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Abstract

Fundamental particles and their interactions are currently best described by the Standard
Model of particle physics. One of the predictions of this theory is the fact that charged leptons
(electron, muon, and tau) interact in the same way with other particles, notwithstanding the
Higgs interactions that give them different masses. This principle is known as lepton flavour
universality, and has been tested through a host of various measurements. One of these is the
ratio between the rates at which two beauty-meson decays, B* — K*u*u~ and B* — K*e'e”,
occur. This ratio is known as Rk, and its most precise measurement to date is the subject
of this thesis. The result is obtained using 9 fb™' of proton-proton collision data, recorded
between the years 2011 and 2018 by the LHCb detector at CERN’s Large Hadron Collider.
The result is Rx = 0.846 *0 025 *00°> , where the first uncertainty is statistical, and the second
systematic. This measurement is in tension with the Standard Model prediction at the level
of 3.10. It therefore constitutes evidence for the violation of lepton flavour universality
in B — K*u*u~ and B* — K*e*e™ decays. Subsequent measurements of Rx and related
observables are expected to improve the global picture, potentially leading to the discovery

of physics currently beyond the Standard Model.
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Chapter 1

Introduction

The fundamental constituents of matter, and their interactions, are currently best described
by the Standard Model (SM). This theoretical framework is the result of decades of research,

during which it has withstood the test of experimental scrutiny time and time again.

Despite this, the SM is not complete. It cannot explain several effects, such as gravity, and so
the SM has to be expanded if it is to describe such phenomena. One way of identifying areas

where expansion is needed is by testing the validity of the assumptions made by the SM.

Lepton flavour universality (LFU) is one such assumption. It was tested in the past and
found to be valid in a number of processes, however more recent measurements have begun
to cast doubt on the scope of LFU. A number of observables that are sensitive to the violation
of LFU are showing signs of disagreement with their SM predictions. These quantities are
part of a class of measurements that are generally in tension with SM expectation, known
as the “flavour anomalies”. Physics beyond the SM does not necessarily obey LFU, so the
discrepancies between theory and experiment could be caused by LFU-violating physics

beyond the SM.

Individually, the flavour anomalies do not yet have the experimental precision required
to definitively rule out the SM. Collectively, however, they can provide complementary

information, and hence there are efforts to explain the flavour anomalies together. Such
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studies involve extending the SM theory to include New Physics (NP) that could explain the
anomalies. The results often prefer the NP hypothesis over the SM one. The onus is then the
improvement of experimental precision, until new physics can be definitively confirmed, or

rejected.

This is where the subject of this thesis comes in: the most precise measurement to date of
the LFU-sensitive observable Rg. It provides the first evidence for the violation of LFU in
rare decays of beauty quarks. Hence, this measurement of Rx represents a substantial leap

towards understanding the flavour anomalies, and any NP that could be behind it.

This thesis is divided into three parts. Part I contains two chapters that cover the physics
relevant to the measurement of Rx. Chapter 2 describes the theoretical aspects, and Chapter 3
provides an overview of the experimental setup used to record the data. Emphasis is
placed on the subsystems that are key to the success of the measurement. Part II is the main
component of this thesis, where the experimental procedure used to measure R is described.
All aspects of the analysis are covered in detail. Finally, Part III contains appendices. Each
chapter begins with a brief overview of the covered topics, and a statement on the originality

of the work presented therein.

Natural units, in which /i = ¢ = 1, are used throughout, with the exception of a few figures
where the units are explicitly stated. Charge conjugation is implied whenever a particle or

a decay is mentioned, unless otherwise specified.



Part 1

Lepton flavour universality,

in theory and in practice
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Chapter 2

The physics of rare beauty-quark decays

This chapter covers the theoretical aspects most relevant to Rk. Section 2.1 provides an
overview of the Standard Model, and then Section 2.2 focuses on the processes upon which
Rk is built. They are examples of what are known as b — s{*{~ transitions, and experimental
results on such processes are reviewed in Section 2.3. Section 2.4 builds upon this context, by
looking beyond the Standard Model. Finally, Section 2.5 introduces the observable Rk. This

chapter uses Refs. [3-5] throughout.
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2.1 Particles and interactions of the Standard Model

In the SM framework, particles are excitations of quantised fields that interact with each
other through the electromagnetic, strong, and weak forces. This means that the SM is a
Quantum Field Theory (QFT), whose fields are characterised by several quantum numbers.
The electrical charges, Q, and the masses associated to the SM fields are listed in Table 2.1.
Depending on the intrinsic angular momentum, i.e. the spin, the particles in this table can

be classified as follows:

e Spin-1/2 particles: these fermions are the constituents of matter. They come in three
generations, each successive generation being characterised by larger masses than the
previous one. Depending on the way they interact, fermions are of two types: quarks
and leptons. Quarks are bound together in hadrons, most often in triplets or doublets.
In the former case, they form baryons, such as the proton and the neutron. In the latter
case, they form mesons, an example of which is the pion. Quarks come in six varieties
known as flavours. These are: up (1), down (d), charm (c), strange (s), top (t), and beauty
(b); the latter is also known as bottom. Similarly, the leptons also come in six varieties.
They are grouped into three pairs of a charged and a neutral particle, and each pair is
referred to as a lepton flavour. The charged leptons are the electron (e), the muon (u),
and the tau (7). Each of them has a corresponding neutrino, v,, where ¢ € {e, u, t}.
For every charged fermion particle f, there exists an antiparticle, f, that has the same
quantum numbers, but the sign of the electric charge is flipped. It is unknown whether
neutrinos have antiparticles, or whether they are their own antiparticle. In addition,
fermions can be either “right-handed” or “left-handed”, depending on whether their
spin is parallel or anti-parallel with their momentum. This is known as helicity, and it is
important because only left-handed fermions and right-handed anti-fermions interact

through the weak force in the SM.

e Spin-1 particles: these are the vector bosons, whose exchanges between other particles
represent the fundamental forces in the SM. The photon ()) carries the electromagnetic

force between charged particles, the gluon (g) mediates the exchange of the strong force
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between quarks, and the W* and Z° bosons carry the weak force between quarks and

leptons.

e Spin-0 particle: the only fundamental boson in the SM that is a scalar, rather than a
vector, is the Higgs (H°). It plays a central role in the SM, because the Higgs couplings

to the other particles give rise to their masses [6-8].

Table 2.1: Constituent particles of the Standard Model. The mass of each particle is taken from Ref. [9],
and is indicated below its symbol. Table adapted from Ref. [10].

Fermions Bosons
generation 1 2 3 vector scalar
up-type quarks u c t y H°
(Q=+2/3) 22 MeV | 1.3 GeV | 173 GeV 0 125 GeV
down-type quarks d s b g
(Q=-1/3) 47 MeV | 93 MeV | 4.2 GeV 0
charged leptons e u T W=
Q=-1) 511 keV | 106 MeV| 1.8 GeV 80.4 GeV
neutrinos Ve Vy Ve 70
Q=0 <0.8eV | <0.8eV | <0.8 eV 91.2 GeV

The dynamics of the fields present in the SM are described by a mathematical construct
known as the Lagrangian. To highlight some of the properties of the SM Lagrangian, it is
worth considering the simplified case where only the electromagnetic force is made manifest.
Such is the case of interactions between charged leptons, with photons as mediators. The

SM reduces to quantum electrodynamics (QED), whose Lagrangian is:

-1 -
LQED = —zEy“ape — meJee — ZF'HVF;W _geenyA}l . (21)

kinematics interactions

In the above expression, e represents the electron field, 1, is the mass of the electron, and y* are
the Dirac matrices. The electromagnetic field tensor is defined as F*V = d*A" — d" A", where
A, represents the photon field. The first two terms on the right-hand side of Equation (2.1)
describe the kinematics of the electrons, as per the Dirac equation. Together with the third
term, which encodes the kinematics of the photon, they describe the behaviour of free (non-

interacting) electrons and photons. The fourth term is added to the Lagrangian to illustrate
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electromagnetic interactions. These involve the coupling of electrons to photons, and the

strength of this coupling is represented by g..

The interaction term in the Lagrangian is used to derive observable quantities, such as the
rate at which a given process occurs. In general, an observable is the magnitude squared of

an amplitude A, determined as:

A= (fIS|i). (22)

In the above expression, |i) and (f| denote the initial and final states of the fields. The
operator S is known as the S-matrix, and it is a function of the interaction Lagrangian. In
order to fully describe the process i — f, S must include the contributions from all possible
intermediary states i — m; — my — ... — f. The contribution to the S-matrix of each of these
processes is known as the matrix element, typically denoted by M. One way to calculate
a matrix element is to represent the corresponding process pictorially, in what are known
as Feynman diagrams. Three Feynman diagrams that contribute to the annihilation of an
electron and a positron into a photon are shown in Figure 2.1. The main features of a Feynman
diagram are lines of particles and interaction vertices. By associating each line and vertex
with a particular term, and then multiplying the terms together, it is possible to derive the
matrix element associated with the Feynman diagram. The S-matrix is then the sum of the
matrix elements of all possible Feynman diagrams. The simplest allowed diagram is known
as the leading-order contribution. In the particular case of "¢~ annihilation, it corresponds
to the left-most diagram in Figure 2.1, which leads to the interaction term in Equation (2.1).
The other two diagrams in Figure 2.1 contain additional vertices, each of which reduces
the contribution to the amplitude by a factor of g, ~ 1072. Loops of particles are formed
between the additional vertices, and so these diagrams are said to contribute at loop-level.

By contrast, the left-most diagram contributes at tree-level.
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+ +
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Figure 2.1: Feynman diagrams depicting the production of a photon from electron-positron annihi-
lation, in the presence of a magnetic field (not pictured). The horizontal and vertical axes represent
time and space, respectively. Photon (vector) trajectories are shown as wavy lines, whilst electron
(fermion) trajectories are represented by straight lines. Antiparticles are interpreted as particles mov-
ing backwards in time. The filled dots depict interaction vertices, and are omitted from the other
Feynman diagrams presented in this thesis. The leading-order contribution is shown on the left,
alongside higher-order diagrams that contain a virtual photon emission (middle) and an e*e™ loop
(right).

2.1.1 Symmetries of the Standard Model

Another approach to making predictions using the SM is through its symmetries. This
is by virtue of Noether’s theorem, which states that for any differentiable symmetry of a
Lagrangian involving conservative forces, there exists a corresponding conserved quantity.
One example is the symmetry under translations in space, which leads to conservation of
linear momentum. Other examples include transformations that change individual terms of
the Lagrangian, without modifying the Lagrangian as a whole. These are known as gauge
symmetries, and the QED Lagrangian in particular is invariant under the following pair of

simultaneous transformations:

e — eexp [i0(x)], Ay — Ay - glc?yé)(x). (2.3)

e

The 0(x) term in these expressions represents a local phase shift of the electron field. Gauge
invariance is important because it dictates the form that interaction terms are allowed to
take in the Lagrangian. Moreover, physical observables do not depend on the phases of the
tields involved, and so gauge invariance ensures predictions are consistent across chosen

conventions for the phases.

