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Abstract

As part of a sensitivity study for the LHCb upgrade, the invariant mass of the pions
produced in the decays B+

c → τ+(→ π+π−π+ντ )ντ and B+ → τ+(→ π+π−π+ντ )ντ

is analysed, in order to distinguish these two signal modes from the three most
dangerous background modes: B+ → π+π−π+D0, B+ → π+π−π+D0∗ and B+ →
D−(→ π−π+π−)π+π+ (normalization mode). The data were simulated using the
fast simulation package RapidSim and it was found that a cut on the invariant mass
of the pions at minv = 1.8 GeV is able to remove 99.98% of the normalization mode,
88.82% of B+ → π+π−π+D0 and 86.86% of B+ → π+π−π+D0∗, while maintaining
99.999% of both signal modes. Then the effect of this cut is studied by performing
a MultiVariate Analysis, whose purpose is to separate signal from background by
analysing multiple observables. Lastly, a likelihood fit was simulated to estimate the
number of yields of B+

c and B+. It was found that the uncertainty on the number
of yields of B+

c and B+ decreased by 17.7% and 4.4% respectively by including the
invariant mass cut.
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Chapter 1

Introduction

The Standard Model is a particle physics theory which describes the collection of
fundamental particles that constitute the known universe and are separated into
fermions and bosons. The former are comprised of leptons and quarks which have
half-integer spin, while the latter have integer spin. Many experiments about par-
ticle physics are conducted at CERN (European Council for Nuclear Research) in
Switzerland, where one of the most important experiments is the LHCb (Large
Hadron Collider beauty) detector. As a result of recent upgrades to the VErtex LO-
cator (VELO), the LHCb detector will be able to detect the charge left by a direct
hit of a b-meson. Consequently, more precise measurements of beauty mesons will
be possible, and the detection of decay modes that have never been seen before will
also be achievable. For instance, the decay mode B+

c −→ τ+ντ , which is the main
topic of this thesis, could be observed.

In order to understand the importance of this B+
c −→ τ+ντ , the concept of Lepton

Flavour Universality (LFU) must be explained. LFU states that in the Standard
Model no force discriminates between the three different families of leptons: elec-
tron, muon and tauon. However, in the last decade, the research undertaken at
CERN revealed the possibility that LFU might not be a law of physics [1]. If the
data taken at LHCb will show proof of LFU violation, they would show the pres-
ence of new physics, since this result would be impossible in the Standard Model.
In such case, theorists argue that a new particle, called Leptoquark which couples
quarks with leptons, may exist, or that a charged Higgs boson, which has not been
discovered yet, might be responsible for LFU violation.

Therefore, the decay B+
c −→ τ+ντ is quite important not only because it has never

been observed, but also because it could provide further evidence of LFU violation.

4



To estimate the sensitivity of a search of this decay with the upgraded LHCb detec-
tor, simulations are used. One of the simulation packages is called RapidSim which
is a fast simulator of b-decays at LHCb and allows to simulate the decay modes of B+

c

and B+
u mesons. These particles have numerous decay modes, therefore B+

c −→ τ+ντ

and B+
u −→ τ+ντ , which are the most interesting ones, are considered as signal. The

main issue with measuring these decays is that the particles B+
c , B+

u and τ+ decay
quickly and the ντ cannot be detected. In order to detect the meson, the VELO
detector is being upgraded as explained in Section 3.1, while the τ+ decays before
reaching the detector. The tauon has numerous decay modes. For instance one
of the most important decays is τ+ → µ+νµντ or the equivalent decay with the
positron instead of the muon. However, since the neutrinos cannot be detected, it
is difficult to reconstruct the trajectory of tauons from only one particle. Therefore,
the decay τ+ → π+π−π+ντ is considered, so the trajectories of the three pions can
be used to precisely calculate where the tauon decayed. Hence the full decay chain
studied in this analysis is B+

c −→ τ+(→ π+π−π+ντ )ντ .

