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Abstract

In recent years a number of experimental measurements in the field of flavour physics have
showed hints towards a source of physics beyond the Standard Model. Theoretical studies
have been performed to understand how new physics could account for these measured devi-
ations from the SM. One of the proposed solutions is the existence of leptoquarks, particles
coupling quarks and leptons directly. These leptoquarks will inevitably lead to new phe-
nomenology such as lepton flavour violating decays. In this thesis leptoquarks are studied
from a theoretical and experimental point of view. In the theoretical studies a high energy
theory producing vector leptoquarks at low energy, the 4321-model, is studied in detail and
its contributions to the lepton flavour violating By — Tu decay are considered. This is
followed by the study of a minimal BSM explanation of the flavour anomalies. A Y2-fit of
the parameters of this minimal explanation to the flavour anomalies is performed and it is
shown that this minimal model describes the experimental data better than the Standard
Model, with a Ay? = 68.88 with respect to the Standard Model. Experimentally, the lepton
flavour violating decay of By — (7 — wrmy, ) is studied with the LHCb experiment. First
an HLT2 trigger line for this decay is written, to be used in the next data taking run of
LHCDb. Next a start was made with the search for the B,y — 7u decay in Run 2 data. Po-
tential Ap-baryon backgrounds were studied with RapidSim, an analytic reconstruction of the
missing neutrino momentum was performed and a fit was performed on the invariant mass
distribution of the B® — D~ (— K7~ 7~ )7" normalisation channel. This work shows how
in theory leptoquark models can account for the flavour anomalies and give contributions to
lepton flavour violating B-meson decays. Experimentally this work forms a basis for both
the search for By — (7 — 7wy, ) in Run 2 data as well as for the search in future data
runs like Run 3 of the LHCDb experiment.
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Introduction

The Standard Model of Particle Physics (SM) is one of the most successful models in the
history of physics. It describes the fundamental building blocks of nature and their inter-
actions[] The SM has been developed mainly in the second half of the twentieth century
and it is still being studied extensively today. Using the SM physicists have been able to
describe and calculate many processes within the field of elementary particle physics with
great precision and these predictions have been confirmed by numerous experiments. With
the discovery of the Higgs Boson|l, [2], a particle predicted to exist in the early sixties by
Peter Higgs, Francois Englert and Robert Brout|3, 4], all fundamental particles in the SM
had been observed experimentally.

However, despite the great successes of the SM, there are some fundamental questions

that cannot be answered using merely the SM. To give a few examples, within the SM there
are three generations of quarks and leptons but it is not clear why there are exactly three
generations and why they differ in mass. Another unsolved problem within the SM is the
mass of the neutrinos. Within the SM all three generations of neutrinos are massless, but
neutrinos have been observed to oscillate from one flavour into another[5]. This is only possi-
ble if there is a mass difference between the different generations. These are indications that
the SM is not a complete theory of elementary particle physics.
In addition to these fundamental problems there have been several experimental measure-
ments throughout the last few years that show a discrepancy with the expected theoretical
SM values. Among the most notable examples are the anomalous magnetic moment of the
muon, (g — 2),[6, 7], and the ratio of the decay of B-mesons to a Kaon and either muons or
electrons, Ry and Rg~[8,9]. They show a deviation from the SM of 4.2, 3.1 and 2.5 standard
deviations respectively. While there is quite some discussion on parts of the theoretical cal-
culation of (g —2),, Ry is theoretically a very clean observable. In addition to these three
measurements there are more observables in the field of flavour physics showing discrepancies
with the SM: R [10], the Angular distribution of By — K*°uu[11] and even observables
in hadronic B-decays|12]. The collection of these discrepancies are often called the flavour
anomalies. Even though no signal measurement exceeds the magical 5o-limit, the set of all
anomalies have intensified studies to further extend the SM.

These extensions of the Standard Model are called Beyond the Standard Model theories
(BSM) and they come in many different kinds of shapes and sizes. Some BSM models include

!Excluding gravity, which is the odd one in the bunch of fundamental interactions. It will not be considered
throughout this thesis.
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new Higgs-like particles|13| while others introduce new force carriers. One of these new type
of force carriers can couple quarks directly to leptons and is called a Leptoquark (LQ)[14].
Many of these theories are able to account for the flavour anomalies, but in addition they
also contribute to processes shown to be in accordance with the SM. LQs have been studied
extensively and they will play a major part in this thesis. Since LQs couple quarks and lep-
tons directly one can imagine that they lead to a range of processes that are not allowed in
the SM. The main topic of this thesis is the lepton flavour violating (LFV) decay B — Tu,
a decay to which LQs can give a large contribution.