The gauge transformations that leave a Lagrangian unchanged determine that Lagrangian’s

symmetry group. In the case of L2, the symmetry group is U(1), also known as the circle
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group. Taking into account other interactions introduces additional symmetries, and there-
fore changes the symmetry group. For example, QED is unified with the weak interaction
at and above energy scales corresponding to the mass of the W* boson, my =~ 80 GeV. This
process is known as electroweak unification [11-13], and it leads to a Lagrangian whose
symmetry group is U(1) X SU(2). The former is the circle group characteristic of QED, and the
latter is the special unitary group of order 2; it is the symmetry group of the weak interaction.
Since the strong interaction is invariant under SU(3) gauge transformations, the symmetry

group of the SM is U(1) x SU(2) x SU(3).

Aside from the transformations discussed above, there are symmetries of the SM that are
not directly built into the Lagrangian. These are known as accidental symmetries, and they
typically emerge through properties of the fields present in the Lagrangian. For example, the
fact that neutrinos are massless in the SM leads to a diagonal neutrino mixing matrix. This
matrix relates the neutrino mass eigenstates to the flavour eigenstates. A diagonal mixing
matrix leads to a lack of terms in the SM Lagrangian that couple between lepton generations,

and therefore processes that change the lepton numbers L., L, and L, are forbidden. Each

w
lepton number is calculated by counting the number of leptons of the corresponding flavour,
and subtracting the number of antileptons. This set of conserved quantities forbids the
process u~ — e*e"e”, because the initial state has L, = 0 and L, = 1, whilst the final state has
L, =1and L, = 0. However, the decay u~ — e"v,v, is allowed, because L, = 0 and L, = 1
in both the initial and final states. Experimentally, the latter has been observed to be the

process with the largest rate (nearly 100%), whereas the former’s rate is constrained to have

an upper limit of 10712 at 90% confidence level [9].

Another accidental symmetry is related to the fact that in the SM Lagrangian, the different
lepton flavours couple identically to the vector bosons'. This symmetry is known as lepton
flavour universality (LFU), and there is no a priori motivation behind its presence in the SM.
Despite this, it leads to precise predictions on complementary processes, such as Z° — u*pu~

and Z° — e*e”, that are identical up to the flavour of the leptons present in the final state. As

'The couplings to the Higgs are different, since they are proportional to the masses of the different charged
leptons. The distinction is therefore made between vector bosons (y, g, W*, and Z°) and gauge bosons (includ-
ing both the vector bosons and the Higgs).
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aresult, LFU was tested and found to hold in W* and Z° decays [14,15], as well as in decays

of light mesons [16,17] and of charmonium resonances [18].

2.2 Rare beauty-quark decays

The branch of particle physics where quark flavour plays a key role is known as flavour
physics. Among others, it covers the process that is central to the topic of this thesis: the
b — st*{” transition, whereby a b quark decays into an s quark, with the emission of a
charged lepton-antilepton pair. The quarks in the initial and final states have the same
electric charge, but different flavours. For this reason, b — s{*{~ transitions are examples of
what are known as flavour-changing neutral currents (FCNCs). The fact that electric charge
is conserved at every vertex of a Feynman diagram prevents the W* bosons from mediating
this process at tree level. In addition, tree-level FCNCs cannot proceed via photon or gluon
emission, because the three down-type quarks all have the same gauge representations, and
therefore have the same gauge interactions. Moreover, the Z° boson cannot allow FCNCs at
tree level either, by virtue of having universal couplings to up-type and (separately) down-
type quarks. This, combined with the fact that the Higgs” Yukawa couplings are aligned

with the fermion mass matrices, means that FCNCs cannot proceed at tree-level in the SM.

Given that FCNCs are forbidden in the SM at tree-level, the leading-order SM Feynman
diagrams for b — s{*{~ decays involve loops. The examples for B* — K*{*{~, where the
beauty and strange quarks are bound in a B* and a K™ meson, respectively, are shown
in Figure 2.2. The loops introduce additional electroweak couplings that suppress the rate of
b — st*{ transitions with respect to related processes that are not FCNCs, suchas b — c{v,
decays. The FCNC rates are further suppressed by the fact that the up-type quarks in the
loop introduce factors proportional to their quark masses in the matrix element. This leads
to what is known as the GIM suppression mechanism [19] of FCNCs. In the case of b — s{* ¢~

transitions, the suppression factors go as:

m>
M~ —Vy Vi (2.4)
W
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Figure 2.2: Lowest-order Feynman diagrams allowed in the SM for the B* — K*¢*{~ decay. Since
FCNCs are forbidden at tree-level, these diagrams contain a loop. The diagrams with one W boson in
the loop (top) are examples of penguin diagrams, whereas the one with two W bosons (bottom) is an
example of a box diagram.

In the above expression, the index i runs over the up-type quarks, and V;, and Vj; are ele-
ments of the quark mixing (CKM) matrix that describes how quarks of different generations
mix [20,21]. The top is the only quark that has mass larger than m, and the product V Vs
is largest for i = t. As a result, the leading contribution to the b — s{*{~ rate comes from
loops containing top quarks. This makes b — sf*{~ transitions rare in the SM. In partic-
ular for B* — K*¢*{~ decays, the expected relative decay rates, also known as branching

fractions (B), are O(107°) [9].

The SM interactions that dictate B* — K*¢{*{~ decays are of two types. The first corresponds
to the electroweak effects that govern the b — s{*{~ transition, which are characterised by
energy scales ~ my =~ 80 GeV. The second encompasses the strong interactions between
the quarks that constitute the B* and K* hadrons. Such effects have typical energy scales of
O(107! GeV). Given the separation over three orders of magnitude between short-distance
electroweak and long-distance strong effects, the two types of processes can be factorised.
Large energy scale effects in B* — K*{*{~ decays can then be described using an effective
tield theory (EFT) [22]. In such a framework, long-distance (small energy scale) effects are

separated from short-distance (large energy scale) ones. This is reflected in the effective
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Lagrangian at a given mass scale y; [23]:

Lo = Ly v*g—gZC-( )O:(s) (2.5)
eff — \/E tb t54n 1. i\Us)UilUs) - .

This expression is analogous to the 4-point interaction of Fermi theory [24]. Fermi’s con-
stant is denoted by Gr, g, is the electromagnetic coupling, and Vy, and V;, are elements of
the quark mixing matrix. Interactions at scales below u, are encompasses by the Wilson
operators O;(i;), where the index i runs over a complete basis of operators. Similarly, effects
characterised by energy scales above p; are encoded by the Wilson coefficients Ci(us). In the

case of b — s{*{~ transitions, the most relevant Wilson operators are:

07 = % §0HVbR P”V, 0/7 = % EO‘uva P!w,

Oy = Fy.bL byPe, O, = Fy.br OyFC, (2.6)
O = syubr z7/”7/55, 0,10 = Syubr ZVH%{-

In the above expressions, y* and y;5 are the Dirac matrices, my, is the mass of the b quark, and
o = L[y#,7"]. The L and R indices denote left and right helicities, respectively. Given that
W= bosons only couple to left-handed particles, the coefficients of the primed observables
are suppressed by O(m;/m;). The other Wilson coefficients have the following SM values at
Us = my [23]:

CcM=-03, CM=+42, C}'=-42. 2.7)

2.3 Experimental results on beauty-quark decays

Over the past few years, a pattern has been emerging between measurements of b-quark
decays [2,25-64]. They are collectively referred to as the “flavour anomalies”, and they
manifest themselves as tensions between experimental results and their SM predictions.
Particularly for b — sf*{~ transitions, some of these tensions are above 2¢. Such levels
of departure from the SM are not sufficiently large to rule out statistical fluctuations, and
so further studies are needed. The rest of this section presents some of the anomalous

observables, grouped according to their type.
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Figure 2.3: Examples of differential branching fraction measurements. Starting from the top left
and going clockwise, these are LHCb measurements of: B* — K*u*u~ [26], B® — KOu*tu~ [27],
BY — ¢u*u~ [28], and Ag — Autu” [29]. The experimental results are depicted in black, whereas

the SM predictions are represented by the coloured regions. The gaps in the > spectra are due to
selection cuts that veto contributions from the J/i and 1p(25) charmonium resonances.

2.3.1 Differential branching fractions

The SM predicts that decays of beauty hadrons that involve b — s{*¢~ transitions are rare,
forreasons given in Section 2.2. To test this, the differential branching fractions of several such
b-hadron decays have been measured, as a function of the dilepton invariant mass squared (42).
To date, the experimental precision is driven by the LHCb experiment [65,66], which is de-
scribed in Chapter 3. Figure 2.3 shows, as examples, the most precise measurements of the
differential branching fractions of four decay modes that involve b — su*u~ transitions.

They are: B* — K*u*u~[26], B® = Ku*u~ [27], B — ¢utu~ [28], and A) — Ap*u~ [29].

It can be seen that all experimental results at 4> < 8 GeV” are consistently below the SM
predictions. However, theory and experiment are still compatible to within 2-3 standard
deviations, which means that one cannot rule out the SM hypothesis. The experimental
results are dominated by systematic uncertainties related to the normalisation channels and
theory parameters. Calculating the SM predictions themselves is made complicated by

strong-interaction effects that cannot be described using techniques such as perturbation
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theory, thus leading to what are known as hadronic uncertainties. An example is the internal
structure of the b hadron: it is encoded in parameters, known as form factors, that have to
be computed non-perturbatively. Another example consists of contributions from Feynman
diagrams that are higher-order than the ones depicted in Figure 2.2. Such contributions have
to be calculated non-perturbatively if they involve higher-order b — ccs processes, where

the cc pair forms a loop.

2.3.2 Angular observables

There are b — s{* ¢~ observables whose SM predictions are more precise than the correspond-
ing differential branching fractions. This includes parameters that describe the distributions
of the angles between the particles involved in a b — s{*¢~ transition. These are known as
angular observables, and they are computed from amplitudes that can be changed by NP
contributions in different ways. As a result, angular distributions provide discriminating
power between different types of NP. Angular observables have been measured by several
experiments in various decay modes [29,31-42]. One example of an angular observable is
Pg, which is designed such that its hadronic uncertainties are small thanks to the form factors
cancelling out to first order [67]. The experimental precision on P; is driven by LHCb, whose
results from B — K*u*u~ [41] and B* — K**u*u~ [42] data are shown in Figure 2.4. Like
with the differential branching fraction results, there are tensions of 2-3 standard deviations
between the data and the SM predictions [68-72]. The latter can be systematically biased,
because the theory community have not yet reached a consensus on the uncertainties in the

predictions caused by contributions from cc loops.

