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Abstract

At the LHCb experiment at CERN, proton beams are collided to study the decays of
hadrons that include a beauty quark. To measure these short-lived particles before they
decay, one of the detectors at the LHCb experiment, the Vertex Locator (VELO), is placed
at only a 5.1 mm distance from the proton-proton collision point to measure the location
of charged particles that hit the detector. A way to test the Standard Model is to measure
the branching fractions of the B+

c → �(→ �+�+�−�� )�� and B+ → �(→ �+�+�−�� )��
decays. To possibly improve the separation of background decays from these signal decays,
the goal of this research is to determine the B+

(c)-to-� ratio of first hits measured at the
VELO. The origin of the first hits is determined by comparing the location of the first
hits with the location of the decay vertex of the B+

(c) particle for data simulated with the
RapidSim package. For the B+

c -decay this resulted in 90:6% of first hits to be classified as
� -hits and 9:4% as B+

c hits and for the B+-decay in 30:9% as � hits and 69:1% as B+ hits.
Relatively more B+

c particles than B+ particles decay before they reach the VELO, which
can be explained by the differences in the lifetimes of the particle. Since the decay vertex
of the B+

(c) particle cannot be determined experimentally, it is also studied whether it is
possible to predict the origin of the first VELO hits with only the observed parameters. By
implementing a Multivariate Analysis, it is shown that this is possible for both the B+

c and
B+ decay.
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1 Introduction

In particle physics, a framework has been developed that describes the most fundamental building
blocks of the universe. This framework, the Standard Model (SM), is excellent at describing how
elementary particles interact, but there are also limitations to the model [2]. Probing these
limitations can lead to a better understanding of particle physics and can lead to physics beyond
the SM.

The SM of particle physics describes what is known about elementary particles and the
fundamental forces that govern them, excluding gravity [2]. The SM divides elementary particles
into two groups, fermions and bosons. Fermions are matter particles, while bosons are particles
that carry a force. The fermions can further be divided into leptons and quarks based on
the interactions that they participate in. Furthermore, the group of leptons consists of three
generations of charged particles, electrons, muons and tauons, and of the corresponding neutral
neutrinos. The charged leptons interact through the electromagnetic and the weak force, and
the neutrinos only interact through the weak force.

One of the possible limitations of the SM arises when considering the properties of charged
leptons. The SM predicts that the charged leptons interact almost identically, the only difference
being their mass. This principle is called lepton flavour universality (LFU). Until recently,
measurements were in agreement with LFU. However, new research performed at the LHCb,
Belle and BaBar experiments shows small deviations from the SM prediction [3] [4] [5]. These
deviations have not reached the five-� significance that particle physicists need to indicate that
LFU is likely violated and therefore physicists are still looking for additional measurements
that could confirm LFU violation. A method to study whether LFU holds is to compare the
branching fractions of decays that only differ by lepton flavour. The branching fractions can be
measured by performing high-energy collider experiments, such as the Large Hadron Collider
beauty experiment (LHCb).

The LHCb experiment is an experiment at CERN where the beauty quark is studied. This
experiment focuses on searching for new physics by studying the decays of particles containing
a beauty or a charm quark. At the LHCb there are proton-proton collisions that produce many

Figure 1: An illustration of the Large Hadron Collider (LHC), drawn on top of the area where
the LHC is located underground, showing the four major experiments: ATLAS, CMS, ALICE
and LHCb [1].
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different particles, including the for this thesis relevant particles: B+
c and B+ mesons. The B+

c

and B+ are short-lived particles consisting of two quarks, an anti-beauty quark and respectively
a charm and an up quark. The decay modes that will be focused on in this thesis, called the
signal decays, are B+

c → �(→ �+�+���� )�� and B+ → �(→ �+�+���� )�� . By measuring their
branching fractions, i.e. the fraction of particles that decay through this particular decay mode,
SM predictions can be tested. This could contribute to answering the question of whether LFU
is violated.

