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Abstract

The results of two separate searches for the doubly-charmed =T particle through the
EIT > ATK ™ and 5t — DTpK~m" decay modes are presented in this thesis.
Both analyses examine proton-proton collision data collected by the LHCb detector at
the European Laboratory for Particle Physics.

The T — AT K~ mtntt analysis resulted in the first-ever observation of a doubly-
charmed baryon, namely the 5t state. Using data recorded in 2016 at LHCb, the mass

of the 51 state was measured to be
m(E5+) = 3621.40 £ 0.72 (stat) =+ 0.27 (syst) = 0.14 (A7) MeV/2,

where the first and second uncertainties are statistical and systematic, respectively, and
the last uncertainty is due to the limited knowledge on the mass of the AF baryon. The
signal was determined to be compatible with a weak decay.

The second Z 1 analysis did not yield any evidence of the 5t — DTpK~n" decay
within the data recorded in 2016 so, instead, the following branchmg fraction ratio upper
limit is set

B(Eft — DtpK —m)

< 1.7(2.1) x 1072
B(Zft — AfK-—mtmt) (21)

at the 90% (95%) confidence level and at the measured mass of the =T particle from the
ET — AT K7t analysis. No signal is observed in the mass range 3300—3800 MeV/c?.

Additionally, a new multivariate-based trigger line was developed for reconstructing
E+t — pK~m" decays at LHCb. The new trigger makes use of the Bonsai Boosted De-
cision Tree method and is designed with searches for doubly-charmed particles in mind.
This trigger gives a 36% increase in the signal yield of potential = particles compared
to an original trigger line that was designed for the similar purposes.

Aside from searches for doubly-charmed baryons, a short study is conducted into
the calibration of the Ring Imaging Cherenkov (RICH) subdetectors at the LHCb detec-
tor. A method was successfully developed to obtain high momentum tracks without any
knowledge of the magnetic field, which will be used in the future to test the hypothesis
that the magnetic field is causing discrepancies seen between data and simulation for the
RICH-1 Cherenkov angle resolution.
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Preface

This thesis documents the work carried out by the PhD candidate, within the LHCb col-
laboration, in primarily searching for doubly-charmed baryons using the proton-proton
collision data collected by the LHCb detector in 2016. The thesis also details the candi-
date’s design of a new multivariate-based trigger line, now in use at LHCDb, as well as a
feasibility study involving the RICH sub-detectors.

Chapter 1 reviews the theory behind the properties and decays of doubly-charmed
baryons. This chapter includes a review of the current best theory of particle physics,
the Standard Model, then an overview of the quark model and flavour physics and, in
particular, a discussion on the weak decays of hadrons. The chapter concludes with a
detailed description of the theoretical and experimental status of doubly-charmed baryons
prior to the research mentioned in this thesis. The PhD candidate did not contribute to
any of the work discussed in this chapter.

Chapter 2 describes the design and operations of the Large Hadron Collider beauty
(LHCD) detector. The systems that make LHCb an excellent laboratory to search for
doubly-charmed baryons are described in detail. The chapter ends with a brief descrip-
tion of the data processing work-flow at LHCb and an explanation of how data is simu-
lated at LHCb. The PhD candidate did not contribute to the construction or design of
the LHCb detector, which was built before they joined the collaboration, but they did
contribute to the operation of the detector in 2017 and 2018. This chapter is included be-
cause this detector records the data that are used in the analyses described in this thesis.
The chapter is based on information from the LHCb design and performance papers.

Chapter 3 presents a study carried out by the PhD candidate to measure the angular
resolution of Cherenkov radiation, light that is given off by particles crossing through the
RICH sub-detectors, when no magnetic field is present. The Cherenkov angle resolution
of RICH-1 is known to be different in data and simulation; one possible reason for this
is explored in this chapter. The PhD candidate performed the study by adapting the
software primarily written by Dr Chris Jones from the University of Cambridge.

Chapter 4 describes an analysis of 1T — AT K-ttt decays reconstructed from
data recorded at LHCb. The research was conducted by the PhD candidate in partnership
with colleagues from the University of Glasgow (Prof. Paul Soler and Dr Patrick Spradlin),

the Laboratoire de I’Accélérateur Linéaire (Dr Yanxi Zhang) and Tsinghua University

\Y



Preface VI

(Mr Ao Xu and Prof. Zhenwei Yang). The chapter gives a full account of the selection
of the data that the PhD candidate, alongside Mr Ao Xu, performed, as well as the
background studies checked by the candidate for this decay mode. Only a summary
of the studies related to the mass measurement is given, since the PhD candidate did
not contribute significantly in this area, with the majority of this work carried out by
Dr Yanxi Zhang. The work ultimately led to the first-ever discovery of a doubly-charmed
baryon, namely the 5T state, accompanied by a measurement of its invariant mass.

Chapter 5 presents the main contribution by the PhD candidate to this thesis. The
chapter describes a first-ever search for = — DtpK~7nt" decays at LHCb. The layout of
the chapter follows similarly to Chapter 4 but with more details given on the background
and mass measurement studies to reflect the greater contribution by the PhD candidate.
Ultimately, no signal is found in this search channel. Therefore, the chapter proceeds
to explain the way in which an upper limit can be set on the ratio of the branching
fractions between the 5t — AT K- ntnt and 51T — DTpK 7" decay modes, before
it discloses the value of this limit. All the work detailed in this chapter was carried out and
implemented by the PhD candidate in consultation with Prof. Lars Eklund, Prof. Paul
Soler and Dr Patrick Spradlin, all of the University of Glasgow.

Chapter 6 is dedicated to the design of a new trigger line that was developed by the
PhD candidate for reconstructing =" — pK 7" decays. The design, testing and perfor-
mance of this trigger line are described in this chapter. In keeping with the main goal
of this thesis, the new trigger line is made to be sensitive to searches of doubly-charmed
baryons. The trigger line was deployed for data taking in July 2018 and the initial results
showed a significant increase in the signal yield of = particles. The work presented in
this chapter is solely carried out by the PhD candidate with guidance from Prof. Jibo He
and Dr Patrick Spradlin.

Chapter 7 summarises the results of all the candidate’s work and states the exper-
imental status of doubly-charmed baryons at the time this thesis was completed. The

author’s subjective outlook on this type of research is also imparted to the reader.
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Chapter 1

Introduction and Theory

“We are driven by the usual insatiable curiosity of the scientist,

and our work is a delightful game.”

— Murray Gell-Mann, inventor of the Quark Model

The research encapsulated in this thesis was motivated by the mystery of the undiscovered
and the profound sense that something must exist, it just needs to be found. Similarly
to the famous Higgs boson that eluded physicists for decades, the group of particles
known as doubly-charmed baryons had for so long been predicted, yet, were unconfirmed
experimentally. Apart from being unique systems for studying the strong interaction, the
very same force that holds protons and hence you, me and the paper this thesis is printed
on, together, doubly-charmed baryons should and need to exist; human curiosity alone
should motivate a search for them.

If one were to look for such creatures of the particle world, there can be no better
hunting ground than that of the LHCb detector, the topic of Chapter 2 of this thesis.
With its outstanding vertex reconstruction, supreme particle identification capabilities
and excellent mass resolution, the data sets recorded and provided by this machine are
primed for searches of doubly-charmed baryons. To this end, a series of searches is carried
out for one specific doubly-charmed baryon using some of the largest data sets available
at the time from the LHCb detector.

Before the complete details of these analyses are presented in Chapters 4 and 5,
the relevant theoretical literature on doubly-charmed baryons is reviewed and the history
of past searches for these types of particles is also discussed. To achieve this, firstly,
the highly successful Standard Model, which underpins all of modern particle physics,
is introduced to the reader in Section 1.1, before the chapter builds up to explain the
origin of doubly-charmed baryons in Section 1.2 and the fundamentals of their decay
in Section 1.3. The chapter concludes with an overview of the predicted properties and
experimental status of doubly-charmed baryon, as it was before any of the work discussed
in this thesis had started, in Section 1.4.
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1.1 The Standard Model

Particle physics is a study of the most basic building blocks of nature, the so-called el-
ementary particles that exist down at the unimaginably smallest scales, around 1071 m
according to some recent measurements [1]. These subatomic particles and their interac-
tions with each other fundamentally shape the universe that is observed today. When this
field of research began, there was just a handful of particles, the first being J.J Thomp-
son’s electron discovered in 1887. Since then, the advancement of cosmic ray science and,
more importantly, the introduction of particle accelerators has unveiled numerous more
particles and phenomena that soon made it apparent that not all particles are elementary.

To bring clarity to the situation, a rigorous mathematical framework was developed
in the later half of the 20" century. This theoretical construction has come to be known as
the Standard Model (SM) of particle physics and it is arguably one of the most successful
theories in science [2]. Indeed, almost all results in particle physics to date have agreed
with SM predictions to an unprecedented accuracy; however, it is not without its limi-
tations and discrepancies with experiment. In this section, the particles and interactions

described by the SM are outlined, while the formalism of the SM is also reviewed.

1.1.1 The Elementary Particles

Today, physicists know that the world is fundamentally made up of seventeen particles
that come in three forms referred to as quarks, leptons and bosons. A somewhat concise
overview of all the elementary particles is presented in this section in order to give the
reader just a general sense of their properties and functions.

The first feature of elementary particles to know about is that they are generally
characterised by quantum numbers. These are attributes that include the perhaps more
familiar property of electric charge, as well as the more abstract quantity ‘spin’, best
described as the intrinsic angular momentum of a particle. Elementary particles are
grouped by physicists into two broad categories due to this spin quantity. They either
reside in the family of fermions that have half-integer spin or with bosons that have
whole-integer spin. Unlike bosons, fermions obey the Pauli exclusion principle [3], which
states that no two identical fermions can be in the same quantum state. This important
physical law has far reaching implications in terms of what fermions and bosons represent
and do in nature. The last important point to note at this stage, is that all fundamental
particles have a corresponding anti-particle that has the same mass but opposite quantum
numbers. Anti-particles will not be discussed in great detail in this thesis as they are

treated equally to particles in the studies of doubly-charmed baryons.
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Lepton Generation | Mass ( MeV/c?) ]élﬁ;?gf e No. | 1 No. | 7 No.
Electron, e I 0.511 -1 +1 0 0
Electron neutrino, v, <2x1076 0 +1 0 0
Muon, p 0 105.66 —1 0 +1 0
Muon neutrino, v, < 0.9 0 0 +1 0
Tau, 7 11 1776.86 £ 0.12 -1 0 0 +1
Tau neutrino, v, < 18.2 0 0 +1

Table 1.1: Lepton content of the Standard Model with all the values taken from the
Particle Data Group [1]. The spin of all leptons is equal to % The e, w and 7 numbers
denote the flavour quantum numbers.

Fermions

Fermions form the basis of all visible matter in the universe, which, on a side note, actually
only accounts for around 5% of the mass in the entire universe [4].! Fermions themselves
can be divided into two subgroups called quarks and leptons. Both quarks and leptons
happen to come in sets of threes, referred to as a generation, where each member of a
generation is identical apart from in mass. The reason for this almost cloning-like effect
of quarks and leptons in generations is however not understood.

Focusing now on the lepton family, each generation has a charged and neutral parti-
cle. They are the well known electron (e) and the heavier muon (pt) and tau (7) leptons,
all of which have a negative electric charge of —1. Their neutral and near massless coun-
terparts are referred to as the electron neutrino (v,), muon neutrino (v,) and tau neu-
trino (v;). The v, neutrino was only discovered as recently as 2000 by the DONUT col-
laboration [5]. As an added point of interest, there exists the possibility that neutrinos
are themselves their own anti-particle, existing as Majorana fermions [6], but this hy-
pothesis has not been proven experimentally. Beyond spin and electric charge, leptons
also carry a ‘flavour’ quantum number that is associated to the generation in which they
exist. Lepton flavour is found to be conserved in all interactions except in neutrino os-
cillations, the very phenomenon that led to the discovery that neutrinos have mass [7].
Nevertheless, all calculations in the SM are performed assuming neutrinos are massless.
This approximation is sensible given that the set upper limits on the masses of neutrinos
are much smaller than the masses of other SM particles. A summary of the masses and
previously discussed quantum numbers of the leptons is given in Table 1.1.

The rest of the fermion family is made up of the whimsically named quarks. Similarly

to the way in which leptons manifest, there are two quarks in each generation, one with an

! Around 95% of the universe is thought to be comprised of dark matter and dark energy, the compo-
sition and existence of which is unexplained by the Standard Model [4].
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Quark | Generation | Mass (MeV/c?) ]élﬁigg Iy | C | S| T)| B
Up, u | 2.2707% +2 |43 000
Down, d 4703 -3 | -3 0010
Charm, ¢ 1 (1.287507) x 103 +2 0O [+1][ 0] 00
Strange, s 9513 —3 0 -1] 0] 0
Top, t - (173.0£0.4) x 10 | +2 0 0 |+1] 0
Bottom, b (4.18%993) x 10° -1 0 00 |-1

Table 1.2: Quark content of the Standard Model with all the values taken from the
Particle Data Group [1]. The spin of all quarks is equal to % and each quark carries
either red, green or blue colour charge. The I3, C, S, T and B quantities denote the
flavour quantum numbers.

electric charge of +2/3, while the other has an electric charge of —1/3. Quarks also carry the
property of ‘flavour’ just like leptons. The positive electrically-charged quarks are known
as the up (u), charm (c) and top (t) flavoured quarks and the negative electrically-charged
quarks are called the down (d), strange (s) and bottom (b) flavoured quarks. Note that
the b and t quarks are sometimes referred to as beauty and truth, respectively, by the more
imaginative scientist. These flavour types are embodied by flavour quantum numbers. For
historic reasons, the flavour quantum number for the u and d quarks is called isospin (7),
while the I3 quantity denotes the z component of the quark isospin. The remaining
quantum numbers are rather amusingly called charm (C'), strangeness (S), topness (T)
and bottomness (B). The flavour numbers are not strictly conserved by quarks, which
makes the quark sector particularly interesting to study; more about this in Section 1.3.

The notable difference between quarks and leptons is that quarks carry a property
known as ‘colour’ that comes in three forms, imaginatively coined red, green or blue, then
anti-red, anti-green or anti-blue, for their anti-particle equivalent. Due to a process known
as colour-confinement [8], states with non-neutral colour cannot exist freely as individual
objects. This is to be discussed thoroughly in Section 1.2, where the protagonists of this
thesis, the doubly-charmed baryons, will be introduced. A summary of the masses and

the previously discussed quantum numbers of the quarks is given in Table 1.2.

Bosons

Quarks and leptons interact with one another via the four fundamental forces of nature,
namely: electromagnetism, the nuclear strong force, the nuclear weak force and gravity.
The latter, gravity, is many orders of magnitude weaker than the other forces, so can be
safely ignored at the energy scales used in SM calculations, which is convenient given the

inability of the SM to explain gravity anyway.
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However, electromagnetism and the two nuclear forces are described within the SM
by the second main family of elementary particles, the integer spin bosons. According to
the SM, the forces of nature are actually the result of fermions transferring momentum
between each other through the exchange of bosons. Electrically charged particles, which
include all the fermions, apart from the three neutrinos, interact with the electromagnetic
force that is mediated by the light-bearing photon (). Since photons do not possess rest
mass or charge, they do not readily interact with other photons [9] nor will they decay to
other elementary particles. This gives the electromagnetic force its infinite working range,
so much that its effects are felt on an every-day basis at the macroscopic scale.

The lesser-known nuclear weak force is responsible for the beta decay of radioactive
particles, among other phenomena. This fundamental force is mediated by the electro-
magnetically charged W= bosons and also a neutral Z° boson, all of which are relatively
large in mass compared to most other SM particles. Consequently, this force of nature
only operates on a very short range of order 107" m [1] so, not surprisingly, its effects are
not particularly felt at the energy and lengths scales that humans perceive. Furthermore,
the W* and Z° bosons only interact with fermions that conform to specific conditions;
the charged weak bosons only couple to left-handed particles, while the neutral weak
boson interacts with both left and right-handed particles.?