The goal of this thesis is twofold. On the one hand, a theoretical study of different BSM

theories containing leptoquarks will be conducted. First a general overview of the standard
model and BSM theories will be given, followed by a more detailed study of the so-called
4321-model[15]. Next we will move on to a minimal BSM explanation for the flavour anoma-
lies[16], where the parameter space of the coupling constants in that theory will be studied
by performing a x2-fit for the coupling constants of the theory to a selection of experimental
observables. Then the preferred parameter space of the coupling constants will be studied
using a Markov-Chain Monte Carlo simulation|17].
In the second half of this work the LFV B, — 7u decay will be studied experimentally
with the LHCb experiment, one of the four major experiments at the Large Hadron Collider
(LHC) [1§]. This decay is highly suppressed in the SM, with a branching fraction as low
as B < 107°%[19]. However some BSM particles, such as LQs, can lead to an increase of
the branching fraction up to the order of B < 1071° — 1074, depending on the details of the
theory|20, [21]. This could place its branching fraction in the vicinity of the limit of what
can be measured, since the current limit set by a previous analysis by LHCD is of the order
B < 107°22]. A signal of this decay would be a clear signal of new physics (NP) and this
makes it an interesting decay to search for. The LHCb experiment is designed to study the
decays of b- and c-hadrons, making it the perfect candidate to study this specific process.
First preparations are made to study this decay in the future by writing a trigger line for
this specific process to be used in the next data-taking run of LHCb, starting somewhere in
2023. Then some of the building blocks of the analysis, searching for the B — 7u decay
using Run 2 data of the LHCb experiment, will be created.




Part 1

Theoretical studies of BSM solutions
to the lavour anomalies




Chapter 1
Standard Model of Particle Physics

The Standard Model of particle physics describes the fundamental building blocks of nature
and the three forces governing their interactions: the electromagnetic (EM), weak and strong
force. In this chapter an introduction to the mathematical structure of the SM will be given.
Then an introduction into effective field theories will be given, since these will be used at
different points within this thesis. Successful as the SM is in making precise predictions,
it is starting to show some cracks. In the final section an overview will be made of some
of the major experimental results that differ from the SM predictions. For a more basic
introduction into the SM one can consult [23].

1.1 The Standard model as a quantum field theory

The SM of particle physics is a non-Abelian gauge theory under the SU(3).x SU(2), xU(1)y
group. The constituents of the SM can be divided into two categories: fermions and bosons.
The fermionic sector of the SM, containing the matter particles, consists again of two types
of particles, quarks and leptons. The representations of the leptons and quarks under the
SM gauge groups are given by:

) € (1,2,—1), (1.1)
e e (1,1,-1), (1.2)

and

q, = <§L) € (3.2, 0, (1.3)

L 6
: 2
u}? < (3717§)7 (14>
; 1
dy € (3, 1,—5). (1.5)

Both the leptons and quarks come in three generations only differing in mass, indicated by
the index 7. In the lepton sector the three generations are the electron (e) and electron

4
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Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
| 1l il
mass  =2.2 Mev/c? =1.28 GeV/c? =173.1 GeV/c? o] =124.97 GeV/c2
charge | % % % 0 0
oy « (@ » @ |- H
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Figure 1.1: Fundamental building blocks of nature in the Standard Model of particle physics.
Figure adapted from [24].

neutrino (v.), the muon (x) and muon neutrino (v,) and the tau lepton (7) and tau neutrino
(v;). In the quark sector the three generation of up-type (U) quarks are up (u), charm (c)
and top (t). The three down-type (D) quarks are down (d), strange (s) and beauty (b).