Moreover, among all the other decay modes there are some which look similar to
the signal mode due to the presence of three pions in the final state of the decay,
therefore they could be recognized as signal and affect the measurements. Hence,
these decay modes are considered as background and it is important to be able to
distinguish signal from the other decay modes. In this thesis, the three most
dangerous background modes will be studied by taking into account the
invariant mass of the three pions produced during the decay, in order to
find a cut which separates most of the background from the signal and
to propagate this selection to the final sensitivity estimate. Then, a Mul-
tiVariate Analysis will be performed to separate signal from background
modes using decision trees. In the end, a Likelihood fit will be simulated
to analyse the performance of the invariant mass cut.
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Chapter 2

Theory

2.1 Standard Model

The Standard Model (SM) is a particle physics theory which describes the elemen-
tary particles that form matter and the fundamental forces, such as electromag-
netism, the weak force and the strong force, with the exception of gravity. Although
this theory is able to provide accurate predictions of several phenomena, it is consid-
ered the low-energy part of a more comprehensive theory [2]. For instance, it cannot
explain the problem of the asymmetry of matter and anti-matter in the universe and
it does not include a Dark Matter particle.

2.1.1 Elementary particles

In the SM there are two groups of elementary particles as shown in Figure 2.1:
fermions with half-integer spin, and bosons with integer spin. Among the first class,
there are two families: leptons and quarks. There are six leptons which are divided
in three generations, each one with one negatively charged and one neutral lepton.
Therefore there are three charged leptons (electron, muon and tauon) and three
neutral ones (electron neutrino, mu neutrino and tau neutrino). The electron is the
lightest charged lepton and the tauon is the heaviest; the neutrinos were considered
to be massless until recently, when it was discovered that they oscillates between
generations, which is an effect that requires the neutrinos to have mass. Among the
charged leptons, only the electron and muon can normally be detected directly since
they have a long enough lifetime. On the contrary, the tauon has a mean life of
τ = (290.3± 0.5) · 10−15 s, which is too short to reach the detector, so only its decay
products can be detected. As for the neutrinos, they rarely interact with matter, so
they are not tracked by the detectors.
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The other family of fermions is comprised of quarks, which are six in total and are
called: up, down, charm, strange, top and bottom. They are also separated into
three generations and their mass also increases from the first to the third generation.
They mainly form mesons, which are particles with a quark and an anti-quark, and
baryons, which have three quarks or three anti-quarks, however tetraquark (parti-
cles with four quarks) and pentaquarks (particles with five quarks) have also been
observed.

Lastly, the second class of particles is comprised of bosons, which are force mediators.
Among them, there are photons, which are the mediators of the electromagnetic
interaction, gluons, which are the mediators of the strong interaction, and W± and
Z0 bosons which are the mediators of the weak interaction. Besides these, there is
also the gravitational interaction which is thought to be mediated by the graviton,
however it has never been detected. Moreover, there is the Higgs boson, which gives
mass to fermions and bosons due to the interaction of these particles with the Higgs
field [3].

Figure 2.1: Standard Model of Particle Physics [4].
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2.1.2 Lepton Flavour Universality

In the SM, even though the charged leptons have different masses and lifetimes, they
couple with photons, W± and Z0 boson with the same strength regardless of their
generation. This phenomenon is called Lepton Flavour Universality (LFU) [2].

This property has been tested by many experiments. For example, at the Large
Electron-Positron Collider (LEP), LFU was tested in couplings between the Z boson
and the charged leptons by measuring the partial width of Z → e+e−, Z → µ+µ−,
Z → τ+τ− and calculating their ratios. The obtained results were [5]:

ΓZ→µ+µ−

ΓZ→e+e−
= 1.0009± 0.0028 (2.1)

ΓZ→τ+τ−

ΓZ→e+e−
= 1.0019± 0.0032 (2.2)

However, recent measurements of R(D∗) and R(D) show a significant deviation
between the SM prediction and the experimental value. The equations for these two
ratios are:

R(D) =
BR(B0 → D−τ+ντ )

BR(B0 → D−µ+νµ)
(2.3)

R(D∗) =
BR(B0 → D∗−τ+ντ )

BR(B0 → D∗−µ+νµ)
(2.4)

