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Abstract

The first estimated upper limit for the branching fraction of the forbidden decay �0
b !

�(1520)��e� is presented. This is calculated using data collected by the LHCb experiment

in 2011–12 and 2016–18, corresponding to an integrated luminosity of 8.7 fb�1. This decay

is forbidden in the Standard Model of particle physics and hence this constitutes a search

for Charged Lepton Flavour Violation (cLFV) and an observation of signal would be

unequivocal evidence for New Physics.

While any hints or evidence of signal would transform the analysis outlook, the

search for �0
b! �(1520)��e� remains blinded and the presented results are based on a

background-only dataset assuming no signal. An estimated upper limit of

B(�0
b! �(1520)��e�) . 2:8� 10�8 @ 95% confidence level

is evaluated, from an overall low-background analysis strategy. This limit is competitive

with other cLFV searches in the decays of b-hadrons.

During Long-Shutdown 4 of the LHC, a major upgrade to the LHCb experiment

is planned, to enable the detector to derive maximum benefit from the High-Luminosity

LHC. An investigation of a potential sensor technology for the VELO sub-detector is

presented, concluding that the LGADs tested are unable to withstand the high-radiation

environment of the HL-LHC. A flexible approach to VELO Upgrade II simulation is also

introduced to develop and evaluate performance of candidate designs. This lead to the

conclusion that a detector with fast timing, improved spatial resolution and a larger inner

radius is essential to meet the requirements of LHCb Upgrade II. Finally, a tool to allow

performance optimisation of the entire LHCb Upgrade II detector has been developed,

and used for the first investigations of inter-subdetector performance with LHCb core

software.
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Chapter 1

Introduction and Theoretical

Foundations

Science, at its core, is the pursuit of knowledge. Particle Physics is no exception. Since

J. J. Thomson's discovery of the electron in 1897 [1], with a \cathode ray" in a glass tube,

experimental particle physics, as well as our understanding of nature, has grown rapidly.

It has since evolved to the study of cosmic rays with cloud chambers [2, 3], laying the foun-

dations for the Standard Model (SM) of particle physics, before the dawn of accelerator-

based \High-Energy" particle physics with giant machines such as the Synchro-Cyclotron

built at CERN in 1957 [4]. This has culminated in the state-of-the-art Large Hadron Col-

lider (LHC) facility at CERN [5], world-leading in energy and discovery potential. The

rapid development has been driven by the core pursuit of knowledge, with each discov-

ery or improved measurement re�ning the SM into the extremely precise and predictive

framework that currently provides the best theoretical understanding of the universe. Yet

it remains incomplete, so the pursuit continues powered by pioneering technology enabling

more proli�c accelerators and ultra-sensitive detectors as the objective of particle physics

focusses onto the search for Beyond the Standard Model (BSM) physics.

Through its initial derivation in the 1950s, 60s and 70s, the SM has taken on many

roles, initially developing in response to new observations before becoming a more \predic-

tive" model, forecasting the presence of a fourth quark and a third-generation of fermions

with experiments tasked with con�rming these predictions. This prompted the devel-

opment of machines to push the energy and intensity frontiers of particle physics, with

the Tevatron discovering the heaviest \top" quark [6, 7] and experiments at the Large

Electron-Positron collider (LEP) rigorously constraining SM parameters [8, 9], culminat-

ing in the ultimate SM discovery facility, the LHC, observing the Higgs boson in 2012 [10,

11], the \�nal piece" of the SM puzzle rendering the fundamental structure complete.
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Since the discovery of the Higgs boson, particle physics has entered its \exploration

era" with a focus on investigating any inconsistencies in the expected SM description of

particle interactions, searching for \New Physics (NP)" that could point towards expla-

nations for observed phenomena not described in the SM. These include the lack of a

description for gravitational interaction between particles, the fundamental content and

interaction of Dark Matter [12] as well as the origin of so-called \Dark Energy" that de-

termines the accelerating expansion of the universe [13, 14]. All are without description in

the current form of the SM, prompting BSM searches with the construction of gargantuan

neutrino and dark matter detectors [15, 16] as well as studies of ever-increasing precision

at the LHC to identify any deviation that could hint at a \crack" in the SM. The LHC

facility and corresponding experiments will continue to collect data and scrutinise the SM

until 2042, with a future collider expected to supersede it, either the Future Circular Col-

lider (FCC) [17], or a high-intensity linear-collider, Compact Linear Collider (CLIC) [18]

or International Linear Collider (ILC) [19].

Another omission of the SM is the prediction that matter and anti-matter are pro-

duced at a near-identical rate [20], with the presence of a matter-dominated universe thor-

oughly contradicting this, introducing a branch of NP searches focused on the 
avour of

decaying particles. The Large Hadron Collider beauty (LHCb) experiment is the primary


avour facility at the LHC, a single-armed forward spectrometer designed to be sensitive

to matter-antimatter di�erences (Charge-Parity Violation (CPV)) [21, 22]. Since 2011 it

has collected data and made both SM precision measurements and NP searches, proving

to be a general-purpose detector in the forward region as well as the world-leading CPV

experiment. It also has a rich programme of direct and indirect BSM physics searches,

investigating the decays of particles forbidden in the SM as well as scrutinising SM pre-

dictions for any signature of inconsistency. Chapters 3{5 of this thesis will describe the

motivation, methodology and results of an analysis searching for SM-breaking Charged

Lepton Flavour Violation (cLFV) with the LHCb detector. This is a direct probe for NP

and the �rst measurement in the decay mode� 0
b ! � (1520)� � e� .

As a precision detector, the primary limitation of LHCb is the size of the data sam-

ple collected. Since a successful �rst upgrade to the detector between 2018{2022, referred

to as LHCb Upgrade I (UI) [23], Research and Development (R&D) and design work

have begun for the proposed next phase of LHCb, known as LHCb Upgrade II (UII) [24],

intended to utilise the High Luminosity (HL) potential of the scheduled upgrade to the

LHC, to improve dramatically the sensitivity of LHCb measurements, enabling ultimate

scrutiny of the SM and opening new pathways for BSM searches. Chapter 6 will set out

the motivations and plans for LHCb UII, focussing on the upgrade to the VErtex LOca-

tor (VELO) subdetector [25], evaluating a potential new sensor technology and describing

simulation that is aiding to determine the design of the upgraded subdetector. A new
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framework will also be introduced intended to facilitate the overall \Global Optimisa-

tion" of LHCb UII as it strives to \fully realise the 
avour-physics potential of the High

Luminosity LHC (HL-LHC)" [24].

1.1 The Standard Model

The SM provides a uni�ed classi�cation for all known fundamental particles, describing

their interactions with three of the four forces of nature in a self-consistent, non-abelian,

gauge Quantum Field Theory (QFT). De�ned by the symmetry groupU(1)Y � SU(2)L �

SU(3)C it governs the Electromagnetic (EM), Weak and Strong force (with gravity omit-

ted), leading to 21 SM �elds in total along with 18 distinct particles [26]. In its current

form, particles in the SMs fall into two categories: 12 spin-1
2 matter particles, the fermions,

and six bosons, with �ve spin-1 gauge bosons that mediate the three quantum forces, and

the spin-0 Higgs boson. Each fermion has a corresponding anti-particle, identical but for

inversion of all internal quantum numbers such as charge and parity. Fermions are also

further split into two types: quarks, charged particles subject to the strong force, only

observed in bound states and leptons, not interacting via the strong force but as a result

able to exist as free charged and neutral fermions.

The three forces stated are reduced to two uni�ed theories and an underlying �eld.

The theory of Quantum ElectroDynamics (QED) mediates the interaction between light

and matter, providing a quantum description of EM [27], related to theU(1)Y group. At a

large enough energy scale, EM uni�es with the weak interaction (SU(2)L ) [28{30] to form

the ElectroWeak (EW) interaction [31], described by the gauge symmetryU(1)Y � SU(2)L .

The EW force is associated with one massless boson, the photon (
 ), governing solely

EM interactions [27, 32], as well as three massive weak bosons (W � , Z 0) formed via

the spontaneous symmetry breaking of the Higgs �eld [33{35]. TheSU(3)C group corre-

sponds directly to the strong force described by the theory of Quantum ChromoDynamics

(QCD) [36{38], dictating the interaction of quarks via the exchange of gluons, mediating

a transfer of an intrinsic \colour charge" binding quarks into multi-quark states, hadrons.

The sixth boson, the Higgs boson (H 0), corresponding to the aforementioned �eld, is

responsible for giving mass to the weak bosons (via spontaneous EW symmetry breaking

that creates the Higgs itself [33{35]) and fermions via the Yukawa interaction [39, 40],

manifesting in aH 0{ f coupling proportional to the fermion mass (mf ).

The uni�cation of the SM reduces it to 26 free parameters, with the 19 primary

de�ning observables stated in Table 1.1. The remaining seven correspond to the properties

of the neutral leptons, the neutrinos. Of these, 11 are associated with the Higgs �eld (nine
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Table 1.1: The 19 free SM parameters in the form of physical observables, with the
parameter values from [41]. Adapted from [42].

Parameter Value

Quark masses:mu, mc, mt ( MeV/ c2) 2:16+0 :49
� 0:26, (1:27� 0:020)� 103, (172:69� 0:30) � 103

Quark masses:md, ms, mb ( MeV/ c2) 4.67+0 :48
� 0:17, 93:4+8 :6

� 3:4, 4:18+0 :03
� 0:02 � 103

Lepton masses:me, m� , m� ( MeV/ c2) 0.51099895000(15), 105.6583755(23), 1776.86(12)

Fine Structure constant, � EM � e2

4� (137:035999084(21))� 1

Strong coupling,gs =
p

4�� s 0.1179(9)

Fermi Constant, GF (=GeV2) 1:1663788(6)� 10� 5

Higgs Mass,mH ( GeV/ c2) 125.25(17)

Vacuum Expectation value,v ( GeV/ c2) � 246:22

CKM mixing angles: sin� 12, sin� 23, sin� 13 0:22500� 0:00067, 0:04182+0 :00085
� 0:00074, 0:00369� 0:00011

CKM matrix CPV phase, � 1.144(27)

QCD phase angle,� QCD ( rad) . 2 � 10� 10

mf , mH 0 and the vacuum expectation energyv), three to the fundamental forces� EM

(EM), GF (weak) and gs (strong), four mixing parameters of the Cabibbo-Kobayashi-

Maskawa (CKM) matrix (discussed further in Section 1.2) and a QCD phase. These

parameters can not be predicted with the SM and must be determined experimentally

with the current values presented in Table 1.1. This highlights the dichotomy of the SM,

with some parts displaying a clear mathematical rigidity, e.g. the weak boson masses,

while other aspects are far less elegant, with emerging patterns and structure currently

unexplained by the SM, propelling searches for BSM physics.

1.1.1 Leptons, Quarks and Hadrons

Fermions constitute matter, combining to form nucleons, atoms and the entire universe.

Right-handed fermions form right-handed singlets in the SM, however the left-handed

fermions formSU(2)L doublets in three generations, separated by mass [43]. Beginning

with the leptons, each left-handed doublet contains one massive charged lepton (` � ) with

an intrinsic charge1 of � 1 and a corresponding neutral, ultra-low-mass neutrino (� ` ).

Each doublet is associated with a \
avour", electron, muon and tau (e, � , � ) of increasing

mass. As leptons do not interact with the strong force, they hold no colour charge,

however they are assigned a \Lepton Number"L, with leptons holding L = +1 and

anti-leptons � 1, which is conserved in SM interactions [44]. This extends to \Lepton

Flavour Conservation", where each generation of leptons holds an independentL ` that

1In units of jej, the charge of the electron, which is implicit for subsequent references to charge.
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has so far been observed to be conserved. However this \accidental" symmetry remains

as an experimental observation, Section 1.3 will expand on how Lepton Flavour Violation

(LFV) could naturally enter and extend the SM.

Quarks are arranged into left-handed doublets of one up-type (u, c, t) and one down-

type quark (d, s, b), with the three generations following the trend of increasing mass seen

in leptons. Up (down) type quarks hold an EM charge of +23 (� 1
3) as well as a colour charge

of either red, blue or green, with each corresponding anti-particle holding the opposite

charges,� 2
3 and �r for the example ofu. Unbound quarks have not been observed [45],

instead forming bound hadron states. These are divided intoq�q mesons andqqqbaryons,

with corresponding anti-particles. Each quark in a hadron is assigned a� 1
3 \baryon

number", with the bound states forming integer values ofB and the conservation of this

observed in SM interactions, forming another accidental symmetry [44]. The formation

of hadrons is also dictated by the colour charge of the constituent quarks, forming colour

neutral states of eitherr �r; b�b; g�g or rbg.