2.3.3 Purely leptonic FCNC decays

The observables presented in Sections 2.3.1 and 2.3.2 are difficult to predict in the SM due
to the strong interaction. This diminishes the discriminating power between statistical ef-
fects and genuine physics beyond the SM. To address this, studies are conducted on FCNC
observables for which the theory uncertainties are small. These are known as theoretically-

clean observables, two examples of which are the branching fractions of the B — u*u~
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Figure 2.4: Experimental measurements of the angular observable P, as extracted from
BY - K0u*u~ [41] (left) and B* — K**u*pu~ [42] (right) LHCb data. The SM predictions [68-72]
are depicted by the filled boxes. The gaps in the g> spectra are due to selection cuts that veto
contributions from the J/1i) and ¢(25) charmonium resonances.

and B — u*u~ decays. The corresponding leading-order SM Feynman diagrams are topo-
logically identical to the ones presented in Figure 2.2, as exemplified on the left-hand side
of Figure 2.5. However, the fact that there are only leptons in the final state reduces the theory
uncertainty to O(1%) [73]. The branching fraction of the BY decay has been measured by the
ATLAS, CMS, and LHCb collaborations, who also set upper limits on 8(B" — u*u~) [43-45].
Combining the three sets of measurements leads to an average that is in tension with the SM
prediction at the level of 2.1 ¢ [46], as shown on the right-hand side of Figure 2.5. This is a
similar level to the one seen in the differential branching fractions and angular observables.
Like with other anomalies, decays of beauty hadrons with muons in the final state are found
to have branching fractions below the theoretical predictions. Since the combined result,
LHCb has updated their measurement [47,48], which is in good agreement with both the
SM prediction and the result used in the combination with ATLAS and CMS.
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Figure 2.5: (Left) Leading-order Feynman diagrams for B! — u*u~. (Right) Combined average
of ATLAS [43], CMS [44], and LHCb [45] results on the branching fractions of B! — u*u~ and
BY — u*u~ [46]. The central value of the average is shown in black, alongside coloured contours
depicting 1-5 o confidence regions. The SM prediction is shown in red.
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2.3.4 Ratios of branching fractions

Another way to reduce hadronic uncertainties on FCNCs is to consider the fact that leptons
are not affected at leading order by the strong interaction. This means that strong-force
effects are expected to be the same in processes that are identical up to the lepton flavour
involved. For this reason, theory uncertainties related to form factors and cc loops do not

impact at leading order the following class of observables:

Tmax dB(Hb - Hf;—fl_)dqz

q?nin dqz
RH = B . (28)
T dB(H, — HEE)
7 dg
qrznin dq

In this expression, Ry is a ratio of differential branching fractions, integrated over values
of dilepton invariant mass squared 4* € [¢2. , g2.,]. The particle denoted by H, can be any
hadron with a valence b quark. The H in the final state can be either a particle, such as a K*,
or a system of particles like pK~. The final states in the numerator and the denominator differ
only by the flavour of the leptons £} and £5. This makes SM predictions accurate, by virtue of
the LFU symmetry discussed in Section 2.1.1. Given that electrons and muons have masses
that are negligible compared to those of b hadrons, Ry ratios involving electrons and muons
are predicted to have values close to 1, with O(1%) precision [71,74-82]. Small deviations
from unity are expected as a result of effects such as QED corrections, and minute phase
space differences arising from the different electron and muon masses. Larger deviations are

expected when taus are involved, since their mass is comparable to that of b hadrons.

An example of an Ry ratio is the case where (Hy, H, €1, {;) = (B°, K, y, e) . This observable,
known as Rx-, has been measured by LHCb and found to be in tension with the SM [71,74-80]
at levels above 2 g, as shown on the left-hand side of Figure 2.6 [49]. Ratios where H isa D or
a D*, and ¢; and ¢, are taus and muons, have also been measured [50-58]. They are denoted
by Rp and Rp-, and are examples of b — c{~v, transitions. Such processes can be mediated at
tree-level by W* bosons, which leads to enhanced branching fractions compared to FCNCs.
The combination of these results is shown on the right-hand side of Figure 2.6, alongside the

SM predictions [83,84]. The average is in tension with the SM at the level of 3.1 0 [59].
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Figure 2.6: Measurements of the LFU-sensitive ratios Ry-o [49] (left) and Ry [50-58] (right). The Ry.o
LHCb measurement (black bins) is shown alongside SM predictions [71,74-80] (coloured bins). The
Rp and Rp- results are shown together with their combined average [59] at 10 and 3 ¢ confidence
levels (filled and dotted red, respectively) and the SM predictions [83,84] (black).

2.4 New Physics in b — sf*¢~ transitions

It is shown in the previous section that the SM does not perfectly model experimental results
on several b-hadron decays, including observables that are theoretically clean. Even if the
discrepancies are caused by statistical fluctuations, there are several other observations that
the SM cannot yet describe. It does not incorporate gravity, and it does not provide an
explanation for effects attributed to so-called dark matter [85,86]. Furthermore, the SM
does not fully account for the observed imbalance between matter and antimatter [87, 88].
It is therefore clear that the SM is incomplete, and would have to be extended in order
to incorporate such phenomena. One way of doing so is to search for new particles and

interactions, collectively referred to as New Physics (NP).

Investigating the b — s{*{~ processes described in Section 2.2 represents a potential av-
enue towards extending the SM, since NP doesn’t necessarily exhibit the same suppression
mechanisms as the SM. This is illustrated by the Feynman diagrams in Figure 2.7, where
the b — s{*{~ process is mediated at tree-level by NP particles. If possible, such transitions
would be enhanced with respect to their loop-level SM counterparts. This would lead to
deviations of observed quantities away from their SM predictions, such as the ones seen in

the case of the flavour anomalies.

ZBaryon number is equal to a third of the difference between the numbers of quarks and antiquarks.
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Figure 2.7: NP processes that could allow the b — s¢*{~ transition ina B* — K*{*{~ decay to proceed
at tree-level. On the left, the decay is mediated by a leptoquark (LQ) that breaks baryon? and lepton
numbers individually, but conserves their difference. On the right, the mediator is a Z’ vector boson
with non-universal couplings to the second and third generation of quarks.

In the case of b — s¢*¢~ and b — ¢V, transitions, the mediators are virtual. As such, the
anomalies presented in Section 2.3 are examples of indirect searches. Direct searches such as
the ones presented in Refs. [89,90], where NP particles are produced and then decay, have
also been conducted. No signal has been observed thus far, indicating that any NP is likely
characterised by energy scales above the ones accessible to direct searches; currently, these
are O(TeV). Indirect searches are able to access higher energy scales, since virtual particles
can contribute to the loop even if their physical mass is larger than the difference in mass
between the final- and initial-state particles. In the EFT context introduced in Section 2.2,
this means that at y; ~ m, NP would manifest itself as a shift of the Wilson coefficients (C;)

away from their SM predictions:

Ci=CM+CN. (2.9)

In the above expression, the Wilson coefficients are written as the sum of their expected SM
values — the C?™ introduced in Equation (2.7) — and NP contributions CN*. This allows the

definition of two possible scenarios:

e H, = “the SM can describe the flavour anomalies”: C’?IP =0,VYi;and

.Hl

“NP is required to explain the flavour anomalies”: 3i such that CN" # 0 .

These two hypotheses have been tested based on the observed flavour anomalies, in what

are referred to as global fits [72,91-98]. Generally, this is done using a global likelihood
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function in the space of Wilson coefficients [99]. After allowing some or all C}'* of a given
complete basis to be nonzero, maximum-likelihood fits to experimental data are performed
to find the set of Wilson coefficients that best describes the observations. The significance of
H; with respect to Hj is then obtained from the values of the likelihood at the SM and the

best-fit points.

Depending on the observables included in the fit, and on the assumptions made about the
NP contributions to the Wilson coefficients, global fits generally find that the NP hypothesis,
H;, is favoured over the SM hypothesis, Hy, by more than 50. Two global fits are given as
examples in Figure 2.8 [91]. They use the same data, but make two different assumptions
on the nature of possible NP. The fit on the left allows nonzero NP contributions to Cy and
C1o in the muon sector. The fit on the right considers cases where the Cy of all three lepton
flavours is universally shifted away from the SM value, and the Cy and Cyy of muons are
turther shifted by contributions that have the same magnitude, but opposite signs. Both
NP scenarios are significantly favoured over the SM. It can be seen that different anomalies
prefer complementary regions of parameter space, thus leading to preferred NP values that

are well constrained.

Global fits performed in an EFT framework, such as the ones shown in Figure 2.8, indicate
that the flavour anomalies could be explained coherently by NP that manifests itself through
the Wilson coefficients. This motivates the construction of complete theories that can explain
the flavour anomalies through new particles and interactions. Some of these new particles
could mediate b — s{*{~ transitions at tree-level, as shown in Figure 2.7, and could couple
differently to the three quark and lepton generations [100-139]. Different quark-flavour
couplings could explain why the anomalies are prevalent in b-quark decays, i.e. the heaviest
generation. Different lepton-flavour couplings would lead to the violation of LFU, which
could explain the anomalies presented in Section 2.3.4. Some NP models, such as those
presented in Refs. [140-146], provide explanations for both the flavour anomalies and the

recent measurement of the magnetic moment of the muon [147].
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Figure 2.8: Global fits to flavour anomalies [91]. Each plot shows three regions in parameter space
that are preferred by the data at 1 o (dark colours) and 2 ¢ (light colours) confidence levels. The orange
regions are preferred by results on differential branching fractions [26,27,29,30] and angular observ-
ables [31,41,42]. The blue regions are preferred by the measured values of Rk [2] and Ryo [49,148],
as well as B(B? — pu*u~) [46] and correlated observables [36]. The red regions are preferred by all
the aforementioned measurements combined. The fits consider NP scenarios that either only affect
muons (left), or that affect all lepton flavours universally, on top of a muon-specific contribution
(right). The SM lies at the origin of each plot. The fits are performed using the flavio software
package [79], alongside the global likelihood function provided by smelli [99].

