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Abstract

This analysis aims to investigate the background modes present in the measurement of R(A) in the high-¢?
region. This is the ratio of B(AY — A°u" ™) and B(AJ — A%eTe™) in the region of 14.3 GeV?/c* < ¢ <
20.0 GeV?/c*, where ¢? is the invariant mass of the dilepton pair of the decay. The R(A) analysis uses the
Run 1 and Run 2 LHCDb datasets and aims to test Lepton Flavour Universality as well as performing the first
measurement of the A) — A%e*e”branching fraction. R(A) suffers from low statistics; therefore, it is vital to
know which backgrounds are present in the data, how much they contribute and how they can be modeled.
In this analysis, the backgrounds in both the muon and electron modes are investigated. An estimation of
the yields of each background is made from efficiencies (from MC data) and branching fractions to determine
which backgrounds are most likely to be significant. A study of the combinatorial background is not performed
here, as it is a separate study on its own. It was estimated that the A) — AF(— A°£T1)¢" 7, decay has the
highest background yield, but by employing an AT -veto on the data it was shown that there was no significant
contribution in the high-¢? region. The contribution of the B® — K%(— n 7~ )¢T¢~ background was shown to
be in agreement with its expectation; a yield of around 2.0% relative to the signal yield. Further research should
investigate the contribution of partially reconstructed backgrounds, perform studies on the effectiveness of a K9
veto and the ¢, cut in the electron mode, and model the double hadron misID background.
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1 Introduction

The Standard Model (SM) of particle physics has been successful in providing an understanding of the fundamental
particles and their interactions which govern our Universe. From the elegant symmetry of gauge theories to the
spontaneous breaking of electroweak symmetry [1, 2, 3], the Standard Model has demonstrated remarkable predic-
tive power, accurately describing the behavior of particles and their interactions across a wide range of energies. Its
predictions have been confirmed with remarkable precision through experiments conducted worldwide. Examples
include the measurements of the W+ and Z° bosons [4] and the discovery of the Higgs boson [5].

Despite its successes, there are still open questions that the Standard Model is unable to provide an answer for. It
does not explain the abundance of matter over anti-matter in our Universe [6], the observation of dark matter [7]
and it does not provide a theory of (quantum) gravity. Because of these unanswered questions, physicists worldwide
are looking to extend the Standard Model with Beyond the Standard Model (BSM) theories, which aim to provide
an answer to some of these mysteries. One way to test the Standard Model and look for physics beyond it is by
testing Lepton Flavour Universality (LFU). This is the notion that (according to the Standard Model) the weak
interaction should treat different flavours of leptons (electrons, muons, taus) in an identical manner. Deviations
from Lepton Flavour Universality could signal the presence of new (BSM) physics which could provide possible
solutions to these unsolved mysteries.

Lepton Flavour Universality tests typically involve the measurement of specific decay processes into different lepton
flavours. Examples include decays such as BT — Kt¢+¢~ or B® = K*%¢*¢~, where ¢T¢~ is a lepton pair of flavour
¢ [8]. The ratio of branching fractions of the muonic decay with respect to the electronic decay is then used to test
Lepton Flavour Universality. According to the Standard Model, this ratio (denoted R) is approximately equal to
unity, because muons and electrons are treated equally and should therefore be produced at the same rate (aside
from corrections arising due to their mass differences). If this ratio deviates, it could be a sign that different lepton
flavours are not treated equally, as some Beyond Standard Model theories predict [9, 10].

The research in this thesis is on testing Lepton Flavour Universality in A) — A%/~ decays, where the leptons
are either muons or electrons. This is the first analysis testing Lepton Flavour Universality using baryonic decays
with a resonant hadronic final state particle (the AY baryon). This thesis aims to quantify and provide a better
understanding of the backgrounds that are present in these Ag decays, as a precise understanding of the background
events can help distinguish them from our signal events and thus help in constraining the result for R(A). Since
R(A) is a ratio of signal yields of the muonic and electronic decay modes, any background that is incorrectly ac-
counted as signal directly affects the result of this ratio. The main research goal of this thesis is:

How much do the different backgrounds contribute to R(A) in the high-g? region?
The amount of background expected in data is estimated, based on the branching fraction, production rate, and

relative efficiency compared to signal. Two of these backgrounds are further explored by data-driven methods and
an outlook is given for future studies to determine the abundance of other backgrounds.



2 Theory
2.1 The Standard Model of particle physics

Our current understanding of the fundamental particles and their interactions is described by the Standard Model
(SM) of particle physics. The SM is a theoretical framework that describes the elementary particles that make
up matter and three of the four fundamental forces (electromagnetic, weak and strong) through which they inter-
act. The particles that make up matter are known as fermions. These include quarks (which combine to form
hadrons) and leptons (such as electrons and neutrinos). The forces through which these fermions interact are me-
diated through gauge bosons. The electromagnetic force, described by Quantum Electrodynamics, is mediated by
photons, the weak force is mediated by W+ and Z° bosons and the strong force, described by Quantum Chromody-
namics, is mediated by gluons. All of these interactions are described by the gauge group SU(3),®SU(2), ®SU(1)y,.
This group encapsulates the symmetries that define the interactions in the Standard Model. Each part of this group
corresponds to one of the three fundamental forces (excluding gravity). The latest addition to the SM is the Higgs
boson, which was discovered in 2012 [5]. This scalar boson is the result of the breaking of the gauge symmetry,
which gives masses to the W+ and Z° bosons while leaving the photon massless [11].

The elementary particles are organized into three generations, or families, which are sets of particles with similar
properties but differing masses. Each generation consists of two types of quarks and two types of leptons (one
charged lepton and one neutrino). Particles in higher generations are more massive and less stable, typically
decaying into particles of lower generations. A summary of the elementary particles of the SM and their properties
is shown in Figure 1.
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Figure 1: Schematic overview of the elementary particles and their properties in the Standard Model of particle
physics [12].



2.2 Flavour changing interactions

The six different types of quarks and six different types of leptons are known as flavours. In the SM, quark and
lepton flavours can change through interactions mediated by the weak force. This force is unique in its ability to
change one type of quark or lepton into another type. These flavour changing interactions are described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [13, 14]:

dl Vud Vus Vub d
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The CKM matrix is a unitary matrix that relates the mass eigenstates of quarks (the states with definite mass) to
their weak eigenstates (the states that participate in weak interactions). The CKM matrix elements V;; describe
the strength of the transition from an up-type quark i to a down-type quark j. These flavour changing interactions
are mediated by W bosons and can occur through Flavour Changing Charged Currents and Flavour Changing
Neutral Currents.

Flavour Changing Charged Currents (FCCCs) involve interactions where a quark changes flavour and the type is
also changed. Flavour Changing Neutral Currents (FCNCs) involve interactions where a quark changes flavour
without a change in type. According to the SM, FCNC interactions can only occur at loop level and are forbidden
at tree-level. This makes FCNC interactions suppressed, meaning they are orders of magnitude less abundant

compared to FCCC interactions. Lowest order Feynman diagrams of these flavour changing currents are shown in
Figure 2a (FCCC) and 2b (FCNC).
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Figure 2: Lowest order Feynman diagram of an FCCC interaction (a) and an FCNC interaction (b).

2.3 Lepton Flavour Universality and b — s/*/~ transitions

FCNCs, such as b — s€T¢~ transitions, are particularly interesting in the search for New Physics (NP) beyond the
SM because they are highly suppressed processes in the SM. This suppression makes them sensitive to potential
contributions from new particles or interactions that are not accounted for in the SM. Examples of these BSM the-
ories include theories involving Z’ particles [10] or leptoquarks [9]. These hypothetical particles can have tree-level
contributions in b — s¢T¢~ transitions, therefore any significant deviations from SM predictions could indicate the
presence of NP beyond the SM. Tree-level Feynman diagrams for these interactions, as well as the SM loop diagram
are shown in Figure 3.
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Figure 3: Lowest order Feynman diagrams of a b — s¢™£~ transition as predicted by the SM (a), and as predicted
by theories involving Z’-bosons (b) or leptoquarks (c).