The 
avour of a hadron is de�ned by its valence quarks and the particle name

typically follows the heaviest quark, e.g. theK 0, D 0 and B 0 are strange, charm and

\beauty" mesons with corresponding� , � +
c and � 0

b baryons with increasing mass by

generation as seen in quarks. There are no corresponding top-quark hadrons due to their

extremely short life time (5� 10� 10 fs) resulting in decay before hadronisation, the process

by which hadrons are formed [26]. There are also quarkonia meson states formed ofc�c and

b�b pairs as well as \exotic" higher-order hadrons, tetraquarks and pentaquarks, recently

discovered as four and �ve quark bound states permitted and predicted within the SM

but not observed until 2013{15 [46{49]. The study of the heavy 
avour charm and beauty

hadrons is referred to as \Flavour Physics" and is a focus of current experiments including

LHCb, Belle II [50] and BESIII [51], with LHCb able to study both beauty mesons and

baryons with potentially interesting di�ering properties such as the integer/non-integer

spin from the even/odd number of fermions.

1.2 Flavour Physics

Charged-current interactions mediated by theW � boson are the only process that can

change quark 
avour in the SM. In the early 1960s, observed di�erences in the decay

rates ofu/ d and strange mesons through charged-current interactions prompted Cabibbo

to formulate a new treatment of quark states to retain universality of the weak coupling

constant gW [52]. Cabibbo presented a separation between the mass eigenstatesd; s and
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avour eigenstatesd0; s0 of down-type quarks,

 
d0

s0

!

=

 
cos� c sin� c

� sin� c cos� c

!  
d

s

!

; (1.2.1)

introducing eigenstate mixing via the \Cabibbo Angle"� c � 12:7� [52], with preferential

coupling within generations. This produces a splitting in the charged-current interaction,

W + ! u �d0 = ud; us with the probability of each proportional to the square of the corre-

sponding matrix elementVqq, explaining the discrepancies in decay rates observed in� �

and K � decays [53].

The initial derivation of Cabibbo mixing did not include the second matrix row

in Equation 1.2.1, providing a single generation
� u

d0

�
doublet, implying the existence of

a Z 0 ! sd interaction [30, 54]. The branching fraction this predicted for the decay

K 0
L ! � + � � disagreed with measurement, prompting the inclusion of a second doublet

� c
s0

�
, providing cancellation of di�erent-
avour mass eigenstate pairs when expanding

Z 0 ! d0�d0 + Z 0 ! s0�s0, due to the negative sin� c term in Equation 1.2.1. This constructs

a rule in the SM that there are no Flavour-Changing-Neutral-Current (FCNC) at tree

level, and any interaction must proceed through a suppressed \box" or \loop" diagram

such as those shown in Figure 1.1, mediated by \virtual"u, c or t quarks. This is the

Glashow-Iliopoulous-Maiani (GIM) mechanism [30] and its proposal in 1970 provided a

concrete prediction for the presence of a fourth quark, with the charm quark discovered

four years later via the observation of the charmonium mesonJ= [55, 56].

Figure 1.1: Feynman diagram representation of as ! d� + � � transition proceeding
through virtual loops, representing aK 0 ! � + � � decay in the SM, displaying the process
of GIM suppression. (left) The EW \penguin" form. (right) The box form.
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The Cabibbo matrix was subsequently generalised to include the third generations

of quarks to allow CPV, forming the unitary CKM matrix [57],

0

B
@

d0

s0

b0

1

C
A = VCKM

0

B
@

d

s

b

1

C
A ; =

0

B
@

c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � c12s23 � s12c23s13ei� c23c13

1

C
A

0

B
@

d

s

b

1

C
A ;

(1.2.2)

where eachsij or cij element correspond to the CKM mixing angles stated in Table 1.1 and

� the CPV phase [57].VCKM extends the trend in Equation 1.2.1, with the diagonal ele-

ments larger in magnitude corresponding to preferred interactions within generations and

reduced-rate of quark mixing across generations, so-called CKM suppression. The relative

suppression at higher generations is best illustrated by the Wolfenstein parameterisation

of the CKM matrix [58]

VCKM =

0

B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
A =

0

B
@

1 � � 2

2 � A� 3(� � i� )

� � 1 � � 2

2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

C
A + O(� 4); (1.2.3)

with all parametersO(1) and � = 0:22500� 0:00067 [41], displaying the vanishing proba-

bility of a third-to-�rst generation transition with respect to the already suppresseds ! u

and c ! d decays. As discussed, the mixing angles and CPV phase in Equation 1.2.2 are

free parameters of the SM and determined from measurements ofjVqqj via a plethora of

decays of heavy 
avour hadrons proceeding through the corresponding charged-current

interactions, with the current experimental status [41]

jVCKM j =

0

B
@

0:97435� 0:00016 0:22500� 0:00067 0:00369� 0:00011

0:22486� 0:00067 0:97349� 0:00016 0:04182+0 :00085
� 0:00074

0:00857+0 :00020
� 0:00018 0:04110+0 :00083

� 0:00072 0:999118+0 :000031
� 0:000036

1

C
A : (1.2.4)

Overall this results in a modi�cation of the weak coupling, introducing 
avour de-

pendent decay rates dictating the experimentally observed branching fractions of light

and heavy 
avour hadrons [41]. At each interaction vertex in a Feynman diagram (such

as Figure 1.1) the transformation of initial-state to �nal state particles is governed by the

decay rate matrix elementM f i modifying the di�erential decay rate,

d�( A ! f 1+ f 2+ :::+ f n ) =
1

2MA
kM f i k2

� nY

f

d3pf

(2� )32E f

�
(2� )4� 4

�
pA �

nX

f

pf

�
; (1.2.5)

for an n-body decay in the centre of mass frame [59], where the product term dictates the

phase-space available in the decay and the four-dimensional Dirac-delta function ensures

7



four-momenta conservation [60]. For weak charged-current interactionsM f i / gW Vqi qj ,

mathematically enforcing CKM favoured and suppressed decays.

Equation 1.2.5 can also e�ectively describe GIM suppression, which combines with

CKM suppression to produce FCNC decays with very small branching fractions, known

as \Rare Decays". In the example of neutralb ! s mixing, the total matrix element

M f i /
P

i;j = u;c;t V �
ibVis VjbV �

js expands and factorises to form three components with
P

q= u;c;t V �
qbVqs = � bs = 0 by de�nition of the unitary CKM matrix, dramatically reducing

the decay rate with respect to tree-levelV �
qbVqs processes. Higher order correction terms,

from the mass of theu; c; t virtual meditating fermions, apply factors ofO
�

m2
q

m2
W

�
to the

matrix element [32] which do not cancel in the sum over generations. The quark loop is

therefore dominated by virtual top quarks due to the gulf inmq (see Table 1.1), despite the

CKM suppression theVts term applies. The experimental realisation of this can be seen,

for example, by comparing the most fundamentalb! s`� `+ decay B 0
s ! � + � � to the

correspondingb! d`� `+ decayB 0 ! � + � � , with B(B 0
s ! � + � � ) = (3 :09� 0:46) � 10� 9

and the most recent limit of B(B 0 ! � + � � ) < 2:6 � 10� 10 at 95% con�dence [61]. Both

are rare decays due to GIM suppression and their ratio provides a direct probe ofjVtd=Vts j.

(a) (b)

Figure 1.2: Feynman diagram representation of ab ! s`(0)+ ` � transition proceeding
through virtual loops. (a) Shows the SM box form EW penguin form and (b) shows the
same transition mediated by a proposed BSM Lepto-Quark (LQ) mediator [62, 63].

1.2.1 Lepton Flavour Universality

Lepton Flavour Universality (LFU) is an experimentally observed accidental symmetry in

the SM that originates from the leptonicU(1)Y group (U(1)L ) imposing equal �rst-order

coupling to all generations of charged and neutral leptons for a given gauge-boson [26].

This results in near-identical decay rates forW ! `� ` or Z=
 ! `+ ` � interactions of any


avour [41], with minor di�erences due to m` .

While there are tight experimental constraints on LFU for tree-level decays [41],
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studying LFU with FCNCs is one of many methods to scrutinise the SM and search for

NP. Using processes mediated by virtual loops can provide experiments with indirect

sensitivity beyond the collision Centre-of-Mass (CoM) energy, with contribution to the

decay rate from massive virtual BSM particles resulting in a deviation from the predicted

SM value. A hypothetical example of a LQ mediating ab! s`� `+ interaction is described

in Figure 1.2b. Any NP contribution is expected to be small (hence the lack of observation

thus far), but many BSM models [64{66] suggest NP in FCNC interactions to be within

reach of current or next-generation experiments. This is referred to as an \indirect" search

for NP.

Often the factor limiting NP-sensitivity for indirect searches is the precision of the

SM prediction. As experimental precision improves, any change in theoretical precision

or shift in � SM could alter the signi�cance; this is the case in the recent (g � 2) measure-

ment [67, 68] with one theoretical prediction producing a> 5� result [69] and another

< 2� [70]. In an attempt to mitigate changes in the theoretical predictions ofb! s`� `+

branching fractions, recent studies of LFU at LHCb have utilised the ratio

RH =
B(B ! H� + � � )

B(B ! HJ= (! � + � � ))

�
B(B ! He+ e� )

B(B ! HJ= (! e+ e� ))
; (1.2.6)

where H is the hadronic component of aB decay [71], with a \double-ratio" between

same-
avour rare (b! s`� `+ ) and resonant (b ! sJ= ) decay modes, as well as between

the 
avour generations, ensuring that any systematic e�ects in the theory derivation and

experimental procedure propagate with maximal cancellation. This provides a robust

test of LFU, yielding a predicted value ofRH ' 1 for all hadronic varieties with < 1%

theoretical uncertainty [72, 73].

The consistency of LFU has been tested by many experiments, producing precise

results in agreement with the SM forW ! `� ` , Z ! `+ ` � and J= ! `+ ` � decays [9,

41]. The � + � � =e+ e� ratio of the latter has been measured tor J= = 0:998� 0:008,

ensuring that Equation 1.2.6 is testing the consistency of theb! s`� `+ rare modes only.

A summary ofRH measurements at LHCb is presented in Figure 1.3, showing consistency

of O(1� 2)� in all cases [74{76]. However previous measurements of these ratios had hinted

at NP [78], prompting a tide of focus on probing LFU inb! s`� `+ decays, with deviations

of O(2 � 3)� remaining in other observables including angular [79{81] and individual

branching fractions [82{84]. Further measurements with larger experimental datasets

are required to draw de�nitive conclusions regarding the LFU symmetry, with current

measurements at LHCb statistically limited. Nevertheless, the potential sensitivity to

new physics in the rare decays of heavy 
avour hadrons prompts further investigation of

new and alternative observables.
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Figure 1.3: Summary of published LHCbRH measurements [74{76]. Blue and pink
points distinguish between a parentB-meson orB-baryon respectively. Taken from [77].

1.3 Searching for New Physics with Lepton Flavour

Violation

While no unequivocal evidence of NP in the decays of heavy 
avour hadrons have been

observed up to now, the search continues for processes breaking LFU with the lack of

a formal SM symmetry suggesting that the consistency observed could be local to the

energy-scales probed [71]. Furthermore, the SM continues to not explain many clear,

observed phenomena. Many of these limitations involve 
avour physics:

CP Violation Quark CPV originates naturally in 
avour-changing currents, but the

observed rates are insu�cient to justify the stark matter-antimatter asymmetry of

the universe [20]. Possible origins of the missing violation include leptonic CPV

within neutrino interactions [85] as well as from the yet undetermined QCD phase

� QCD which governs CPV in the strong force, the so-called \Strong CP Problem" [26,

86];

Mass Hierarchy As discussed, both quarks and leptons exist in three distinct gener-

ations with a hierarchy of vastly di�erent fermion masses that the SM does not

predict or explain.

Most striking, is the observed phenomena of neutrino oscillations [87{89], where neutrino


avour ( � e, � � or � � ) can change when propagating over large distances. The original form
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of the SMs assumed that neutrinos were massless, but an oscillation mechanism requires

non-zero � m�� 0 implying that at least one neutrino is massive. To facilitate this neutrinos

are hypothesised to exist as mass eigenstates (� i =1 ;2;3), a superposition of multiple 
avour

eigenstates, similar to down-type quarks in the CKM matrix and resulting in a required

extension, the Pontecorvo{Maki{Nakagawa{Sakata (PMNS) matrix [87, 90]. While the

oscillation mechanism and elements of this matrix are not �nalised in measurement [41],

neutrino-mixing provides indisputable evidence that lepton 
avour is not conserved ab-

solutely in the SM when neutrinos propagate between production and observation. This

justi�es consideration of whether the same process that allows neutrino oscillation can

result in a non-zero coupling between leptons of di�erent generations, LFV; if neutrinos

oscillate, why do the charged leptons not?

As yet, there is no evidence for LFV, surviving as another accidental symmetry

of the SM with the EW bosons observed to only couple within lepton generations and

processes such asW ! `� `0 or Z=
 ! `` 0 not seen. However a NP process could, in-

theory, simultaneously mediate the observed neutrino-mixing as well as`� `0 or `` 0 �nal

states and is therefore an avenue for BSM searches. Furthermore, evidence for coupling

between lepton generations could aid with understanding of the 
avour problem and could

reveal a relationship between the charged lepton masses.

One method to search for LFV are bespoke experiments like \Mu2e" [91] and

\Mu3e" [92], both attempting to observe neutrinoless muon-electron conversion, with

an additional e+ e� emission for Mu3e, focussing experimental e�ort on Charged Lepton

Flavour Violation (cLFV) speci�cally with visible �nal states of charged leptons, without

the di�culty of neutrino reconstruction. However, these experiments are impaired by

high-rate SM processes, e.g.� -decay with or without hard photon emission, and require

further R&D to be fully-realised [93]. Other methods include searching for cLFV within

large samples of light hadron decays, such as at NA62 [94].