Last but certainly not least, there exists the nuclear strong force which, as hinted by
its name, is the most powerful of all the four fundamental forces. The nuclear strong force
is mediated by bosons called gluons (g) that only interact with elementary particles that
carry colour charge. Hence, gluons couple with all flavours of quarks but not with the
leptons. Despite the gluon being massless, the range of the strong force is not infinite, like
for the electromagnetic force, as the gluons themselves also carry colour charge. Thus,
gluons can self-interact [8], which effectively limits the range of the strong force down to
the scale of 107 m [1], by no coincidence the same size as the atomic nucleus, which
the nuclear strong force is tasked with ‘gluing’ together. Recall that colour confinement
means that quarks cannot exist freely as non-colour-neutral objects, and gluons are no
different; they exist in nature as one of only eight possible colour-neutral states.

This leads to the last piece of the fundamental particle jigsaw, the aforementioned
Higgs boson (H). The existence of a Higgs boson was born out of the need to explain
the non-zero masses of the W+ and Z° bosons, which were expected to be massless in
the earliest formulations of the SM. To solve this problem, a scalar field was theorised
to exist, where the the Higgs boson is the quantisation of this scalar field. Elementary

particles would then interact with this field, causing the symmetry between the W=

2If the spin of a particle is aligned with its momentum, the particle is referred to as right-handed,
whereas if the two quantities are anti-parallel, the particle is referred to as left-handed. All points in
between can be described as a superposition of left and right-handed.
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Boson Mass (GeV/c?) ]élfi;rgf Spin | I3
Photon, ~y 0 0 1 0
W= 80.379 =+ 0.012 +1 1 | =+l
A 91.1876 £ 0.0021 1 0
Gluon, ¢ 0 1 0
Higgs, H° | 125.18 + 0.16 0 0 | o

Table 1.3: Boson content of the Standard Model with all the values taken from the
Particle Data Group [1]. The colour charge of the gluons can be one of eight possible
colour-neutral combinations, whereas photons do not posses colour charge.

and Z° bosons to break, which in turn would give all SM particles their mass [10-12].
The massless nature of the gluon and photon is then eloquently explained by their non-
interaction with the Higgs field. This incredibly crucial particle to the workings of the
SM was found in 2012 by the ATLAS [13] and CMS collaborations [14] and completed the
discovery of all elementary particles in the SM. The W* and Z° bosons were identified a
few decades before the Higgs by the UA1 and UA2 experiments [15-17]. The discussed
properties of all SM bosons are listed in Table 1.3.

1.1.2 SM Mathematical Formalism

The Standard Model is best described as a Quantum Field Theory [8] that obeys gauge
symmetries, which gives the model its extraordinary predictive power. A very brief sum-
mary of these mathematical concepts is presented in this section.

Quantum Field Theory (QFT) is the combination of three pillars of physics: special
relativity, classical field theory and quantum mechanics. In this framework, the elemen-
tary particles of Section 1.1.1 are represented as quanta of fields. Field in this case means
a set of numbers assigned to a point in space and time and then quanta are the excited
states of these fields. Symmetries, as mentioned above, then refers to a property of fields,
where the physics and observables that the field describe, remain unchanged after ap-
plying a mathematical operation to all the fields in space and time. In this case, the
term gauge then just means ‘measure’, such that a field with a gauge symmetry can be
‘re-measured’ from different baselines without any properties of the system changing.

Standard Model bosons, which govern the fundamental forces of nature, can now be
viewed as representations of a gauge group — a mathematical group of gauge symmetries.
Gauge groups control the way in which gauge bosons exchange quantum numbers and,
therefore, how they ultimately interact with other elementary particles. The gauge group
chosen to describe each fundamental force is based on the results of experimental obser-

vation and is not self-contained within the Standard Model itself. It so happens that the
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Special Unitary group of order n, SU(n), describes an interaction with (n? — 1) gauge
bosons in the Standard Model. A mentioned before, the nuclear strong force is mediated
by eight distinct gluon states and as such can be described by the SU(3) group. Further-
more, the nuclear weak force governed by the W+, W~ and Z° bosons, can be described
by the SU(2) group. As for electromagnetism with only one gauge boson, the photon,
it is described well by the Unitary group, U(1). The overall gauge theory of the Stan-
dard Model is thus described by SU(3) x SU(2) x U(1). One of the great achievements
underlining the SM was the realisation that the electromagnetic and nuclear weak force
may be unified as one force, the electroweak force [18,19].

Concentrating now more on the field theory side of QFT, the interactions between
fundamental particles are described by interaction terms in the Lagrangian involving their
corresponding fields. The Lagrangian, L, describes the dynamics of any general system.

In classical mechanics it is defined as
L=T-YV, (1.1)

where the T" and V terms are the total kinetic and potential energies of the system,
respectively. The dynamics of the particles in the Standard Model can also be described in
terms of Lagrangians. However, because elementary particles are treated as mathematical
fields it is simpler to consider the Lagrangian field density, £, instead, which is related to

L by integration over the three spatial components of the system

L= //:d%a (1.2)

The dynamics of an elementary particle can then be calculated from substituting

the Lagrangian density term £ into the Euler—Lagrange equation

where 1) is the field representing the elementary particle and 9, is the covariant derivative
with the index p running over all space-time coordinates. The Euler—Lagrange equation
is a result of the principle of least action, which in the quantum world loosely means a
particle will chose a path through time and space that minimises the action, &, defined

as

S / L, O (1.4)

This is conceptually important to remember for Section 1.2.3 when possible solutions to

one type of quantum field theory are discussed.
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A useful property of Lagrangians is that the dynamics of a system can be conve-
niently calculated from the summation of them when they describe the individual com-
ponents of that total system. Hence, the total Lagrangian of the Standard Model can be

simply expressed as

ESM = L:Fermion Kinetic 1 'CBoson Kinetic T /:'Higgs + EYukawa; (15)

where the kinetic terms of the fermions and bosons, Lrermion Kinetic @1d LBoson Kinetic, '€~
spectively, have been separated out. The Lyyumwa term will be described in more detail
in Section 1.3.3 but it is related to the masses of the fermions, while Lyges contains the
interaction terms that give rise to the masses of gauge bosons.

The exact form of each £ term in Equation 1.5 depends on the spin of the particle
that it describes. For example, a non-interacting spin-half fermion with invariant mass,

m, is represented by a Dirac spinor field, ¢, and its Lagrangian is given by
£ = B(ir" 8, — m), (16)

where 7 are the Dirac gamma matrices and 1) is a shorthand, used throughout this chap-
ter, for the matrix multiplication of the object with 7°, so T+ in this case. Contrarily,
a non-interacting spin-one boson is represented by a vector field, A, and is described by
the following Lagrangian
1 174

L= _ZF’“’FM , (1.7)
where F},, is the strength of the vector field A, defined as F,, = 9,4, -0, A,,. For instance,
A can represent the photon field and if Equation 1.7 is substituted into Equation 1.3,
then Maxwell’s equations of electromagnetism fall out. Since the Higgs boson is a scalar

however, see Table 1.3, it cannot be described by the Lagrangian stated in Equation 1.7.

1.2 Quarks and Hadron Spectroscopy

The plethora of new particles observed at high-energy particle accelerator experiments
were not understood overnight. It took the effort of several physicists over many years
to arrive at the neat categorisation of elementary particles that was described in the last
section. It was a particularly laborious task trying to make sense of the quark sector
where colour-confinement meant quarks never existed freely.

This section firstly explains the origin of the quark model and the properties of ob-

jects resulting from combinations of quarks, of which are now known as hadrons. The
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theory of the nuclear strong force, the fundamental interaction that binds hadrons to-
gether, is also described as a prelude to the phenomenology of doubly-charmed baryons

that is discussed in Section 1.4.

1.2.1 The Quark Model

By the middle of the 20th century, a new paradigm was needed to explain the never-ending
arrival of new particles that were being found in experiments. The first step towards a
clearer picture was the introduction of the particle property known as strangeness (.5),
which was previously mentioned in Section 1.1.1. This concept was independently pro-
posed by Gell-Mann [20] and Nishijima [21], both in 1953, to explain the ‘strange’ long-
lived nature of new states that was not in keeping with their large mass. The idea
eventually led to Gell-Mann’s Eightfold Way [22], a classification method described by
the SU(3) mathematical group. In this scheme, particles that were known to interact
with a then theorised form of the nuclear strong force (required to keep the atomic nu-
cleus from splitting) were divided into subgroups by mass and then by spin. When the
strangeness of these two groups of particles were plotted against their electric charge,
patterns representing an octet and a decuplet appeared, see Figure 1.1. This hinted at
an underlying symmetry of the strong interaction. Although, it soon became apparent
that SU(3) symmetry is actually only an approximate symmetry; the reason, unknown
at the time, was that the different masses of these particles and their weak interactions
were breaking the symmetry.

However, one major success of the Eightfold Way was the prediction of a particle with
S = —3 that appeared in Gell-Mann’s decuplet representation but which had not been
experimentally found. In 1964, this predicted state, the {27 particle, was discovered at the
Brookhaven Laboratory with a measured mass in alignment with that predicted by the
Eightfold Way [23]. This ultimately made Gell-Man suspect that the true mathematical
group describing these particles had a fundamental triplet representation, which would
correspond to the real elementary particles. These came to be known as the low-mass u,
d and s flavoured quarks.

The discovery of the {27 particle also introduced a problem however, because on
first viewing, it appeared to violate the Pauli exclusion principle with its three identical
s quarks. This was resolved, shortly after the {2~ discovery, by the introduction of colour
charge [24] that allowed each s quark to exhibit a unique quantum state. With the
later discoveries of the heavier quarks: the ¢ quark in 1974 detailed in the revolutionary
J /1 papers [25,26]; the b quark in 1978 through the 7" resonance [27]; and, finally, the
t quark in 1995 via its decay that was observed at the CDF [28] and D{) detectors [29], the

quark model of particle physics became universally accepted. The first direct evidence
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for a quark came from deep inelastic experiments at SLAC in 1968 [30,31], before this

quarks were considered merely mathematical abstractions.

Baryons

Fast forward to present day and the quark model is well established; colour confinement
dictates that quarks bind together, or ‘hadronise’, to form colour-neutral hadrons and
that there are two commonly accepted configurations of hadrons. Firstly, a quark, ¢, and
an anti-quark, ¢, can combine to form a gg state whereby the colour charges are equal
and opposite; this system is referred to as a ‘meson’. Secondly, three quarks may form a
qqq state that collectively contains all the different colour charges and is thus said to be
‘colourless’ in the same way visible light is white from the combination of the red, green
and blue wavelengths; this object is termed a ‘baryon’. Note that the top quark, due to
its relatively large mass (see Table 1.2), decays through the weak force before it is allowed
to hadronise. The top quark is therefore never the constituent of any bound hadron.
The four lightest quarks (u, d, s and ¢) can be represented by the SU(4) symmetry
group. However, it should be pointed out that this symmetry is not a perfect one since the
¢ quark is so much heavier than the other lightest quarks. By expressing the SU(4) group

as a tensor product and a direct sum of its bases
4®404 =20 20 @20, ® 4, (1.8)

the configurations of the baryons can be seen to form three separate twentyplet patterns as
well as one quartet. The baryons are split into these different twentyplet representations
based on their spin-parity assignment, J?, where J denotes the total angular momentum
of the baryon, which is the angular momentum, [, of the quark-bound system plus the total
spin, s, of each individual quark, while the P represents the parity quantum number that
reflects the spatial coordinates of a particle. Depending on the orientation of the quark
spins, the ground-state baryons, ones with no orbital angular momentum, either have a
spin-parity assignment of J¥ = Y3 (111) or J¥ =3/ (111), which are, respectively, the
20-plet and 20/-plet shown in Figure 1.1. Gell-Mann’s octet and decuplet of his Eightfold
Way classification scheme form the bottom layers of these two twentyplets. In the bottom
layer of the 20-plet diagram, the more familiar nucleons of the atom, the proton, p(uud),
and the neutron, n(udd), with a spin-parity assignment of J = !/ are shown. Note
that they have no constituent charm quarks however. At this point in the chapter, the
sought-after doubly-charmed baryons can now be properly defined. They are baryons
composed of two charm quarks in combination with an additional third lighter quark and

are represented by the =, and (2. states pictured in the SU(4) twentyplets of Figure 1.1.
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Figure 1.1: (a) The 20-plet corresponding to the J¥ = 1/J baryons and (b) the 20;-plet
corresponding to the J¥ = 3/J baryons, all corresponding to the SU(4) representation
of the four lightest quarks. The charm quantum number, C, of each state in the
twentyplets increase from bottom to the top layer. The plots were reproduced from [1].

Apart from the baryon configurations mentioned previously, resonances of all baryons
are also possible when the ground states, the states with the lowest energy levels, become
orbitally or radially excited (I > 0), thus leading to various spin-parity combinations.
Resonances, with larger masses than their ground state counterparts, then typically de-
cay via the nuclear strong force, which results in their characteristically short lifetimes.

From the experimental side, many of the charmed mesons predicted by the quark
model, as well as their excitations, have been observed. In fact, the LHCb experiment
has recently observed a new excited charmed-beauty meson BJ (bc) [32]. However, the
spectra of charmed baryons are not as well understood. All the ground states with charm
quantum number C' = 0 or C' = 1 have been discovered [1]. Yet, many states, such as
the triply-charmed baryons, remain undiscovered. As for doubly-charmed baryons, none
had been unambiguously observed prior to the start of the research in this thesis. They

are extensively discussed in Section 1.4, so will not be commented on further here.

Exotic Hadrons

Nowadays, the story of hadrons does not appear to end with mesons and baryons. Lets
revisit the Pauli exclusion principle, where an equivalent but more mathematically rig-
orous definition of this law would be that the wave-function for a fermion state must be
antisymmetric under the exchange of two quarks of equal mass. This means the quark
model, as originally set out by Gell-Mann [33] and Zweig [34], does not in fact rule out the
possibility of tetraquark, ¢gqq, and pentaquark, ggqqq, states, and it seems nature agrees.
Evidence for these types of hadrons has become common place in recent years. It kicked
off with the discovery of the X (3872) particle by the Belle experiment in 2003 [35] and has
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since seen a wealth of viable exotic candidates, tetraquarks in particular, being identified
in experiment [36-39]. Most recently, the LHCb collaboration announced the discovery
of three new charmonium-pentaquarks, the P.(4312)", P.(4440)" and P.(4457)" states,
through the studies of A) — J/¥pK~ decays [40,41]. On the other hand, a frustrating
feature of many exotic hadron observations is that they are seen by only one experiment
or only through one decay mode. There also lies great uncertainty in the mass models
used to predict these unconventional hadrons. More data will be required from high-
energy physics experiments in the future to accurately measure the masses and quantum

numbers of these unknown states such that their true nature can be ascertained.

1.2.2 Quantum Chromodynamics

The underlying theory that describes the nuclear strong force in the Standard Model
is called Quantum Chromodynamics (QCD). As discussed in Section 1.1.1, the nuclear
strong force is mediated by the spin-one massless coloured gluons that interact with the
colour-charged quarks. Additionally, recall from Section 1.1.2, that the nuclear strong
force can be described by a SU(3) symmetry and, as a consequence, there are eight types
of gluons. Now lets explore QCD in more detail.