One way to probe these b — s¢T¢~ transitions and look for new physics is by testing Lepton Flavour Universality
(LFU). This is the property of the SM that all leptons share the same interactions and have the same coupling



strengths to gauge bosons, independent of their flavour. It is an interesting property to test because LFU can be
broken in many NP scenarios. BSM interactions involving Z’ bosons or leptoquarks could potentially have a larger
coupling to muons than electrons, which would therefore violate LFU.

Numerous analyses involving b — s¢T¢~ transitions have been performed and so far no clear violation of LFU has
been found. These analyses test LFU through the observable R, which is defined as the ratio of branching fractions,
integrated over a certain ¢® range:
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where H, and H, are hadrons containing a b or an s quark respectively, and ¢? is the invariant mass squared of the
leptons. This is defined as:

¢* = (Pe+ +pe- )%, (3)
where p,+ and py- are the four-momenta of the leptons. To date, the LHCD collaboration has measured the ratios
of Rk and Ry [8], Ry [15] and Rgo and Rp-+ [16], where the asterisk denotes an excited state. These ratios
are treated together, as the decays are the same aside for the presence of an up-quark (K*) or down-quark (K©).
Some of these ratios had shown some tension with their SM predictions, due to previously underestimated hadronic
backgrounds, but the most recent measurements of R K9 and Rp-+ are consistent with SM predictions. An overview
of these results is shown in Figure 4.
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Figure 4: Summary of lepton flavour universality tests performed using rare b-hadron decays in various ¢? ranges
[17]. The SM prediction for these ratios is about 1.00 £ 0.01 (or better).

To date, no measurement of R(A) has been performed. The decay mode of interest for R(A) is A) — A%(— pr= )0,
where the AY decays into a proton and a pion and ¢*£~ are either muons or electrons. This decay is kinematically
interesting as it involves a b — sfT{~ transition in baryons as opposed to mesons and R(A) explores a higher
(unexplored) ¢? region compared to other analysis. On top of that, the Ag baryon can be produced polarised and
is stable under strong interactions, allowing for precise form factor calculations [18]. Studying this decay can give
more insight into the underlying Wilson Coefficients, specifically Cy and Cig [19]. Probing LFU in R(A) could
provide more insight in any BSM contributions that could be hiding in these coefficients.



3 The LHC and the LHCDb experiment

The data used for the measurement of R(A) is collected at the LHCb detector at CERN. The LHCb detector is one
of the four detectors along the Large Hadron Collider (LHC), located near Geneva. In the LHC, proton beams are
accelerated in opposite directions and made to collide at a centre-of-mass energy (1/s) of 7 TeV in 2011, 8 TeV in
2012 and 13 TeV between 2015 and 2018. These data-taking periods are also known as runs, which are summarized
in Table 1. The data is taken with the magnetic field in the detector pointing upwards (MU) or downwards (MD).

Run Year Vs Magnet polarity Integrated luminosity [pb ']
R1 2011 7 TeV MU 475.31
MD 592.94
2012 8 TeV MU 996.20
MD 987.52
R2pl 2015 13 TeV MU 122.23
MD 162.37
2016 13 TeV MU 77771
MD 842.21
R2p2 2017 13 TeV MU 818.38
MD 862.09
2018 13 TeV MU 1107.48
MD 1024.40

Table 1: Summary of the data-taking periods of the LHCb detector, with the centre-of-mass energy and the amount
of data collected specified.

3.1 The LHCDb detector

The aim of the LHCb experiment is to study CP violation and other rare phenomena in b-hadron decays with high
precision. In order to achieve this, the LHCb detector is designed as a forward spectrometer of conical shape. This
forward geometry optimizes the detection of b-hadrons produced in proton-proton (pp) collisions. Over its various
runs, the LHCb detector has undergone several upgrades and improvements. These upgrades have improved the
different subdetector systems as well as improve the capability to handle the increase in luminosity.

Each subdetector system is designed to perform specific tasks necessary for the detection and analysis of particles
resulting from pp collisions. These subdetector systems aim to reconstruct the location of decay vertices, the types
of particles resulting from these decays and the four-momenta of the final-state particles. Using this informa-
tion, complete decay processes can be reconstructed and their parameters can be measured and compared to SM
predictions. A schematic of the full LHCb detector and its subdetector systems is shown in Figure 5.
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Figure 5: Schematic of the LHCb detector and its subdetector systems as per Run 1 and Run 2 [20].

3.1.1 Particle tracking

The subdetector closest to the interaction point is the Vertex Locator (VELO). The aim of this subdetector is to
reconstruct decay vertices of short-lived particles, and find their displacement to the primary vertex. The VELO
achieves this by reconstructing tracks based on hits from charged particles in silicon strips. These strips are placed
on 21 semi-circular silicon sensor modules which are placed along the z-axis. These modules measure the r (radial
distance) or ¢ (azimuthal angle) coordinates of these hits in the plane orthogonal to the z-axis. Consecutive hits
in these modules are combined to reconstruct the tracks of the charged particles. These tracks can then be extrap-
olated to find vertices from which these particles originate.

Not all particles decay inside the VELO. Particles that decay outside of the VELO are tracked by the rest of the
tracking system. The tracking system consists of the VELO and a dipole magnet together with different track-
ing stations (TT, T1, T2 and T3). These tracking stations use silicon strips to measure hits of charged particles
passing through them. Particles leave hits in the TT, after which charged particles are then bent in the magnetic
field. They then pass through tracking stations T1-T3, leaving more position measurements. From these measure-
ments, a track is reconstructed and the sign of the particle’s charge as well as its momentum can then be determined.

Tracking information from the T-stations and the VELO can be combined to get a higher resolution on the particle’s
momentum. However, it is not always possible to match tracks from the T-stations to tracks from the VELO (or
other T-stations). The possibilities of such combined tracks are schematically shown in Figure 6.

magnet T stations

TT T track
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upstream track
long track

VELO track
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Figure 6: Different track reconstruction options based on whether the particle left hits in the VELO, the upstream
TT-station and/or the downstream T-stations [21].



When a Aj baryon decays, it has an average decay length of the order of a cm and therefore decays inside the VELO.
The resultant A° baryon can decay either inside or outside the VELOQ, due to its decay length of the order of a
meter. This produces a proton and a pion. Depending on the decay location of the A°, these secondary particles
(proton and pion) can have different trajectories. When the decay took place inside the VELO, the proton and pion
can leave hits there. They then travel through the TT-station, the magnetic field and the T-stations, resulting in
two long tracks (referred to as LL). Alternatively, when the A° decays outside of the VELO, the proton and pion
only leave hits in the TT-station and the T-stations (and not in the VELO), resulting in two downstream tracks
(referred to as DD). The data of the R(A) analysis is split up into these two categories.

3.1.2 Particle identification

Just the reconstruction of a particle’s trajectory and momentum is insufficient to fully identify the the type of
particle that traversed the detector. Particle identification (PID) is provided by four different detector systems: the
calorimeter systems, the two RICH detectors and the muon stations.

The calorimeter system consists of the electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL).
These are made up of scintillating material interspersed with layers of dense material, which is chosen to have a high
electromagnetic or hadronic cross-section. When a particle interacts with this dense material, a cascade of secondary
particles is created. These secondary particles pass through the scintillating material, emitting light, which is then
detected by photodetectors. The amount of light produced is proportional to the energy of the original particle.
The ECAL is optimised for measuring electrons and photons, while the HCAL measures the energy of hadrons.
Different particles leave different energy depositions in the ECAL and HCAL and can thereby be identified. Muons
typically pass through the ECAL and HCAL with minimal energy loss. They are measured by the muon stations
(M1-M5).

The Two Ring Imaging Cherenkov (RICH) detectors are placed between the different trackers. The primary role
of these sub-detectors is the identification of charged hadrons, but they also aid in the identification of muons and
electrons. The working principle of these detectors is the Cherenkov effect. Cherenkov radiation is emitted when
particles traverse the detector with a velocity faster than the phase velocity of light in the medium. The emitted
Cherenkov radiation is then detected by photodetectors and the Cherenkov angle is reconstructed. This angle is
directly proportional to the velocity of the particle that traversed the RICH-detector, and taking this angle together
with the particle’s momentum information from the tracking system can provide information on its identity (see
Figure 7). This information is used in a log-likelihood fit to different mass hypotheses to determine the identity of
the particle.
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Figure 7: Reconstructed Cherenkov angle as a function of track momentum from RICH-1 measurements [22].