Searches for cLFV have also been performed at collider experiments, e.g. by studying

the production and decay of Higgs bosons or top quarks withinpp collisions [95{97]. An

alternative is to search for cLFV in the decays ofb-hadrons, speci�callyb ! s`� `0+ pro-

cesses, that involve at least one spectator quark. This produces a corresponding hadronic

system that can be utilised experimentally for selection and background rejection and

could potentially enhance NP [98, 99]. Ab ! s`� `0+ search also complements the dis-

cussed studies of FCNCb! s`� `+ processes, both by the sharing of experimental tech-

niques for studying the rare decays ofb-hadrons but also that many theoretical models

that provide a mechanism towards lepton non-universality naturally produce LFV as a

by-product [100, 101], with constraints from both methods able to be collated into global

�ts for potentially greater NP sensitivity [102{104].
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Figure 1.4: Feynman diagram representation of a� 0
b ! � (1520)̀ + `

0� transition with
(left) the quark interaction (centre, right) di�erent potential mediators replacing the four-
particle interaction vertex including a SM oscillating neutrino as well as proposed NP
interactions through BSM � 0 with the LQ equivalent in Figure 1.2b.

Unlike the b ! s`� `+ interaction, b ! s`� `0+ decays are forbidden in the SM.

The only viable SM method yielding a process such as� 0
b ! � (1520)� � e� is via a vir-

tual neutrino oscillation within a FCNC as shown in Figure 1.4, requiring a higher-order

matrix-element correction term ofO
�

m �
mW

� 2
which, for a SM like neutrino (m� � 1 eV), in-


icts a � 10� 44 scale-factor on the decay rate compared to theb! s`� `+ equivalent. This

projects B(� 0
b ! � (1520)� � e� ) � 10� 51 from the measuredB(� 0

b ! � (1520)� + � � ) [105],

rendering this process unobservable for any current or future experiments if only the

SM is considered. The null result for a cLFV search is therefore essentiallyB = 0,

removing dependence on the precision of a SM prediction from which to measure devi-

ations, thus providing a \direct" search for NP. Therefore, any signi�cant evidence of

� 0
b ! � (1520)� � e� would serve as unequivocal evidence for NP, a clear signature of a

new interaction mediated by a BSM process either at the tree level or embedded within

a virtual loop diagram.

Two potential NP models for mediating the� 0
b ! � (1520)� � e� process have been

presented in Figures 1.2 and 1.4, a sterile neutrino model [106], which can interact with

both 
avour ` � at W ! `� 0 vertices, as well as a scalar LQ model [63, 107] with direct

coupling to both quarks and leptons at tree level. While both models produce a feasible

interaction, a single observation of LFV would be unable to con�rm one NP model.

Therefore it is appropriate for a model-independent approach to be adopted for LFV

searches, where the phase-space component of Equation 1.2.5 determines the expected

kinematics of the target decay mode. This method maintains the ability for subsequent

reinterpretation of results to either investigate sensitivity to a preferred NP model or

to combine with complementary studies. One common method is to utilise an E�ective

Field Theory (EFT) approach [108], factorising SM symmetries and conservation laws

into individual local operatorsOi , with corresponding Wilson coe�cientsCi that separate

BSM contributions from any corresponding SM feature,Ci = CSM
i + CBSM

i . For a � 0
b !

� (1520)̀ 1`2 decay, the EFT Hamiltonian can be described by
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H e� =
4GFp

2
VtbV �

ts

X

i

(C`1 `2
i O`1 `2

i + C0̀ 1 `2
i O0̀ 1 `2

i ); (1.3.1)

where only the top-quark elements of the CKM matrix are retained due to the discussed

dominance, andGF is the Fermi constant [42, 101].

Another application of Equation 1.3.1 is to produce predictions for BSM decay

modes, and while no formal calculation has been made for� 0
b ! � (1520)� � e� , a projection

from the prediction for the analogous channel� 0
b ! �`` 0 [101] is possible. Applying a

factor of B(� 0
b ! � (1520)� + � � )=B(� 0

b ! �� + � � ),

B(� 0
b ! � (1520)� � e� ) . 2:2 � 10� 8; (1.3.2)

potentially within sensitivity of a Run 1 and 2 LHCb measurement and undoubtedly in the

near-future with the LHCb dataset projected to increase over �ve-fold during Run 3 and 4

of the LHC, with a further factor of seven expected for LHCb Upgrade II. This motivates

cLFV searches at LHCb with the potential to either observe NP or signi�cantly constrain

NP models, narrowing and improving understanding of the BSM theoretical landscape.

Figure 1.5: A summary of cLFV b ! s`� `0+ searches at LHCb and other experiments
in the � � e� �nal state [109{113]. All limits are at the 90% con�dence level. Provided
by [114].
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A wide range ofB ! H`` 0searches have been published by LHCb, withH = K [113,

115], K � 0 [112, 116],� [112, 117] including searches forH� � e� and H� � � � as well as

the purely leptonic B ! � � e� [111] and B ! � � e� [118], summarised in Figure 1.5.

All have produced world-leading limits for LFV, providing constraints and inputs to NP

models [109]. As yet, there are no published results for LFV in the decays ofb-baryons,

with one ongoing study of� 0
b ! �e � � � described in Ref. [42, 119]. This motivates further

searches in the decays of� 0
b baryons with distinct spectator quarks to mesonic searches,

resulting in a non-integer initial spin and sensitivity to di�erent hadronic form-factors

that could potentially enhance NP contributions. Chapters 3{5 of this thesis describe the

methodology and results for an analysis of� 0
b ! � (1520)� � e� , designed to yield either

the �rst measurement of cLFV or set a world-�rst, competitive limit on the branching

fraction. Chapter 3 will introduce the methodology behind a cLFV search at LHCb, also

justifying the hadronic choice of the excited strange-baryon� (1520), before Chapters 4

and 5 describe the process from candidate selection through to result interpretation, with

the ultimate result of this work a blinded limit on B(� 0
b ! � (1520)� � e� ).
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Chapter 2

The LHCb Detector - Run 1 & 2

2.1 The Large Hadron Collider

2.1.1 The LHC Accelerator

The LHC is a 27 km circular hadron collider at the CERN laboratory near Geneva. In

its standard operational mode, the LHC accelerates protons in opposite directions, col-

liding the beams with an extreme Centre-of-Mass (CoM) energy (
p

s) at four interaction

points instrumented with the four primary LHC experiments: ATLAS, CMS, ALICE

and LHCb [120{123]. The LHC can also operate with heavy-ion beams [124]. Chap-

ters 3{5 of this thesis analysespp collision data taken during Run 1 (2011-2012) and Run

2 (2015-2018) of the LHC, hence the accelerator during this period will be described.

Minor improvements have since been implemented for Run 3 and a major upgrade, the

HL-LHC, is scheduled for Run 4, detailed in Chapter 6 of this thesis.

As described in Figure 2.1, the LHC is the �nal accelerator of a series of smaller

machines that step towards the CoM energy of
p

s = 13 TeV for Run 2 (7 and 8 TeV for

2011 and 2012). The protons are extracted from hydrogen gas and initially accelerated

to 450 MeV within LINAC2 and injected into the Proton Synchrotron (PS) system, con-

sisting of booster rings and a 0.63 km primary accelerator [126]. The PS achieves a beam

energy of 25 GeV and separates the protons into bunches of� 1:5 � 1011 per bunch, with

neighbouring bunches spaced by 25 ns intervals, tuned for the LHC clock frequency of

40 MHz. The Super Proton Synchrotron (SPS) provides the �nal acceleration to 450 GeV

before proton bunches are injected into the LHC, with a design maximum of 2808 colliding

bunches per beam, referred to as an LHC \�ll" [127].

The LHC accelerates the proton bunches to their nominal beam energy with an
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Figure 2.1: The status of the CERN accelerator complex during Run 2 of the LHC.
Taken from [125].

Radio-frequency (RF) cavity installation operating at 40 MHz inline with the bunch

frequency. The beam-trajectory is maintained by superconducting dipole magnets and

quadrupole focussing magnets [126]. The LHC beam pipe contains an Ultra-High Vacuum

of 10� 10 � 10� 11 mbar [126] minimising the likelihood of beam-gas collisions in the accel-

erator that could trigger a beam dump, a safety mechanism designed to automatically

redirect the LHC beams into steel-concrete blocks if, for example, a problem with the

beam condition or an issue at one of the experiments is detected.

At the four experimental interaction points dipole magnets direct the beams to cross,

colliding bunches at the LHC clock frequency of 40 MHz. Not every Bunch Crossing (BX)

contains two proton bunches, with some \beam-empty" or \empty-empty", rendering an

e�ective maximum average collision frequency of 30 MHz [126]. Collision BXs separated

by 25 ns are still present however so experiments must tolerate this peak rate.

During a �ll, the number of BXs producing pp collisions decays exponentially as the

beams deplete and are repeatedly cleaned via collimation [126]. For ATLAS and CMS,

attempting to yield the maximal data samples, this results in a decaying instantaneous

luminosity (L inst ) over a �ll of . 20h. LHCb, requiring a stableL inst , performs \luminosity

levelling" to maintain L inst = 4 � 1032 cm� 2 s� 1 by initially directing the colliding beams

away from each other and gradually returning them to head-on as the �ll progresses [128].

This enables control of \� ", the average number of visiblepp interactions per BX. For

Run 1 and 2 of LHCb, � � 1 [128], in comparison to ATLAS and CMS which operate

at < � > = 32 for Run 2. Throughout this thesis each recorded BX is referred to as an

\event", with the measured products referred to as reconstructed \candidates".
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2.1.2 The LHCb Experiment at the LHC

Figure 2.2: Schematic of the LHCb detector during Run 1 and 2 of the LHC. The
(x; y; z) coordinate system is de�ned. Taken from [129].

The LHCb detector is a single-arm forward spectrometer instrumenting the pseudo-

rapidity range 2 < � < 5, in contrast to a hermetic design like ATLAS or CMS (primarily

covering � 0 < � . 3) [120, 121]. This design choice is to optimise the geometrical ac-

ceptance to the production ofb quarks in pp collisions with the study ofb-hadron decays

the primary design aim of LHCb. bb production proceeds primarily through gluon-gluon

fusion and quark annihilation in pp collisions [130], where there is a high likelihood of

a large momentum asymmetry between colliding protons producing a signi�cant boost

in the forward (or backward) direction [128]. The LHCb acceptance therefore contains

� 27% ofb quarks produced and� 24% ofbb pairs [128], only a factor� 2 reduction on

the hermetic experiments which cover a vastly higher total solid-angle [120, 121].

The LHCb detector is described in Figure 2.2, consisting of a high-precision tracking

system, a sophisticated multi-part Particle Identi�cation (PID) system and a 
exible

layered trigger designed to reconstruct large datasets of high-qualityB 0, B + , B 0
s and

� 0
b hadrons to study both SM and new physics. LHCb is unique in its access to� 0

b

baryons, which are beyond the reach of other beauty experiments [50, 51]. LHCb has

out-performed its speci�cation with, for example, a rich charm, ElectroWeak and heavy-

ion physics programme producing novel results beyondB-decays. This is enabled by the


exible trigger system used with lower thresholds than other experiments, possible with

the reduced and constantL inst from luminosity levelling.
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2.2 LHCb Tracking

2.2.1 VErtex LOcator in Run 1 and 2

The VELO surrounds the pp-interaction region, performing the �rst measurement of

charged particles produced in collisions at LHCb. It consists of 42 silicon-strip half-circle

modules, arranged along a 1 m section of the beamline, with a greater concentration

around the central � = 5:3 cm interaction region. Each module consists of anR and

� sensor, providing an (r; � ) coordinate measurement of a traversing particle \hit" with

a pixel pitch (granularity of the sensor) ranging from 38� m at the innermost region to

102� m [128]. This corresponds to radial scaling of the sensitive area of each half-circle

module with rmin = 8:2 mm to router = 42 mm. Four pile-up modules are also installed

in the backwards direction (negativez with respect to the interaction region) to remove

high multiplicity events that would result in poor reconstruction e�ciency.

The entire VELO detector is placed within a secondary vacuum separated by a

thin 0.5 mm aluminium RF foil from the primary LHC vacuum [128]. This enables in-

dependence in operation, protecting the LHC vacuum from VELO components, as well

as providing a shield from RF interference from the beam. However, during LHC beam

injection the shield is insu�cient to protect the modules from hadronic emission due to

the unstable beam-pro�le, therefore each half of the VELO is retracted by 6 cm, only

returning to the nominal rmin when stable beams are established. This complex closing

system reduces radiation-damage while enabling instrumentation closer to the interaction

region than any other LHC experiment [128].

