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Abstract

A search for charged-lepton- avour violation in top-quark production and decay is presented. The data
analysed corresponds to 139 fb * of proton-proton collisions at a centre-of-mass energy of p§ =13
TeV delivered by the LHC and recorded by the ATLAS detector. Two processes are studied; the

rst is the production of a semileptonically decaying single top quark in association with a pair of
opposite-sign di erent- avour leptons, the second is the production of a top-quark pair, where one top
quark decays into a pair of opposite-sign di erent- avour leptons and a light up-type quark, while the
other decays into a leptonically decaying W boson and a b-quark according to the Standard Model.
The signal signature requires the presence of three leptons de ned as electrons or muons, and is thus
characterised by the presence of one b-jet, up to one light-quark jet, and either two electrons and one
muon, or one electron and two muons. In the absence of a signal, an observed (expected) upper limit
on the branching ratio of BR(t ¥ e q) <1:6(1:7) 10 7 is set at the 95% con dence level. An EFT

interpretation is also discussed.

During Run 3 of LHC, the elevated luminosity and pileup conditions call for advanced electronic systems
to e ciently trigger the physics objects. Among the new processing units, of high importance are the
Feature Extractor (FEX) modules, responsible for identifying leptons and jets. For the commissioning
of these modules, the design, testing and commissioning of a separate module, the FEX Test Module
was needed. In this thesis, the process of testing and commissioning this FPGA-based digital system is
discussed. Tests concerning the interpretation of incoming electrical signals as localised energy deposits

in the ATLAS detector by the electron FEX module rmware are also discussed brie y.
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Chapter 1

Introduction

The Standard Model (SM) of Particle Physics is a well understood theory that is able to predict with
great precision a vast number of observed particle properties, but it is far from being a nal theory of
the world that surrounds us. Cosmological observations provide compelling evidence of the existence of
matter of an unknown nature, the so called Dark Matter, which accounts for around 85 % of all matter
in the universe. But, even before resorting to dark matter, the Standard Model does not predict some
crucial phenomena, such as the matter/antimatter imbalance in the cosmos.

Minimal extensions to the SM are required in order to accommodate massive neutrinos, prompted
by the observation of neutrino oscillations, which have proven that there is avour mixing in the lepton
sector. That, and the established quark avour mixing within the SM, motivate the search for lepton
avour violation among the charged leptons. Such searches, in the decay of many di erent particles,
have been going on for decades. Searches for charged-lepton avour violation (CLFV) in top-quark
decays have been dicult until recent years, but with the advent of the LHC there is now a good
opportunity to perform such searches.

In this thesis, we start in chapter 2 by providing a brief overview of the main principles of the
SM, as well as a theoretical description and motivation for CLFV searches. In chapter 3 we provide a
description of the ATLAS detector, one of the biggest experiments on Earth, where research in particle
physics reaches its furthest frontiers. A crucial component of the ATLAS detector is its triggering
system, responsible for selecting events occurring from proton-proton collisions, that are of the greatest
interest for new physics searches, among a huge number of ordinary, well understood, collision products.
The focus of that chapter is on the trigger system of ATLAS, since a contribution has been made by
the author to its upgrade program. The work performed on some of the latest digital systems, which
process data from various detector components or simulate them, is presented in chapter 4. In chapter 5,
we proceed to the description of the analysis methods followed in the search for CLFV in top-quark

production and decay usinge nal states.



Chapter 2

Theory

2.1 The Standard Model of Particle Physics

Introduction
The following section outlines some of the basic elements of the Standard Model (SM) of particle physics,
and is based on well established textbooks [3{6]. Supplementary reading may be provided by [7, 8].

The Standard Model is particle physicists' best theory at this time, and can describe with great
precision the majority of the matter that we can observe and the interactions that govern it, at a
fundamental level. According to this model, all matter is built from a small number of fundamental
spin-% particles, or fermions: six quarks and six leptons. For every fermion there is a corresponding
antiparticle, identical to the former, but with opposite charge, parity *, magnetic moment and other
intrinsic quantum numbers (e.g. \lepton number" for the leptons and \strangeness" for the quarks).

There exist four kinds of interactions between fermions: the strong, the weak, the electromagnetic
and the gravitational?>. Each interaction is mediated by one or more massive or massless spin-1 particles,
the vector gauge bosons. The strong interaction is mediated by thegluons the charged weak by the
W bosons, the neutral weak by theZ boson, while the electromagnetic interaction is mediated by the
photon.

The electromagnetic and the weak interactions are di erent manifestations of a uni ed electroweak
interaction. In the current list of particles, the Higgs boson has been added most recently. It is a scalar,
spin-0, particle which occurs as a consequence of the Higgs mechanism, which is responsible for the

masses of the vector bosons and fermions (g. 2.1).

Symmetry groups of the SM

The SM is best described in the Lagrangian formalism. Theelectromagnetic (EM) interactions arise
from the requirement that the Quantum Electrodynamics (QED) Lagrangian be invariant under local
gauge transformations of theU(1)q symmetry group, Q being the generator of the group and identi ed
with the conserved quantum number which is the charge of the particles, in units of the elementary
charge e. The Lagrangian of Quantum Chromodynamics (QCD), the theory that describes the
strong interactions of quarks and gluons, is constructed in a similar fashion, with the symmetry group
now being SU(3)c. The conserved quantum number is now the color charge, as quarks appear in three
color states. Gluons are also colored particles, which leads to gluonic self-interactions.

Cumulative experimental evidence led physicists to describe the chargedeak interactions by the

1in contrast, anti-bosons carry the same parity as bosons.
2The gravitational force is not described by the Standard Model.

2
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Figure 2.1: The elementary particles of the Standard Model. The three generations of matter particles
(quarks and leptons), the force carriers (vector gauge bosons) and the scalar Higgs boson [9].

SU(2). symmetry group of weak isospin. Only left-handed fermions and right-handed anti-fermion$
take part in the charged weak interaction, hence the subscriptL. These are arranged inSU(2) doublets
and assigned the quantum number called weak isospin (symbolised By®). The neutral weak interaction
involves right-handed particles (and left-handed anti-particles) as well. The neutral weak and EM
interactions combined form aU(1)y symmetry group, with the generator being the weak hypercharge
operator Y, which obeys the Gell-Mann{Nishijima formula
Q=T3+ % ; (2.1)

Electroweak uni cation becomes possible through the enlargecsU(2), U(1)y symmetry group.

Ultimately, the SM is a Quantum Field Theory (QFT) that describes the strong and electroweak
interactions. The requirement that the Lagrangian of the Standard Model be invariant under local

gauge transformations of the groupSU(3)c SU(2). U(1)y gives rise to the interactions.

The calculation of interaction rates within the SM relies heavily on the use of quantum mechanical (QM)
perturbation techniques. In that context, transitions between di erent states of particles' wave functions
are described by path integrals, based on the description of the mediating particlespfopagators) with

Green's functions. A visual representation of these QM transitions is done by the use ofFeynman
diagrams Calculations at rst (or leading) order (LO) in perturbation theory usually o er a good

idea concerning transition amplitudes. In order to obtain more precise estimates though, higher order

SEigenstates of the left and right chirality operator. Chirality is the same as helicity for massless particles.
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corrections must be added, usually called next-to-leading order (NLO) and next-to-next-to-leading order
(NNLO) corrections, when referring to second- and third-order perturbation theory calculations. These
corrections involve additional Feynman diagrams, where the propagators form additional interactions,

often in closed loops.