The bosons in the SM are the force carriers, responsible for the interactions between
fermions. Each gauge group has corresponding gauge bosons mediating that force. A distinc-
tion must be made in the situation before or after electroweak symmetry breaking (EWSB).
Before EWSB the gauge groups and corresponding gauge bosons are SU(3) : G € (8,1,0),
SU(2): W € (1,3,0)and U(1) : B, € (1,1,0). In EWSB the gauge groups SU(2), x U(1)y
are spontaneously broken to U(1)g)s via the Higgs mechanism. After EWSB there are the
three massive gauge bosons mediating the weak force, W* and Z, the massless photon (v)
mediating the electromagnetic force and the Higgs boson (H), the only scalar particle in
the SM. The strong force is mediated by the massless gluons corresponding to the unbroken
SU(3) gauge group. In Figure all fundamental particles within the SM are shown, in-
cluding their masses. The quantum field theory describing the electromagnetic interaction is
called quantum electrodynamics (QED) and the quantum field theory describing the strong
force is called quantum chromodynamics (QCD). A working knowledge of both QED and
QCD will be assumed throughout this thesis. For more information on these topics consult
the excellent textbook of [25]. Since the weak interaction plays a major part throughout this
thesis some aspects of it will be covered next.
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1.1.1 Weak interaction and flavour physics

Since this thesis is mainly about the field of flavour physics and the flavour anomalies a bit
of time will be spent introducing the weak interaction, which plays a major role in flavour
physics. One of the main characteristics of the weak interaction is the possibility to change
the flavour of the quarks participating in the interaction via the W+ and W~ bosons. As can
be seen from the quantum numbers of the fermionic fields, the weak interaction works on all
left-handed fermions. There are two bases in which the quark fields can be considered: the
interaction or flavour basis and the mass basis. In the interaction basis the quark flavours do
not mix in the interaction Lagrangian, while in the mass basis the quark flavours do not mix
in the Yukawa Lagrangian. To see how writing both the interaction and Yukawa Lagrangian
in the same basis leads to flavour changing interactions, one can first consider the interaction
between the W-bosons and the quarks in the interaction basis:

g _iI i1 9 I — I
Llavour changing = — —=Uy, ’)/MW'LLerL — _2dL ’Y”Wu Uy . (16)

V2 V2
The quark fields gain mass via the interaction with the Higgs boson. After EWSB the mass
terms of the quark fields are given by the so called Yukawa-terms:

Lyukawa = —Eygdgfdg —~ ﬁygu;fu;{ +hec, (1.7)
where v is the Higgs vacuum expectation value and Y are the Yukawa couplings, which are
not diagonal in this basis. To associate a mass with each quark the Yukawa couplings must
be diagonalised. This can be done by writing the Yukawa couplings, using matrix notation,
as:

%Yd = UMK, (1.8)
U yv = UMK}, (1.9)

V2

where M, 4 are the diagonal mass matrices and the matrices Ug, Ug, g and K, are unitary
matrices. Besides this, one is also allowed to perform a change of basis on the left- and
right-handed quark fields. The quark fields will be transformed as vl — U,ul, di — Uydy,
u{% — K, up and d{% — K4dg. This is the change of basis to go from the interaction basis to
the mass basis. Applying these transformations to the Yukawa Lagrangian will yield diagonal
terms:

Lyvaawa = —Md ds — MEahuly + hec.. (1.10)

This change of basis can be applied to the interaction Lagrangian to find its form in the mass
basis. Plugging the transformations into the equation yields:

£Flavour changing — _%ﬂZL (UZLTU;) ’YMWM+diL - %dlL (UgUi) ")/MW'uiuli. (111)
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One can now define the matrix VKM = UTU,, which is the CKM-matrix. By convention the
choice is made to have the up-type quarks be equal in both the interaction and mass basis.
The CKM-matrix gives the transformation for the down-type quarks:

dI Vud Vus Vub d
S 1 = ‘/cd ‘/c s ‘/cb S]. ( 1.1 2)
b! Via Vis Va b

By construction the CKM matrix is unitary. There are four degrees of freedom in the CKM
matrix: three real parameters and one complex phase. This complex phase in the CKM
matrix is the source of CP-violation, the asymmetry between matter and anti-matter, in the
weak-interaction. In fact, it is the only source of CP-violation in the SMJT|

1.2 Effective field theories

Effective field theories (EFT) have been used in particle physics for a very long time. Every
student in the field of particle physics has encountered effective field theories, although they
may not have realised it. An effective field theory is way to perform calculations without an
exact understanding of the deeper underlying theory. This is exactly what the Fermi theory,
used to describe beta decays, is. It is an effective description of the weak interaction at an
energy scale significantly lower than the mass of the W-boson. This concept can be extended
to other theories and it is a useful tool in studying theories beyond the Standard Model. A
low-energy approximation of some (unknown) theory at higher energies can be constructed
to make predictions at this lower energy.