In Figure 7, it can be seen that for certain momentum ranges, the Cherenkov angles for different particles can
overlap. This makes it possible to have mis-identifications of particles. A muon can for example be identified as a



pion and vice versa. The presence of these mis-identified particles in the data increases the background and can
skew the R(A) branching fraction ratio.

3.2 Data Flow

Due to the high collision rate at the LHCD, it is impossible to record all events that take place. To filter out
the most interesting events, a trigger system is used. At the time of Run 1 and Run 2, the trigger system con-
sisted of a low-level hardware trigger (L0) and two high-level software triggers (HLT1 and HLT2) [23]. The LO
trigger filters events by selecting events with high transverse momentum particles, which is indicative of interesting
physics phenomena. HLT1 then partially reconstructs these events and makes a more refined selection based on
well-reconstructed tracks and events that have a significant displacement from the primary vertex, indicative of
long-lived b-hadrons. This data is then stored and passed on to HLT2. HLT2 reconstructs specific decays that
analysts are interested in. HLT2 partially reconstructs the A) — A°/T¢~ decay based on a selection of lepton and
A° candidates and applies initial cuts based on the Ag mass and vertex detachment variables .

The events that pass the trigger-line are then saved for offline reconstruction. This is a more thorough reconstruc-
tion than during the real-time processing of HLT1 and HLT2. This reconstruction includes the precise fitting of
particle trajectories using hits measured by the detector, a detailed reconstruction of the primary and secondary
decay vertices, an improved identification of particles and a more detailed calibration of energy deposits in the
calorimeter system.

After reconstruction a stripping process takes place. This process involves applying additional selection criteria to
the reconstructed events to create more refined datasets (called ”stripping lines”) that are specific to various physics
analyses. The output of the stripping process is a set of smaller, more manageable datasets that contain events of
interest for specific physics analyses. These events are stored in DST format, which contains event data including
tracks, vertices and PID information. The DaVinci software is used to convert this to Ntuples, which are a type
of multidimensional array where each column represents a different variable (such as momentum components, PID
information and information on decay vertices), and each row represents an individual event. These Ntuples are
then used for further analysis.

In addition, Monte Carlo (MC) simulations are used in parallel to real data processing to model the signal and
background events that end up in the final selection. These simulated events are processed through a detailed
detector simulation to model the detector response, and then undergo the same reconstruction and stripping process
as the data. This MC data is used to better understand the behaviour of signal and background in our data, and
allows us to perform efficiency calculations. The efficiency is a measure of the fraction of decays that make it through
one (or more) step(s) in the measurement and data-flow process. A schematic of the entire data-flow process is
shown in Figure 8.
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Figure 8: Schematic of the data-flow after measurement by the LHCb detector, and the specific software tools used
for each step of the reconstruction [24].

In the final analysis, the Ntuples are used to measure R(A). At this stage, analysis-specific selection criteria and
cuts are applied to optimize signal purity and reduce background contamination. This procedure is described in
more detail in the next section.



4 The R(A) analysis

For the determination of R(A), the main region of interest is the high-¢? region. In this region, the branching fraction

of the rare A — A%/ ¢~ decay is the largest. The high-¢? region is the region where 14.3 GeV2/04 < q?<20.0 GeV2/04,
where the limit of 20.0 GeV?/c* reflects the upper phase-space limit. The branching fraction of A) — A°u*u~ as

a function of ¢? is shown in Figure 9. A similar branching fraction distribution is expected for the A — Alete~
decay, as electrons and muons are treated equally in the SM.
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Figure 9: Branching fraction distribution of A) — A%u*u~ as a function of ¢2, constructed from binned LHCb
Run 1 data [25] and (binned) theory predictions [26]. The inner error bars represent the statistical and systematic
uncertainty, whereas the the outer error bar includes the uncertainty of the B(A) — A°J/¢) normalisation. The
green vertical bands show the excluded J/1 and 1(25) regions [27].

This division in ¢? is made to separate the rare A) — A°/T¢~mode from the resonant AY — A%J/¢)(— £T¢~) and
A) — A%(25)(— £7¢7) modes. J/¢ and ¥(2S) are ce-resonances with short lifespans that can rapidly decay
into dilepton pairs, making these decays look similar to the rare mode when reconstructed by the detector. These
resonances are therefore separated from the rare mode by dilepton invariant mass (¢?) constraints. The resonant
J/v and 1(2S) modes are orders of magnitude more abundant than the non-resonant A) — A°/T¢~ mode, as they
occur at tree-level in the SM. The J/¢ and 1(2S) regions are used as cross-checks and as a normalisation channel.
A ¢? region between the resonances is not considered as such a region would suffer from leakage from both J/v and
(289) regions, while simultaneously having too low statistics for the rare mode. The definitions of the different ¢?
regions are presented in Table 2.

Muon mode Electron mode

q*-region Range ¢>-region Range

Low-¢? 0.1 < ¢?<6.0GeV?/c* Low-¢? 0.1 <¢?<6.0CGeV?/c*

T/ im(J/4) — \/q?] < 50 MeV/c? J /1 6.0 < ¢ <11.0 GeV?/c!
¥(25) Im(1(25)) — /2| < 50 MeV/c? | 4(25) 11.0 < ¢? < 14.3 GeV? /¢t
High-¢? 14.3 < ¢® < 20.0 GeV?/c* High-¢? 14.3 < g2, < 20.0 GeV?/c*

Table 2: Definitions of the ¢?-regions of R(A) for the muon and electron mode.

Aside from ¢?-cuts, the A) — A% p~ (muon mode) data and the AY — A%eTe™ (electron mode) data are divided
into different categories of data-taking periods (R1, R2pl and R2p2) and proton-pion track types (DD and LL).
The analysis is performed with the AY) — ATe™ mode blinded, because the branching fraction of this decay has
not been measured yet. This means that the data in the regions of ¢ and m(A%*e™) (and similar quantities)
where the signal is expected are not looked at before the analysis framework is finished and all cross-checks have
been performed.
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4.1 Bremsstrahlung losses in A) — A%ete”

The most notable difference in the measurements of A) — A%Te™ and AY — A%u*u~ comes from bremsstrahlung
radiation, which is much more emitted from electrons than from muons as they pass through the LHCb detector.
For electrons this effect is in the order of 10% on average, while for muons bremsstrahlung losses are negligible.
This leads to vastly different momentum resolutions for the muon mode and the electron mode. This is also the
reason the g2-regions for the resonance mode can be defined tighter for the muon mode than for the electron mode.

To compensate for these bremsstrahlung losses, a bremsstrahlung recovery algorithm is implemented for electrons.
This algorithm looks for compatible energy clusters in the ECAL and adds this energy back to the corresponding
electrons. However, this recovery is imperfect as photons can still be missed or incorrectly assigned to electrons, in
which case the electron momentum will be overestimated. This effect is also seen in the two-dimensional distribu-
tions in Figure 10, where the diagonal radiative tails arise due to missing lepton momentum. For electrons these
radiative tails arise mainly due to bremsstrahlung losses. These tails are also present in the muon mode, where their
main cause is final-state radiation, which is not reconstructed. In the electron mode (Figure 10b), the tails also
extend to the upper mass side, indicating an overestimation of the electron momentum due to incorrectly assigned
bremsstrahlung energy.
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Figure 10: ¢ vs m(A%*¢~) distributions for the muon mode (a) and electron mode (b) for the Run 2 dataset,
after applying the combinatorial BDT (see Section 5.1).