The predicted values according to the SM are: R(D) = 0.300± 0.008 and
R(D∗) = 0.252± 0.003, however the values calculated with the measurements con-
ducted at BABAR, BELLE and LHCb are: R(D) = 0.407 ± 0.039 ± 0.024 and
R(D∗) = 0.304 ± 0.013 ± 0.007. Therefore, the experimental values of R(D) and
R(D∗) are 2.3σ and 3.4σ above the SM prediction respectively [1].
For this reason, there have been many theoretical studies which introduce new parti-
cles in order to explain this deviation. A possible solution proposes the introduction
of a charged Higgs boson H± in a 2 Higgs Doublet Model, while another suggests
the existence of the Leptoquark, a particle that couples lepton and quarks as shown
in Figure 2.3. Both theories could explain LFU violation, because these new par-
ticles would couple more strongly with the tauon compared to lighter leptons [7].
Therefore, LFU should be further investigated, not only to better understand this
property, but also for the possibility to discover New Physics (NP) beyond the SM.
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Figure 2.2: Measurements of R(D) and R(D∗) taken by different experiments [6].

In order to study this phenomenon, the decay B+
c −→ τ+ντ will be analysed at LHCb

during Run 3.

2.1.3 CKM matrix

In the SM, the weak interaction allows the quarks to change their flavours. The
strength of this mixing between quarks is described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. Its terms are complex numbers, which allow for the in-
troduction of CP violation in the SM. It is written as [8]:

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (2.5)

It is a 3x3 unitary matrix, which means that
∑

i VijV
∗
ik = δjk and

∑
j VijV

∗
kj = δik.

The magnitude |Vij| is the amplitude of the transition from the qi to the qj quark,
while the |Vij|2 is the probability of the transition [3]. Therefore, Vcb is the term
which is involved in the decay B+

c −→ τ+ντ .

This matrix can also be written according to the Wolfenstein parametrisation as:
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VCKM =


1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

 (2.6)

where A = 0.826± 0.018, λ = 0.22500± 0.00067, ρ = 0.159± 0.010 and
η = 0.348± 0.010 [9].

2.2 B+
c −→ τ+ντ

The B+
c particle is a meson with an anti-bottom and a charm quark. It has many

decay modes, but the one studied in this thesis is B+
c −→ τ+ντ , which has never been

seen before and whose Feynman diagram is shown in Figure 2.2.

W+

c

b̄ τ+

ντ

(a)

ντc

b τ+

LQ

(b)

Figure 2.3: Feynman diagram of B+
c −→ τ+ντ : a) it shows the decay with the W+

boson as mediator; b) it shows the decay with the Leptoquark (LQ) as mediator.

The SM prediction of the decay width of this decay is given by [7]:

ΓSM(B+
c → τ+ντ ) =

G2
F

8π
|Vcb|2f 2

Bc
mBcm

2
τ

(
1− m2

τ

m2
Bc

)2

(2.7)

where GF = 1.16638·105 GeV2(~c)3 is the Fermi constant, |Vcb| = (42.2± 0.8) · 10−3

is the CKM matrix element for when bottom and charm quarks interact with each
other [9], fBc = (0.434± 0.015) GeV is the decay constant1 [10],
mBc = 6274.47± 0.27 MeV/c2 is the mass of the B+

c meson and
mτ = 1776.86± 0.12 MeV/c2 is the mass of the tauon. Moreover, given that the
mean life of B+

c is τ = (0.510± 0.009) · 10−12 s, the predicted branching fraction can
be calculated [7]:

1The decay constant fBc
is a property of Quantum ChromoDynamics (QCD) and it is deter-

mined using lattice QCD [10].
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BR(B+
c −→ τ+ντ ) = (2.36± 0.19)% (2.8)

At LHCb, the branching fraction will be calculated with the following equation:

BR(B+
c → τ+ντ )

BR(B+ → D−π+π+)
=

NB+
c

NB+

fu
fc

εB+

εB+
c

(2.9)

where NB+
c
is the measured number of B+

c mesons, NB+ is the measured number of
B+ mesons, fu ∝ σ(pp → B+X) is the production fraction ofB+, fc ∝ σ(pp → B+

c X)

is the production fraction of B+
c , εB+ is the detection efficiency of B+ and εB+

c
is

the detection efficiency of B+
c . In this sensitivity study, also a better estimate of the

NB+
c
will be investigated.
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Chapter 3

LHCb Detector

In order to study B+
c → τ+ντ , a powerful accelerator is needed, such as the Large