Renormalisation

The SM has the feature of beingrenormalisable Renormalisation is a process of treating in nities that
arise in the calculation of higher order (or \loop") transitions in perturbation theory. A key feature

of renormalisation, is the fact that the coupling strengths of the interactions become functions of the
energy transferred between the particles (hence often referred to as \running coupling constants”). A
major di erence when transitioning from an Abelian theory (such as EM) to a non-Abelian theory,
such as QCD, is the fact that the self-interaction of the mediator bosons results in a di erent energy
dependence of the coupling. The value of the coupling strength of QCD, s, decreases as the energy
increase$ (or equivalently as the distance becomes smaller). This behaviour is the source asymptotic
freedom i.e. the fact that we can treat quarks as free particles in the high energy regime, wheng is

su ciently small, so that perturbative techniques can be applied. At the other end of the spectrum, as
distances between the quarks increase, the quarks and gluons are forced to be con ned inside hadrons
(a process observed in collider experiments by the detection of hadronic jets, which are formed by the
fragmentation of the quarks initially produced into hadrons, via the splitting of the gluon-strings that
connect two quarks). The top quark, further described in section 2.2, has a unique position among the
other quarks as it decays before undergoing the hadronisation process described previously. Figure 2.2
shows the energy dependence of the strong coupling strength parameter,s, where the theoretical
calculations of QCD are compared to experimental results. In g. 2.3, the energy dependence of the

coupling strengths of the SM is given.

Figure 2.2: Summary of measurements of s as a function of the energy scaleQ. The respective
degree of QCD perturbation theory used in the extraction of ¢ is indicated in brackets [NLO:
next-to-leading order; NNLO: next-to-next-to leading order; res. NNLO: NNLO matched with
resummed next-to-leading logs, accounting for soft and colinear gluon emissions (see also section 5.2.2);
N3LO: next-to-NNLO [10]].

4The weak coupling exhibits similar behaviour, though with a slower variation.
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Figure 2.3: Reciprocal of the running coupling constants of the Standard Model interactions as a
function of energy. The electromagnetic coupling (1) increases with energy scale, while the weak
force ( 2) and the strong force ( 3) couplings decrease, re ecting the asymptotically free nature of
the latter interactions. Taken from [11]. An attractive feature of certain beyond the Standard Model
theories attempting to unify the electroweak and strong interactions, particularly those encompassing
supersymmetry, is the convergence of the coupling strengths in one value at some high energy regime.

Higgs mechanism

The imposition of local gauge symmetry implies the existence of massless vector particles. For QED
and QCD, we know that these bosons (the photons and gluons) are actually massless, but the weak
force mediators, W and Z, are massive. To obtain massive vector bosons, the electroweak gauge
symmetry must be broken somehow. If we introduce explicit symmetry breaking terms, in the form
of arbitrary gauge boson masses, we alter the high-energy behaviour of the theory in such a way that
the renormalisability of the theory is lost. This contradiction is resolved via spontaneous breaking
of the symmetry. This is achieved by the Higgs mechanism a single Higgs weak isospin doublet is
introduced, with its vacuum state chosen in such a way that, after breaking the symmetry, we can
acquire the U(1) of electromagnetism (with a massless photon as the mediator) and be left with three
massive gauge bosons, which are the mediators of the weak force. These are e and Z, whose
masses obey the relationM, =Mz = cos \, where  is the weak mixing angle (which has to be

determined experimentally).

An attractive and economical feature of the SM is that we can use the same Higgs doublet to give
masses to the fermions, by introducing Yukawa couplings between the fermions and the Higgs doublet.
Yukawa couplings can be described as 3 3 matrices in the fermion generation (or family) space. Since
in the SM neutrinos are conceived as being massless, the diagonalisation of the Yukawa matrices for
leptons is very simple, leaving no room for any cross-generational mixing between the leptons; hence
the lepton family number, ascribed to the leptons as in table 2.1, is conserved [12].

On the other hand, it is well established that the coupling of the W to quarks is not as simple as in

the leptonic case. Although the generation structure is similar, the charged weak interactions of quarks
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do not strictly respect their separate identities. The Cabibbo-Kobayashi-Maskawa (CKM) matrix [10]
relates the weak eigenstates to the mass eigenstates in the quark sector. Hence there is cross-generation
mixing for the quarks and for charged currents.

Hence, in the quark sector, diagonalising the Yukawa matrices involves the CKM matrix, which

allows for quark avour violation (although the total baryon number is conserved in total).

Generation \I TRl

Charged Leptons | e
Neutral Leptons

e
Le 1 0 0
L 0 1 0
L 0O O 1
L 1 1 1

Table 2.1: The lepton family quantum number assigned to the leptons of the SM. A \total" lepton
number L = 1 is assigned to all leptons. For anti-leptons these numbers have the opposite value.

2.2 Elements of top quark physics

The top quark was the last quark to be discovered in 1995 by the CDS [13] and D[14] experiments at
Fermilab. The top quark is the heaviest quark, with a measured mass of; =172:69 0:30 GeV [15].

Top quarks are copiously produced intt events, in proton-proton (pp) collisions at CERN's Large
Hadron Collider (LHC), with a cross-section, at pp centre-of-mass energy of 13 TeV, measured by the
ATLAS experiment to be 836 1(stat.) 20(syst.) pb [16], in excellent agreement with the theoretical
prediction of 832*“‘?5 pb at NNLO in QCD [16]. The cross-sections oftt and other top-related processes
produced at the LHC are seen in g. 2.4. Thett production Feynman diagrams at LO, in pp collisions,
are shown in g. 2.5.

Top quarks are also produced in single-top processes in the LHC. The main contribution comes
from single-top production in the t-channel ( 73%), followed by single-top production in association
with a W boson,tW ( 23%). Feynman diagrams at LO for these processes, as well as for single-top
produced in association with aZ boson ¢Zq), and single-top production in the s-channel, are shown
in gs. 2.6 and 2.7. Finally, example Feynman diagrams, at LO, fortt production in association with
a vector boson (tW, ttZ) are shown in g. 2.8.

Top quarks decay via the weak interaction, producing almost always aW boson and ab-quark.
Decays comprising the other \down-type" (down and strange) quarks are heavily suppressed by the
relevant CKM matrix elements. Due to its high mass, the top quark decays rapidly, with a mean
lifetime of around 5 10 2° s, before it has the chance to hadronise. The decay modes are categorised
according to the decay channel of thaV boson, which decays leptonically with a branching ratio (BR) of
around % and hadronically, to two quarks, with a BR of around % A Feynman diagram summarising
the possible decay channels oft is shown in g. 2.9; their relative contributions are summarised in
g. 2.10.