The theory of QCD not only describes quarks and gluons but also the interactions
between them. In terms of the dynamics within the QCD framework, a quark may
emit or absorb a gluon, as well as vice versa, and any two gluons may directly interact,
all of which can lead to the exchange of momentum and colour. This means a gluon
and quark in isolation are still described by the Lagrangians given in Equations 1.6
and 1.7, respectively, but the full QCD Lagrangian has additional terms to account for the
interactions between these elementary particles, which also maintain the gauge symmetry

of the Lagrangian. The QCD Lagrangian is mostly simply defined as

~ L g, (1.9)

Laocp = ¥ (iy* Dy, — m)1 1w

where G%” is a tensor denoting the gluonic field strength, now replacing £, in Equa-
tion 1.7 and D, is the gauge covariant derivative, replacing 0, in Equation 1.6. The
subscript a in the G%” tensor runs from 1—8 to represent the different possible gluon

states. Analysing the gauge covariant derivative D, further, it is defined as
D, = 0, +igstuGy, (1.10)

where g, is the effective colour charge, which determines the strength of interaction be-
tween the colour-charged particles, ¢, are the generators of the SU(3) group and Gf

represents the field of the gluon. Furthermore, the gluonic field strength tensor G, can
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be expanded as

G, = 0,G, — 0.G), + gsf“chfLGf,, (1.11)

where f*° are the structure coefficients of the SU(3) group and the ‘g, f***GG¢’ term
generates the gluon self-interactions. This term leads to the special properties of QCD
that make it unique from other quantum-gauge theories, and which are discussed next.
Furthermore, following the examination of QCD, the picture of baryons as bound
systems of only three quarks should also be slightly refined. A baryon should be viewed
as a system of three valence quarks within a ‘sea’ of virtual quarks and gluons that are

allowed to exist within the permitted dynamics of QCD.3

Asymptotic Freedom

Quantum field theories are typified by the theme that nothing is truly constant. This
is because all quantities that are held fixed within the theory actually depend upon the
wavelength of the tool being used to measure them; even the number of particles is
not conserved in a quantum field theory. Instead, these quantities are renormalised by
processes involving virtual-particles. As a result, somewhat paradoxically, the coupling
constants (e.g. for Quantum Chromodynamics, the g; term in Equation 1.11) depend on
the energy scale at which one observes them.

In 1973, Gross, Politzer and Wilczek discovered that the strength of the nuclear
strong interaction, characterised by the strong coupling constant, «,, becomes logarith-

mically weaker as the energy, E/, at which the hadron is probed at increases, such that

gs
E
In ( AQCD>

where Agcp is the QCD scale parameter [42,43]. This extraordinary phenomenon is

ay(E) ~ (1.12)

known as asymptotic freedom and it means that at the very highest energy scales, the
quarks and gluons behave as a free non-interacting particles. Asymptotic freedom can be
qualitatively understood as the result of a battle between quark-antiquark pairs screening
and reducing the effective colour charge measured and the colour-anticolour constituent
gluons ‘antiscreening’” and enhancing the effective charge.

Conversely, the strong coupling «; also increases with decreasing energy. This trend
is expected to be responsible for the principle of colour confinement, whereby quarks and
gluons cannot be separated from their parent hadron without producing new hadrons.

Colour confinement is hitherto an empirical fact but has not been mathematically proven.

3A virtual particle is a transient quantum fluctuation that exhibits some of the characteristics of an
ordinary particle, while having its existence limited by the Heisenberg uncertainty principle.
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Although QCD seemingly does not allow quarks and gluons to be free, it was expected a
signature of their existence could come in the form of narrow-cone-like shapes of hadrons
or ‘jets’ being produced when an original hadron system becomes fragmented during an
energetic collision. The gluon was discovered in this manner following the observation of
three-jet events at DESY in 1979 by the TASSO experiment at the PETRA collider [44].

1.2.3 QCD Methods

The Lagrangian of Quantum Chromodynamics, as expressed in Equation 1.9, cannot be
solved using first principles of mathematics. Despite this disappointing fact, many clever
techniques have been developed by physicists over the years to allow for quantitative and
qualitative predictions on observables (mass, lifetime etc.) of hadrons, with results in
heavy-flavour hadron spectroscopy testing and refining these models all the time. Some

of the more broadly used QCD techniques are discussed next.

Perturbation Theory

One common way to solve problems in Quantum Field Theory is using perturbation
theory. The general idea of perturbation theory is that one starts with a simple system
for which a mathematical solution is known and then a ‘perturbing’ term is added that
represents a weak disturbance to the system. In the context of QFT, this effectively means
making an approximation of the Lagrangian by expressing it as a perturbative expansion
in terms of the coupling constants of the interaction. Alternatively, this method can be
interpreted as only considering the most probable path integrals of an elementary particle
travelling and interacting between two points in space and time. After the perturbative
expansion, each term can be visually represented by a schematic known as a Feynman
diagram, which themselves can be thought of as a notation for a mathematical expression.
Once all Feynman diagrams are drawn for a process, to the appropriate order in the
pertubative expansion, then the diagrams are translated into calculable mathematics
using the Feynman rules. Some examples of these Feynman rules and their corresponding
Feynman diagrams that are used in perturbative QCD are shown in Figure 1.2.

For QCD, this approach only works at high energies when asymptotic freedom can
be exploited; otherwise the strong coupling constant «, is not small but approximately
equal to one and thus the theory is no longer renormalisable. Predictions from pertubative
QCD are possible but generally the uncertainties lie at around the 10% level [45-47].
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Figure 1.2: Feynman diagrams (below) and corresponding Feynman rules (above) for
parts of interactions allowed within Quantum Chromodynamics: (left) quark-gluon-
quark vertex showing an emission of a gluon with colour structure a and (right) three-
gluon vertex where the gluons have colour structure a, b and ¢ and the gluon momenta
are taken to be incoming.

Lattice QCD

Many theoretical physicists use a numerical method technique called Lattice QCD [48]
when perturbative methods cannot be used. Lattice techniques involve simulating fun-
damental particle interactions on a patch of discretised space-time, i.e. a lattice, using
sophisticated supercomputers. Each point on the lattice has a value assigned to it, which
signifies the probability of the presence of other quarks and gluons as well as the strength
of the nuclear strong force. In this setup, all path integrals are calculated automatically
in the simulation; there is no need to work out the most probable paths of the particles
like in perturbation theory. However, similarly to perturbation theory it is also a method
of approximation; space-time is most definitely not discrete. Hence, the simulations are
also generally performed with different lattice spacings with the trends then examined to
extrapolate the results to a zero lattice spacing representing a continuous space-time.
While Lattice QCD is a time-consuming and resource-intensive approach, uncertain-
ties in lattice simulations can in many cases be a lot smaller than in perturbative QCD, at
about the 1% level [49]. The method has proven to be greatly effective in understanding
how quarks and gluons bind together to form baryons and mesons, particularly for the
latter [50-52]. The masses of baryons containing at least one ¢ or b quark, as calculated
by Brown el al. [51] when using Lattice QCD techniques, are shown in Figure 1.3, where

the fine agreement between the results of Lattice QCD and experiment can be seen.
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Heavy Quark Effective Theory

In recent years, Heavy Quark Effective Theory (HQET) [53] has emerged as a very useful
tool for handling QCD calculations. This technique involves performing an expansion in
terms of the inverse powers of the quark masses, combined with terms in the Lagrangian
that are not dependent on the mass of a heavy quark. This effective approach is only
appropriate when quarks are much heavier than the QCD scale, Agcp, which is at around
200 MeV. In fact, the world-average value of o at the energy scale corresponding to the
rest mass of the Z° boson has been determined to be a,(Mzo) = 0.1184 £ 0.0007 [54].
As can be determined from Equation 1.12, the QCD scale loosely marks the boundary
between where QCD is strongly coupled (£ < Aqep) and then the regime where it is
asymptotically weaker (E > Aqcp) and as such when perturbative expansion is useful.
This essentially rules out using HQET to perform calculations on hadrons composed of
the lightest u, d and s quarks, as the name might have suggested.

HQET has however proven adept at predicting the mass and lifetime of mesons and
baryons containing the heavier b quark, with HQET results showing good agreement with
experiment [55,56]. Since doubly-charmed baryons contain two heavy charms quarks, they
become very interesting systems to test HQET. The two charm quarks can be treated
as a single static di-quark object in this theory with the lighter up-type quark ‘orbiting’
around it. Ultimately, the agreement of HQET predictions with the result of experiment
in the doubly-charmed baryon sector will help tune it as a QCD method.

1.3 Hadronic Weak Decays

The mathematical formalism that was described in Section 1.1.2 only accounted for the
interactions of one generation of quark and leptons under the SU(3) x SU(2) x U(1) sym-
metry group. The discovery of additional generations of fermions brought added com-
plexities that had to be incorporated within the Standard Model.

This section is dedicated to explaining the different ways in which quark flavours
interact before the section proceeds to explain the impact of this on the weak decays of

hadrons that includes the aforementioned doubly-charmed baryons.

1.3.1 Quark Mixing

Around the same time as the quark model was developing, weak decays of hadrons were
shown not to conserve the property of Strangeness. Recall that Strangeness is a reflection
of the number of valence s quarks in a hadron. Evidence of strangeness-violating decays

meant that quarks had to be transmuting into different flavours of quarks.
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Figure 1.3: A summary of heavy-flavour baryon masses from Lattice QCD calculations.
The term nj, stands for the number of bottom quarks in the hadron. The masses of
baryons containing n; bottom quarks have been offset by —3ny, to allow their masses to
be shown alongside the lighter charmed baryons. This plot was reproduced from [51].

The first possible explanation for this phenomenon came from Italian physicist
Cabibbo in 1963, who postulated that the states in which quarks propagate freely are
different to the states in which they interact with the mediators of weak nuclear force,
i.e. the W¥* and Z° bosons. In quantum-field-theory terminology, this would imply that
the mass and flavour eigenstates of the quark fields are in fact different.

At a time when only the three lightest quarks had been discovered, Cabibbo proposed
that the flavour eigenstate of the down quark, denoted d’, can be represented as a rotation

of mass eigenstates of the down and strange quark fields such that
d" =dcosf,. + ssinb., (1.13)

where 6. is the rotation angle and d and s are the mass eigenstates. Under this formalism
in the Standard Model, the flavour of a quark could readily change without its electric
charge altering. Around the same time, Flavour Changing Neutral Currents (FCNC),
whereby a quark could change flavour without changing electrical charge, were shown
to be highly suppressed because decays such as Ky, — ™~ had not been observed in
experiment. The reason for this suppression was resolved by the discovery of the charm

quark and the Glashow-Illiopoulis-Maiani mechansim (GIM) [57], which demonstrated
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that this fourth quark would almost perfectly cancel first-order FCNC contributions in
the SM. Now extending Equation 1.13 to account for the charm quark and the extra
mixing contributions it brings, the flavour eigenstates s’ and d’ of the strange and down

quarks, respectively, can be expressed in matrix notation as

d’ _ cos 0, sin 0. d =V, d , (1 14)
g — sin HC COSs ec S S

where the 6. parameter, within the 2 x 2 mixing matrix, V., is named the Cabibbo angle

and it controls the level of mixing between the quarks in the first and second generations.

1.3.2 The CKM Matrix

In 1964, the symmetry described by the combined Charge conjugation and Parity (CP) op-
erations was shown to be broken in the weak decays of certain neutral hadrons by Cronin
and Fitch [58].# These findings were incompatible with there being only two generations
of quarks because at the time it was known that the minimum dimensionality of any
quark-mixing matrix that permits CP-violation in weak interactions should be three.
Therefore, in 1973, before neither the bottom nor top quark were discovered, the
quark-mixing matrix of the Standard Model was extended by Kobayashi and Maskawa
to account for an expected three generations of quarks [59,60]. They related the nuclear

weak interaction eigenstates of quarks to their mass eigenstates as follows

d’ Vida Vus Vb d d
1=V Ves Va s| =Vekm | s |, (1.15)
b’ Vie Vis Vi b b

where the |V;|? terms give the probability of quark with flavour j decaying to a quark
with flavour ¢ and the 3 x 3 matrix, Vck, is known as the Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix. Note that the Vegy matrix is set up in Equation 1.15 to
describe the interactions of the down-type quarks (d, s and b) but the same mathematical
structure holds for the up-type quarks (u, ¢ and t) as well.

Similarly to the one mixing angle 6. that parametrises the V. matrix in Equa-

tion 1.14, three mixing angles plus one complex phase can describe the Veky matrix as

0

C12C13 812C13 S13€
_ 5 &
Veku = —512C23 — C12523513€" C12C23 — S12523513€" S523C13 , (1-16)
i5 is
512523 — C12€23513€ —C12C23 — 512523513€ C23C13

4Charge conjugation reverses the sign of all the internal quantum numbers (i.e. changes a particle
into its antiparticle) except from spin, which depends on the coordinate system being used.
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where 015 = 0., ¢;; = cost; and s;; = sin6;; are the angles controlling the level of quark
mixing between the generations ¢ and j and the § parameter is the additional complex
phase that cannot be removed by simple phase transformations of the quark fields, unlike
in the case of the V. matrix. The value of these parameters are not dictated by theory but
are measured by experiment; the current world-average values are 612 = (13.04 £ 0.05)
013 = (0.201 £ 0.011)°, 93 = (2.38 £ 0.06)°and 6 = (1.20 £ 0.08) rad [1].

Since the behaviour of quarks is determined by the Vg matrix but that of anti-

o
Y

quarks is governed by the hermitian conjugate of the Vcxy matrix, then it is the non-zero
0 phase that leads to the quarks and anti-quarks behaving differently under the nuclear
weak interaction. The consequences of CP-violation in the transitions of quarks between
generations is one main topic of flavour physics that is explored by research groups such
as the LHCD collaboration. Currently, the measured level of CP-violation in the quark
sector is not large enough to explain the observed imbalance of matter and anti-matter

in the universe.

1.3.3 Electroweak Quark Sector

Following the early ideas by Cabibbo and the subsequent work by Kobayashi and Maskawa,
the idea of quark mixing between generations was firmly cemented into the Standard Model
framework. Revisiting the Lyuxuwa term in the Standard Model Lagrangian as expressed

in Equation 1.5, and ignoring the leptons, this term can be expanded as
-T . "
LYukawa = _[Yd]ijdLicI)de — [Yu]”uﬂe”q) 'LLRj + h.C, (117)

where: the i and j indices are summed over the different generations of quarks; uy, (ug)
and d (dg) are the left (right)-handed quarks; Y, (Yg) is the Yukawa coupling for the
up (down)-type quarks, expressed as a three dimensional square matrix in flavour space;
® is the Higgs field; € is an antisymmetric tensor; and lastly the h.c term stands for the
hermitian conjugate such that anti-quark contributions are included.

The Yukawa couplings for each generation can be chosen to reproduce the measured
masses of the quarks. As the interactions of the quarks in one generation are the same
as those in any other generation, the fermion kinetic Lagrangian term, Lgermion Kinetic, il
Equation 1.5 should also be invariant under unitary rotations between the generations.
Thus, the flavour eigenstates can be rotated to give the mass eigenstates, which then
correspond to the diagonalised Yukawa matrices. For three generations of quarks, the
diagonalised Yukawa matrices result in the Vogy matrix discussed in Section 1.3.2.