Hadron Collider (LHC), in Geneva (Switzerland). At this accelerator, researchers
study CP violation, decays of beauty and charm hadrons and matter-antimatter
asymmetry. It has been taking measurements since 2009 from proton-proton col-
lisions with a luminosity of 4 · 1032 cm−2s−1, which is expected to increase up to
2 · 1033 cm−2s−1 during Run 3 [11]. The LHCb detector is a forward spectrome-
ter, which can detect particles travelling at a pseudorapidity of 2 < η < 5 [12],
where η = − ln

[
tan

(
θ
2

)]
, since at high energies the hadrons are mainly produced

in the forward direction. It is composed of many detectors as shown in Figure 3.1,
such as the Ring Imaging Cherenkov counters (RICH), Electromagnetic Calorimeter
(ECAL), Hadronic Calorimeter (HCAL), tracking systems and muon detectors.

3.1 Detector Components

The first detector is called the Vertex Locator (VELO), which takes measurements
of the track coordinates near the proton-proton collisions. It was comprised of 42
modules of semicircular Silicon detectors placed at a distance of 8.2 mm from the
beam, with a readout rate of 1 MHz. However, thanks to the new upgrade, the
VELO will have 52 modules positioned in two L-shaped sensors, which are placed at
only 5.1 mm away from the beam and have a readout rate of 40 MHz [11]. Thanks
to this shorter distance, the VELO will be able to detect B mesons.

After the VELO, there is the first Ring Imaging Cherenkov counter (RICH1), which
detects charged particles with momentum in the range 1-60 GeV/c, while the second
one (RICH2) is placed behind the magnet and the three Scintillating Fibre (SciFi)
Trackers and it is able to identify charged particles with momenta up to and past
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Figure 3.1: Photo of the VELO detector at LHCb (courtesy of the LHCb collabo-
ration).

100 GeV/c. Right next to the magnet there is the Upstream Tracker and three SciFi
Trackers. The former is needed to get a first measurement of the momentum of the
particles, while the latter, which is after the magnet, provide measurements of the
curvature of the trajectories due to the magnetic field, and together they allow to
take more accurate measurements.

Figure 3.2: Structure of the LHCb detector [12].

Behind RICH2, there is an electromagnetic calorimeter and a hadronic calorimeter.
Their purpose is to stop almost all the particles reaching these two detectors and
provide measurements of their energy and position. The former is used for electrons
and photons, whereas the latter for hadrons. However, the only particles that are
able to go past them are muons, which are identified using muon detectors, and
neutrinos, which are not tracked due to the fact that they rarely interact with other
particles. Muon detectors are placed behind the calorimeters and are composed of
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multiple tracking stations. The M2 and M3 stations have a high resolution and
provide measurements of the transverse momentum of the particles, while stations
M4 and M5 have a lower resolution and they mainly identify more penetrating muons
[13].

3.2 B-Tracking Tool

There is a recent addition to the software which executes the reconstruction of
the particles and their trajectories. When considering decays without intermediate
particles, the meson trajectory can be deduced from the line connecting the Primary
Vertex (PV), where the proton-proton collision occured, and the Secondary Vertex
(SV), where the meson decayed. However, in a decay with an intermediate particle,
such as B+

c −→ τ+(→ π+π−π+ντ )ντ , the direction of the B-meson is not exactly
along the line connecting PV to SV. Therefore, the B-Tracking Tool searches for
hits in the VELO near the line PV-SV, to measure the direction of the meson2. The
VELO has been placed closer to the beam to improve the general reconstruction of
the PV and SV and also to achieve a better B-tracking [14].

Figure 3.3: Diagram of the B-Tracking tool [14].

2It is only an approximation, since it is assumed that the hit on the VELO is near the line
connecting PV to SV. In RapidSim there is no explicit hit; the simulator places the hit on the
PV-SV line when this intersects the VELO detector.
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Chapter 4

Analysis Strategy

4.1 RapidSim

For the analysis conducted in this thesis the data were generated using RapidSim,
which is a fast simulation of decays of hadrons with beauty or charm quarks. This
simulation allows to generate, in just a few seconds, millions of events which are
an approximation of what a full simulation might show. For this reason, RapidSim
allows researchers to conduct fast analysis on a set of data, so to understand what
should be further investigated in a more advanced simulation [15].

