 x 28.62 mm?, a rear face cross section
30 x 30mm? and a length of 220 mm, which corresponds to 24.7 Xo.

In front of the EE calorimeter, it is located a pre-shower sampling calorimeter,
which has the role to separate neutral pion from the photon showers. It covers the
fiducial region 1.653 < | < 2.6 and it is made by two alternate layers of lead and
silicon strip detectors for a total thickness of 20 cm (3 Xo).

The ECAL energy resolution is parametrised with the following formula, valid

up to energies of 500 GeV,

2
)= (7e) +(F) +e
—_— | = —— + | — +c 7 8
( E <\@ > E (8)
where a is a stochastic term including the statistical fluctuations of the shower
containment and photostatistics contributions; on represents the noise term due

to electronic noise and pileup energy and c is a constant term, which includes

effects like intercalibration errors or energy loss from the back side of the crystals.

1.4.5 Hadron calorimeter

Behind the ECAL sits the CMS HCAL[62]. The main goal of this scintillating sam-
pling calorimeter is to detect and measure the energy of strongly interacting parti-
cles. It is composed of alternating layers of absorber and scintillating materials and
it is subdivided into four parts: the Hadron barrel (HB), the Hadron endcap (HE),
the HO and the Hadron forward (HF) (figure 1.19).
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The HCAL is constrained by the inner extent of the magnet, which limits the total
amount of material that can be used to absorb the hadronic showers in the barrel
region. For this reason, the HO has been installed outside the solenoid magnet, in
order to detect the tails of the shower. The HF covers instead the very high-rapidity
region up to n| ~ 5.2.

The HCAL energy resolution has been measured using charged pion in the en-

ergy range 5-300 GeV and is approximately equals to:

or  84.7%[GeV'/?]
?E = G +7.4%. (9)
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Figure 1.19: Longitudinal view of the CMS detector, highlighting the locations of the HCAL
sub-detectors. [5]

1.4.5.1 Barrel design (HB)

The sampling calorimeter HB covers the barrel region up to m| < 1.3. It is divided
into two half barrel section (HB+ and HB-), each of them made of 36 identical az-
imuthal wedges. Each wedge is in turn segmented into four ¢ sectors. The plastic
scintillator is also segmented in a n-¢ grid, with a granularity of 0.087 x 0.087,
five times larger than the ECAL. It is made of about 70,000 tiles of active medium,
which are connected to wavelength shifting fibres that collect the emitted light.

The absorber consists of 16 steel plates for a total absorber thickness of 5.82 inter-
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action lengths (A1). The ECAL crystals in front of the HB add an additional 1.1A1 of

material.

1.4.5.2 Endcap design (HE)

The HE sampling calorimeter covers the pseudorapidity range 1.3 < n < 3, that
contains around 34% of the particles produced in the final state. The absorber ma-
terial of the HE is made from a non-magnetic material (C26000 cartridge brass),
since the calorimeter is situated at ends of the solenoid. The calorimeter structure
alternates 79 mm-thick brass plates with 9mm gaps to accommodate the scintilla-
tors, for a total length of about 10 A1. The n-¢ granularity of the calorimeter varies
with 1: 0.087 x 0.087 for | < 1.6 and 0.175 x 0.175 for In| < 1.6..

1.4.5.3 Outer design (HO)

Because of the physical constraint constituted by the magnet, it is not possible
to contain all the hadronic showers in the HB. For this reason, the HO sampling
calorimeter has been installed between the solenoid and the muon chambers, cov-
ering the same pseudorapidity region as the HB.

The HB is placed at the first sensitive layers in each of five iron yoke rings
(2.536m wide), necessary to return the magnetic field outside the vacuum tank
of the solenoid (figure 1.20). The central ring (n = 0) has two layers of HO (at
radial distances of 3.82m and 4.07m, respectively) divided by a 19.5 cm thick
piece of iron (the tail catcher iron), because here of the minimal absorber depth in
this region. Only a single scintillator layer, placed at a radial distance of 4.07 m is
needed in the other rings. Eventually, the minimal length of the calorimeter system
is extended to 11.8 A1.

1.4.5.4 Forward design (HF)

To detect hadron showers in the very high pseudorapidity region (3 < n < 5.2),
CMS exploits the HF calorimeter. Placed outside the muon chambers, it has to
survive the highest particle flux. The average deposited energy is in fact 760 GeV
per pp interaction, compared to only 100 GeV in the rest of the detector. Hence this
sampling calorimeter adopts radiation-hard quartz fibres as active material. The

emitted signal, in this case, is the Cherenkov light produced by charged shower
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Figure 1.20: Longitudinal and transverse views of the CMS detectors, highlighting the
position of the magnet iron ring and the HO layers. [5]

particles above the Cherenkov threshold (E > 140KkEV for electrons), which makes
the calorimeter sensitive only to the electromagnetic component of the showers.
The HF has a cylindrical structure with an external radius of 130cm, where the
absorber is made of steel and has a total thickness of 1.65m. It has a granularity
in n-¢ equal to 0.175 x 0.175. Because the HF provides good precision for energy
measurements in the forward region, it has been used for the CMS luminosity

measurements.

1.4.6  Muon system

Another golden channel in the search for the SM Higgs boson is the decay into ZZ
or ZZ*, which in turn decay into four leptons [63]. The best scenario is constituted
by the case in which all the four leptons are muons since they are easily detectable
and provide the best mass resolution. Therefore it is essential for CMS to be able to
identify precisely the generated muons in the collisions. This task is accomplished
by the CMS muon system [64] that, in addition to the muon identification, must
also provide stand-alone measurements of muon momenta. This is allowed by the
flux-return yoke of the solenoid magnet. The muon system is also used in the L1
trigger system.

The muon system covers the entire kinematic range of CMS, for a total detector
area of about 25,000 m?. The CMS collaboration decided to use gaseous detectors
to build the muon system since they are inexpensive, reliable and robust. Three

kinds of detectors have been installed in the final system.
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DRIFT TUBE CHAMBERS  In the barrel region (In| < 1.2) the system adopts DT
chambers with standard rectangular drift cells. They are arranged in four stations
(MB) among the layers of the flux return plates (YB) (Figure 1.21). The first four
stations consist of eight chambers to measure the position in the bending plane
r-¢ and four chambers to measure the position z along the beam line. The fourth

station provides only a measurement in the r-¢ plane.

CATHODE STRIP CHAMBERS  The muon system in the endcap regions suffers
from higher muon and background rates, together with a larger and non-uniform
magnetic field. Here CMS uses Cathode Strip Chambers (CSCs), which have a fast
response time, fine segmentation and are radiation resistant. They provide muon
identification for the pseudorapidity region 0.9 < [n| < 2.4 and are arranged in four
stations, each of them made by four CSCs, which measure precisely the position on

the r-¢ plane.
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Figure 1.21: Transverse view of the CMS detector, showing the layout of the CMS barrel
muon DT chamber stations (MB). [5]
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RESISTIVE PLATE CHAMBERS  In the pseudorapidity region | < 1.6 a comple-
mentary system consisting of Resistive Plate Chambers (RPC) detectors have been
installed. The aim of the system is to facilitate the trigger decision, reducing the
uncertainty for the background rates and estimating correctly the bunch-crossing
time at full LHC luminosity. The RPCs are double-gap gaseous detectors, operating
in the avalanche mode, characterised by a fast response. They have a better timing
resolution but a coarser spatial resolution than the DTs and the CSCs. In the barrel,
they complement the muon system with six additional layers, two in each of the
first two DT stations and one in each of the last two stations. The additional layers
in the first two stations are necessary to detect low-pt tracks that do not reach the
outermost stations. In the endcaps, a plane of RPC has been installed in each of the
first three CSC stations.

The standalone efficiency of reconstructing muons for the muon system is
about 95-99%, except in the regions around [n| = 0.25 and 0.8 between the two
DT wheels and around | = 1.2, where there is a gap between the DT and CSC
systems. The momentum resolution for the standalone system is around 9% for
PT < 200 GeV and between 15-40% at the TeV scale, depending on n. The resolu-
tion improves by around one order of magnitude including inner tracker data in
the global momentum fit. In any case, the muon system provides a good enough
pr resolution in order to be used in the L1 trigger, where a resolution of 15% in

the barrel and 25% in the endcaps is achieved.

1.4.7 Trigger

At full luminosity, the LHC collides bunches of protons every 25ns, with approxi-
mately 20 simultaneous proton-proton interactions per crossing. This results in a
huge event rate of 40 MHz, which needs to be reduced for storage and processing.
It is the responsibility of the CMS trigger system [65] to achieve this reduction. The
task is divided into two steps: the Level-1 (L1) trigger, which consists mainly of
custom-designed programmable electronics and reduces the rate to a maximum
of 100 kHz; and the software-based High Level Trigger (HLT), designed to have an
output data rate of O(1 0%2)Hz.

29



30

INTRODUCTION

1.4.7.1 Level-1 Trigger

The hardware-based Level-1 (L1) trigger provides the first step in data rate reduc-
tion, aiming to lower the rate to 100kHz. The online L1 event selection exploits
coarsely segmented information from the calorimeter and the muon systems. The
full resolution data are temporarily stored in pipelined memories in the front-end
electronics and passed to the HLT system in case of a positive decision from the Li.

When the L1 marks an event as accepted, data from the custom front-end boards
in each module are sent to the Front-end Readout Link (FRL) boards, which repre-
sent the interface to the central Data Acquisition (DAQ) network. Event fragments
from the FRLs, for a total bandwidth of 100 GB/s, are input to the Event Builder,
which assembles them in a single event that will be passed to the High Level
Trigger (HLT) for processing.

The system was upgraded during LS1 [66], in order to cope with the new LHC
conditions. In particular, the increased centre-of-mass energy of the collision, the
increased instantaneous luminosity and the higher pile-up would increase the trig-
ger rate up to six times the allowed rate, if no change to the trigger thresholds were
made. The new system has been designed in order to have an intrinsic flexibility,
being able to change architectures and algorithms by means of high-speed optical
links and large FPGAs.

Calorimeter Trigger Muon Trigger
ECAL HCAL HCAL csc
HB/HE uHTR HF uHTR

‘ Calo Trigger Layer 1 }

Calo Trigger Layer 2 Sorting/Merging Layer
gy SEamaies =~~~ ~
\ Endcap :: Overlap i: Barrel |
R [ o i

Global
Muon Trigger

Global
Trigger

Figure 1.22: The upgraded CMS Level-1 trigger architecture for LHC run II. [66]
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The upgraded architecture of the L1 trigger is shown in figure 1.22. The system
is divided into two parts: the L1 calorimeter trigger and L1 muon trigger. Their task
is to produce the required physics objects (electrons/photons, hadronic tau decays,
jets, muons and sum of energies), which will be collected in the Global Trigger (GT),
where they will be used by about 400 algorithms in order to achieve a final trigger
decision. In order to reduce the complexity of the system, CMS has adopted the
telecommunication standard uTCA, which guarantees additional flexibility and
higher bandwidth with respect to the previously used VME framework.

Run II L1 trigger upgrade constitutes an important basis for the future triggers
at the HL-LHC. Many concepts can be also exploited for phase-II applications, for

example the time-multiplexing that will be discussed further in Chapter 3.

1.4.7.2 High Level Trigger

The second step in the event selection in CMS is represented by the High Level
Trigger (HLT) [67]. The HLT is implemented in software and runs on a large com-
puter farm of thousands commercial CPUs, called the Event Filter Farm (EVF). The
algorithms used in the HLT are a streamlined version of the offline reconstruction

ones, sharing the same software framework [68].
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Figure 1.23: Schematic view of a HLT menu in CMS with its paths. The final trigger decision
is the logical OR of the decisions of the single paths. [69]

The HLT has a modular structure, being divided into several trigger paths, consist-

ing of a sequence of reconstruction and filtering algorithms executed one after the
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other (Figure 1.23). The system has been designed in order to have the lowest pos-
sible CPU running time. For this reason, the implemented algorithms are arranged
in a chain of increasing complexity, meaning that the faster algorithms run first.
If an event does not pass the first filtering stage, the rest of the path is skipped
and the trigger decision is taken. The HLT has access to the full high-resolution
data from the entire detector and takes a decision based on selections for either
single physics objects (electrons, photons, muons, etc...), for a combination of them
or even using more elaborate algorithms for complicated physics analysis. It also
has the capability of randomly discarding a fraction of events (prescaling). This is
typically applied to signals whose higher rate might exceed the bandwidth limits,
e.g. the calibration signal pp — W — ev [70].
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As already described in Chapter 1, all the detectors at the future HL-LHC will
need to be upgraded in order to cope with high instantaneous luminosity (5 x
103% cm~2s7 1), which places stringent constraints on the performance, radiation
tolerance and longevity of the sub-detectors and read-out systems. Another im-
portant challenge is constituted by the increased number of pile-up collisions per
BX, which is expected to be around 140.

The CMS collaboration is, therefore, planning a major upgrade during LS3, in
order to make the detector ready for the LHC Phase II era. Purpose of the Phase
IT upgrade [46] will be to maintain the same excellent physics performance as the
Phase I detector.

After almost ten years of operations CMS will need to replace its tracker detector
[71] and the forward calorimeters [72]. The new tracker will benefit from increased
granularity, necessary to maintain the excellent tracking efficiency to identify all
the tracks produced by the increased number of charged particles in the colli-
sions. The new endcap calorimeters will have an optimised segment configuration,
which will improve the energy resolution, in particular for jet reconstructions.

Higgs boson studies will still be a central part of the CMS physics program
also for Phase II. That requires that the pt (Et) thresholds for final-state muons
(electrons) at the L1 trigger stage must remain low. On the other hand, keeping
the same thresholds and the same trigger configuration will not be sustainable
at high PU, since the trigger rate will go easily above the limits of the current
electronic systems. The only way to keep the trigger rate within an acceptable
level, without degrading the event reconstruction efficiency, is to improve the pr
resolution at Li. Further rate reduction can be also achieved by including extra
information on the event reconstruction at L1 trigger level, e.g. the identification
of the primary vertex in the collision. This will be achieved including data from
the Outer Tracker in the Li1 trigger system. Tracker data will be processed by the
novel L1 Track Trigger, responsible for reconstructing tracks from high-pt charged

particles. The choice of the hardware architecture that will be used to build the
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Track Trigger system has been matter of discussion in the last few years within the
CMS collaboration and several proposals have been made for it. This thesis will
discuss in detail one of the most promising approaches, based on FPGA electronics
in a time multiplexed architecture. A brief description of the other proposals will
be presented in Chapter 2.2.

Despite the additional handle provided by tracker data, the trigger output rate
must be increased anyway, in order to keep the same efficiency performance for all
physics channels, particularly for triggers involving hadrons and photons, more
sensitive to high PU. Moreover, the trigger and the readout electronics will be
designed in order to sustain possible luminosity peaks, in order to allow efficient
data taking up to a PU level of 200.

The following section will discuss the planned upgrade of the tracker detector,
analysing the design of the new silicon modules that will provide a first stage of
on-detector data reduction. A full description of the CMS Phase II Upgrade can
be found in [46].

2.1 THE PHASE II TRACKER UPGRADE
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Figure 2.1: Sketch of one-quarter of the Tracker layout in the r-z plane. Outer Tracker: blue
lines correspond to PS modules, red lines to 25 modules (see text). In the Inner
Tracker, the green lines correspond to pixel modules made of two readout chips
and the yellow lines to pixel modules with four readout chips. Produced with
tkLayout [73].

Figure 2.1 shows a view of the upgraded silicon tracker detector in the r-z plane.
The new tracker will be subdivided into two parts: the Inner Tracker (IT), made of
silicon pixel modules, and the Outer Tracker (OT), consisting of two different kinds
of silicon modules with strip and macro-pixel sensors. A detailed description of

the Phase-2 tracker can be found in [74].
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Requirements

The upgraded tracker detector should satisfy some essential requirements in order

to operate efficiently at the HL-LHC.

2.1.2

Radiation tolerance. The OT will be designed to operate efficiently through-
out the entire HL-LHC data taking period, up to an integrated luminosity of
3,000 fb~ ', without any maintenance intervention. The IT will suffer from a
very high radiation dose due to its proximity to the interaction point. There-
fore it must be designed to be easily accessible, as for the current pixel de-

tector, in order to facilitate any necessary module replacement;

Increased granularity. The density of channels must be increased in order to
keep the occupancy under the percent level, a critical condition for an effi-
cient tracking with high PU. The increased granularity should also guarantee

improved two-track separation for highly energetic jets;

Low material budget. The amount of material in the tracker must be reduced to
prevent secondary interactions of particles with matter (multiple scattering),

which degrade the overall event reconstruction;

Robust pattern recognition. Fast and efficient track finding must be ensured at

high pileup conditions.

L1 trigger integration. Data from the tracker will be used in the L1 event selec-

tion to preserve reconstruction performance in many physics channels;

Extended acceptance. The new tracker will cover an extended pseudo-rapidity

regionup to n| = 4.

The Inner Tracker Upgrade

The innermost part of the tracker detector will be still made of pixellated silicon

sensors. The new IT will have to survive the extreme condition of the HL-LHC

environment, where the high radiation dose and the increased pileup will place a

very strict condition on the radiation hardness and on the front-end electronics.

The baseline of the Phase II upgrade of the pixel detector is shown in figure 2.2.

The current proposal is to adopt 100-150 um-thin pixel modules with a sensitive
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Figure 2.2: Sketch of one quarter of the inner tracker in the r-z plane. Green lines corre-
spond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. [74]

area of 2500 pm? (50 x 50 um? or 25 x 100 um?), six times smaller than the current
pixel detector, that will guarantee the required granularity, resolution and two-
track separation capability. The modules will be arranged in four layers in the
barrel, Tracker Barrel Pixel Detector (TBPX), eight small disks in the forward region,
Tracker Forward Pixel Detector (TFPX), and other four larger disks in the endcaps,
Tracker Endcap Pixel Detector (TEPX), for a total coverage up to n| = 4.

The front-end readout chips will be based on 65nm technology and are cur-
rently developed in collaboration with ATLAS in the framework of RD53 [75]. Two
kinds of modules are foreseen at the moment for implementation. The innermost
layers/disks will adopt pixel modules with two readout chips, while in the outer-

most part of the IT single readout module will be installed.

2.1.3 The Outer Tracker Upgrade

The Outer Tracker (OT) will cover the region of 200 < r < 1200mm and |z|] <
2700 mm. It will be constituted by a new type of silicon modules, the pt modules,
which will perform a first on-detector track selection. The pt modules will have
two parallel strip sensors, separated by few millimetres. Looking at the correlation
of signals in the two sensors compatible with a high-pt particle (stub), it will be
possible to reject uninteresting hits and to reduce the data rate at the input of the
L1 trigger by a factor ten. Figure 2.3 illustrates the operation of a pt module.

Two different kinds of modules have been developed: the 2S5 modules with two

strip sensors and the PS modules, equipped with a strip and a macro-pixel sensor.
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Figure 2.3: Operation of a pt module. (a) Search for correlation of hits in the two closely-
spaced sensors to reject low-pt particle signals. The selection window for an
accepted stub is depicted in green. (b) Wider windows are required at large
radii, for the same transverse momentum. (c) Larger sensor spacing is required
in the endcap disks to achieve the same rejection capability as in the barrel. [76]

The 2S modules have a strip length of about 5cm. The PS modules are instead
2.4 cm long and are segmented in 1.5 mm-wide macro-pixels, for a more accurate
z measurement. Sketches of assembled pt modules are shown in Figure 2.4. Table

2.1 summarises the main characteristics of the 2S and PS modules.

Table 2.1: Main parameters of the 25 module and the PS module of the CMS tracker. [74]

2S module PS module
~2 % 90 cm? active area ~ 2 x 45 cm? active area
2 x 1016 strips:  ~5 cm x 90 um 2 x 960 strips:  ~ 2.4 cm x 100 um
2 x 1016 strips:  ~5cm x 90 pm | 32 x 960 macro-pixels: ~ 1.5 mm x 100 pm
Front-end power ~5 W Front-end power ~ 8 W
Sensor power (—20°) ~ 1.0 W Sensor power (—20°) ~ 1.4 W

2.1.3.1  Outer Tracker Geometry

The silicon modules will be arranged into six hermetic cylindrical layers in the bar-
rel region up to |z| < 1200 mm, which are enclosed by five hermetic double disks in
the endcap. PS modules will be deployed in the radial region up to [r| = 600 mm,
while the 2S5 modules will be adopted in the rest of the tracker. The geometry of
the tracker has been designed to guarantee that particles emerging from the lumi-
nous region |z| < 70 mm will cross at least six layers, in the pseudorapidity region
nl < 2.4, except in the small gap region around [n| ~ T where only five layers will

be crossed. The choice of six layers, and three PS layers has been made in order to

ensure a minimal redundancy against minor inefficiencies affecting only one layer.
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(a) 2S module (b) PS modules

Figure 2.4: Schematic views of the assembled silicon pt modules. [74]
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Figure 2.5: Stub finding inefficiency in flat barrel PS modules. Each blue line represents
half of a sensor. At the edge of the inner barrel layers a large irrecoverable
inefficiency exists for tracks that cross the modules at the separation point of
the two halves of a sensor (red lines). [76]
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To find a stub it is necessary that a particle leaves signals in both the top and
bottom sensors of a single module. Inefficiencies can emerge in the case a particle
crosses a module near the separation point of the two sensor halves (Figure 2.5)
in the case of a flat barrel layout. For this reason, CMS opted for an innovative ge-
ometry, where the first three layers in the barrel have progressively tilted modules,
almost perpendicular to incident particles over the entire barrel length. Figure 2.6
shows the baseline layout with the new tilted geometry.

The flat geometry has been the baseline for the Outer Tracker upgrade for a long
period [46], while the tilted geometry has been officially adopted only recently.
Therefore the majority of the studies presented in this thesis have been conducted
using a flat barrel layout, particularly results that will be shown in Chapters 3 and
4. Some preliminary results with the novel adopted tilted geometry will be also
illustrated.

The OT is subdivided into three parts: the TBPS, the TB2S and the TEDD. The
TBPS will be made only of PS modules, which will be mounted on two different
structures. In the central part, the modules will be installed on planks, where the
consecutive modules are arranged on the opposite sides of the central plane of the
plank, overlapping in z to form a hermetic shape. The side section of the TBPS will
be completed with rings, containing modules with a progressive tilted angle. The
TB2S will be formed by 2S modules, arranged on ladders in a similar way to the
planks in the TBPS. Finally, modules in the TEDD will be installed on double-disks.
Each disk will be formed by two halves (dees), the bottom made of PS modules

and the top of 2S. The double-disk design is required in order to achieve overlaps
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Figure 2.6: r — z view of the Outer Tracker. PS (25) modules are drawn in blue (red) lines.
The three sub-regions (TBPS, TB2S and TEDD) are indicated. [76]
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2.1.3.2 Front-End electronics

The OT will deliver data for every bunch crossing to the L1 trigger with a rate of
40MHz. A block diagram of the electronic system for a 25 module is shown in
Figure 2.7.

The Front-End (FE) electronics will be built on-module, surrounding the sensors.
In the 25 modules two electronic hybrids are wire bonded to the silicon strips
(right, R, and left, L). In the PS, the hybrids are bonded to the strip sensors and
to a macro-pixel sub-assembly, integrating the pixellated sensors. The digital data
will be produced by eight FE ASIC chips: the CMS Binary Chip (CBC), the Short
Strip ASIC (SSA) in the 2S and the Macro-Pixel ASIC (MPA) in the PS. Data are then
buffered, aggregated and formatted in the Concentrator Integrated Circuit (CIC).

Each group of 72 modules send their data to the Back-End (BE) DTC boards, for
processing. These ATCA boards, based on FPGA technology, will handle three data
input/output detector streams: the data acquisition DAQ stream, containing the
full resolution data that will be sent out upon receiving an accept signal from
the L1 trigger; the trigger TRIG stream, representing the data sent to the L1 Track
Trigger; and the timing & control TTC stream, including the clock, the trigger and

the configuration signals.
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Figure 2.7: Block diagram for the Front-End (left) and Back-End (right) electronic system
of a 25 module. [76]
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In order to undertake its ambitious physics program, CMS will have to upgrade the

L1 trigger system for the Phase II era. The main goal is to guarantee the same or to

improve the overall physics acceptance under the extreme condition at the HL-LHC.

In particular, the new L1 trigger has to be able to recognise efficiently events from
relatively low-mass physics processes (i.e. Higgs production) and perform precise
measurements of pt and Missing Transverse Energy (MET).

In addition to the inclusion of track information at L1, also the detector readout,
the L1 trigger and HLT systems will be upgraded. The maximum L1 read-out data
rate will be increased to 750 kHz (compared to the current 100 kHz), the L1 latency
to 12.5 us (currently 4 ps) and the permanent storage rate to 7.5 kHz (around 1 kHz
at Phase I).
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99 Trigger Finder
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Global
Trigger

L1 Trigger Project

Figure 2.8: Simplified layout of the Phase II L1 trigger. The following sub-detectors are
labelled in the diagram: the Outer Tracker (TRK), the Endcap Calorimeter (EC),
the ECAL Barrel (EB), the HCAL Barrel (HB), the HCAL Forward detector
(HF), the Muon Drift Tube Detectors (DT), the Resistive Plate Chambers (RPC),
the Cathode Strip Chambers (CSC) and the Gas Electron Multiplier Chambers
(GEM). [77]

*possible direct links to GT

These modifications have been motivated by simulation studies in which the
same Phase-] trigger algorithm [66] would have been used also for Phase II. Keep-

ing the same L1 menu of Phase-I, it would be necessary to increase the L1 read-out
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data rate to 4,000 kHz, with beam conditions of 200 PU, well beyond the possibil-
ity of any detector upgrade [46]. Adding tracking information reduces the rate to
about 500 kHz. Therefore, taking into account also the uncertainties due to possi-
ble simulation errors, the CMS collaboration has decided to increase the L1 output
bandwidth to 750 kHz.