Solving the Yukawa Lagrangian, using perturbation theory and utilising the appro-

priate Feynman rules, the interaction term to first-order in the perturbative expansion,
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for the coupling of up-type and down-type quarks to the W~ boson can be expressed as

d
9 (= = T\ (] AP _
N (u c t) (1 —4°)Veku Z W™ + h.c, (1.18)

where: Voku is the CKM mixing matrix from Equation 1.15; gy, is the coupling constant
of the weak interaction; v* are the gamma matrices; and 7% = iv%y'y2934%. Expres-
sion 1.18 shows that the quarks can undergo an interaction with the electroweak force
and be transformed into different flavours of quarks in different generations, where the
amplitude of these interactions is governed by the magnitude of the elements within the
Vekm matrix, exactly as was conveyed in Section 1.3.2. The world-average experimental

value for the magnitude of the Vj; elements [1] are as follows

0.97420 = 0.00021 0.2243 & 0.0005 0.00394 % 0.00036
Veku| = | 0218 £0.004  0.977+£0.017  0.0422 £ 0.0080 |, (1.19)
0.0081 £ 0.0005  0.0394 & 0.0023  1.019 & 0.025

which clearly shows there is a hierarchy for the weak decays of quarks. The transitions
occurring with the same generation have a large probability of occurring and so are said to
be ‘Cabibbo favoured’, while the transitions matching to the off-diagonal elements in the
Veknm matrix are said to be ‘Cabibbo suppressed’. For instance, the following hadronic
weak decays of the singly-charmed D% hadron; DT — K~nttnt" and DT — K- K*tmt",
occur by a charm quark emitting a W+ boson and transforming into a strange quark and
a down quark, respectively. One would expect a higher rate of the former decay given
the values of the V., and V.4 elements and indeed this is reflected in the rates of these

two decay modes [1]
B(D" — K- mtmh) = (8.98 £ 0.28) x 1072 (1.20)

B(D" — K- K*tn") = (9.51 +£0.34) x 1073 (1.21)

where the branching fraction, B, indicates the fraction of particles which decay by the
mode specified with respect to the total number of particles which decay. Depending on
the structure of a decay there can be multiple Cabibbo-suppressed or Cabibbo-favoured
transitions in a single decay. This was an important consideration when determining the
appropriate search modes of doubly-charmed baryons. The properties and decay modes

of the doubly-charmed baryons are discussed in the next section.
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1.4 Doubly Charmed Baryons

Doubly-charmed baryons (DCBs) are baryons composed of two heavy charm quarks in
combination with another valence quark and they are firmly predicted by a quark model
that has to date predicted over a hundred baryon states discovered in experiment.

Searches for DCBs are important because DCBs provide a unique system for test-
ing different methods used in chromodynamics, particularly non-perturbative techniques.
While baryons composed of the lighter up, down and strange quarks suffer from the clas-
sical three-body problem of dynamics, DCBs are much easier to model. They can be
described in calculations as a single static and heavy cc diquark structure with a lighter
quark orbiting. This type of simplification facilitates many theoretical approaches, partic-
ularly in Heavy Quark Effective Theory as was discussed in Section 1.2.3. Improvements
in QCD techniques would in turn help aid progress in understanding exotic hadrons such
as the tetraquark and pentaquark candidates of Section 1.2.1.

This section will describe the expected properties of doubly-charmed baryons based
on recent theoretical work that has then also motivated the strategies of the search anal-
yses described in Chapter 4 and Chapter 5 of this thesis. Equally, this section will discuss
the variety of searches for doubly-charmed baryons performed by different research groups,

prior to any of the analyses detailed in this thesis had begun.

1.4.1 Theoretical Properties

Under the SU(4) formalism of baryons discussed in Section 1.2.1, there should exist three
doubly-charmed baryon with a spin-parity assignment of J¥ = !/ and three with a spin-
parity assignment of J¥ =3/ [61]. These baryons would correspond to a ccd (Z) state,
a ccu (EST) state and a ces (2F) state. With the same total number of u and d va-
lence quarks, the 5 and ET states would form a doublet with isospin, I = /5, with
SU(2) symmetry, while the 2 state would form a singlet with zero isospin.

Various QCD methods have been used to predict the masses of the DCBs with
spin-parity J¥ = /5. This includes, but is not limited to, adaptations of the quantum
chromodynamics methods discussed in Section 1.2.3. Most techniques agree that the
Ztc isospin partners should have a mass between 3500—3800 MeV/c? [62-77]. Additionally,
the masses of the 5f and =1 baryons are expected to be very similar because of the
isospin symmetry between the up and down quarks [78-80]. On the other hand, the
1 state is expected to be 100 MeV/c? heavier than the =, baryons as it contains the more
massive strange quark [62-77]. One fairly precise prediction is from a lattice calculation
that expects the mass of the spin-1/2 = states to be (3606 + 11 + 8) MeV/c? [77], where

the first uncertainty is statistical and the second is systematic due to the tuning of the
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Figure 1.4: Quark diagrams of general decay of different doubly-charmed baryons where
the form of the weak decay is (left) W~ external emission in a semi-leptonic decay,
(middle) W~ external emission to a quark-antiquark final state and (right) W exchange.
The diagrams were reproduced from [88].

charm quark masses. The masses of spin-3/2 DCBs are expected to be 50-100 MeV/c?
larger than their spin-1/2 counterparts.

QCD methods can also be used to calculate the lifetime of a particle. The probability
that a quasi-stable particle will decay is governed by the rules of Relativistic Quantum
Field Theory. As such, the decay rate, I', of a particle is given by the sum squared of
the amplitudes (terms from each Feynman diagram contribution) of all possible ways in
which the particle can decay. The decay rate then gives the probability that the particle
decays in a unit of time with the lifetime of a particle given as 7 = 1/I". The decay rate I'
also contributes to the width of any signal peak in the distribution of mass measurements
of a particle due to the Heisenberg’s Uncertainty principle. When it comes to the lifetimes
of the spin-1/2 DCBs, there is a large spread in their predicted values. For instance, the
predicted lifetime of the = baryon spans the range 50—250fs, while the =1

" baryon

is expected to be three to four times longer lived with a predicted lifetime between
200—1050 fs [81-86]. The predicted larger lifetime of the =1 baryon over the = baryon
can be qualitatively explained by the destructive Pauli interference [87] of its charm-quark
decay products and its valence up quark in the initial state acting as a spectator, whereas
the lifetime of the = baryon should be shortened due to an additional contribution from
W-exchange between the charm and down quarks. A combination of these effects, leads
to following generally well accepted hierarchy of lifetimes; 7(Z5%) > 7(21) > 7(Z1), for
the spin-1/2 DCBs. Quark diagrams illustrating the exchange and spectator contributions
for the 5%, 51" and 2 baryons are shown in Figure 1.4.

The cross section, a measure of the rate of production, of a DCB can also be pre-
dicted using QCD techniques. The typical approach is to compute the production of two
c¢ pairs using pertubative QCD, then the formation of the cc di-quark formed from these
cC pairs can be treated non-pertubatively along with the hadronization process that binds
the cc di-quark to a light quark to create a DCB. However, the predicted cross-sections
are generally associated with sizeable uncertainties since charm quarks have large non-

perturbative contributions. The data sets used in the research described in this thesis
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Figure 1.5: Feynman diagrams for the production of a cc-diquark from (top) gluon-gluon
and (bottom) quark-antiquark interactions. The initial (final) state quarks are denoted
by the thin (bold) lines and the gluons are depict as the helical lines. The figure was
reproduced from [89].

correspond to information from proton-proton collisions. Now most theoretical calcula-
tions for the production cross section of the =.. baryons in proton-proton collisions at
Vs = 14TeV are between 60—1800nb [89,90], while the 2 cross section is expected
to be a factor of three smaller due to the fragmentation fractions of u, d and s quarks
in proton-proton collisions [91-94]. Examples of possible production mechanisms that
can lead to the formation of DCBs in hadronic collisions are shown in Figure 1.5. It
is interesting to note that some theorists suggest searching for DCBs in heavy-ion colli-
sions, since the cross sections of DCBs might be enhanced by a few orders of magnitude
when quark gluon plasma is produced [95-97]. Experimentally, cc quark production from
proton-proton collisions is found to be dominated by double-parton scattering according
to the double-heavy production measurements performed by the LHCD collaboration [98].
Double-parton scattering (DPS) is when two independent hard scattering processes occur
in two independent collisions that each produces a c¢ pair. Yet, there is no experimental
evidence to suggest that DPS is the dominant mechanism for DCB production or whether
it is suppressed in the hadronization process such that single-parton scattering leads.

From theoretical expectations, it was clear that the spin-1/2 =1 state was the DCB
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Valence ) o -
State quarks Mass (MeV/¢?) | Lifetime (fs) | I (J")
s ced 35003800 50-250 L1
EctJr ceu 3500-3800 200-1050 % (%+)
0 ces 36003900 200500 | 0 (17)

Table 1.4: Properties of the SU(4) doubly-charmed baryons with J = 1/3. The values
are taken from a variety of different sources [62-77,81-86,91-94].

with the most promise for discovery, given the combination of its relatively long lifetime
and its high production cross section, compared to the other two states. All the properties
of the spin-1/2 SU(4) DCBs that were discussed above are summarised in Table 1.4.

1.4.2 Search Modes

Like most hadrons, doubly-charmed baryons are quasi-stable systems and will decay to
more stable particles, typically charged kaons (K*), protons (p) and charged pions (7%),
which can be detected by high-energy physics detectors to infer their existence. The
lowest lying doubly-charmed baryons with J” = /5 can only decay via the nuclear
weak interaction and as such they should be conveniently displaced for their production
point; this is one of the key signatures of signal in the search analyses of Chapters 4
and 5. However, their hadronic weak decays usually lead to multiple detectable particles
in the final state.® This can negatively impact the ability of the detector to reconstruct
the full decay. Then in the case of doubly-charmed baryons with J¥ = 3/7 these will
decay almost instantaneously to their J© = /5 state, either electromagnetically or via
the strong nuclear force, emitting a photon in the former case and pions in the latter.
Hence, searches for these doubly-charmed baryons will be difficult due to the challenge of
reconstructing even more tracks. Any signal will also have a broad decay width making
it challenging to disentangle from background.

In hadronic multi-body decays, intermediate and strongly-decaying particles can be
produced, such that the final state is topologically similar were the decay to proceed in
a non-resonant fashion. In recent years, research into doubly-charmed-baryon decays has
focused on cases where the baryon weakly decays to two such intermediate particles [99].
Within this line of research, the 5f* — AT K~ mfnt decay mode was predicted to be
the most promising for discovery with its branching fraction expected to reach as high as
10% if the Z£* baryon decays predominately via the X and K*° resonances [99]. The

first-order, or ‘tree-level’, amplitude of the inclusive =T — AT K~n"n™ decay, where

5Semi-leptonic decays of doubly-charmed baryons are not pursued in any search analysis in this thesis
since the LHCD detector is not optimised for detecting neutrinos.
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State | Decay mode | Branching fraction
AR 1.0
S pD** 0.04
pD* 0.0008
AFK (R,/0.3) x 0.22
YITK- (R,/0.3) x 0.01
=t Efp° (R-/0.3) x 0.04
A°D* (R,/0.3) x 0.004
pDP° (R,/0.3) x 0.001

Table 1.5: Promising pseudo-two-body search modes of the ZfT and S+ baryons.

=cc

The branching fractions are relative to the X7 K*? mode, which is defined to be 1.0
and is expected to reach the 10% level. R, denotes the ratio of lifetimes between the
E4t and ELT states, assumed to be ~0.3. This table was adapted from [99].

its decay products are uniform across the entire phase space, is shown in the left plot of
Figure 1.6, while its pseudo-two-body Zf* — (2T — Afnt) (K — K—7w") decay, is
shown in the right plot of Figure 1.6. The branching fractions for other pseudo-two-body
decays of the 5} and Z}+ states, relative to the S5+ — YT K*0 decay mode, are listed
in Table 1.5. Note that the values quoted in Table 1.5 also depend on the ratio between
the assumed lifetimes of the = and Z1T states, R,. In this case R, is assumed to be
approximately 0.3. The 51T — ATK~ 7_[+7_[+ decay mode will be the focus of the analysis
described in Chapter 4.

Another decay mode that is not listed in Table 1.5 but which could also proceed in
a pseudo-two-body manner, is that of the 51" — DtpK~7nt" decay. For example, it may
decay via an excited X ™* baryon, with a mass greater than 1572 MeV/c?, that then decays
to a pK~mt final state. The properties of X ** baryons are however not well known [1] and
so the pseudo-two-body nature of the =it — Yt (— pK7n") D" (— K n'n") decay,
cannot be assured.® The tree-level amplitude of the inclusive 55+ — D pK~m" decay
with a uniform phase-space distribution of its decay products is shown on the left of
Figure 1.7, while its pseudo-two-body decay that was discussed above is shown on the
right of Figure 1.7 for comparison. Unlike in the 51T — AT K ~ntn™ decay mode, the
EIT — DTpK—mt decay is expected to be dominated by complex Bow-tie and colour-
commensurate Feynman diagrams [100,101] that are not easy to be studied in theoretical
models. The 51" — DTpK " decay mode will be the main subject of Chapter 5.

Finally, by comparing the leading-order Feynman diagrams shown in Figure 1.6 and

Figure 1.7, it can be seen that the same Vky elements are needed to describe the decays.

6 Other pathways available to the 55T — DTpK 7wt decay to act as a pseudo-two-body decay could
involve intermediate Z*(3302) or X +1*(2808) resonances but these states have not been observed [1].
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Figure 1.6: Feynman diagram contributing to (left) the inclusive ;T — AT K~ ntmat
decay and (right) the pseudo-two-body E+ — XFTK*0 decay.
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Figure 1.7: Feynman diagram contributing to (left) the inclusive X+t — DTpK -7t
decay and (right) the pseudo-two-body =T — DT XT* decay.

Hence, the branching fractions of the 5t — AT K~ ntnt and 51T — DTpK~n" decay
modes would be expected to be similar, for the reasons explalned in Section 1.3.3, if

intermediate resonances and phase space factors are ignored.

1.4.3 Past Experimental Searches

Doubly-charmed baryons have been searched for in the past by various research groups
that specialise in heavy flavour physics, most famously by the SELEX collaboration [102]
at the Fermi National Accelerator Laboratory in the United States.

In 2002, SELEX reported signals of the = baryon through the =} — AFK~mt de-
cay mode in data resulting from a beam, containing a mixture of p, X~ and 7t~ hadrons,
colliding with fixed foil targets [103]. SELEX followed this up by claiming an observation
of the same state via the 5% — D*tpK~ decay mode in 2004 [104]. The peaks reported by
the SELEX group are shown in the plots in Figure 1.8. The reported state had a combined
average mass of (3519 + 2) MeV/c? from both these analyses, which is consistent with
the expected mass of a doubly-charmed baryon as discussed in Section 1.4.1. However,

the lifetime was found to be compatible with zero within the experimental resolution and
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less than 33 fs at the 90% Confidence Level (CL). This lifetime result was certainly not
in keeping with theoretical expectations for a weakly decaying = state, see Table 1.4.
Furthermore, SELEX estimated that 20% of their A} (udc) yield originated directly from
decays of 5! baryons but it is expected that the production of doubly-charmed baryons

is suppressed by several orders of magnitude with respect to singly-charmed baryons [91].
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Figure 1.8: Results from the SELEX collaboration showing a peaking structure around
3.5GeV/c? in their AT K~n" (left) and D*pK~ (right) data mass spectra [103,104].

Searches for the same state reported by the SELEX group were carried out between
2003 and 2006 in different production environments at the FOCUS [105], BaBar [106] and
Belle experiments [107] but all these groups failed to find such a particle. Most recently in
2013, the LHCD collaboration searched for the = state through the 51 — AT K7t de-
cay using proton-proton collision data [108]. The LHCb collaboration found no significant
signal in the mass range 3300—3800 MeV/c?, as is evident from the left-hand plot of Fig-
ure 1.9. Instead, LHCD set upper limits at the 95% CL on the following ratio
o(E5) x B(EL - AT K7t

—cc

R pum—
o(AF) ’

(1.22)

where ¢ and B denote production cross section and branching fraction quantities, respec-
tively. The value of the upper limit on R as a function of the mass and lifetime of the

ZF baryon is shown in the right-hand plot of Figure 1.9. LHCb found the upper limit
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on this ratio R to be in the 107 to 1072 range, with the value being dependent on the

lifetime of the = baryon. The value reported by SELEX for the same ratio is not covered

by this range.
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Figure 1.9: Results for the search of the 5} — AT K~ 7" decay by the LHCb collab-
oration [108]. (Left) The §(m) distribution for = candidates, where §(m) is a mass

—cc
difference variable defined as m(AF K~nt) — m(AF) — m(K~) — m(nt). (Right) The
upper limit ratio of o(5) x B(5) — AT K~7t") relative to o(A}) under different §(m)
and lifetime, 7, hypotheses where o and B denotes cross section and branching fraction.