In addition, RapidSim allows the user to specify the momentum resolution of the
detectors, in order to reproduce the effect of errors during the reconstruction of the
particles trajectories. In order to do so, it smears the momentum resolution of each
particle based on a specific resolution function. Moreover, since every decay could
happen along any direction, it is also possible to define a solid angle in which the
decays can be detected to simulate the geometrical acceptance of the LHCb detector
[15].

4.2 Signal and Background

In this analysis also the B+
u (or B+) meson, which has an anti-bottom quark and an

up quark, will be taken into account3. The mesonB+ decays similarly asB+
c , thus for

this analysis the decays B+
c −→ τ+(→ π+π−π+ντ )ντ and B+ −→ τ+(→ π+π−π+ντ )ντ

are considered as signal modes. The major difference between these two decays is
that the second one is suppressed by a factor of |Vcb|

|Vub|
, but enhanced by its production

3In theory, the bottom quark could also couple to the top quark to form B+
t , however the top

quark decays so quickly that it doesn’t form a bond with other particles.

15



fraction.

As mentioned in the previous section, only the three pions can be detected and are
considered as the signature of the two decays explained above. However, there are
other decay modes which produce three pions and are not considered as signal modes.
These are considered as background modes and could affect the measurements, thus
they have to be separated from the signal as best as possible. Since there is a large
number of background modes, only the three most dangerous decays (according
to Ref. [16]) will be considered as background in this thesis: B+ → π+π−π+D0,
B+ → π+π−π+D0∗ and B+ → D−(→ π−π+π−)π+π+ (called normalization mode).
In order to reject as many background events as possible, a cut on the invariant
mass of the three pions produced in each decay is found by plotting the inavariant
mass on a histogram. Then a MultiVariate Analysis (MVA) is performed to further
separate signal from background by using multiple observables together. Lastly, a
Likelihood fit is simulated to study the performance of the cut.
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Chapter 5

Invariant mass

In order to know whether or not the signal modes could be separated from the three
background modes, the invariant mass of the pions is analysed. Then a cut on the
invariant mass will be found.

5.1 Invariant mass

The main goal of this thesis is to understand how the three background modes can
be distinguished from the signal by looking at the invariant mass of the three pions.
In order to calculate it, the following formula is used:

q = (E1 + E2 + E3, ~p1 + ~p2 + ~p3) (5.1)

m2 = q2 = (E1 + E2 + E3)
2 − (~p1 + ~p2 + ~p3)

2 (5.2)

where q is the four vector of the system comprised of the three pions, m is the
invariant mass, E is the energy and ~p is the momentum of the pions.

5.2 Cut on invariant mass of pions

First of all, the invariant mass is investigated. Figure 5.1 and 5.2 show the 1-
dimensional histograms of the invariant mass of the three pions produced in each
decay mode.
In figure 5.1 and 5.2, the histograms of the two signal modes are the same, because in
both cases the three pions are produced by the tauon decay. As for the background,
it can be seen that the two modes with the D0 meson have a similar shape, however
B+ → π+π−π+D0∗ is shifted towards lower energies since the excited D0∗ meson
takes more energy away from the pions compared to D0. Lastly, the normalization
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mode has a different shape compared to the other decays, because the three pions
taken into account when calculating the invariant mass are produced from the decay
of D−. For this reason, there is no neutrino or D0 meson which takes energy away
from the pions, so the resulting invariant mass graph is a spike at the rest energy of
the D− meson.

Figure 5.2 is showing the same invariant mass graph, but with a logarithmic scale
on the y-axis. Based on this plot, bins with a low number of events can be observed
more clearly and a cut on the invariant mass is found. After analysing this graph,
the cut at 1.8 GeV was chosen. This means that the events above this value are
rejected since they are mostly background, while the ones below 1.8 GeV are kept
because they are mostly signal events.

As a consequence of this cut, 99.999% of both signal modes is kept, while only
0.018% of the normalization mode remains, 11.18% of B+ → π+π−π+D0 and 13.13%
of B+ → π+π−π+D0∗ remain.

Figure 5.1: Invariant mass of three pions with a linear scale on the x-axis.
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Figure 5.2: Invariant mass of three pions with a logarithmic scale on the x-axis.