The L1 trigger latency has to be increased to 12.5 us, in order to give sufficient
time for the L1 track reconstruction and for the matching of the three sub-trigger
system data. Each trigger subsystem will have a time budget of 5 us to produce
the trigger primitives, that will be sent to the L1 correlator where the information
will be merged and a global trigger decision will be finally taken. Expecting an
acceptance rate of the order of 1%, same as today, a permanent storage rate for the
HLT of 7.5 kHz will be sufficient.

Figure 2.8 depicts a simplified layout of the Phase II L1 trigger [77]. Trigger prim-
itives are generated from separated sub-systems. Data from the EB and the HB are
clustered in the Barrel Calorimeter Trigger (BCT), while the HF and Calorimeter
endcap (EC) will require a separate endcap system. Muon tracks will be recon-
structed separately in the barrel and in the endcaps by the Barrel Muon Track
Finder (BMTF) and the Endcap Muon Track Finder (EMTF) processors. Outer tracker
stubs will be input to the L1 Track Trigger, responsible for finding charged particle
tracks. Information from the three sub-systems will be collected by the Correlator
Trigger (CT), where the reconstruction and identification of the trigger objects, for
both standalone and full-detector objects, will happen. Finally, data are transmitted
to the GT, which calculates global quantities and implements the trigger menu.
The GT will output an accepted L1A signal, to be fed into the Trigger Control
Distribution System (TCDS).

The following paragraphs provide an overview of the upgrades of the individual
sub-trigger systems. The novel track trigger system will be described in Section
2.3. The L1 Correlator Trigger and upgraded L1 Global Trigger will be addressed

in Section 2.2.3.

2.2.1  Calorimeter trigger

Because of the increased pileup conditions, the upgraded calorimeter trigger will
need access to the full resolution information to meet the selection requirements.

This will be achieved by replacing the front-end and back-end electronics and by
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increasing the bandwidth from the detector for trigger information. The upgraded
trigger will process data from single calorimeter crystals, differently from the cur-
rent L1 Calorimeter trigger that looks into towers made of 5 x 5 crystals. Also
increasing the standalone latency budget to 5 us will permit the implementation
of more complex algorithms.

In addition, CMS will substitute entirely the endcap calorimeters with a new
high granularity sampling calorimeter, using silicon and scintillator as sensitive
material [78]. 52 sensitive layers will be placed in each endcap, 28 for the electro-
magnetic and 24 in the hadronic sections. Only half of the electromagnetic layers
will produce data for the L1 trigger, while all the hadronic layers will be used.

The goal of the L1 Calo Trigger will be to identify electrons, photons, jets and
T candidates in the ECAL and HCAL. It will also provide information about some
global parameters, such as the total deposited transverse jet energy Et, the total
missing transverse energy MET and the total jet energy Ht. Thanks to these mea-
surements, the Calo Trigger will be capable to give also an estimate on background
level in the event on a bunch-by-bunch basis.

Access to the full resolution data will improve also the spatial resolution, which
results in a better matching with the other sub-system primitives (tracks, muons)

in order to reduce fake rate due to the combinatorial background.

2.2.2  Muon Trigger

The purity of the L1 muon candidates is expected to be generally high even at
high luminosity conditions. The main issue will be constituted by the increased
trigger data rate, due to the coarse pt resolution. The current L1 muon trigger has
to operate in fact with a lower pt threshold than the off-line reconstruction, which
results in a higher data rate. Also, the tails of the momentum resolution contribute
by allowing a soft muon candidate to be reconstructed as a high pt one. This
results in a flattening of the rate at pt ~ 20 GeV, dominated by mis-measurements.

CcMs will provide a solution to this problem already during LS2, where additional
Gas Electron Multiplier (GEM) stations will be installed in the region n| > 1.6. This
will guarantee enough redundancy with the RPC and CSC system and enough
points for a more accurate track fit. The upgraded L1 muon trigger will have also
access to the full-resolution DT information, improving track matching in the lon-

gitudinal plane and standalone pt measurements.
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2.2.3 The L1 correlator trigger and the L1 Global Trigger

The task of the L1 Correlator Trigger (CT) is to reconstruct the entire event by
processing the incoming data from the three sub-trigger systems. This will re-
quire a correct identification of the hard interaction primary vertex, which will be
achieved using the L1 tracks obtained by the L1 track finding system. In addition to
that, the CT will implement also the reconstruction of particle-flow objects, similar
to current offline reconstruction [79], performed by matching tracks with towers
in the calorimeters and muon tracks in the muon chambers.

The CT will transmit out to the L1 Global Trigger (GT) the reconstructed physics
objects (photons, muons, jets, taus, energy-momentum sums), together with some
analysis-like objects, e.g. heavy-flavours tags. Also standalone objects will be pro-
duced, utilising information from the individual sub-detectors, in order to guaran-
tee redundancy and robustness of the system.

The architecture and the design that will be used for the CT are still a matter
of discussion within the CMS collaboration at the time of this writing. Several
proposals have been made, including a regional/layered architecture or a fully
time-multiplexed system [77]. The same considerations can be applied also to the
upgrade of the GT, where two proposals for the final architecture have been placed.
The first more conservative proposal still relies on the current GT system, made of
several processors receiving the full set of trigger objects, but calculating different
trigger menu algorithms. A second approach makes use once more of a time mul-
tiplexed concept design, in which each processor would implement the full set of

trigger algorithms, that will run on consecutive events.

2.3 THE TRACK TRIGGER

The use of the silicon tracker data for L1 processing is not a completely new con-
cept in particle physics. In the past, there have been already successful cases of
experiments, which based their event selection on the tracker data [8o, 81]. How-
ever one can certainly affirm that the use of tracker data in high-luminosity hadron
experiments like CMS constitutes a completely different challenge, which requires
exploitation and development of novel technologies.

The L1 Track Trigger will process the stub information coming out of the Outer

Tracker at a rate of 40 MHz. The stubs finding stage will reject all the hits of tracks
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with pt < 2GeV, reducing the data volume coming into the track trigger system
by a factor 10 to 100. About 10,000 stubs will be produced at each LHC bunch
crossing and will be used to form L1 track candidates.

The architecture to be used for the Track Trigger system has been a matter of
discussion within the CMS collaboration for several years, where three different

approaches have been pursued:

¢ Associative Memory plus FPGA approach.
* FPGA-based Hough Transform approach.

¢ FPGA-based tracklet approach.

To understand the feasibility of a L1 Track Trigger, each of the three approaches
has been required to demonstrate its capability to efficiently reconstruct tracks
with p1 > 3 GeV out of stubs in a 4 us latency budget.

The demonstration happened on two different levels: a hardware demonstrator
and a software emulation. The hardware demonstrator has been used to evaluate
tracking performance in a representative slice of the detector, and to measure the
required overall latency together with hardware-specific effects, e.g. truncation, as
it will be shown in the Chapter 4. It provided also information about performance,
scale and cost a future system. Simulation studies have been utilised to estimate
tracking performance for the entire tracker and constituted a benchmark for the
hardware results.

The baseline geometry used for the demonstrators corresponded to a Outer
Tracker flat barrel geometry, as in [46]. Data-sets containing different physics sig-
nals (tt, di-muon production, di-electron production) have been produced and
have been used by the three groups. Three pileup conditions have been explored
(0, 140 and 200).

TRACKING PERFORMANCE CRITERIA.  The main discriminating quantities to
evaluate L1 tracking performance are the tracking efficiency, the track parameter
resolutions and the rate of output tracks.

The Tracking Efficiency (¢) is defined as the ratio of the number of L1 tracks
that match a truth track to the number of truth tracks.

N
£ = Matched ) ( 1 O)
NTruth
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Table 2.2: Definitions of the objects to be used to estimate the L1 Track Finding perfor-
mance.

Truth Particles | pt > 3GeV

> 4 stubs in > 4 layers
ml <24

|zl < 30cm

dxy < Tcm

L1 Tracks | [n| < 2.5

< 30cm

> 4 stubs in > 4 layers

Matched Tracks | same as L1 Tracks

> 4 stubs matched with a single Truth particle

A L1 track is considered to be matched with the truth only if it contains four stubs
generated by the corresponding generator-level particle. To reduce the population
of truth particles to the one relevant for track finding, only particles with at least
four stubs in four different tracker layers have been considered. The full descrip-
tion of requirements on L1 tracks, Truth tracks and Matched tracks are listed in
Table 2.2.

The resolution o, of a parameter p is defined as the interval for which 90% of

tracks are contained in the residual distribution x,

X = PMatched — PTruth - ( )
11

op s.t.P(XR—op <x<X+0p)=09.

Finally the output rate f is defined as the average number of L1 tracks per event,

f— NLlTracks ) (12)

N Events

It is particularly useful for a further understanding of the demonstrator results
to divide the rate into contributions from matched tracks fg04, tracks that have
matched to an already matched tracks (duplicates) fquplicates and from combinatorial
fakes fgkes- The definitions of fake and duplicate tracks are different for each

approach.
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2.3.1 Track trigger architectures

The following sub-sections will provide a brief description of the AM+FPGA and
of the Tracklet approaches. A full description of the Hough Transform proposal will
be given in Chapter 3.

2.3.1.1 Associative Memories

The AM+FPGA approach is based on the use of custom AM ASICs to perform a
fast pattern recognition with coarse stub information, and of FPGAs for the final
fitting stages [82]. The OT will be divided into 48 independent regions (trigger
towers) in n-¢, each of them assigned to a single AM chip. Every chip is loaded
with a set of predefined hit patterns, called roads, corresponding to a valid high-p
(pt > 2GeV) particle trajectory. Those roads are constructed using low-granularity
super-strips hits, corresponding to the union of several silicon sensors. The size of
the super-strips determines the total number of patterns required to fully cover
a trigger region. An optimal value has to be chosen in order to balance efficiency
and fake data rate requirements. It has been demonstrated that 1.5 million patterns
per trigger tower can guarantee good track finding performance.

About 100 stubs per layer per bunch crossing will be received by each trigger
tower, which will be compared with the pre-loaded patterns in the AM chip. If a
given pattern matches stubs in at least four layers, the road is marked as fired, and
the pattern address is transmitted to the FPGA. Figure 2.9 shows the data-flow for
a single trigger tower. Data from different BX are time-multiplexed so that each
AM+FPGA board will be responsible for the processing of the data of a certain
trigger tower within a single LHC event. The total number of required boards will
be hence equal to the number of trigger towers times the time-multiplexed period.
The first step is constituted by the Data Organizer (DO), which converts the full
resolution stub data into super-strips and transmits them to the AM chip for the
road matching step. The stubs assigned to a fired pattern are then sent down-
stream in the FPGA, where the linearised track fitting stage takes place and tracks
with a bad fit x? are rejected. Finally, a duplicate removal stage is implemented,
keeping only the tracks with the best fit probability. Surviving tracks are finally
transmitted to the L1 trigger correlator for downstream processing.

The AM+FPGA proposal has been demonstrated in hardware, emulating the
functionality of the AM chip on an FPGA. The system operates with a fixed overall
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latency, from DTC to L1 correlator, of 3.5 us and tracking efficiency for muons in tt

events with a pileup of 200 of about 98%.
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Figure 2.9: Data-flow for a single trigger tower in the AM+FPGA trigger architecture. Data
from the trigger tower are time-multiplexed and transmitted to the AM+FPGA
processing boards. The pattern recognition tasks is performed by the AM chips,
while the FPGA takes care of communication and downstream processing. [82]

2.3.1.2 Tracklet

The tracklet proposal is based on the use of commercially available FPGA circuits
to address the track finding task [83]. This approach is based on a road-search al-
gorithm with a pipelined firmware implementation. Figure 2.10 shows a schematic
of the tracklet track finding algorithm. Roads are found by forming pairs of stubs
in adjacent OT layers and disks (tracklets). Initial tracklet parameters are estimated
using the two stubs and demanding that tracks originate from the detector origin
in the r-¢ plane. Tracklets are formed using pairs of stubs from barrel layers 1+2,
3+4, 5+6, endcap disks 1+2 and 3+4, and barrel layer 1 + endcap disk 1. Only track-
lets compatible with a track with pt > 2GeV and longitudinal impact parameter
|zo| < 15cm are then kept. Roads are then extrapolated to the other tracker lay-
ers in order to match with other stubs. New track parameters are then calculated
via a linearised x? track fit. Finally, a duplicate removal step gets rid of possible
duplicate tracks, by comparing pairs of tracklets sharing the same stubs.

The tracklet architecture is based on a time-multiplexed system, with a base-
line time-multiplex factor of six. The detector is subdivided into 28 sectors in ¢
and each sector is assigned to a single track finder processing unit. The system
has been demonstrated in hardware, resembling three sectors in ¢ and one slice
in time. The algorithm has been implemented on a Xilinx Virtex-7 XC7VX690T
FPGA [84], mounted on uTCA CTP7 boards [85], running at 240 MHz. In total, the
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hardware demonstrator employs four boards, one for the central ¢ sector, two for
its neighbours and a board for input/output transmission.
The demonstrator has been able to reconstruct tracks with good efficiency with

high pileup, meeting the required latency.
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Figure 2.10: The Tracklet track finding algorithm. (a) Tracklets are formed using pair of
stubs (red stars) in different tracking layers. (b) Roads are extrapolated to re-
maining tracking stations. (c) Only stubs compatible with the trajectory (green
stars) are kept. [83]

2.4 TRIGGER ALGORITHMS

The main goal of the L1 trigger upgrade will be to keep similar trigger thresholds
as Phase 1 without drastically increasing the L1 accept output bandwidth. This
may be achieved only by improving the performance of object identification algo-
rithms. In particular, it will be of essential importance to be able to reconstruct the
primary event interaction vertex and to isolate uninteresting pileup collisions.
Novel trigger algorithms are currently under development, taking advantage
of the included tracking information. Three classes of trigger algorithms can be
defined: standalone-objects, track-matched objects and particle-flow objects. Stan-
dalone algorithms make use of data from independent sub-detectors, providing
the capability to make a trigger decision without the need for more complex al-
gorithms. Track-matched algorithms improve performance with respect to stan-
dalone algorithms, maintaining a relatively simple design. The last step is consti-
tuted by the particle-flow algorithms, which resemble the offline software algo-
rithms. Combining information from all sub-detectors, they are expected to give

the best performance but to require the most processing time and resources.
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The following sections will present some examples of how the track information
can be used to improve trigger performance. A detailed list of the algorithms that
have been investigated for the Phase 2 L1 trigger can be found in [46, 77].

In particular, the availability of track information at the L1 trigger level gives the
opportunity for reconstructing the primary interaction vertex in the event, making
use only of L1 tracks. Several algorithms have been investigated as possible candi-
dates for a vertex reconstruction implementation for the Phase 2 L1 Trigger. The

obtained performance and results are presented in Chapter 5.
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Figure 2.11: (a) Single muon trigger efficiency with a pt = 20GeV threshold, as function
of the generated muon transverse momentum. (b) Single muon trigger rates
as a function of the pt threshold. Results obtained with a standalone muon
trigger (red) are compared with a matched muon-track trigger (black). [46]

2.4.1 Matching muon trigger primitives to L1 tracks

The Phase I Muon trigger is a standalone system, responsible to reconstruct muon
tracks using hits in the muon chamber detectors. Despite the Phase I upgrade
improvements to the stand-alone pt resolution of the muon trigger, the system
will occasionally assign high momenta to low pt muons that would eventually
pass the trigger threshold. This will result in a flattening of the output muon
trigger bandwidth at pt threshold larger than 20 GeV. Matching a muon track with
a L1 track found in the inner tracker has been shown to improve drastically the
pr resolution, as shown in Fig. 2.11a. Here the efficiency for a standalone muon
trigger is compared with a track-matched trigger, for a single muon pr threshold

equals to 20 GeV. The improved resolution translates into a much sharper turn-on
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and, in turn, to a large reduction of the trigger rate (Figure 2.11b), about a factor
10 for a pt threshold of 20 GeV with respect to a standalone muon trigger rate.
Two different matching algorithms have been investigated: an outside-in match-
ing algorithm in the central pseudorapidity region, n| < 1.1, where a reconstructed
muon candidate track in the muon chambers is extrapolated and matched with a
L1 track in the tracker; and an inside-out algorithm in the full n range, starting from

the L1 tracks and extrapolating the trajectory to the muon stations [46].
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Figure 2.12: (a) Expected efficiency for a single electron trigger with a threshold of 20 GeV
in the barrel region for different scenarios: calorimeter only (red), calorimeter
photon tuned trigger (green), and calorimeter matched to the track (blue).
Also, current trigger (black) performance are shown. (b) Expected trigger rate
of single electron calorimeter trigger as a function of trigger threshold, for
minimum bias events. [77]

2.4.2 Matching L1 tracks to ECAL clusters

The upgrade of the electronics for the barrel calorimeter will improve the energy
measurement at the L1 trigger level, taking advantage of the full ECAL granularity
of (0.0175,0.0175) in (n, $), as opposed to the current trigger tower granularity of
(0.0875,0.0875). The trigger algorithm under study [77] is a simplified version of
the one used for the offline reconstruction. Once a seed crystal has been found to
have a pt > 1GeV, a core cluster of 3 x 5 crystals is defined around it. The spatial
position of the cluster is calculated using a weighted sum of the energies of the

individual crystals. The shape of the cluster is used to discriminate signals from
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electrons and from photons. Finally, the cluster is matched with tracks from the L1
Track Trigger, whose trajectories are extrapolated to the ECAL surface.

Figure 2.12a shows the obtained efficiency for a standalone ECAL trigger com-
pared with an electron-track matched trigger and with the current trigger perfor-
mance. The distribution of trigger rates as a function of the trigger threshold is

presented in figure 2.12b.
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Field Programmable Gate Array (FPGA) technology is an alternative to Applica-
tion Specific Integrated Circuit (ASIC) to design and implement complex hardware
solutions [86]. An FPGA is an Integrated Circuit (IC) that can be electrically pro-
grammed to become almost any kind of digital hardware [87]. Normally an FPGA

consists of:

* Configurable Logic Blocks (CLBs) that implement some logic functions,
¢ a programmable routing system to connect the logic blocks,

¢ /0O blocks connected to CLBs to assure off-chip connections.

A FPGA chip as sold does not realise any operations. It is function of the firmware
developers to program the device to implement the desired system. The design
must be firstly written in a Hardware Description Language (HDL) or as a schematic
design. Then, by means of a synthesis software provided by the FPGA vendor, the
design is translated in a netlist, which will be fit into the actual FPGA.

The unique re-programmability feature of the FPGAs makes them a very flexible
tools. Indeed, if any modification to the system is required, it is sufficient to load
new firmware on the FPGA. In order to be able to reprogram the system, however, a
FPGA usually needs additional silicon area compared to hard ASIC implementations
of the same logic. Although this increases the cost of the FPGA chip by a factor 1.5-
10 with respect to ASICs, one has to consider also the high development costs that
ASICs require, in addition to the time needed to design the system.

Figure 3.1 shows how the high cost of an ASIC development is justified only by
hardware systems composed of a large number of units. Moreover, the increased
complexity of the new generation of lithography makes the cost of developing
custom ASICs increasingly high [88].

For these reasons FPGA technology represents a valuable alternative for appli-
cations in particle physics experiments, nowadays being widely used in the elec-

tronic systems by all the LHC experiments and in particular by CMs [89]. Over the
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Figure 3.1: Total cost as a function of number of units for ASIC (red) and FPGA (black) based
systems. In dashed lines are shown the expected changes due to future FPGA

developments. Use of ASICs will become advisable only for very large systems.
[86]

past 30 years, FPGAs increased their capacity (number of CLBs) by more than a fac-
tor 10,000 and the clock frequency by a factor 100 (Fig. 3.2), making it possible to

implement algorithms of higher complexity.
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Figure 3.2: Evolution in time of Xilinx FPGA characteristics. [86]

The future L1 Track Trigger for the Phase II upgrade of the CMS experiment
will require the use of complex algorithms in order to reconstruct tracks from the
10,000 stubs produced at each bunch crossing. This task has to be fulfilled within
5us and therefore can be addressed only by intelligent high-speed electronics.
With their flexibility, FPGAs represent a very good candidate to build the new Track
Finding architecture, giving the possibility of tuning or changing algorithms even

after the installation of the final system.
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The chosen proposed system has a scalable, configurable and redundant fully
time-multiplexed [90, 91] architecture. This chapter will explore the potentiality of
time multiplexing, showing in particular how the TMTT concept has been designed
in order to cope with the hardware constraints placed by the upgraded CMS Outer
Tracker detector and its electronics.

The selected track finding algorithm is based on the Hough Transform (HT)
technique [92], utilised to coarsely group stubs consistent with high-pt tracks
into candidates and to reduce the combinatorics [93]. Eventually, stubs associated
with HT candidates are filtered and fitted, in order to remove fake tracks and
to improve the resolution of the reconstructed track parameters. Two filtering-
titting algorithms have been investigated for the final implementation: the Kalman
Filter (KF) and the Seed Filter (SF). In particular the latter represents a personal
achievement and constitutes a major part of this thesis. Therefore special attention
will be dedicated to the explanation of the algorithm and of the results obtained
using this fitting approach. The KF will be utilised as an important benchmark tool,
also being a verification of the flexibility and reconfigurability of a system based
on FPGAs.

The final section of this chapter will show the expected performance of the
track finding system, obtained using a simulation framework developed in CMS
simulation software framework (CMSsw) [68]. A demonstration system [94, 95],
based on currently available hardware, has been also built and it is the topic of the

next Chapter.

3.1 A FULLY TIME MULTIPLEXED SYSTEM ARCHITECTURE

Time multiplexing is a well-known concept in particle physics, and it has been
already applied in different areas of the CMS experiment. The fundamental idea of
a Time Multiplexed Trigger (TMT) [90, 91] is that all data from a single event flow to
a single destination (node) for processing. Figure 3.3 shows a comparison between
a regionally organised trigger versus a time multiplexed trigger system. The major
benefits of a time multiplexed architecture are the extra latency provided, which
facilitates the implementation of complex algorithms, and the independence of
each single processor, which does not require any data sharing between nodes.

Another important advantage is that very few nodes are needed to demonstrate a
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Figure 3.3: Schematic comparison between a regionally organised trigger (a) and time mul-
tiplexed trigger (b). Each color in the figures represent a set of data belonging
to a single bunch crossing. In a regionally organised trigger data from the Trig-
ger Primitive Generators (TPG) are transmitted to regional processors, which
require sharing of data between them to handle boundaries. Results are later
merged and a final decision is taken by a global trigger. In a time multiplexed
trigger data from all TPGs are transmitted to a single processing node for each
BX. A multiplexing stage is therefore required and can be a serial interconnec-
tion from each TPG to each TMT processor. [90]
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Figure 3.4: High-level view of the Stage-2 trigger architecture.[89]

full trigger system since in a time multiplexed system all nodes are identical and
run the same algorithm.

A TMT requires two processing layers with a switching network between them,
which can be a dynamic traffic scheduler, as in the CMS HLT [96], or a passive opti-
cal fibre network like the one used in the Stage-2 of the upgraded L1 Calorimeter
Trigger [66]. In particular the latter represents an important proof of the concept
since it is currently operating successfully.

The time multiplexing architecture of the Stage-2 L1 Calorimeter trigger is shown
in figure 3.4. The first processing layer, Layer-1, is responsible for the pre-processing
and for the formatting of the data. All data from a given LHC bunch crossing are
then transmitted to single processing node in Layer-2. Here particle candidates
and global energy sums are built or computed. Finally, data is passed to a demul-
tiplexer board, that formats them before sending to the Global Trigger.

The chosen electronics for the Stage-2 L1 Calorimeter trigger is based on mi-
croTCA boards equipped with Xilinx Virtex-7 FPGAs [84]. The first layer is formed
by CTP7 cards [85], each processing a smaller region of the detector. Layer-2 imple-

ments instead MPy processing boards [97], each of them having access to the full
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event data. A total of eighteen CPT7s and ten MP7s (nine as Layer-2 processors
and one as the demultiplexer) are currently in use at the Stage-2 calorimeter trig-
ger. Clock and timing signals are distributed to the system by AMC13 [98] cards,

which take also the L1 trigger decision and perform readout to the DAQ system.

3.1.1  An FPGA-based Time Multiplexed Track Finding system

The same TMT concept can be applied to a future L1 track finding system. As
described in Section 2.1.3.2, stub data produced in the outer tracker will be pre-
processed by the Data, Trigger and Control (DTC) boards and then transmitted to
the downstream L1 track finding layer (Figure 3.5).
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Figure 3.5: Illustration of the data flow from pt-module front end trough the off-detector
electronics, which forms the L1 trigger decision [99]

A TMT can be then designed by considering the DTCs as the first pre-processing
stage. Each DTC board will receive stub data belonging to several modules up
to a proposed maximum of 72 [74]. Stub data will be encoded in different data
formats, depending on the pt module type. DTCs will receive information about
the centroid of the seed cluster in the stub (in half-strip units), written in an 11-bit
address, plus the stub bend information, defined as the distance in strips between
the two clusters in the stubs, related to the local bend of the particle trajectory,
which will be encoded in a 3-bit (PS) or 4-bit (2S) word.

Several possible configurations have been proposed as to how to cable the front-
end electronics to the back-end system. For the purpose of this thesis, it has been
assumed that a set of 32 DTCs will process all data from an approximate octant

(i.e. 45°¢d-sector) of the outer tracker, for a total number of 256 DTCs board to serve
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the whole detector. Since the tracker layout does not have an eight-fold symmetry,
these detector octants do not have uniform boundaries, as shown in Figure 3.6a.