Therefore, these results from the LHCb collaboration are not consistent with those
reported by SELEX group. However, the production environments at these experiments
are vastly different so it is not impossible that the hyperon beams could enhance the
production cross section of = baryons. These inconsistent results remain a longstanding
puzzle in the = sector. LHCb concluded that future searches for doubly-charmed baryons

will benefit from larger data samples and improved trigger conditions at their facilities.

1.5 Chapter Summary

This chapter began by explaining the motivation for the research presented in this thesis.
This is that doubly-charmed baryons are potentially very helpful for furthering the under-
standing of the nuclear strong force and so there should be an incentive to discover these
types of particles. The chapter then introduces the Standard Model, the current frame-
work that is used to explain all phenomena in particle physics. The relevant concepts
within the Standard Model are then systematically introduced, with each idea building
on the last, such that ultimately the fundamental properties of doubly-charmed baryons
can be explained. The promising search modes of the doubly-charmed baryons are then
discussed before the chapter concludes on a historical note, with a brief overview of the

previous attempts to find doubly-charmed baryons.
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The LHCDb Detector

“Despite my resistance to hyperbole, the Large Hadron Collider

belongs to a world that can only be described with superlatives.”

— Lisa Randall, author of ‘Knocking on Heaven’s Door’

The LHCb detector is a high-energy physics experiment at the Large Hadron Collider in
Geneva, Switzerland. LHCb was originally designed to perform precision heavy-flavour
physics measurements but it now encompasses a much wider physics research programme,
which includes searches for doubly-charmed baryons.

In this chapter, the LHC accelerator complex, which delivers pp collisions to the
LHCb detector, is discussed in Section 2.1. The LHCb detector and its subsystems are
described in detail in Section 2.2 through to Section 2.4. An overview of the LHCb trigger
system is then presented in Section 2.5 before the chapter concludes with a description
of how data is processed and also simulated at LHCDb in Section 2.6 and Section 2.7,

respectively.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [109] is a particle accelerator situated at the European
Laboratory for Particle Physics (CERN) [110] on the French-Swiss border. The collider is
housed in a tunnel approximately 27 km in circumference and roughly 100 m underground.
The tunnel was constructed between 1983 to 1988 to originally host the Large Electron-
Positron (LEP) collider [111] prior to the start of the LHC project. Ultimately, the LHC
was designed to help test the Standard Model (SM) to its limits by discovering new
phenomena that the SM could not explain.

The LHC first started taking data with protons in September 2008 when a connection
between a dipole and quadrapole magnet suffered a catastrophic structural failure. This
caused a chain reaction, which quenched several magnets along the accelerator and caused

substantial damage. The fault was found in one of the flexible connectors, which initiated

29



Chapter 2. The LHCb Detector 30

an extensive repair campaign in the LHC. The damage meant operations did not resume
until March 2010, which marked the start of the first prolonged period of data taking
at the LHC, referred to as Run I. Run I operations concluded in December 2012 for
scheduled further repairs to the LHC and its enclosed experiments. The second period of
data taking, Run II, started in June 2015 and finished in December 2018. As of the end
of Run II, the LHC was still the most powerful particle accelerator in the world based on
its capacity to accelerate protons to a centre-of-mass energy, /s, of 14 TeV. The value of
V/s is a measure of the invariant mass of the two colliding protons and indicative of the
energy available to create new particles in a single proton-proton (pp) collision.! After
a two-year-long shutdown period for extensive upgrades, the LHC will restart again in
2021 for the Run III operational period.

The LHC is not a standalone machine but is connected to a chain of accelerators
at CERN as depicted in Figure 2.1. Before reaching the LHC, the protons pass through
each of these older accelerators, gaining energy as they do. The protons originate from
a hydrogen gas source that is ionised by an electric field to leave a surplus of protons.
These protons are then accelerated by the LINear ACcelerator 2 (LINAC 2) to an energy
of 50 MeV using radio frequency (RF) technology. After which the protons are injected
into the Proton Synchrotron Booster (PSB), a system of four superimposed synchrotron
rings, by a kicker magnet in pulses every 100ms. This injection procedure eventually
effects the arrangement and spacing of the protons that circulate the LHC. The protons
are placed in bunches, groups of up to 1 x 10! protons, which are separated relative to
one another. In Run I the intervals between proton bunches colliding inside the LHC was
50ns and in Run IT it was 25ns. The protons then exit the PSB at an energy of 1.4 GeV
and continue into the Proton Synchrotron (PS), where they are accelerated to 24 GeV,
then the Super Proton Synchrotron (SPS), where they reach an energy of 450 GeV. At
this stage the protons are injected from the SPS into the LHC where they are divided into
two beams traveling in opposite directions. This marks the beginning of a physics ‘Fill’;
a continuous block of time in which the LHC receives proton bunches from SPS before
ending with the proton beams being directed out of the LHC. Superconducting dipole
magnets keep the proton bunches bending on a circular trajectory around the LHC while
its ultrahigh vacuum (better than 10~® mbar) minimises beam degradation. The proton
bunches are kept focused by quadrupole magnets cooled to 1.9 K by super-fluid liquid
helium. A total of 16 superconducting RF cavities accelerate the proton beams from the
injection energy of 450 GeV to the desired /s ready for collisions to take place. A more

comprehensive overview of the LHC design can be found in reference [112].

ILHC ran at /s = 7—8TeV for Run I and /s = 13 TeV for Run II but is expected to operate at the
design /s = 14 TeV in future operational periods.
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Figure 2.1: The layout of the CERN complex, showing each accelerator connected to
the LHC and their corresponding energies. The figure was reproduced from [113].

Along the LHC accelerator there are four locations where the beams are brought
together to allow the proton bunches to collide and produce new particles. The beams
are forced to collide at an angle of a few mrad so they do not interact with each other via
electromagnetic forces outside the designated collision region. Four large scale physics
detectors then sit at these beam crossing points to measure the properties of the result-
ing collisions. The detectors are stored in large cavern spaces deep underground. The
Compact Muon Solenoid (CMS) [114] and A Toroidal LHC ApparatuS (ATLAS) [115] are
general purpose barrel shaped detectors designed to measure all detectable products from
the collisions of protons. ATLAS and CMS jointly discovered the Higgs boson [13,14], the
particle that the LHC accelerator was mainly built to find, in 2012. Their research goals
now include precision Higgs, electroweak and top physics and searches of physics unex-
plainable within the current SM framework, but which could be explained by theories such
as supersymmetry. A Lead Ion Collision Experiment (ALICE) [116] is designed to exam-
ine collisions of lead nuclei, which circulate the LHC rather than protons during special
operational periods. ALICE is studying the exotic state of matter known as quark-gluon
plasma that exists at unimaginably high temperatures. The last of the four main LHC
experiments is the LHC beauty (LHCb) experiment, which is focused on heavy-flavour
physics. The data examined in this thesis were recorded by LHCb and so this detector is
discussed in greater detail, than the other LHC detectors, in the subsequent sections.

There are three further experiments on the LHC accelerator, which are not situated
at a pp interaction point. They are; the TOTEM [117] experiment, designed to measure
the total pp cross section, the LHCT [118] experiment, aiming to measure the production
cross sections of neutral particles; and finally, the Monopole and Exotics Detector at the

LHC (MoEDAL) [119], focused on searches for evidence of magnetic monopoles.



Chapter 2. The LHCb Detector 32

2.2 The LHCb Detector

The LHCb experiment [120] is a single-arm forward detector designed to observe hadrons
containing the relatively heavy charm (¢) and bottom (b) quarks. The LHCb collabora-
tion focuses on making precise measurements of the properties of these particles, which
includes, but is not limited to, the violation of Charge-Parity (CP) symmetry conservation
and studies of rarer decay modes.

Heavy quark production at the LHC is dominated by gluon-gluon fusion and quark-
antiquark annihilation processes due to the up-up-down (uud) valence quark structure of
the colliding protons. The kinetic energy of the partons (quarks and gluons) inside the
protons at the time of collision are much larger than the relatively low masses of the ¢ and
b quarks. As such these hard scattering processes ultimately lead to the production of
cé and bb quark pairs whose polar angles, relative to the LHC beam pipe, are very small
and correlated. These kinematic effects result in approximately 27% of all hadrons [121],
formed from these bb pairs, being produced in cone-like distributions collinear to the
original proton beams, as shown in Figure 2.2. The distribution of these b-hadrons
motivated the unique design of the LHCb detector, which unlike other LHC experiments,
was built in only one direction along the LHC beam line such that the pp interaction point
is not in the centre of the detector. This had the advantage of freeing up more space in
the cavern to construct larger subdetector systems with easier access to route services
(e.g. cables and cooling) and reduced the amount of material in the detector acceptance,

which helped the LHCb collaboration save on financial costs.

=

0

Figure 2.2: The angular production distribution of bb quark-antiquark pairs from sim-
ulated pp collisions, at /s = 14 TeV, reproduced from [122].
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A vertical cross-section of the LHCb detector, with respect to its global coordinate
system, is shown in Figure 2.3. A right-handed coordinate system is chosen, such that
the z-axis is defined to positive in the same direction as the clockwise circulating proton
travelling in the LHC. The y-axis is perpendicular to the z-axis in the vertical plane with
the positive direction chosen to be upwards, and then the z-axis is in the horizontal,
with the positive direction pointing into the centre of the LHC ring. The pp inter-
actions take place at (x,y,z) = (0,0,0) surrounded by the VErtex LOcator (VELO)
subdetector, which provides the first tracking points of any new particles created in the
collisions. Particles travelling within the acceptance of LHCb then traverse the first of
two Ring-Imaging CHerenkov (RICH) subdetectors, which contribute towards particle
identification at LHCb, before passing through the Tracker Turicensis (TT). The parti-
cles then reach a powerful magnet, which bends the trajectories of charged particles and
allows their momenta to be determined, after which they traverse three further tracking
stations (T1-T3) and a second RICH system. Lastly, they pass through the calorime-
try systems (ECAL and HCAL) and the muon chambers (M1-M5), if they penetrate
through the detector far enough. These subdetectors help identify photons, electrons,
charged hadrons and muons. The total angular coverage of LHCb ranges from 10 mrad
to 300 (250) mrad in the horizontal (vertical) plane.

ECAL HCAL
SPD/PS M3
Magnet RICH2 M1
3

71 /IRiCH]
74 Ay

Figure 2.3: An illustration of the LHCDb detector as seen in the y—z reference plane with
all the subdetectors shown. The illustration was reproduced from [120].

Analyses performed at LHCDb need to reliably measure the points in space where

heavy-flavoured hadrons decay into more stable particles. This generally works more
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efficiently when the number of pp collisions producing tracks within the LHCb acceptance
is relatively low. This is known as pile-up; the average pile-up in Run II was 1.6 tracks per
bunch crossing. Pile-up is connected to the luminosity, £, of a particle accelerator, which
is defined as the number of particle bunch crossings per unit area per unit time. The
maximum L delivered by the LHC accelerator to ATLAS and CMS during Run II resulted
in O(50) interactions per bunch crossing. LHCb cannot perform well in these nominal
LHC conditions. To overcome this, the £ delivered to LHCD is reduced by a factor of
10-50 compared to the £ reaching the general purpose detectors. This is achieved by
continually altering the overlap of the colliding beams in the transverse (y—z) direction
during a physics Fill. This yields a roughly constant instantaneous £ within a range of
5%. Degradation of the proton beams as they circulate the imperfect vacuum of the LHC
is however inevitable. This means once the beams are fully overlapping, stable conditions
can no longer be maintained. The nominal time-scale of a physics Fill at LHCb is thus
around 15 hours, see Figure 2.4. Each Fill is composed of approximately one hour ‘Runs’.
LHCb Runs are a partition of the collected data in the form of manageable chunks based
on time. Like Fills at LHCb, Runs are assigned serial numbers. A comparison plot of the
instantaneous luminosity delivered to ATLAS, CMS and LHCD is shown in Figure 2.4.

A total integrated luminosity of 3fb™" of data was recorded from a centre-of-mass
energy of 7 TeV (2011) and 8 TeV (2012) during Run I. Between 2015 and 2018, 7.1fb ™!
of data was recorded at a higher centre-of-mass energy of 13 TeV where the production
cross sections of bb and c¢ quark pairs is two times larger than at 7 TeV [123]. Around
7(1) x 10*2 c¢ (bb) quark pairs are produced each year in Run-II pp collisions [123]. The
recorded total integrated luminosity for LHCb by the end of data taking in Run II totalled
around 9.1 fb~! of data, making it the largest data set specific for heavy-flavour physics
ever gathered. The breakdown of the recorded integrated luminosity at LHCb from each
year of data taking is shown in Figure 2.5.

Data recorded in both Run I and Run II were used in the analysis work presented
in this thesis. The searches for a doubly charmed baryon, described in Chapters 4 and 5,
uses data from 2012, 2015 and 2016. The RICH calibration studies detailed in Chapter 3
uses 2016 data, while the trigger studies presented in Chapter 6 were carried out on 2016
data and were verified using 2018 data. The main components of the LHCb detector are
detailed in Sections 2.3—2.5. Collectively, these systems were essential in recording and

processing the data used in the analyses presented in this thesis.

2.3 Tracking

The path of any particle created in a pp collision at LHCb, which is stable on the time-scale

of the detector and is within its acceptance, is tracked by a combination of a vertex locator,
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Figure 2.4: A plot of instantaneous luminosity versus time, in hours, at the
ATLAS (blue), CMS (purple) and LHCb (green) pp interaction points, during LHC
Fill 2651. The plot was reproduced from [124].
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Figure 2.5: The integrated luminosity from pp collisions recorded at LHCb during
different data-taking years up to the end of Run II. The plot was reproduced from [125].

a series of tracking stations and a dipole magnet. Each particle leaves behind different
signatures in all or some of these sub-detectors with the magnet’s field causing certain
tracks to bend if they originate from electrically charged particles. Then through use
of a Kalman Filter process [126], these detector hits are iteratively group together to
determine the likely trajectory of many particle as possible. Each track is also given a 2

per degree of freedom (2, /ndf) to determine the quality of the reconstructed track. The
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combined tracking system must be able to reconstruct the trajectory of particles and their
associated points of decay with high spatial resolution, such that the momenta of tracks
can be determined to great accuracy. With the knowledge of these track trajectories and
points of decays at hand, full decay chains of particles of interest can be assembled and
decay topologies understood. This makes the tracking system fundamental to all physics
analyses at LHCb.

2.3.1 Vertex Locator

The VELO [121], an abbreviation for VErtex LOcator, is a silicon micro-strip detector
capable of precise tracking near the LHCb pp interaction point. The VELO gathers infor-
mation from electronic hits in its micro-strips to reconstruct the trajectories of particles.
Primarily, the VELO is used to distinguish between locations where pp interactions oc-
cur in bunch crossings, known as the Primary Vertices (PVs), and points in space were
long-lived hadrons decay, which are referred to as Displaced Vertices (DVs). The number
of PVs from a single bunch crossing is kept relatively low at LHCb through the process
of luminosity leveling. The active region of the VELO is large enough to reconstruct
the majority of heavy-flavoured hadrons, which typically travel a few mm to a few cm
from a PV. Combining the momentum measurements made by the downstream tracking
stations with knowledge of the positions of the PVs and DVs in an event, then the time
before a particle decays, its decay time, can be determined by LHCb. An event is defined
as the complete detector readout for a proton bunch crossing.