Module pairs form 21 stations arranged inz to ensure that particles with 1:6 < � <

4:9 traverse at least six stations, compensating for the minor hit-ine�ciency of� 0:6% to

measure a complement of hits that will reconstruct a corresponding track in the LHCb

acceptance [128]. These initial \VELO tracks" are analysed for large coincidences to re-

construct Primary Vertices (PVs), thepp collision points. Smaller coincidences, displaced

from the PV, are reconstructed as Secondary Vertices (SVs), the likely decay-vertex po-

sition of long-lived b and c hadrons. The VELO therefore provides a measurement of

the Flight Distance (FD) and decay-time (� ) for candidate heavy-
avour hadrons, vital

for isolating a pure sample of decays-of-interest with respect to the hadronic background

present inpp collisions [128].

The VELO also measures the Impact Parameter (IP) of a reconstructed track, the

distance between its trajectory and a given PV in the event, calculated at thez position of

the PV. This is used to associate a particle to a speci�c PV and provides a measurement

of likelihood of it originating from that PV, � 2
IP , vital for selecting displaced tracks to
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form heavy-
avour candidates. � 2
IP is de�ned as the change in� 2 of the PV �t if the given

track is included. Proportional to (IP=� IP )2 it renders IP resolution as a critical VELO

metric [24, 128]. It can approximately be parameterised as

� IP � � extrap �
� MSC

pT
; (2.2.1)

where the track extrapolation term� extrap and multiple scattering term � MSC are deter-

mined by rmin , the amount of scattering material and the sensor hit-resolution [24]. The

requirement to minimise this dictated the discussed Run 1 and 2 VELO design produc-

ing a resolution of (15 + 29=pT ) � m for candidate \physics tracks" likely to be used in

reconstruction of heavy-
avour candidates [128].

2.2.2 Tracking Stations and Magnet

In LHCb, the relative position between subdetectors is referred to as downstream or

upstream, at a greater or smallerz by the direction of particle 
ow. The 4 Tm dipole

magnet [128] is often used as the reference-point with the VELO and Tracker Turicensis

(TT) comprising the upstream portion of the tracking system and tracking stations T1{3

downstream (see Figure 2.2). The aluminium room-temperature magnet de
ects charged

particles in the horizontal (x) detector plane, with charged particles requiringp > 1:5 GeV

to remain in downstream acceptance of the T stations [128]. The de
ection of tracks before

and after the magnet enable a momentum measurement. As a dipole magnet, the polarity

is swapped during each Run period, set to Mag Up (MU) and Mag Down (MD) for� equal

periods of time, such that when the two datasets are averaged potential charge-dependent

systematic biases can be cancelled, especially important for Charge-Parity (CP) violation

measurements [123].

The upstream tracking station, TT, consists of silicon microstrip sensors with a pitch

of 183� m with an active area of 8 m2 instrumenting the forward acceptance of the VELO

at z � 2:5 m [128]. The two stations provide a second measurement of particles originating

in the VELO, signi�cantly reducing the native rate of reconstructed fake \ghost" tracks1

to � 6:5% [128]. For long-lived particles, such as� and K 0
S, � 1

2 decay beyond the

VELO [128], and the TT provides a vital �rst measurement enabling the determination

of momentum.

Downstream of the magnet three tracking stations of 29:5 m2 each reconstruct \T-

Tracks" to be matched to objects formed in the VELO and/or TT to form long and down-

1A track that is unlikely to be genuine, de�ned by having fewer than 70% of its hits from a single
generated particle[131].
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stream tracks as de�ned in Figure 2.3a via dedicated \track-seeding" algorithms [128].

Each T1{3 station is formed of a silicon-strip Inner Tracker (IT) 4 m2 area to provide

smaller granularity for the high particle multiplicity high- � region, with a larger gaseous

straw drift-tube Outer Tracker (OT) in the lower occupancy region [128]. For recon-

structed long tracks a relative momentum resolution of�p=p = 0:5 � 1% is achieved for

particles with p = 1:5 � 200 GeV. This consistent performance across a wide momentum

range propagates to versatile physics performance with a mass resolution of 14.3 MeV and

1727 MeV measured forJ= and Z 0 resonances respectively with Run 1� + � � calibration

data [128].

(a) (b)

Figure 2.3: Track types and reconstruction e�ects in the LHCb detector. (a) Schematic
of di�erent LHCb track types assigned during Run 1 and 2 based on the information used
to reconstruct a given track. Taken from [132]. (b) E�ect of Bremsstrahlung radiation at
di�erent points in the detector and the \0
 " and \1 
 " track categories this produces [123].

2.3 LHCb Particle Identi�cation

The identity of particles is determined by a combination of specialised subdetectors

that provide a complement of likelihood measurements for di�erent particle hypotheses

matched to each reconstructed track. This is crucial for 
avour physics measurements, al-

lowing separation between decay modes with similar topology of a given unstable hadron,

such as� 0
b ! pK � J= and � 0

b ! p� � J= .

As shown in Figure 2.2, the LHCb PID system consists of two Ring Imaging CHerenkov

(RICH) detectors (up and downstream of the magnet), an Electromagnetic CALorimeter

(ECAL) system, a Hadronic CALorimeter (HCAL) and �ve Muon chambers. Figure 2.4a

describes how the presence or lack of a detector response in each sub-system can inform

on the identity of the incoming particle, e.g. a muon with a track in the T-stations fol-

lowed by a response in the RICH and Muon chambers. The PID system provides the only
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(a) (b)

Figure 2.4: PID at LHCb. (a) Schematic of the LHCb PID system, displaying how dif-
ferent particles interact with the subdetectors. Adapted from [133]. (b) Overview of e�-
ciency for the LHCb Run 2 RICH system to identify protons correctly and to mis-identify
kaons as protons, as a function of trackp at di�erent PIDp working points. �LL( p; K ) >
0,5 are example cut values. Taken from [129].

measurement of neutral particles,
 and neutrons, with the missing track followed by a

clear response in the ECAL and HCAL respectively implying their identity.

To distinguish between charged hadrons, RICH1 and RICH2 utilise Cherenkov ra-

diation rings emitted at a speci�c angle dependent on the particle velocity to calculate an

estimate for the particle mass, using the momentum from the matched track segment [128].

RICH1 covers the range 2< p < 60 GeV using higher refractive index radiators (C4F10

and Aerogel, with the latter removed for Run 2 [129]) than RICH2, covering approxi-

mately 15 < p < 100 GeV with its CF4 radiator [128]. RICH2 has a reduced acceptance

of 3 < � < 5, prompting the use of binary acceptance variables such as \hasRich" in

analyses [128]. HPDs read out the Cherenkov photons, reconstructing the corresponding

rings and forming a Negative-Log-Likelihood (NLL) value for each charged particle-type

hypothesis. A delta-log-likelihood (DLL) value is then computed between each particle-

type and the corresponding pion hypothesis producing the discriminating variable \PIDx"

(where x= p; K; :::) which is subsequently used in analyses to tune e�ciency and pu-

rity for selecting speci�c particle species. This allows calculation of specialised variables

such as DLLpK (PIDp- PIDk), vital for distinguishing, for example, � 0
b ! pK � J= and

B 0
s ! K + K � J= candidates with the Run 2 performance described in Figure 2.4b. The

drop in performance at low-p is due to protons and kaons only producing reconstructible

Cherenkov rings abovep � 10 GeV [129].

The ECAL system is composed of a Scintillating Pad Detector (SPD), a Preshower

detector and the shashlik-type ECAL [128]. The Preshower initiates an EM shower in
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electrons and photons but has a small hadronic radiation length, reducing the likelihood

of a hadronic shower which could result in the mis-identi�cation (mis-ID) of incoming

hadrons. Hits in the SPD imply an electron interaction, providing a further distinguish-

ing feature and simplifying the identi�cation of electrons/photons from their showers in

the ECAL. The ECAL, with alternating scintillator and lead-absorber plates provides a

relative energy resolution of (1 + 10=
p

E ) % producing the only measurement of photon

energy and an additional handle on electron energy as well as the initial momentum mea-

surement. The precise energy resolution is crucial for electron reconstruction due to the

frequent Bremsstrahlung emission described in Figure 2.3b, where emission before the

magnet can result in a non-negligible fraction of the initial electron energy missing or

within a distinct ECAL cell [128]. This will result in a under-reconstruction of the true

electron p. For emission beyond the magnet region, the momentum measurement is un-

a�ected and the forward boost on the Bremsstrahlung photon results in a high-likelihood

of the e+ 
 pair showering in the same ECAL cell [128].

To correct for Bremsstrahlung emission before the magnet, a recovery algorithm

extrapolates the electron VELO/upstream track and searches for a photon shower with

feasible energy in that area, addingP
 to the initial electron reconstruction [128]. Multi-

ple emissions are possible however which the algorithm can not reconstruct and random

photons may be attached resulting in over-reconstruction of the momentum. This pro-

duces two distinct categories of electrons at LHCb, \1
 " and \0 
 ", with and without

Bremsstrahlung recovery, with both displaying consistently worse momentum resolution

than other charged particles due to the missing energy or use of the ECALs poor energy-

resolution, even if the recovery algorithm works as expected [128].

Hadrons begin showering in the ECAL and continue into the HCAL where they are

entirely absorbed, providing the only measurement of neutral hadrons or an additional

con�rmation of h� identity. The sampling device is made from iron and scintillating tiles,

providing a fast response time for a hadronic shower [128], with its most common appli-

cation as the hadronic component of the Level-0 (L0) hardware trigger (discussed in Sec-

tion 2.4.1). The calorimetry system contributes to combined DLL variables, including in-

formation from the RICH, with binary acceptance variables \InAcc(Ecal,Hcal,Prs,SPD) "

and \HasCalo" used to determine if the calorimeter response is valid for individual events

in analysis.

The �ve Muon stations provide robust identi�cation of muons that pass through the

other PID systems with only minor, if any, interaction. M1 consists of fast Gas Electron

Multiplier (GEM) detectors to manage the high particle-rate before the calorimeters, with

M2{5 using Multi-wire Proportional Chamber (MWPC) covering an area of 435 m2, the

full LHCb acceptance, to select and identify penetrating muons [128]. Due to its fast
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response the Muon chambers are used in the L0 trigger, with M1 providing an initial

transverse momentum estimatepL 0
T (� ), with a tuneable threshold applied to control the

event-rate in the experiment [128]. M2{3, with �ner granularity, provide better posi-

tion resolution, improving the pL 0
T (� ), while M4{5 are primarily for muon identi�cation,

with pT > 6 GeV required to traverse both stations [128]. This produces two muon-only

variables for analysisHasMuonand IsMuon, binary metrics to state whether a particle

produced a response in the muon chambers and if the energy deposited was consistent

with a high-pT � .

(a) (b)

Figure 2.5: Leptonic PID performance at LHCb. (a) Analogous (mis)identi�cation dis-
tribution to Figure 2.4b for electrons (with pions as the mis-ID), combining information
from the RICH and ECAL systems during Run 1 (where 0 and 3 are example cut val-
ues). Taken from [128]. (b) Receiver Operator Characteristic (ROC) curve comparing
� { � separation power for the likelihood di�erence method and the Neural Network (NN)
powered variable. Taken from [128].

Combined DLL variables are constructed with information from all PID sub-systems,

implemented with the same strategy as the RICH DLL variables. This produces variables

such asPIDe, providing tuneable separation between electrons and pions as shown in

Figure 2.5a. As displayed,h ! ` mis-ID at LHCb is small, due to the distinct hadron

response in the RICH compared to the expected behaviour in the ECAL/Muon chambers,

and can be tuned to be negligible for a small reduction in selection e�ciency. Further PID

variables are constructed, calledProbNNx, based on a specialised, central NN taking input

from all LHCb subdetectors. It is trained on simulation from each Run period, producing

an output probability score for the particle hypothesis queried. TheProbNNvariables

are found to be more powerful at suppressing mis-ID background contributions [129]

and are used in the analysis discussed in Chapters 3{5 of this thesis to e�ciently select

events. TheProbNN� performance compared toPID� is displayed in Figure 2.5b, showing

consistently better background rejection for the high signal e�ciencies desired in heavy-


avour analyses.
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2.4 Data Acquisition and O�ine Reconstruction

(a) (b)

Figure 2.6: The LHCb data processing 
ow-diagrams for Run 2. (a) The trigger archi-
tecture. (b) The full data and simulation 
owchart, from pp collisions to analysis. Taken
from [132] and [134].

The LHCb Data AcQuisition (DAQ) system is designed to allow data taking with

minimal dead-time at the full LHC BX rate of 40 MHz [132]. Figure 2.6a describes the

two-level trigger system employed to reduce the data-rate toO(10) kHz, optimised to

select events containing signatures of the decays ofb and c-hadrons [132]. The central

data processing after the trigger stage in Figure 2.6b is referred to as \O�ine" and are

the stages required to prepare datasets for 
exible use by LHCb analysts.