19



Chapter 6

MVA

6.1 MultiVariate Anlaysis

After finding the cut on the invariant mass, its effect on the MultiVariate Analysis
(MVA) is studied. The MVA is a statistical method which uses multiple variables
to analyse a set of data. In this thesis it serves to separate signal from background
modes using several observables that are simulated for each event with RapidSim,
however the invariant mass is not included among these observables. For instance,
the variables used in the analysis are the total momentum of the pions, transverse
momentum of the pions, the opening angle, the full flight distance (distance of SV
from PV), number of hits in the VELO and the impact parameter of the pions (clos-
est distance of the trajectory of the pions from the PV).

This MVA is run using the python code written by Maarten van Veghel (and mod-
ified by Jelte Rinus de Jong and Maria Domenica Galati) and uses the Gradient
Boosting Classifier (GBC) from the sklearn library. This is a machine learning al-
gorithm which gives a prediction on whether an event is signal or background based
on decision trees, which are tree-like models used to make classifications or decisions
based on the features of the available data set.

Since the data were simulated with RapidSim and it was already known whether an
event was signal or background, the method of supervised learning was used. This
method consists of marking each event as either signal or background and then di-
viding the dataset in a training and testing sample. The algorithm is trained on the
former group and its performance is then tested on the latter one, by checking how
the algorithm recognized each event compared to how they were flagged at the be-
ginning. In addition, each event of the testing sample receive an MVA score between
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0 and 1, which tells how likely that event was recognised as signal or background (0
means it is certainly background, whereas 1 means it is certainly signal).

For the MVA, 400K events were used for both signal and background with a 50-50%
division between the training and the testing sample. Only the background mode
B+ → π+π−π+D0 is used for the MVA, since, as Ref. [16] found, this decay is the
most dangerous one and it is similar to B+ → π+π−π+D0∗. Also the normalization
mode was not studied with MVA, because the cut at 1.8 GeV on the invariant
mass of the three pions removes 99.98% of this mode, and therefore it is considered
sufficiently repeated.

6.2 Results of MVA training

After the training and testing processes, an histogram of the MVA score is created,
as shown in Figure 6.1. Then, multiple cuts are made between the score 0 and 1, in
order to calculate the amount of signal events on the right side of this cut, which is
called True Positive Rate (TPR), and the amount of background events on the right
side of the cut, which is called False Positive Rate (FPR). At the end, the FPR are
plotted against the TPR in a graph called Receiver Operating Characteristic (ROC)
curve. The Area Under the Curve (AUC) gives a value between 0 and 1 (0 being
the worst and 1 the best score), which tells how successful the MVA was.

Figure 6.1: Histogram of the MVA score without the invariant mass cut.
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Figure 6.1 and 6.2 are the graphs obtained from the MVA and show the FPR against
the TPR with a linear and a logarithmic scale on the x-axis. It can be noticed that
the AUC score decreases by 0.014 when the cut on the invariant mass is included,
nevertheless it must be noted that, due to the cut, in figure 6.2 only the background
events with invariant mass of pions below 1.8GeV were considered, after rejecting
88.82% of this background. Concerning the plots with the logarithmic x-axis, an-
other noticeable effect of the cut is that the overall shape of the graphs look similar,
but shifted towards lower values of true positive rate for the same false positive rate.
For instance, the point with a value of 2 · 10−2 as FPR corresponds to 0.8 as TPR
in the MVA without the cut and 0.7 as TPR in the MVA with the cut. However,
it must be remembered that the number of background events decreased to 11.18%
by applying the filter on the invariant mass. Therefore, even though the AUC score
is lower with the filter, the combined effect of the cut and MVA is better than only
training an MVA.
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Figure 6.2: ROC curve obtained from the MVA without the cut on the invariant mass
of the pions and with B+

c → τ+(→ π+π−π+ντ )ντ as signal and B+ → π+π−π+D0

as background.