Due to the short Flight Distance (FD) of the particles of interest to LHCb and their
close proximity to the beam line, it is important that the VELO is situated as close to the
pp collisions as possible to minimise the extrapolation distance between the first hit of a
reconstructed track and the interaction point. However, if the VELO is too close to the
beam line then it will incur radiation damage. For this reason, the VELO is constructed
as two structures with the ability to separate from one another. During the beam injection
from the SPS to the LHC, the VELO is retracted to 29 mm away from the beam into two
composite halves, one either side of the LHC beam pipe. When the beams are declared
stable during a physics fill, the halves are carefully brought together by a mechanical
system that leaves the halves overlapping slightly such that the pp interaction point is
fully enclosed. At this point the VELO is centred around the beam-line and is ready for
data taking. When fully closed, the VELO has a a 7mm aperture in the centre to enable
the proton beams to pass through without interacting with and damaging the silicon-
strips. The closest active region of the micro-strips then begins 8.2 mm from the beam
line. At these close proximities, the VELO material is still inside the radius nominally

covered by the LHC pipe. Therefore, to maintain a good vacuum within the beam pipe,
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Figure 2.6: One half of the fully assembled VELO subdetector showing the individual
modules and their support system with the RF-box removed, reproduced from [120].

to shield against electromagnetic activity from the beams and to provide a continuous
path for the mirror currents of the beam through the VELO, the micro-strip detectors are
mounted within a structure covered by aluminium foil, known as the Radio Frequency
box (RF-box). On the side of the RF-box that is facing the beam, the foil is slighter
thinner at only 300 pm to minimise the amount of material the tracks see but is still thick
enough to separate the RF-box from the beam vacuum. As a result, a vacuum pressure
of approximately 10~ mbar is achieved inside the VELO. Figure 2.6 shows the layout of
one half of the VELO once the RF-box is opened up.

The VELO halves both contain twenty-one identical detector modules positioned
along the beam line in each half. The temperature of the modules are maintained below
zero degrees by a bi-phase cooling system. Each module contains two semi-circular shaped
senors composed of 300 ym thick silicon wafer with implanted aluminium micro-strips.
The sensors measure the radial coordinate, R, and the azimuthal angle coordinate, ¢,
of the tracks of particles passing the VELO. The z-coordinate is determined from what
module along the beam line registered the hit. As shown in Figure 2.7, the VELO modules
are packed more closely together near the interaction region; this is to give an improved
PV resolution. Each time the VELO is closed the alignment of the R sensor is required
to have an accuracy smaller than 100 um relative to the other half of the detector. In
Run II, the alignment is checked at the end of every Fill, while in Run I the alignment
was updated a few times during the year. A schematic of the R and ¢ sensors is shown in
Figure 2.8 for one VELO module. The pitch — the distance between the sensor strips —
increases further from the beam line, starting at around 40 ym and going up to roughly

100 pm. In total, each sensor has 2,048 readout channels.
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Figure 2.7: An overview of the layout of the VELO modules with the R sensors (red)
and ¢ sensors (blue) also shown, reproduced from [120].
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Figure 2.8: The layout of the silicon micro-strips on the R and ¢ sensors of a singular
VELO module, reproduced from [120].
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Figure 2.9: (Left) The IP resolution, in pm, as a function of the momentum of a
track, in GeV/c. (Right) The IP, resolution, in pm, as a function of the inverse of the
momentum of a track, in GeV/e, for 2012 data (black) and simulated pp events (red).
Both plots were reproduced from [121].

The VELO can also determine the Impact Parameter (IP) of track. The IP quantity
is the distance of closest approach with respect to a reconstructed PV. The increase in
pitch ensures that the measurements along the track contribute to the precision of the
IP value approximately equally. An associated quantity of the IP variable, the x% of a
track, helps determine the likely PV from which a particle originated. The % is defined
as the difference in x? of a given PV reconstructed with and without the considered track.
Decays of heavy-flavoured hadrons generally have larger FD and IP values than the decays
of light hadrons at LHCb. This makes the FD and IP quantities particularly useful for
separating these two different classes of decays in an event. The performance of the VELO
can be quantified by its excellent IP resolution, which was found to be less than 35 ym for
particles with transverse momentum (pr) greater than 1 GeV/c for 2012 data [121]. The
same data set showed that for a typical pp event, the vertex resolution was between 10
and 20 gm. This accuracy means LHCb is more precise at locating vertex objects than
any other LHC experiment thanks to the VELO. In the left plot of Figure 2.9, the IP
resolution in the x and y directions are given as a function of the momentum of a track.
The right plot of Figure 2.9 shows the dependency of the IP resolution projected in the

r-axis, on the inverse of a track’s transverse momentum.

2.3.2 Tracking Detectors

Assisting the VELO subdetector in tracking particles through LHCb are a further four
planar detectors; the Tracker Turicensis (TT) and three tracking stations (T1-T3) [127].
The high levels of radiation close to the beam line means the T'T and the inner regions
of T1-T3 are built of radiation-hard silicon strips. They are thus collectively known as

the Silicon Trackers (ST). The ST have a high granularity to keep hit occupancy at a



Chapter 2. The LHCb Detector 40

X‘J/Z
!

Figure 2.10: A perspective view of the tracking system with the ST (purple) and the
OT (blue) shown, reproduced from [120].

low enough level to allow for effective track reconstruction. The outer regions of T1-T3,
relative to the beam line, are referred to as the Outer Tracker (OT) [127]. The OT
is situated in a region of the detector that is subject to a lower number of particles
per unit area compared to the ST. The lower particle flux means the OT is set up as
a drift-time detector with cost-effective gas filled straw tubes. Despite their different
locations and constructions, the ST and OT ultimately both serve the same purpose - to
measure the trajectories of charged particles such that their momenta can be measured.
The illustration in Figure 2.10 gives an overall perspective of the layout of the tracking
detectors at LHCD.

The TT has a length of 1.5 m and a width of 1.3 m to cover the full acceptance of the
LHCb detector. It is composed of four layers of 500 um thick p*-on-n silicon micro-strip
sensors with a pitch of approximately 200 um. The first (TTa) and last layer (TTb) of
the T'T have their sensors oriented vertically while the middle two sensors are oriented
at £ 5° from the horizontal in opposing directions. The angled orientation of the layers
of the TT is shown in Figure 2.11. The reason for this arrangement is that it maximises
the resolution in the z-direction, which is the direction responsible for the momentum
resolution; the resolution in the y-direction is only needed for pattern recognition and is
less critical. This angled orientation of the layers leads to an excellent single-hit spatial
resolution of 50 um [127]. The detection layers are separated by approximately 30 cm in

the z-axis and each TT sensor carries 512 readout strips.
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Figure 2.11: The layout and dimensions of the four detection layers of the Tracker
Turicensis subdetector. The illustration was reproduced from [128].

The inner regions of the T1-T3 tracking stations are designed similarly to the T'T,
with a stereo-angle rotation in the alignment of its layers. The layers are arranged in a
cross-shape, measuring 1.2m wide and 0.4 m high, as shown in Figure 2.12. A greater
horizontal coverage than vertical one is required to account for the bending of particles
from the field of the dipole magnet. The silicon strips have a pitch of around 193 ym and a
spatial resolution of approximately 50 um. The remainder of the T1-T3 stations, consists
of an array of straw tube modules. These OT modules consist of two layers of drift tube
with an internal diameter of 4.9 mm. The tubes are filled with a mixture of argon (70%)
and COy (30%) gases, which become ionised following the passing of charged particles
through them. This induced ionisation of the gas releases electrons that are attracted
towards a carbon-doped cathode where the signal is deposited. A gold-plated anode wire
is located at the centre of the tubes and the outer layer of the tube walls are made
from aluminium. The drift time of the electrons travelling to the centre of the tubes is
measured with respect to the crossing signal of the inducing track. The gas mixture is
specifically chosen such that a low drift time of around 50 ns and a spatial resolution of

200 pm are achieved. By combining knowledge of the drift time and drift velocity from
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Figure 2.12: The layout of the inner regions of the T1-T3 showing the array of straw
tube modules. The illustration was reproduced from [128].

each passing charged particle, the position of the track through the subdetector can be
determined. Overall, the OT consists of 55,000 individual straw tubes.

The performance of the tracking system at LHCb was evaluated during Run I [127].
The track hit efficiency of the ST was measured using a pure sample of J/¢ — pu*pu~ de-
cays. The muon tracks must pass some basic kinematic requirements and need to have
a momentum greater than 10 GeV/c to reduce multiple scattering. The hit efficiency is
defined as the ratio of the number of hits found against the number of hits expected, for
a given sector of the tracking system. For the TT, this efficiency was measured to be
greater than 99.7% (99.8%) in 2011 (2012) data. Similarly, T1-T3 also had a very high
hit efficiency of 99.8% (99.9%) according to 2011 (2012) data. The performance of the
tracking system can also be evaluated in terms of its hit resolution. The resolution is
determined using data from the unbiased residuals of the measured hit position and the
extrapolated track position when the hit is removed from the fit. The hit resolution of
the TT is measured to be 52.6 (53.4) um in 2011 (2012) data and for the inner region of
the T1-T3 tracker, it was found to be 50.3 (54.9) um in 2011 (2012) data.

2.3.3 Spectrometer Magnet

The LHCDb tracking system exploits a dipole magnet to bend the tracks of charged par-
ticles. The curvature of the tracks and precision knowledge of the magnet’s field at all
points allows the particle’s momentum to be determined. Thanks to the magnet and the
rest of the tracking system, the relative uncertainty on the momentum resolution varies
from 0.5% at low momentum to 1.0% at 200 GeV/c [127], leading to an excellent mass
resolution of around 10 MeV/c?.

The magnet is situated immediately after the T'T as shown in Figure 2.3. The centre

of the magnet is 5.3 mm from the pp interaction point, along the z-axis. It is composed
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Figure 2.13: A perspective view of the magnet with dimensions given in units of mm
and the electrical connections and water cooling system also shown. The figure was
reproduced from [120].

of a 1,500 ton iron yoke and two conical saddle shaped coils located above and below
the beam line. The coils are made of aluminum and weigh in at around 27 tonnes. A
schematic diagram of the magnet, showing its design, is given in Figure 2.13. This is a
warm magnet capable of producing an integrated magnetic field strength of approximately
4Tm between the interaction point and the tracking stations, with the principal field
component directed along the y-axis.

A precise knowledge of the magnetic field is required to ensure a good momentum
resolution can be achieved. This is particularly important for the LHCb detector, since
its tracking stations are fairly spaced apart compared to other high energy physics ex-
periments. The integrated field was measured using an array of Hall probes and is found
to give a very high relative precision of 4 x 10~ across the measured volume. Data
is collected at LHCb for both ‘MagUp’ (field pointing in +y direction) and ‘MagDown’
(field pointing in —y direction) configurations for an approximately equal amount of time
during data taking to cancel out potential asymmetry effects caused by the magnetic
field. For instance, the performance of the drift tubes in the OT are very sensitive to the
direction of the magnetic field. This detector effect could be misinterpreted as signs of
CP-violation if not treated correctly. However, the polarity of the magnet is only flipped

a few times per year of data taking so not to damage the magnet.
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2.4 Particle Identification

The importance of precise tracking of particles for analyses at LHCb is highlighted in
Section 2.3. However, without the ability to identify the type of tracks created in a
pp collision, the LHCb detector could not separate decays of heavy-flavoured hadrons from
other decays present in an event. A combination of two Cherenkov radiation detectors, a
calorimeter system and a set of muon chambers allows LHCb to determine what tracks
pass through the detector to an outstanding level of accuracy. For the analyses present in
this thesis, where a variety of different track species are present in the decays of interest,

this proficiency in identifying tracks is particularly important.

2.4.1 Ring Imaging Cherenkov Detectors

Two Ring Imaging CHerenkov detectors (RICH-1 and RICH-2) contribute towards ef-
ficient particle identification (PID) at LHCb. PID refers to the determination of the
species of a track reconstructed in the detector, namely; electrons (e), muons (p), pions
(7), kaons (K') and protons (p) in the case of the RICH subdetectors. The RICH systems
offer the best means of identifying charged hadrons at LHCb but the calorimeter and
muon systems provide complimentary information, which further enhance PID capabili-
ties of LHCDb. Information from RICH-1 and RICH-2 ultimately help reduce the chances
of wrongly misidentifying decays as ones of interest in any particular analysis.

The RICH subdetectors exploit the phenomenon of Cherenkov radiation to extract
PID information. This situation occurs when a charged particle traveling through a
dielectric material emits a cone of coherent light if its velocity is greater than the phase
velocity of light in the dielectric. The opening angle, 6., of this light cone is dependent

on the particle’s velocity according to

1
nB’

cos b, = (2.1)
where n is the refractive index of the dielectric material that the particle passes through
and  is the ratio of the particle’s velocity to the speed of light in a vacuum, v/c. The
value of 6. is relative to the inducing particle’s trajectory. By making use of some basic
relativistic kinematics, Equation 2.1 can be rearranged in terms of the mass, m, and

momentum, p, of the particle inducing the Cherenkov radiation as

mc

1 2
cosf. = —/1+ (—) . (2.2)
n

p
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In essence, this means that if the momentum, p, of the particle can be measured, along
with the Cherenkov angle, 6., of its emitted light cone, then the rest mass, m, of the
particle can be inferred. At high enough momentum however (p > mc), all track types
give the same value for 6., equal to 1/n, see Equation 2.1, and the particles become
indistinguishable from each other; these tracks are said to be saturated. Figure 2.14 shows
the dependence of 6. on the momentum of a particle for different species of particles. All
track types are shown to be saturated above 20 GeV/c. An analysis utilising saturated

tracks is presented in Chapter 3 where the effect of saturation is discussed in more detail.
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Figure 2.14: The Cherenkov angle, 6., in mrad, of photons produced in the RICH
subdetectors by electrons (purple), kaons (red), pions (green) and protons (orange) as
a function of particle momentum, in GeV/c. The plot was reproduced from [120].

RICH-1 [129] is located between the VELO and the TT. It covers the full angular
acceptance of the LHCb, 25 mrad to 300 (250) mrad in the horizontal (vertical) plane and
is designed to perform PID for tracks with momentum between 1 and 60 GeV/c. RICH-1
is divided into two halves set above and below the beam pipe, which are referred to as
the ‘Up’ and ‘Down’ sections. RICH-2 [130] is positioned between the magnet and the
T3 tracking plane. It provides PID for higher momentum tracks which are between 15 to
100 GeV/e. Since high momentum tracks are not swept out to wide angles by the magnetic
field, they predominantly stay close to the beam line. Therefore, RICH-2 covers a smaller
angular region of 15 mrad to 100 (120) mrad in the vertical (horizontal) plane. RICH-2
is also similarly divided into two sections, named ‘A’ and ‘C’, and in the horizontal in
this case. Section A is closer to the centre of the LHC ring with Section C further away.
Figure 2.15 shows the layout of RICH-1 and RICH-2 in the vertical and horizontal planes,

respectively.
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Figure 2.15: Schematic of the RICH-1 (left) and RICH-2 (right) subdetectors at LHCb.
Both diagrams were reproduced from [120].
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The dielectric materials within the RICH systems are known as the radiators. They
determine the momentum range in which the RICH systems are sensitive. There were two
radiators present in RICH-1 during Run I; C4F; gas (n ~ 1.0014) and an aerogel block
(n ~ 1.03). The aerogel block was removed before the start of data taking in Run II, due
to worse than expected performance caused by the block. RICH-2 contained a CF, gas
radiator (n ~ 1.0005) in both Run I and Run II. In order for the RICH systems to be
able to detect the emitted Cherenkov light from each particle, the light is reflected out of
the detector’s acceptance by a series of flat and spherical mirrors towards Hybrid Photon
Detectors (HPDs). The mirrors are very precisely aligned and monitored for movement
at the end of each physics Fill in Run II. The emitted light cones are ultimately seen
as ring structures when projected onto these HPDs. Images of Cherenkov rings from
a nominal pp event at LHCb are shown in Figure 2.16. The candidate’s preliminary
study into the effects of the magnetic field on the 6, resolution in RICH-1 necessitates a
thorough discussion of the workings of the HPDs. As such, all the technical details about
the HPDs, used in RICH-1 and RICH-2, are given in Chapter 3.