Similarly to what happens in the Stage-2 calorimeter trigger, data from a single
event should be streamed into a single processing node. However, the maximum
number of input links and the total bandwidth of a single FPGA cannot handle
the huge amount of data produced by the entire tracker. Therefore it is necessary
to have more than one processing card, which will be responsible for the track
finding task in the pre-defined detector region for a single BX.

This second processing layer will be formed by FPGA-based Track Finder Proces-
sor (TFP) boards, each of them receiving a full set of stubs from a single octant and
from a single event. Therefore, the total number of TFP boards needed per octant
would be equal to a fixed time-multiplexed factor n, with each board processing a

new event every n x 25ns.
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Figure 3.6: (a) lllustration of the DTC cabled octants, also referred as detector octant. Data
from each detector octant is readout by 32 DTC boards. Since the outer tracker
does not present an eight-fold symmetry in the r — ¢ plane, detector octants
do not present uniform boundaries. (b) Processing octants divides the tracker
into eight equal-size 45 degree sectors in ¢. Their boundaries are rotated ap-
proximately 22.5 degrees with respect to the detector octant.

3.1.1.1  Mapping between DTCs and TFPs

Each TFP board will be responsible for identifying tracks in particular sub-region
of the tracker. A first option would be to assign a single TFP to individual detector
octant. However, this approach would require the transmission of data into the TFP
also from the DTCs assigned to the two neighbour octants, in order to avoid losses

of tracks at the boundaries.
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Another possibility exploits a different mapping scheme, which simplifies the
stub duplication task. New processing octants might be then defined (Figure 3.6b
in a way that they divide the tracker into eight equal-size 45-degree sectors in ¢.
The processing octants boundaries are rotated approximately 22.5 degrees with
respect to the physical detector octant. Each TFP will then be assigned to a single
processing octant and will now receive data from two DTC boards.

The task of the DTC will be to convert the stubs information into a new global co-
ordinate system, encoded in a 48-bits stream. A detailed description of the adopted
data format will be provided in 4.1.2. The stub is then assigned to one of the two
processing octants, or in case it is consistent with a track that could be contained
in either octants, it will be duplicated.

Data belonging to a single processing octant will be transmitted on a dedicated
set of links into a single TFP, without any further downstream data sharing or
duplicate removal required after the track finding process. In this way, the whole
architecture becomes easily scalable, since each TFP would be designed to operate

independently from the others.

Detector octant

Processing octant .
boundaries g Detector octant 1 : z+, z- (32 DTCs)

boundaries 36 links out at 16Gb/s .

‘ ) . Processing octant A
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region 36 links out at 16Gb/s »

x 8 Processing octants
=144 TFP boards

Detector octant

Figure 3.7: The baseline TMTT system architecture. Time-multiplexing and duplication of
stubs at the boundaries are performed in the DTCs, which transmit data to the
Track Finder Processors (TFPs). With a baseline time multiplexed period of 18,
a total of 144 TFPs are required to build the entire track finding system. [99]

Figure 3.7 illustrates the baseline for a the TMTT system architecture. Each DTC
will transmit out a total data rate of 600 Gb/s, corresponding to around 36 links
at 16.3 Gbps'. This large bandwidth is needed in order to handle high-occupancy
fluctuations in the innermost tracker layers at 200 PU, though the average rate of

stubs per DTC will be much lower.

1 Maximum transceiver speed a Kintex Ultrascale FPGA can handle. [100]
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Since each DTC will have to transmit data to two processing octants, a maximum
time multiplexing period ny, = 36/2 = 18 is achievable. Therefore each TFP will
process stubs from a single processing octant every 450ns. The total number of

TFPs boards will be thus equal to

NTFP = Nim X MNoctants = 18 x 8 = 144, (13)

A time-multiplexed design gives also the possibility of developing new algo-
rithms in parallel during the data taking. This can be achieved simply by incorpo-
rating extra nodes, which can receive data duplicated from 1/n;, events without
affecting the performance of the rest of the system. Additional nodes can be incor-

porated for redundancy.

3.2 L1 TRACK FINDER PROCESSOR

The designed track finding algorithm is composed of several stages. This simpli-
tied both the firmware development and the construction of a hardware demon-
strator system based on currently available hardware since each step of the algo-
rithm can be implemented in a separate logic component. The algorithm chain is

composed by:

¢ the Geometric Processor (GP), which pre-processes the stub data for the
downstream stages. Stubs are assigned to finer sub-sectors in 1 and ¢, with
respect to the processing octant, to simplify the track-finding task and in-

crease parallelisation;

¢ the Hough Transform (HT), which performs the first step in the track find-
ing chain, collating sets of stubs corresponding to a track hypothesis in the
r-¢ plane with coarse resolution, in order to reduce the combinatorial back-

ground;

¢ the Track Filter and Fitter (TFF), which removes the stubs wrongly assigned
to track candidate by the HT and performs a precision track fitting algorithm,

as a means to reduce the fake track rate;
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¢ the Duplicate Removal (DR), which implements the final cleaning stage, ex-
ploiting the precise fit information to reject possible duplicate tracks pro-

duced by the Hough Transform.

Figure 3.8 shows a simplified flow of the data into the track finding algorithm

chain.

TFF

DTC stubs L1 Tracks

Figure 3.8: The TMTT track finding algorithm chain. Input stubs from the DTCs are re-
formatted and assigned to finer sub-sectors by the Geometric Processor (GP).
An Hough Transform (HT) is then applied to each sub-sectors to find track can-
didates in the r — ¢ plane. The Track Filter and Fitter (TFF) cleans the candidates
and computes the track parameters. Finally a Duplicate Removal (DR) rejects
duplicate tracks produced by the HT. [99]

3.2.1  Geometric Processor

The first step in the TFP chain is constituted by the Geometric Processor (GP). It will
take as input the 48-bit stubs coming from the DTCs and it will repack them into a
more useful 64-bit format, containing additional parameters computed by the GP
that will be useful for the downstream processing stages. Each stub will be also
assigned to specific geometric sub-sectors of the considered processing octant.

Figure 3.9 shows the sector segmentation adopted. Each octant is sub-divided
into 36 sub-sectors, slicing the whole tracker area in 16 parts in ¢ and 18 parts
in 1. This additional division allows the performance of track finding stage inde-
pendently and in parallel for each sub-sector. Since charged particles will draw a
straight line trajectory in the r-z plane, the sector width in pseudorapidity can be
relatively small.

Each (¢,n) sector is defined with respect to ¢t and zs coordinates, that corre-

spond to the coordinate of a track trajectory relative to the point where it crosses
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[99]
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a cylinder of radius T or S, centred on the beam-line. The values of T and S have

been chosen in order to minimise stub duplication between neighbouring sectors,

T =58cm, S =50cm. (14)

Sector sizes have been chosen to optimise the stub occupancy in each sector. This
results in sector equally sized in r-¢ and varying in r-z. As shown in Figure 3.12a,
the average number of stubs per sector is about 90 in tt events at PU20o. Even if
this number is relatively small, it is important to take into account the large tail
of the distribution. In fact, sectors containing a large number of stubs are likely to
include tracks belonging to highly energetic jets, and thus to interesting physics
collision.

A stub with coordinates (1, ¢, z) is assigned to a certain sub-sector, with bound-

aries in r-z equal to (z‘snin, z3®), only if it fulfills the following equation,

T"ernin T . »max r
— .,_1‘ S .‘,_1
S w ‘S <z< S +w S

, (15)

where w = 15 cm is the half-width of the luminous region along the beam axis z.
In addition to this, a stub has to be compatible with the sector in the r-¢ plane.

Let us consider a sub-sector i centred on

2mi
i = Niq)' (16)
where Ny = 16 is the total number of segmentations of the tracker in ¢ and
0 <1 < Ng. A stub belongs to a particular sector only if it can be assigned to
a track that lies completely in that particular sector. The kinematics of a charged
particle of charge q with transverse momentum pt in a magnetic field B with

radius of curvature R satisfies by this equation,

PT = qcBR, (17)
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where c is the speed of light. For any stub (r, ¢, z) on the track,

T

R~ Zsinag %)
where A is the difference between the azimuthal angle of the stub ¢ and the
production angle of the track ®. Figure 3.10 illustrates the used the utilised track
parameters in the r-¢ plane. For small angles it is possible to approximate sin A$p ~

Ad. Hence, the maximum allowed Ap™?* is obtained for tracks of charge q with

min

PT = pT 7
B
Ad)max — q . ZSmin - T. (19)
T

:?track stub (r, @)

Figure 3.10: Illustration of the track and stub parameters in the r-¢ plane.
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Since sub-sectors are defined with respect to a radial position T, it is useful to

write,

cB
APT™ =q- @ frrl. (20)

Eventually, the sub-sector ¢ condition is,

T
[bi — bl < G~ +APTY, (21)

N
where qu, is the sector half-width. It is possible to place another criterion, exploit-
ing the stub local bend measurement b, defined as the distance in strips between
the two clusters in the stubs in units of the strip pitch. In fact the bend constrains

the allowed q/pt range of a track,

2p-(b—ko) g _2p-(b+ky)

cBr pPT cBr 7 (22)

where p = (p/s) for barrel stubs and p = (p/s) - (z/r) for endcap stubs, and p
and s are the pitch and separation parameters of the two sensors in a module. The
flat barrel layout allows only eight different values of (p/s). ky, is configurable cut
parameter, which takes into account the bend resolution that has been assumed
to be the same for the whole tracker and it is around /2/12. The default value
ky is then set to 1.25, approximately three standard deviations. Figure 3.11 shows
a schematic view of the local stub parameters and their relation with the global
track coordinates.

Therefore, the maximum allowed A$¢™** curvature can now be expressed as,

[l
APT™ =p - (b+kp) -, (23)
leading to another criterion for the sub-sector,
T ]
br— bl < oo (btke) (24)
) T
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track

Sin(A®)~tan(A®)~A®

A®=(cBr/2)*(q/pT)~AX/s

Figure 3.11: Illustration of the stub local parameters and their relation with the global
track parameters in the r-¢ plane.

Requiring both conditions 21 and 24 reduces the rate of stubs duplicated across
the sub-sectors (Figure 3.12b). In a typical tt event with PU200 the GP assigns a

stub to 1.8 sub-sectors on average.

3.2.2  Track finding with Hough Transform technique

The Hough Transform (HT) [92] is a method widely used in high-energy physics, as
well as in other fields, e.g. digital imaging processing [101]. The simplest version
of this technique permits detection of straight lines. In the real space, a line is
defined as a set of points (x,y), which the HT represents in terms of the slope-

intercept parameters (m, c).

y=mx+c=c=—xm+y (25)

In this way, each point in (x,y) real space represents a line in (m, c) parameter
space, so that a line in the real space will be identified by the crossing point in
the parameter space, corresponding to the exhaustive set of lines that can possibly
pass through this point.

In the TMTT track finding algorithm, the HT is applied to the stub coordinates
(v, d), which have the best resolution in CMS. An independent HT is used for each
of the sub-sectors defined by the GP.
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Figure 3.12: (a) Number of stubs assigned to each (1, ¢) sub-sector, in top-quark pair pro-
duction events with pileup 200. (b) Number of sub-sectors each stub is as-
signed to. Stubs assigned to sectors without (with) the use of the bend in-
formation are shown with a red (blue) line. Usage of the bend information
reduces significantly the rate of duplication of stubs between sectors.

A charged particle travelling through the CMS magnetic field is bent with a

radius of curvature,

_PbT
R=8 (26)
Each coordinate (r, ¢) on the particle trajectory has to fulfil the following equa-

tion,

o= = sin(p— o) ~ ¢ — Do, (27)

where @ is the production angle of the particle at the origin. The small angle
approximation is considered to be valid for tracks with pt > 2 GeV.

Combining the two equations, gives [93, 95],

_94cB

Dy =
° 2pT

T. (28)
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q/pt

Figure 3.13: The Hough Transform track finding algorithm. Left: Trajectory of a single par-
ticle in a quarter of the tracker barrel in the x-y plane. The numbers label the
stubs produced by the passage of the particles through the tracking stations.
Middle: The produced stubs draw straight lines in the HT space, where the
axes correspond to the track parameters (q/pt/$T). Intersection point identi-
fies a track candidate. Right: The same Hough-space discretised with an array
of 32 x 64 cells. Stubs fill a cell only if their local-pt estimation is compatible
with the bin momentum. [95]

This relation maps the stub coordinates (r, ) in real space to the track param-
eter (q/pT, Po) in parameter space. Stubs produced from the same particle will
intersect at a single point in transform space, in the case that coordinates were
measured with perfect precision and in absence of secondary effects like multiple
scattering. The gradient in eq. 28 is always positive, since it is proportional to the
radius of the stub r. It is more convenient therefore to apply the Hough Transform
to the translated space (r1, $), where rT = r —T. In this way, negative slope pa-
rameters are allowed and a more uniform filling of the HT array is achieved. The

HT relation then becomes,

(DTZd)—g;E-TT, (29)
where @7 is simply the azimuthal coordinate of the track relative to the point
where it crosses a cylinder of radius T.

Figure 3.13 shows how the Hough Transform builds the track candidates. The
parameter space (q/p1, @T) is subdivided into an array of 32 x 64 cells; the hor-
izontal axis q/pt is limited by the choice of pT™, |q/pr1l < q/pT", while the
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vertical axis @t coincides with the sector @t range. For each stub a value of @t
is calculated per each bin in q/p, filling the respective cell. Once all stubs have
entered the array, track candidates are selected by identifying cells that have stubs
in a minimum number of tracker layers or disks. This threshold has been set to
five layers, except in the pseudorapidity range 0.89 < [n| < 1.16 where it has been
reduced to four in order to take into account the acceptance gap between barrel
and endcaps.

Finally, to reduce the total number of activated cells, hence the possible duplicate
tracks, a stub enters a cell only if the cell q/pt is in the range allowed by the stub
bend measurement, as in eq. 22. To reduce further the total number of stubs to be
transmitted to the downstream stages, a limit on the maximum number of stubs
per cell has been imposed and it has been set to 16. Any stub entering the cell
afterwards would be neglected. Figure 3.14 shows the obtained reduction in terms
of stubs per each (1, $) sector. On average only about 10% of the input stubs sur-
vive the Hough Transform while maintaining an overall tracking efficiency above
96%.

Tl\élTTSimuIation, CMS Phase-2 inclusive tt events <PU200>
x10

[N
N

No. Entries

o —e— before Hough Transform

L Wﬁer Hough Transform
07 | ] ) & 1 L L ‘ L L L e ) ) ‘ ) ) ) ) ‘

0 50 100 150 200 250

No. Stubs Per (n, ¢) sector

Figure 3.14: Number of stubs belonging to track candidates at the output of the HT, per
each sub-sector. A data reduction of about 90% is achieved.
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3.2.3 Track filtering and fitting

While the HT significantly reduces the number of stubs to be processed and gives a
rough estimation of the q/pt and ®( parameters of the tracks, it does not provide
a measurement in the r-z plane. This means that many of the track candidates built
by the Hough Transform may not have a straight line trajectory in the r-z plane.
Indeed about 45% of the HT tracks do not match any truth particle, as defined
in Tab. 2.2. In addition, most of the matched tracks (~ 60%) still have extra stubs

assigned, which, if not removed, can invalidate the final track fit measurement

(Fig. 3.15).

TMTT Simulation, CMS Phase-2 inclusive tt events <PU200>
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Figure 3.15: Fraction of stubs in a HT track candidate that have been produced by the
same particle. A large portion of HT candidates still contain spurious stubs
from pileup interactions. A filtering stage is therefore needed to clean the
tracks before fitting.

For these reasons, it is necessary to implement a further cleaning stage that
keeps only the best stubs for the final fit. Several algorithms have been investigated

and two of them have been found to give similarly good performance:

¢ the Seed Filter plus Linear Regression is a two-stage algorithm. In the first
step, the HT track candidates are cleaned, by keeping only one stub per track-
ing station and checking the compatibility of the track with a straight line
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hypothesis in the r-z plane. If this hypothesis is satisfied, the surviving stubs

are then used to perform a fit with a simple linear regression technique;

¢ the Kalman Filter is a single stage algorithm, performing both track filtering
and fitting tasks in the same process, starting with a coarse estimation of the

track parameters.

The following paragraph will provide a brief overview of the Kalman Filter
algorithm, while the Seed Filter plus Linear Regression approach will be discussed

in detail in Section 3.3.

3.2.3.1 Kalman Filter

The Kalman Filter (KF) [102] is an iterative algorithm that uses a series of measure-
ments to estimate unknown parameters by using Bayesian inference and estimat-
ing a joint probability distribution over the variables for each new measurement.
The filter is named after Rudolf E. Kalman, one of the primary developers of the
theory.

The Kalman filter permits to estimate the evolution of a dynamic system, assum-
ing that the state x; of the system at time t is linked to state x;_7 in which the

system was at a time t — 1,

xt = Fix¢—1 + Bruy +wy, (30)

where u is control input vector; F; is the state transition matrix, which relates that
state of the system at the time t — 1 to the new state at t; By is the control input
matrix, applying the effect of the control input vector u; to x; and wy is the vector
containing the noise terms for each element in x¢ [103].

The implemented algorithm runs over the stubs from each individual HT track
candidate, starting from an estimate of the track parameters and their uncertainties
(state). Each stub is seen as an independent measurement and it is used to update
the state and to decrease the uncertainty. Track parameters are updated for each
new state, taking into account the relative uncertainties of the measurements.

The KF calculates for each set of stubs four track parameters: the inverse of the
radius of curvature R, as defined in eq. 26, the azimuthal angle of the track in the

transverse plane at the beam-line @, the polar angle 0 and the longitudinal impact
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parameter zo. For tracks originating from the beam-spot (r = 0), the following

equations are valid,

¢ = 3 + Do (1)

z=cot0-r+z. (32)

Since both relations are linear in v, it is natural to use the radius as a stepping
parameter for the KF over the entire tracker. In the endcaps, where modules follow
an orthogonal orientation, the uncertainty in r due to the strip length is folded

into the z uncertainty using 62 = 02 - cot? 0.
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o Fake stub

Updated track projection

600 1
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~ 400 =2 e Projection between 2a-3
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Figure 3.16: A KF example procedure for a track candidate in the barrel, shown in the -z
plane. Each step in the fitting procedure is represented by a line segment in
the plot. The fitting line is updated at each iteration with increasing radius.
Dashed track segments highlight the different results fitting with stub 2a or
2b. State produced with latter is rejected after being extrapolated to stub 4.

[99]

A KF fitting procedure for an example track candidate in the barrel is shown
in Figure 3.16. The first state is obtained from the HT array coordinates (q/pT,
®7) and the n sub-sector in which the track has been found. The starting state
is updated then using stubs ordered by their radius from inside-out. To take into
account possible detector inefficiencies or absence of a compatible stub on a given
tracker station, up to two non-consecutive layers may be skipped. If two stubs
on a given layer are found to be compatible, each combination of stub and state

is propagated separately. The best state is then selected as the one with fewer
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missing layers and with the smallest x2, and it is finally used to calculate the track

parameters.

3.2.4 Duplicate removal

The final step in the TMTT algorithm chain is constituted by the Duplicate Removal
(DR). At this stage, half of the track candidates are unwanted duplicate tracks,
which have been produced by the HT. As shown in Figure 3.17 duplicate tracks are
generated because of the coarse array resolution of the Hough Transform, which
is needed to maintain a high tracking efficiency. The same set of stubs can, in fact,
activate more than one cell in the array. When these HT track candidates are fitted,
they produce the same track fit parameters, which should correspond to the point

where the stub lines actually intersect in the transform space.

Outermost stub

= e e e e

Middle stub

I I Innermost stub

Figure 3.17: Formation of duplicates in the HT. The yellow cell represents the genuine
candidates and the green cells the duplicate tracks produced by the same set
of stubs. [99]

The DR algorithm exploits the fitted parameters to remove the unwanted dupli-
cates. If the fitted parameters of the track do not correspond to the ones found by
the HT, the track is rejected. Once all tracks have been processed, a second pass
through the rejected tracks is then performed, in order to avoid efficiency loss due
to resolution effects. In this second step, the algorithm retrieves the tracks whose

HT coordinates do not correspond to the ones of a track that passed the first cycle.
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3.3 SEED FILTER AND LINEAR REGRESSION ALGORITHM

A second proposal for the track fitting task is represented by the SF+LR algorithm.
This two stages-algorithm cleans up firstly the track candidates produced by the
Hough Transform, by checking their compatibility with a straight line trajectory
in the r-z plane, and later performs a track fit based on the linear regression tech-

nique.

3.3.1 The Seed Filter

It is possible that the HT produced candidate containing stubs, which lie tens of
centimetres from the real track in the r-z plane. The goal of the Seed Filter (SF)
is therefore to identify and eliminate those stubs. The SF process is illustrated in
Figure 3.18 for an example candidate in the barrel (n region 1). The algorithm

process can be summarised as follows:

1. Collecting seeding stubs (Fig. 3.18a): all stubs from PS modules in the can-
didate, belonging to the three innermost layers in the barrel or to the four
innermost endcap disks (two per side), are collected and marked as first seed-
ing stubs. Second seeding stubs are then selected also including PS stubs in
the third disk of the two endcaps;

2. Creating the seeds (Fig. 3.18b): for each pair of seeding stubs s; and s; with

coordinates (r1,z1) and (r2,z2) a line is computed (Seed) in the r-z plane,

Z—Z1 B T—T1

Z1— 22 N T —T‘zl (33)

A limit on the maximum number of pairs np,is per each first seeding stub
s1 can be set, together with a cut on the total number of seeds Nngeeqs to be
considered. The default values for these selection parameters are nlax. = 3

pairs
max _ .
and n32y = 15;

3. Beam-spot and sector filter (Fig. 3.18¢): seeds are extrapolated both towards

the beam-spot and towards the radius S, calculating the values where the
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lines intersect the beam-spot axis zp and the sector definition radius S, zs.

Only if the following relations are satisfied is the seed kept:

(z1 —22) -7y

lzol = |21 —ﬁ <w, (34)
in z1—22)-(S—7r max
zg' <zszz1—( 1 T]Z)_iz ! < zg%, (35)

here w is the half-width of the beam spot along z and (zg‘in, z3'®) define the
sub-sector covering range, as explained in Section 3.2.1. A limit nz&%, on the
number of good seeds can be imposed. In the default configuration only the
first 10 seeds that pass the beam-spot and sector filter are considered in the

next steps of the algorithm;

. Stub checking (Fig. 3.18d): good seeds are then extrapolated towards the

remaining layers. For each seed, only stubs compatible with the line are kept.

This is guaranteed by the following condition,

Astub < Ogtub, (36)

where, for each stub with coordinates (r, z),

Astup =z —21) - (11 —12) = (r—711) - (21 — 22) (37)
Ostub = (Gz+ GZ]) : |T‘] _T2|+ (Ur1 +Gr2) : |Z_Z1|

(38)
+ (GT+GT1) |z1 —zo| + (011 +Gzz) r—mr1],

with o, . being the uncertainty on 1, z of the stub position, which is assumed
to be equal to half of the module pitch length. Only one stub per tracking
layer is kept, keeping only the first one to be found compatible with the seed;

. Building candidates (Fig. 3.18e): only seeds that still have more than four

stubs in different stations of the tracker are kept;

. Seed Comparison (Fig. 3.18f): if more than one seed survives the process,

only the candidate with fewest missing layers is kept, or, where several can-

didates have the same number of activated layers, the first one found is kept.
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Figure 3.18: An example Seed Filter (SF) procedure for a HT track candidate in the barrel

sub-sector 1. (a) Collecting seeding stubs (blue dots). (b) Creating the seeds
(grey lines) (c) Only seeds compatible with a track originating from the lu-
minous region (red bar) and the sector definition. (d) Surviving seeds are
extrapolated to remaining tracking layers. (e) Only the closest stubs compati-
ble with seeding lines are kept (green dots). (f) Keep only stubs belonging to

the seed with the most activated layers.
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3.3.2 The Simple Linear Regression Fitter

Track candidates that survive the Seed Filter selection are then fitted via a Sim-
ple Linear Regression (SLR) fitter. The fitter is based on the assumption that the
particles with enough transverse momentum (pt > 2GeV) draw a straight line
trajectory on both r-¢ and r-z planes. Therefore two independent straight line fits
are performed in the two planes. A brief description of the Simple Linear Regres-
sion model is presented in Appendix A.

The fitter calculates four track parameters as follows,

T nLi(ridi) — LiriZés (39)
2R nZir? —(Liry)?

_ Lir? iy — it Zi(ridi)

0] ’
° nZir? — (Liri)? (40)
tan A — nzi(riii) — ZiTiZZi’ (41)
nZiri — (Zi‘[‘i)z
LTz — LiriLi(rizy)
zo = (42)

nZir? — (Lirg)?

where (ri,zi, ®;) are the coordinates of the stubs in the track with 1 < i < n.

Different possible implementations of the SLR have been explored:

1. High-efficiency SLR. Fit parameters are calculated straight-away without any
further check on the stubs. r-¢ parameters are calculated using all the stubs

in the track candidate, while only PS stubs are used to estimate zp and tanA;

2. High-purity SLR. Track fit parameters are computed first only for in the r-¢
plane. Then residuals are calculated for each stub and only the four stubs
with the smallest distance from the fit line are kept, guaranteeing always the
presence of at least two stubs from PS modules. Finally track fit parameters
are computed again with the surviving set of stubs, using only PS stubs for
the r-z fit;

3. Best-of-both SLR. Following the same process as the high-purity SLR, this
time removing from the track candidates all stubs that have a residual dis-

tance larger than a predefined value (~ 50). The final fit parameters are then



3.3 SEED FILTER AND LINEAR REGRESSION ALGORITHM

calculated as in the other two approaches, utilising only PS stubs for the r-z

case.