2.5 The observable Rx

Given the landscape of possible NP, further studies of the flavour anomalies are required
to make a definitive statement on whether the SM can fully describe these processes. Ob-
servables of the type defined in Equation (2.8) are particularly important, by virtue of their
precise SM predictions. This thesis presents the most precise measurement to date of one

such observable: .
qmax dB(B+ [N K+[u+‘u_)

2
2 dg? %
Ry = o . (2.10)
mx dB(B* — K*ete?) | ,
2 dq
qrzr\in dq

The ratio Rx had been measured previously by the BaBar [60], Belle [61,62], and LHCb [2,63]

collaborations. These results are summarised in Figure 2.9, where it can be seen that the
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Figure 2.9: Experimental status of Rx prior to the result presented in this thesis. The most precise
measurement at the time [2] is shown in black. It was performed by the LHCb collaboration, and it
supersedes the previous result [63], which is depicted in grey. Shown in green and blue are the results
from the BaBar [60] and Belle [61] collaborations, respectively. The latter has since been updated [62].
experimental precision on Ry is driven by the LHCb measurement® that made use of data
collected up until the year 2016 [2]. This result is in tension with the SM prediction at the level
of 2.50. The measurement presented in this thesis benefits from an approximate doubling
of the available dataset. As such, given that the uncertainty on R is dominated by statistics,

the expected V2 factor gain in precision is crucial for the better understanding of the bigger

picture formed by the flavour anomalies.

The following chapter presents the experimental apparatus used for the presently described
measurement of Rx. Subsequently, the experimental procedure itself is covered by Part II of

this thesis.

3The ¢* range for this measurement is chosen to be different from the ones employed by other experiments,
for reasons discussed in Section 4.3.1.



Chapter 3

The LHCDb experiment

This chapter describes the experimental setup used to produce the Rx measurement that
represents the topic of this thesis. Section 3.1 describes the Large Hadron Collider, which is
used to accelerate and collide protons. These collisions produce B* mesons, whose decays
are reconstructed by the LHCb detector and used to measure Rg. Section 3.2 describes the
processes and techniques employed at LHCb to measure B* decays. The flow of information
recorded by the LHCb detector is made manageable by means described in Section 3.3, and

the techniques used to simulate LHCb data are summarised in Section 3.4.

48
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3.1 The Large Hadron Collider

The currently-largest particle accelerator in the world is the Large Hadron Collider (LHC) [149]
at the European Organisation for Nuclear Research (CERN). It is a circular collider 27 km
in circumference, situated approximately 100 m below the region surrounding the Franco-
Swiss border near Geneva. The majority of LHC’s operation time is devoted to accelerating
protons to speeds close to the speed of light, and then colliding them in bunches at four
points along the circumference of the collider. At each of these interaction points lies a main
detector specialised in measuring the particles resulting from the collisions. Two of them,
ATLAS [150] and CMS [151], are designed to be general-purpose detectors. The other two,
ALICE [152] and LHCb [65, 66], specialise in heavy ion collisions and heavy flavour physics,

respectively.

The rate at which pairs of beauty hadrons are produced by the proton-proton interactions at
the LHC is given by:

dN
E =L Opp: (31)

In this expression, .L represents the instantaneous luminosity, which is a measure of how
frequently protons collide. When integrated over time, it is referred to as the integrated
luminosity, and it corresponds to the amount of data collected in a given period of time.
The integrated luminosity recorded by the LHCb detector is presented in Section 3.1.1. The
0,; term represents the cross-section for the production of pairs of beauty hadrons in the
proton-proton collisions. This quantity depends on the centre-of-mass energy at which the
protons are collided, +s. At scales relevant to the LHC environment, the dependency is

found to be approximately linear [153]. Therefore, increasing +/s also increases the number

of produced beauty hadrons by a similar amount.

Up until the time of writing, there have been two distinct periods devoted to data collection.
These are called Run 1 and Run 2. Run 1 started in 2011}, and involved colliding proton

bunches at s = 7 TeV, with a frequency of 20 MHz. The collision energy was raised

1Some data were recorded in 2010, however they are challenging to calibrate and their statistics are small.
They are therefore seldom used in analyses.
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to Vs = 8 TeV during 2012, after which the LHC was turned off for nearly two years.
This period, known as Long Shutdown 1 (LS1), saw improvements to the detectors and the
accelerator complex, which ultimately allowed proton bunches to be collided at v/s = 13 TeV,
with a frequency of 40 MHz. These conditions persisted throughout Run 2, which began in
2015 and ended in 2018.

3.1.1 LHCDb data collection

The LHCb collaboration has collected approximately 9 fb~' of integrated luminosity through-
out Run 1 and Run 2, as shown in Figure 3.1. The bb cross-section scales approximately
linearly with centre-of-mass energy, and so every unit of integrated luminosity from Run 2
contains roughly twice as many b hadrons as the same amount taken during Run 1. To
reflect this, four terms are used throughout this thesis to refer to four data-taking periods

with similar statistics:
1. “Run 1”: data taken during 2011 and 2012;
2. “Run 2.1”: data taken during 2015 and 2016;
3. “2017”: data taken during 2017;
4. “2018”: data taken during 2018.

The latter two years combined are referred to as “Run 2.2”. When taken together, Run 1 and
Run 2.1 are referred to as “previous data”, because they constitute the dataset used in the

preceding Rx measurement at LHCb.

3.2 Particle detection at LHCb

The LHCb detector reconstructs an event, such as the decay of a B meson, by extracting
as much information as possible from the resulting particles. Different particle properties
are best obtained using different technologies, so the LHCb detector consists of several

subsystems that complement each other. A schematic of the LHCb detector, showing its
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Figure 3.1: Cumulative integrated luminosity recorded by the LHCb experiment from its inception
until LS2.

subdetectors, is shown in Figure 3.2. It corresponds to the projection in the (z, y) plane. The
z axis follows the direction of the LHC beam line, whereas the y axis points in the vertical
direction. The interaction point is located at z = 0, and going towards increasing values of z

is referred to as the “downstream” direction; the opposite direction is known as “upstream”.
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Figure 3.2: Cross-section in the (z, y) plane of the LHCb detector. The various labelled subdetectors
are described in the main body. Diagram taken from Ref. [65].

In proton-proton collisions, heavy-flavour quarks tend to be produced at low angles with
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respect to the z axis [154]. Since heavy flavour physics represents the core of the LHCb physics
programme, the LHCb detector is designed to cover the very-forward longitudinal angle
region 0 € (10 mrad, 250 mrad). This corresponds to the pseudorapidity range n € (2, 5),
where pseudorapidity is defined as 7 = —In [tan (6/2)].

3.2.1 Energy loss mechanisms

There are several ways in which incoming particles interact with the LHCb detector and lose
energy. The amount of lost energy depends on properties of both the detector material (e.g.
the atomic number), and the incoming particle (e.g. its speed). The rest of this subsection

discusses the energy loss mechanisms that dominate in the LHCb environment.

The quantity under discussion is the mass stopping power, defined as the average energy
loss per distance travelled through a medium. The mass stopping power as a function of
By is shown in Figure 3.3, alongside the kinematic regions that correspond to typical muons
and electrons at LHCb. In the case of charged particles with gy approximately between
107! and 10°, the dominant process for energy loss is the interaction with the electrons of
the medium. Incoming particles pass energy onto these electrons, which then either excite
or ionise the atoms. In this kinematic regime, the Bethe formula can be used to calculate
the mass stopping power with O(%) precision [9]. The resulting spectrum of mass stopping
power is characterised by a sharp drop at fy < 1, followed by a wide minimum, and a
slow logarithmic rise. Particles around the minimum are known as minimum ionising
particles, and are typically capable of traversing considerable amounts of material before

being stopped.

At higher values of By, another mechanism leads to average energy losses larger than
those caused by ionisation and excitation. The underlying process for this mechanism is
the radiation of photons by the traversing particle, in the presence of the electromagnetic
potential of the nuclei® in the medium. The resulting photons are highly collinear with

the passing particle, and are known as bremsstrahlung radiation. The dominant effect that

The potential of the electrons may also cause radiative losses, but to a lesser extent.
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Figure 3.3: Mass stopping power (average energy loss) in copper, as a function of the gy of the
incident particle. Individual contributions from ionisation and radiative losses are shown by the
dashed purple and dotted orange lines, respectively. The solid line shows the total mass stopping
power, coloured to reflect the dominant contribution. Regions corresponding to muons and electrons
in the LHCb environment are shown in red and blue, respectively. Figure adapted from Ref. [9].

causes these photons to lose energy is the production of e*e™ pairs, as a result of interactions
with the atoms in the traversed material. The resulting electrons and positrons produce
further bremsstrahlung radiation, which leads to additional ee™ pairs and so on, until the
kinetic energy of the initial particle becomes low enough that other energy-loss mechanisms

become dominant. This phenomenon is known as an electromagnetic shower.

In particular for the LHCb environment, it can be seen that muons are on the logarithmic rise
of the Bethe function, and therefore have small average energy losses. By contrast, electrons
lose large amounts of energy through bremsstrahlung radiation. This leads to significant

differences between the detection and reconstruction strategies of electrons and muons.

Hadrons such as pions and kaons are more massive than muons, which means they also lose
small amounts of energy through ionisation. However, they also interact through the strong
force with the detector material. As a result, hadrons produce showers that are qualitatively
similar to the electromagnetic showers produced by photons and electrons. They differ
through their composition (since they contain some hadrons such as pions) and through the

amount of material needed to initiate and contain such showers.
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3.2.2 Measuring particle energies

Given the differences between the way photons, electrons, muons, and hadrons interact with
matter, the LHCDb detector uses different methods to reconstruct the energies of incoming
particles. In the case of electrons and photons, the energy is determined using the elec-
tromagnetic showers produced in the ECAL [155]. This subdetector, depicted by the light
blue rectangle in Figure 3.2, is able to measure shower energies (E) with a resolution of
1% & 10%/ VE (E in GeV) [65]. It consists of layers of active (detection) material, interleaved
with passive (absorption) layers. The latter are made of lead, whose density and high atomic
number facilitate the development of electromagnetic showers. The former are scintillation
plates, meaning that light is emitted when particles pass through the material. The light
is sent through wavelength-shifting fibres to photomultiplier tubes that generate an elec-
trical signal proportional to the amount of scintillation light, notwithstanding thresholds
and saturation levels. The energy contained in the electromagnetic shower that caused the

scintillation is therefore inferred based on the signal from the photomultiplier tubes.

The ECAL is aided by two pads of scintillator that are placed in front of it. These are called the
preshower (PS), and the scintillating pad detector (SPD). Their position relative to the ECAL
is depicted in Figure 3.4, alongside the locations of the showers produced by different types
of particles. Only charged particles are expected to initiate showers in the SPD, and therefore
this detector is useful in separating neutral and charged incoming particles. The PS facilitates
the formation of electromagnetic showers, thus making electrons and photons easier to stop

by the ECAL.