5In neutral weak interactions, mediated by the Z, such avour changing is forbidden at tree level, and strongly
suppressed at loop level (by the GIM mechanism, named after Glashow, lliopoulos and Mayani who proposed it in
1970 [10]). Searches for avour-changing neutral currents (FCNC) can probe extensions to the SM.
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Figure 2.4: Summary of several top-quark related production cross-section measurements, compared
to the corresponding theoretical expectations. All theoretical expectations were calculated at NLO or
higher. Fiducial (d.) cross section measurements are derived by considering the \ nal-state" particles
which are produced by the top-quark decay, usually in a restricted phase space. From [16].

Figure 2.5: Leading-ordertt production Feynman diagrams. The gluonic (bottom diagrams) are the
dominant production modes (90%). Adapted from [17].

Figure 2.6: Leading-order example Feynman diagrams for single-top production in t-channel and
s-channel. From [17].
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Figure 2.7: Leading-order example Feynman diagrams fotW and tZq production. From [17].

Figure 2.8: Leading-order example Feynman diagrams fottV production. From [17].

Figure 2.9: Decay modes oftt | W*bW b, Each of the W bosons can decay hadronically or
leptonically. From [18].
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Figure 2.10: Relative contributions of the di erent decay modes oftt. From [17].

2.3 Theoretical introduction to charged-lepton avour violation

2.3.1 Massive neutrinos and charged-lepton avour violation

Lepton family (or avour, or generation) number is a global symmetry of the SM, but it should be
regarded as anaccidental symmetry, arising from the gauge principles, the simple Higgs model and the
xed particle content of the theory [5]. Yet, the observation of neutrino oscillations is a manifestation of
lepton avour violation in the neutral lepton sector. Neutrinos can convert from one avour to another
(for instance  $ ), which means that neutrinos have non-zero mass and that the lepton family
numbers are not separately conserved. Neutrino oscillations resolve the solar neutrino problem [19] and
suggest that modest changes are required to the Standard Model by introducing massive Dirac neutrinos
(and hence the presence of right-handed neutrinos). Neutrinos interact as avour eigenstates but they
propagate as eigenstates of the free Hamiltonian, i.e. the mass eigenstates. The neutrino avour and
mass eigenstates are related by the PMNS matrix [20], named after Pontecorvo, Maki, Nakagawa and
Sakata (analogous to the CKM quark avour mixing matrix). Mass terms for Majorana neutrinos (i.e. a
particle which is its own antiparticle), can easily be accommodated by the SM. In that scenario though,
the total lepton number L would be violated as well [21].
Neutrino mixing allows charged lepton avour violation (CLFV) processes, such as the muon decay

I e, atloop level, as in g. 2.11 . The resulting branching fraction for this process is however
very small, of the order 10 °°, about 40 orders of magnitude lower than the sensitivity of present-day
experiments (for a calculation see either [5] or [12]). The CLFV ! e decay is strongly suppressed
by the tiny values of neutrino masses compared to theW boson mass, even for large PMNS matrix
elements. This means that an experimental observation of CLFV would provide an unambiguous sign
of new physics beyond the simplest extension to the SM.

Experimental searches for CLFV processes have been performed in numerous decay modes of various

particles,eqg. ! e, ! e, ! , ! 3¢ | 3 and many more in meson (;K;D;B etc.)
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Figure 2.11: One-loop Feynman diagram that contributes to ! e in the SM extended with
right-handed (Dirac) neutrinos. U; ;U, are PMNS matrix elements, accounting for neutrino avour
mixing. In addition to this diagram, one also has to consider 1-loop Feynman diagrams with the photon
line attached to the external leptons. Adapted from [5].

decays [10, 12]. Processes involving the top quark have not yet been studied extensively, apart from
searches with the HERA ep collider in single-top production [22].
ATLAS is contributing to the experimental e ort of searching for CLFV in the decays of the
lepton [23], the Z boson [24, 25], the Higgs boson [26], the top quark [2, 27], and other exotic
processes [28, 29].

2.3.2 CLFV in beyond SM theories and the leptoquark model

In this section and the following one (section 2.4), some of the description concerning the leptoquark
and E ective Field Theory approach has been taken verbatim from ref. [1].

A number of proposed theoretical models beyond the SM allow CLFV, including supersymmetric
versions of the see-saw mechanism [30{32], Higgs-doublet models [33{35] and leptoquark models. We
give a brief description of the leptoquark (LQ) model, which is of particular interest for the experimental
search under study in this thesis (see section 2.4).

Leptoquarks are hypothetical gauge bosons, which can turn quarks into leptons and vice versa, of
either a scalar (spin-0) or vector (spin-1) nature. Leptoquarks arise naturally in models that unify
quarks and leptons (in gauge symmetry groups such aSU(5), SO(10) and SU(5) U(1), which lead
to a Grand Uni ed Theory), in supersymmetric models, technicolor models, composite scenarios and
even superstring theories [36{43].

Independently from the underlying model, the maximum number of leptoquark states is limited to
twelve, if it is assumed that the interactions between SM fermions and leptoquarks are invariant under
the SM gauge group and that the corresponding couplings are dimensionless. As a result of respecting
the symmetries of the SM, some LQs can couple to quark pairs, but none can couple to lepton pairs.
Also, the leptoquarks can be classi ed according to their intrinsic quantum numbers (e.g. weak isospin,
hypercharge, spin, baryon number) as dictated by the SM symmetries [10, 44].

Both avour-changing neutral currents (FCNCs) and CLFV processes, which are strongly suppressed
in the SM, can be induced at tree-level (i.e. at leading-order) by leptoquarks. Interactions involving

three quarks and a lepton, which violate the conservation of both baryon number and lepton number,
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are allowed by scalar LQ exchange, and can lead to proton decay (e.qp! %e*) [45]. Interactions

involving two quarks and two leptons, can allow the transition u; !~ % u;, as depicted in g. 2.12.

Figure 2.12: Decay of a heavyup-type quark, mediated by a scalar LQ.

Leptoquarks can also mediate various other processes, such as leptonic meson decays (such,ds§,
D, Ds, B! 9 and also semi-leptonic decays. Most measurements of these decays are compatible
with the SM, placing further constraints on the LQ parameters. Exceptions have been seen in the
decaysB?! D * ,BY%! K °andB ! K, which showed deviations from the SM predictions at
levels up to 3.8 standard deviations (3.8) [46{51]. Further tests of lepton avour universality using

g decays have shown compatibility with the SM to within 1 [52], while the latest results from LHCb
for B! K() are also consistent with the SM [53, 54]. In fact,S; and U; (scalar and vector LQs
respectively, singlet representations of theSU(2). group of weak isospin [44], hence the subscript 1)
leptoquarks could explain both the aforementionedB-anomalies as well as potential FCNC in top quark
processes [55, 56]. The top FCNC processes mediated By are closely related to the CLFV process
that is studied here.

Finally, it is worth mentioning that the LQ interpretation is involved in other exciting tests of the
SM predictions, such as the anomalous magnetic moment of the muon. The latest measurement from
Fermilab [57] is in tension with the SM, and agrees with a previous result from the Brookhaven National
Laboratory [58].