Because of this overestimation, J/v¢ and ¥ (2S5) resonances are also reconstructed with a higher energy and can thus
leak into the high-¢? region. To prevent this, the definition of the high-¢? region for the electron mode is based on
the quck variable, which is the reconstructed ¢ of the dilepton pair based only on their track information, without
any bremsstrahlung added.
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4.2 The single ratio and double ratio methods

Experimentally, the branching fraction of A) — A% ¢~ can be determined as follows:

N _
B(AY 5 AO¢+p) = — Ao AvTe

(4)

L. '
€AY 5 AOptem OAY

where NN is the number of observed decays, € is the total detection and reconstruction efficiency, £ is the integrated
luminosity of the data and TA9 is the production cross-section of Ag. Using Equation 4, the single ratio method
(denoted r) determines the ratio of branching fractions as:

. B(AY) — Autpu™)  Npv A0t €AY L AOctem
A= 0 0 +.—\ ’
B(Ab—>A e'e ) NAgHA0€+e— GAQHAOM-FM_

; (5)

where £ and opp are canceled out. However, there can still be systematic uncertainties that are not cancelled out
effectively. These can be uncertainties related to the tracking and particle identification efficiencies, the trigger
efficiencies or reconstruction efficiencies. In order to reduce these systematic uncertainties, a double ratio method
(denoted R) is used:

Ry =1p - T;/lw

NAg — A%t~ GAg = AT/ P(— pTp7) NAg — A%te™ eAg = A%J/yp(—= eteT) (6)

NAg - AT/ (= putp) eAgﬁAo;ﬁ',u_ NAQ%AOJ/w(—) ete™) GAg — A%te™

Here, the single ratio 7, is taken and divided by the single ratio 7 /. Using this method, systematic uncertainties
in the ratio €50 , 7o/ r+o-)/€40 _, pogte- can cancel out, as the A) — A%J/¢(— £707) and Aj — A%CT0~
decays (for each type of lepton) have similar kinematics and are reconstructed in similar fashion by the detector.
This method reduces the systematic uncertainty on the total efficiency and hence reduces the uncertainty on Rj.
The double ratio method does not introduce a deviation to R, as LFU for r;/,, has already been established and
is shown to be unity with sub-percent precision [28]:

4 B/ — ete™)
"l T BT — i)

In the double ratio method, the J/¢ mode is referred to as the normalisation mode. Because the kinematics of
these resonant modes are similar to the rare mode, and LFU has already been established for the resonant modes,
the double ratio also allows us to perform cross-checks. These cross-checks can show us how certain cuts and other
transformations on the data will affect the LFU ratio.

= 0.9983 £ 0.0078. (7)
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5 Backgrounds in A) — A%0T¢-

After the selection of the A) — A%¢*¢~ candidates, the final signal-background separation is achieved by performing
a fit to the reconstructed mass m(A%*¢~). The backgrounds that are still present in this fit are backgrounds
arising from the mis-identification of particles, missing particle tracks in the reconstruction, combinatorial mismatch,
leakage from other ¢ regions and combinations of all of the above. By studying the properties of these backgrounds,
they can be modelled accordingly in the m(A%¢*¢7) fit.

5.1 The combinatorial background

The largest source of background is the combinatorial background. This background consists of events where
particles are mistakenly combined to form a candidate A) — A%¢*¢~ decay, while not all its particles originally
came from that decay. This type of background typically arises when random tracks or particles from unrelated
decays are incorrectly assigned as potential decay products of the AY baryon. To model this background, a data
sample is used consisting of A) — AO¢% ¢+ decays, where both leptons have the same sign. This decay is not allowed
by the SM, as it violates lepton number conservation, hence any observations of this decay can only arise due to
the mismatching of one (or both) same-sign lepton(s) to the rest of the decay. This same-sign data, together with
MC A) — A%*¢~ is used to train a Boosted Decision Tree (BDT) to distinguish between the combinatorial data
events and our signal events. The BDT is a form of a Multivariate Analysis which uses a set of input variables
(like transverse momentum, PID scores, vertex quality etc.) to make a decision whether an event is likely to be
signal or combinatorial background. It achieves this by recursively partitioning the dataset for each input variable
and deciding if it overlaps more with the same-sign dataset or the MC signal dataset. The implementation and
performance of this BDT on our data is still a work in progress by Chishuai Wang and is not part of this thesis.
This combinatorial BDT is used to model the combinatorial background in the data analysed here.

5.2 Partially reconstructed backgrounds

Partially reconstructed backgrounds are backgrounds arising due to the exclusion of one or several particle tracks in
the reconstruction. One such partially reconstructed background is A) — AF(— A%*1v,)¢~ vy, where the neutrinos
and the intermediate A} state go undetected and hence are not included in the reconstruction of the decay. Because
the final-state particles (that are detected) for partially reconstructed decays and our signal decay are the same, it
is reconstructed as a A — A%~ decay. Since this specific partially reconstructed decay occurs at tree-level, its
branching fraction is orders of magnitude larger than the A) — A°/T¢~ branching fraction and depending on the
¢? region of interest the contribution of this background could be significant.

One way to look for this background in the data is by employing a Af-veto. In the AY — AF(— A%Fv,)l~ v,
decay, the invariant mass of the A and ¢t together will always be equal to or less than the mass of the AT
baryon. This region (m(A%*) < m(A})) is therefore relatively rich in this background whereas the inverse region
(m(A°4F) > m(A])) should not contain any of these background events. Splitting the data this way and comparing
these regions can give an insight in the contribution of this background in the total data sample.

Anther set of partially reconstructed backgrounds is A) — A*(— X%(— A%)7%)¢T¢~, where A* is an excited A
state. Due to the short lifetimes of A* and ¥° and missing the photon and pion tracks in the reconstruction, this
decay can be observed as a AY — A%*¢~ decay. This decay can occur for many A* states, which are difficult to
distinguish from one another in the data because the energies and momenta of neutral particles are challenging to
reconstruct.

Another background, similar to these excited A states, are partially reconstructed decays that come from a =
baryon. These are =) — Z°(— A°7Y)¢*¢~ and 5, — =Z7(— A% )¢*¢~. Similar to the A* background, the
tracks of the pions in these decays are not included in the reconstruction and hence the decay is reconstructed as
A — Aot

The A* and =, decays are not as easily distinguishable from the rest of the data as the A background. But there
are still parameters in the data that could hint at an event corresponding to such a background decay. Examples
of such parameters include momenta distributions, charge isolation variables (these quantify how isolated a particle
is from other particles in its vicinity) and direction angle variables (the angle between the momentum vector of a
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particle and the vector from the primary vertex to the secondary vertex). A combination of such variables could
give a likelihood of an event being signal or a partially reconstructed background.

5.3 Backgrounds with misidentified particles

In the reconstruction process it can occur that a particle is identified as a different particle than it actually is.
These misidentified particles can end up in the final selection. In the case of AY — A%(— pr= )T ¢~ decays, it
can occur that the identified proton was actually a pion that was misidentified as a proton. The final state then
has a 71 and a 7~ instead of a p and a m—. Because the mother particle of the decay is identified by its daugh-
ter particles, the decay is reconstructed as A) — A%(— pr~)¢*¢~, while the decay mode that actually took place is .

Although A° — pr~ and KY — 777~ are both two-body decays, they are fundamentally different when it comes
to the momentum asymmetry between the two final state particles. This is because in the A — pr~ case, the
proton is significantly heavier than the pion, which affects the momentum distribution of the decay. This gives
rise to a generally larger momentum asymmetry compared to the K g — T~ case, where the average momentum
asymmetry tends to be around zero, because of the equal mass of the pions (see Appendix A). On top of that, the
BY — K2(— mTn~ )T ¢~ decay can be identified by reconstructing m(K2¢+¢~), as this should yield a peak around
the B° mass if the decay came from a B° meson. Using these methods, an estimate can be made of the background
events that correspond to such a decay.