To reflect the different numbers of incoming particles at different angles, the scintillators
(referred to as cells) that form the ECAL, PS, and SPD active layers have different dimensions
in the (x, y) plane. As shown on the left-hand side of Figure 3.5, there are three different
regions. The outer region is farthest from the beam line, where the flux of incoming particles
is smallest. As a result, this is where the cells have the largest cross-sectional area (12.12 X
12.12 ecm?). The segmentation is finer in the middle region, where the cells are 6.06 x6.06 cm?

wide. Closest to the beam line, in the inner region, the cells have an area of 4.04 X 4.04 cm?.
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Figure 3.4: Layout of the LHCb calorimeter system in the (z, y) plane. Showers initiated by incoming
photons, electrons, and hadrons are shown in white. The coloured rectangles depict the subdetectors
that make up the calorimeter system, whilst the black rectangle represents the lead absorption layer
placed between the SPD and the PS. Diagram taken from Ref. [10].
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Figure 3.5: Segmentation of the detectors that form the calorimeter system. Shown on the left is the
configuration of the ECAL, SPD, and PS, and shown on the right is the layout of the HCAL. The

inner, middle, and outer regions are separated by the blue, purple, and red rectangles, respectively.
Diagrams adapted from Ref. [156].
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Given that hadrons are more difficult to stop than photons and electrons, the majority of
them are not expected to initiate showers in the ECAL. Instead, hadronic showers are mostly
contained by the HCAL. This subdetector, depicted by the dark blue rectangle in Figure 3.2,
has an energy resolution of (69 + 5)%/ VE ® (9 £ 2)% [65], where E is the shower energy in
GeV. It is placed downstream of the ECAL, and employs the same strategy of interleaving
layers of detection and absorption material. Like the ECAL, the HCAL also consists of regions
with different scintillator sizes, as shown on the right-hand side of Figure 3.5. The difference
lies in the number of regions, and the areas of their corresponding cells. The inner region
contains cells 13.13 X 13.13 cm? wide, whereas the cells in the outer region have an area of

26.26 X 26.26 cm?.

3.2.3 Muon detection

Five detection stations interleaved with iron absorbers are placed at the downstream end
of the LHCb detector. They are called the muon stations [157,158], and are depicted by
the green rectangles in Figure 3.2. Most particles that are not muons are expected to stop
before they reach the muon stations, thus making this subsystem particularly useful in
discriminating muons from other particles. The first station, M1, is placed upstream of
the SPD, in order to improve measurements of muon transverse momentum (pr). The
other four stations, M2-M5, are situated downstream of the HCAL. Each station consists
of 276 chambers that detect incoming charged particles. As with the ECAL and HCAL,
the granularity is finer close to the beam line, where most incoming particles are expected
to traverse the detector. The 12 inner-most chambers of M1, where radiation damage is
expected to be largest, are gas electron multiplier detectors [159]. The other chambers are
multi-wire proportional chambers [160]. Both types of chambers are examples of gaseous
ionisation detectors, whereby charged particles are detected based on the ionisation they

produce as they traverse gas-filled chambers.
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3.2.4 Tracking

Aside from estimating the energy of incoming charged particles, ionisation is also used
to measure particle momenta. When passing through a magnetic field, a charged particle
is bent in a helix whose radius is proportional to the particle’s momentum. Therefore,
determining the trajectory of a charged particle in a magnetic field leads to a measurement
of its momentum. This is called tracking, and the subdetectors that perform this at LHCb
employ several techniques to locate the ionisation caused by incoming charged particles.
The technologies are chosen based on factors such as required momentum resolution and

radiation hardness, however they all rely on ionisation.

There are four tracking stations at LHCb. Three of them, denoted by T1, T2, and T3 in Fig-
ure 3.2, are placed downstream of the magnet. They are instrumented differently depending
on the proximity to the beam line, to reflect the larger number of tracks at small angles. The
large-angles region is known as the Outer Tracker [161,162], and it consists of straw tube
detectors. The region close to the beam line is referred to as the Inner Tracker [163], and
it is instrumented with silicon microstrip sensors. The other tracking station is called the
Tracker Turicensis (TT in Figure 3.2) [164]. It is placed upstream of the magnet, and like
the inner tracker it features layers of silicon microstrip detectors. The overall momentum

resolution ranges from 0.5% at low momentum to 1.0% at 200 GeV [66].

The magnet [165] used to bend charged particles is a warm dipole that produces a predom-
inantly vertical magnetic field of up to 1.1 T. The integrated magnetic field along the path
of a traversing particle is approximately 4 Tm, leading to an average pr kick of approxi-
mately 1.2 GeV. During data taking, the direction of the magnetic field, also known as the
polarity, changes periodically between the positive and the negative y-axis direction. The
two configurations are referred to as “MagUp” and “MagDown”, respectively. Changing
the magnet polarity reduces systematic effects induced by positively-charged particles being

bent in opposite directions from negatively-charged particles.
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Figure 3.6: Cross-sections of the VELO. Shown at the top is the projection in the (z, x) plane, at
y = 0, during stable beam conditions. The front of the first module when the two halves are fully
closed and fully opened is shown on the bottom left and bottom right, respectively. Diagrams taken
from Ref. [65].

3.2.5 Vertexing

Tracking is complemented by a subdetector, known as the Vertex Locator (VELO) [166,167],
designed specifically to determine the points at which particles produced at the interaction
point decay. This is important for the LHCb physics programme, because beauty and charm
hadrons travel a short distance before decaying, and can therefore be isolated from shorter-
lived particles. In particular, the VELO allows LHCb to measure decay times with a resolution

of approximately 45 fs for B decays [66].

A schematic of the VELO is shown in Figure 3.6. Out of all LHCb subdetectors, it is located
closest to the interaction point. It contains 42 modules placed evenly on either side of the
beam line, along the z axis. Each module features two semi-circular sensors that have silicon
strips arranged along different trajectories. One of the sensors has radial strips, whilst the
other has semicircular strips. Therefore, the former sensor measures the polar angle, and
the latter determines the radial distance. During data taking, the modules are positioned
approximately 8 mm away from the beam line. To prevent damage from potentially unstable

beams, this distance is increased to around 3 cm when LHCD is not taking data.
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3.2.6 Particle identification

As discussed in Section 3.2.1, the calorimeters are able to distinguish between photons,
electrons, and hadrons, based on the locations of the particle showers they initiate. Similarly,
muons can be identified from the fact that they tend to be the only particles that are not
stopped before the muon stations. To further facilitate the identification of particle species,

LHCDb also uses two ring-imaging Cherenkov (RICH) detectors [168,169].

When a charged particle passes through a medium at a speed faster than light would have
in said medium, photons are emitted. This is called Cherenkov light, and the angle it forms
with respect to the particle’s trajectory (6.) depends on the speed of the particle () and the

refractive index (1) of the medium:
0. = arccos(1/np). (3.2)

This means that the speed of an incoming particle can be determined by measuring the
Cherenkov angle 0.. When used in conjunction with the momentum measured by the

tracking stations, this leads to an estimate of the mass:

2

2_( 1 )2_ p
= ncos0,)  p*+m?

=>m=p+(ncosf,)*—-1. (3.4)

(3.3)

In the RICH detectors at LHCb, Cherenkov light is focused by an optical system onto an
array of hybrid photon detectors. The optical system contains spherical mirrors that focus
the Cherenkov photons emitted by a given particle into a circle, called a Cherenkov ring. The
radius of a Cherenkov ring depends on the angle 0.. The expected pattern under each mass
hypothesis is compared to the measured photons, and a likelihood is calculated. Particle

type is thus inferred using the likelihood ratio with respect to the pion mass hypothesis.

In order for a particle to produce Cherenkov radiation, it must have a minimum speed:
Bmin = 1/n. The larger the refractive index, the lower the momentum threshold for Cherenkov

radiation. However, Equation (3.2) shows that larger refractive indices lead to larger
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Cherenkov angles, which require bigger detectors to reconstruct. To address this, two RICH
stations are used at LHCb, RICH1 and RICH2. They contain different gases, and so they
are optimised for complementary momentum ranges. The station closest to the interaction
point, RICH1, uses C4Fy gas®, which has a higher refractive index than the CF, gas used by
the second station, RICH2. The proximity to the interaction point also allows RICH1 to cover
a larger acceptance than RICH2. As a result, RICH]1 is optimal for low-momentum parti-
cles, whereas RICH2 performs best on high-momentum particles. The characteristics of each
RICH station are summarised in Table 3.1, and the particle identification (PID) performance
is illustrated in Figure 3.7. It can be seen that there are regions in the (p, 0.) plane that are

populated by particles of certain species.

Table 3.1: Characteristics of the two RICH stations.

Station | Refractive index Optimal momentum Horizontal Vertical
range [GeV ] acceptance [mrad] acceptance [mrad]

RICH1 1+1.4x%x107° [10, 60] [+25, +300] [+25, +250]

RicH2 1+4.8x10* [15, 100] [£15, +120] [+15, +£100]

Cherenkov Angle (rads)

80
160
40
20

1 PR TR B A B T | 0

10?
Momentum (GeV/c)

Figure 3.7: Angles at which Cherenkov light is produced in RICH1 by particles with various mo-
menta. The annotations indicate regions in the plane that are mostly populated by particles of the
corresponding species. Plot taken from Ref. [169].

3 Aerogel was also used in the RICH1 during Run 1. It was removed to facilitate ring reconstruction.
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3.3 The flow of data at LHCb

Given thata full LHCb event has a size of around 100 kB, storing the information recorded by
the detector is made challenging by the 40 MHz rate at which particle bunches are collided
by the LHC. To address this, data are required to pass several filtering stages before they are

stored and made available for physics analyses.

The first filtering layer is the trigger [170], which consists of two stages. The first one is
hardware-based, and is called the LO trigger. Its role is to reduce the flow of data to a rate
that allows the entire detector to be read out: from 40 MHz to 1 MHz. This imposes a
upper limit of 25 ns on the time window of each subdetector used by the L0 trigger. Hits in
the muon chambers are found to have a time resolution between 2.5ns and 4.0ns [171]. In
the calorimeters, the detected signal pulses are generally longer than the nominal read-out

window of. To take this into account, the signal is clipped to fit within 25ns.

Events that pass the LO trigger are reconstructed and further analysed by the HLT, which is
the next step in the trigger selection. It is software-based, and reduces the rate to 5 kHz in
Run 1, and 12.5 kHz in Run 2. This allows the events to be fully reconstructed offline and
stored. To ease the burden on computing resources, an additional filtering stage is executed
before the data is made available to analysts. It is called the stripping, and it consists of
loose cuts that improve the quality of selected candidates. By the end of 2020, LHCb data
and simulation amounted to 74.6 PB of tape storage, and 35.4 PB of disk storage [172]. The

former covers raw data, whilst the other contains simulated samples and processed data.