Every track object with an associated momentum measurement from the tracking
system and travelling through the RICH subdetectors, has its expected 6. angle calculated
under five different mass hypotheses (e, K, w, 7 and p) according to Equation 2.2. The
radius of the photon ring corresponding to this expected value of 6. is then compared
to a fit of the detector responses simultaneously [132]. A few examples of the fits to
different Cherenkov rings can also be seen in Figure 2.16. Under each mass hypothesis

the log-likelihood of the RICH detector response fit compared to the expected photon ring
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Figure 2.16: An example event display showing Cherenkov rings formed from hits in the
HPDs in the Up (top plot) and Down (bottom plot) sections of RICH-1. The rings that
have not been fitted have no associated track. The figure was reproduced from [131].

radius is calculated. However, instead of computing the absolute log-likelihood values,
the RICH PID software calculates the difference in log-likelihood (DLL) between the pion
hypothesis and each of the four remaining mass hypotheses, x, where z € e, K, 1, p, such
that DLL, = DLL, — DLL,. The choice of pions as the reference hypothesis is somewhat
arbitrary and based on the fact they are the most abundantly produced particle at LHCb.

This DLL procedure does carry a certain rate of misidentification however; tracks can
be wrongly assigned a track type which does not reflect their true identity. To investigate
the rate at which this occurs, the RICH particle identification performance is studied
using data containing large samples of genuine pion, kaon and proton tracks. These data
control samples are selected independent of any RICH information by using kinematic
criteria alone. Pion and kaon tracks are taken from D*T — DY(K~n")ntt decays with
proton tracks coming from A° — pm~ decays. The kaon identification and kaon-pion
misidentification efficiencies for 2011 data, across different values of track momentum, are
shown in Figure 2.17. A loose (DLLg, > 0) and a tight (DLLg, > 5) DLL requirement
are also separately applied to the data shown in the results in Figure 2.17. The correct
PID rate decreases at higher momentum, since tracks near saturation and the value of 6.

then tends towards the same value for each mass hypothesis. Overall the PID performance
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Figure 2.17: Kaon identification efficiency (red) and kaon-pion misidentification rate
(black) as a function of track momentum, in GeV/e, from 2011 data. The plot was
reproduced from [133].

is shown to be excellent however, with a greater than 90% correct PID rate and a less
than 10% mis-ID rate for the kaon across a wide momentum range [133]. The rate of
identification and misidentification was also found to be uncorrelated. Similar studies
are conducted for the pion and proton (mis)identification performances and efficiencies
of greater (less) than 90% (10%) are also found for these hadrons.

Despite the excellent performance of the RICH systems, making requirements on the
equivalent PID variables in simulation are generally not recommend by the LHCb collab-
oration since MC cannot accurately simulate the run-time conditions of the RICH detec-
tors. For instance, the refractive index n of the radiators are dependent on the pressure
and temperature inside the RICHes. This varies throughout the annual operational pe-
riod but in simulation the refractive index is set as a constant value, roughly the average
expected value throughout the year. Hence, there is usually some non-negligible difference

between PID discriminants for data and simulation.

2.4.2 Calorimeter System

Electron and hadron candidates can also be identified by a calorimeter system at LHCb.
This system consists of scintillating-pads, pre-shower detectors, a hadronic calorimeter
and an electromagnetic calorimeter. Collectively, these subdetectors provide a means of
identifying electrons, hadrons and photons in a pp event. They also allow particles with
high transverse energy to be identified; such energetic particles usually originate from

decays of heavy-flavoured particles.
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The Electromagnetic CALorimeter (ECAL) and the Hadronic CALorimeter (HCAL)
are both situated between the first and second muon tracking stations, as shown in
Figure 2.3. The ECAL is used to record the position and energy of particles that interact
primarily via the electromagnetic interaction (electrons and photons) while the HCAL
serves the equivalent purpose but for hadrons, which interact via the strong force. The
HCAL is particularly important for identifying neutral hadrons, since they are not picked
up by the tracking stations or identified by the RICH systems. In order to distinguish
electrons from hadrons, the ECAL is preceded by a Scintillator Pad Detector (SPD), which
identifies charged hadrons and allows neutral ones to be rejected, then a Pre-Shower (PS)
detector, which detects electromagnetic showers, and thus identifies electrons only. The
information recorded by the calorimeters is particularly important in the hardware stage
of LHCDb’s trigger; this is discussed more in Section 2.5.1. In general, all four components
of the calorimeter system operate similarly; particles are stopped in flight by metallic
materials, which absorb all the energy of incident particles and then produce cascade
showers of secondary particles which generate light in the scintillation pads. The photons
released by these scintillating pads are then read out by wavelength-shifting (WLS) fibres.

The calorimeter’s design accounts for the difference in particle flux at various parts
of the system during a nominal pp event. The granularity of the SPS, PS, ECAL and
HCAL modules varies radially from the beam line to ensure a low particle occupancy
across all modules. The segmentation of the modules is shown in Figure 2.18. The
SPD, PS and ECAL are each split into three sections and the HCAL is divided into two
parts. The SPD and PS use multi-anode photo-multiplier tubes (MaPMTs) to read out
all photons from 64 different WLS fibres. The MaPMTs allow each WLS fibre to be read
out individually, giving a finer granularity to the sensors. The SPD and PS are very
similar in design. They both consist of a 15 mm thick lead plates, sandwiched in between
two scintillator pads. The SPD determines whether the incident particle is charged or
not, then the PS determines whether the particle has created an electromagnetic shower
in the lead converter. This effectively allows charged and neutral electromagnetic objects
to be differentiated. The active area of the SPD is 7.6 m wide and 6.2 m tall whereas the
PS is around 0.5% larger than that.

The ECAL and HCAL modules are equally very similar in design, both contain al-
ternating layers of absorbing and scintillating materials, but they do have some important
differences. The ECAL modules are comprised of a 2 mm lead layer to induce electromag-
netic showers, followed by 4 mm of scintillator material to capture the shower produced
in the lead. On the other hand, the HCAL modules use 1cm thick iron as the absorber
material instead of lead and have 3 mm thick scintillators. The total depth of the ECAL
is 42 cm, which corresponds to 25 radiation lengths, to ensure that all the energy from

incident photons and electrons is captured. The HCAL is 5.6 \;,; deep in the direction of
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Figure 2.18: Diagram showing the segmentation design for each of the SPD, PS and
ECAL (left) and the HCAL (right). The position of the beam pipe is shown in black.
The figure was reproduced from [120].

the beam. The A\, parameter is the material’s hadronic interaction length, which gives
the average distance that hadrons travels between nuclear interactions. The orientation
of the scintillators and absorber plates in the ECAL and HCAL modules are also dif-
ferent. The HCAL modules are aligned parallel to the z-axis while the ECAL ones are
perpendicular to the z-axis. Both the ECAL and HCAL use individual photo-multiplier
tubes (PMTs) to read out the signal from their WLS fibres. The fibres are grouped in
bundles to give an even coarser granularity than in the SPS and PS. The layout of an

HCAL module, showing its absorbers and scintillators, is given in Figure 2.19.

particles

scintillators

fibers

Figure 2.19: The layout of an HCAL module showing the scintillators, absorbers, PMTs
and WLS fibres. The illustration was reproduced from [120].

The full performance of the calorimeters is determined from analyses performed
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throughout Run I. An array of light emitting diodes (LEDs) are used to monitor the re-
sponse of the PMTs in both the ECAL and HCAL during different data-taking periods.
Good agreement was found between the response of the calorimeters to the light produced
by the LEDs and from real signal from particles created in pp collisions. The reconstruc-
tion and PID performance of the calorimeter system was also carefully measured using
J/1 — ete” decays from 2011 data. The samples were selected using calorimeter infor-
mation only. The average electron identification efficiency is found to be (91.9 + 1.3)%
while the misidentification rate is only (4.54 £+ 0.02)% [124]. The inclusion of informa-
tion from the RICH system is found to increase the electron identification efficiency as
well. The reconstruction efficiency of high-energy photons in the ECAL is determined
using fits to the invariant mass distribution of selected B® — K*°(K*7t™)y candidates
from data; the mass resolution is found to be 93 MeV/c? [124]. Using the same sample of
BY mesons, and a sample of neutral pions, both with similar requirements applied, the
average photon identification efficiency is measured to be 95%. This is based on the abil-
ity of an Artificial Neural Network (ANN) classifier to select photons within the sample.
The ANN manages to reject 45% of the misidentified pion candidates incorrectly recon-
structed as photons. Finally, the energy resolution achieved in the ECAL is measured
to be 2 @ 0.8% while for HCAL it is %2 @ 9%, where E refers to the energy of the

vVE vVE
particles in units of GeV [120].

2.4.3 Muon System

The muon system at LHCb is designed to measure the position and energy of tracks
left by muons [134]. Due to the comparatively large mass of muons, they emit far less
energy through the process of Bremsstrahlung radiation compared to the other particles.
Muons then typically penetrate the full length of the detector and thus this system is
placed furthest from the pp interaction point. Efficient muon tracking is important for
many reasons at LHCDb; for example, muons are used to help search for rare decays of
B, — pu" i, a channel particularly sensitive to new physics; they also aid in the study of
neutral-meson mixing because the charge of muon tracks in a meson decay can infer the
flavour of the meson at production. This process is known as ‘tagging’” at LHCb.

The muon system consists of five rectangular stations (M1-Mb) with M1 in front
of the SPS/PS and M2-M5 behind the HCAL, as shown in Figure 2.3. The position of
the M1 station before the calorimeter is specifically chosen to enhance the momentum
measurement of a muon track, which is useful for muon-specific triggers. This is discussed
in more detail in Section 2.5. Placed between each muon station are 80 cm thick iron
absorbers, which are used to ensure only high momentum muons, above 6 GeV, reach

the final M5 station. The surface area of each station also increases further along the
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z-axis to ensure an angular acceptance between 20 (16) mrad and 306 (258)mrad in
the horizontal, (vertical) plane, respectively. A side-view of all five muon chambers is
presented in Figure 2.20. The M1-M3 muon stations are primarily used for tracking
and momentum measurements so they have relatively fine granularity along the z-axis to
give good spatial resolution. Instead M4-M5 are much coarser as they are intended for
accurate PID. For the same reason as the calorimeters, the muon stations are segmented
in a particular design to account for varying regions of particle flux across the muon
system. As shown in Figure 2.20, the stations are also divided into four separate regions,
R1, R2, R3 and R4, based on distance from the beam line. The granularity of each of

these regions is such that they all have roughly the same occupancy during a pp event.
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Figure 2.20: A view of the different five muon stations, M1-M5, at LHCD as seen in the
y-z plane. The figure was reproduced from [120

Apart from the inner region of M1, all the sensors in the muon stations use multi-
wire proportional chambers (MWPCs). They are composed of two cathode plates spaced
5mm apart and kept at a potential of 2.5—2.8kV. A gas mixture containing COy (55%),
Ar (40%), and CF4 (5%) is placed in the gap between the cathodes. A gold-plated
tungsten wire, 30 um in diameter, collects and reads out the electrons produced from
ionised gas with a drift-time resolution of 5ns achieved. Over a thousand MWPCs are
used in total across all five chambers. The M1 station is much closer to the interaction
point than M2-M5, and as such experiences a much greater particle flux. Therefore, the
innermost region of M1, also known as R1, consists of 12 radiation-hard Gas Electron
Multiplier (GEM) chambers instead of MWPCs. Each GEM chamber is constructed of

sensors with a cathode and anode outer layer with three interceding GEM foils positioned
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in between. These foils are surrounded by an inert gas with a composition similar to that
found in the MWPCs; CO, (15%), Ar (45%), and CF4 (40%). With the use of this gas,
the resulting drift-time resolution of the GEMs is 3 ns.

The performance of the muon system was evaluated using 2011 data using pure
samples of tracks selected on kinematic requirements only. The muon identification effi-
ciency and mis-identification rates were based on muon tracks from J/¢) — p*pu~ decays,
proton tracks from A° — pmt~ decays, and kaon and pion tracks both taken from tagged
D* — DY K-m")m" decays. The muon selection (mis)identification efficiencies as a
function of momentum, are shown in Figure 2.21. Additional PID requirements are also
applied to the data samples used in the plots in Figure 2.21. The PID variables used
here are not based on the DLL values computed by the RICH systems, as discussed in
Section 2.4.1, but instead are Boolean-type variables, which classify a track as either a
muon or not a muon. This decision is based on the matching of hits on the muon cham-
bers to the extrapolation of its track. This process is dependent on the pr of the track
and thus also the number of muon stations the track passes. Based on the muon sample,
the average muon identification efficiency is an excellent 98%. The misidentification rates

are also all less than 1% at high pr, based on the kaon, pion and proton samples [135].

2.5 Triggering at LHCb

The LHC operates with a pp bunch crossing rate of 40 MHz. From these bunch crossings
around 25% contain decays of heavy-flavoured hadrons that are of interest to LHCb.
Beauty and charm hadrons for example are produced inside the detector acceptance
at rates exceeding 50 kHz and 1 MHz, respectively. To record each of these interesting
interactions would sum to an overwhelming amount of data; too much for the detector to
process and for the storage systems to record. The role of the trigger is to reduce the data
down to a manageable storage rate using simple selection criteria. LHCb has a flexible
and efficient trigger system in place to achieve this reduction. It is organised in three
levels [136]; an initial hardware trigger followed by a two-stage high-level trigger based in
software. The hardware trigger runs synchronously with the frequency of the pp collisions
during a physics Fill at LHC. The overall trigger system operates in a consecutive manner
whereby the first software trigger only processes events that pass the hardware trigger
and likewise for the second software trigger with respect to the first software trigger. Only
events passing all three stages of the trigger are sent to permanent storage where this

data is processed further for use in offline physics analyses.
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Figure 2.21: The muon selection efficiency versus muon momentum (top left), the
muon-proton misidentification rate versus proton momentum (top right), the muon-
pion misidentification rate versus pion momentum (bottom left) and the muon-kaon
misidentification rate versus kaon momentum (bottom right) are shown. The momen-
tum is measured in units of GeV/c for all plots and each was reproduced from [124].

2.5.1 Level-0 Trigger

The Level-0 (L0) hardware trigger is required to reduce the retention rate of data down

from 40 MHz to 1 MHz after which the software triggers can then apply a more thorough

event selection to the remaining data. This essentially means the LO trigger removes

97% of the inelastic pp interactions at LHCb. It decides what events to retain based on

information gathered from a combination of the VELO, calorimeter and muon systems.

The LO trigger only retains events containing tracks that have large transverse energy,

Er. The measurement of Er is based on the hadron, electron and photon clusters in the

calorimeters. Additionally, L0 only keeps events with pairs of high pt muons, since high

Er and pr tracks indicate the likely presence of heavy-flavoured hadrons in an event.

Furthermore, the L0 trigger vetoes events that have a large number of tracks, since large
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track multiplicities worsen reconstruction capabilities at LHCb. All this type of event
information is sent to the front-end electronics of a custom built decision unit (LODU).
The LODU then takes the decision whether to keep the event or not, around 6 us after

the associated pp collision took place.