These misidentifications can also happen to the leptons in the A) — A%*¢~ decay, where the final state leptons
are actually hadrons. This double misidentified background is of the form A — A°h*h/~, where h and k' can be
different hadrons, which are both misidentified as leptons. This can occur in the RICH detectors due to overlapping
Cherenkov angles for certain momentum ranges (Figure 7), but it can also occur in the ECAL. Electrons deposit
most of their energy in the ECAL, while hadrons deposit energy in both the ECAL and HCAL. If a hadron deposits
an unusually large fraction of its energy in the ECAL, it can mimic the energy deposition pattern of an electron.
Other contributions to this background include track matching errors of hadron tracks to lepton tracks and decay in
flight of pions and kaons. Pions and kaons can decay into muons and neutrinos before reaching the muon chambers.
If the original hadron track is not well separated from the decay muon track, the muon might be wrongly associated
with the hadron. These different contributions can lead to decays like Ag — AOhth'~ being reconstructed as
A — Aot

5.4 Resonance leakage

As explained in Section 4, separating the analysis into different ¢? regions allows us to separate the resonant
A) — AYJ/p(— 707) and A — A%(25)(— €7¢7) regions from the non-resonant A — A°/T¢~ mode. This
separation however is not perfect. The ¢?-cut can still allow the tails of the resonances to leak into the non-resonant
regions. Because of the similarity between the resonant and non-resonant modes, there is no data-driven method
to distinguish these (besides the already applied ¢? cuts). It is however still possible to estimate how many of these
resonant events leak into the non-resonant mode by using MC data. MC data can tell us the fraction of J/¢ and
1(2S) decays that leak into the rare mode. Scaling this fraction by the number of observed A — A%)(2S) (or
A) — AJ/4) decays can therefore give us an absolute estimate of the amount of background that leaks into the
rare mode.
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6 Results & Discussion

Firstly, an estimation is made using branching fractions and efficiencies to calculate how much background we expect
to see in the data. These are referred to as expected yields, and their values are analysed and discussed. Secondly, us-
ing MC samples and the same-sign data set, the different background components are modelled and fitted to the data.
Finally, two data-driven methods are employed. One method serves to find the amount of B® — K3(— w7~ )utp~
background in the data. The other method serves to find the amount of A) — AF(— A°u"v,)u~7, background
present in the data.

6.1 Expected background yields

Taking a ratio of Equation 4, the expected yield of a background with respect to signal can be calculated as:

Nbkg  Obkg

B(bkg)
Nsig N

B(sig)
where the ratio Nykg/Nsig is a measure of the number of reconstructed background events over the number of
reconstructed signal events. This expected yield is calculated by using known branching fractions (B) and pro-
duction cross-sections (o), together with efficiencies (¢). The branching fractions and production cross-sections of
the various background decays and the signal decay are taken from PDG [28]. The efficiencies are a measure of
the fraction of events that made it through the entire detection and reconstruction process (as described in Figure 8).

€bkg

(8)

)
Osig Esig

The efficiencies are calculated using MC samples for each type of background (and signal) decay. The total efficiency
of a decay is the product of the generator level efficiency and the reconstruction and selection efficiency. The genera-
tor level efficiency refers to the efficiency of generating events that fall within the LHCDb detector acceptance, before
any detector effects or reconstruction algorithms are applied. The reconstruction and selection efficiency refers to
the fraction of events that are successfully reconstructed by the detector and pass the reconstruction and selection
algorithms. The code used to calculate these efficiencies is further explained in Appendix B.2. The reconstruction
and selection efficiencies also include the effects of LL and DD cuts, ¢? cuts, the combinatorial BDT and other
transformations that we apply to the data in the analysis stage.

Using Equation 8, the following background yields are obtained in the high-¢? region (after applying the combina-
torial BDT):
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Figure 11: Contributions of different backgrounds with respect to signal for each run and track type, calculated
using Equation 8.
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Tables with more specific values of these background contributions and the values of the branching fractions and
efficiencies used are included in Appendix C. Details on the code used to calculate these yields are found in Ap-
pendix B.1. Some MC samples were not available for these runs at the moment and hence the efficiencies and yields
could not be calculated, these entries are not included in Figure 11. Some efficiencies were found to be zero, due to
the limited statistics of the MC samples. In Figure 11, these are set to a value of 1075,

Since not all branching fractions for the electron mode are known, the same branching fractions (and uncertainties)
are assumed for the electron mode. The efficiencies however are different and hence this leads to different expected
background yields. The estimates for the electron mode do not yet use the g2, cut, and the efficiencies are
calculated using the full (including bremsstrahlung) ¢? cut instead. Using this cut makes the resonant modes far
more abundant in the high-¢® region.

Most backgrounds seem to be contributing the same amount in both the LL and DD cases, except for the
g, 2> E (= A% )t and E) — E%(— A%7%)¢T¢~ backgrounds. Although not all MC samples were available
for the ;" — Z~ (— A%~ )¢T¢~ sample, the two data points in the muon mode imply that this charged background
follows the same trend as the neutral =) — Z°(— A%7?)¢T ¢~ background, where it is almost an order of magnitude
more abundant in the DD case as opposed to the LL case. The =% (or Z°) and A° both have mean lifetimes in
the order of 107! s [28], hence the time it takes for a E; — =~ (— A7~ )T ¢~ decay (or Z) — E9(— A7)t e~
decay) to produce a proton-pion pair is significantly longer than the time it takes for a Ay — A%(— pr=)¢T ¢~
decay to produce a proton-pion pair, making it more likely for this background to only leave hits in the TT and
T-stations, resulting in more DD tracks as opposed to LL tracks. This effect is not seen in the other partially recon-
structed backgrounds, as the mean lifetimes of A*, AT and X0 are orders of magnitude lower than the mean life of A°.

The yields for the A] background show an estimation for the A — AT (— A%T1,)¢~ v, background that is orders
of magnitude higher than the other backgrounds. This is likely an overestimation. It was found that the m(u~7,)
distribution from the MC sample (Appendix E) does not align with the m(u~7,) distribution found in data [29].
This, and perhaps other biases in the MC could result in a higher efficiency than we actually observe. The branching
fraction ratio of this decay is orders of magnitude larger than the other backgrounds (Appendix A). Although it
stands out, it is in line with the SM. The branching fractions taken for this decay are all full branching fractions,
well known and taken from PDG.

Some other branching fraction estimations for partially reconstructed backgrounds could be estimated lower than
they actually are, as some of their branching fractions are only known partially or with respect to other decay modes,
which is not fully accounted for. The partially reconstructed backgrounds all seem to have a low contribution, but
their accumulative effect might be significant. This is also considering the fact that not all A* states are represented
here (only the A(1520) decay). A method to model such partially reconstructed backgrounds is by employing a
BDT for this category, as all these backgrounds have similar properties:

e Particles are not reconstructed, so energy and momentum are missing.

e Other particles that were part of the decay could be present in the vicinity of the decay products, this can be
checked using charge isolation variables.

e Direction angles (the angle between the momentum vector of a particle and the vector from the primary vertex
to the secondary vertex) could be larger for partially reconstructed decays.

These properties can be studied and a BDT can be trained to model this type of background. This method is also
employed in the currently ongoing R(K) high-¢* analysis.

Another background that stands out is A — A%)(25)(— ¢7¢7), as it is much more present in the electron mode
than the muon mode. This decay has a branching fraction relative to signal around 1, implying that the branching
fractions are about equal. The reason for this is that although the branching fraction of the resonant mode is orders
of magnitudes higher than the rare mode, the branching fraction of 1)(25) — £+¢~ is only of order 102 [28], which
brings down the total branching fraction to be of the same order as the rare mode.
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The result of the high resonance leakage in the electron mode originates from the lower momentum resolution. This
is mostly due to bremsstrahlung losses and recovery, due to which the resonant mass is often under- or overesti-
mated. In order to reduce the resonant leakage into the electron mode, a 14.3 GeV?/c* < 2, < 20.0 GeV?/c*
cut should be introduced instead of the normal ¢2 cut. A study should be performed on the effectiveness of such a
cut, while keeping enough statistics to perform the analysis.

Lastly, no estimation for the double misidentified background A — A°hTh'~ was given. An estimate could be made
using MC samples of A) — A°Knw, A) — A%7r or A) — A°KK decays, as pions and kaons are most abundantly
produced in the LHCb detector. A similar estimate could be made using branching fractions and efficiencies when
the MC samples and generator level efficiencies are available. The number of events of this background in the data
will likely be higher than this estimate would give, as there are also many other hadrons produced in the LHCb
detector that could also be misidentified as leptons. Therefore data-driven method needs to be found to quantify
and model (and/or filter for) this background.
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6.2 m(A%*¢) distributions

Because the data is a cumulative effect of all the background and signal decays, MC samples consisting of these
individual decays can be used to model the data. The events of each MC sample that make it through the entire
selection and reconstruction process are used to determine m(A%/* /7). The same-sign data set is used to model the
combinatorial background component. A fit is performed through the m(A%/*¢~) distribution of each MC sample
(and the same-sign data set), representing the contribution of each background. The resulting curve and its fit
parameters are saved and used in a combined fit to the data. In this combined fit, the shape of each background
contribution is maintained, while its amplitude is allowed to vary. The results of such a fit are shown in Figure 12
and the resulting background yields obtained from this method are summarized in Table 3. The electron mode is
not shown, as it has to remain blinded.
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Figure 12: m(A°u* ™) distribution of R2p2 data, fitted using MC samples of the different background components.
The combinatorial background is modelled using the same-sign data set. These are the results after the combinatorial
BDT has been applied. The different background yields are left floating, meaning they can take any value to find
the best fit.