Figure 6.3: ROC curve obtained from the MVA with the cut on the invariant mass
of the pions and with B+

c → τ+(→ π+π−π+ντ )ντ as signal and B+ → π+π−π+D0

as background.
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Chapter 7

Maximum Likelihood Fit

7.1 Likelihood Fit

After the MultiVariate Analysis, the events simulated by RapidSim and the MVA
score of each event were used to simulate a fit. First, the theoretical number of
yields for signal and background was calculated using the equation:

n = L · σpp · fc/u ·BR · εV ELO · (1− εisol) (7.1)

where L = 10 fb−1 is the luminosity, σpp is the cross section of a proton-proton
collision, fc/u is the production fraction of B+

c or B+, BR is the branching fraction
of the decay for which the number of yields is being calculated, εV ELO is the efficiency
of the B-Tracking, and εisol is the reconstruction efficiency for isolation4. Then, by
creating three 2D histograms (one for B+

c , one for B+ and one for background)
with corrected mass (mcorr) on the x-axis and MVA score on the y-axis, three 2D
Probability Density Functions (PDF) were determined. Afterwards, the Maximum
Likelihood method was used which allows to estimate the parameters of a probability
distribution by maximizing a likelihood function, as shown in Ref. [16]. A likelihood
fit was found with this method for the PDF of the total number of yields using the
three PDFs. The formula of the total PDF is given by equation 7.1 of Ref. [16]:

P = fB+
c
PB+

c
+ fB+PB+ + (1− fB+

c
− fB+)PBG (7.2)

where PB+
c
, PB+ and PBG are the three 2D PDFs, fB+

c
is the fraction of B+

c and
fB+ is the fraction of B+ compared to the total number of yields. Since the total
number of events is given by Ntot = nB+

c
+nB+ +nBG, the fractions are: fB+

c
=

n
B+
c

Ntot

and fB+ =
nB+

Ntot
. In order to perform the fit, fB+

c
and fB+ were considered as free

4εV ELO and εisol were studied and determined by Jelte Rinus de Jong in another sensitivity
study (see [16]).
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parameters, while the fraction of background events is not a free parameter since it
can be written as fBG = 1− fB+

c
+ fB+ [16].

7.1.1 Corrected mass

Before showing the results of the likelihood fit, the corrected mass should be ex-
plained, since it is used on the x-axis of the fit. As mentioned before, in
B+

c → τ+(→ π+π−π+ντ )ντ only the three pions can be detected, thus it is only pos-
sible to calculate an approximation of the mass of the B+

c meson, which is called
the corrected mass (mcorr). It is given by the following equation [14]:

mcorr =
√

m2
πππ + |p⊥|2 + |p⊥| (7.3)

7.2 Results of the Likelihood Fit

Also for the likelihood fit, only the background B+ → π+π−π+D0 was considered,
as it is the most worrisome decay. In Figure 7.1 it can be observed that at
mcorr ≈ 4 GeV/c2 the background reaches 106 events which is approximately two
and three orders of magnitude greater than B+ → τ+(→ π+π−π+ντ )ντ and
B+

c → τ+(→ π+π−π+ντ )ντ respectively. However, figure 7.2 shows that the amount
of background decreases by almost a factor of 10, by adding the invariant mass cut.
When looking at the background mode, it can be noticed that both in Fiure 7.1 and
7.2 the histogram peaks at around 4.2-4.4 GeV, nevertheless there is a difference on
both sides of the peak. On the left hand side, it can be observed that there is a
steeper rise in number of events in Figure 7.1 than in 7.2, while on the right hand
side there is a sharper decreases in number of events in Figure 7.2 than 7.1.

The Maximum Likelihood method allows also to calculate the error on the best
values of the free parameters. For the fit which does not include the cut on the in-
variant mass, the error on fB+

c
is

σf
B+
c

f
B+
c

= 3.95% and the error on fB+ is
σf

B+

fB+
= 1.36%,

whereas, when the cut is included, the error on fB+
c
is

σf
B+
c

f
B+
c

= 3.25% and the error

on fB+ is
σf

B+

fB+
= 1.30%. Thus, the systematic uncertainty for the fraction of B+

c

decreased by 17.7%, and for the fraction of B+ by 4.4%. Other than the error on
the fractions, the code also returns the number of yields for B+

c and B+, which are
equal to NB+

c
= 3358±133 and NB+ = 38815±526 without the cut on the invariant

mass and NB+
c
= 3359± 110 and NB+ = 39119± 509 with the cut.
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Another feature to consider is the empty bins present at higher values of mcorr. This
issue is due to the fact that the number of events, that were used to generate the
data of the background, were not enough to have an extended tail in the distribution
at higher values of mcorr, but only a few bins contained some events while others
were empty. Therefore, when the data were generated, the empty bins remained
empty, while a significant number of events were created for the others.
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Figure 7.1: PDF projection and likelihood fit without the cut on the invariant mass.