2.5.2 High Level Trigger

The first-stage High Level Trigger (HLT'1) receives information on the entire detector from
events passing the L0 trigger. HLT1 is implemented in the C4++ computing language
within the software package MOORE [137]. The software is run on the event filter farm,
which is located in the LHCDb cavern and is comprised of thousands of computing nodes.
Using simple and fast reconstruction algorithms, HLT1 identifies tracks from charged
particles passing the VELO and tracking stations to confirm the decisions made by LO. It
matches the clusters in the calorimeters or hits in the muon stations to these reconstructed
tracks, or identifies clusters as from photons and neutral hadrons if there is no associated
tracks. HLT1 reduces the retention rate of events to approximately 30kHz (110kHz)
during Run I (IT). The remaining events are fed to the second-stage software trigger.
The second-stage High Level Trigger (HLT2) performs an event reconstruction based
on all detector information available from the surviving events. With this full reconstruc-
tion capability, the HLT2 trigger looks for specific decays of heavy-flavoured hadrons,
applying many and different selection algorithms to do so. These algorithms are based in
the software package DAVINCI [138], also written in the C++ computing language. The
algorithms make use of a variety of selection criteria including requirements on PID (only
in Run IT) and the aforementioned FD and IP variables of a decay. HLT?2 also has access
to kinematic and topological information of a decay, such as the invariant mass of the
reconstructed heavy-flavour hadron and its direction with respect to a PV of an event.
The decays that HLT2 select are formed by combining sets of tracks under the assump-
tion that they are the decay products, or ‘daughters’, of a single heavy-flavoured hadron,
referred to as the ‘mother’ particle. The decays can also be of an ‘explicit’ nature where
a mother particle is fully reconstructed or the decay can be selected in the more general
‘inclusive’ sense whereby a partial reconstruction of the mother particle is performed.
The final decision of HLT?2 is formed from a logical OR of these exclusive and inclusive
selections; the events then just need to be accepted by one of these selection algorithms
to pass HLT2. During Run I (II), events accepted by HLT2 are sent to permanent storage
with an output rate of roughly 5kHz (12.5kHz). A flow diagram showing the processing
path of data through the trigger system at LHCDb during Run II is shown in Figure 2.22.
The performance of the trigger is important for any analysis at LHCb in which a

detailed understanding of selection efficiencies are required, for instance in cross section
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Figure 2.22: An overview of the LHCb trigger system in Run IT showing the processing
of events. The figure was reproduced from [139].

Software trigger

and branching fraction measurements. However, calculating the absolute efficiency of the
entire trigger’s selection of a decay mode is problematic as it is difficult to determine
exactly what object in the event got triggered to allow the event to pass. To make the
situation slightly more clearer, trigger requirements are made on individual physics ob-
jects such as reconstructed particles or decay modes rather than the event as a collective.
Particles, reconstructed from tracks, are classified into different trigger categories based
on these trigger decisions. A physics object is said to be ‘Triggered On Signal’ (TOS)
if it is sufficient to trigger the event while it is referred to as ‘Trigger Independently of
Signal’ (TIS) if something else in the event could have triggered the event. Events can
be both TOS and TIS simultaneously, and are designated as TIS and TOS with respect
to each trigger line in the LO and HLT1. The choice whether an event object is TIS,
TOS or both is ultimately done by a software tool within DAVINCI, which compares
the hits that created the event object in the trigger against the hits used in the offline
reconstruction. The use of TIS and TOS is particularly important for the work discussed
in Chapter 6. In that analysis, the classification of events as TIS with respect to a set of
L0 lines conveniently allows some systematic uncertainties to cancel out.

The trigger setup described above is accurate for Run I but in Run II, HLT2 lines
also had the option of using ‘Turbo’ processing. Turbo is handled by the software pack-
age TESLA [140], which takes candidates selected by HLT2 and saves them straight to
disk where they can be accessed by analysts; there is no need for the offline reconstruc-
tion. Turbo allows more interesting events to be saved offline since Turbo event sizes

are smaller in memory; this helps overcome the higher rate of interesting events being
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produced in pp collisions following the increase in /s in Run II. Turbo processing is only
made possible because online reconstruction in Run II incorporates near-real-time align-
ment and calibration of the detector. This means the trigger reconstruction and offline
reconstruction are consistent and of the same high-quality.

The design of the HLT?2 is what makes the trigger system at LHCb so dynamic and
flexible. New selection algorithms or ‘lines’ can be easily added into the HLT2 software
during periods when no data is being taken. A new inclusive HLT2 Turbo trigger line for
doubly-charmed-baryon searches was developed by the candidate. This line was merged
into MOORE in time for the start of 2018 data taking and will be discussed in Chapter 6.

2.6 Offline Processing of Data

Data selected by the trigger system is written to durable tape storage devices offline. A
series of software applications then further processes and formats this raw data to get it
ready for physics analyses. The BRUNEL package [141] performs a rigorous reconstruction
on the triggered data in the same way as is done in HLT2, but now without the same
tight time constraints. BRUNEL runs over the raw hits and clusters, recorded by the
detector, to form vertex and track objects. It also assigns PID scores to each track using
information from the RICH, calorimeter and muon systems, as described in Section 2.4.
This results in a significant improvement for the resolutions of measurable parameters
compared to their equivalent in MOORE. However, this process take a long time, around
2s per event and also results in output data sets much larger in memory than before.
Therefore, data from stable running periods are reconstructed in single sessions at times
when stable versions of the reconstruction algorithms and detector alignment information
exist. To save on disk space, the same software used in HLT2 is implemented in the
DAViNct package and performs a selection on the data output from BRUNEL to look
for certain decay modes of particles. This process is known as ‘Stripping’ and is done
to provide relevant and useful subsets of the full data to the end users who analyse the
data for specific studies. DAVINCI works by combing track and vertex objects, created
by BRUNEL, under different hypotheses to determine if they originated directly from the
decay of a single mother particle, or if they can be reconstructed as several daughter
particles. DAVINCI can also be re-run locally by a user, rather than done centrally,
to change the requirements of a selection and, or, to add more useful variables to data
sets. The data processing flow at LHCb in Run II is pictorially shown in Figure 2.23.
The candidate’s analysis work on searches for a doubly charmed baryon, presented in

Chapters 4 and 5, makes use of Turbo data rather than Stripped data.
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Figure 2.23: The data processing flow at LHCb in Run II with the software applications
used at each stage shown. The figure was reproduced from the LHCb [142].

2.7 Simulation of Data

Understanding the final states of high energy particle collisions at the LHC is a very
challenging task. Typically hundreds of particles are produced in every event and in
most processes of interest the momenta can range over many orders of magnitude. The
relevant decay amplitudes are too difficult to compute beyond the first few orders of
perturbation theory and in the case of QCD processes, they involve the intrinsically non-
perturbative and unsolved problem of confinement. However, the hard process of the
collision in which heavy objects are created, or a large momentum transfer occurs, can
be handled more effectively by computer simulation using Monte Carlo (MC) techniques.
The large and variable dimensions of the phase space of the decay products at high-energy
physics experiments make MC the appropriate integration method of choice; its accuracy
improves inversely as the square root of the number of integration points and this is
irrespective of the dimension used in the integration [143].

The LHCb collaboration, uses the PYTHIA [144] Monte Carlo generator, within the
framework of the GAUSS package [145], to simulate most of processes of interest to them.
However, other special generators are sometimes used for particular types of decays. Of
particular importance to the work described in thesis is the GENXICC generator [146],
which is used to generate doubly-charmed baryons.? The decays of unstable particles
produced by PYTHIA are then controlled by the EVTGEN package [149]. Final-state
radiation, which accompanies the hard scattering process, is generated by the PHOTOS
package [150]. The interactions of the particles with the LHCDb detector material, such as
the scattering and deposition of energy, is then simulated with the GEANT4 toolkit [151].

Finally, the simulated hits made in the virtual LHCb detector are converted to signals

2The HERWIG [147] and SHERPA [148] packages are other examples of MC generators which are
sometimes used to simulate the pp interaction.
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that mimic the real detector by the BOOLE application [152]. Simulated data is then
processed and formatted in the same way as data from real pp collisions using BRUNEL
and DAVINCI.

The accurate simulation of pp collisions and detector processes by MC generators
is essential to almost all physics analyses performed at LHCb. Among other uses, simu-
lation is needed to devise an optimum procedure for selecting events of interest in data,
to calculate efficiencies that come with the selection of data, to evaluate systematic un-
certainties that comes with subjective treatment of data and to understand the detector

responses to pp collisions.

2.8 Chapter Summary

This chapter first described the layout and operations of the LHC accelerator complex.
The design of the LHCb detector, one of the main experiments on the LHC, was then
discussed in detail. Each subdetector comprising LHCb was examined, starting with the
tracking system, then the particle identification system before concluding with details
on how the trigger selects events. Information on the design of each subdetector was
given and an evaluation of their individual and collective performances were highlighted
by referring to past studies conducted by the LHCDb collaboration. The different stages
of data processing, in order for physics analyses to be performed, is then mentioned
and finally, a brief description of the way in which LHCb simulates pp collisions and
their subsequent interplay with a virtual LHCb detector was discussed. In summary,
LHCDb is an excellent and unique experiment for acquiring data to perform world-class

heavy-flavoured physics analyses.



Chapter 3

RICH Magnetic Field Studies

“If you thought that science was certain — well, that is just an error on your part.”

— Richard Feynman, renowned developer of Quantum Field Theory

Like the majority of analyses performed at LHCb, searches for doubly-charmed baryons
would not be possible if it were not for the detector’s ability to accurately identify final-
state particles. The responsibility of particle identification at LHCDb is partially attributed
to the RICH systems, which have unrivalled efficiency among all the LHC subdetectors at
identifying hadrons. Yet, despite their excellent performance, not every detail about them
is fully understood. In particular, the Cherenkov angle resolution of the RICH-1 subde-
tector is slightly worse than the expected value obtained from simulation [133].

This short chapter describes a preliminary study into the effect of the field of the
LHCb magnet on the Cherenkov angle resolution. Section 3.1 first gives the reader more
information on the RICH systems than what was disclosed in Chapter 2; specifically, on
the optical detectors that are used to record the Cherenkov signal and on the technical
details of a system that is used to correct for image distortions caused by the magnetic
field. The discrepancy in the performance of RICH-1 with data and simulation is de-
scribed in Section 3.2. The software challenges that were needed to be overcome so that
the Cherenkov angle resolution may be measured without knowledge of the magnetic field

is presented in Section 3.3. Finally, the outcome of this work is discussed in Section 3.4.

3.1 Introduction

The design, purpose and performance of the Ring Imaging CHerenkov (RICH) subde-
tectors was covered in Section 2.4.1, while their layouts are shown in Figure 2.15, but it
is perhaps worth reiterating the main points here. There are two RICH systems within
the LHCD detector that measure Cherenkov light from tracks covering different momen-
tum ranges. The RICH systems exploit the phenomenon known as Cherenkov radiation

to identify the type of track that passed through their gas radiators. The Cherenkov
60
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radiation is reflected towards optical sensors using a combination of flat and spherical
mirrors. Furthermore, all tracks with momentum greater than approximately 25 GeV/c
give the same Cherenkov radiation angle and are said to be saturated, see Figure 2.14.
The type of optical sensors that are used in the RICH systems and their susceptibility to

a magnetic field are discussed next.

3.1.1 Hybrid Photon Detectors

The RICH systems use Hybrid Photon Detectors (HPDs) to detect the Cherenkov photons
emitted by electrically charged particles. The HPDs were designed in collaboration with
industry to create a product with excellent timing resolution and a large active coverage
area to ensure the number of recorded Cherenkov photons is maximised [153].

The HPDs consist of a vacuum tube with a 8 mm thick spherical quartz entrance
window that has a radius of curvature of 55 mm. The inner surface of this optical window
is coated with a multi-alkali photocathode. When Cherenkov photons hit the photocath-
ode, electrons are produced. The quantum efficiency — the ratio between the number of
Cherenkov photons to that of the photoelectrons — varies depending on the wavelength
of the incident photon but is around 30% [133]. The HPDs are designed to be sensitive
to Cherenkov radiation with a wavelength between 200—600nm. The resulting photo-
electrons are then subject to an approximate 15kV high voltage that accelerates them
towards a reverse-biased silicon detector at the end of the tube. There are 1,042 pixel
elements on the silicon detector and each is 500 x 500 um? in size. In total, RICH-1 has
196 HPDs, while RICH-2 has 288 HPDs. A schematic of an individual HPD is shown in
Figure 3.1, with a possible trajectory of a photoelectron also indicated. The location of
the HPDs in RICH-1 and RICH-2, relative to each RICH system, is shown in Figure 2.15.

In general, the performance of HPDs is known to be affected by an external mag-
netic field. This is the case because a magnetic field will influence the trajectories of the
photoelectrons within the vacuum of a HPD and as such will change the read out position
of the photoelectrons on the silicon detector. Depending on the orientation of the mag-
netic field to the HPD plane, the distortion to the true photoelectron trajectory may be
extreme and it can even entirely compromise the photon-position resolution. Therefore,
HPDs are normally designed to work efficiently up to only 1.5 mT axial fields. In the case
of the HPDs in the RICH systems at LHCb, all are affected by the fringe magnetic field of
the spectrometer magnet. However, the effect is much more pronounced for the HPDs in
the RICH-1 subdetector since it is located immediately before the magnet, as can be seen
from Figure 2.3. To reduce the strength of the magnetic field, each HPD is surrounded
by a nickel-iron mu-metal shield. Even with this added protection, measurements made

while the magnetic field is full strength indicate that non-uniform fields with strength up
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Figure 3.1: A schematic of a Hybrid Photon Detector (HPD) as used in the RICH sub-
detectors at LHCb. The figure was reproduced [120].

to 2.4 (0.6) mT penetrate the HPDs of RICH-1(2). These fields will cause distortions to
the Cherenkov signal in a manner that is impossible to predict a priori. The system that
accounts for the effects of this stray field in RICH-1 is discussed next, whereas a similar
system that performs the equivalent operation for RICH-2 [154] will not be reviewed as

the details are not as important to the study laid out in this chapter.

3.1.2 Magnetic Distortion Correction System

As discussed previously, inferring the point at which a Cherenkov photon was incident
on the optical input window is non-trivial because of the influence of the magnetic field.
Thus, correction factors need to be applied to every HPD in the radial and axial directions
during the reconstruction of data. On top of the distortions caused by the magnetic field,
variations in the high voltage supply and geometry of the quartz window can also lead to
biases in the Cherenkov image. The correction factors for all these effects are handled by
the Magnetic Distortion Calibration System (MDCS) of the RICH-1 subdetector [155].
The MDCS of RICH-1 is comprised of two identical light-projection systems, one for
each HPD enclosure in the Up and Down sides, see Figure 2.15. Each system is composed
of green light-emitting diodes (LEDs) mounted on a carbon-fibre support that spans the
width of the boxes housing the HPDs. A picture of the MDCS hardware in RICH-1 is
shown in Figure 3.2. To produce more accurate results, the spots created by these light

bars are smaller in size compared to the silicon pixels at the end of the HPD tubes.
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Figure 3.2: A photograph of the Magnetic Distortion Calibration System in RICH-1
prior to its installation in the subdetector. The light bar is shown a third of the way
along its full extended range. The figure was reproduced from [155].

Special data-taking Runs are performed once per operational year to scan the HPDs
using the MDCS such that the distortion for a given magnetic field configuration can be
mapped. During these MDCS scans, the light bars are moved interactively around in two
dimensions by the RICH-1 global control system and are made to illuminate each column
of HPDs for around 5 seconds. The LEDs shine a known pattern of photons onto the
photocathodes of each HPD. Typically, this sparse pattern means an HPD is illuminated
by a single LED at each step of the scan such that a pixel hit can be easily associated to
an LED position. In this way, the MDCS can monitor how the hit pattern on the silicon
pixels is modified by a non-zero magnetic field. The data recorded during these scans can
then inversely map the distorted pixel hit to its real position on the entrance window.

The transformation of the position of the hit pixels on the silicon array to that
of the corresponding light spot at the ext