The goodness of the track fit is estimated by calculating independently the x?

distribution on both planes:

.'L 2
X%q) =1 (cy:(j)) , (43)
Td
: 2
dl
X‘%z =21 (O_IZ> ’ (44)
TZ

where d! is the residual distance of a stub i from the fit line and o; is the standard

deviation. The equations for the two lines in the r-¢ and r-z planes are,

1
b =g T+ o, (45)
z=tanA -1+ zg, (46)

it is possible to define the residual distances, for a stub 1,
i 1
rq):d)i_ﬁ'ri_q)()/ (47)

d'}z =zi—tanA -1y — 2. (48)

It is useful to define a global x? as the quadratic mean of the x? of the two fits:

(x24)% + (x2,)?
X = \/ ¢ 5 : (49)

Finally a cut on x? of the track can be applied, in order to reject all the candidates

which have poor fit parameters.

3.3.2.1 Seed Filter plus Linear Regression simulated results

SEED FILTER.  The Seed Filter has been found to have excellent performance in
terms of fake track rejection and track cleaning. Figure 3.19 shows the distribution
of the fraction of stubs in track candidate that are matched with a truth track, be-

fore and after the Seed Filter stage. A cleaning of the track candidates is obtained,
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with about 98% of the stubs assigned to a matched track candidate that actually
belong to a truth particle.

This is achieved without affecting the track finding efficiency, as shown in Figure
3.20. The excellent track finding performance of the Hough Transform is not lost,
with an observed drop in the efficiency of only about 0.9%. Furthermore ~ 96% of
the matched tracks after the SF do not have any incorrect stubs assigned to them,

easing the work of the subsequent track fitting stage.

SIMPLE LINEAR REGRESSION.  Key performance criteria to compare the three
linear regression implementations are the track finding efficiency and the resolu-
tion of the fit parameters. Figure 3.21 shows the track finding efficiency for all
charged particles in inclusive tt events with pileup 200 for the three approaches.
As expected, the High-Efficiency SLR is the one showing the highest efficiency, on
average 0.8% higher than the best-of-both approach. The High-Purity approach
presents the lowest tracking efficiency, since sometimes it rejects the wrong stub
on a track, violating the four stubs matching criteria.

The high efficiency of the High-Efficiency SLR is obtained by keeping all the
stubs in a track candidate without trying to reject stubs not compatible with the
track fit, which translates into poorer track parameter resolution. It is useful to

define the perfect efficiency as,

NEruliMatch

’ 0
N Truth (5 )

Eperf =

where Nruimatch 1S the total number of reconstructed tracks which are matched
to a truth particle and do not have any extra stubs from other particles assigned
to them. Figure 3.22 shows the distribution of the perfect efficiency for the three
SLR approaches as a function of 1/pt and of 1. It is easy to observe that the High-
Efficiency SLR has the lowest perfect efficiency, meaning that many of the track
candidates out of this implementation contain impurities. On the other hand, the
High-Purity SLR shows the highest candidate purity, even if the best-of-both ap-
proaches presents a very good perfect efficiency above 94%.

The resulting track finding performance for the three approaches are summarised

in Table 3.1.



Figure 3.19: Fraction of stubs in a track candidate that have been produced by the same
particle before and after Seed Filter. The SF shows an excellent cleaning power,
with about 91% of the surviving tracks having stubs produced by a single
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3.3 SEED FILTER AND LINEAR REGRESSION ALGORITHM

Table 3.1: Simulated track finding performance in top pair production events at a PU of
200, for the three investigated linear regression fitter methods.

Track Fitting Algorithm | Efficiency | Perfect Efficiency | No. Stubs Per Track
High-Efficiency SLR 96.24% 91.59% 5.34
High-Purity SLR 95.09% 95.09% 4.00
Best-of-Both SLR 95.43% 94.76% 4.70

In order to fully compare the three approaches it is important to measure their
performance in terms of track fit parameter resolution. Figures 3.23 and 3.24
present the resolution of the four track parameters as a function of the inverse
of transverse momentum and the pseudorapidity of the simulated truth particle,
respectively. The resolution of a fit parameter, in this case, is simply calculated as
the mean difference between the measured and the generated values. The pseudo-

rapidity 1 is estimated directly from the measured tan A,

n = —log(tan(0.5 - arctan(1/tanA))). (51)

The High-Efficiency SLR is the one that shows the worst performance on both
r-¢ and r-z planes. This implies that a further cleaning step is necessary before
the final track fitting. The High-Purity and the Best-of-Both approaches present
similar resolution in the r-¢ plane, while the latter shows better performance for
the r-z parameters. This result can be explained by the fact that, since zp and tan A
are calculated using only stubs from PS modules, sometimes only two stubs are
used to calculate the fit parameters by the High-Purity SLR, hence resulting in
worse resolution.

In conclusion, the Best-of-Both SLR has been selected as the default track fitting
algorithm and it has been used to obtain the results that will be shown in the next
section. In order to reduce further the fake rate, it is possible to apply a cut based
on track fit x2. Figure 3.25 shows the x? distribution for tracks that match and that
do not match with a truth particle. Based on this distribution a cut at x%/d.o.f. < 20
has found to be a good compromise between track finding performance and fake

rate reduction.
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Figure 3.23: Track parameter resolutions for reconstructed tracks in top pair production
events with pileup 200 as functions of the simulated track inverse transverse
momentum 1/pt. Results obtained with the three different SLR fitter versions
are compared.
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85



86

AN FPGA-BASED TIME MULTIPLEXED TRACK TRIGGER

TMTT Simulation, CMS Phase-2 inclusive t events <PU200>

Matched Tracks

Fake Tracks

no. L1 Tracks

T T 77T T T

LI

10°

10*

10° |

Evvo b b b b b by by bww i Lwg i
0 10 20 30 40 50 60 70 80 90 100

track fit x2

Figure 3.25: x? distributions of reconstructed tracks matched (unmatched) with a truth
particle, in top pair production events with PU200.

3.4 TMTT TRACK FINDING PERFORMANCE

In this section, the final track finding performance for a TFP with the Seed Filter
plus Linear Regression approach are presented. Results have been obtained at the
end of the chain, after the duplicate removal stage. A comparison with the results

obtained utilising the Kalman Filter is also provided.

3.4.1 Track Reconstruction Efficiency

The track reconstruction efficiency has been measured as in eq. 10 for both ap-
proaches and is shown in Figure 3.26, for charged tracks from the primary interac-
tion in tt events with 200 PU. Similar results have been obtained in the two cases,
with the SF+LR showing a slighter higher efficiency on average. From Figure 3.26b
it is possible also to observe how the KF behaves better for high-pt tracks, while
the SF+LR presents better performance at low-p.

Figure 3.27 shows the distribution of the perfect track finding efficiency, where
only reconstructed tracks with no incorrect stubs are selected as matched tracks. In
the KF case, the perfect efficiency coincides with the standard efficiency definition,
since it has been designed to keep only four stubs per tracks, as in the High-
Purity SLR fitter. The SF+LR chain, instead, makes use of the Best-of-Both SLR and,

therefore, does not have a predefined number of stubs per track. Hence, the perfect
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Figure 3.26: Track finding efficiency as a function of the simulated track pseudorapidity n
(a) and inverse transverse momentum 1/pt (b) in top pair production events
with PU200. Results obtained with Seed Filter plus Linear Regression fitter
(blue line) are compared with Kalman Filter results (red line).

efficiency, in this case, is slightly lower than the standard tracking reconstruction

efficiency, nevertheless exceeding 93% over the entire acceptance.

PILEUP DEPENDENCY. Figure 3.28 shows the measured track reconstruction
efficiency in tt events with different pileup content using the SF+LR fitter. A weak
dependency on the number of pileup interactions can be observed, especially for
low pt particles where a drop in efficiency of about 4% is observed when passing
from PUo to PU200. This loss is mainly attributable to the SF. Low pt tracks are
more sensitive to multiple scattering effects, which modify their trajectory. It is
possible for a stub belonging to a pileup track to be associated with a real track
candidate by the HT. If this stub happens to be closer to the seeding line than
the truth particle stub, it will be kept by the Seed Filter, resulting in a wrongly
reconstructed track.

As shown in Figure 3.29 the number of reconstructed tracks per event increases
with increasing pileup, as expected. On average around 8o tracks per event are

reconstructed in tt events with 200 PU.
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events with PU200. Results obtained with the Seed Filter plus Linear Regres-
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Figure 3.29: Distribution of the number of reconstructed tracks using a track finding algo-
rithm with a SF+LR fitter, for top pair production events with different pileup
contents (0, 140, 200).

LEPTON RECONSTRUCTION EFFICIENCY.  Of crucial importance for the future
L1 track finding system is the capability to correctly reconstruct the high energy
leptons in the collision. Figure 3.30 shows the reconstruction efficiency for muons
and electrons originating from the primary interaction in tt events at pileup 200.
The efficiency to reconstruct the muons in the event is about 98% over the entire
pseudorapidity range. Worse performance is obtained in the electron case (~ 82%),
mainly due to the bremsstrahlung effect, which results in deviations of the electron
trajectories from the helix trajectory assumed.

Several possibilities have been investigated in order to retrieve the loss in effi-
ciency for the electron case. One option exploits the possibility of using different
bin sizes for the Hough Transform array, with larger bins at low pt and smaller
at high pt. This helps the task of reconstructing the electrons in the event, but
nevertheless, it increases the number of tracks and the number of fakes out of the
track finding processor of about a factor 2. Therefore it has been decided to utilise
a standard HT array, with a unique bin size. Further studies are currently on-going

with the aim of increasing the electron reconstruction efficiency.
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Figure 3.30: Track finding efficiency to reconstruct electrons (blue line) and muons (red
lines) in top pair production events with pileup 200, as a function of the
simulated track pseudorapidity n (a) and inverse transverse momentum 1/pT

(b).

3.4.2 Track Parameter Resolution

Figures 3.31 and 3.32 show the resolutions of the four track parameters (pt, ®o,1
and z¢) for reconstructed charged tracks from the primary interaction in tt events
at pileup of 200, for both SF+LR and KF full chains, as a function of the truth particle
inverse transverse momentum and pseudorapidity.

Tracks reconstructed by the SF+LR algorithm have been found to have a better
parameter resolution in the r-z plane, than in the KF case. This can be explained
by the fact that the KF has to cope with more stubs than the SLR and it sometimes
selects the wrong state, because of the limited number of allowed iterations.

On the contrary, the KF shows better performance for the r-¢ parameters, demon-
strating that a linear approximation does not fit perfectly for low pr particles,
whose trajectory differs more from a straight line because of the high magnetic
field.

Both approaches show an expected degradation in resolution with increasing
pseudorapidity, due to a combination of the reduced effective precision for hits
in the endcaps and the increased multiple scattering probabilities, because of the

more material traversed by the particles. The -z parameter resolutions are also
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Figure 3.31: Track parameter resolutions for reconstructed tracks in top pair production
events with pileup 200 as functions of the simulated track inverse transverse
momentum 1/pt. Results obtained with the Seed Filter plus Linear Regres-
sion fitter (blue line) are compared with Kalman Filter results (red line).
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Figure 3.32: Track parameter resolutions for reconstructed tracks in top pair production
events with pileup 200 as functions of the simulated track pseudorapidity 7.
Results obtained with the Seed Filter plus Linear Regression fitter (blue line)
are compared with Kalman Filter results (red line).
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degraded by the fact that, at high rapidities, uncertainties on the stub position

play a major role.
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Table 3.2: Simulated track finding performance in top pair production events at a PU of 200,
after each stage of the algorithm. The average number of reconstructed tracks
per event in the entire tracker is also shown, together with the average number
of fake and duplicate tracks that survived the different filtering processes. For
benchmark purposes, also results obtained with a KF full chain are reported.

Stage Efficiency [%] | no. of Tracks | no. of Fakes | no. of Duplicates
HT 97.16 337 141 129
SF 96.37 188 31 21
LR 95.63 188 36 86
DR 95.3 100 25 10
SF+LR Full Chain 94.72 83 10 9
KF Full Chain 94.72 96 17 18

3.4.3 Summary

Table 3.2 summarises the track finding performance obtained in tt events at a
PU of 200, at each stage of the track finding algorithm. The results obtained are
compared with the KF track finding alternative.

Both approaches show similar track finding performance in terms of efficiency.
However, the SF+LR algorithm has been found to be capable of rejecting more fake
tracks and of producing tracks with better track parameters in the r-z plane. This
is important for the downstream trigger stages, especially for the primary vertex

reconstruction task, as it will be shown in Chapter 5.
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Figure 3.33: Efficiency to reconstruct the primary vertex of the hard interaction in top pair
production events with 200 PU, using tracks produced with a SF+LR (blue) and
a KF based track finding algorithm.
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Figure 3.33 anticipates some results by showing the reconstruction efficiency for
the primary interaction vertex in tt events with PU20o0, utilising tracks produced
by the SF+LR and the KF algorithms. The higher fake rate out of the Kalman Filter
affects the vertex reconstruction performance, resulting in an efficiency 4% lower
than in the SF+LR case.

Figure 3.34 shows the fraction of fake tracks as a function of the reconstructed
track pseudorapidity 1, produced using the SF+LR and the KF algorithms in tt
events with 200 PU. An average lower fake rate can be observed for the SF+LR track
titter, except in the high pseudorapidity region, where both algorithms make use

only of stubs belonging to PS modules.
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Figure 3.34: Fraction of fake tracks produced in top pair production events at a pileup of
200 by the SF+LR (blue) and the KF (red) track finding algorithms.

3.4.4 Finding tracks below 3 GeV

The downstream stages of the L1 trigger may require the availability of information
about tracks below the 3 GeV threshold. To find tracks with 2GeV > pt > 3GeV,
it is necessary to modify the Hough Transform array, adding 16 more bins along
the q/pr axis, in order to extend the range up to +1/2GeV ™.

In the low pr region cells are merged in 2x2 macro-cells. This is required to

prevent any loss of efficiency due to multiple-scattering effects dominant at low
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transverse momenta. Figure 3.35a shows the distribution of the number of recon-
structed tracks at the end of the chain with a p™" = 2 GeV threshold, compared
with the standard cut at 3GeV. As expected the total number of tracks increases
significantly, with the track finding algorithm producing on average about a factor
2.5 more tracks. The distribution of tracks per event is also much wider, having
some events with more than 500 produced tracks. This number can constitute a
problem for a final system implementation, which would require more resources
or processing time, increasing subsequently the overall cost.

Figure 3.35b shows the track finding efficiency as a function of the inverse trans-
verse momentum of the generated track. A clear drop in efficiency is visible at low
PT (pT < 2GeV), revealing that multiple-scattering effects in this range cannot be
neglected. Indeed, despite the increase in the total number of output tracks, worse

tracking performance are achieved, with a rising overall fake rate of about 20%.
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finding efficiency as a function of the inverse transverse momentum 1/pt of
the simulated track. The blue line shows the obtained distributions using a
modified version of the track finding algorithm, designed to reconstruct also
tracks with 2GeV < p1 < 3GeV. As a reference, also results obtained with the
baseline pT cut are shown (red line).

The track parameter resolutions are illustrated in Figure 3.36, as a function of
the inverse transverse momentum, for the two p‘Tmn thresholds. As expected worse
resolutions are obtained for low pt tracks. In fact, low pt particles multiple scat-

ter more often, leading to a deviation of their trajectories that prevents particles
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activating stubs in all the tracking layers. This reduction of stubs per track affects
the track fitter performance, which as a consequence produces worse track param-

eters.

3.4.5 Preliminary Tilted Geometry results

Despite optimising the Track Finding algorithm for a flat barrel geometry, it is
possible to use it also to reconstruct tracks in the new Phase 2 dataset samples,
which adopt the novel Outer Tracker geometry with tilted PS modules in the barrel
region.

The new design significantly reduces the number of produced stubs in each
event. On average a reduction of a factor 1.5 has been observed, with the new
tilted geometry producing an average of 10,000 stubs per BX compared to 15,000
with the old flat barrel design. This reduction translates in a reduced occupancy
of the (n, ¢) sub-sectors, which now contain an average of 59 stubs each (Figure
3.37a), and in fewer activated cells in the HT arrays (Figure 3.37b).

Despite the lower number of stubs available to perform the track reconstruction,
no significant loss of efficiency has been observed. Figure 3.38 shows the track
finding efficiency for tt events with PU200. On average the algorithm is able to
reconstruct correctly 94.57% of the tracks belonging to charged particles with a
pT > 3GeV.

Table 3.3 shows the track finding performance obtained with novel tilted geom-
etry OT, compared with the results obtained with a flat barrel design. The new
geometry further reduces the fake track rate at the end of the chain, bringing it

down to about 9.7% on average.

Table 3.3: Simulated track Finding performance in top pair production events with 200 PU,
using a novel outer tracker geometry with tilted modules in the barrel. Results
obtained with a flat geometry are also presented as a benchmark.

Stage Efficiency [%] | no. of Tracks | no. of Fakes | no. of Duplicates
Flat Barrel 94.7 84 10 9
Tilted Barrel 94.57 78 8 8

The resolution of the track parameters is presented in Figure 3.39. The obtained

resolutions are comparable with what has been observed with the flat geometry.
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Figure 3.36: Track parameter resolutions for reconstructed tracks in top pair production

events with pileup 200 as functions of the simulated track inverse transverse
momentum 1/pt. The blue line shows the obtained distributions using a mod-
ified version of the track finding algorithm, designed to reconstruct also tracks
with 2GeV < p71 < 3GeV. As a reference, also results obtained with the base-

line pt cut are shown (red line).
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In conclusion, these preliminary results have been found to be encouraging,
showing that a track finding algorithm based on the Hough Transform technique
can successfully reconstruct tracks with a tilted barrel design. Further optimisa-
tions to the algorithm are foreseen in order to exploit fully the novel geometry

and to significantly improve the overall track finding performance.
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HARDWARE DEMONSTRATION OF THE TMTT L1 TRACK
FINDER PROCESSOR

To fully understand the feasibility and the potential of the proposed L1 Track Find-
ing system it is essential to demonstrate its functionalities in hardware and to
measure its performance within the required latency budget.

A hardware system has been built to prove the performance of a track finder
slice, corresponding to a single Track Finder Processor (TFP) board. Since each TFP
will be identical to the others, by injecting into the demonstrator system data from
different tracker ¢ octants, it is possible to reconstruct entire events in hardware.

The main demonstrator system is located at the CERN Tracker Integration Fa-
cility (TIF) and is equipped with FPGA-based MP7 boards [97]. Two auxiliary sys-
tems have been built at Imperial College London and at the Rutherford Appleton
Laboratory for firmware development and debugging purposes.

The following section will provide a detailed description of the implemented
demonstrator setup. Successively the firmware implementation of the track find-
ing algorithm will be covered, showing how each step in the track finding chain
has been realised on FPGAs. Here particular attention will be given to the Seed
Filter plus Linear Regression (SF+LR) firmware, which will be described in detail.
Eventually, the performance obtained with the demonstrator system will be shown,

together with a comparison with the results expected from software simulation.

4.1 THE DEMONSTRATOR SETUP

The demonstrator system has been installed in a custom dual-star microTCA [104]
shelf, equipped with a commercial NAT microTCA Carrier Hub (MCH) which
provides Ethernet communication via the backplane. The crate also contains an
AMC13 [98] card, designed by CMS for synchronisation, timing and control. The
track finding processor functions are implemented in five Imperial Master Proces-
sor, Virtex-7, Extended Edition (MP7-XE) double width AMC cards [97].
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4.1.1  The Master Processor MP7 board

The Imperial Master Processor MP7 board has been designed for the upgrade of
the CMS L1 Calorimeter trigger [89]. It is equipped with a powerful Xilinx Virtex-7
XC7VX690T FPGA [84] and 12 Avago Technologies MiniPOD optical transceivers
[105], each of them providing 12 optical link pairs capable of 12.5 Gbps for a to-
tal I/O bandwidth of 0.9 Tbps. This high optical bandwidth makes the MP7 an

excellent stream-processor engine.

Figure 4.1: The Imperial Master Processor MP7 board [97].

Links are configured to run at 10 Gbps in the demonstrator system with 8b1iob
encoding for an effective 8 Gbps transfer rate. Therefore the bandwidth is half of
that assumed for the final system, which will have a 16.3 Gbps transfer rate with
64b66b encoding. This results in an increased time multiplexed factor of 36 instead
of 18.

Since the MP7 has been designed to fulfil different tasks, it provides a suffi-
ciently generic core firmware, which manages the transceivers, the serialisation/de-
serialisation, the data buffering, the I/O formatting, the clock configuration and
the communication with the Ethernet interface. In this way the end-user is able
to implement the desired algorithm, that is completely agnostic with respect to
the physical hardware. Figure 4.2 shows the model of abstraction used in the MP7
core firmware.

This division between core and algorithm firmware allows the separation of
tasks of the track finding processor in different blocks, each implemented into a
single MP7 board, daisy-chained together with high-speed optics. This facilitated

the development of the demonstrator system, assigning firmware responsibilities
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Figure 4.2: The structure of the MP7 firmware. The algorithm block is abstracted from the
physical hardware and service tasks. [97]

between the available personnel. In addition, daisy-chaining the algorithms across
multiple boards permits the estimation of the final system performance utilising
currently available technology.

Ethernet communication with the board is achieved via IPBus [106], which also

permits the of data into the data buffers of the MPy for algorithm testing.

4.1.2  Data Formats, Mappings and Link Specifications

A picture of the CERN demonstrator system is shown in Figure 4.3. A total of
eleven MP7 boards have been installed in the microTCA crate. Eight boards are
assigned to the demonstrator chain. Two boards (source) replicate the task of the
DTCs, transmitting data from a set of 36 DTCs boards into the Track Finding Pro-
cessor. The source board firmware consists simply of a large buffer which contains
all stub data belonging to a particular detector octant. Each output link from the
source boards represents a separate DTC output. Two source boards are needed
in order to correctly emulate the boundary effects between two adjacent detector

octants.
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data flow

Figure 4.3: The TMTT microTCA hardware demonstrator crate installed at CERN TIF. The
crate is equipped with 11 MP7-XE boards, an AMC13, MCH and required

optics. [99]

Stubs are injected into the TFP in a 48-bit data format (Table 4.1). The chosen time
multiplexing period (36 BX) fixes the maximum amount of payload data that can
be injected into a single TFP before a new event arrives. Each input link therefore
carries a data packet of 36 BX in length (216 clock cycles at 240 MHz) and includes
all payload (e.g. stub) data plus additional link headers/trailers. The payload data
is 210 frames in length and propagate through the several logic blocks composing

the Track Finder Processor.

Table 4.1: Stub data-format at the input of the Track Finder Processors. Stubs are formatted
and time multiplexed by the DTC boards, which encode them in a 48-bit data

format.
Parameter | Unit | Resolution Range Bits
bo rad | 0.0000479 | —0.78539 | 0.78539 | 15
TT cm 0.1006 —51.52 51.52 10
z cm 0.15625 —320.0 320.0 12
bend strip 0.25 -8 7.75
mod. type - 1 0 7
stub valid - - - - 1
EoE - - - - 1
Tot. 48b

The TFP consists of five MPy boards, each of them implementing a particular

stage of the track finding chain. The output track data produced is eventually
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captured by another MP7 board placed at the end of the chain (sink). The remain-
ing three boards are used for standalone firmware testing or parallel data taking.

Figure 4.4 shows how the different components in the chain are connected.

4.1.3 FPGA resources

The following sections of this chapter will show the different firmware designs
that have been developed to implement the track finding algorithm on FPGA. For
each logic block it will be shown also the actual resource utilisation in the Xilinx

Virtex-7 XC7VX690T FPGA. The main elements that have been considered are:

¢ Lookup tables (LUTs), which constitute one of the main logic block of an FPGA.
A LUT consists of a some number of inputs and outputs. A LUT contains usu-
ally a block of RAM indexed by the LUT’s input. The output corresponds to
the indexed value in the RAM. LUTs in a Virtex-7 FPGA have six independent

inputs and two independent outputs;

* Flip-Flops (FFs), simple circuits that can store one bit of data and have two

stable states (1 or 0);

* Block RAM (BRAM), blocks of RAM memory that can store up to 36 Kb of
data. They can also operate in Simple-Dual Port (SDP) mode, having two

independent inputs and two independent outputs with different clocks;

* Digital Signal Processings (DSPs), dedicated logic components that can be
used for fast signal processing, as wide dynamic bus shifters or as arithmetic

units.

4.2 THE DEMONSTRATOR SOFTWARE FRAMEWORK

In addition to the hardware system, a demonstrator software framework has also
been developed in order to convert simulated data into the required MP7 for-
mat and to compare the hardware results with the emulation. The demonstrator
software framework consists then of three programmes, all based on CMSSW: the
Pattern Writer, the Unpacker and the Comparison Software. Figure 4.5 shows how
the demonstrator data taking process is achieved, illustrating the various commu-

nication between software and hardware.
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Figure 4.4: Block diagram of the demonstrator slice. Each block in the diagram represents
a separate MP7 board, running a separate step in the track finding algorithm.
The whole system is made of eight MP7s: two Source, a Geometric Processor
(Gp), two Hough Transform (HT), two Track Filter and Fitter (TFF) plus Duplicate
Removal (DR) and a Sink. [99]
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Figure 4.5: The demonstrator data taking procedure. Stub and track data produced with
a simulated Phase-2 CMS tracker geometry (CMSSW MC Simulation) are digi-
tised and converted into a specific MP7 txt format by the Pattern Writer (PW),
which runs also a digitised version of the track finding algorithm (CMSSW
Emulation). Txt files are then injected via IPBus [106] into the MPy Hardware
Demonstrator, running the firmware version of the track finding algorithm.
Hardware results are then captured via IPBus and reconverted into a CMSSW
format by the Unpacker. Finally, hardware and emulation results are compared
by the Comparison Software.
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4.2.1  Pattern Writer

The first task in the chain is to convert stub simulated data into the required MP7
data format. The PW software is responsible for this. The PW takes as input simu-
lated physics events produced with CMSSW and converts them to a text file format
which will be transmitted via IPBus to the MP7. To allow testing of each firmware
block in a standalone way, the PW also runs a modified version of the simula-
tion software. This emulation processes the same integer formatted stubs used
as input into the hardware demonstrator, implementing fixed-point mathematical
operations in order to simulate as closely as possible the logic implemented in the
FPGAs. In addition to the full chain output, the PW is able to access the results at
output of each steps of the track finding algorithm. For example, for a standalone
testing of the HT firmware, the PW will run first the GP algorithm, producing an
input text file containing the sorted stub information out of the GP, and then it will
run also the HT step, in order to produce the simulated HT track candidates that

will be compared with the hardware results.