In order to interpret the various experimental results, a collection of di erent leptoquark models
has to be applied, though all having in common the heavy mass of leptoquarks (over a few TeV), which
would make any direct production of LQs out of reach of current accelerators. Thus, it is convenient to
employ an e ective eld theory (EFT) approach, which has the advantage of being independent from

the details of the underlying model.

2.4 E ective Field Theory approach

In general, an e ective theory can be seen as an abstract version of the \complete" theory; an e ective
eld theory captures the essential features of a eld theory for a particular problem. It involves the
presumed relevant degrees of freedom, and respects desired symmetries of the theory [59]. The degrees
of freedom correspond to the light particles' elds, which are used to build the operators responsible
for the experimental observables. The known or assumed symmetries regulate the nature of the allowed
operators: all operators must be invariant under the EFT symmetries. Bearing in mind that the SM

is valid up to a certain energy scale of possible new physics, we can treat it as an EFT of a more
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general and unknown theory. The e ective Lagrangian of the whole theory can be written as

1 X
Lett = LS +L® +1LO®+ =18 + = qo®P+ = 0¥+ (2.2)

2
k k

The higher the order of the expansion in negative powers of , the more precise is the EFT. The
e ects of the physics introduced by higher order terms appear only as changes to the couplings and are
suppressed by powers of the factor4. For each term of the expansion, labelled by the dimensiorf of
the operators (in parentheses), several operator® can be present. Each is preceded by a coe cient,
called aWilson coe cient [60] (WC), which is not predicted by the theory. For dimension 5, only one
operator is allowed by the symmetries. It violates overall lepton number conservation, by generating
massive Majorana neutrinos, and is not relevant to this analysis. The operators of dimension 6 are
numerous. The set of 59 independent operators currently in use is referred to as th&arsaw basis[61].
Out of these 59, the 7 operators reported in table 2.2 describe four-fermion interactions involving
two leptons and two quarks. If no restriction is applied by hand, these operators allow for charged
lepton- avour violation and/or avour-changing neutral currents. Bounds on the corresponding Wilson
coe cients have been placed from searches for rare muon anB, K meson decays and also from single
top searches at the HERA collider (a compilation is provided in [62, 63]).

A previous study by ATLAS [2] targeted the decay t ! ° g, with uy = fuicgand " = fe; g
in top-quark pair production, as depicted in g. 2.13a, and used data corresponding to 80 fb! of pp
collisions, collected by ATLAS during 2015-2017. The intention of the present analysis is to improve,
nalise and extend the result of [2] by considering an additional signal process, the production of a
single-top quark with a CLFV vertex gug ! ° o, depicted in gs. 2.13b and 2.13c, by extending
the data used to 139 fb ' and by optimising the analysis techniques, mainly those concerning the

background estimation.

(b) ©
()

Figure 2.13: Example Feynman diagrams for the processes under study, with’;" %= fe; gorf ;eg.
Top-quark pair production and CLFV decay process (g. 2.13a), single-top production and CLFV
process in t-channel (g. 2.13b), and single-top production and CLFV process in s-channel ( g. 2.13c).

61n QFT formalism, it is customary to use the natural unit system, where ~= ¢ = 1. In this unit system, all quantities
are measured in units of energy to some power (the dimension). So, for example, all fermion elds are of dimension 3/2.
The derivatives and particle masses are of dimension 1. The SM Lagrangian itself is of dimension 4. The dimension of
each operator in the EFT Lagrangian is thus related to the energy dimension.
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Thet! %y decay andgu, ! t° °production processes are described by th8U(3)c  SU(2).

U(1)y dimension-6 operators listed in table 2.2.

ol = (I §)a a)

OXM) = (1 ')a  'a)
o) =(a e)lx a)
o) = (i (U w)
o) =(e e)uc w)
20 ) = (11g)" (gew)

20p) = (i g)(a )

Table 2.2: EFT operator basis and degrees of freedom. In the convention used, and q are the
left-handed lepton and quark doublets, whileu and e are the right-handed up-type quark and charged
lepton singlets. The indicesij and kl represent the lepton and quark generations respectively, hence
there are numerous operators corresponding to the avour of the fermions involved. The superscripts 1
and 3 donot refer to the dimension of the operators (all operators are of dimension 6), but are simply
notations, corresponding to operators that could be combined as a linear sum (see e.g. [61]). are the
Pauli matrices and" = i 2, expressed by the 2¢ Pauli matrix, is the isospin antisymmetric contractor
"12 =1). The % symbol marks non-hermitian operators.

According to a paper by Chala et al. [64], the operatorsoﬁ] and O,'f’] can be combined into one single
operator:
OI

(ijkl ) 1(ijkl ) 3(ijkl ) .
g0 o (2.3)

The basis of independent operators, a linear combination of which gives rise to the interactions
between the physical elds, is referred to as degrees of freedom. Assigning a Wilson coe ciemtto each
of these operators, by adopting the convention used in ref. [64], the decay width af ! %y can be

expressed in terms of 8 degrees of freedom as follows:

s m m 4n . fik . e . - (iik ) e .
(£ 7w = gaas e i+ Aicl I + 4o VP ajel O
0
L 1Gik 3):2 A0 3K); - 3(jik 3); L33k .
+JC|]('3((]1IU )]2+JC|]('3((;JU )]2+481c|e(é'u )12+48Jc,e((;’u UTA (2.4)

According to the same ref. [64], the Wilson coe cients are assumed to be real, which implies that:

qq(””‘ ) = Clq(ijkl ); Cg‘(i;k ) = ng]kl ) (lijilk ) — Cl(jkl ); Cgﬂk ) = Cggjkl ).
1Gjilk ) — Akl ). 3(jilk ) — 3(ijkl ) .
Cquul - Clequ ' Cquu - Cquu '

Hence we are essentially left with 6 degrees of freedom, which correspond to 6 di erent \EFT signal
samples” used in this analysis €éu, eq lu, Iqg, lequl, lequd).
A recent set of bounds on the Wilson coe cient for the e channel has been published in ref. [64] and

can be seen in table 2.3. The bounds are obtained by reinterpreting the ATLAS ! gZ avour-changing
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neutral current search [65].

Uk ‘ Clq(ijk 3) Cg(jqk 3) CI(Lijjk 3 ik Clle((;jll: 3) C]lé(i‘ju3k) Clsze(éillf 3) 'i((;jfk)
u 5.6 5.6 5.6 5.6 12.0 12.0 15 15
c 6.3 6.3 6.3 6.3 13.0 13.0 1.7 1.7

Table 2.3: Bounds on the degrees of freedom of the EFT operators of table 2.2 from Chala et al. [64]
for the decayt! eu.

The CMS Collaboration has recently performed an analysis involving the same processes studied in
this thesis, and using hadronic [66] and leptonic decays of the top quark [67], the latter having the same
nal state as that considered here. CMS uses the following formulae to de ne three di erent categories
of interactions when setting limits. They are denoted asscalar, vector and tensor according to the

Lorentz structure of the operators involved (listed already in table 2.2).