To be able to distinguish the signal decays from any background decays and to reconstruct the
decays, the LHCb consists of different detectors that measure the characteristics of the particles.
One of the detectors that is part of the LHCb experiment is a vertex locator (VELO). It consists
of 52 modules and is able to measure the locations of the charged particles that hit the different
modules of the detector. The special feature of the VELO is its proximity to the proton-proton
collision point. This makes it possible for short-lived particles, such as the B+

c and B+ to reach
the detector. Measuring the location of the B+

c and B+ particles helps identify the type of decay.
However, since the VELO cannot distinguish between charged particles, the hits in the VELO
that originate from the signal decay can either be from the B+

(c) or the � particle.
This thesis aims at predicting the ratio of B+

(c) to � first hits in the VELO, using
data from the simulation package RapidSim. Additionally, a Multivariate Analysis
(MVA) will be performed to study whether it is possible to predict the origin (B+

(c)

or �) of the first hits in the VELO based on observed parameters from the detectors
in LHCb.

Being able to predict the origin of the first hits in the VELO could help separate the B+
c

and B+ signal decays from the background decays. This is critical for measuring the branching
fractions of these decays.
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2 Theory

2.1 The Standard Model

The Standard Model of particle physics (SM) describes very accurately how the elementary
particles interact. However, there are several phenomena that the SM cannot explain, such
as the asymmetry between matter and anti-matter and how the fundamental force of gravity
would fit into the theory. Therefore, (potential) deviations from SM predictions are thoroughly
researched, such as LFU violation. To understand what the SM entails, a brief explanation of
the SM will be given.

Particle physics phenomena are explained in the SM by the properties and interactions of the
elementary particles, which are particles that are not composed of other particles and are consid-
ered point-like [2]. These elementary particles are divided into groups, conveniently summarized
in Figure 2. Particles with half-integer spin, fermions, are divided into two groups: leptons and
quarks. The group of integer spin particles, bosons, consist of gauge bosons and the Higgs boson.
The fermions are the building blocks for all matter in the Universe, while the bosons are the
particles that ’carry’ forces.

Both the quark and the leptons consist of three generations made out of 2 particles. For the
leptons, each generation consists of a charged lepton and a neutral lepton of the same flavour.
The charged leptons come in three flavours: electron (e�), muon (�) and tauon (�). The neutral
leptons - neutrinos - come in the same three flavours. Neutrinos only interact through the weak
force and are because of this very difficult to detect, while charged leptons can also interact
electromagnetically. The group of quarks consists of six different flavours, up (u), down (d),
charm (c), strange (s), top (t) and bottom (b), also known as the beauty quark. Quarks do not
appear on their own, but will always be found together with other quarks to form a ’neutral
colour’ combination.

The gauge bosons are force carriers, making it possible for the fermions to interact with

Figure 2: The Standard Model, showing all elementary particles grouped into bosons (force
carriers) and three generations of fermions (matter) [6].
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each other. The massless neutral photons are the carriers of the electromagnetic force. All
particles that have an electric charge can interact electromagnetically, which makes it easy to
detect charged particles. The strong force is mediated by gluons, which are also massless neutral
particles. The weak force is mediated by the W and Z bosons, which do have mass.

2.2 B +
(c) decay

This thesis focuses on the decay of theB +
c and the B + mesons. Mesons are particles that consist

of a quark and an anti-quark. The B +
c and B + particles both contain an anti-beauty quark (�b)

and respectively a charm quark (c) and an up quark (u). The mean lifetime of theB +
c is very

short: 0:510 � 0:009 � 10� 12s [7]. The mass ofB +
c is 6274:47 � 0:27 � 0:17 MeV, where the

�rst error is a statistical error and the second a systematic error [8]. The lifetime of theB + is
approximately three times longer: 1:638� 0:004� 10� 12 s and the mass is: 5279.25� 0.26 MeV
[7].

The decay modes that are used in the analysis of this thesis are the following:B +
c ! � (!

� + � + � � � � ) + � � and B + ! � (! � + � + � � � � ) + � � . In both decays, the B-meson decays into a
charged lepton (� ) and the corresponding neutral lepton (� � ).