Figure 7.2: PDF projection and likelihood fit with the cut on the invariant mass.
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Chapter 8

Discussion

First of all, it must be said that the cut was found only by looking at the Figure 5.1
and 5.2, which might not be the optimal method. Nevertheless, even if another tech-
nique was applied, which optimizes the amount of background removed and signal
kept by the cut, it might not affect the results obtained in this thesis significantly,
due to the fact that between three million and nine million events were used for
both plots and also because the cut keeps all the signal events.

The step of this sensitivity study which could have been improved is the MVA. At
first, an insufficient number of events was used, thus a considerable overtraining is-
sue was visible by observing that the AUC score for the training sample was higher
than that for the testing sample. This problem was easily solved by simulating sub-
stantially more data. Nevertheless, even though approximately 3.78M events were
available for the background mode, these would decrease to 400K after applying the
filter on the invariant mass. For this reason, the maximum number of events for the
training and testing sample was 200K. This amount of data was enough to reduce
the overtraining issue, as it can be seen in Chapter 6 where the AUC scores differ
only by 0.001.

The number of events used for the testing sample of the MVA was important, be-
cause the distribution of these events was then used to generate more data for the
likelihood fit. It is clear that in Figure 7.1 and 7.2 there are empty bins above
mcorr = 7GeV/c2, due to the absence of events in the testing sample at higher val-
ues of corrected mass. This problem could have been avoided by simulating more
data, so that more than 200K events for both the training and testing sample could
have been used for the MVA. However, the main issue that arises from handling
huge amounts of data is the time required to run the simulation, which generates
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them, and the time required for the MVA, which has to analyze all the data and
give a score to each event.

Moreover, even though the decay B+ → π+π−π+D0 is the most dangerous back-
ground as shown in [16], the same process could have been performed for the other
two background modes. Nonetheless, the study on B+ → π+π−π+D0∗ would have
been similar, since the histogram of the invariant mass of the pions is almost equiv-
alent to the one for B+ → π+π−π+D0. Whereas for the normalization mode the
MVA and likelihood fit have not been performed since, as it was shown in Chapter
5, the cut on the invariant mass removes ∼ 99.98% of events. This means that
for every 106 events, only 200 remain, hence one billion events should have been
simulated with RapidSim in order to have a comparable analysis with the MVA and
the Likelihood fit as the one performed with B+ → π+π−π+D0.
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Chapter 9

Conclusion

In this sensitivity study, the two decays B+
c → τ+(→ π+π−π+ντ )ντ and

B+ → τ+(→ π+π−π+ντ )ντ were considered as signal, while B+ → π+π−π+D0,
B+ → π+π−π+D0∗ and B+ → D−(→ π−π+π−)π+π+ (called normalization mode)
as background, since these decays are the most dangerous ones.

The signal and background modes were simulated with RapidSim. Then, a plot of
the invariant mass of the three pions produced in these decays was analyzed and a
cut at 1.8 GeV was chosen in order to reject all the events above this value, since
they were considered to be mostly background. This cut allowed to remove 88.82%
of B+ → π+π−π+D0, 86.87% of B+ → π+π−π+D0∗, and 99.98% of the normaliza-
tion mode, while keeping 99.999% of both signal modes.

Afterwards, an MVA was performed using the machine learning method called Gra-
dient Boosting Classifier for both the situation with and without the cut on the
invariant mass. During this analysis, an MVA score was given to each event of the
signal and background mode (only B+ → π+π−π+D0 was studied with the MVA).
Lastly, a likelihood fit was performed by including and excluding the cut in order
to analyse the performance of the cut and the MVA. As it can be observed from the
plot shown in Chapter 7, the cut manages to reduce the amount of background by
approximately a factor of 10 over the entire range of mcorr. Moreover, the number
of yields of B+

c and B+ were estimated and their systematic uncertainty decreased
by 17.7% and 4.4% respectively by introducing the invariant mass cut.

Therefore the cut on the invariant mass could be useful to reject all the events of
the normalization mode and most of the events of the other two background modes,
and also to reduce the uncertainty on the estimated number of yields of B+

c and B+.
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