4.2.2  Unpacker

The Unpacker software is responsible for converting data captured from the MPys
into a useful CMSSW EDM format. It takes as input the captured text files, which
are decoded utilising the relative data format. To allow data taking at any stage of
the Track Finding chain, the Unpacker implements the data format at the output
of each step. In addition, it is also able to measure the latency for each block by

comparing the input and the output text files.

4.2.3 Comparison Software

The final task in the demonstrator chain is performed by the Comparison Soft-
ware. It takes as input the emulated software data, produced by the Pw, and the
unpacked hardware results from the Unpacker. Its role is to make a one-to-one
comparison, between the tracks produced by the emulator and by the hardware

demonstrator. In addition, it measures important track finding parameters, such
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as the efficiency and the track fit parameter resolution, comparing the obtained

tracks, from both emulation and hardware, with the generated true tracks.

4.3 TRACK FINDING PROCESSOR HARDWARE IMPLEMENTATIONS

Each Track Finding Processor board will be responsible for finding tracks in a
particular processing octant. The Track Finding algorithm has been implemented
in firmware in five different MPy boards, each of them running a separate block
of the algorithm. Figure 4.6 shows how the different logic blocks are connected in
a single Track Finding Processor board.

The following sections will describe each logic block, showing the hardware

demonstrator results at any step of the chain compared with the emulation.

4.3.1  Geometric Processor

Table 4.2: Stub data-format at the input of the HT boards. Stubs are converted by the GP into
an useful 64-bit data-format, which ease the load of the downstream processing

stages.
Parameter | Unit | Resolution Range Bits
bs rad 0.0000479 | —0.3926 | 0.3926 14
T cm 0.1006 —51.52 51.52 10
z cm 0.15625 —320.0 320.0 12
layer iD - 1 0 7 3
sector iD - 1 0 17 5
Mmin 1/cm | 0.0000119 | —0.00190 | 0.00190 | 5
Mmax 1/em | 0.0000119 | —0.00190 | 0.00190 | 5
sub-np - - - - 1
sub-ngr - - - - 1
stub valid - - - - 1
EoE - - - - 1
Reserved - - - - 6
Tot. 64b

The first task that the Track Finding Processor board has to face is to assign stubs
coming from the DTC to their relative angular sub-sectors, as defined in section
3.2.1. The firmware block responsible for this is the Geometric Processor (GP). The

GP takes as input the 48-bit DTC stubs and unpacks them into a 64-bit extended
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format, which reduces the load on the downstream stages, and assigns them to
the correct sub-sector. The GP output data format is shown in Table 4.2. In total
the GP routes stubs from 72 inputs (one per DTC) to 36 outputs (one per sector).
The GP algorithm has been implemented as a pre-processing block, which cal-
culates the correct sub-sector for each stub based on its global position, followed
by a routing block. The routing stages are sub-divided into three layers. Stubs are
firstly routed via a rough 1 sorting. This is followed by a finer n sorting and finally
by a ¢ sector routing (Figure 4.7). Each sorting block in the GP firmware is highly
configurable so that alternative sector definitions can be easily be adopted. The
stubs associated with each sub-sector are routed to dedicated outputs, such that

data from each sub-sector can be processed by an independent HT array.

,,,,,,,,,,,,,,, F‘:

3Inpul Cluster = 6 DTC’s!
: i

i n6l i sort in 2 36 stubs / clk
p— E 6 bins (240 MHz)
| o] rough 7 e /' g
| SOI

fine 7 J_HJJ
bins

72 DTC’s
delivering
48 stubs /clk =
(240MHz) =

sort in 3
fine n
bins

sortin 3
fine n
bins

Figure 4.7: The Geometric Processor (GP) routing network. Stubs coming from the DTCs
are assigned to 36 finer sub-sectors in (1, ¢). The sorting happens through a
three-layers router. Stubs are initially grouped in six rough bins in n, then
sorted in three finer 1 bins and finally assigned to the correspondent sector
according to their ¢.

Table 4.3 shows the required resource utilisation for the GP firmware running at
240 MHz as implemented within a Xilinx Virtex-7 XC7VX690T FPGA. The firmware
fits well in a single MP7 board and has been found to have a total processing la-
tency, defined as the time difference between the first stub received and the first
stub transmitted, of 251 ns. The routing block has been also tested at a higher
frequency of 480 MHz, leading to a latency reduction of 60 ns.
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The output packet data from the GP presents few gaps in the data stream, result-

ing in a limit on the maximum number of stubs that can be transmitted to the HT

per sub-sector equal to 175.

Table 4.3: Resource utilisation of each pre-processing block (with 48 needed per TFP)
and the entire routing block of the GP as implemented in the Xilinx Virtex-7
XC7VX690T FPGA. The usage as a percentage of the device’s available resources

is shown in parenthesis.

LUTs DSPs FFs BRAM (36 Kb)
Pre-processing Block | 1942 (0.4%) | 22 (0.6%) | 2416 (0.3%) 1 (0.0%)
Routing Block 27700 (6.4%) | 0 (0.0%) | 89531 (10.3%) 174 (11.8%)
Tot. GP 29642 (6.8%) | 22 (0.6%) | 91947 (10.6%) 175 (11.8%)

Figure 4.8 shows the average number of stubs assigned to each (1, ) sector

by the GP firmware compared with the results obtained using the emulation. The

matching between hardware and software is very good, with about 99.9% of stubs

assigned to the same sub-sector and having the same coordinates in both cases.
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Figure 4.8: Average number of stubs per m (a) and ¢ sectors. Results obtained with
the hardware demonstrator (blue dots) are compared with expectations from
the software emulation (red lines). An excellent matching has been observed,

greater than 99.9%
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4.3.2  Hough Transform

Each pair of output links (channel) from the GP transports stub data relative to a
particular (0, ¢) sub-sector, for a total of 36. In order to increase the parallelisation
of the process and to reduce the latency, a HT array is assigned to each channel.
Hence, each TFP employs 36 independent HT arrays implemented in two Virtex 7
FPGAs.

The HT array firmware consists of a fully pipelined design, processing stubs at
240 MHz. Figure 4.9 displays the firmware design of an individual HT array block.
Each array consists of 32 ‘Columns’ blocks, corresponding to the q/pt columns
in the HT array, controlled by several ‘Book Keeper” modules. The current imple-
mentation implements 12 Book Keepers, each communicating with two or three
daisy-chained Columns.

Each Book Keeper receives as input one stub per clock cycle, which is then
immediately stored in 36 Kb Block RAM. Stubs are then propagated to the first
Column in the Book Keeper. On each clock, cycle stubs are then transmitted to the

following Column in the daisy chain.

HT Array

Col. —| Col. — Caol.
6 E —
ﬁé Book Keeper

input output track
candidates

Figure 4.9: Overview of the firmware implementation of one HT array, assigned to an indi-
vidual sub-sector. Stubs are propagated to 12 HT blocks, each containing a Book
Keeper logic connected to a daisy chain of 2 or 3 Columns (Col.). [99]

In Figure 4.10 a logic diagram of the components in a Column block is rep-
resented. Each Column calculates for each stub a value of @7 at its right-hand

boundary, as defined in eq. 29. In order to optimise FPGA resource consumption,
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constants appearing in the equation, i.e. the B field, are absorbed into the defini-

tion of q/pT, such that the implemented equation becomes,

Or(n) =07(0) +n-Ay/p, - TT, (52)

where n is the Column index in the range [—16,15] and A4 /p,, is the fixed width
of a q/pt column. The value of ®1(0) corresponds simply to the ¢s coordinate of
the stub in the sector. Furthermore, a stub is allowed to enter a particular Column
only if it satisfies eq. 22. The allowed q/pT range is pre-calculated for each stub

by the GP, such that the implemented relation is simply,

Mmin <N < Mmax. (53)

By construction, stubs can activate one or two @t cells in the same column. To
identify stubs compatible with two cells the firmware calculates in each column
both values of @ at the left and right edges. If a stub is found to be consistent
with two cells, it is duplicated and stored in a “®t buffer”, whose content will
be processed at the first gap in the data stream. Stubs are then propagated to the
“Track Builder” block, which implements the 64 @ cells and assigns each stub to
the appropriate cell. A maximum of 16 stubs per cell is imposed here, ignoring
any additional stub entering the cell.

For each @ cell the Track Builder keeps two records of the tracker stations
activated by the stubs stored in the cell, one for each pseudorapidity half of the
sub-sector under consideration. Where a stub is compatible with both sub-sectors,
it is kept for both sides. If the threshold criteria for the number of activated tracker
stations is satisfied in at least one of the two halves, then a track candidate has been
found and the cell is marked for read-out.

Stubs consistent with a track candidate are then shifted to the next Column
by the “Hand Shake” component, until there are no more stubs in the pipeline.
Each track candidate stub carries now information about the track parameters,
q/pT and @7, in terms of the Hough Transform array coordinates (m, c). The full
output stub data format of the HT stage is shown in Table 4.4.

Finally, output track candidates from six Book Keepers are grouped together by

means of a multiplexer stage, in order to minimise the number of output channels
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stubs — stubs —

> > Hough >

\/
Transform
o1 - Track
Buffer > Builder
Hand enable
- Shake -
track candidates — track candidates —

Figure 4.10: Logic components within a HT Column, corresponding to a single q/pT col-

umn in the array. Input stubs (stubs in the picture) and stubs consistent with

a track candidate (track candidates in the figure) are propagated from Column
to Column. [99]

Table 4.4: Stub data-format at the input of the TFF+DR boards. Stubs are still encoded in a
64-bit words, while some information has been discarded (i.e. bend), not being
of any use for the final filtering tasks. The HT transmits only stubs consistent
with a track candidate, appending to each stub the coordinate of the cell in the

array.
Parameter | Unit | Resolution Range Bits
bs rad 0.0000479 | —0.3926 | 0.3926 14
T cm 0.1006 —51.52 51.52 10
z cm 0.15625 —320.0 320.0 12
layer iD - 1 0 7 3
sector iD - 1 0 17 5
Mpin 1/ecm | 0.0000119 | —0.00190 | 0.00190 | 5
Cbin rad 0.00614 —0.196 0.196 6
stub valid - - - - 1
Reserved - - - - 13
Tot. 64b
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and to balance the output load across sub-sectors. In this way, if an excessive
number of tracks is found within a single HT array, corresponding typically to a
very high energetic jet, track candidates are assigned to different output channels,
hence avoiding unwanted truncation effects. Since firmware has been designed
to receive and transmit a packet of data of a fixed length (210 clocks), all tracks
produced after that limit has been reached will be just discarded.

In total 72 output channels have been implemented from the HT stage to the
following Track Filtering and Fitting step. Table 4.5 shows the resource utilisation

of one Column and of one HT array, as implemented in a Virtex 7 FPGA.

Table 4.5: Resource utilisation of one Column (in the HT array) and of one entire HT array,
as implemented in the Xilinx Virtex-7 XC7VX690T FPGA. The usage as a per-
centage of the device’s available resources are shown in parenthesis. The entire
TFP needs 36 HT arrays. The resources needed to implement the multiplexer
are not included here, but are relatively small in comparison.

LUTs DSPs FFs BRAM (36 Kb)
One Column | 188 (0.0%) | 2(0.1%) | 204 (0.0%) 1 (0.1%)
One HT array | 6014 (1.4%) | 64 (1.8%) | 6718 (0.8%) 33 (2.2%)

Figure 4.11 shows the number of track candidates found by the HT firmware
as a function of the HT array parameters q/pt and @, compared with results
obtained by the emulation, in tt events with 200 pileup. Very good matching has
been found between the two, with about 99.4% of the track candidates produced
in software having the same HT parameters of the track candidates reconstructed
in hardware. In 97.7% of cases the matched track candidates contain also exactly
the same stubs, obtaining a tracking efficiency above 97% in both cases.

The HT firmware has a fixed first in - first out latency equal to 1025 ns. Similar
to the GP, the HT firmware produces gaps in the output data stream, limiting the
number of stubs that can be transmitted to the downstream track fitter stage to
202 per output channel. Track candidates are here ordered by the absolute value

of the q/pt bins, from the smallest to the largest, prioritising the high-p tracks.

4.4 TRACK FITTING WITH SEED FILTER PLUS LINEAR REGRESSION

Both algorithms, developed to execute the track filtering and the fitting stage af-
ter the Hough Transform, have been also implemented in firmware, targeting a

Virtex-7 FPGA. The Kalman Filter firmware has been designed using the high-
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Figure 4.11: Distribution of track candidates as a function of the HT track parameters q/pT
(a) and ¢ (b). Results obtained with the hardware demonstrator (blue dots)
are compared with expectations from the software emulation (red lines). An
excellent matching has been observed, greater than 99.4%.

level synthesis language Max] [107], while the Seed Filter plus Linear Regression
has been completely programmed in VHDL [108]. The following sections will de-
scribe in detail the SF+LR firmware implementation, whose performance will be
compared with the KF approach. A full description of the KF implementation can
be found in [109].

The Duplicate Removal firmware has been developed independently from both

fitters, in such a way that both implementations integrate the same DR block.

4.4.1  Design overview

An overview of the overall design of the Seed Filter plus Linear Regression and
Duplicate Removal firmware [110] is shown in Figure 4.12. Hough Transform track
candidate stubs enter the design across 36 input channels. Each input channel is
connected to a Track Locator component, which stores and transmits the stubs
to the next firmware block. Read-out from the Track Locators is managed by the
Control Unit blocks, which have as role transmitting stubs belonging to individual
track candidates to the downstream Seed Filter plus Linear Regression (SF+LR)

modules for processing.
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Table 4.6: Track data-format at the output of the TFP. Track information is encoded in a
96-bit word, containing the four track fit (1, q/pT,zT and tanA) and quality
(x?) parameters.

Parameter | Unit | Resolution Range Bits
OF s rad 0.0000479 | —0.3926 | 0.3926 | 14
q/pT 1/cm | 0.0000037 | —0.0038 | 0.0038 11
zT cm 0.0195 —160.0 160.0 14
tanA rad 0.0000037 —24.85 24.85 17
X2 - 0.25 0 127 9
sector iD - 1 0 17 5
mil T/em | 0.0000119 | —0.00190 | 0.00190 | 5
. rad 0.00614 —0.196 | 0.196 | 6
m{i,tm 1/ecm | 0.0000119 | —0.00190 | 0.00190 | 5
clit rad 0.00614 —0.196 | 0.196 | 6
track valid - - - - 1
consistent - - - - 1
out of range - - - - 1
Reserved - - - - 1
Tot. 96b

A total of 12 Control Units have been implemented per TFP, each of them han-
dling six Track Locators and four SF+LR blocks. Each SF+LR runs the track filtering /-
fitting algorithm discussed in Section 3.3, and produces track candidates, which
are stored in an internal FIFO until a read-out signal is received from the top mod-
ule. The time of arrival of this signal is the same for all the SF+LR blocks and defines
the latency of the design, defined as the difference between the time in which the
first stub enters the design and the time in which the first track is buffered out.

Tracks are then transmitted into the DR router block, which, in a similar way to
what happens in the GP, sorts the track candidates with respect to their sub-sector
and routes them to the respective DR block. Here, the Duplicate Removal algo-
rithm has been implemented in order to reject all the duplicate tracks produced.
Surviving candidates are then transmitted out across 36 output channels, one per
sub-sector in the processing octant. Each output channel consists of three MPy
output links, which transmit a track per clock cycle. Table 4.6 shows the output
track data format. Output candidate information is encoded in a 96-bits word.

The overall design has been implemented successfully in two Virtex-7 XC7VX690T
FPGAs, running at a frequency of 240 MHz.
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Figure 4.12: Overview of the Seed Filter plus Linear Regression (SF+LR) firmware. Stubs
coming from the HT output channels are temporarily stored in input FIFOs
(Track Locators). A Control Unit object readouts the tracks from the Track
Locators and distributes them to the SF+LR blocks. To optimise the paralleli-
sation of the firmware, each Control Unit manages six Track Locators and
four sF+LRs (Track Fitter Unit). A total of six Track Fitter Units have been
implemented on a Virtex-y FPGA. Produced tracks are then transmitted to a
Duplicate Removal (DR) Router, which forwards them to 18 DR modules that
reject the duplicate candidates. Surviving tracks are finally output through 18
channels.



4.4 TRACK FITTING WITH SEED FILTER PLUS LINEAR REGRESSION

4.4.2 Track Locators

The Track Locator logic is responsible for storing stubs belonging to HT track can-
didates temporarily before they are distributed to the SF+LR modules by the Con-
trol Unit. Figure 4.13 shows a simplified schematic diagram of the Track Locator
design.

Stubs enter the module at each clock cycle and they are stored into a dual-port
synchronous 256-bit x 64-bit Block RAM buffer. Two buffers are present for each
Track Locator since they are required to handle multiple events. Stubs are sorted in
the two RAMs by the Event Switcher logic. The input packet size is fixed to be 210
clock cycles long (about 850 ns), followed by gap of 6 clock cycles (25 ns). Whenever
there is a gap in data stream the Event Switcher receives an event switcher signal
from the top module (EventId), which defines the buffer to be filled.

Stub Buffer A
iStub

writeEn_A

readEn_A

empty_A

oStub_A

Event newTrack
Switcher empty

oStub_B [ Stub Buffer B |
empty_B

input
stub

iStub

writeEn_B

readEn_B

Pplusaa3|
ugpeal|

Figure 4.13: A Track Locator logic component. The module is provided with two BRAM
buffers (Stub Buffer A/B) to store stubs from two consecutive events. The ar-
rival of a not-valid stub into the Event Switcher block flags the end of the event.
The Event Switcher will, therefore, switch the enabling and disabling of the
read/write signals in the two buffers.

Once the Track Locator receives the readEn signal from the Control Unit, it be-
gins to readout stubs from the corresponding buffer. Two other signals are trans-
mitted to the Control Unit: the NewTrack signal, which notifies the Control Unit
that the next stubs will belong to a different track candidate, and the empty signal,

which informs that the buffer has been read out completely.
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Table 4.7 shows the resource utilisation of a Track Locator module as imple-
mented in the Xilinx Virtex-7 XC7VX690T FPGA. A total of 36 Track Locators have

been implemented in the current design in each MP7 board.

Table 4.7: Resource utilisation of one Track Locator module, as implemented in the Xilinx
Virtex-7 XC7VX690T FPGA. The usage as a percentage of the device’s available
resources is shown in parenthesis. The entire TFP needs 72 Track Locators, split
in the hardware demonstrator across two MP7s.

LUTs DSPs FFs BRAM (36 Kb)
Track Locator | 123 (0.0%) | 0 (0.0%) | 315 (0.0%) 2 (0.1%)

4.4.3 Control Unit

The Control Unit distributes stubs from the Track Locators to the downstream
SF+LR modules for processing. It basically acts as a multiplexer. Figure 4.14 shows
a schematic diagram of the Control Unit design.

Each Control Unit receives as input from the Track Locators the NewTrack and
the Empty signals. A readEn signal is sent to the first, not empty Track Locator,
which will start to transmit its stubs to the Control Unit. Stubs will be then prop-
agated to all SF+LR modules, which store and process them if a positive FilterEn-
abler signal is also received. Stubs from the first track will be processed by the
first SF+LR, from the second track by the second SF+LR and so on, in a round robin
fashion. Once the last SF+LR module has received a track, the transmission process
will start again from the first Seed Filter.

The enabling/disabling process of the Track Locators and Seed Filters has been
implemented in firmware by means of a simple FSMs.

Table 4.8 shows the resource utilisation for a single Control Unit logic. Each
Control Unit can handle a configurable number of Track Locators and SF+LR mod-
ules, which have been currently fixed to respectively six and four, for a total of 12

Control Units, splits across the two dedicated MPy boards.
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Figure 4.14: Overview of the Control Unit module. It has been designed as a simple

FSM, which activates and deactivates the readout from the six Track Locators.

Group of stubs with the same HT parameters (Mp;p, Cpin) are transmitted to
the four SF+LR modules in a round-robin fashion.

Table 4.8: Resource utilisation of a single Control Unit module, as implemented in the
Xilinx Virtex-y7 XC7VX690oT FPGA. The usage as a percentage of the device’s
available resources is shown in parenthesis. The entire TFP needs 12 Control
Units, split in the hardware demonstrator across two MPys.

LUTs DSPs FFs BRAM (36 Kb)
Control Unit | 159 (< 0.05%) | o (< 0.05%) | 427 (< 0.05%) 0 (< 0.05%)

123



124

HARDWARE DEMONSTRATION OF THE TMTT L1 TRACK FINDER PROCESSOR

4.4.4 The Seed Filter plus Linear Regression

The Seed Filter plus Linear Regression is the core module of the entire firmware.
It implements both the track filter and fitter algorithms. Figure 4.15 shows a sim-

plified block diagram of the module workflow.

Stub/clk

Input Controller

HTStubs

FinderFree

Seeds Finder

Seeds

CheckerFree

Seeds Checker

OutputStubs

FitterFree

Simple Linear
Regression Fitter

Tracks

SendOutput

Figure 4.15: Block diagram of the Seed Filter plus Linear Regression logic. The design can
be split in four stages, each representing a different step in the algorithm.
Each stage has to wait the arrival of the Free signal only from the successive
block, before transmitting /receiving new data.

The algorithm implementation has been subdivided into four separate phases:

1. Input Controller. Track candidate stubs are stored in a Block RAM buffer.
Track candidate are read out one at a time and sent for processing to the

second phase.

2. Seeds Finder. Pairs of PS stubs, belonging to different tracker stations, form

here the Seeds, which are then transmitted to the downstream stage.
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3. Seeds Checker. Each seed is beforehand verified to be compatible with the
beam spot length and the sub-sector definition. Those that pass both criteria
are then extrapolated to the other tracking stations, in order to verify the
compatibility of the other stubs in the candidate with the same seeding line.
Subsequently only the best seed is kept and its associated stubs are transmit-

ted to the Simple Linear Regression fitter for the final processing.

4. Simple Linear Regression. Implementing the Best-of-Both SLR algorithm, it
cleans further the track candidate from spurious stubs and calculates the fit
parameters. Produced track candidates are then stored in a FIFO, which is

read out once the SendOutput signal is received.

Seed Filter

Figure 4.16 displays a detailed schematic of the Seed Filter implementation. The
overall module can be seen as three separate state machines, communicating with
each other, which handle the first three phases described above. The separation
of the algorithm into those phases allows a better pipeline, thus reducing the
required processing times. The basic idea is to make each phase independent of
each other in a way that an upstream phase can start to process the next track

candidate, while the downstream phase is still dealing with the previous track.

INPUT CONTROLLER. The first phase (Phase 0) consists of storing the stubs
received by the Control Unit. Input stubs are saved in a dual port 64-bit x 64-bit
Block RAM buffer (Input Stub Buffer), which is controlled by the Input Controller
state machine. This sends the InputReadEn signal as soon as at least one stub is
present in the buffer. Reading from the buffer is halted every time a new track
arrives, i.e. every time at least one of the stub my,, cpiy Or sector iD variables
changes its value. A new track candidate can be read out only once the Seed

Finder State Machine is ready to process another track (FinderSMFree).

SEED FINDERS.  Stubs from the Input Stub Buffer (HTStub) are then stored in
a temporary dual port 16-bit x 64-bit Block RAM buffer (HT Stub Buffer) and
transmitted at the same time to the 15 Seed Finder modules. Each Seed Finder is
responsible for creating pairs of PS stubs, i.e. Seeds, which will be stored in the

Seed Buffer. Figure 4.17 shows how a Seed Finder module operates.
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Figure 4.16: Overview of the Seed Filter plus Linear Regression design. Internal compo-
nents are shown as round boxes, FSMs as squared boxes, FIFOs as blue boxes
and BRAM as green boxes. The design can be seen split into four phases, re-
sembling the steps of the algorithm. A detailed description is provided in the
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Figure 4.17: Overview of the Seed Finder module. Each Seed Finder receives in input
a copy of the stubs which are stored in Stub Buffer. By means of a FSM it
creates pairs of stubs (seed) belonging to PS modules in different stations of
the Outer Tracker. The first seeding stub (Stub0) is always the stub at the
address i in the Stub Buffer, where i corresponds to the index of the Seed
Finder. If Stub0 is actually a seeding stub, the module loops over the buffer
starting from address i+ 1, looking for other seeding stub candidates (Stubl).
Pairs of seeding stubs are then stored in a FIFO (Seed FIFO), readout by the
top module. A maximum of three seeds can be stored in the FIFO per Seed
Finder.

Each Seed Finder stores a copy of the HT stubs in an internal dual port 16-
bit x 64-bit Block RAM buffer (Stub Buffer). The seed pair creation has been im-
plemented as a simple three-state machine. The first state (Seeding StubO Checker)
checks that the first considered stub belongs to a PS module. The first stub is differ-
ent and fixed for each Seed Finder module, corresponding to the stub at position
i in the HT Stub Buffer, where 1 is the Seed Finder index.