2.4.1 Trigger in Run 1 and 2

The �rst level of the trigger, L0, is implemented in hardware, making decisions within

4� s by retaining events with high-pT or ET particles using instant information from

the calorimeters and muon stations [132]. While each event must pass at least one L0

threshold, separate L0 trigger-line response information is retained to allow o�ine curation

of events with di�erent muonic, EM and hadronic signatures.
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Events passing L0 are passed to the software High Level Trigger (HLT), split into

two stages, HLT1 and HLT2. The �rst stage uses reconstructed tracks to perform in-

clusive selection on signatures of individual tracks or track pairs, using the initial PV

reconstruction to preference displaced tracks that are more likely to originate fromb or

c-hadron decays [132]. Single-track signatures are subject to a higher threshold that two-

track composites. During Run 1, HLT1 was limited to tracks withpT > 1:2 GeV [128],

limiting the reach of charm and strange physics analyses. In Run 2 the CPU-bandwidth

was increased by a factor� 2 and the bu�er system improved allowing further processing

of events during inter-�ll periods and alignment performed in real-time [132], reducing

the limit to pT > 0:5 GeV [132].

During Run 2, HLT1 events are passed to HLT2 for full event reconstruction, with a

wide range of inclusive and exclusive trigger lines allowing near-complete online selection.

This replaced the Run 1 HLT2, limited by its requirement for o�ine alignment and lack

of online PID information, providing only general trigger decisions [128]. This distinction

between the trigger system in Run 1 and 2 results in di�erent trigger lines available and

corresponding performance, with analyses often using partitioned datasets.

All trigger lines in LHCb have two primary implementations describing the given

response: \Trigger-On-Signal (TOS)" and \Trigger-Independent-of-Signal (TIS)". The

�rst is when the given trigger decision was �red by a particle or composite within the

decay chain of the \signal candidate" (the feature of the event being reconstructed), and

the latter when the trigger is caused by an independent object or track. This separation

enables determination of the live data taking trigger e�ciency,

" trig =
NTOS

NTOS + NTIS & !TOS
; (2.4.1)

whereNX refers to the yield of events classi�ed as each trigger-response type [135].

2.4.2 O�ine Processing

Events passing the trigger stage are recorded to tape for further reconstruction in both

Run 1 and 2. Reconstructed tracks, often from inclusive trigger lines, can be combined

with other features to form complex multi-body objects with further selection allowing

categorisation into \Stripping Lines" that curate events into those likely to contain events

of interest for a given analysis. Stripping lines can be trigger-line agnostic, maximising

the number of events available for a rare FCNC search, for example.

For 
exible analysis, the output of stripping lines are processed into o�ine Ntuples

that are curated to contain a plethora of subdetector response information, individual
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particle variables and reconstructed metrics such as the invariant mass and� 2
IP of candi-

dates of interest on an event-by-event basis. This enables analysts to manipulate, further

select and extract physics results in novel ways, diversifying the output of the LHCb ex-

periment. For example, the work discussed in Chapters 3{5 of this thesis primarily used

data analysis tools from theScikitHEP ecosystem [136] as an alternative to the commonly

usedRoot framework [137].

2.4.3 Simulation at LHCb

Simulation is essential to model the acceptance and resolution of LHCb as well as for

determining the e�ciency of selection for a speci�c physics channel under study. To deliver

this LHCb uses theGauss framework [138], generating underlyingpp collisions using

Pythia [139, 140], controlling the decay of candidates-of-interest withEvtGen [141]

and propagating particles through a model of the detector inGeant4 [142].

While Pythia produces unbiasedpp-events, for most analysis use casesEvtGen is

tuned to only accept events containing a viable \head"b or c-hadron with decay products

produced within the LHCb acceptance. In addition, candidates that would be valid in

the inverse LHCb acceptance (� 5 < � < � 2) are mirrored and the \Decay File" that

controls the candidate decay can be further tuned to apply speci�c physics models and

require certain kinematics, ensuring e�cient production of simulation [138]. Properties

of generated candidates before particle propagation and without simulation of material

interaction and reconstruction are referred to as \generator-level" or \truth" information,

retained alongside the reconstructed Ntuples for later analysis.

All particles produced in theppevent, including the candidate decay, are propagated

through a detailed simulation of the LHCb detector inGeant4 , adjusted and aligned to

represent the near-exact detector in a given year [142, 143]. This records particle traver-

sal of sensitive detectors, emulates the curvature of charged particles in theB-�eld and

simulates material interaction e�ects including multiple-scattering and Bremsstrahlung.

To mimic the response of subdetectors, a digitisation step in
icts hit ine�ciencies, dead

channels and radiation damage e�ects [144] while converting the simulation to the input

format ready for the LHCb trigger system. This allows the subsequent trigger, recon-

struction and Ntuple creation for simulation to be aligned with real data as described in

Figure 2.6b.

The discussed simulation generation and processing chain ensures that simulated

\Monte Carlo (MC)" samples are the best available proxy for real data. But the emula-

tion is not perfect. Often simpli�ed candidate decay models are used for generation when

speci�c physics models are not well-de�ned or too complex. In addition, certain subde-
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tectors such as the RICH and ECAL produce large number of Cherenkov photons and

complex shower objects with simulation limited by modelling of these processes and the

computing power available [138]. This limits the accuracy of the simulated PID response

at LHCb. Data-driven reweighting schemes are hence employed to tune the simulation to

the required alignment with real data, an example of which is presented in Section 4.2.

Simulation with unbiased modelling is often preferred to give analysts control of MC using

reweighting suites, especially in searches for NP where the behaviour of the target decay

mode is unknown. Furthermore, as the LHCb detector is upgraded, detailed in Chapter 6

of this thesis, theL inst is projected to increase by up to a factor� 50 [24], amplifying�

(the number of simulatedpp collisions per BX) and dramatically increasing the particle

rate to simulate, suggesting that faster, simpler simulation with o�ine correction will be

desirable.
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Chapter 3

A Search for Charged Lepton

Flavour Violation in

� 0
b ! � (1520) � � e� decays at LHCb

The following chapters will introduce the �rst search for the Charged Lepton Flavour

Violation (cLFV) decay � 0
b ! � (1520)� � e� . As discussed in Section 1.3, searches for

cLFV are a clean test-bench to search for NP, with no observable mechanism in the SM

that can create the signature. Therefore any signi�cant signal measured in this decay

mode would be unequivocal evidence for BSM physics.

3.1 Motivation for � 0
b ! � (1520) � � e� LFV Search

This analysis builds on recent e�orts and follows a similar methodology to other searches

for LFV at LHCb in inclusive � � e� �nal states. Recent examples of these are the search

for B + ! K + e� � � [113] andB 0
(s) ! X� � e� ; (X = K � 0; � ) [112], as well as the ongoing

search for� 0
b ! �e � � � [42, 119]. The inclusive� � e� dilepton �nal state is an attractive

mode at LHCb: muon identi�cation and reconstruction are reliably-high quality and

electrons have distinctive signatures but due to detector e�ects such as Bremsstrahlung,

they have lower reconstruction e�ciency than muons. Decays of� leptons are not trivial

to reconstruct due to the unobserved energy carried away by neutrinos.

In parallel with the motivation for an LFV search, there has also been recent the-

oretical and experimental interest in the rare decay� 0
b ! pK � `+ ` � , in particular on the

exclusive mode� 0
b ! � (1520)̀ + ` � containing the dominant and narrow excited-strange

baryon � (1520). This b ! s`+ ` � FCNC process with b-baryons is attractive experi-
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mentally due to the four \long" tracks in the �nal state that arise from the very-short

lifetime of the strong � � ! pK resonances. This compares favourably with the analo-

gous� 0
b ! �` + ` � mode which require reconstruction of downstream tracks to e�ciently

measure long-lived� baryons.

(a)

(b)

Figure 3.1: Measurement of the di�erential B(� 0
b ! � (1520)� + � � ) at LHCb with the

Run 1 and 2 dataset [105]. (a) A �� component �t to the M pK invariant mass spectrum
in � 0

b ! � (1520)� + � � decays. (b) The measured di�erentialB(� 0
b ! � (1520)� + � � ) as a

function of the squared dilepton invariant massq2, compared to di�erent SM predictions
from theory. Both taken from [105]. The predictions shown correspond to those derived
using form factors from: the non-relativistic (NR) [145] and light-front (LF) [146] quark
model (QM) as well as the lattice QCD [147] and dispersive bound (DB) [148] formulation.
The blue LQCD prediction is only available forq2 > 16 GeV2 and is given as a rate average
due to the rapid changing from the kinematic limit on dilepton mass in this region.

Studies of the� 0
b ! pK � `+ ` � decay include the �rst measurement of the LFU ratio

RpK (as discussed in Section 1.2) which measured the branching fraction ratio of� 0
b !
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pK � � + � � to � 0
b ! pK � e+ e� and found it to be consistent with the SM prediction [76].

While this was an inclusive study, covering the proton-kaon invariant mass range 1432<

M pK < 2600 MeV, there has been theoretical interest in an exclusiveR� (1520) measurement

as well as e�orts to calculate the hadronic form-factors and predict the SM branching

fraction for the exclusive� 0
b ! � (1520)̀ + ` � modes [64, 148]. The predictions have since

been tested by the LHCb measurement of the� 0
b ! � (1520)� + � � di�erential branching

fraction, as shown in Figure 3.1, which observes deviation from select theory predictions in

many of the q2 (dilepton invariant mass squared) bins studied [105]. Di�erences between

the data and predictions are however comparable in size to the discrepancies between the

theoretical models, therefore it is di�cult to draw robust conclusions without improved

understanding of the models themselves.

There is also theoretical and experimental focus on studying the angular distribution

of � 0
b ! � (1520)̀ + ` � with sensitivity to NP models predicted [145, 149]. One theoretical

study has predicted the� 0
b ! pK � `+ ` � angular distribution including all � � resonances

up to spin-5
2 [150], determining that the� (1520) resonance is modi�ed the most by NP,

con�rming it as the most suitable candidate for a BSM search. This has prompted the

ongoing analysis at LHCb to experimentally measure the� 0
b ! � (1520)̀ + ` � angular

distribution [151].

The discussed collection of intriguing results and ongoing analyses motivates an LFV

search in� 0
b ! pK � `` 0 and speci�cally in the exclusive decay mode� 0

b ! � (1520)� � e� ,

rather than the inclusive mode� 0
b ! pK � � � e� which would include the fullM pK spectrum

of resonances of varying spin as seen in Figure 3.2. While the inclusive mode would

potentially provide a larger sample of signal candidates for the search, the ability to

quote an exclusive measured branching fraction or limit with the� (1520) resonance is

preferred as it provides a clean and well-de�ned input for theory. This follows precedence

of other LFV searches at LHCb such asB 0
(s) ! X� � e� ; (X = K � 0; � ) setting limits on

the exclusiveK � 0 and � branching fraction rather than with the inclusive MK + � � and

MK + K � spectrum [112].

At the LHC, the production of � 0
b baryons is abundant, and LHCb provides a unique

opportunity to perform studies into baryonic LFV, which have had only minor exploration

in the past including the ongoing� 0
b ! �e � � � analysis at LHCb and a previous study

of forbidden charmed baryon decays at BaBar which set limits on decay modes such as

� +
c ! p� � e� [152]. These factors together motivate this search, with the ultimate goal of

the analysis to observe the decay� 0
b ! � (1520)� � e� or set the �rst experimental upper

limit on the branching fraction to aid in the constraining of BSM models such as those

discussed in Section 1.3.
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Figure 3.2: MeasuredM pK distribution in � 0
b ! pK � J= data from the Run 1 LHCb

dataset [49], overlaid with the �tted � � components, including the dominant� (1520)
resonance.

3.2 Analysis Strategy

The LFV search will be achieved by measuring the \signal" mode� 0
b ! � (1520)� � e�

with respect to a well-known \control" mode, � 0
b ! pK � J= (! � + � � ). The control

mode has been chosen due to its large, well-measured branching fraction, same parent� 0
b

and similar topology/kinematics due to the four �nal state long tracks, with the primary

di�erence the electron in the signal mode. The equation that underpins the analysis is

given as

B(� 0
b ! �(1520) � � e� ) =

NSignal

"Signal

"Control

NControl

B(� 0
b ! pK � J= ) B(J= ! � + � � )

B(�(1520) ! pK � )
; (3.2.1)

where NSignal and NControl are the signal and control mode yields in data and"Signal

and "Control are the total selection and reconstruction e�ciencies. The stated branching

fractions provide the reference from which the signal branching fraction is measured,

ensuring alignment of the de�nitions forNSignal and NControl . This equation can hence be

simpli�ed to

BSignal =
NSignal

"Signal

"Control

NControl
Bnorm = � N Signal ; (3.2.2)
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Table 3.1: Summary of the known PDG values for the branching fractions used in
Equation 3.2.1 where the �rst uncertainty is statistical and the second systematic [41].
The latest LHCb result is also quoted where applicable. The last result is a �t fraction
from an amplitude �t to � 0

b ! pK � J= decays [49] and can be used to estimateB(� 0
b !

� (1520)J= ) for which there is no formal branching fraction measurement published.

Branching Fraction (� � � stat: � � sys:)

Decay PDG Average LHCb Latest

B(� 0
b ! pK � J= ) (3:2+0 :6

� 0:5) � 10� 4 (3:17� 0:04+0 :57
� 0:45) � 10� 4 [153]

B(J= ! � + � � ) (5:961� 0:033)% -

B(�(1520) ! pK ) (22:5 � 0:5)% -

F (�(1520) ! pK � =� � ! pK � ) - (18:93� 0:52� 3:89)% [49]

where � is a normalisation constant that scales the measured signal yield to the signal

branching fraction. For the normalisation branching fractions the world-average values

from the latest Particle Data Group (PDG) version are used, stated in Table 3.1.