Oscalar = Of:()]u ; (2.5)
Ovector = Oig + Oy + Oeq + Oey ; (2.6)
Otensor = Ofes(;u : (2.7)

In table 2.4, the upper limits on the respective Wilson coe cients, set by the CMS search [67], are

presented.

CLFV coupling Lorentz structure Ceyq = 2 [TeV 2]

Exp. Obs.
tensor 0.019 0.020
eu vector 0.037 0.041
scalar 0.077 0.084
tensor 0.061 0.068
ec vector 0.130 0.144
scalar 0.269 0.295

Table 2.4: Upper limits (at 95 % Con dence Level) on the Wilson coe cients of the tensor, vector and
scalar operators, resulting from the CMS search [67].

The results from the analysis presented in this thesis can be transformed into upper limits on Wilson
coe cients, which could be compared with those presented in tables 2.3 and 2.4. This work has not yet
been done, but the procedure is explained in section 5.10.

Finally, it is worth noting that a concurrent analysis by ATLAS presents an extension of the lepton
selection to include a nal state with two muons and one hadronically decaying tau lepton [27]. The
search for thet u i interaction is referred to as the channel , in contrast to the search for
the te u ¢ interaction, referred to as the e channel, discussed in this document. Since the EFT
operators introducing CLFV interactions in top processes are avour-dependent, these two channels

target di erent operators.

Cross-sections of the signal processes

In tables 2.5 and 2.6, the cross-sections of the di erent signal processes considered in this thesis, as
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given by Monte Carlo (MC) simulation (further discussed in section 5.2.2), are presented. The CLFV in
top-quark decay (decay-signal) and in top-quark production (production-signal) processes are considered
separately, and are further broken down by the EFT operator generating the interaction. The total
cross section for each signal process (decay and production) is obtained by simply adding the separate
contributions shown. For the decay-signal, the cross-section value matches a calculation done in [64],
which uses eq. (2.4) and multiplying by a factor 3 to account for any lepton avour in the CLFV decay.
For the production-signal, no such formula is available, so we rely solely on MC simulation.

It is apparent that the decay-signal has a much smaller contribution than the production-signal.
For the decay-signal, the up and charm quark contributions are similar (and can be derived by the MC
generator information of the produced patrticles). For the production-signal, separate samples for the
processes involving up and charm quarks have been produced. The up quark contribution is dominant,
due to the prevalence of up quarks in the parton content of the colliding protons. For both production

and decay channels, the tensor operator generates the dominant contribution.

Cross section ~ *5%¢  PDF (fb)
= e 6™ & H i
Production “‘ut | 118227 14 11808 14 118337 14 118437 14
Production “‘ct | 7:9"y2 1:6 7.9 16 795 16 79" 17
Decay gt 6:90" % 0.07 690" 007 690" 006 690" 006

Table 2.5: Theoretical cross sections, in fb, for single top-quark production and top-quark decays
through CLFV interactions utilising vector EFT WCs. These cross sections assume a top-quark mass
of 1725 GeV, a top-quark decay width of 133 GeV, a new physics scale of =1 TeV and a WC value
of 1.0. The scale and PDF uncertainties are given (discussed in section 5.2.2).

Cross section  *5%%¢  PDF (fb)

scale

i = e ; Cifc;jf ¥ Clsé(qijuk ¥
Production “‘ut | 101223 1.2 2145%%, 24
Production *‘ct 6:17%% 15 1532, 29

Decay gt 346'%°% 003 16583l 15

Table 2.6: Theoretical cross sections, in fb, for single top-quark production and top-quark decays
through CLFV interactions utilising scalar and tensor EFT WCs. These cross sections assume a
top-quark mass of 1725 GeV, a top-quark decay width of 133 GeV, a new physics scale of =1
TeV and a WC value of 1.0. The scale and PDF uncertainties are given (discussed in section 5.2.2).



Chapter 3

The ATLAS Detector

In this chapter we provide a description of the ATLAS detector and its main components, after
introducing some key features and concepts of CERN's Large Hadron Collider. Our focus will be
the ATLAS Trigger system, which is described in section 3.3, since contributions were made to its

upgrade during the ATLAS Phase-1 Upgrade Program.

3.1 The LHC

The Large Hadron Collider [68] (LHC) is a particle accelerator and storage ring, built and operated
by the European Organisation for Nuclear Research (CERN), and located in the vicinity of Geneva,
Switzerland. The collider is housed in a circular tunnel of 27 km in circumference, dug 50 m to 175 m
deep underground, across the Franco-Swiss border. In the LHC, two beams of particles, protons or
heavy ions, travel in vacuum along opposite directions inside two separate beam pipes. Proton-proton
(pp) collisions are the main focus (with heavy ion collisions also), occurring at four points around the
ring where detectors are situated (ALICE [69], CMS [70], LHCb [71] and ATLAS [72]). Figure 3.1
shows a representation of the LHC in its surrounding area. The aims are to undertake precision
measurements of Standard Model parameters and search for phenomena beyond the Standard Model,
such as supersymmetry and dark matter. This report focuses on the ATLAS (A Toroidal LHC

ApparatuS) experiment.

Figure 3.1: Photograph of the location of the LHC, along with an artistic representation of the two
oppositely directed beams of particles, which are accelerated around the same circular tunnel. The
locations of the detectors are shown. The smaller ring on the left, showing blue accelerating particles,
is the SPS. This is the last among many acceleration stages before the particles reach the LHC [73].

P s = 14 TeV, corresponding

By design, the centre-of-mass energy fopp collisions at the LHC is
to an energy of 7 TeV for each proton beam. The likelihood of collisions depends on the instantaneous

luminosity L of the collider, which in turn can be related to the interaction rate R and the cross section

16
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of ppinteractions by R = L. The LHC beams are circulated as \bunches" of protons; this gives rise
to the following expression for the instantaneous luminosity:
nanpf
4 '
where n, and n, are the number of bunches and the number of protons per bunch, respectively, is
the revolution frequency and ,  correspond to the transverse beam dimensions at the interaction
point [10]. Another common term used concerning particle collisions is the average number of
interactions per bunch crossing,h i, called pileup [74].

p

The LHC started its physics operation in March 2010, deliveringpp collisions at™ s =7 TeV, later

increased top

s =8 TeV. The period of data-taking operation from 2010-2013 is called Run 1, and was
followed by a Long Shutdown period (LS1) during 2013-2014, for accelerator and detector maintenance
and upgrades. The second period of operation started in April 2015, lasted until the end of 2018, and
is called Run 2. During Run 2 the pp collisions happened atp s =13 TeV. The highest instantaneous
luminosity recorded at ATLAS was around 2 10°** cm 2s !, twice the design value. Proton bunches
were separated by a 25 ns time interval. A second long shutdown (LS2) of the LHC lasted from the
start of 2019 until the summer of 2022, during which a major upgrade program for the LHC and the
detectors (called the Phase-1 Upgrade for ATLAS) took place. The operation of LHC resumed in July
2022, reaching a recorap§ = 13:6 TeV, and marking the start of Run 3, which is expected to last
for close to four years. This will be followed by LS3, during which the Phase-2 Upgrade program is
scheduled to be implemented, paving the way for theHigh-Luminosity LHC operation.