If the first stub satisfies the requirement, the Seed Finder will start to loop over
all remaining stubs in the buffer starting from position i+ 1 (Seeding Stub1 Checker).
Any time a compatible stub is found a seed pair is created, consisting simply of
the addresses of the two stubs in the RAM (Stub Pair Creator). The found seed is
then stored in an internal 4-bit x 4-bit FIFO (Seed FIFO), which is read out once
the readEn signal is received from the upstream Seed Finders State Machine. Since
a limit on the number of seeds per Seed Finder has been set to three, there is no

need for a bigger FIFO.
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Seeds are readout from each Seed Finder starting from the first not empty unit
and stored into a small dual port 16-bit x 4-bit Block RAM buffer (Seed Buffer)

since only the first 15 seeds will be considered for each track candidate.

SEED CHECKERS. As soon as at least one seed is present in the Seed Buffer,
Phase 2 can begin. Stubs are immediately copied into another 6-bit x 64-bit Block
RAM buffer (Output Stub Buffer) and sent to the Seed Checker modules. Once all
stubs have been saved, a signal is sent to Seed Finder State Machine (CheckerSM-
free), which is now allowed to start processing a new track.

In Phase 2 seeds are readout from the Seed Buffer and transmitted through a
DSP calculation chain (beamspot/sector DSP checker), which verify the compatibility
of the seed considered with the beam spot length and the sector definition as in
eq. 34. The use of divisions in FPGA should be avoided, unless it is completely
necessary, since their firmware implementation requires a relatively high number
of resources and high latency. Therefore, in order to avoid divisions, the imple-

mented equations are,

lz1 - (r1—712) — (21 —22) M1l <w-|r1 — 12|, (54)

2 (r—r2) <zi-(r—r2) = (21 —22) - (S—m) <28 (11 —12). (59)

Each GoodSeed is sent to a different Seed Checker block. Simulation studies have
shown that a limit on the number of Good Seeds equals to 10 does not affect
the tracking performance. Therefore 10 Seed Checker instances have implemented
into the current design.

Each Seed Checker contains a copy of the track candidate stubs, stored in an-
other BRAM bulffer. Once it receives the seeding stubs information, stubs are read
out from the buffers and sent through a DSP chain, which checks the compatibility
of the stubs with seeding lines according to equation 36.

A record of the activated tracking stations is kept here for each track candidate,
maintaining only one stub per layer, based on first-come-first-served fashion.

Each Seed Checker will then transmit out information about how many track-

ing stations have been activated, together with pointers to the stubs that fired
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them. Subsequently a comparison between results from the different Seed Check-
ers takes place, which selects the first seed with the more activated stations. Stubs
compatible with the chosen seed are finally retrieved from the Output Stub Buffer

and sent to the Simple Linear Regression module for the track fitting operations.

The Simple Linear Regression module

The Simple Linear Regression module consists of a finite state machine, which
handles the communications between the several components in the design. Fig-
ure 4.18 shows a schematic working diagram of the SLR design. Four mains com-
ponents can be identified, resembling the track fitting algorithm steps listed in

Section 3.3.2.

1. R® Helix Calculator. Stubs are sent through a DSP chain, which measures

only the @1 and q/p fit parameters.

2. R® Residual. Residual distance from the r¢ fitting line is calculated for
each stub according to the just measured fit parameters. All stubs with a
residual value larger than a predefined threshold are kept or the four stubs
with smallest residuals. The module also checks that at least two stubs from

PS tracking modules are maintained.

3. R®/RZ Helix Calculator. Surviving stubs are used to calculate fit parame-
ters on both r¢$ and rz planes. For the latter, only PS stubs are utilised. Both

calculations have been implemented using a DSP chain.

4. x? Calculator. Residuals are measured again on both planes, and the x? is

then calculated using DSPs.

The most challenging part of this design is the implementation of the required
divisions for the calculation of the track fitting parameters. These have been imple-
mented by means of LUTs, storing the reciprocal values of the two denominators.
Two different divider precisions have been adopted for the r¢ and rz cases, equal
to respectively 20-bit and 16-bit. Further details on how divisions have been im-

plemented in the SF+LR firmware are presented in Appendix B.

Resource Utilisation

Table 4.9 shows the resource utilisation for a single SF+LR module as implemented
in the Xilinx Virtex-7 XC7VX690T FPGA. Also resources used by the individual
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Figure 4.18: Overview of Simple Linear Regression module. The design consists of a state
machine that deals the communications between the different components,
running each an individual step in the fitting algorithm. More details are
provided in the text.

Seed Finder, Seed Checker and Simple Linear Regression modules are presented.
The design makes a large use of LUTs. This is due to the fact that in some part of
the firmware LUTs are preferred to BRAMs to store stub information, because they
guarantee a faster access to the data and therefore lower latencies for the design
to meet timing requirements. Future improvements can be made in order to have

a more balanced resource utilisation.

Table 4.9: Resource utilisation of a Seed Filter plus Linear Regression module, as imple-
mented in the Xilinx Virtex-7 XC7VX690T FPGA. The usage as a percentage of
the device’s available resources is shown in parenthesis. The entire TFP needs
48 Seed Filters, split equally in the hardware demonstrator across the two MP7s.
Also, the resources utilised by the single Seed Finder and Seed Checker compo-
nents are presented.

LUTs DSPs FFs BRAM (36 Kb)
Seed Finder 107 (0.0%) 0 (0.0%) 112 (0.0%) 0 (0.0%)
Seed Checker | 479 (0.1%) 7 (0.2%) 380 (0.0%) 0.5 (0.0%)
SLR 2097 (0.5%) | 31 (0.8%) | 1259 (0.1%) 0.5 (0.0%)
SF+LR 9267 (2.1%) | 107 (3.0%) | 7808 (0.9%) 9 (0.6%)

Figure 4.19 shows how the 24 SF+LR modules have been placed across the Virtex-
7 FPGA [84]. Because of the relatively small amount of resources needed by each

SF+LR block, it would be possible even to implement more than 24 instances. How-
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ever, the chip has to accommodate also the DR firmware, which needs a large router
to communicate with all the Seed Filters. Implementing more Seed Filters would
make very difficult the design to close up the timing, because of the very com-
plicated routing. Moreover, as it will be shown in the results section, it has been
found that 24 SF+LR are sufficient to obtain excellent track finding performance,

without significant losses due to truncation effects.
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Figure 4.19: Floor planning of the implemented SF+LR+DR design in a Virtex-7 6go FPGA
[84]. Each colour represents a separate SF+LR module. The fitters are spread
along the entire chip to optimise the routing from the Track Locators.
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4.4.5 Duplicate Removal

The Duplicate Removal step has been implemented on the same FPGA chip as the
Track Filter/Fitter. As described in Chapter 3, the Duplicate Removal algorithm
has to have access to all the track candidates belonging to an individual sub-sector
in order to work properly. For this reason, it requires a routing stage at the output
of the SF+LR, which assigns the track candidates to their relative sub-sectors.

The DR Router has been implemented in firmware as a simplified version of
the GP router. Only two routing stages are here required, sorting the tracks ac-
cording to their sector iD. Each sub-sector is then processed by an individual DR
block. Therefore, according to the current geometrical division of the Tracker, 36
DR blocks are required per TFP.

Figure 4.20 shows the firmware architecture of a single DR block. Tracks input
to the DR will fill a 18 Kb memory (Matrix), which represents the HT array, at the
address corresponding to the (q/pt, @) coordinates within the HT array. The track
fitter stage marks as consistent the tracks whose track fit parameters are compatible
with the HT measurement. Those consistent tracks are immediately forwarded to

the output channel and the corresponding Matrix address is marked.

| |
i MatrixA I
Input : /|—> : Outp_ut I .
— . L | Logic Output
> : :
MatrixB r :
> | R_FIFO
|
|
|
|

|
|
|
|
l
. :
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|
|
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Figure 4.20: Architecture of a single Duplicate Removal (DR) block, processing tracks of a
single (1, ¢) sub-sector (Input). Therefore 36 DR modules are needed to process
the entire octant.

Inconsistent tracks are instead stored in a FIFO (R_FIFO). After a fixed config-
urable latency, set to 140 clock cycles (580ns) in the current design, tracks would
be rescued from the R_FIFO and, if their track parameters do not correspond to a

marked cell in the Matrix, they are forwarded as well to the output channel.
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Two matrices are needed in the design in order to allow reset and process alter-
nate LHC events. Table 4.10 reports the resource utilisation for the DR router and
for a single DR block. The design itself is relatively light, having also a low latency
of only 4 clock cycles at the DR block stage.

Table 4.10: Resource utilisation of DR router and of a single DR block, as implemented in
the Xilinx Virtex-7 XC7VX690T FPGA. The usage as a percentage of the device’s
available resources is shown in parenthesis. The entire TFP needs 36 Duplicate
Removal blocks, one per each sub-sector of the processing octant, split equally
in the hardware demonstrator across the two MP7s.

LUTs DSPs FFs BRAM (36 Kb)
DR Router | 22246 (5.1%) | 0 (0.0%) | 53989 (6.2%) 357 (24.2%)
DR Block 370 (0.1%) | 0 (0.0%) | 481 (0.0%) 4 (0.3%)

4.5 DEMONSTRATOR RESULTS

Simulated tt events with 200 PU have been used to test the demonstrator system.
The following sections show the results obtained in hardware, compared with
the expectations given by the software emulation. The word emulation is used in
an inappropriate way, since the software used for comparison replicates only the
functionalities of the implemented algorithm with the same digitised precision
without providing any information about the evolution in time of the actual sig-
nals. Hence, any truncation effect due to latency constraints cannot be reproduced
by the software. These truncation effects will be discussed further in the following

sections.

4.5.1  OQutput data rate

As previously mentioned, the Track Finder Processor firmware imposes a limit on
the number of stubs at the output of the GP and HT stages, equals respectively
to 175 and to 202. Figure 4.21a compares the total number of reconstructed tracks,
measured using the emulation software, with and without truncation. Figure 4.21b
shows the resulting tracking efficiency as a function of the generated track 1/pr.
For the majority of events truncation effects can be essentially neglected, being the
average number of tracks found by track finding algorithm practically the same

with or without truncation (102.5 and 103.9 respectively). However, some issues
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arise in the case of high-pr jets, whose tracks end up in a single sub-sector. Here
the tracks with the lower pr are truncated, resulting in a drop in tracking efficiency

at low pr.
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Figure 4.21: (a) Number of fitted tracks and (b) track finding efficiency, in top pair produc-
tion events with 200 pileup. The plots show the effect of truncation due to the
limited size of the input stub packet (blue dots), compared with performance
obtained with an limitless packet (red dots). Those results have been obtained
in simulation.

Some truncation effects can occur also at the output of the Track Fitter and Du-
plicate Removal stage. Unfortunately, these cannot be replicated in software, due
to the high complexity of the Seed Filter firmware architecture, whose processing
time is different for each track candidate. Estimation of this truncation would re-
quire an exact emulation (clock-wise and bit-wise) and time constraints did not
allow this to be developed. In any case, comparing the total number of tracks
out of the demonstrator system with the emulation results, it is possible to get a
rough estimation of these truncation effects. It must be noted nevertheless that dif-
ferences can be also due to other factors, i.e. bugs in the code or different precision
in the calculations. Figure 4.22 show the distributions of track candidates in 5,000
events, in hardware and emulation, as a function of the Hough Transform array
coordinates (Mpin, Cvin) and of the estimated track fit parameters (q/pt, O, tan A
and z).

The demonstrator system finds on average 100.9 track candidates, against the
102.5 reconstructed by the emulator. About 95% of hardware tracks match with a
track found by the software, revealing that in most cases the algorithm is behaving

in the same way in both firmware and emulation.
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Figure 4.22: Distribution of track candidate as a function of the HT indices (a, b) and the

fitted helix parameters (c, d, e, f), at the output of the TFP, for tt events with
PU200. Results obtained with the hardware demonstrator (dots) are compared
with expectations from software emulation (blue line). A 95% matching has

been observed.
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4.5.2 L1 track reconstruction efficiency

Figure 4.23 shows the track finding efficiency distributions as a function of the
pseudorapidity and the transverse momentum of the generated tracks in both
hardware and emulation. Even if the measured hardware efficiency is still high
(about 94.0%), it is slightly lower than in software. The loss in efficiency is due
to several factors, the main one being the truncation imposed by the track fitter
stage that is not replicated in software. Other differences can arise by different
implementation or precision of the algorithms in firmware and emulation.
Despite these dissimilarities, the demonstrator system has been able to prove
in hardware that it is possible to reconstruct tracks with pt > 3GeV in the harsh

HL-LHC environment, within the required latency budget.
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Figure 4.23: Track Finding efficiency in tt events at a pileup of 200, as a function of the
simulated track pseudorapidity (a) and transverse momentum py, measured
in hardware (blue dots) and software emulation (red dots). Comparable effi-
ciency have been obtained, with differences due to not-replicable truncation
effects and in the use of floating point calculations in some parts of the emu-
lator.
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4.5.3 Track Fit parameters resolution

The resolution of the track fit parameters is shown in Figure 4.24 and in Figure
4.25, for both hardware and emulation. The level of agreement between the two
is very good in all four distributions, with some remaining differences due to the
use of floating point calculation in some parts of the emulator code.

Parameter resolutions on the r$ plane are comparable to what has been ob-
tained using a full floating point precision simulation, as shown in Section 3.4.2.
For the vz fit parameters, slightly worse resolutions have been obtained, due to an
inappropriate choice of the number of bits used to encode the stub z coordinate.
Figure 4.26 shows how better resolution can be easily achieved by adding one or

two extra bits to encode the z and r1 stub coordinates.

4.5.4 Latency

The total latency of the system, defined as the time difference between the mo-
ment the first stub enters the TFP and the moment the first track comes out, has
been measured independently for each block and also for the total chain and is
reported in Table 4.11. Also, the latency due to the optical transmission delays and
serialisation/de-serialisation (SERDES) on the links is shown.

Identical results have been obtained when measuring separately the latency for
each individual block or in the entire demonstrator chain, from source to sink. The
latency of the system is fixed and it is independent of the event characteristics.

It is also important to measure the time difference between the first track and
last track coming out of the system, which defines the size of the output track
packet. The sum of those two latency measurements must not be greater than the
prefixed budget of 4 us, which is the time assigned to the Track Finding system
downstream to the DTCs.

The table shows also the latency measured with a TFP demonstrator system,
which exploits a Kalman Filter for the track fitting task.

Both approaches are well within the time budget. The SF+LR full chain has been
found to require about 150 ns less than the KF chain to process completely a single
event. It is possible to observe, on one hand, how the KF output packet size is
much smaller than in the SF+LR. That is because the KF firmware accumulates all

the reconstructed tracks before transmitting them out.
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Figure 4.24: Track helix parameter resolutions as a function of the simulated track pseu-
dorapidity n, in tt events at a pileup of 200, as measured in hardware (blue
dots) and software emulation (red dots).
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Figure 4.25: Track helix parameter resolutions as a function of the simulated track trans-
verse momentum pr, in tt events at a pileup of 200, as measured in hardware

(blue dots) and software emulation (red dots).
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Figure 4.26: Resolution of the -z helix parameters, for different widths of the stub coordi-
nates (r1,2z), in tt events at a pileup of 200. Performance comparable to a full
floating point simulation (see Fig. 3.32) can be obtained simply by assigning
two extra bits to each variable. Those results have been obtained using the
software emulation.

Table 4.11: Measured latency of the demonstrated components of the track reconstruction
chain, including the serialisation/de-serialisation (SERDES) and optical trans-
mission delays between each board.

System Latency Latency [ns]
SERDES + optical length 1 143
GP 251
SERDES + optical length 2 144
HT 1025
SERDES + optical length 3 129
SF+LR + DR 875
KF + DR 1658
SERDES + optical length 4 129
Total SF+LR Chain: First out - First in 2686
Output Packet SF+LR Chain: Last out - First out 875
Total SF+LR Chain: Last out - First in 3571
Total KF Chain: First out - First in 3479
Output Packet KF Chain: Last out - First out 225
Total KF Chain: Last out - First in 3704
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On the contrary, the SF+LR continues to process track candidates while sending
out the already reconstructed ones. The firmware has 210 additional clock cycles to
process as many tracks as possible before a new event arrives. Figure 4.27 shows
the distribution of the last-out-first-out latency for the SF+LR firmware. In most
of the cases, the SF+LR does not require the entire time to handle all the track in
the octant. The average output packet size is indeed of just 79 clock cycles, corre-
sponding to 329ns. A spike can be seen at about 600 ns, which is the moment the
DR would start its second loop over the inconsistent tracks, whose fit parameters

are not compatible with the Hough Transform coordinates.
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Figure 4.27: Time distribution of tracks along the output packet, in top pair production
events with pileup 200. Majority of the tracks are transmitted out at two times.
The first block is sent out at the beginning of the packet, corresponding to
consistent tracks. The second group will arrive at about 600 ns, corresponding
to the moment in which the second pass of the DR algorithm takes place.
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4.5.5 FPGA resource usage

Since the hardware demonstrator is constituted of many MP7 boards, the logic
constraints of a single FPGA processing board are avoided. However, the overall
resource utilisation must remain realistic, aiming to have a final firmware architec-
ture that will be implemented on one or two future FPGA chips.

Table 4.12 shows the total FPGA resource usage for each demonstrator compo-
nent (where the numbers given for the HT and Track Fitter implementations are
summed across the two boards used for each component). Resource utilisation for
both SF+LR and KF approaches are reported.

The sum of the three components gives an estimation of the required resources
for a single TFP board with a time-multiplexed factor of 36. In order to meet timing
and routing constraints in the Virtex-7, the designs often prioritised the use of LUT
based distributed memory over Block RAM, or vice-versa. This balance could be

readdressed in the future, as the design is adapted to newer FPGAs.

Table 4.12: Total resource usage for the demonstrator TFP (with time-multiplexed factor
n=36), as implemented in the Xilinx Virtex-7 XC7VX690T FPGA [84]. The re-
sources needed to construct a complete TFP correspond to the sum of the num-
bers from the three rows labelled GP, HT, and KF and DR.

LUTs [103] | DSPs | FFs [103] | BRAM (36 Kb)
GP 121 1056 205 222
HT 244 2304 299 1188
SF+LR and DR 512 5184 526 1434
KF and DR 398 5112 316 1776
Infrastructure per MP7 90 o} 91 291
SF+LR TFP Total (excl. infra) 877 8554 1030 2844
KF TFP Total (excl. infra) 763 8472 820 3186
Virtex-7 690 433 3600 866 1470

46 FINAL SYSTEM SCALING

The built demonstrator system has proved that it is possible to perform track
finding reconstruction at HL-LHC with available technology. A future system will
furthermore benefit from the many improvements the future FPGA chips will

carry.
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A new demonstrator system is therefore planned to be built, based this time on
a modern Xilinx Ultrascale FPGA [111], with transceivers capable of data trans-
mission speeds of at least 16.3 Gbps. The increased link bandwidth would allow
the demonstrator to work with a time multiplexed factor of 18, which is the target
in the baseline design.

Each TFP board in this design covers the same region as in the current demon-
strator system (i.e. one processing octant), thus the total system would be formed
by 8 x 18 = 144 TFP boards.

Depending on the chosen firmware and its future optimisation, each board
would be equipped with a number of FPGAs, varying from 1 to 3. This number

has also to take into account the required latency and cost of the final system.

4.6.1 FPGA resources

Having a time multiplexed period half of the one used in the demonstrator system,
each TFP would have to process data at twice the bandwidth, in order to guarantee
the same described performance.

An upper limit on the number of logic resources needed to handle with the
increased rate can be made by simply doubling the resourced used in a demon-
strator slice. Table 4.13 reports the resource required, compared with the available
logic in three Xilinx Ultrascale FPGAs [111]. According to these numbers, at least

three Kintex Ultrascale 115 FPGAs are required per each TFP.

Table 4.13: Upper limit on the required FPGA resources for a Track Finder Processor board
running at 480 MHz. Also the available resources for a number of Xilinx Ultra-
scale FPGAs [111] are shown.

| | LUTs [10%] | DSPs | FFs [103] | BRAM (36 Kb) |

’ SF+LR TFP Total (excl. infra) ‘ 1754 ‘ 17108 ‘ 2060 ‘ 5688 ‘
Kintex Ultrascale 115 633 5520 1266 2160
Virtex Ultrascale+ 9P 1182 6840 2364 2160
Virtex Ultrascale+ 11P 1296 9216 2592 2016

Nevertheless, as shown in Section 3.4.5, the new Outer Tracker tilted geome-
try reduces considerably the number of produced stubs, input to each TFP and,

therefore, the number of reconstructed tracks out of the HT drops by about 30%.
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This leads to a reduction on the number of required SF+LR modules per TFP
from 48 to 34. Moreover, following the example of the GP firmware, the overall
chain is aimed to run at a higher processing firmware. Therefore, by targeting
a clock speed of 480 MHz for most parts of the system, it should be possible to
double the processing bandwidth of the design and halve the resources required
per TFP, with respect to Table 4.13.

In conclusion, a final Track Finder Processor board is expected to be constructed
with no more than two Kintex Ultrascale 115 FPGAs or with one Virtex Ultrascale+
11P.

4.6.2 Latency

The use of 16.3 Gbps links to communicate with the TFP boards will reduce the
latency required to accumulate data in all the different blocks of the chain. In
particular, the data accumulation period in the HT and the Seed Filter latency can

be both reduced by 450ns.

Table 4.14: Latency table for the baseline system, extrapolated from the existing demon-
strator. Note that extrapolation to 480 MHz assumes that additional registers
are necessary, meaning that rather than a 50% reduction in latency, a 30% re-
duction is assumed throughout. This number is based on what was achieved
with the GP router at 480 MHz. Two SERDES stages internal to the TFP are also
assumed, to cover the worst case scenario (for latency) of three daisy-chained

FPGAs.

Latency [ns] 240 MHz | 480 MHz

DTC 250 250

DTC — TFP (SERDES & fibre) 150 150

GP 251 176

HT 575 403

SF+LR+DR 425 425

Two internal SERDES stages 240 240

TFP — L1 (SERDES & fibre) 150 150

TFP First out — Last Out 875 613

Total: First in DTC — First in L1 2041 1794

Total: First in DTC — Last in L1 2916 2407

Table 4.14 reports a conservative estimation of the latency of a final system. Here

the latency required for the DTC boards to unpack, format and sort stubs has been
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estimated to be 250ns. An additional latency of 150 ns is assumed to transfer data
from the DTCs to the TFP boards.

Also estimations for a system running at 480 MHz are shown. A latency limit,
intended as the time difference between the first stub coming in and first track

coming out, can be estimated as at 1.8 us.

4.7 SUMMARY

The assembled hardware demonstrator has successfully demonstrated the feasibil-
ity to reconstruct tracks at the L1 trigger stage of the Phase-II CMS experiment at
the HL-LHC conditions, within the required latency budget.

The Track Finder Processor functionalities have been implemented into five MPy
cards, installed in a microTCA crate located at CERN. Both track fitting approaches
have been successfully implemented in firmware and validated against the soft-
ware predictions. Good matching between hardware and emulation has been ob-
served, with the demonstrator capable to reconstruct correctly more than 94.0% of
tracks with pt > 3GeV in tt events at a PU of 200.

Both KF and SF+LR track finding chain process events with a fixed latency, which
is well below the 4 us requirement. In particular the SF+LR has been found to be
the fastest, having a first-in-last-out latency of about 3.57 ps.

The resource usage is similar in both cases. The entire track finding algorithm
could fit potentially in just two Kintex Ultrascale 115 FPGAs. A new demonstrator
system is planned to be built in the near future, exploiting larger FPGAs and faster

optical links.
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PRIMARY VERTEX FINDING AT L1 TRIGGER LEVEL

The availability of central track information at the Level-1 (L1) trigger level will
constitute a new powerful tool, necessary to form the correct trigger decision. At
the L1 Correlator Trigger (CT) track data will be combined with information from

muon and calorimeter trigger systems. This will enable [46]:

* improvements in the identification of charged leptons (electrons, muons and

taus);

¢ improvements in the measurement of the transverse momenta of lepton can-

didates, particularly muons;

¢ the determination of the isolation factor for leptons and photons with respect

to other tracks.

In addition to being used in conjunction with the other sub-systems, the Track
Trigger primitives can also be used in standalone mode. In particular, one of the
most interesting applications is the use of reconstructed L1 Tracks to determine
the primary vertices in an event. The correct identification of the hard interaction
primary vertex in the collision will permit the implementation of a new set of
trigger algorithms in the online Global Trigger (GT), similar to those currently
used for offline reconstruction and at the High-Level Trigger (HLT), leading to
better event reconstruction.

Primary vertex information can, in fact, be used to improve the event jet recon-
struction or the pileup subtraction. It will also provide additional event-specific
parameters, like a tracker-based missing transverse energy, which can be exploited
in several trigger algorithms.

Preliminary studies were conducted in the past to estimate the achievable event
vertexing performance. Those studies have been based on the use of a simple
fast vertex reconstruction algorithm and have shown promising results. Benefit-
ing from more accurate L1 track reconstruction simulation, the potential of an L1

Vertex Finder at the CT has been further explored and it is reported in this chapter.
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Several clustering algorithms have been investigated, to identify the best option
for a final implementation. The chosen algorithm should provide excellent ver-
tex reconstruction performance and be fast, taking into account that it must be

designed to target a future FPGA implementation.

5.1 SIMULATED DATA AND DEFINITIONS

Each of the vertex reconstruction algorithms presented make use of L1 Tracks
produced with the standard Time Multiplexed Track Trigger (TMTT) track finding
simulation [99]. Track candidates are firstly identified in the r¢ plane using a
Hough Transform technique and then filtered and fitted by means of the Seed
Filter plus Linear Regression fitter.

Only tracks that satisfy some minimal quality requirements are used in this
analysis. They must have a track fit x? < 50 and, in order to reduce effects from
high-pt fake tracks, L1 tracks with a pt > 100 GeV are taken into consideration
only if they have stubs assigned in at least six tracking stations.