An additional data stream was introduced in Run 2 to allow more events to be stored. It
is called Turbo, and it involves directly saving the candidates reconstructed by the HLT
to disk. This means that Turbo events do not undergo full reconstruction, however the
HLT reconstruction during Run 2 is identical to the offline reconstruction. Since the offline
reconstruction stage is skipped, data can be collected at a higher rate, thus enabling the
Turbo stream to collect more events. However, only candidates reconstructed by the trigger
can be recorded, and therefore Turbo data cannot be used in cases where information about

the underlying event is necessary to the analysis.
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3.4 LHCDb simulation

Simulated events undergo the same filtering stages described in Section 3.3 for the data.
Proton-proton collisions are generated using PYTHIA [173,174] configured specifically for
the LHCb environment [175]. The resulting hadronic particles, as well as their decays, are
simulated by EVTGEN [176]. Furthermore, PHOTOS [177] is used to account for final-state
radiation. Finally, the interactions between the simulated particles and the LHCb detector

are modelled by the GEANT4 [178] toolkit.

For analysis purposes, the distinction is made between two types of simulation samples.
When the final-state particles are not propagated through the detector and reconstructed,
the samples are referred to as generation-level simulation. This allows the study of detector
effects such as geometrical acceptance and reconstruction. If, instead, the final-state particles

are treated in the same way as data, the result is reconstruction-level simulation.
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Chapter 4

Measurement strategy

Following the theoretical overview of Rx and the description of the LHCb detector in Part I,
the experimental procedure for measuring Rx at LHCb is presented in Part II. It opens
with this chapter, which summarises the practical aspects that drive the measurement strat-
egy. Section 4.1 describes the final states relevant to the analysis. Then, Section 4.2 explains
how the definition of Rx from Equation (2.10) is adapted to address certain experimental
challenges. Finally, Section 4.3 provides an overview of the selection employed to collect the

data used in the Rx measurement.

The measurement strategy closely follows the one designed and implemented by Dr. Paula
Alvarez Cartelle and Dr. Thibaud Humair for the previous LHCb Rkx measurement [2].

Results that constitute original work are highlighted where appropriate.

64
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4.1 K**¢ final states

The general principles employed by the LHCb experiment to process the data it records are
presented in Section 3.3. This section starts from this foundation and concentrates on the

specifics of the Rg analysis.

Consider Equation (2.10), which expresses Rg as the ratio between the branching fractions
of two B* decays. The daughters from both decay types can be fully reconstructed by the
LHCb detector. This has two major implications: first, the R analysis strategy revolves
around selecting data where the final state contains a charged kaon and either a pair of
oppositely-charged muons, or a pair of oppositely-charged electrons. Second, for a given
signal candidate, the invariant mass of the K*{*{~ system, denoted by m(K*¢*¢{~), is expected

to be approximately equal to the mass of the B* meson, mp. This invariant mass is given by:
PP yeq g y

2

mK ) = |+ per +pe || = B+ B + B Y = || + e + 7| (4.1)

where py is the 4-momentum of particle X, Ex is its energy, and p is its 3-momentum. Signal
candidates have m(K*¢*{~) values close to m;p, so the spectrum of m(K*¢*¢~) in data contains
an accumulation around m(K*¢*{~) = mp that corresponds to signal events. This accumula-

tion, known as a peak, makes m(K*{*¢{~) crucial in separating signal from background.

The extent to which m(K*¢*{~) provides separation power between signal and background
can be better appreciated by also taking into account the square of the invariant mass of the
two leptons, g°. This is portrayed in Figure 4.1, where the m(K*¢*£~) and ¢* distributions of

partially-selected data candidates reveal certain features:

e a vertical band centred around m(K*€*€7) = mp ~ 5.28 GeV that stretches across 4.

This is the signal mode, B* — K*¢*¢~, which has a branching fraction of O(107°) [9];

e an accumulation at m(K*¢*¢7) =~ 528 GeV and 4* = mj, p =96 GeV?.  This corre-

sponds to the tree-level decay B* — K*J/1, followed by the decay of the J/¢ into two

oppositely-charged leptons. The total branching fraction for this process is O(107%) [9],
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making B — K*J/y(£{*{") events more abundant than thei B* — K*{*{~ counterparts

by a factor of O(100);

e another accumulation at m(K*¢*¢~) ~ 5.28 GeV, but at ¢* = mi(zs) ~ 13.6 GeV? instead.
This is another tree-level decay, B* — K*(2S), with the subsequent decay of the 1)(25)

into two leptons;

e horizontal bands that have the same g* as the two resonances described above, but
with different m(K*¢*¢~). The regions where m(K*¢*¢~) > 5.28 GeV are dominated
by combinations between a random ]/ or ¥(2S) resonance, and a random kaon in
the event. These are called combinatorial events. By contrast, the regions where
m(K*€*¢~) < 5.28 GeV are mostly populated by events where a beauty hadron has de-
cayed, but not all resulting particles were reconstructed. These are known as partially-
reconstructed events, and examples include B® — K*J/i(£*¢") processes where the K*

decays into a kaon and a pion, and the latter escapes reconstruction; and

e diagonal bands that extend down to lower m(K*¢*¢") and ¢* from the two reso-
nances. Here, the B* and/or one of its daughters emits one or several photons through
bremsstrahlung. These photons take some energy away from the final-state parti-
cles, hence the lower m(K*¢*¢") and g* values. Events where this happens are called

radiative events, and the diagonals themselves are referred to as radiative tails.

The features enumerated above are all noticeably blurred in the electron channel, compared
to their muon counterparts. The loss in resolution is related to the fundamental differences
between the ways muons and electrons interact with the LHCb detector. As explained
in Section 3.2.1, muons lose little to no energy — O(1 MeVem?/g) — as they traverse the
detector. By contrast, electrons are expected to lose considerable fractions of their energy
due to bremsstrahlung radiation. The differences between electron and muon detection are

what drive most of the decisions taken by the Rx measurement strategy.
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Figure 4.1: Distributions in m(K*¢*¢~) and ¢° of events used in the Rk analysis. These are muon
(left) and electron (right) signal candidates from all data-taking periods, to which a partial selection
has been applied in order to highlight the features discussed in Section 4.1. This partial selection is
formed by the requirements listed in Table 4.2. The vertical band corresponding to the B* — K*e*e™
signal is not visible, for reasons discussed in the main body.

Electron energy loss is mitigated by the bremsstrahlung recovery process [179], whereby
photon clusters in the ECAL have their energies added to electrons whose trajectories before
the magnet match the locations of the clusters. Tracks are most affected by bremsstrahlung
radiation emitted before the magnet, i.e. before the curvature is measured by the tracking
stations. Bremsstrahlung radiation is approximately collinear to the electron track, making
energy losses negligible in the case of radiation once the track no longer changes direction.
For this reason, the algorithm focuses on the recovery of bremsstrahlung photons emitted
upstream of the magnet. To do so, the tangent to a given electron track is extrapolated to
the ECAL (x, y) plane, based on the origin vertex of the track and its intersection with the
TT. A 20 confidence area is then calculated, based on the precision of the extrapolation,
and the uncertainty on the position of a given photon cluster. Clusters with centres inside
this area that have pr > 75 MeV and satisfy loose photon identification requirements are
considered to have come from bremsstrahlung radiation emitted by the associated electron
track. The 4-momentum of the photon is calculated based on the cluster energy (assuming
the photon originates from the primary vertex and that its direction points to the barycentre

of the shower) and added to the 4-momentum of the electron.
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Even after the bremsstrahlung recovery process, the resolution of electrons is not on par
with that of muons. The following two sections describe how the Ry analysis strategy is
designed to mitigate the impact of differences between electrons and muons. Section 4.2
presents a method that substantially diminishes systematic uncertainties induced by ditfer-
ences between electrons and muons. Then, Section 4.3 explains the event selection process,

highlighting steps taken to optimise the procedure for electrons.

4.2 Rk as an experimental observable

In light of the differences between detecting muons and electrons at LHCb, it becomes clear

that the expression for Rx given in Equation (2.10),

Tnax dB(BT — K utu~
(B" — uy)dqz

R _ qrznin dqz
K — 2 7
Tmax dB(B+ N K+€+€_)d )
P> qu 1

is susceptible to large systematic uncertainties. Measuring a muon process and an electron
process, and then comparing the two by taking the ratio, would lead to uncertainties related
to the differences between how muons and electrons are measured at LHCb. This would not
be the case if the definition of Rx were adjusted to depend on ratios of two muon processes
and of two electron processes, instead of one of each. For this reason, one more muon process
and one more electron process are chosen to act as control channels, and R is measured

relative to these two processes.

The chosen control channels are B¥ — K*J/¢({*¢~). Their branching fractions are larger than
those of the rare B* — K*{*{~ modes, owing to the b — c transition that produces one of the
valence quarks of the J/{ resonance. In addition, the flavour-changing W* boson preferen-
tially decays into the cs pair needed to create [/{K*. Another advantage of this channel is that
the resonant J/1 structure leads to the overwhelming majority of B* — K*J/{(£{*{") events
to be characterised by a ¢* around the square of the mass of the J/¢. This, combined with

the fact that final-state particles from the two channels have similar kinematics, allows the
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selection strategies for the B* — K*{*¢{~ and B* — K*J/i({*¢{") channels to be identical up
to the cuts on ¢° and on m(K*£*¢7). By introducing information from the B* — K*J/y(£*¢7)

modes, the definition of the experimental observable Rx becomes:

Tnox AB(BT — KFutu™) |, dB(B* — K*J/(e*e)) . ,
dg? dg f 2 dgq
Ry = qrznin q qgc dq (4 2)
K — : ’ .
Tnax dB(B* — K+e+€—)d ) f dB(B* — K+]/1P(H+H_))dq2
B dg? e, dg?

where ¢, and 4;, are the > selection regions for B* — K*J/¢(e*e”) and B* — K*J/¢(u* "),
respectively; these ranges, alongside 42 . and g3,,,, are listed in Table 4.1. The final step in
expressing Rx as a function of experimental quantities is to write the branching fractions in
terms of yields and efficiencies. The yield of the final state X from a B* decay, N(X), can be

expressed as a function of the branching fraction of the process, 8(X):
N(X) = e(X)- N(X) = ¢(X) - B(X) - N(B). (4.3)

Here, £(X) is the efficiency to select a candidate for process X, and N(X) is the total number
of times B* mesons decayed into X during data taking. The total number of produced
B* mesons, N(B), is a property that does not depend on the subsequent B* decay. This means
that N(B) cancels out in the ratios on the right-hand side of Equation (4.2), and therefore
the branching fractions can be expressed in terms of their recorded yields and estimated

efficiencies. This leads to the double-ratio expression for Rk:

_NEK ) e(Krere)  e(KTJ/p(uu) NKJ/y(ee))
T e(Krprpn) N(Krere) NKH/gp(urpo)  e(K*]/lete))

71y

(4.4)

The yields are obtained through fits to the invariant mass of the final-state particles. These
are described in Chapter 5 and Chapter 9 for the control and signal modes, respectively. The
efficiencies are obtained based on simulated events, as described in Chapter 6. The terms
in Equation (4.2) that are obtained from the control channels are grouped into the single
ratio 7j/y. As detailed in Section 8.1, this observable is a stringent test of the experimental

procedure. A related check, which uses the {(2S) modes, is described in Section 8.2.
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4.3 Data selection

In total, six processes are central to the Rk analysis: B* — K*e*e™, B* — K*J/1i(e*e”), and
B* — K*1(2S)(e*e™), together with their muon counterparts. Throughout, they are referred
to as the “signal”, “control”, and “i(25)” modes, respectively. The signal data is kept
blind up until the full validation of the experimental procedure. Cuts are applied to select
candidate events that match the requirements imposed by each channel, and remove as
much background as possible. The selection strategy for this analysis is essentially identical
to the one developed by Dr. Thibaud Humair and Dr. Paula Alvarez Cartelle for the previous
measurement of Rx. A few modifications were made when necessary, and are highlighted

where relevant.