Figure 3.2 shows the time-integrated luminosity recorded by ATLAS, as it increased over time, while

g. 3.3 shows the pileup distributions during the di erent data-taking periods of ATLAS.

(@) (b)

Figure 3.2: (a) Cumulative integrated luminosity versus day delivered to ATLAS during periods with
stable beams and for high energypp collisions. (b) Cumulative integrated luminosity versus time
delivered to ATLAS (green), recorded by ATLAS (yellow), and certi ed to be good-quality data (blue),
during stable beams forpp collisions at 13 TeV centre-of-mass energy in 2015-2018. From [74, 75],
including the caption.
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(@ (b)

Figure 3.3: (a) Luminosity-weighted distribution of the mean number of interactions per bunch crossing
for the 2015-2018pp collision data at 13 TeV centre-of-mass energy. In (b) the Run 1 and Run 3 (up
to summer 2023) values are also included. From [74, 75].

3.2 The ATLAS Detector

3.2.1 Overview

The main references for the following are [76] and [72], with further resources mentioned as
inline citations. The ATLAS detector is a multipurpose particle detector with approximately
forward-backward symmetric cylindrical geometry. It consists of 4 main parts: the inner detector, the
electromagnetic and hadronic calorimeters, the muon spectrometer and the magnet system. Moreover,
a trigger system, necessary to cope with the high luminosity of the LHC, used for lItering the data
to be kept for further processing, is integrated into the inner detector, calorimeter and muon systems.
The detector has a total length of about 44 metres, a diameter of about 25 metres and weighs around

7,000 tonnes. An overall representation of ATLAS is given in g. 3.4.

The coordinate system

A right-handed Cartesian coordinate system is used in ATLAS, with its origin at the nominal interaction
point. The x-axis points to the centre of the LHC ring, the y-axis points upwards and the z-axis is
oriented along the beam pipe. Spherical polar coordinates are commonly used, where the azimuthal
angle (ranging between and ) is de ned in the x-y transverse plane and the polar angle

is measured from thez-axis. It is convenient to use the pseudorapidity = In(tan( =2)); when
considering massless particles, this is equal to the rapidity y
whereE is the energy of the particle andp; is its longitudinal momentum. Di erences in rapidity y are
invariant under Lorentz boosts along the z-axis, unlike the polar angle . The pseudorapidity gives

a good approximation to y for an ultra-relativistic particle with a momentum that is much larger than
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Figure 3.4: The ATLAS detector [72].

its mass. Distance in the - plane can be measured by the approximately boost-invariant variable

R:p 2 4 2

As the total momentum is zero transverse to the beam axis, but not along it , it is usual to use
transverse quantities to describe particle trajectories and properties, such as transverse momentupy
and transverse energyE, as well as transverse quantities for a whole event (such as missing transverse
energy EMsS and total transverse energyP Et1)?. The T subscript signi es the transverse (parallel to

the x-y plane) component of these quantities.

3.2.2 Magnet System

The ATLAS magnet system provides the bending power necessary for the measurement of the
momentum of charged particles. The system consists of 4 superconducting magnets: the central
solenoid (CS), which surrounds the inner detector, and three large air-core toroids generating the
magnetic eld for the muon spectrometer. The two end-cap toroids (ECT) are inserted inside the
barrel toroid (BT) at each end, and line up with the CS (Figure 3.5a). The CS provides a central
eld of 2 T, with a peak magnetic eld of 2.6 T at the superconductor itself. The peak magnetic
elds on the superconductors in the BT and ECT are 3.9 and 4.1 T, respectively (the mean elds are
approximately 0.5 and 1 T, respectively). The performance in terms of bending power is characterised
by the eld integral Bdl, where B is the azimuthal eld component, and the integral is taken on a
straight line trajectory between the inner and outer radius of the toroids. The BT provides 2 to 6 Tm

and the ECT contributes with 4 to 8 Tm in the 0.0{1.3 and 1.6{2.7 pseudorapidity ranges, respectively.

1Protons are composite particles and events arise from interactions between constituent particles, or partons, within
the colliding protons, which carry a fraction of the momentum of the colliding protons, according to the Parton Distribution
Functions (discussed in section 5.2.2).

2Complete de nitions are given in section 5.3.7.
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The bending power is lower in the transition regions (13 < j j < 1:6) where the two magnets overlap
(Figure 3.5h).

(@) (b)

Figure 3.5: The ATLAS magnet system (a) and bending power of the toroid system as a function of j
(b) [72].

3.2.3 Inner Detector

The Inner Detector (ID) is located in the inner part of ATLAS and provides geometrical coverage
of j j < 2:5. It is designed for the measurement of tracks of charged particles, as well as for the
measurement of primary and secondary vertices. The ID is contained inside a cylinder of 7 m length
and 1.15 m radius, and immersed in the axial magnetic eld of 2 T, produced by the central solenoid
(g.3.6).
The ID consists of 3 sub-systems, as noted in the following, from inner to outer radii. Thepixel

detector is closest to the interaction point (IP), consists of 3 cylindrical layers in the barrel region
(j j < L:4) and 3 discs in the end-cap regions, and is based on semiconducting silicon pixel sensor
technology. A further cylindrical layer, called the insertable B-layer (IBL), was inserted closest to
the beam pipe before the start of Run 2 [77, 78]. TheSemi-Conductor Tracker (SCT) consists of

16000 modules arranged in 4 barrel layers, and 9 endcap discs on each side of the detector. Each
module contains silicon microstrips of 12 cm length that produce an electrical pulse whenever a
charged particle passes through. Thelransition Radiation Tracker (TRT), has been designed to
provide tracking of charged particles, as well as particle identi cation capabilities. The TRT consists of
a barrel and 2 end-cap parts, and is based on the use of straw tubes, constructed from polyimide and

carbon, and lled with a xenon gas mixture. The TRT spans up toj j=2:0.

3.2.4 Calorimeter System

The ATLAS calorimeters use 2 technologies: (1) high granularity liquid argon (LAr) sampling
calorimeters and (2) steel/tile scintillator sampling calorimeters. The calorimeters are placed outside
the CS and consist of a barrel part, 2 end-cap parts, and 2 forward calorimeters (FCal). The tile
calorimeters consist of a barrel and 2 extended barrel parts. The whole calorimeter system covers the

areaj j< 4.9.
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Figure 3.6: Representation of the ATLAS Inner Detector [79].

The precision LAr electromagnetic calorimeters use accordion geometry for the absorber (lead), with

4 read-out layers in the barrel region, 3 layers in intermediate (1:8< j j < 2:5) and 2 layers for larger

(j j > 2:5). The spatial precision is achieved by using high-granularity (0003 0:1, measured in
units of ) energy measurements in terms of in the rst layer. The second barrel layer has
a granularity of 0:025 0:025, while this is coarser in the end-caps (@ 0:1 for 25 < j j < 3:2).
A pre-sampler (PS) is located in front of the barrel calorimeter (forj j < 1:8) and is used to correct
for the energy lost in the material (ID, cryostats, coil) upstream of the calorimeter. Furthermore, a
copper/LAr calorimeter is located in the forward regions (3:1 < j j < 4:9) for complete geometrical
coverage. The EM calorimeters correspond to between 23 and 39 radiation lengthX ) depending on
the region. Figure 3.7 gives a sketch of the granularity of the EM calorimeter.