The branching fraction of the signalB +
c decay mode has not been determined experimentally

yet. However, there does exist a SM prediction of the branching fraction, which is [9]:

BR(B +
c ! � + + � � )SM = (1 :95� 0:09) � 10� 2 (1)

This prediction of the SM can be tested when physicists succeed at measuring theB +
c signal

decay at the LHCb.
The branching fraction of the B + ! � + � � has been measured already [7]:

BR(B + ! � + �� � ) = (1 :09� 0:24) � 10� 4 (2)

However, this measurement has a large uncertainty and could potentially be improved.
In both decays, the decay mode is chosen in which the� decays into three pions and a

neutrino: � ! � + � + � � � � . Neutrinos do not interact electromagnetically, which makes it very
di�cult to detect them; at the LHCb experiment, it is not possible to directly detect neutrinos.
This makes it more di�cult to measure the decay. Additionally, the B +

(c) and � particles are also
di�cult to measure because of the lifetime of the particles. Similar to the B-mesons, the� is
a very unstable particle, with a mean lifetime of (0:2903� 0:00050� 10� 12 s [7]. This means
that both the B +

(c) particle and the � particles decay shortly after they are created. Therefore,
in order to reconstruct the decay, these particles need to be detected shortly after they are
created. Additionally, the measurements of the three pions (which are the decay products of the
� particle) help identify the decay.

It is necessary to measure di�erent properties of the signal decay, because at the LHCb,
not only B +

(c) are produced in the proton-proton collisions. There are many di�erent particles
measured by the detectors of the LHCb. These background decays need to be distinguished from
the signal decay when you want to measure the branching fraction of the signal decay. This is
di�cult when the observed properties of the background decay are similar to that of the signal
decay, e.g. when three pions are produced that have similar momenta as the pions created in the
signal decay. Background decays that do not contain three pions can likely be separated with
the data from the detectors at the LHCb experiment. Thus, the more dangerous backgrounds
are those containing three pions in their �nal state.
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The most dangerous background decays are the one where aB + decays directly into three
pions and an additional particle, such as the D-meson [10]. This decay is hard to distinguish
from the signal decays since the pions will likely have similar momenta as the pions from the
signal decay. Another (less) dangerous background decay is when aB + decays into a� � � and an
additional particle. When in the analysis of the data the reconstruction of the additional particle
fails, the decay can be incorrectly identi�ed as the signal decay. Furthermore, theB + can include
a D-meson, which in turn decays into� (! � + � + � � � � )� � . This decay can be mistaken for the
signal decay, but the �nal pions are likely to have less energy compared to the signal decay since
part of the energy is transferred to the D-mesons mass. Lastly, the decay of a D-meson into
� (! � + � + � � � � )� � can also be a dangerous background decay because of the presence of three
pions, but again the momenta of the pions are likely to be di�erent from pions in the signal
decay.
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3 LHCb experiment

3.1 LHC

The LHCb is an experiment at CERN, the European Organization for Nuclear Research. It is
one of the major experiments in the LHC, which is the most powerful and largest particle collider,
having a circumference of 27 kilometres [11]. Before particle beams enter the LHC, they pass
multiple accelerators to gain speed. At the LHC particle beams of protons can reach energies up
to 6.8 TeV [11]. Two particle beams are accelerated in opposite directions, such that they can be
collided at di�erent experiments. In the LHC primarily protons are accelerated, but ions such
as lead ions can also be accelerated.

3.2 Setup

The goal of the LHCb experiment is to test SM predictions and possibly discover new physics.
This is done by researching the decays of hadrons consisting of a beauty or charm quark. In 2020
the LHCb experiment was upgraded, improving most of the detectors [13]. The upgrade makes
it possible to acquire larger data sets, which makes it possible to test the SM more precisely.

The LHCb experiment consists of multiple detectors, tracking the particles and measuring
di�erent properties of the particles. The detectors are spatially oriented in such a way that they
mainly detect forward-going particles such as the B-mesons [13]. The angle (� ) relative to the
beam axis that the detectors cover is expressed in a pseudorapidity range:

� � � ln[tan( �=2)] (3)

The pseudorapidity range of the LHCb is2 < � < 5, which means that only particles that travel
within this range will be detected.

Figure 3 shows all of the detectors of the LHCb experiment. The tracking system of the LHCb
consists of the Vertex Locator (VELO) that is placed around the interaction region, the upstream
tracker (UT) placed before the magnet and the scintillating �bre tracker (SciFi Tracker) placed

Figure 3: The setup of the upgraded LHCb experiment, including the vertex locator [12].
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