The control mode,� 0
b ! pK � J= (! � + � � ), was chosen over other options including

� 0
b ! � (1520)(! pK � )J= (! � + � � ) and � 0

b ! pK � J= (! e+ e� ). The �rst alternative

is a closer analogue to the signal mode, including the� (1520) resonance, but extracting

an NControl for this decay is not trivial and requires a tight cut or complex �t in the

M pK spectrum. This would either signi�cantly reduce the control mode statistics or add

uncertainty to the measurement ofNControl when the analysis focus should be on the signal

mode, with the control mode providing a precise and well-measured reference point. In

addition, the branching fraction of � 0
b ! � (1520)J= has not been exclusively measured

and would rely on a �t fraction with relative large uncertainty (see Table 3.1). The second

alternative, � 0
b ! pK � J= (! e+ e� ), would allow some insight and possible cancellation of

systematic e�ects from the reconstruction of electrons but the di�culty of reconstructing

two electrons and the subsequent degradation of the� 0
b mass resolution outweighs this.

Furthermore, with the chosen control mode, the same trigger strategy can be used as the

signal mode.

To optimise sensitivity to the branching fraction in Equation 3.2.1, the analysis aims

to maximise the signal e�ciency while minimising the contamination from backgrounds,

ensuring a pure and precise measurement ofNSignal . The e�ciencies, "Signal and "Control

are determined using Monte-Carlo (MC) simulation of the� 0
b ! � (1520)(! pK � )� � e�

and � 0
b ! pK � J= (! � + � � ) processes. Simulated samples are corrected using a series

of data-driven techniques to ensure that the e�ciencies measured are as representative of

real data as possible.

The control mode yield,NControl , has a su�ciently high branching fraction that it
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can be accurately determined through a �t to the invariant mass of the� 0
b candidate

in data. The signal yield, NSignal is the key unknown of this analysis and therefore is

not measured until all other aspects of the analysis are complete and approved. This is

ensured by blinding a \signal region" in data by completely removing the candidates in

the M (� 0
b) invariant mass range of

(5200< M (pK � � � e� ) < 5800) MeV; (3.2.3)

preventing any potential bias when developing the analysis selection chain or during the

construction of the invariant mass �ts. The inverted regions produced as a result of the

blinding are denoted as the lower (M (� 0
b) < 5200 MeV) and upper (M (� 0

b) > 5800 MeV)

mass sidebands. These background-dominated regions are used to test the e�ectiveness

of selections at removing background, by assuming that the reduction in the upper and

lower sidebands can be interpolated into the signal region. The two sidebands are hence

often combined to perform \blinded �ts" that can estimate the level of background in the

signal region.

3.2.1 Data and Simulation Samples

The LHCb dataset used in the analysis corresponds to over 95% of the 9 fb� 1 recorded in

Run 1 (3 fb� 1) and Run 2 (6 fb� 1) respectively, where data collected during 2015 (0.3 fb� 1)

is excluded due to the low luminosity and problems related to the trigger in this year.

This results in a total luminosity of 8:7 fb� 1.

The analysis is split into four categories according to di�erences in kinematics and

reconstruction of candidates across the dataset, observed to a�ect the e�ciency. The

partition is made by data taking period, Run 1 or Run 2, and on whether the electron

in the signal decay has recovered a Bremsstrahlung photon: \without Brem." (0
 ) and

\with Brem." (1 
 ). The split by run is motivated by the large change in CoM energy,

with b� hadrons in Run 2 produced with a greater boost, as well as the change in trigger

strategy (discussed in Section 2.4.1). The split by Bremsstrahlung category is due to the

distinct quality of the electron reconstruction and identi�cation when a Bremsstrahlung

photon is recovered (as outlined in Section 2.3), signi�cantly altering the signal shape in

M (� 0
b). This di�erence also leads to distinct backgrounds in the two categories, therefore

considering them separately improves the description of the mass distributions. Although

the discussed components of Equation 3.2.1 are determined individually for each category

in the analysis, they are treated collectively in a combined �t for the �nal analysis result.
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3.2.1.1 Dataset to Model Combinatorial Background

While the sidebands provide information about the blinded signal region, the behaviour

of the background in this region remains an assumption and the split mass range can

lead to unstable invariant mass �ts. To aid with this, a leptonic Same Sign (SS) dataset,

� 0
b ! pK � � � e� , is constructed, analogous to the Opposite Sign (OS) signal mode, to act

as a background-only proxy dataset. These can be studied without any blinding since the

total charge creates an unphysical� 0
b candidate.

The SS dataset is treated, after the same selection process as the OS datasets, as

originating from random mixtures of tracks only and not from the decay of interest or any

exclusive background, referred to as \combinatorial background". The� 0
b ! pK � � � e�

dataset (subsequently referred to as�e SS) is, therefore, able to provide information about

the excess physical backgrounds above the combinatorial level in the�e OS datasets which,

by comparing the OS and SS invariant mass variables, is used in Chapter 4 to monitor the

event selection. Creating a background-only dataset in this way is feasible at LHCb due

to the negligible rate of charge mis-assignment and the excellent momentum resolution,

which is maintained to 1% for 200 GeV particles.

Figure 3.3: Di�erent options for simulation of the � 0
b ! � (1520)� � e� signal mode:

where thepK pair must originate from a� (1520) resonance (in red) and where the decay
is according to a 
at phase-space model (in blue). The selection applied in the analysis
is overlaid.
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3.2.1.2 Simulation

While the sidebands and the�e SS proxy datasets are used to test selection and evaluate

the level of background in the analysis, MC simulation is used to evaluate the corre-

sponding e�ect on the signal. Simulated samples are used to measure"Signal and "Control ,

optimise the selection chain, train the MVA, perform mass �ts to extract shape parame-

ters and generally act as a representation of the desired signal when designing components

of the analysis.

Dedicated simulation samples were prepared for this analysis, corresponding to

� 0
b ! � (1520)(! pK � )� � e� and � 0

b ! pK � � � e� with the �rst requiring the hadrons to

originate from the � (1520) resonance, while the second forms anM pK spectrum following

the available phase-space according to the general decay rate equation (see Equation 1.2.5)

with a constant matrix element. A comparison of the two simulated samples can be seen

in Figure 3.3, produced during the initial prototyping of the analysis.

The advantage of� 0
b ! pK � � � e� , without the forced � (1520) ! pK resonance, is

that it can be reweighted using data-driven approaches to better emulate the expected

M pK spectrum for a SM � 0
b ! pK � `+ ` � decay seen in Figure 3.2 and 3.1a. How-

ever, the decay mechanism for the hypothetical� 0
b ! pK � � � e� decay is unknown, and

there is no reason to expect it would be identical to that seen in the� 0
b ! pK � J= 

or � 0
b ! � (1520)� + � � data [105, 154]. Furthermore, as the analysis is searching for

� 0
b ! � (1520)� � e� , a simulated sample that directly produces the� (1520) resonance in

the M pK spectrum is justi�ed. As seen in Figure 3.3 it is also far more e�cient to generate

� 0
b ! � (1520)� � e� directly considering the tight M pK selection applied in Section 4.1.5.1.

The primary simulation Ntuples for the analysis are produced with� 20 million

events each for the signal and control mode. Generator-level tuples are also retained for

access to the complete truth information of the initial generated sample.

3.3 Summary of Analysis Components

The analysis selection chain can be summarised as:

Stripping Selection A loose selection applied when building candidates and derivation

of the Ntuples.

Fiducial Selection Kinematic cuts to align the analysis data to external calibration

datasets.
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Pre-Selection Invariant mass selection and resonance vetoes to remove contamination

from possible backgrounds.

Semileptonic Vetoes Selection to remove speci�c background semileptonic decays.

Multi-Variate Analysis (MVA) Selection A neural network trained to reduce com-

binatorial background.

Particle Identi�cation (PID) Tightening the identity requirements on each particle

species, further removing mis-identi�cation backgrounds.

Multi-Candidate Removal Ensuring that only a single� 0
b candidate is measured per

event, inline with the " calculations.

The given order is adhered to throughout the analysis, described in detail in Chapter 4.

Mis-modelling and mis-reconstruction of the MC samples are corrected using data-driven

techniques after the \Fiducial" selection stage (described in Section 4.2), amending known

data-MC di�erences in kinematic, topological and multiplicity distributions. This ensures

the simulation is as close a representation of real data as possible when used for optimi-

sation of the subsequent selection stages and invariant mass �ts.

After selection, a background study is constructed to estimate the possible remaining

contributions from individual contaminants in the signal mode, using a combination of

MC-derived e�ciencies and measured branching fractions (presented in Section 5.1). Any

of these contaminants with the potential to have a signi�cant contribution in the �nal

signal dataset are included in the signal mode invariant mass �t along with the remaining

\combinatorial" background component. The combinatorial component is �xed from a

�t to the �e SS distribution with the MVA initially loosened before Gaussian-constraining

shape parameters and tightening the MVA to ensure �t stability (see Section 5.4.2).

To determine the high-statistics control mode yield a simpler approach can be adopted

with an invariant mass �t to the � 0
b ! pK � J= dataset with a 
oating combinatorial

background and �xed exclusive background components, detailed in Section 5.3.2.

Upon full selection of the signal mode in data, with potential backgrounds deter-

mined and all other components of Equation 3.2.1 measured, the presence of the (un-

blinded) � 0
b ! � (1520)� � e� signal in data would be determined using a simultaneous

�t of all categories to extract a value for B(� 0
b ! �(1520) � � e� ). If a signi�cant signal

yield is measured, the analysis would present the �rst evidence for charged LFV and be

a signature of NP. If no signi�cant signal is observed, a con�dence-interval scan will be

performed using the CLs method to obtain the �rst upper-limit for this decay mode [155].

At the time of writing, this analysis is still blinded, therefore a blind CLs scan is performed

to establish a blinded upper-limit instead, and presented in Section 5.5.
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Chapter 4

Event Selection and Corrections to

Simulation

4.1 Event Selection

The aim of the cut-based event selection is to build a pure dataset of high quality sig-

nal candidates, maintaining a high"Signal while reducing background contamination and

aligning the selection with external samples used for simulation correction. In an attempt

to maximise the cancellation of systematic e�ects in the e�ciency ratio in Equation 3.2.1,

the selection is aligned between the signal and control mode when possible, with the few

necessary di�erences highlighted.

4.1.1 Stripping Selection

The Bu2LLKmeLineis used for the signal mode, and its selection criteria are summarised

in Table 4.1. This stripping line applies relatively loose selection to candidates and hence

yields a large initial sample with only minor bias towards the topology and identity of the

signal mode, optimum for an analysis searching for a forbidden decay. Furthermore, by

using the analogous� + � � version of the stripping line nearly identical stripping selection

can be applied to the control mode� 0
b ! pK � J= (! � + � � ), providing the best initial

selection alignment possible, with the di�erences marked in Table 4.1.

In most simulation samples (including the primary signal and control mode samples),

the PID requirements from the stripping line are removed by reprocessing, to be corrected

and replaced by a data-driven approach (see Section 4.4), due to the imperfect simulation

of the particle identi�cation detectors in LHCb simulation.
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Table 4.1: Stripping Line cuts for Bu2llK meLine, used for the signal and control mode.
PID selection components removed by re-stripping are marked withy. \Det.=" refers to
the PID detector response required by each particle and other acronyms de�ned in the
glossary.

Selection Type

Mass Kinematics Quality PID

p p > 2000 MeV � 2
IP > 9 DLL p� > � 5y

pT > 250 MeV Ghost
Prob. < 0:35

ProbNNp> 0:05 y

Det. = 'RICH'

K p > 2000 MeV � 2
IP > 9 DLL K� > � 5y

pT > 250 MeV Ghost
Prob. < 0:35

ProbNNk> 0:05 y

Det. = 'RICH'

� pT > 350 MeV � 2
IP > 9 HasMuon&

IsMuon y

Det. = 'MUON'

e pT > 350 MeV � 2
IP > 9 PIDe> 0 y

Det. = 'CALO'

pK M pK < 5620 MeV pT > 400 MeV � 2
vtx < 25

DOCA < 30 mm � 2
vtx < 25

`` (0) m`+ ` � > 100 MeV pT > 0 MeV � 2
vtx =ndf < 9

m`+ ` � < 5500 DOCA < 30 mm � 2
FD > 16

� 0
b jmB + � M (� 0

b)j <
1500 MeV

DIRA > 0:9995 � 2
vtx =ndf < 9

� 2
IP < 25

� 2
FD > 100

Global Event Cuts: nSPDHits< 600 (450) for Run 1 (2)

4.1.2 Truth Matching of the Simulation

Truth Matching (TM) is required to select true � 0
b ! � (1520)� � e� decays from within

the simulation samples. There are two possible methods: ID matching all particles in-

cluding the parent and grandparent of �nal state particles or using built-in variables that

split MC into \background categories" that compare the truth-level decay hierarchy with

the reconstruction-level hierarchy inDaVinci and break down the simulation into sub-

categories relating to their truth-level contents [156]. The second method is pre�ered
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as it automates TM with a standard LHCb method that is generally used across the

collaboration.