The hadronic calorimeters are located outside the EM calorimeters. In the barrel regionj(j < 1:7),
tile calorimeters, consisting of steel plates connected to scintillator tiles, have a depth of around 10
nuclear interaction lengths ( ), restricting the leakage of hadronic showers towards the muon system
(punch through hadrons). The use of scintillator tiles as active material provides a good energy
resolution for hadronic showers, though the granularity is coarse compared with the EM calorimeter
(0:1  0:1 for the rst two layers, 0:2 0:1 for the third layer). The end-cap hadronic calorimeters
are copper/LAr type, with 4 sampling layers and covering the region 15 < j j < 3:2. The forward
region (31 < j j < 4:9) is also covered by the hadronic calorimeter, where a combination of copper
and tungsten absorbers is used, along with LAr as the active material. As a whole, the hadronic
calorimeter system is at least 10 interaction lengths deep, in the whole range of. An overall sketch of

the calorimeter system is given in g. 3.8.

3.2.5 Muon Spectrometer

The muon detector is the outer part of ATLAS, extending to radii from 4.25 m to 11 m for the

barrel region and distances from 7 m to 23 m from the interaction point for the end-caps. For
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Figure 3.7: Sketch of the lateral and longitudinal segmentation of the ATLAS electromagnetic
calorimeter around =0 [72].

Figure 3.8: Representation of the ATLAS calorimeter system [79].

j 1 < 1, the magnetic bending of muons is provided by the barrel toroid and for 4 < | j < 2.7 by
the end-cap toroids. For the intermediate values, corresponding to a transition region, bending is
provided by a combination of the end-cap and barrel toroids. In the barrel region tracks are measured
by chambers arranged in three cylindrical stations, concentric with the beam axis. In the transition
and end-cap regions, the chambers are arranged in 3 disks (or \wheels"), perpendicular to the beam
axis. In all pseudorapidity ranges, the precise measurements of the coordinates of the muon trajectory
perpendicular to the magnetic eld are performed by the Monitored Drift Tube (MDT) chambers.

However they do not provide measurement of the second coordinate, parallel to the magnetic eld. For
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large pseudorapidity and for regions closer to the interaction point, the Cathode Strip Chambers
(CSC) are used, which are multiwire proportional chambers with cathodes segmented into strips. These
have ne spatial and time resolution and can cope with the greater particle ux and high radiation
background. They also provide information about the second coordinate.

The trigger function (discussed in section 3.3) in the barrel is provided by three stations oResistive
Plate Chambers (RPC). They are located on both sides of the middle MDT station, and directly
inside the outer MDT station. In the end caps, the trigger is provided by three stations of Thin
Gap Chambers (TGC) located near the middle MDT station. Both types of trigger chambers give
fast signals, with time resolution of a few nanoseconds, which are used for the Level-1 Trigger (see
section 3.3) as well as for the identi cation of the bunch-crossing. They also provide information about
the second coordinate, i.e. in a direction approximately parallel to the magnetic eld. An overall

representation of the muon system is given in g. 3.9.

Figure 3.9: Representation of the ATLAS muon spectrometer [72].

3.3 The ATLAS Trigger System

In this section, a more detailed description of the ATLAS trigger system is provided, as it is relevant to
the work performed in the context of its upgrade program that is presented in chapter 4. Some of the
important upgrades performed on the Level-1 trigger subsystem in preparation for Run 3 are mentioned

in section 3.3.2.

3.3.1 Design Principles

The design of the ATLAS trigger and data-acquisition (TDAQ) system [76, 80{84] is based on di erent
levels of online event selection, each level re ning the decisions made at the previous level by applying

additional selection criteria. Starting from a bunch-crossing frequency of 40 MHz, the rate of selected
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events has to be reduced to the order of 1 kHz for permanent storage, while retaining an optimal
e ciency for rare physics processes.

The Level-1 (LVL1) trigger selects events based on reduced-granularity information from a subset of
detectors. Muons are identi ed using only the trigger chambers (RPCs and TGCs), by the Level-1 Muon
(L1Muon) trigger subsystem. The Level-1 Calorimeter (L1Calo) trigger subsystem is responsible for
identifying high- pr electrons and photons, jets, hadronically decaying -leptons (by applying dedicated
algorithms which use energy isolation criteria) as well as large missing and total transverse energies,
based on reduced-granularity information (from trigger towers of 0:1 0:1 in , see g. 3.7)
from all the calorimeters. A number of pr thresholds are applied to provide separate trigger information.
The missing and total scalar transverse energies are calculated by summing over all trigger towers. In
addition, a trigger based on the scalar sum of jet transverse energies is also available. The maximum
output event rate of LVL1 triggers, initially limited to 70 kHz, was upgraded to 100 kHz for Run 2.

The LVL1 trigger is also responsible for uniquely identifying the bunch-crossing of interest. With a
25 ns bunch-crossing interval, this task is quite challenging. The physical size of the muon spectrometer
implies times-of- ight of muons comparable to the bunch-crossing period, while the pulse shape of
the calorimeter signals extends over many bunch crossings. The LVLlatency (the time from the pp
collision until the trigger decision is available to the next trigger level) has to be minimised and kept
below 2.5n% (2.0 ns has been achieved). \Pipeline" memories are used to store the trigger information
during that time. The events selected by LVL1 are read out from the front-end electronics systems of
the detectors into readout drivers (RODs) and then into readout bu ers (ROBs).

The topological trigger processor (L1Topo) system allows topological selections to be applied in the
Level-1 trigger, combining kinematic information from multiple calorimeter and muon trigger objects,
such as angular separation, invariant mass requirements, or global event quantities such as the sum of the
transverse momenta of all Level-1 jet objects. The central trigger processor (CTP) forms the Level-1
trigger decision based on the information received from L1Topo, L1Calo and L1Muon systems, and
distributes the Level-1 accept (L1A) signal and LHC timing signals to the detector readout subsystems,
via the Timing, Trigger and Control (TTC) system.

The higher-level triggering (separated into a level-2 (LVL2) and an Event Filter (EF) during Run 1,
while merged into a single High-Level Trigger (HLT) farm [85] for Run 2 onwards) is made possible by
use of \region-of-interest" (ROI) information provided by the LVL1 trigger, which comprises information
on the position ( and ) and py of candidate objects for physics (highpr muons, electrons, photons,
hadrons, s and jets), and energy sums (missindzt, vector and scalarEt values). The ROl mechanism
allows for the reduction of the data processed, since typically only data corresponding to limited regions
centred on the objects indicated by the LVL1 trigger are needed; in such cases the full precision data
and granularity are accessed. The event rate of LVL2 was 3 kHz, the latency being in the range of
1-10 ms (depending on the events processed).