Floating yields muon mode

Decay mode Colour in plot Yield (4 events)
LL DD
AY — AOutp~ red (dotted) 159.2 225.6
Combinatorial background green 407.8 378.3
A) = A (= At v, ), mint blue 0.0 23.2
AY — A*(— 20— A% 7O\t p~ purple 28.0 14.6
BY - K%(— ntr)ptu~ dark blue 21.6 28.9
g, 2 E (= A% )ptu pink 63.5 30.3
A) = A% (28) (= ptp™) yellow 15.1 9.1

Table 3: Number of events of each background in the R2p2 data, found by applying a fit to the m(A°u*p™)
distribution. The yields of each background component are left floating. This means they are allowed to take any
value in order to find the best fit to the data.

In the above fit, the yields of each background component are allowed to take any value in order to find the best
fit. Tt can be seen that this does not give consistent results for the LL and DD modes, as some backgrounds (for
example A) — AF(— A%utv,)u~7,) have a higher contribution in one of these modes over the other. These results
are also not consistent with the yields from Figure 11. Using many background contributions as shown in Figure
12 gives the fit too many free parameters. This results in an overfit, which is not a realistic representation of the
actual backgrounds present in the data.
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In order to force the yields to be consistent with the yields obtained in Figure 11, the same fitting method is used
but the yields are only allowed to take values that are consistent with the yields from Figure 11 within 3 standard
deviations. These results are shown in Figure 13 and Table 4.
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Figure 13: m(A°u* ™) distribution of R2p2 data, fitted using MC samples of the different background components.
The combinatorial background is modelled using the same-sign data set. These are the results after the combinatorial
BDT has been applied. The yields of each background component can only vary within 3 standard deviations of
the result in Figure 11.

Limited yields muon mode

Decay mode Colour in plot Yield (# events)
LL DD

AY — AOutpu~ red (dotted) 192.2 249.4

Combinatorial background green 471.6 413.0

A) = A (= At v ), mint blue 21.2 35.0

A) = A* (= Z0(—= A%) 7O\t p— purple 0.4 0.5

BY - K2(— nra )t u~ dark blue 7.2 9.4

g, 2 E (= A% )t pink 1.8 2.3

AY — A% (28)(— ptu™) yellow 0.3 0.4

Table 4: Number of events of each background in the R2p2 data, found by applying a fit to the m(A°u*p™)
distribution. The yields of each background component can only vary within 3 standard deviations of the result in
Figure 11.

The pulls below the plots show the difference between the unbinned fit and the number of events in the bin centered
around that point in the fit, measured in standard deviations. The standard deviation of each bin (the error bars)
are determined using Poisson statistics. Using these pulls, it can be seen that for the limited yields case, the fit
deviates more around the signal region. It is possible that in this region, there is an additional background present
that is not taken into account, or that one of the backgrounds modelled should have a larger contribution in this
region that we have allowed it to. This is likely a partially reconstructed decay, as not all A* states are modelled
and neither is the Z) — Z°(— A%7%)u* 1~ decay, which are also likely in this region due to their similarities to the
A(1520) and Egt backgrounds.
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6.3 K9 misID contribution in data

To separate the BY — K¢(— 7ta~)¢{*¢~ background (and other K% — nt7~ contributions) from our data, a
K2-veto has been developed. This veto uses the difference in momentum asymmetry between the proton-pion pair
that come from the A° decay and the momentum asymmetry between the pion-pion pair that come from the K3
decay. This veto is shown in Figure 14. The variable that is cut by this veto is plotted on the z-axis, and is given
by:
m(A%) |px|
x =— 14— 9
ksveto 400 +1+ |pp|, ( )
where p, and p, are the pion and proton momenta respectively. A more detailed explanation of the origin of this
variable is given in Appendix A.
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Figure 14: Plots of Zisveto versus m(A°), outlining the momentum asymmetry differences between the
A) = A°(— pr=)utp~ and B — K3(— 777~ )utp~ decay modes in the R2p2 data set.

The K3-veto is then defined as —1.64 < Tygyeto < —1.62 for LL candidates and —1.65 < Zysyeto < —1.61 for DD
candidates. The distribution for the LL candidates is narrower due to better estimation of the pion and proton
momenta. The data shown here however, also contains a significant portion of combinatorial data. This is not just
combinatorial background from the mismatch of hadrons or leptons in the AY — A%(— pr~)uu~ decay, but also
from the mismatch of hadrons or leptons in the B® — Kg(—> 7tr ) )uTu~ decay. Using the combinatorial BDT,
both these backgrounds can largely be filtered out. Of the remaining data, the m(K%u*p™) mass is reconstructed.
The amount of B® — K3(— nt7~)utu~ background is then given by the number of events around the B° mass.
This is still a conservative estimate, as it also contains some combinatorial and AY — A°u*u~ events.
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Figure 15: Plots of m(K2u* ™) of the R2p2 dataset, where the red bars are placed at m(B%) & 50 MeV /c?.
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The peak slightly to the right of the B® mass is actually a shifted peak of the A) mass. Because of this overlap,
many events within the chosen region could even come from our signal, and taking the number of events within
the B® mass window is already an overestimation of the B® — K¢(— n"n~)uTu~ background. This background
comes out as 14 out of 710 total events for the LL sample and 18 out of 724 events for the DD sample.

The B? — Kg(% 7T~ ) T4~ background contribution as observed in the data is in agreement with its expected
yield (around 2%). Figure 14 might suggest there is significantly more of this background present, but the majority
of the data that lie within the K2-veto is actually combinatorial. This background is non-peaking at m(B°) and
is also present in the same-sign (A) — A%/*/*) data set. Because the main contribution is of a combinatorial
nature and the same-sign data is used to model this combinatorial background, it is already accounted for. This
background (and its combinatorial variety) can also be filtered out entirely, but the disadvantage is that this also
cuts signal events. A study should be performed on whether this veto is advantageous or not.

6.4 Semileptonic A} decay contribution in data

The R2p2 dataset is taken and the combinatorial BDT is applied to the data. The A) — Af(— A%yt v, )~ 7, background
is separated from the rest of the data by employing a Af-veto, as all contributions from this background should
have m(A%u) < m(A), where the charge of the muon has the same charge as the charge of the proton from the

A°. This veto is shown in Figure 16.
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Figure 16: Plots showing the reconstructed Ay mass, with the data separated by the A} mass. The Af-veto is
applied on the LL and DD data of R2p2, after the combinatorial BDT is applied.

Comparing the data to MC samples of A) — Af(— A°uT v, )p~ v, and A) — Au*p~ shows that the data follows
a similar distribution to the signal MC (shown in Appendix D.1). The DD sample is however more peaking than
the LL sample, which could indicate that more of this background is present in the DD sample. Figure 16 does
show a slight peaking region around 2000 MeV. These events could correspond to the AT background, however due
to the low statistics and fluctuations in this area it is difficult to estimate how many events there are. The peaking
behaviour is not consistent with being orders of magnitude larger than the signal component, as estimated in Figure
11, as such a contribution would be much more prominent.

For both data samples, the Ag mass is also reconstructed and shown in Figure 17.
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Figure 17: Reconstruction of m(A%u*u~) of R2p2 data. The data in red corresponds to the events that have a

reconstructed Ay mass lower than the A} mass and the data in blue have a reconstructed Ay mass above the A
mass.

The shapes however of both distributions in Figure 17 are fairly similar. A AT background would have a contri-

bution to the lower end of the m(A%u*11~) spectrum, which is not significantly more prominent in the data in red
compared to the data in blue.