The selection contains a number of criteria that target specific characteristics desirable of
signal candidates. These are listed in Tables 4.1, 4.2, 4.3, and 4.5, where they are grouped by
their purpose. For example, requirements that ensure particles are contained by the LHCb
detector acceptance are listed under “Fiducial cuts”. The following subsections provide

details on the selection requirements, according their roles.

4.3.1 Invariant-mass cuts

The signal, control, and 1(25) selections are identical, up to the cuts on ¢° and the invariant
mass of all three final-state particles. These cuts are summarised in Table 4.1. The value of
2 2 : - 2
iy and o, respectively. For this reason, the g

windows for these channels are chosen to be around the values of the two masses quoted

g% in control and ¢(2S) events peaks at m

in the PDG [9]. To account for bremsstrahlung radiation, the boundaries of a given window
are chosen such that their average is lower than the mass of the resonance. In addition, the
K*¢€*¢~ invariant-mass windows have different widths between electron and muon modes,
to take into account the different resolutions. It can be seen from projections of the fit to
B* — K*{*¢~ data, such as the ones shown in Figures 11.3 to 11.5, that the resolutions of

m(K*u*u~) and m(K*e*e™) are approximately 20 MeV and 70 MeV, respectively.

The 4> selection for the rare modes is designed to reduce background contamination. On
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Table 4.1: The reconstructed g> and mass ranges used to separate the six channels used in this analysis.
They are the only requirements that differ between the signal, control, and 1)(2S) modes.

g% selections
Electron channel Muon channel
Bounds [GeV?] Bounds [GeV?]

signal (1.10, 6.00) (1.10, 6.00)
control (6.00, 12.96) (8.68, 10.09)
(25) (9.92, 16.40) (1250, 14.20)

mass selections
Electron channel Muon channel
Quantity Bounds [GeV] Bounds [GeV]

signal m(K*e+e-) (4.88, 6.20) (5.18, 5.60)
control | 11y, (K*£*€7) (5.08, 5.68) (5.18, 5.60)
P(2S) | myps) (K€ E) (5.08, 5.68) (5.18, 5.60)

one hand, the lower bound of 1.1 GeV? rejects contributions from low-mass resonances, such
as the ¢(1020). On the other hand, the upper bound of 6.0 GeV? is chosen to minimise the
background formed by B* — K*J/¢(£*{~) events in the low-mass tail of the resonance. It
is estimated, by means described in Chapter 6, that this 4> window contains approximately

25% of all Bt — K*{*t{~ events.

Following the same line of reasoning, the lower bounds of the invariant-mass windows
are chosen to reduce contributions from physics backgrounds situated at low m(K*£*¢"),
whilst still being efficient at selecting the signal. The upper bound is chosen to enable a
good description of the contribution from combinatorial events, which are seen in Figure 4.1
to dominate the high-m(K*{*¢~) region. In the resonant J/i and (2S) modes, the K™ £~
invariant-mass estimate is improved during reconstruction by constraining the dilepton
system to have mass equal to the PDG central values. This results in estimates, denoted by

mjy and my s respectively, that have better resolutions than the unconstrained mass [180].

4.3.2 Ensuring the quality of the decay

Loose requirements are applied at the beginning of the selection chain to reject combina-
torial background events. These requirements ensure that the candidate has a topology

compatible with a B* — K*{*{~ process, which is depicted in Figure 4.2. The B* is produced
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Table 4.2: Offline selection cuts applied to the electron (left) and muon (right) samples.
Event quality Event quality
Xi,(B*) > 100 Xegp(BY) > 121
O0(BT) < arccos(0.995) O0(B*) < arccos(0.9999)
Xp(BY) < 25 XH(BY) < 16
Xpy/ndof(BY) < 9 Xpy/ndof(BY) < 8
Xeplete) > 16 Xeputp?) > 9
Xty/ndof(ete”) < 9 Xpy/ndof(utu™) < 12
Xip(e*) > 9 X > 9
YK > 9 YK > 6
pr(K*) > 400 MeV
nSPDHits < 600 (Run 1) nSPDHits < 600 (Run 1)
< 450 (Run 2) < 450 (Run 2)
Probh(K*, e*) < 0.3 probg.q(u*) < 0.3
Cascade & mis-ID vetoes Cascade & mis-ID vetoes
m(K*e”) > 1885 MeV m(K*u™) > 1885 MeV
m(K*e o) ¢ m(D%) =40 MeV m(K*u= ) > 1885 MeV
m(K*Lqu™) ¢ m(J/) £ 60 MeV
m(K*Lpqu™) € m@p(2S)) £ 60 MeV
Fiducial cuts Fiducial cuts
hasRich(K*,e*) = true hasRich(K*,u*) = true
hasCalo(e*) = true inMuonAcc(K*, u*) = true
pr(e*) > 0.5 GeV pr(u*) > 0.8 GeV
pe*) > 3 GeV
|Xgcar(e®)] > 363.6mm
or |[Ygcar(e®)] > 282.6mm
PID cuts PID cuts
probNNg(K*) > 0.2 probNNg(K*) > 0.2
DLL,(K*) < O isMuon(K*) = false
DLL,(e*) > 3 DLL,(u*) > -3
isMuon(u*) = true

Figure 4.2: Schematic of a B* decay. The annotations represent quantities relevant to the R selection,
as explained in the main body. Diagram adapted from Ref. [10].
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at the primary vertex (PV) and decays at the decay vertex (DV). The distance between the
PV and the DV represents the flight distance (FD), and the angle between it and the recon-
structed B* momentum is denoted by 6. Following the momentum direction and drawing

the perpendicular line that contains the PV is what defines the impact parameter (IP).

The B* decay vertex is required to be of good quality, and to be well separated from the
primary vertex. The former requirement is ensured by imposing an upper limit on the x?
per degrees of freedom obtained from the fit for the DV. The latter requirement is enforced
by selecting only events where the B* travels a significant distance away from the PV before
decaying. In addition, since the true momentum of the B* is collinear with the FD, requiring
the angle 6 to be small ensures that the decay is well aligned. Finally, all final-state particles
are required to be inconsistent with being produced in a proton-proton collision, and so
tracks whose impact parameter with respect to any PV is not significant are rejected. Since
that is not the case for the BY, it is required to be compatible with having been produced

from a PV. The significance of the IP with respect to the PV is quantified by xf,.

The requirements thus far are applied during the stripping stage, which was mentioned
in Section 3.3. Two more cuts are applied after the stripping to further improve the purity
of the data samples. The first one rejects overly crowded events by placing an upper limit
on nSPDHits, which represents the number of hits in the SPD. The second one removes
candidates containing tracks that could be fictitious. These are called ghosts, and they arise
when the reconstruction algorithm uses hits produced either by noise, or by other particles.
The variable used to reject ghosts is denoted by probgy, in Table 4.2. The nSPDHits and
probg, cuts, together with the g% selection and the cuts discussed in Sections 4.3.5 and 4.3.6,

are collectively known as the preselection.

4.3.3 Trigger strategy

Data collected by the LHCb detector during Run 1 and Run 2 is required to pass a two-stage
trigger selection: the LO and HLT that are introduced in Section 3.3. The trigger can fire on

particles in the candidate (the kaon and the two leptons considered to have originated from a
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B* decay), on particles that are not part of the candidate, and on both. These three scenarios
are referred to as “TOS”, “TIS”, and “TOB” (trigger on signal, trigger independently of the
signal, and trigger on both, respectively). The rest of this subsection covers the specific

trigger strategies employed by the Rx analysis.

Muon data is collected using an LO trigger line that requires at least one track, with pr above
a threshold, whose trajectory is compatible with energy deposits in the muon stations. This
is known as the LOMuon line. A similar strategy is used to select electron data, through the
LOElectron line. It requires at least one track whose trajectory is compatible with energy
deposits, above a certain threshold, in the ECAL. This line is less efficient than LOMuon, by a
factor of approximately 2 — 3, as exemplified by the trigger efficiencies listed in Appendix D.
For this reason, two more L0 strategies are used to increase the electron-mode yields. The
tirst strategy requires at least one track whose trajectory is compatible with energy deposits
in the HCAL, and is thus called LOHadron. The second strategy requires at least one of several

L0 lines to be TIS. Hence, this strategy is known as LOTIS.

Each of the four L0 strategies used in this analysis is illustrated in Figure 4.3. These trigger
lines use information from the calorimeters and muon stations to apply a fast reconstruction
algorithm. This results in rough estimates of transverse momenta and energy deposits’,
denoted by pr° and E°, respectively. Although their resolution is not as good compared
to their fully-reconstructed counterparts, pr and Er, they are calculated more quickly and
therefore allow the LO to make fast decisions. More specifically, LOMuon places a lower

threshold on the highest pX* in the event, whilst LOElectron and LOHadron use thresholds on

the highest EX’ in a given event. These thresholds are listed in the top three rows of Table 4.3.