The primary vertex finding efficiency is defined as:

Nyivx
" NGenvx’ (56)
where Ngenvyx is the total number of generated primary vertices from hard
interactions, which contain at least two charged tracks that can be reconstructed
by the track finding algorithm (see Table 2.2). Ny iy is the total number of re-
constructed vertices, where a vertex is considered correctly reconstructed if it is
within a distance 6 from the generated hard interaction vertex along the beam axis

z,

|ZL1 _ZGen| <. (57)

Most of the examined algorithms reconstruct usually more than one vertex. The
hard interaction primary vertex is therefore identified as the vertex having the

largest scalar sum of track transverse momenta.
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The vertex reconstruction performance has been tested using simulated data sets
with both the old flat and the new tilted barrel geometries. Top pair production
events at a PU of 200 have been utilised as the reference, while further tests have

been conducted also in other samples, as will be shown in Section 5.3.6.

5.2 VERTEX RECONSTRUCTION ALGORITHMS

Several different kinds of clustering algorithms have been tried and compared to
find an optimal solution. All the algorithms have been designed in CMSSW simula-
tion and designed to find vertices only along the beam axis z.

The algorithms can be classified into four categories [112]:

* Grid-based methods (FastHisto). Tracks fill a histogram and clusters are

identified by looking at local minima;

* Agglomerative Hierarchical Algorithms (Single-link, Complete-link, Average-
link). Each track starts in its own cluster, and pairs of clusters are merged at

each step of the algorithm;

* Divisive Hierarchical Algorithms (PVR). At the beginning all tracks are

part of the same cluster, which is split at successive iterations;

* Density based clustering (DBSCAN). Clusters are first formed in regions of
high density of tracks with momenta above a defined threshold. A second

step merges into the clusters all tracks within a chosen distance;

* Partitioning Methods (Kmeans). Parameter space is initially partitioned in
a fixed number of clusters. Tracks are relocated between clusters at each

iteration.

The following paragraphs will illustrate the operation of the algorithms, each of
which has been tested using a simulated data set of tt events with PU20o0. In this
context, a found vertex is defined as correctly reconstructed it is within 1 mm of

the generated vertex.
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5.2.1 FastHisto algorithm

The FastHisto clustering algorithm was first presented in the Technical Proposal
of the CMS Phase-2 Upgrade [46, 113]. The basic idea is to discretise the z axis in
1mm-wide bins. Then a histogram is filled with the track information. A track is

inserted in a particular bin n if,

|z — Z0,trk| <g, (58)

where z,, is the position of the centre of the bin, zg i is the longitudinal impact
parameter of the track, defined as the distance of the track Az from the CMS axis
origin (0,0,0), and ¢ represents the assumed maximum width of a cluster. Once
all tracks have been processed, the hard interaction primary vertex is identified by
looking at the bin with the highest value of } ., pt*.

Figure 5.1a shows the efficiency of reconstructing the hard interaction primary
vertex as a function of the z coordinate of the generated vertex. A value of ¢ =
0.15 cm has been found to give the highest efficiency (about 86.4%). This is also con-
firmed by looking at reconstructed vertex z resolution distribution (Figure 5.1b),
where an average resolution of 0.046 cm can be achieved.

The FastHisto algorithm does not require any pre-sorting of the tracks and there-
fore constitutes a good candidate for a possible FPGA implementation. The num-
ber of iterations required by the algorithm to find the main event primary vertex

is estimated to be (Npins/2 + Nirk)-

5.2.2  Agglomerative Hierarchical Algorithm

Agglomerative hierarchical clustering algorithms construct clusters by merging observ-
ables in a bottom-up fashion. Initially, each object forms a single cluster. At each
iteration, clusters are then merged until a certain criterion is satisfied.

This method has been applied to LiTracks in order to find the primary vertices

in the interaction. At the first iteration, each track form a single vertex. At any
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Figure 5.1: Vertex reconstruction performance with a FastHisto clustering algorithm. (a)
Vertex reconstruction efficiency and (b) primary vertex resolution as a function
of the generated primary vertex zgen position, in top pair production events at
a PU of 200, for different values of the assumed vertex width d. [46, 113]

following iteration, two vertices A and B are merged into a single one if their

distance is less than a predefined parameter ¢,

D(A, B) < ¢. (59)

The distance between two clusters can be computed in different ways, which

sub-divide further the agglomerative hierarchical clustering algorithms as follow.

¢ Single-link clustering. Distance is defined as the shortest distance from any

member of the first cluster A to any member of the second cluster B. [114]

D(A,B) =min{d(x,y): x € A, y € B}; (60)

¢ Complete-link clustering. Distance is defined as the longest distance from

any member of the first cluster A to any member of the second cluster B.

[115]

D(A,B) =max{d(x,y): x € A,y € B} (61)
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¢ Average-link clustering. Distance is defined as the average distance between
any member of the first cluster A to any member of the second cluster B.
[116]

D(A,B) = M]nB > ) dxy), (62)

xeAyeB

where n 4 g are the sizes of the clusters and d(x,y) is the distance between

the two considered members x and y;

Each of the metrics has been tested independently, with the goal of finding the

best gap distance parameter for each of them.

SINGLE-LINK CLUSTERING. Figure 5.2a shows the primary event reconstruc-
tion efficiency, using a single-link clustering method, for different values of gap
parameter, as a function of the generated vertex position zgen. The highest effi-
ciency has been obtained with a gap value of 0.1 cm, confirmed also by the vertex
resolution distribution (Figure 5.2b).

The main disadvantage of the single-link clustering method is represented by
the so-called “chaining effect”, which happens when two independent clusters are
wrongly merged because of the presence of uncorrelated points between them.
The algorithm has been found to work well in most cases, with an average effi-
ciency of 87%. However, the drawback for its simplicity is represented by its long
processing time. The simplest implementation of the algorithm requires, in fact,
O(n?3) iterations to converge and it is not linear with the number of clusters [112].
A faster version of the algorithm has been also developed, named SLINK, which

reduces the number of required iteration to O(n?) [117].

COMPLETE-LINK CLUSTERING.  The complete-link clustering method has been
designed in order to avoid the chaining effect. In fact, merging clusters according
to the longest distance between their members leads to the creation of more com-
pact clusters than the single-link method (see Figure 5.3).

Figure 5.4a shows the vertex reconstruction efficiency as a function of the gener-
ated vertex z coordinate, for different gap values. The best performance has been
obtained for a gap value of 0.65 cm, leading to an average efficiency of 81% and a

vertex resolution of 0.036 cm.
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Figure 5.2: Vertex reconstruction performance with a Single-Link clustering algorithm. (a)
Vertex reconstruction efficiency and (b) primary vertex resolution as a function
of the generated primary vertex zgen position, in top pair production events at
a PU of 200, for different values of the assumed maximum gap between tracks
in the same cluster.
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Figure 5.3: Width of track clusters produced with the Single-Link (red line) and the
Complete-Link (blue line) algorithms. The Complete-Link tends to create more
compact clusters, getting rid of the so-called chaining-effect.
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Figure 5.4: Vertex reconstruction performance with a Complete-Link clustering algorithm.
(a) Vertex reconstruction efficiency and (b) primary vertex resolution as a func-
tion of the generated primary vertex zgen position, in top pair production
events at a PU of 200, for different values of the assumed minimum gap be-
tween tracks in the two neighbour clusters.

The Complete-link method is an iterative process and, as for the Single-Link
approach, requires O(n?) iterations to converge. Also, in this case, a faster version

of the algorithm has been designed, lowering the time complexity to O(m?) [118].

AVERAGE-LINK CLUSTERING. The average-link clustering method merges in
each iteration the pair of clusters whose average distance between members is
lower. Figure 5.5 shows the distributions of efficiency and resolution as a function
of the generated vertex z position.

The highest vertex reconstruction efficiency (89%) was obtained with a gap value
of 0.35cm, while the best resolution (0.03cm) is achieved with a gap value of
0.25cm, indicating that with high probability a value of 0.30cm represents the
best working point. The overall time complexity of the average-link clustering
algorithm is O(n? logn) [119].

In summary, the Agglomerative Hierarchical algorithms have shown good per-
formance in reconstructing the hard interaction primary vertex in the event, achiev-
ing efficiencies close to 90%. Despite this, their inability to scale well with a large

number of tracks would cost a huge amount of time and resources in hardware.
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Figure 5.5: Vertex reconstruction performance with a Average-Link clustering algorithm.
(a) Vertex reconstruction efficiency and (b) primary vertex resolution as a func-
tion of the generated primary vertex zgen position, in top pair production
events at a PU of 200, for different values of the assumed minimum gap be-
tween centres of two neighbour clusters.

Therefore it is possible to conclude, that they do not represent a viable solution

for L1 trigger applications, even if they constitute a good benchmark tool.

5.2.3 Divisive Hierarchical Algorithms

Another approach in the hierarchical clustering methods adopts top-bottom hier-
archy. Initially, tracks are considered all to belong to the same cluster and, at each
subsequent iteration, the least compatible track is rejected.

A possible implementation of this algorithm is represented by the so-called Prin-
cipal Vertex Reconstructor (PVR) [120]. At the beginning, all the tracks are consid-
ered to belong to the same vertex. At each iteration, the average z coordinate of
the vertex is computed and the least-compatible track (the furthest) is discarded.
This procedure goes on until no track is at a distance larger than a predefined &
from the centre of the vertex. After that, the process is repeated with the set of
rejected tracks, until it contains less than two tracks.

Figure 5.6a shows the efficiency to find the hard interaction primary vertex in the

event as a function of the generated vertex z coordinate. The PVR has been found
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to achieve excellent performance, with an average efficiency above 92%. Also, the
good vertex resolution achieved (Figure 5.6b) demonstrates the great potential of

the algorithm.
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Figure 5.6: Vertex reconstruction performance with a Principal Vertex Reconstructor (PVR)
clustering algorithm. (a) Vertex reconstruction efficiency and (b) primary ver-
tex resolution as a function of the generated primary vertex zgen position, in
top pair production events at a PU of 200, for different values of the assumed
maximum gap between a track and the centre of a cluster.

Nevertheless, those results are obtained in spite of significant cost in terms of
processing time. In fact, it is estimated that the PVR requires at least (n!/m!) itera-
tions per cluster, where n is the number of tracks in the vertex at the first iteration
and m is the number of tracks to be rejected. Such time complexity excludes the

PVR from the list of algorithms suitable for a L1 Trigger application.

5.2.4 Density-based Clustering Algorithms

Density-based clustering algorithms [121] consider clusters as areas of high-density
of the a selected density p(x). They do not require any input assumptions about
the number of clusters or on the density distribution p(x).

A first density-based algorithm [122] has been designed in order to solve the

chaining-effect in the single-link clustering algorithm, rejecting outliers from the
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cluster by looking at their density as a function of the distance from the centre of
the cluster.

One of the most famous density-based algorithms is the so-called Density-Based
Spatial Clustering with Noise (DBSCAN) [123]. The DBSCAN looks in areas with
high density of interesting points to form the clusters, where an interesting point
has to satisfy certain criteria X.

The DBSCAN takes as input two parameters, the distance threshold r and the den-
sity threshold k. In addition to these, the algorithm requires a predefined criterion
to select points. The density of an interesting point x; is defined as the number of
interesting points n; that are within r from x;. If ny > k, x; is a core point and a
cluster is created. Two points are density connected if they are connected to the
same core point.

The DBSCAN is a good candidate for the vertex reconstruction task. In this case,
intuitively interesting tracks can be selected as that having a transverse momen-
tum larger than a chosen threshold p®i". The distance threshold is simply the
maximum distance allowed between two tracks in a vertex ¢, while the density
threshold is interpreted as the minimum number of interesting tracks in the ver-
tex M.

To find the optimal configuration of the DBSCAN, tests have been conducted
varying one of the three parameters at a time, keeping the two other fixed. Figure
5.7 shows the vertex reconstruction performance obtained for different values of
¢, requiring only M = 2 tracks with a pTi" = 3GeV to form a vertex. The highest
reconstruction efficiency and the best resolution have been observed with a ¢ =
0.15cm.

The next step is to change the minimum required transverse momentum pTi"
of the M density tracks around the core track. Figure 5.8 shows the efficiency and
the resolution to reconstruct the primary vertices for different values of p2i", as
a function of the generated vertex z position. It has been observed that the best
performance is obtained by requiring at least two tracks with a minimum p of 4
GeV.

Finally, it is also possible to modify the requirement on the number of tracks
in the cluster above a certain pt threshold. Figure 5.9 shows the performance

obtained for various M values.
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Figure 5.7: Vertex reconstruction performance with a DBSCAN clustering algorithm. (a) Ver-
tex reconstruction efficiency and (b) primary vertex resolution as a function of
the generated primary vertex zgen position, in top pair production events at a
PU of 200, for different values of the assumed maximum distance ¢ of a track
from the core track in a cluster.
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Figure 5.8: Vertex reconstruction performance with a DBSCAN clustering algorithm. (a) Ver-
tex reconstruction efficiency and (b) primary vertex resolution as a function of
the generated primary vertex zgen position, in top pair production events at a
PU of 200, for different values of the assumed minimum transverse momentum
pTN of density tracks M.
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Figure 5.9: Vertex reconstruction performance with a DBSCAN clustering algorithm. (a) Ver-
tex reconstruction efficiency and (b) primary vertex resolution as a function of
the generated primary vertex zgen position, in top pair production events at
a PU of 200, for different values of the assumed minimum number of density
tracks M.

The time complexity of the DBSCAN algorithm is O(n?) in the worst case. This
can be reduced to O(nlogn) using an appropriate preliminary indexing [121],

which for the vertexing task consists simply of sorting the tracks by increasing p.

5.2.5 Partitioning Clustering Methods

The Partitioning Methods are another popular fast clustering technique. Here pa-
rameter space is divided initially in a predefined number of clusters and, at each
iteration, objects are moved from one cluster to another [112].

The simplest partitioning algorithm is the so-called K-means [124]. Here, the data
space is partitioned into K clusters, whose centres are simply the mean of all the
objects that belong to a cluster.

At first instance, the centre of a cluster py o is simply defined by dividing the z

axis into K segments.

Zmax 1 Zmin

X - (k+0.5), (63)

Hk,0 = Zmin T
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where zmaxmin = £15cm is fixed by the beam-spot length definition.
At each iteration 1, each cluster centre is re-calculated as the mean of all the

tracks z; assigned to it,

N Z Zg, (64)

where Ny ; is the number of tracks in the cluster k at the iteration i. At each step,
tracks are then assigned to the closest cluster according to their distance from
the cluster centre that has just been computed. At the last iteration, a cut-off is
implemented, by placing a threshold on the maximum distance ¢ of the tracks
from the centre of the cluster.

The K-means algorithm as implemented therefore requires three parameters as
input: K, ¢, Nj;. Figure 5.10 shows the efficiency and the resolution to reconstruct
the hard interaction vertices for different values of ¢, fixing the number of clusters
to K = 20 and the number of iterations to Nj; = 999. The best performance was

obtained using &€ = 0.25 cm, reaching a maximum efficiency of about 88%.

0.6

TRIGGSimulation, CMS Phase-2 inclusive tt events <PU200> TRIGGSimulation, CMS Phase-2 inclusive tt events <PU200>

— 0

3 [ S

c 5] E

Q s K-means (3 =0.1.cm, K= 20, N.. = 999)

2 L S L it

= f? e [CI—

L SIS S g - : N o og- 2= £2.0.15.cm —*—-£=025cm

oo l . b Y oos

<] g 8 s aes ey £

S 08 E Trg. e T +1 N F ——g=040cm ——£=0.50cm

3] Tl | | T 0.07

=} r L

= L C

[%2] [

c L 0.06

5 C

o C

] C

o

X

]

b=

(]

>

04 4 ¥ + ,.:3‘¢*i:g * L, ]
f o LT[l g
L K-means (8= 0.1 cm, K = 20, N, = 999) It #’ 3 b T sl |4
02 —»—.£=0.15cm ——£=0.25.cm 0.02 Y r
| —e—e=040cm —+—£=0.50cm 0.01F !
07‘ - ‘ Ll ‘ Ll ‘ - ‘ | ‘ Ll G: L1 ‘ - ‘ - ‘ - ‘ - ‘ -
15 10 -5 0 5 10 15 =15 10 -5 0 5 10 15
Zgen [CM] Zgen [€M]
(a) (b)

Figure 5.10: Vertex reconstruction performance with a K-means clustering algorithm. (a)
Vertex reconstruction efficiency and (b) primary vertex resolution as a func-
tion of the generated primary vertex zgen position, in top pair production
events at a PU of 200, for different values of the assumed maximum distance
of a track from the centre of the cluster e.



5.2 VERTEX RECONSTRUCTION ALGORITHMS

The second step consists of finding the optimal number of partitions or in-
put clusters K. Figure 5.11 shows the vertex reconstruction efficiency and the re-
constructed vertex resolution for different values of K. The best performance is

achieved for a K = 18, with an average efficiency of about 89%.
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Figure 5.11: Vertex reconstruction performance with a K-means clustering algorithm. (a)
Vertex reconstruction efficiency and (b) primary vertex resolution as a func-
tion of the generated primary vertex zgen position, in top pair production
events at a PU of 200, for different values of the pre-defined number of parti-
tions K.

The last configurable parameter to determine is the number of iterations Nj;
required by the algorithm in order to converge to a solution. The results obtained
are presented in Figure 5.12 and show that performance becomes constant after 15
iterations.

The time complexity of the K-means algorithm [125] is O(Nj; - K- n), which can
be reduced to O(Nj; - nmax) by parallelising the process in K instances, where nmax
is the maximum number of track in a cluster. The simplicity and the relatively low
latency of the K-means clustering method, together with its good performance,

makes it one of the best candidates for L1 Trigger applications.
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Figure 5.12: Vertex reconstruction performance with a K-means clustering algorithm. (a)
Vertex reconstruction efficiency and (b) primary vertex resolution as a func-
tion of the generated primary vertex zgen position, in top pair production
events at a PU of 200, for different values of the total number of iterations Nj;.

5.2.6  Algorithms summary and conclusions

Figure 5.13 compares the results obtained with the tested algorithms. The average
performance is summarised in Table 5.1. The PVR method shows the highest vertex
reconstruction efficiency and the best vertex resolution. Nevertheless, its great time
complexity excludes it from the list of algorithms that are suitable for a FPGA
implementation.

The most promising clustering techniques in this respect are the DBSCAN and
the K-means algorithms. Indeed, both of them have been already implemented in
FPGAs for different applications [126, 127].

At a pileup of 200, the average number of tracks produced is of the order of 100.
Therefore, DBSCAN is expected to be fastest, requiring O(500) iterations, com-
pared with O(1,000) required by the K-means. In conclusion, DBSCAN has been
chosen to be the baseline algorithm to characterise the vertex reconstruction per-

formance at L1 trigger level.
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Figure 5.13: (a) Vertex reconstruction efficiency and (b) primary vertex resolution as a
function of the generated primary vertex zgen position, in top pair production
events at a PU of 200. The results obtained with best configuration of each of
the investigated algorithms are compared.

Table 5.1: Vertex reconstruction performance in tt events with 200 pileup, for the several
tested clustering algorithms. Also the time complexity of each algorithm is re-
ported, as well as the average number of reconstructed vertices (RecoVertices) in

the event.
Algorithm Efficiency [%] | Resolution [cm] | Time Complexity | # RecoVertices
FastHisto 86.4 0.038 O(Mpins/2 + Nyrk) 1
Single-Link 86.7 0.033 0(n?) 13
Complete-Link 80.6 0.036 O(n?) 14
Average-Link 88.8 0.033 0(n?) 14
PVR 90.5 0.030 O(n!/m!) 15
DBSCAN 89.3 0.032 O(nlogn) 7
K-means 88.7 0.031 O(nmax * Njt) K=18
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5.3 VERTEX RECONSTRUCTION PERFORMANCE WITH DBSCAN

The following section will show the achieved performance with an optimised DB-
SCAN clustering algorithm to reconstruct the primary vertex from the hard in-
teraction in the event. The performance will be evaluated with respect to the lon-
gitudinal impact parameter, the number of tracks associated with the vertex, the
number of pileup collisions and the total transverse momentum carried by the
charged tracks in the vertex.

Identifying the primary vertex also allows the computation of some its charac-
teristic parameters, i.e. the Trk MET or the sum of the tracks” transverse momenta.
These parameters, if found to be reconstructed with an acceptable resolution, will

be used by the L1 Correlator and Global Trigger.

5.3.1 Primary vertex reconstruction efficiency

The efficiency to reconstruct the hard interaction vertex in the collision is defined
according to eq. 56. In top pair production events, DBSCAN will always recon-
struct at least one primary vertex, considering the high multiplicity of tracks that
can pass the track finding stage (on average 8o tracks per event are constructed at
a pileup of 200, see Figure 3.29). However, the reconstructed vertex might be few
centimetres away from the "right" one. At this stage, the only criterion to define
a vertex as correctly reconstructed is its distance from the generated vertex, as
specified in eq. 57.

Figure 5.14 shows the vertex reconstruction efficiency as a function of the sim-
ulated vertex longitudinal impact parameter zgen and of the number of recon-
structable tracks (see Table 2.2) in the vertex. Very good vertex reconstruction
efficiency is observed, with about 89.5% of the reconstructed vertices within 1 mm
from the simulated vertex and another 8% being within 2.5 mm.

As expected, the efficiency does not present any strong dependency on zgen,
showing a flat distribution. On the other hand, it is clear how the algorithm per-
forms much better with samples containing a high-multiplicity of tracks. The ef-
ficiency is lower where fewer tracks from the signal event are available and it
increases exponentially till it reaches a saturation plateau when the number of

tracks in the simulated vertex is larger than 25.
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Figure 5.14: (a) Vertex reconstruction efficiency as a function of the generated primary
vertex longitudinal impact parameter zge, (a) and of the number of tracks in
the generated vertex (b), in top pair production events at a PU of 200. The
results have been obtained with an optimised DBSCAN algorithm.

5.3.2  Primary vertex resolution

Figure 5.15a illustrates the average longitudinal impact parameter z;; resolution
of the of the reconstructed primary vertex as a function of the generated zgen, for
correctly reconstructed vertices within a maximum distance 9.

Reconstructed vertices within 1 mm of the true vertices have very good resolu-
tion, being at an average distance of about 0.3 mm from the generated primary ver-
tex. Nevertheless, including in the analysis the remaining 8% of the reconstructed
vertices which are at a maximum distance of 5mm, a worsening in the average
resolution is observed of about 0.15 mm.

Figure 5.15b presents the percentage of tracks in the primary vertex, which did
not originate from the hard interaction (Fake Content). On average 20% of the tracks
assigned to the primary vertex come from pileup collisions or are fake tracks
produced by the track finding processors. This fraction is higher in reconstructed
vertices with the average content of fake tracks in vertices reconstructed within a
distance 1mm< & < 2.5mm of about 34%. Vertices at larger distances from the
truth have an even higher fake rate of about 56%. They represent only a small

fraction of the reconstructed vertices (less than 1%), so that it is possible to affirm

165



166

PRIMARY VERTEX FINDING AT L1 TRIGGER LEVEL

that the DBSCAN reconstructs the hard interaction primary vertices with good

resolution in the great majority of the cases.

TRIGGSimulation, CMS Phase-2 inclusive tt events <PU200> TRIGGSimulation, CMS Phase-2 inclusive tt events <PU200>
— 0 » 04
£ E o
S F o
— 0.091 DBSCAN (e ="0:15cm; p™" =4 GeV, M=2) % C
&k T Q0351 DBSCAN (€ = 0.15 ¢, p'" = 4 GeV, M= 2)
N E >k
1 0.08—=e=§=0:10cm - =e§=0.25cm o= =050 cm ] r
2k L
N £ o3¢
0071 &  ~*9%=010cm -—+5=025cm -+ &5=050cm
£ s [
C Q025
0.06 ST
2 L
0.05 s g 02
44 vy L
4480049, +9- .
0.04 | “ﬁ":‘::. et ‘“:Q# : T § F A
4 ,T # Rl K3 :¢+*+T [t | o 0151
? i eeeeeetPetege,, + i o
o 03; JUCTSRRE IO i 00t eennans '“¢¥ " o E
03747y t IS
= T g 0.1
0.02f S T \\
C o L
C i~
C @ 0.05|
B - \é‘\#\z_;
E - ‘ - ‘ - ‘ - ‘ - ‘ - C L L L ‘ L L L ‘ L L L < l — I} J—L‘
0

o

-15 -10 -5 0 5 10 15

o

0.2 0.4 0.6 0.8 1
Zgen [CM] Fake Content

(a) (b)

Figure 5.15: (a) Resolution of the longitudinal impact parameter z;; of the reconstructed
hard interaction primary vertex, as a function of the generated vertex zgen,
and (b) number of misassigned tracks to the primary vertex in top pair pro-
duction events at a PU of 200. The results have been obtained with an opti-
mised DBSCAN algorithm.

5.3.3 Pileup effects

The presence of pileup tracks carrying a relatively high transverse momentum can
lead to a misidentification of the primary vertex of the hard interaction. Figure
5.16 shows the effect of the pileup in terms of vertex reconstruction efficiency.
The DBSCAN shows excellent vertex reconstruction performance in the data set
not contaminated by the pileup, with an average efficiency higher than 95%. The
algorithm weakness when acting on low track multiplicity events is still visible
even in the sample with no pileup. Although the reconstruction efficiency is higher
than in the case of a higher pileup, the performance is still significantly affected
by the longitudinal impact parameter resolution of the single tracks.

Effects of pileup can be also observed in the zgen, parameter spectrum (Figure
5.17a). Nevertheless those are not really strong, in fact, the longitudinal impact

parameter resolution at PU200 is just 0.03 cm worse than in the pileup-less case.
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Figure 5.16: (a) Vertex reconstruction efficiency as a function of the generated primary ver-
tex longitudinal impact parameter zgep, (a) and of the number of tracks in the
generated vertex (b), in top pair production events with different PU contents.
The results have been obtained with an optimised DBSCAN algorithm.