The Af-veto could be used to filter out the AT background entirely, however such a veto is likely not necessary in
the high ¢? region, as there is no significant contribution of this background here. Both sides of the A} -veto show a
similar shape in the m(A°u*p~) distribution. This background can be further quantified by performing a fit of the
combinatorial background and signal components on the inverse cut (blue side) data in Figure 17. The resulting fit
parameters can be used to perform a fit on the cut (red side) data, with an additional component to model the A}
background. Because these two sides should be similar apart from this background, the yield of the A} component
can therefore be an accurate representation of the amount of this background present in the data. This amount

will likely be of the order of a couple percent to 10 percent with respect to signal, as this component is not clearly
visible by eye in Figure 16.

22



7 Conclusion & Outlook

The measurement of R(A)is faced with challenges due to its low statistics, and hence it is vital to understand
its backgrounds. These backgrounds consists of different types, namely the combinatorial background, partially
reconstructed backgrounds, backgrounds due to mis-identified particles and resonance leakage. Using branching
fractions from PDG and efficiency calculations using MC samples, expected yields for these backgrounds are de-
termined (aside from the combinatorial background, which is another project in itself). These show that most
backgrounds should be equally present in the LL sample as the DD sample, aside for the =, — =7 (— AOr=)ete—
and Z) — Z%(— A°7%)¢T¢~ backgrounds.

g, = E7 (= A7)0~ and E) — E%(— A%7%)¢T¢~ backgrounds are much more present in the DD sample as
opposed to the LL sample due to the mean lifetime of the = baryon being the same order of magnitude as the mean
lifetime of the A® baryon. This effect can be further investigated once more MC samples are available.

This type of background, as well as the other partially reconstructed backgrounds, is best studied using a BDT,
trained using momentum and energy distributions, charge isolation variables and direction angle variables. It is
estimated that these backgrounds individually might not have a significant contribution, but with this method they
can be described cumulatively, which might be a non-negligible contribution.

The estimates show that the semileptonic AY — AF(— A% *v,)¢~7, background should be most abundant. How-
ever, inspecting the data reveals that this background is not as significant in the high-¢? region as estimated.
However, this background can still be present and Figures 16 show slight peaking behaviour. This background can
be further quantified by fitting a combinatorial background and signal shape for the Af-vetoed region (without
AF background present), and using these fit parameters to perform a fit plus a A background component in the
inverse vetoed region (the region with all the A background present).

The B — Kg (— 7wt7 )¢+~ background is shown to be in agreement with expectations, about 2.0% w.r.t. signal.
There is however a large combinatorial contribution of this background, which is already modelled accordingly. This
background, together with its combinatorial component, can be cut out by using a K2-veto. A future study should
show whether this is desirable, as it negatively impacts the statistics of the signal, but could potentially help in
reducing this background and its combinatorial counterpart.

For the electron mode, resonance leakage is a significant effect. The analysis presented does not cut the high-¢>
region on the g2, variable. This could cut out this background contribution entirely, but will likely also negatively

impact the already low statistics. Studies should be performed on the effects of such a cut.

One other type of background is yet to be investigated, which consists of hadrons, being misidentified as leptonsin
a A) — A°hT 1/~ decay, where h and k' can be different hadrons.
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A Armenteros-Podolanski plots

The Armenteros-Podolanski plot is a widely used method to separate Kg — 7tn~ from A — pr—. The
Armenteros-Podolanski plot is constructed by plotting the transverse momentum of a daughter particle versus
the longitudinal momentum asymmetry of the daughter particles, defined as

+ —
_ Portho ~ Portho

o T ===,
Portho + Portho

(10)

where pitho denotes the momentum component of the daughter particle of charge + in the longitudinal direction
of the direction of flight of the mother particle.

K2 mesons, decaying into two pions, generally populate a region where the transverse momentum pr is higher
because the mass difference between the 2 pions and the K g is larger than the mass difference between the proton-
pion pair coming from a A° baryons. The distribution of « is symmetric around zero for a kaon decaying into two
pions because the pions are equal in mass. For A baryons decaying into a proton and a pion on the other hand,
the o distribution tends to be nonzero due to the higher proton mass. Because « is defined by the charges of the
particles and not their identities, the plot splits the A — pr~ and A® — p~7* decays.

Figure 18 shows the Armenteros-Podolanski plots of the signal and background using MC samples for A) —
A%(= pr)ptpu~ and B® — K2(— ntr )ptu~.
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Figure 18: Armenteros-Podolanski plots of MC data of R2p2, LL tracks. The momentum asymmetry « is plotted
versus the transverse momentum of the daughter particles.
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In the R(A) analysis, the reconstructed mass of the daughter particles is required to be within range of the
A® mass. This indirectly puts a constraint on the transverse momentum of its daughter particles, hence the
B — K%(— nt7~ )t~ sample is cut off for higher transverse momentum. Without this cutoff, the shape in (b)
would form a semi-elliptical shape, distinctive of K2 mesons. In the data, the shapes of these contributions overlap,
as shown in Figure 19.
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Figure 19: Armenteros-Podolanski plots of R2p2 data. The momentum asymmetry « is plotted versus the transverse
momentum of the daughter particles.

In the R(A) analysis, the Armenteros-Podolanski method is slightly altered to construct a plot that we can perform
a cut on to separate the K g contributions from the rest of the data. Firstly, the data is not plotted with respect to
the direction of flight of the mother particle, but it is transformed to use the ratio of total momentum of the pion
and proton on the z-axis, and m(A°) on the y-axis. The resulting plot would still give shape where the K g and
AV contributions diagonally overlap, so in order to make these contributions perpendicular, a factor proportional
to the y-axis is added. In the end the resulting plot is a m(A) versus m(A)/400 + 1 — p,/p, plot.
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B Python scripts used

All scripts and functions used are stored in the RLambda Gitlab:

https://gitlab.cern.ch/LHCb-RD/ewprlambda

B.1 Expected yields

The expected yields are calculated using Equation 8, for which the branching fractions and efficiencies of the different
background and signal modes are needed. The code used to calculate this is stored in the folder:

/ewprlambda/Studies/QsqHigh_backgrounds/ExpectedYields/

This folder contains a couple files:

e YieldEstimationsEE.yaml
A yaml file containing all the values of relative branching fractions and efficiencies for the electron mode.

e YieldEstimationsEE.yaml
A yaml file containing all the values of relative branching fractions and efficiencies for the electron mode.

e BranchingFractions. json
This file stores the branching fractions and uncertainties that are used to calculate the branching fraction
ratios with respect to signal. For each entry, it contains a weblink to the reference it is taken from and
sometimes I left a comment describing what value is taken or how it is derived.

e YieldEstimations.py

This file can be run in the terminal by specifying which analysis mode to use (MM or EE for muon or
electron mode respectively). It contains a list of tuples for these analysis modes. These are the backgrounds
it will iterate over. The script reads out the branching fractions it needs from BranchingFractions. json to
calculate the relative branching fractions of each background with respect to signal. These relative branching
fractions are defined inside this python script and can easily be checked /altered if needed. The efficiencies
used in the yield estimation are not determined by this script, but are read out from somewhere else. By
setting the argument includedetails=True and running the script, it will print which efficiencies are unable
to be found. It generates the aforementiones yaml files.

e yieldplot.py
Generates the plots of Figure 11 by reading the aforementioned yaml files and plotting the stated yield with
respect to signal values.
B.2 Efficiencies
The efficiencies are calculated by

/ewprlambda/efficiencies/getRoughEff.py

which gives a rough estimation of the efficiency. By specifying the ana mode (MM or EE) and the MC sample to
run, it calculates the efficiency by taking the number of entries in the MVA tuple of that sample for each ¢?, year,
track type (LL or DD) and magnet polarity (MD or MU) and divides it by the number of entries in the GenCorct
Tuple (or GenGng if GenCorct is not available). This number is multiplied with the GenLvl efficiencies, found in:

/ewprlambda/tupleproduction/genLevelEffs

After this script is run for a given MC sample, mergeEf fByLumi . py is used (with -—-tag=rough) to merge these rough
efficiencies according to their luminosity each run. These are the efficiencies that are read out by YieldEstimations.py
to calculate the expected yields.
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C Background yields

The tables are ordered from most abundant background to least abundant background.