Figure 4.1: ReconstructedM (� 0
b) in a representative sample of� 0

b ! � (1520)� � e�

simulation, comparing signal shape for di�erent truth matching categories, de�ned in
Section 4.1.2, as well as the initial shape without truth matching.

The choice was made to align with the topologically similar analysis,RpK [157].

This required one of the following conditions to be met by the signal event:

Signal All pseudo-�nal state particles are correctly assigned their true-identity and orig-

inate from the same parent(s) also with the correct true-identity (� 0
b).

Low-Mass Mis-Reconstruction The same requirements as category 10 with the ex-

ception that the reconstructed head particle (� 0
b) could be of the incorrect identity

and has other products that were not reconstructed.

Ghost At least one of the pseudo-�nal state particles is a ghost.

with the M (� 0
b) shape of each of these choices shown in Figure 4.1 as well as the combined

distribution with nominal truth matching. To reduce contamination from multiple ghosts,

it is also required that only 1 ghost is retained in category 60. Allowing this limited

mis-reconstruction into the simulation makes a more realistic representation of signal, as

these e�ects will also be present in data and would be indistinguishable from \true" signal

perfectly reconstructed signal.

41



Table 4.2: Summary of Fiducial Selection Cuts for the analysis, split by particle. The bi-
nary cuts hasRich, hasCalo, InAccMuon, InAccEcal and InAccPrs (Pre-Shower) queries
if the particle meets the corresponding subdetectors acceptance requirements and hence
if using that detectors response for further selection is valid. Other acronyms de�ned in
the glossary

Particle Run 1 Cut Run 2 Cut

All Tracks
Trk GhostProb< 0:3

� 2
trk < 5

� 0
b 2 < � < 5

p

1:7 < � < 5:3

(9:3 < p < 150) GeV

pT > 250 MeV pT > 1000 MeV

hasRich

K �

1:7 < � < 5:3

(2 < p < 100) GeV

pT > 250 MeV pT > 400 MeV

hasRich

Particle Run 1 Cut Run 2 Cut

�

1:7 < � < 5:3

(3 < p < 150) GeV

(0:8 < pT < 30) GeV

hasRich & InAccMuon

e

1:7 < � < 5:3

(3 < p < 150) GeV

(0:5 < pT < 30) GeV

hasRich & InAccPrs

InAccEcal & hasCalo

In Active Ecal Region

`1`2 pT (`1) � pT (`2) < 150 GeV2

4.1.3 Fiducial Selection

Outlined in Section 4.2, a series of data-driven corrections are applied to the simulation

using external calibration datasets. To ensure the techniques are valid, the parameter

space from which the corrections are calculated must mirror the analysis samples, to

prevent any loss of accuracy from extrapolation. Therefore \�ducial" kinematic cuts are

made to the datasets according to the di�erent correction techniques, summarised in

Table 4.2 (see Section 4.2 for more detail on the origin of these cuts).

4.1.4 Trigger Selection

As discussed in Section 2.4.1, the LHCb Run 1 and 2 trigger had three stages: a hardware

trigger (L0) and two software triggers (HLT1 and HLT2). The hardware trigger uses

responses from the fast subdetectors, the muon chambers and calorimeters, while the

software trigger creates tracks and forms loose candidates to make decisions.

To allow alignment between the signal and control modes, no electron speci�c trig-

gers are used in the analysis, with the focus instead on the well-reconstructed muon that

is shared between the signal and control mode. The �nal trigger selection used are de�ned

in Table 4.3.
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Table 4.3: Trigger selection applied to all analysis samples, only one of each HLT1 and
HLT2 lines need to be triggered for the event to be retained. The di�erent lines are
de�ned in the text.

Trigger Level Trigger Lines (Run 1 Only)

Run 1 Run 2

L0 (`) Muon TOS

HLT1 (� 0
b) TrackAllL0 TOS TrackMVA TOS

TrackMuon TOS TrackMuon TOS

HLT2 (� 0
b) Topo2,3,4BodyBBDT TOS Topo2,3,4BodyTOS

TopoMu2,3,4BodyBBDT TOS TopoMu2,3,4BodyTOS

4.1.4.1 L0 Selection

Several trigger strategies are considered for L0 due to the two hadrons, muon and electron

in the �nal state of the signal mode plus the options of triggering with TIS, TOS or both.

To simplify the trigger e�ciency estimation in later stages of the analysis, by enabling the

use of the TISTOS method (see Equation 2.4.1), only TOS versions of the trigger lines

are used. This is justi�ed by the only small"Signal increase of 3:8% by including the TIS

triggers.

The L0 muon trigger, which is very reliable due to the low occupancy and high

e�ciency of the muon chambers, is the most e�cient single trigger available for the signal

mode with a signal e�ciency of 57%, referred to asL0Muon[158]. While a � 16% im-

provement could be realised by including an electron speci�c trigger for the signal mode,

the L0Muontrigger alone can be shared between the signal and control mode maximis-

ing cancellation of systematic e�ects when calculating the trigger e�ciencies, via the"

ratio in Equation 3.2.1. The e�ciency of alternative trigger options are summarised in

Appendix A.1.

The performance and e�ciency of the L0Muontrigger depends on the threshold

set for the trigger on pL 0
T (� ), an integer representation of the approximatepT of the

triggering muon, based on the fast-response in the muon chambers. During data taking,

these thresholds are tuned dependent on the live data-rates and performance of the trigger

system, with each data taking run assigned a speci�c TCK to document this. This results

in the data containing a mixture of TCKs and therefore trigger thresholds, where as

the simulation is generated with a single TCK, introducing mis-alignment between data

and simulation. To correct for this with the L0Muontrigger, any data with a pL 0
T (� )

value equal or below the single threshold in simulation is removed, and by studying the

remaining mixture of thresholds in data, the thresholds in simulation are systematically
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Figure 4.2: Distribution of pL 0
T (� ) in � 0

b ! � (1520)� � e� MC/Data before and after
Trigger Con�guration Key (TCK) alignment of the L0Muonis applied for a subset of 2017
MD samples. The three thresholds used during 2017 MD data taking are marked. The
features of the distributions correspond to the activation of di�erent muon chambers at
higher pL 0

T (� ) [158].

(but randomly) tightened such that the fractional luminosity of each TCK in data is

re
ected in the mixture of arti�cial pL 0
T (� ) thresholds in simulation. This process can be

seen in Figure 4.2 for the 2017 MD sample, with the steps in counts in both data and MC

coinciding with the marked thresholds. The complete set of TCKs for Run 1 and Run 2

of LHCb are centrally documented and retrieved for this analysis via an internal LHCb

tool [42, 159].

4.1.4.2 HLT Selection

The content and topology of the signal and control modes are su�ciently similar that

the same HLT trigger lines can be used to select candidates. The HLT1 triggers are

summarised in Table 4.3 and correspond to cuts on thepT and � 2
IP of reconstructed tracks

that pass the L0 requirement. During Run 1 theTrack(AllL0/Muon) TOStrigger [160]

required simple cuts on these variables where as in Run 2Track(MVA/Muon)TOSapplied

a more complex 2D selection cut of

log� 2
IP >

b(25 � pT )
25(pT � 1)2

� log 7:4 (4.1.1)

44



Table 4.4: Pre-selection cuts applied to the analysis datasets. Mis-ID vetoes are applied
by making mass-hypothesis substitutions such asM (pK � )p K where the invariant mass
is calculated with the reconstructedp re-hypothesised as aK .

Description Signal Mode Selection Control Mode Selection

Mass Selection

pK � � � e� (4500< M (pK � � � e� ) < 6750) MeV

pK � (1480< M (pK � ) < 1560) MeV (1450< M (pK � ) < 1850) MeV

J= M (� � e� ) =2
� p

9:0;
p

10:1
�

GeV (2900< M (� + � � ) < 3200) MeV

Background Vetoes

� jM (pK � )p K � 1019:46j > 12 MeV

J= jM (K � `+ )K  ` � 3097j > 35 MeV jM (K � � + )K  � � 3097j > 35 MeV

 (2S) M (� � e� ) =2
� p

13;
p

14
�

GeV


 Pole
M (� � e� ) >

p
0:1 GeV

M (h� e� ) > 10 MeV

D 0 ! K � � + jM (K � `+ )`  � � 1865j > 20 MeV jM (K � � + )�  � � 1865j > 20 MeV

jM (p`� )p` K� � 1865j > 20 MeV

B + ! K + `+ ` � M (h+ `+ ` � ) < 5200 MeV

Topological Cuts

Clone Tracks � hh;h`;`` > 1 mrad

whereb is the single tuneable parameter used to alter the rate of the trigger rather than

directly changing thepT and � 2
IP threshold as for Run 1 [132]. This selection ensured that

high-pT responses from L0 corresponded to high-quality tracks upon reconstruction.

For HLT2 the triggers stated in Table 4.3 correspond to selecting two, three or

four track candidates creating the topology of a heavy-
avour hadron decay. This is

determined by a lightweight Multivariate Analysis (MVA) built into the trigger line that

determines and selects the optimum candidates within an event [132]. TheTopoMulines

also require a loose PID requirement on the muon(s), requiring it has been 
agged as

isMuon & HasMuon, the same loose selection that is applied in the stripping selection

discussed in Section 4.1.1.

The discussed choice of lines were one set of many options available, with the priority

given to aligning selection between the signal and control mode by focusing on the shared

muon of the decays. The e�ciency of the di�erent options is detailed in Appendix A.1,

with the corrected e�ciency of the nominal lines detailed in Tables 4.12 and 4.13, where

the HLT lines are shown to select> 95% of signal candidates in Run 2.
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Figure 4.3: Overlaid distributions of M (� 0
b) for � 0

b ! � (1520)� � e� data and MC,
showing how the datasets change in magntiude and shape from after the �ducial selection
to after the trigger and loose pre-selection is added to the selection chain. The MC is
scaled by1

4 to share axes with the data. The�e SS proxy dataset is shown with the dashed
lines over the blinded�e OS signal.

4.1.5 Loose Pre-Selection

After stripping, �ducial and trigger selection, loose cut-based pre-selection is applied to

remove physical and combinatorial backgrounds that otherwise dominate the contami-

nation in the signal region. Table 4.4 summarises these cuts. The pre-selection largely

follows theRpK and � 0
b ! � (1520)� + � � branching fraction analysis with the shared �nal

state of pK`` [76, 105].

The e�ciency of these requirements are evaluated using simulation in Section 4.6,

while their e�ect on the signal datasets can be seen in Figure 4.3, where the selection

reduces the level of background in the sideband regions, a major step towards the near-

zero background desired for a forbidden LFV search. Data taken during 2016 is displayed

for illustrative purposes for Figures 4.3, 4.5, 4.6, 4.7 and 4.10, with consistent distributions

in other data-taking years.
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4.1.5.1 Mass Selection

The search for� 0
b candidates in theM (pK� � e� ) invariant mass spectrum is performed

within the range 4500< M (� 0
b) < 6750 MeV. This is derived to be within the limits

set by the Bu2LLKstripping line (3779 < M (� 0
b) < 6779 MeV), without reaching into

lower mass regions where non-b-hadron decays could contaminate. The same range is

used for the control mode. This selection also de�nes the sideband regions, the areas of

the signal data outside of the blinded region in the dataset. The lower sideband is set as

4500< M (� 0
b) < 5200 MeV and the upper 5800< M (� 0

b) < 6750 MeV.

(a) (b)

Figure 4.4: 2D scans ofM pK used to determine the optimum� (1520) region cut for the
analysis signal mode. Figure (a) shows"MC from corrected� 0

b ! � (1520)� � e� simulation
and (b) shows a constructed �gure-of-merit for selecting� (1520) in data with respect to
other � � resonances using control mode data.

The analysis is a search for� 0
b ! � (1520)� � e� , hence� (1520) ! pK � candidates

must be selected. While this is possible using thesPlot method (discussed in Section 4.2)

and extracting the � (1520) component from a wider spectrum, this would be very di�cult

for a search where very few, if any, events are expected to be observed. It is more robust

to select a tight window aroundm� (1520) = (1519� 6) MeV [41] to ensure that the analysis

is measuring the branching fraction of the proposed� 0
b ! � (1520)� � e� decay. The

region chosen, 1480< M pK < 1560 MeV, produced a high"MC = 88:6% on signal mode

simulation while maximising the fraction ofpK candidates measured to originate from a

� (1520) in this region from a �t to the M pK distribution in control mode data discussed

in Section 5.3.4. The 2D scans for this search are shown in Figure 4.4.

As discussed, the control mode for this analysis is inclusive inM pK . Not selecting

the � (1520) resonance increases the control mode sample size improving the quality and

reliability of measurements and shifting the focus to be on the important signal mode. The
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control mode however is intended to emulate the signal mode in kinematics as much as

possible to aid in the cancelling of systematic uncertainties, so a selection of 1450< M pK <

1850 MeV is applied to limit the phase-space of thepK pair in comparison to the signal

mode. This range was chosen to match theM pK signal region in the� 0
b ! � (1520)� + � �

branching fraction analysis [105], covering the lower-mass �� resonances in Figure 3.2,

without allowing the leakage of complex pentaquark resonances.