During data taking, the thresholds fluctuate by a few percent to maintain consistent efficien-
cies in spite of effects such as changes to the collision environment and detector ageing. This
can cause disagreement with simulation, because the simulated samples corresponding to
one particular year and one particular magnet polarity are generated using only one trigger

configuration, due to computing constraints. The only exception is 2018, when data-taking

IThe transverse component is calculated using the polar angle of the line joining the primary vertex and the
centre of the cells that make up a cluster [156].
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conditions were kept constant. To improve the agreement in the electron samples, events
at the threshold are rejected after the preselection, by applying fiducial cuts on the Er of
particles that fire LOElectron or LOHadron. These fiducial cuts are listed in the bottom two
rows of Table 4.3. The values chosen for 2017 and 2018 data are based on studies that
constitute original work. The agreement in the muon samples is improved by means that
differ between data-taking periods. In 2017, the simulation is generated with the loosest
conditions used to take data, and so the agreement is improved by selecting the simulation
such that the LO conditions are similar. In 2015 and 2016, some data is taken with conditions
looser than the ones used in the simulation. Therefore, only events collected with the LOMuon
configuration used to generate the simulated samples are kept. In Run 1, the fluctuations in

py’ thresholds are small enough to not require alignment with the simulation.

Muon Stations Muon Stations

LO Electron

ECAL HeaL

Muon Stations Muon Stations

LO TIS

LO Hadron

ECAL HeaL

Figure 4.3: Diagrams depicting the L0 trigger strategies employed in the Rx analysis. The red-filled
ellipse in each diagram indicates the particle that fires the corresponding trigger. The example given
for LOTIS shows the line firing due to energy deposits in the muon station, however it can also be
triggered by the ECAL and HCAL. Diagrams created by Dr. Paula Alvarez Cartelle.
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Table 4.3: Requirements placed by the L0 selection, in the majority of data collected in each year. The
thresholds are imposed at the trigger-level, whilst the fiducial cuts are applied offline to improve the
agreement between data and simulation. All values are given in GeV.

2011 2012 2015 2016 2017 2018
LOMuon pIT*O threshold 1.5 1.8 2.9 1.9 1.5 1.8
LOElectron EXY threshold | 25 27 27 24 21 24
LOHadron EY° threshold 35 36 36 37 35 38
LOElectron Et fiducial 3.0 3.0 27 27 29 3.2
LOHadron Et fiducial 3.0 3.0 3.5 3.5 3.5 3.5

After this process of improving the agreement between data and simulation, muon-channel
events fall into what is referred to as the uTOS trigger category. This contains candidates
where LOMuon fires on at least one of the signal muons. The events in the electron samples fall
into one of three exclusive trigger selections. The dominant one, which accounts for roughly
two thirds of all Bt — K*e*e™ data, is called ¢TOS. It contains events where LOElectron
tires on at least one of the signal electrons, and that electron has Et above the appropriate
fiducial cut. Candidates that are not ¢TOS fall into the h'TOS! category if they contain a
kaon that triggers LOHadron and has Er above the appropriate fiducial cut. This category
contains 15-20% of all B* — K*e*e™ data. The rest is found in the TIS! category, consisting of
events that are neither eTOS nor h'TOS!, but where the L0 fires independently of the signal.
The exclamation marks at the end of h”TOS! and TIS! indicate that the trigger strategies are
exclusive: an event can be assigned to only one of the three trigger categories, prioritising

eTOS and then hTOS!.

The next step in the trigger selection is the HLT, which is done in two stages: HLT1 and
HLT2. The former partially reconstructs tracks in the event, in order to make a fast decision
on whether the event is likely to contain interesting physics. Particularly for the Rx analysis,
at least one of the three tracks in Run 1 events must have large enough pr and x7, estimates
to pass the HLT1 selection. In Run 2, the decision is made by a multivariate classifier, based
on information such as pr and )(fP. Events that pass the HLT1 are sent to the HLT2, which
performs a full reconstruction of all tracks in the event. The lines used in the Ry measurement
search for two- or three-track topologies compatible with originating from the decay of a

heavy object, such as a B* meson [181].
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4.3.4 Particle identification requirements

The primary reconstruction object is a charged track, which could come from any charged
particle species. To reject background events where one or several tracks in the candidate are
misidentified as other particles, several requirements are placed on variables that distinguish
between different particle hypotheses. The selection in the Rx measurement makes use
of three types of PID-discriminating variables. The first one uses information from the
RICH, calorimeters, and muon stations to construct the likelihood that a given track is of a
given species, relative to the pion hypothesis. This PID-discriminating variable is denoted
in Table 4.2 by DLLx, where X is the particle hypothesis to be compared to the pion one.
Following the same notation, the second variable is called probNNy. It is the subunitary
output of a neural network trained on information from several subdetectors to distinguish
between different particle species; this information includes the DLLx variables. The third
and final variable is the boolean isMuon decision, which uses information from the muon

stations to disentangle muons from other particle species.

As a result of the PID requirements, background events containing misidentified pions are
reduced to negligible levels. This is particularly important in LHCb analyses, given that
proton-proton collisions produce a considerable amount of pions. Contributions from the
Cabibbo-suppressed B* — n*{*{~ mode, where the pion is misidentified as a kaon, are
expected to amount to around 0.4% of the signal yield. This estimate is obtained based
on the branching fraction averages listed in the PDG [9], and the PID efficiencies obtained
from simulation. Given that the total B* — K*¢*{~ signal yield is expected to be O(10°%),
this contribution is deemed negligible. Candidates originating from B* — K*n*ni~ events,
where the pions are misidentified as leptons, are also expected to be negligible. Their levels
in muon and electron data are estimated to be 0.6% and 0.8%, respectively. These estimates
were obtained by Dr. Thibaud Humair during the previous Rx measurement [10]. As part
of the current measurement, a cross-check of the expected B — K*n"nt~ contributions is

conducted and presented in Section 8.5.
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4.3.5 Fiducial cuts

In order to apply the PID and trigger requirements described in the previous two subsections,
all final-state particles in the K*¢*{~ candidate are required to be within the geometric
acceptance of the RICH detectors and the calorimeters. In the muon samples, the particles
are also required to be within the acceptance of the muon stations. The relevant variables are
denoted in Table 4.2 by hasRich, hasCalo, and inMuonAcc, respectively. In the electron data,
a portion of the inner ECAL is vetoed, because it contains cells that are not read out. This is
done by requiring the intersection of electron candidate tracks with the ECAL plane to have
(x, y) coordinates [xgcar| > 363.6 mm Or |Ypcar| > 282.6 mm. Furthermore, requirements are
applied on the momenta of electrons and muons, in order to align the selection with the one

employed to obtain the samples used to calibrate PID efficiencies, as described in Section 6.2.

4.3.6 Vetoes against specific backgrounds

One potential source of background events is the semileptonic decay of a D meson origi-
nating from a B* that had also decayed semileptonically. These are referred to as cascade
backgrounds, and examples include B* — [_)0(K+e‘17e)e+ve processes, where the neutrinos are
not detected. Cascade backgrounds are expected to accumulate at invariant masses below
the mass of the B*, as a result of the undetected energy carried away by the neutrinos.
However, the tails that could overlap with the signal are enhanced by the tree-level nature
of B¥ — DX decays. For this reason, cuts that specifically target cascade backgrounds are
added to the selection. Their discrimination power comes from the fact that the invariant
mass of the kaon and the opposite-sign lepton in a candidate, m(K*{~), cannot be larger than
the mass of the D in the case of cascade background events, notwithstanding resolution
effects. This mass is known with good precision to be ~ 1865MeV [9], therefore candidate

electron and muon events are required to have m(K*{~) > 1885 MeV.

It can be seen on the left-hand side of Figure 4.4 that this cut reduces contamination from
B* — D°(K*e™7,)e*v, events to a negligible level. The same is true for events where the B*

decays into a D° and a t*, the latter being misidentified as a signal electron; these are labelled
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as B* — D(K*e™7,) w*|_.+}. However, the application of the m(K*£~) > 1885MeV cut still
leaves behind a significant tail from events where the D° decays hadronically into a K* and
a 7”. These are labelled as B* — D°(K*7~[_.-]) *V,, and are removed by computing m(K*e")
under the assumption that the electron candidate is a pion. This leads to m(K*e™ ),
whose distribution in simulated events is shown on the right-hand side of Figure 4.4. It can
be seen that B* — D°(K*71"[_.-1) €V, events peak in this mass around #1. Therefore, cutting
+40 MeV around mp is removes this background source, whilst retaining the vast majority

of signal events.
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Figure 4.4: Simulated signal (orange) and background (red, green, blue) distributions of the invariant
mass of the kaon and the opposite-sign electron. The latter is reconstructed assuming an electron
(left) and a pion (right) mass hypothesis. The dotted lines show the locations of the mass vetoes
described in the main body.

In the case of muons, the vetoes are different for two reasons. First, cascade backgrounds
featuring pion decays in flight are more prevalent, and can lead to m(K*u~) values below
mpo. For this reason, all values of m(K*u™_, ;) below 1885 MeV are rejected, instead of
removing just the D peak as is done for electrons. Second, muons can be more kaon-like
than electrons, and so two additional cuts are applied to the muon samples. They reject ]/
and (2S) decays into pairs of muons, where one of the muons is misidentified as a kaon.
This is done by reconstructing the invariant mass of the candidate kaon and opposite-sign
muon, under the assumption that the kaon is a muon. This mass is denoted by m (K", .+ ju")
in Table 4.2, and is expected to peak at the mass of either the J/i or the (2S) resonance if it
corresponds to a background process of this kind. For this reason, candidate muon events

are required to not have m(K*_,,1u~) values within 60 MeV of either resonance.
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4.3.7 Multivariate selection

Some combinatorial events are expected to pass the requirements presented so far. Therefore,
a dedicated selection is implemented to further suppress this background. Boosted decision
trees (BDTs) [182] are trained to distinguish between signal and combinatorial background.
This multivariate selection was designed and implemented by Dr. Paula Alvarez Cartelle and
Dr. Thibaud Humair during the previous Rx measurement. For Run 2.2 data, the procedure

is repeated on the new samples by Dr. Konstantinos Petridis.

The BDTs are trained on the variables listed in Table 4.4. As discussed in Section 4.3.2, they
contain information about the decay topology. This makes them useful in rejecting events
containing tracks that are not formed by the decay products of a B*. Kinematic information
is kept to a minimum, and is provided only in the form of the pr of the particles. This ensures
that the BDT does not learn how to reconstruct invariant masses, such as g* and m(K*¢+¢-);

that would lead to sculpting of these variables.

Table 4.4: List of variables used by the BDT classifiers.

B*  pr, log xip, X3, 0, Xop

¢ pr, log xpp

K" pr,logxs

= min,max(pr), min,max(log )(fp)

The BDTs are trained separately for each data-taking period, and for electron and muon sam-
ples. Particularly for the electrons, BDTs are trained independently on samples from each
of the three trigger selection, as well as on the combined samples. The background training
sample is taken from data with m(K*¢*¢~) > 5.4 GeV. This is known as the upper sideband,
and it consists of purely combinatorial events; this is depicted by the horizontal bands in Fig-
ure 4.1. The signal 