The use of information from the precision muon chambers and the ID allows improvement of the
resolution of the pr of muons, and information from the calorimeters around the muon candidates allows
the application of isolation requirements. In this way, as well as increasing the muorpr threshold if

necessary, muon candidates which are not real muons can be rejected. For isolated electrons, the
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rejection power comes from using the full-granularity calorimeter information and requiring a matching
high-pr charged track in the ID; the TRT provides additional rejection power. For photons, less
rejection power can be achieved than for electrons, since the ID cannot always be used as a veto given
the relatively high probability for photon conversion in the ID material.

The last part of the online selection relies on the use of o ine algorithms and methods, the most
up-to-date calibration and alignment information and the magnetic eld map. The nal selection of
physics events is written to mass storage for subsequent full o ine analysis. The nal trigger output
rate (after HLT) could be raised to 1 kHz by upgrades of the system prior to Run 2, corresponding
to a data rate of around 1 GB/s (assuming event sizes of around 1 MB). A sketch of the Trigger System

for Run 2 is given in g. 3.10a.

@

(b)

Figure 3.10: Schematic overview of the Trigger and DAQ system (a) for Run 2, (b) for Run 3. The
FTK [86] was not realised. Taken from [83, 87].
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3.3.2 Phase-1 upgrade of L1Calo trigger

During Long Shutdown 2, further upgrades [87] were made to the TDAQ system, to prepare for the
ATLAS Run 3 data-taking period [88] (a sketch is given in g. 3.10b). In this section we focus on
changes to the L1Calo subsystem and the upstream calorimeter electronics [89].

Three new subsystems were added to L1Calo: the electromagnetic, jet and global feature extractors
(eFEX, JFEX and gFEX). To achieve the increased discriminatory power necessary to handle the LHC
luminosities planned beyond LS2, these process calorimeter data at a ner level of granularity than
the pre-LS2 L1Calo system. Initially at least, they augment the existing L1Calo electronics, operating
in parallel with the Cluster Processor (CP) and Jet Energy Processor (JEP) (Run 1 & Run 2 legacy
systems).

Prior to LS2, the LAr and tile calorimeter electronics provided analogue data, which were digitised
in the Pre-Processor Modules (PPMs). During Run 3 the LAr calorimeter data are digitised by a new
LAr Trigger Digitiser Board (LTDB) and provided to L1Calo by the Digital Processing System (DPS).
For each tower of Q1 0:1, eFEX receives up to ten samples, derived from longitudinal segments and
transverse sums of groups of calorimeter cells, each sum forming a SuperCell (g. 3.11). Analogue
tile calorimeter data are digitised in an upgraded pre-processor and transmitted via the new Tile Rear

Extension (TREX) pre-processor extension module [90].

Figure 3.11: The trigger granularity from each trigger tower after the Phase-1 upgrade of the LAr
Calorimeter electronics. TenE+ values are provided from \1-4-4-1" (per layer) longitudinal/transverse
samples, each forming a SuperCell. The hadronic calorimeter in the same trigger tower (not shown)
provides one more SuperCell. Taken from [87].

The function of the eFEX module is to identify isolated energy deposits indicative of electrons,
photons and leptons. The jJFEX subsystem identi es energetic jet candidates and also performs
the large-area , E{"sS and total Et trigger algorithms. The gFEX subsystem is responsible for the
identi cation of large radius jets, additional EsS computations and other jet-specic calculations.
The results of the processing done by all the FEX modules give Trigger Objects (TOBs, comprising the
object type, energy measured and; coordinates), which are transmitted to L1Topo over optical bres.

In L1Topo, results from all the FEX subsystems are used as input to topological algorithms and the
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results are transmitted to the CTP. The FEX modules comply with the Advanced Telecommunications
Computing Architecture standard (ATCA) [91], and are based on eld-programmable gate array
(FPGA) technology. The eFEX comprises two shelves of 12 eFEX modules each and the jFEX
comprises a single shelf of six JFEX modules; one gFEX module is su cient for the implementation of
the gFEX processing system.

On receipt of an L1A signal, the FEX modules provide ROI and readout data to the HLT and DAQ
system, respectively. Each FEX module outputs these data to the shelf backplane. Twélub modules
in each shelf aggregate the data and implement the required ROD functionality on daughter boards.
Additionally, the Hub modules provide nodes on the TTC, control and monitoring networks. The
hardware of the Hub modules is common to the eFEX, JFEX and gFEX subsystems, but the readout
rmware di ers in order to handle the di erent data.

Figure 3.12 gives a schematic view of the L1Calo Trigger subsystem architecture (as a \block

diagram") for Run 3.

Figure 3.12: L1Calo system block diagram after completion of the Phase-1 upgrade; the eFEX, JFEX
and gFEX are among the new processing hardware modules introduced during the Phase-1 upgrade.
In green are the Run 2 additions, while in yellow/orange are the Run 3 additions (L1Topo has been
redesigned for Run 3, hence the yellow colour). From [89].



Chapter 4

Tests of FEX Test Module and of

eFEX rmware

4.1 Introduction

In the previous chapter it was mentioned that in the context of the ATLAS Phase-1 Upgrade of the
Level-1 Calorimeter trigger system, vital processing of digital data coming from the ATLAS calorimeters
will be performed by new, FPGA-based, modules called eFEX and JFEX. The Feature extractor (FEX)
modules receive and transmit many multi-gigabit data streams over bre optics and the validation of
these data paths requires a complementary test module to transmit and receive this data.

In this chapter we describe the testing procedure for the Feature extractor Test Module (FTM),
with emphasis on the veri cation of fundamental connections and monitoring of vital values via Python
scripts, after explaining its role and layout. We also provide a description of the testing of the mapping
implementation in the eFEX rmware. The mapping of incoming data to the position of energy deposits
in the calorimeters is vital for the algorithm eFEX uses to identify and trigger physics objects.

These tests were performed as part of the commissioning of the FTM and eFEX modules, the latter
now playing a vital role in the ATLAS Run 3 triggering system, and constituted the quali cation task
of the writer, which is an essential stage for a member of ATLAS to be registered in the ATLAS author

list, by having contributed to some aspect of the detector technology or algorithms.

4.2 FTM testing

4.2.1 FTM role and design principles

The FEX Test Module's main purpose is to generate test data patterns (that imitate the real data that
will be coming from the calorimeters) for transmission to the FEX modules and record the results from
their outputs. This test module was built before the FEXs, hence it has also been used to con rm the
high-speed signalling and technology choices intended for the FEX modules. Building this test module
has allowed the FEX designers to gain early experience with the Xilinx Virtex-7 family [92] of FPGASs,
and more speci cally with the Multi-Gigabit Transceivers (MGTSs) integrated inside them. The MGTs
are integrated circuits used for ultra-fast (up to 13.1 Gbps in the case of FEXs) serial data-transmission
to optical modules. Another aim for designing the FTM was to gain experience with the Advanced
Telecommunications Computing Architecture (ATCA) standard. ATCA is of interest to the physics

community due to its high availability, scalability, exibility and massive input/output capability. In
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