The selected region of dilepton invariant mass,q, (more often used asq2) dictates the

kinematics of the`+ ` � pair that enter into the analysis dataset. There is a rich mixture

of charmonium (cc) and other neutral resonances in this spectrum for an opposite-sign,

same 
avour lepton pair. For the control mode� 0
b ! pK � J= (! � + � � ) decays are

used, hence a tight selection of 2900< q < 3200 MeV is applied to remove contributions

from other � + � � resonances. For the signal mode, no� � e� spectrum is expected, with

strong limits on J= ! � � e� and � ! � � e� [161, 162]. Hence, to maximise sensitivity,q2

selection is chosen to be inclusive as possible. However due to the high-rateJ= and  (2S)

resonances as well as the photon pole towardsq2 = 0, a series of vetoes are made to the

signal mode to remove contamination from̀ ! `
0
mis-identi�cation, which only contribute

signi�cantly at the resonances due to lepton mis-ID being< 1% at LHCb [128]. These

are summarised in the \Background Vetoes" section of Table 4.4. The overall changes to

the mass spectrum ofq2 can be seen in Figure 4.6a.

(a) (b)

Figure 4.5: Invariant mass distributions of �e OS data showing mis-ID background res-
onances and corresponding vetoes applied (in pink). Figure (a) shows the dominant
KK resonance� in M (pK � )p K (invariant mass calculated with the reconstructedp re-
hypothesised as aK ) and (b) a D 0 contribution in M (K � e+ )e � . The legend is shared.
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Table 4.5: Selection targeting the removal of semileptonic backgrounds applied to the
analysis datasets. Electron speci�c cuts applied only to the signal� 0

b ! � (1520)� � e�

mode are marked withy.

Description Cut

Inclusive 2D Cuty MHOP > 75� log� 2
FD (� 0

b) + 3750 MeV

� +
c Veto M (pK � `+ ) > 2320 MeV

� +
c Veto p $ K Swap M (p� K + ` � )pK  Kp > 2320 MeV

D �
s Veto M (pK � ` � )K  p > 2000 MeV

� � +
c Veto M (pK � `+ ) > 3000 MeV

� � +
c Veto p $ K Swap M (p� K + ` � )pK  Kp > 3000 MeV

4.1.5.2 Background Vetoes

In addition to the `+ ` � vetoes inq2 mentioned, a series of vetoes removing other physics

backgrounds are summarised in Table 4.4. These range from removing possibleB + can-

didates formed from three tracks as well as removing̀+ ` � resonances from combinations

of one lepton and one mis-identi�ed hadron. The important� and D 0 vetoes robustly

remove these high rate narrow resonances with tight cuts around the measured masses

of these particles, which were immediately visible in the sidebands of the signal region

during the early stages of the analysis, as seen in Figure 4.5. This followed the general

method when choosing the background vetoes to include; by searching in the sideband

data for speci�c mis-ID resonances, before identifying and removing them.

Clone tracks are removed using the angular vetoes in Table 4.4. Clone tracks occur

when the same, or a very similar complement of hits have been used to construct two near-

identical versions of a track. This can be caused by hits in the detector being in very close

proximity or an error in the reconstruction. While a specialised central reconstruction

algorithm removes the majority of these clones, o�ine candidates where two particles

have an opening angle< 1 mrad are removed to remove any residual clone pairs. This is

especially important for the signal mode, where the� 0
b ! � (1520)� � e� decay has a very

low rate and any contamination from clones could be signi�cant.

4.1.6 Semileptonic Removal

The q2, M pK , M (pKe+ ) and M (pKe� ) invariant mass distributions after applying the

loose pre-selection are shown in Figure 4.6. Comparing the opposite-sign (signal data

sidebands) and same-sign (background proxy) shapes after pre-selection (blue blocks and
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(a) (b)

(c) (d)

Figure 4.6: Invariant mass distributions of di�erent �nal state particle combinations in
�e OS and�e SS data before and after semileptonic selection. (a) shows theq2 distribution,
(b) M (pK ), (c) M (pKe+ ) and (d) M (pKe� ). The legend is shared.

black points respectively) a general excess can be seen in the�e OS above the�e SS,

biased to lower mass regions such asM (pKe� ) < 3000 MeV. This is also displayed in the

M (� 0
b) plot in Figure 4.3, far greater in the lower mass sideband than the upper sideband.

This shows there is a large contamination remaining from partially reconstructed physics

backgrounds with missing energy, either from semileptonic particle decaysX ! H`�

where� is not detected, or from the mis-reconstruction of a particle with more than four

children, such as an additional� 0, that shifts M (pK� � e� ) down into the lower sideband.

The �rst of these are expected to be dominant from Cabibbo-favouredb! c`� � decays

with the neutrino removing a large range of energy from the decaying system with no clear

and accurate way to calculate the missing energy. Therefore two methods are employed to

remove semileptonic decays, an inclusive \HOP FD" 2D cut, as well as a set of exclusive

vetoes targeting speci�c high rate semileptonic processes, summarised in Table 4.5.
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Figure 4.7: A distribution of MHOP against log� 2
FD (� 0

b) for signal MC and the lower
sidebands of the�e OS and �e SS datasets with the corresponding Run 2 samples. The
two considered 2D inclusive semileptonic cuts are overlaid.

4.1.6.1 Implementation of the Inclusive Semileptonic Cut

The \HOP" variable is widely used in LHCb analyses and derives a scale factor that

attempts to correct for the energy lost from electron Bremsstrahlung emission using the

visible pT asymmetry in the decays ofb-hadrons [163]. The Figure 4.7 shows the distribu-

tion of MHOP against log� 2
FD (� 0

b) for the signal MC and the lower sidebands of the�e OS

and SS datasets, whereMHOP is the invariant mass after the HOP correction and� 2
FD (� 0

b)

is a measure of how far the reconstructed� 0
b candidate has travelled between production

and decay. The signal MC and sidebands appear initially to be distinct and able to be

easily separated in the plot, however the signal MC leaks into lower values ofMHOP ,

especially at low� 2
FD (� 0

b), therefore an inclusive 2D cut ofMHOP > X 1 log� 2
FD (� 0

b) + X 2

is used to retain signal while removing partially reconstructed backgrounds present in the

sidebands.

For this analysis, two inclusive semileptonic cuts were considered with"Signal = 99%

and "Signal = 99:9%, each withX 1 and X 2 optimised to maximise background rejection

of the �e OS lower sideband. However, as Figure 4.8 displays, using the tighter"Signal =

99% option further sculpts the lower sideband combinatorial shape, shifting the core of

the distribution into the signal region with the peak closer tom� 0
b
. While removing
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Figure 4.8: Distribution of M (� 0
b) in the full Run 1 and 2 signal datasets as a function of

the considered options for a inclusive semileptonic cut, where"Signal = 99:9% is ultimately
chosen. The de�cit observed at 5525 MeV was studied and deemed a 
uctuation.

background is the aim of the event selection, the ultimate background contents will be

measured by a NLL �t and a shape that forms a peak in the signal region is harder to

parameterise in a blinded dataset, especially with the low background level derived for

this analysis. Due to this as well as the increased signal e�ciency, the"Signal = 99:9%

option is chosen as described in Table 4.5.

4.1.6.2 � (� )+
c Veto

The only SM physics processes that can create the signal modepK� � e� �nal state

are � 0
b ! � +

c (! pK � `+ � )` � � , � 0
b ! � � +

c (! D 0(! K � `+ � )p)` � � and � 0
b ! D 0(!

K � `+ � )p`� � , all double-semileptonic decays with large energy losses upon reconstruction

due to the two neutrinos. While the energy loss will shift the background distributions

into the lower sideband, any leakage into the signal would reduce the signal sensitivity

and needs to be accounted for in the �nalM (� 0
b) �ts. A clear signature of the presence of

these backgrounds can be seen in Figure 4.6c, with a large excess above the�e SS distri-

bution below values of 3000 MeV, increasing below 2300 MeV, showing the contributions

from � � +
c and � +

c semileptonic decays respectively.

The most e�ective way of removing exclusive semileptonic backgrounds is to make

a semileptonic veto. By reconstructing the visible invariant mass of a candidate particle
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(such as� +
c ) and removing events below the known mass (m� +

c
= 2286.5 MeV [41]), the

remaining distribution could not have events originating from a semileptonic decay of the

candidate particle due to the energy removed by the neutrino,

X ! H`�; P � > 0 ) MH` < m X : (4.1.2)

Hence a veto can be applied with aMH` > (mX + � ) selection, where� prevents leak-

Figure 4.9: Invariant mass M pKe + distribution for the Run 1 and 2 �e OS and �e SS
datasets, after applying all selection (including the� +

c veto) and the MVA discussed in
Section 4.3 (at the medium working point) but without the� � +

c veto, marked at 3000 MeV.

age from over-reconstructed contaminants. This relies on high quality reconstruction of

the visible invariant mass, hence the performance of semileptonic vetoes are checked on

simulated samples of the exclusive backgrounds, see Section 5.1.

Initially due to the relative branching fractions of the � 0
b ! � (� )+

c ` � � only a � +
c

veto was considered for this analysis atM (pK � `+ ) > 2320 MeV, but Figure 4.9, after

applying this veto, shows that a signi�cant excess was remaining below 3000 MeV due

to contributions from D 0p candidates in� 0
b ! � � +

c (! D 0(! K � `+ � )p)` � � decays, with

three � � +
c resonances,� � +

c (2860), � � +
c (2880) and � � +

c (2940) expected to dominate from

studies of the analogous hadronic decay mode� 0
b ! D 0p� � [164]. Therefore, to remove

these overlapping resonances from contaminating the signal region, the veto was tightened

to M (pK` ) > 3000 MeV which is� M (� � +
c (2940)) + �( � � +

c (2940)). The e�ectiveness of

these vetoes are veri�ed in the background study in Section 5.1.
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In addition to the quoted veto, which are only applied to the correct charge com-

bination, a pK swap version is implemented. This prevents a large asymmetry between

the pK� + e� and pK� � e+ datasets. In addition aD �
s veto is applied, for the equivalent

processB 0
s ! D �

s (! K + K � `+ � )` � � , due to the commonp $ K mis-ID. This almost

entirely overlaps with the � (� )+
c veto, but is retained for full clarity and bookkeeping, as

in the summary Table 4.5.

While semileptonic vetoes are very e�ective at removing speci�c backgrounds and

widely utilised in LHCb analyses, they also remove other candidates withM (pK` ) below

the cut value despite not originating from a semileptonic decaying background. The

e�ect of this on the signal e�ciency and background shape is important to evaluate when

deciding the implementation of these selections. The �nal signal e�ciency on the ensemble

of semileptonic vetoes is� 50% for 0
 events and� 55% for 1
 events, which is the largest

reduction in e�ciency by any single step of the analysis selection chain. Despite this, the

power these vetoes o�er in removing the only �nal state mimicking backgrounds justify

their inclusion.

Figure 4.10: Overlaid distributions of data and MC for � 0
b ! � (1520)� � e� , showing

the changing dataset as the di�erent semileptonic removal techniques are added to the
selection chain. The MC is scaled by18 to share axes with the data, and is rebinned as
marked in brackets on they-axis. The �e SS proxy dataset is shown with the dashed lines
over the blinded�e OS signal.

The semileptonic vetoes also considerably sculpt the combinatorial background dis-

tribution. Figure 4.10 shows the e�ect on the�e OS and�e SS distributions, with a clear

reduction in the �e OS excess above the purely combinatorial�e SS in the lower sideband
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but also the distribution tending towards zero atM = 4500 MeV. This is due to com-

peting kinematic limits. The pK` combination after the semileptonic vetoes is required

to contribute a larger proportion of the � 0
b candidate energy hence the other lepton must

have a su�ciently low momentum to produce anM (� 0
b) ! 4500 MeV, yet simultaneously

low momentum leptons are being removed by the �ducial cuts in Section 4.1.3.

Figure 4.11: The angular distribution � ` in 2012 MD signal mode MC showing the
change in shape as the semileptonic removal selection is added.

The kinematic sculpting can be seen explicitly in a distribution of� ` , the angle

between the momentum vector of̀+ in the `+ ` � candidate rest frame and the momentum

vector of the`+ ` � pair in the � 0
b rest frame. In Figure 4.11, adding the semileptonic vetoes

dramatically changes the shape of the distribution, restricting� ` signi�cantly. These

vetoes would hence be unfeasible for an angular analysis of this decay mode, but as this is

a search for a proposed forbidden decay, and removing any possible background is priority,

the heavily sculpted mass and angular distributions are acceptable to reach the desired

near-zero background state.

4.1.6.3 Feasibility of D 0 Semileptonic Veto

The only double-semileptonic background that can avoid the discussed vetoes is the non-

resonant background� 0
b ! D 0(! K � `+ � )p`� � and only in the case whereM (D 0p) >

3000 MeV. Figure 4.12a shows that while the large majority of these pairs will have

been removed by the cut, a signi�cant quantity are expected to remain in the analogue

� 0
b ! D 0p� � case.
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