This is caused by the presence of pileup and fake tracks wrongly assigned to the
primary vertex, as shown in Figure 5.17b. It is interesting to point out that also
in the PUo sample, there is still a not negligible fraction of tracks in the primary
vertex that is not matched with a truth track from the primary collision.

Both the track finding and the vertex reconstruction algorithms perform a good
filtering of the uninteresting pileup tracks. Figure 5.18a shows the number of re-
constructed vertices in tt events with different PU contents. Even in the highest
case of PU200, only a small fraction of the vertices have been reconstructed (~ 8%).
That is thanks to the filtering criteria that the DBSCAN applies in order to form
a vertex. Indeed only few pileup interactions produce at least two tracks with a
pT > 4GeV, as required. Figure 5.18b shows the distribution of track transverse
momenta, for tracks originating from the hard and the pileup interactions. Most

of the pileup tracks have a very low momentum (average pr is lower than 4 GeV),
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Figure 5.18: (a) Number of reconstructed primary vertices in top pair production events
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for generated tracks belonging to the hard tt interaction in red or to pileup in
blue. The results have been obtained with an optimised DBSCAN algorithm.
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5.3.4 Vertex-based triggers

Primary vertex information can be used as a handle in several trigger menus at L.
One of the explored possibilities consists of exploiting the precise measurement of
the vertex z coordinate in multi-jet triggers [113].

Other possible triggers can be based on the measurements of some vertex char-
acteristics, like the total transverse momentum carried by charged particles and

the tracker-based missing transverse energy.

5.3.4.1 Total transverse momentum in the vertex

The total transverse momentum carried by charged particles associated with a ver-
tex can be simply computed by summing the estimated p7 of all the reconstructed

tracks in the vertex.

> Ipfek. (65)

tracks

Figure 5.19a shows the relative resolution of the vertex total transverse momen-
tum, as a function of the generated ) ;... P'™. The resolution increases with
increasing pT, stabilising in a plateau at pt > 150GeV at a relative resolution of
about 15%. A possible trigger, selecting signals with pt > 100 GeV, can be built and
its efficiency curve is displayed in Figure 5.19b. The curve presents a relatively slow
rise, reaching the efficiency plateau at a value of generated .. s P > 130 GeV.

ROC curves can be therefore drawn for such a trigger. Figure 5.20 shows the
trigger signal efficiency plotted against the background rejection for three differ-
ent signal selections. In all the three considered cases an optimal cut on the recon-
structed vertex total transverse momentum can be set, which assures good trigger
efficiency above 90%, rejecting at the same time more than 90% of the background

events.

5.3.4.2 Tracker-based missing transverse energy

The missing transverse energy or MET is an essential parameter of particle physics

events. Typical analyses searching for new physics signals usually perform an
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Figure 5.19: (a) Relative resolution of the total vertex transverse momentum as a func-
tion of the generated one. (b) Trigger efficiency for selecting signals with Gen
> p1 > 100GeV, as a function of the cut applied on the reconstructed vertex
total transverse momentum. The results have been obtained with an optimised
DBSCAN algorithm in tt events with PU200.

event selection based on large MET [128-130]. Therefore the Phase II CMS L1 trigger
has to provide a good estimation of this parameter.

The MET is generally computed using the energy information provided by the
calorimeters. However, such a measurement is very sensitive to pileup effects,
which can lead to poor trigger decisions. On the other hand, the availability of
LiTracks will make possible to estimate the missing transverse energy carried by
the charged particles in the interaction, which is referred as Tracker-based miss-
ing transverse energy or TKMET. Knowing which vertex tracks originated from is
essential to reject pileup contributions.

Figure 5.21 shows the measured pileup contribution to the missing transverse
energy using calorimeter towers (CaloMET) information and LiTracks, for differ-
ent pileup scenarios. The TrkMET has been found to be the most robust against
pileup, showing an increase of about 60% when passing from PUo to PU20o. On
the contrary, the CaloMET has an average increase of about a factor 2.5.

Figure 5.22a shows the relative resolution for the reconstructed TrkMET, as a

function of the generated value. A plateau can be observed for GenTrkMET>
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Figure 5.21: Distribution of the missing transverse momentum reconstructed from the
calorimeter trigger towers (a) and from the L1 tracks (b), in minimum bias
events with an average of 70, 140 or 200 pileup. [113]

50 GeV, resulting in an average relative resolution of about 30%. This poor reso-
lution affects the performance of a possible trigger based on TrkMET.

Analogously to what has been done for the pr-trigger, it is possible to draw
efficiency curves in this case. Figure 5.22b presents the trigger efficiency with a cut
on the measured TrkMET set at 50 GeV, as a function of the simulated vertex Trk-
MET. The poorer resolution translates into a slower efficiency rise, which reaches
its plateau only after 150 GeV.

The ROC curves (Figure 5.23) highlights that it is still possible to find an optimal
cut on the measured TrkMET able to guarantee acceptable trigger performance,
without increasing excessively the output trigger rate because of the accepted back-

grounds.

5.3.5 Changing the pt-threshold

To improve vertexing performance it is possible to change the applied cut on the
Litrack pt. Three possible thresholds have been explored, using tracks with pt >
2,3 or 5GeV.
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function of the generated one. (b) Efficiency of a TrkMET-based trigger with
TrkMET> 50 GeV, as a function of the simulated vertex TrkMET. These results
have been obtained with an optimised DBSCAN algorithm in tt events with
PU200.

The vertex reconstruction efficiency is shown in Figure 5.24 as a function of
the generated vertex longitudinal impact parameter zgen and the number of tracks
assigned to the vertex. The highest efficiency is obtained with a pt threshold set to
3 GeV. A small loss of efficiency is observed applying a higher cut at 5 GeV of about
1%. On the other hand, lowering the threshold to 2 GeV, increases significantly the
amount of fake and pileup tracks reconstructed in the track finding stages, which
leads to a misidentification of the primary vertex and to a reconstruction efficiency
about 6% lower.

Also, the longitudinal impact parameter resolution of the reconstructed vertex
is affected by the inclusion of low-pt track in the process, as visible in Figure
5.25a. On the contrary, vertices reconstructed by means of tracks with pt > 5GeV
present still good resolution, about the same as in the 3 GeV-threshold case. In
addition, such a cut reduces drastically the fraction of pileup tracks, leading to a
lower average vertex-track fake ratio of about 11% (Figure 5.25b).

Even if including low-pt tracks can degrade vertexing performance, their pres-
ence might be an advantage for vertex-based triggers. Figure 5.26 shows the per-

formance of a trigger based on the sum of the momenta of the tracks assigned to
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Figure 5.23: The background rejection vs. signal efficiency for an inclusive TkMET trigger,
in tt events with PU200, for three different signal definitions (GenTkMET>
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Figure 5.25: (a) Resolution of the longitudinal impact parameter z;; of the reconstructed
hard interaction primary vertex, as a function of the generated vertex zgen,
and (b) number of misassigned tracks to the primary vertex in top pair pro-
duction events using tracks with different py thresholds. These results have
been obtained with an optimised DBSCAN algorithm.
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the primary vertex. It is immediately visible how increasing the pr-threshold to
5GeV deteriorates the total transverse momentum relative resolution of about 10%.
No remarkable improvements are instead observed using tracks with pt > 2 GeV.
The same conclusions can be also drawn by looking at efficiency distribution for a

> pr-based trigger, where a slightly steeper curve is seen for a 2GeV threshold.
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Figure 5.26: (a) Relative resolution of the total vertex transverse momentum as a func-
tion of the generated one. (b) Trigger efficiency for selecting signals with Gen
> pt > 100GeV, as a function of the cut applied on the reconstructed ver-
tex total transverse momentum. The results have been obtained with an opti-
mised DBSCAN algorithm in tt events with PU200, using tracks with different
p thresholds.

Changing the track pt threshold does not seem to have any particular effect on
the measurement of the TrkMET, as shown in Figure 5.27. Similar performances
have been observed for the three pt cuts in terms of TrkMET resolution and trigger
efficiency.

To summarise a track pt threshold set to 3 GeV has been found as an optimal
compromise, capable to guarantee excellent vertexing performance with a rela-

tively low fake rate.
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Figure 5.27: (a) Relative resolution of the tracker-based missing transverse energy as a
function of the generated one. (b) Efficiency of a TrkMET-based trigger with
TrkMET> 50 GeV, as a function of the simulated vertex TrkMET. These results
have been obtained with an optimised DBSCAN algorithm in tt events with
PU200, using tracks with different pt thresholds.

5.3.6  Vertex reconstruction in different final states

It is interesting to measure also vertex reconstruction performance in different final
states than tt. As already shown previously, performance is expected to be much
worse for signals with low track multiplicity. Figure 5.28 presents the achieved

efficiency and resolution by DBSCAN algorithm applied to:

¢ events where a W boson, decaying into a pair of leptons, has been produced
in association with a high energetic jet with 80 < pt < 120 GeV. These signals
constitutes an important background for new physics and top quark studies

and allows tests of perturbative QCD calculations [131];

* events where a hadronic jet is produced in association with a large transverse
energy imbalance (monojet). Those signals are predicted in several models of
new physics [132] and, in particular, the used samples has been simulated in

accordance with an extra dimension model with 3 extra dimensions;

* events where a standard model Higgs boson has been produced and decays

in a pair of photons. This is one of the golden channels for Higgs studies
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despite its small branching ratio, because of its clean final-state that allows
precise measurement of the Higgs invariant mass [133]. Vertexing in such
events is really hard, but it is expected to be possible in the case where
the Higgs boson carries a significant momentum and recoils against a hard

object.

Except that for very low track multiplicity signals, such as inclusive H — vy,
the vertex reconstruction efficiency is still acceptable, being higher than 60% to
reconstruct vertices within 0.1 mm. Figure ?? shows the track multiplicity in the

generated primary vertex for the considered signal events.
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Relaxing the “tolerance” distance requirement, higher efficiencies can be achieved
above 80%. Also, several different vertex selection algorithms could be use with
different compromises between selectivity and efficiency, and used in different
parts of the trigger menu. This permits to compute the missing transverse energy

also for other signals and implement consequently a TrkMET trigger.
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Figure 5.28: (a) Vertex reconstruction efficiency as a function of the generated primary ver-
tex longitudinal impact parameter zgen. (b) Resolution of the primary vertex
longitudinal impact parameter as a function of zgen. These results have been
obtained with an optimised DBSCAN algorithm applied to different signal
events at a PU of 200.

5.4 VERTEXING WITH A TILTED BARREL GEOMETRY

Preliminary results have been obtained also applying the vertex reconstruction
framework to the simulated samples with a tilted barrel tracker layout [77]. The
utilised samples were known to have a problem to the emulation of the production
of stubs, resulting into a lower track finding efficiency (av. 92%) and worse track
parameter resolution, affecting also the performance of the downstream vertex
reconstruction.

In any case, some preliminary conclusions can be drawn and are illustrated in

the following sections.

5.4.1 Primary vertex reconstruction performance

Similarly to what has been done in the previous studies, the vertex reconstruction
efficiency is defined with respect to the distance in z between the reconstructed
and the simulated vertices. Figure 5.29 shows the measured efficiency as a function

of the generated vertex longitudinal impact parameter and of the number of tracks
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in the simulated vertex. Worse performance is clearly visible when comparing
with the old flat geometry simulation results. A drop in efficiency of about 10% on
average is visible when considering vertices correctly reconstructed within Tmm.
In any case, still 96.5% of the hard interaction primary vertices are reconstructed

within 5mm from the generated one.
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Figure 5.29: (a) Vertex reconstruction efficiency as a function of the generated primary
vertex longitudinal impact parameter zge, (a) and of the number of tracks
in the generated vertex (b), in top pair production events at a pileup of 200.
These results have been obtained with an optimised DBSCAN algorithm and
the latest available tracker geometry with tilted modules in the barrel region.

The worse track zy resolution reflects also on the vertex longitudinal impact
parameter measurement. As shown in Figure 5.30a, the measured z; ; resolution is
about 0.1 mm worsen than in the flat geometry case. On the contrary, no increase
in the fake rate (Figure 5.30b) has been observed. This might be expected, since
fewer tracks, and consequently, fewer fakes, are produced by the track finding
processor with a tilted barrel layout. Even for vertices reconstructed within 0.5 mm

the measured average fake rate is much lower (43% vs. 56%).

55 SUMMARY

The Phase-II upgrade of the CMS experiment scheduled for the next decade will
improve significantly the detector trigger capability. In particular, the availability
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Figure 5.30: (a) Resolution of the longitudinal impact parameter z;; of the reconstructed
hard interaction primary vertex, as a function of the generated vertex zgen,
and (b) number of misassigned tracks to the primary vertex in top pair pro-
duction events using tracks with different py thresholds. These results have
been obtained with an optimised DBSCAN algorithm.

of central track information at the L1 trigger level will open a wide new range of
possibilities. One of the most interesting will be the prospect to reconstruct the
primary vertices in the interaction.

The novel L1 vertex finding algorithm will probably run at L1 Correlator Trigger
stage, where the track information from the entire tracker acceptance should be
available. The chosen algorithm must show high reconstruction efficiency and at
the same time must have an easy structure, which allows an FPGA implementa-
tion.

Several clustering methods have been therefore tested using simulated data sam-
ples with a CMS phase-II geometry, including flat or tilted tracker modules in the
barrel region. The most promising algorithm has been identified in the so-called
Density-Based Spatial Clustering of Applications with Noise (DBSCAN). It has
been found in fact to be able to reconstruct correctly about 90% of the hard in-
teraction vertices within 1.5 mm from the truth in top pair production events at a
PU of 200. The algorithm has been also applied to other samples, highlighting its

strong dependence from the signal track multiplicity.
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The availability of primary vertex information allows also the estimation of
some important properties, as the missing transverse momentum carried by charged
particles in the interaction. This TrkMET has been found to be very robust against

the pileup content and might be used in several parts of the trigger menu.



CONCLUSION

The CMS detector will undergo a major upgrade during the LHC shutdown period
scheduled for the second half of the 2020s decade. The experiment will operate at
the improved HL-LHC in a very challenging environment.

The physics program of the Phase II CMS upgrade will be still focused on the
understanding of the electroweak breaking mechanism, measuring with high pre-
cision the properties of the recently discovered Higgs boson. Searches for new
physics will be a crucial point of the upgrade program, the higher luminosity will
indeed improve the sensitivity of the experiment and extend its discovery mass
reach.

Major modifications are foreseen in many parts of the detector in order to main-
tain the excellent physics performance also under the challenging HL-LHC condi-
tions. The increased number of pileup collisions will require major modifications
to the hardware-based L1 Trigger, which should be designed in order to maintain
the output data rate within acceptable limits without increasing the trigger thresh-
olds. The upgraded trigger will benefit from a longer latency of up to 12.5 us to
take an acceptance decision and would allow an increased output trigger rate up
to 750 KHz.

This will be possible thanks to the addition of a L1 track finding system, which
will reconstruct tracks using data from the Outer Tracker. The silicon tracker sys-
tem will be therefore completely replaced since it will become inefficient because
of the high radiation damage caused by ten years of LHC operations. The new OT
will be composed of newly designed silicon stacked modules, capable of rejecting
‘on-detector” signals not compatible with a high-pt particle. The produced stubs
will be input to the Track Trigger system at 40 MHz, which must reconstruct all
the tracks from charged particles with a pt > 3 GeV within 4 ps.

Several proposals have been made for the architecture that will be used to build
the Track Trigger system. Chapter 3 has presented a possible system based on the
use of commercially available FPGA chips, which will perform the track finding

task. The proposed system employs a fully time multiplexed architecture, which al-
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lows the implementation of complex algorithms and does not require complicated
data sharing between processors. The chosen track finding algorithm is based on
the use of a Hough Transform to perform a first coarse pattern recognition on
the r¢ plane, followed by a finer filtering a fitting stage. Two different track filter-
ing and fitting methods have been investigated. The first employs a Kalman Filter,
similar to the official fitter currently implemented in the off-line reconstruction in
CMS, combining both filtering and fitting tasks. A second alternative is based on
a two-stage algorithm, called Seed Filter plus Linear Regression. The first step, the
Seed Filter, rejects all the reconstructed Hough Transform patterns which do not
follow a straight line trajectory on the rz plane. Surviving candidates are then fit-
ted by means of a simple linear regression technique. The two approaches showed
similar performance in terms of track finding efficiency and produced data rate.
The proposed track finding system is able to reconstruct efficiently about 95% of
tracks in top pair production events at a pileup of 200.

The track finding performance has been also demonstrated in real hardware.
Chapter 4 illustrated the built hardware demonstrator system, based on the use of
MP7 cards, equipped with powerful Virtex-7 FPGAs. The installed demonstrator
replicated the tasks of a single Track Finder Processor, which reconstructs tracks
in one eight of the tracker solid angle and one slice in time. A software frame-
work has been designed to operate the demonstrator data taking, injecting into
the system simulated Phase-II outer tracker data. The functionalities of a single
Track Finder Processor have been divided between five MP7 boards, each running
a different stage of the algorithm. The SF+LR algorithm has been implemented
in firmware and has been running successfully on two MP7s. Hardware demon-
strator results have been measured and compared with expectations provided by
a software emulation, showing excellent matching in terms of track finding ef-
ficiency and track parameter resolutions. The overall system has operated at a
frequency of 240 MHz, employing 10 Gbps optical links for communications be-
tween boards. The measured latency is well below the aimed 4 ps budget. A Track
Finder Processor implementing a SF+LR fitter has been found to be much faster
than a KF-based system, with a FirstIn-FirstOut latency of 2.7 pus (KF: 3.5 us) and a
total FirstIn-LastOut latency of 3.57 us (KF: 3.7 us).

The system has been recognised by the CMS collaboration has the most promis-
ing option for a final implementation. Therefore another hardware demonstrator

system is planned to be built in the next years, implementing newer FPGAs and



CONCLUSION

faster optical links. A final system is expected to be based on Track Finder Pro-
cessor boards, equipped with 2 or 3 Kintex Ultrascale 115 FPGAs. Further devel-
opment of the algorithms and a novel tracker layout are expected to reduce sig-
nificantly the amount of utilised resources and will permit to achieve even lower
latencies.

The availability of track information at L1 Trigger level opens a series of all-
new possibilities. An interesting idea is to make use of the track information to
reconstruct the primary vertex from the hard interaction in the event. Chapter 5
has shown the undertaken studies for an L1 vertex finder. Several clustering al-
gorithms have been investigated, with the DBSCAN that has been found to be the
best compromise in terms of performance and hardware implementability. The
algorithm is able to correctly identify the primary vertex in the collision in 90%
of the cases within a tolerance of 1 mm in top pair production events at a pileup
of 200. The reconstructed primary vertex allows also the measurement of interest-
ing properties, as the sum of transverse momenta carried by charged particles or
the tracker-based missing transverse energy, which might be used in downstream

trigger menus.
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SIMPLE LINEAR REGRESSION

A.1 REGRESSION ANALYSIS

The linear regression [134] analysis is a statistical method widely used in many
fields to estimate relationships between variables.
Suppose to have a series of N pairs of measurements (xi,yi), for which exists a

linking function,
y = f(xi, a), (66)

where a is a set of unknown parameters, corresponding to the physical quantities
to determine. Using the least square method it is possible to give an estimate of
those parameters, by minimising the distance between y and f.

Let us define the residual distance,

g =yi — f(xq, ). (67)

The sum of the squared residuals,

N—1 N—1
D?= ) ef=)> lyi—flxi,a)? (68)
i=0 i=0

depends only on the parameters a. Therefore, the best estimate of a can be

found by minimising the function D2. Hence, by solving the equation

dD?(a)
da

0. (69)
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A.2 SIMPLE LINEAR REGRESSION

The simple linear regression represents a particular application of the linear regres-
sion methods, where the relationship between the two variables (x,y) is simply

modelled by a straight line equation,

y=a+b-x+eg, (70)

where the intercept a and the slop b are unknown constants and ¢ is a random
error component.

The constants a and b can be estimated using the set of N measured data (xi,yi)
with the method of least squares. For each pair of measurements we can write

down,

Yyi=a+b-xi+ ¢y, i=0,...,N . (71)

The least square criterion is,

N

S(a,b) =) (yi—a—b-xi)% (72)
i=0

The best estimations of a and b, say a and b, are chosen as the values that

minimise S(a, b). Therefore,

S| =72) (i—a—box)=0 (73)
@lab i=0
N
0S s
b =-2) (yi—a-b-x) x =0 (74)
a,b i=0

The solution to these equations are,



A.2 SIMPLE LINEAR REGRESSION

Oy () — (i xay) (X xa)
TN Eod-@ow? 7
6 N i xiyi) — (Ziyi)(zixi), (76)

N (21 X%) - (Zl Xi)z
which define the fitted linear regression equation,

g=a+b-x, (77)

that gives an estimation of y for any particular value of x.
It is possible now to write down the equation for the residual, defined as the

difference between the observed value y; and the fitted value {;,

ei=yi—Yi=yi— (@+b-xp). (78)

The goodness of the fit can be estimated with a x? test.

N y. _’g. 2
=Y (6) , (79)
i=0 Y

where o}, is the uncertainty on the measure y;. The obtained x? has N degrees of

freedom and evaluates the validity of the fit.
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IMPLEMENTING DIVISIONS IN FPGAS

Implementing division on a FPGA circuit is often a difficult task that should be
avoided as much as possible. Several division algorithms can be exploited to im-
plement the division, usually requiring a large fraction of resources in a device.
Xilinx provides inside Vivado a useful generator for Divider IP blocks [135],
which guarantee excellent results in spite of being demanding in terms of area
and timing on the FPGA.
An alternative is represented by the use of a serial fixed point division algorithm,

which needs moderate resources but longer processing time [136].

B.1 A SERIAL FIXED POINT DIVISION IMPLEMENTATION

Consider the following division between two signals A and B,

%. (80)

The simplest way to implement it consists on calculating the reciprocal value of B.

Multiplying both A and B by a number power of 2,

o G, (81)
where the values of C = 2™ /B can be written in a Read Only Memory (ROM) with
2™ elements, implemented with lookup tables (LUTs) on the FPGA. Accessing the
ROM needs only one clock cycle. Later the multiplication A - C can be computed
with a DSP and, finally, the division by 2™ translates into a simple register right
shifting.

The final result is a bit-word of Na + Ng bits, where N g are the width of
the signals A and B. The precision of this method depends on the number of bits
used to quantise the divider n, which defines also the resource utilisation. The

implemented algorithm has a total latency of just three clock cycles.
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ACRONYMS

ALICE A Large Ion Collider Experiment

AM Associative Memory

aPDs Avalanche Photodiodes

ASIC Application Specific Integrated Circuit
ATCA Advanced Telecom Computer Architecture
ATLAS A Toroidal LHC ApparatuS

BCT Barrel Calorimeter Trigger

BE  Back-End

BMTF Barrel Muon Track Finder

BRAM Block RAM

BSM Beyond the Standard Model

BX  Bunch Crossing

CBC CMS Binary Chip

CERN European Organization for Nuclear Research
cIC Concentrator Integrated Circuit

CLB Configurable Logic Block

CcMS Compact Muon Solenoid

CMSSW CMS simulation software framework

csC  Cathode Strip Chamber

CT  Correlator Trigger
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ACRONYMS

DAQ Data Acquisition

DBSCAN Density-Based Spatial Clustering of Applications with Noise
DR  Duplicate Removal

DSP Digital Signal Processing

DT  Drift Tube

DTC Data, Trigger and Control

EB ECAL Barrel

EC Calorimeter endcap

ECAL Electromagnetic Calorimeter
EE ECAL Endcap

EMTF Endcap Muon Track Finder
EVF Event Filter Farm

FE  Front-End

FF  Flip-Flop

FSM Finite State Machine

FPGA Field Programmable Gate Array
FRL Front-end Readout Link

LEP Large Electron Positron collider
LHC Large Hadron Collider

LHCb Large Hadron Collider beauty
LR  Linear Regression

LS  Long Shutdown

LUT Look-Up Table

GEM Gas Electron Multiplier
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GP  Geometric Processor

GT Global Trigger

HCAL Hadron calorimeter

HB Hadron barrel

HDL Hardware Description Language
HE Hadron endcap

HF Hadron forward

HL-LHC High Luminosity Large Hadron Collider
HLT High Level Trigger

HO Hadron outer

HT Hough Transform

IC  Integrated Circuit

IT  Inner Tracker

KF Kalman Filter

L1 Level-1

LUT Lookup table

MCH microTCA Carrier Hub

MET Missing Transverse Energy
MPA Macro-Pixel ASIC

OT Outer Tracker

PS  Proton Synchrotron

PSB  Proton Synchrotron Booster
PVR Principal Vertex Reconstructor

pU  Pile-Up
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ACRONYMS

PW Pattern Writer

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

QFD Quantum Flavourdynamics

ROM Read Only Memory

RPC Resistive Plate Chambers

SDP Simple-Dual Port

SF  Seed Filter

SF+LR Seed Filter plus Linear Regression
SLR Simple Linear Regression

SM  Standard Model

SPS  Super Proton Synchrotron

SPPS Super Proton-Antiproton Synchrotron
SSA  Short Strip ASIC

SUSY SuperSymmetry

TBPX Tracker Barrel Pixel Detector

TB2S Tracker Barrel with 2S5 modules
TBPS Tracker Barrel with PS modules
TCDS Trigger Control Distribution System
TEC Tracker EndCaps

TEDD Tracker Endcap Double-Disks
TEPX Tracker Endcap Pixel Detector

TFF Track Filter and Fitter

TFP Track Finder Processor



TFPX Tracker Forward Pixel Detector
TIB/TID Tracker Inner Barrel and Disks
TMT Time Multiplexed Trigger

TMTT Time Multiplexed Track Trigger
TOB Tracker Outer Barrel

vPTs Vacuum Phototriodes
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