C.1 R1
A) — A% p~ (muon mode)
LL DD

Background B(bkg)/B(sig)

6bkg/esig kag/Nsig Gbkg/Gsig kag/Nsig
A) = AF (= Aty ), (2.0£0.7) x 10® | (0.440.2%) | 7.24+4.2 (0.5£0.2%) | 9.9+5.0
BY » K2(— ntn)utu~ (63 £ 18)% No MC available
Z) — E9(— A7)t u~ (9.0 £4.8)% No MC available
g, 2 E (= A7 )ptum (9.3+£5.1)% (0.5£0.2)% | ~0.1% (4.0£0.4)% | (0.4+0.2)%
A) — A(1520)(— X9(—= A7) utp™ | (26 £0.7)% (5.6+0.8)% | ~0.1% (4.5+£0.6)% | ~0.1 %
A) — A% (29)(— ptp™) 1.0£0.3 ~0.1% ~0.1% ~ 0.1% ~ 0.1%
A) — AT /(= ptpm) 150 £ 40 << 0.1% << 0.1% << 0.1% << 0.1%

Table 5: Expected amount of background present in the R1 data for the muon mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.

AY — A%ete™ (electron mode)

Background B(bkg)/B(sig) LL bD

€bke/ Esig Nikg/Nsig €bke/ Esig Nyokg/Nsig
A) — AF(— Aetr)e D, (204+0.7) x 10® | (1.0+£0.7)% | 19+ 15 (0.6+0.4)% | 12+£9.0
A) — A% (29)(— ete) 1.0£29 (15+3.00% | (15+£5.00% | (15+2.0)% | (15+5.0)%
A) — AT /(= eTer) 150 =+ 40 (0.2+£0.2)% | (3.2£3.4)% | (0.2+£0.1)% | (2.2+1.71)%
BY = K%(— ntr)ete” (63 +18)% (2.6£0.9)% | (1.6+0.8)% | (4.0£0.9)% | (2.5£0.9)%
E, 2 E (= A7 )ete (9.3+£5.1)% (0.7£0.6)% | ~ 0.1% (9.7£1.6)% | (0.9+0.5)%
A) — A(1520)(— X9%(— A%)n%)ete” | (26 £0.7)% (4.2+2.3)% | ~0.1% (6.8£2.2)% | ~0.1%
2 = E%— A70)ete (9.0 +4.8)% No MC available

Table 6: Expected amount of background present in the R1 data for the electron mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.
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C.2 R2pl

AY = A%u* = (muon mode)

LL DD

Background B(bkg)/B(sig)

€bkg/esig kag/Nsig 6bkg/esig kag/Nsig
A S AF (= At ), (20£0.7) x 10° | (0.5+0.2)% | 9.1+49 | (0.6£0.2)% | 11.2+5.3
BY = K%(— ntr)utu~ (63 £18)% No MC available
2 — Z%(— A7)t (9.0 +4.8)% No MC available
g, 2 E (= A7)t (9.3+5.1)% (0.5+£0.1)% | ~0.1% (0.3+0.2)%
A9 5 A(1520) (= 20(— A% m0)utp | (2.6 +0.7)% (5.240.6)% | ~0.1% (4.4+0.5)% | ~0.1%
A —5 AO(2S) (= pt ) 1.0+0.3 ~0.1% ~ 0.1% ~ 0.1% ~0.1%
A) = AT /(= phum) 150 + 40 << 0.1% << 0.1% << 0.1% << 0.1%

Table 7: Expected amount of background present in the R2pl data for the muon mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.

AY — Aete™ (electron mode)

Background B(bkg)/B(sig) LL DD

€bkg/ Esig Nikg/Nsig | €bke/€sig Nypkg/Nsig
A S AT (= Adetro)e 7, (20£0.7) x 10° | (0.7£0.4)% | 14+9.2 (13+04) | 25+13
A9 5 A%)(28)(— e*e) 1.0+2.9 17+ 1.8)% | (18 5.3)% | (154 1.4)% | (15 +4.5)%
A) — AOJ /(= eter) 150 + 40 << 0.1% << 0.1% (0.2+£0.2)% | (2.84+2.6)%
BY » KY(— nfn)ete™ (63 £18)% No MC available
g, 2 E (= A% )ete (9.3+5.1)%
A9 = A(1520)(— 20(— A%y)r0)ete~ | (2.6 £0.7)% (0.940.4)% | ~0.1% (8.7+1.0)% | (0.8+0.5)%
2 — E9(— A%7)ete (9.0 +4.8)% No MC available

Table 8: Expected amount of background present in the R2p1 data for the electron mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.
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C.3 R2p2

AY = A%u* = (muon mode)

Background B(bkg)/B(sig) LL DD

€bkg/esig kag/Nsig 6bkg/esig kag/Nsig
A = AF (= A%t ), (2.0+0.7) x 10° | (0.4+0.1)% | 8.5+ 4.0 (04+0.1)% | 7.7+3.5
BY = K%(— ntr)utu~ (63 +£18)% (2.3+0.3)% | (1.4£0.5)% | (3.0£0.3)% | (2.0£0.6)%
2 — Z%(— A7)t (9.0 £ 4.8)% (04+0.1)% | ~0.1% (5.0£0.2)% | (0.4£0.2)%
g, 2 E (= A7)t (9.3+£5.1)% (0.6+£0.1)% | ~ 0.1% (3.84£0.2)% | (0.4£0.2)%
A) — A(1520)(— X%(—= A% utp™ | (26 £0.7)% (6.3£0.5)% | ~ 0.1% (4.3+£0.4)% | ~0.1%
A — A% (28) (= ptp™) 1.0£0.3 ~ 0.1% ~0.1% ~ 0.1% ~ 0.1%
A) = AT /(= phum) 150 + 40 << 0.1% << 0.1% << 0.1% << 0.1%

Table 9: Expected amount of background present in the R2p2 data for the muon mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.

AY — Aete™ (electron mode)

Background B(bkg)/B(sig) LL DD

€bkg/ Esig Nikg/Nsig | €bke/€sig Nypkg/Nsig
A) S AF (= Aletvy)e 7, (2.0£0.7) x 10° | (04£0.2)% | 8.4+58 | (0.5£0.2)% | 9.3+5.5
A9 = AO(28)(— eTe) 1.0 429 18+ 1.7)% | (18 £5.4)% | (19+1.4)% | (19 +6.0)%
AD = AV /(= eter) 150 £ 40 (0.4£0.2)% | (5.0£4.0% | ~0.1% (2.24£2.0)%
BY » KY(— nfn)ete™ (63 £ 18)% (3.4+0.8)% | (2.2+0.1)% | (2.9£0.1)% | (1.8£0.1)%
=, = 2 (= Ao )etem (9.3 +5.1)% (1.24£0.4)% | ~0.1% (9.941.0)% | (1.0£0.5)%
A9 =5 A(1520)(— S0(— A%y)0)ete™ | (2.6 £0.7)% 6.4+1.40% | (0240.1)% | (4.7£1.0)% | ~0.1%
E) — E9(— A%7)ete (9.0 £ 4.8)% No MC available

Table 10: Expected amount of background present in the R2p2 data for the electron mode, estimated using branching
fractions (PDG) and efficiencies (MC data). Each entry is a percentage with respect to the amount of signal.
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D The A} background

This study is located in:

/ewprlambda/Studies/QsqHigh_backgrounds/LcBackground/

The LcBackground.py script produces the plots shown in this thesis, as well as some additional plots for other
categories of the data. In addition, this folder contains some yaml files. These can be used to further estimate the
amount of this background present in the data. To do this, a AT-veto and an inverse A}-veto have to be defined in
the RLambda framework. Then the data of the inverse veto can be fit to a combinatorial and signal contribution in
the high-¢? region. The parameters of this fit can be taken and used for a fit to the vetoed data, with an addition
of a Af-component. Since the main difference between the vetoed region and the inverse vetoed region is this
background, the amplitude of this component will be a representation of the amount of this background present in

the data.

D.1 MC plots
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Figure 20: Plots showing the reconstructed A%y mass, with the MC data separated by the A mass. The AT-veto
is applied on the DD MC data of R2p2, after the combinatorial BDT is applied. The LL sample is not shown but

is similar.
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Figure 21: Reconstruction of m(A%u*u~) of R2p2 data. The data in red corresponds to the events that have a
reconstructed Ay mass lower than the A} mass and the data in blue have a reconstructed A mass above the A}

mass. The LL sample is not shown but is similar.
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