Effective field theories are constructed up to a certain power of a small parameter «, which
is the ratio of two energy scales far apart from one another. This parameter « is called the
power counting parameter. The EFT can be expanded to an arbitrary order in «, reducing
the theoretical error in calculations to the desired degree. In general an EFT Lagrangian can
be written as the sum over EFT operators with their coefficients. So an EFT Lagrangian to
the first order in « is:

£EFT = OéZCiOi, (113)

where O; are the operators and C; are the corresponding coefficients, called Wilson coeffi-
cients. By extracting the order of o from the Wilson coefficients the Wilson coefficients are
kept dimensionless.

There are two distinct ways in which EFTs are used: top-down and bottom-up. In
the top-down approach a simpler low-energy effective theory is constructed from a known
high-energy theory. Based on the symmetry of the full theory all possible operators are de-
termined. The coefficients of the operators are determined by matching the full theory to
the EFT. Simple observables are calculated using the full theory and unwanted degrees of
freedom are removed. The coefficients of the EFT are chosen in such a way that a calculation

!There is a CP-violating term in the QCD-Lagrangian but measurements have shown that this term has
a zero phase. It is unclear why this is the case and this problem is called the strong CP-problem.
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Figure 1.2: The elementary process for beta decay in the weak interaction on the left and
in the Fermi theory on the right, where the energy of the process ¢ << m?,. Figure taken
from [26].

using the EFT yields the same result as the calculation in the full theory. This matching
can be done to the desired order of a. Once the matching has been completed one can use
the EFT to perform calculations. To give a concrete example of this procedure let us again
consider the Fermi theory. The full theory of the Fermi theory is the weak interaction. By
calculating the Feynman diagram using the Feynman rules of the weak interaction and mak-
ing the approximation that the mass of the WW-boson is much larger than the energy of the
process the value of the coefficient, G in this case, can be found in terms of the W-boson
mass. The process of removing heavy particles from the full theory to create an effective
theory is often called integrating out the heavy particles. In Fig the Feynman diagrams
for beta-decays are shown in both the full theory and the Fermi theory EFT. Another ex-
ample of a top-down EFT is heavy quark effective field theory (HQEFT). HQEFT is used to
describe mesons containing a b or a ¢ quark by integrating out the b- and c-quarks.

In the bottom-up approach the framework of EFTs is applied, however the full theory
is unknown. The Wilson coefficients cannot be computed since the high-energy theory is
not known. The Wilson coefficients have to be fitted to experimental measurements. It is
important that the number of predictions one can make with this EFT is larger than the
number of fit parameters. This bottom-up approach is often used when looking for physics
beyond the Standard Model. All operators in the SM have mass-dimension 4. However, one
can construct higher dimensional operators using the SM-constituents. This is done in the
Standard Model Effective Field Theory (SMEFT). New physics can be described in terms of
the SMEFT Wilson coefficients. The d = 5 operators violate lepton number and give rise to
neutrino masses|27]. Most analyses consider lepton number conserving d = 6 operators. If all
possible Hermitian, baryon number and lepton number conserving d = 6 SMEFT operators
are considered one would need to sum over 2499 operators[28]. The EFT Lagrangian would
have the form:

8
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2499

1 _ _
L= ﬁSM+FZCg—6 0I=5, (1.14)
=1

where A is the scale of new physics. In a bottom-up approach a fit is then performed to
experimental measurements to determine the Wilson coefficients. Since performing a fit to
2499 coefficients is downright impossible often a subset of these operators is considered and
fitted to a selection of relevant experimental results.

1.3 Theory versus Experiments: the flavour anomalies

As was mentioned at the beginning of this chapter the SM is starting to show some cracks.
There have been several measurements in the last couple of years, many of them in the field of
flavour physics, that show deviations from their SM predictions. While no single observation
has passed the 5o-benchmark, it is interesting nonetheless that multiple measurements within
the same field show 1 — 3¢ deviations. Our focus will be on the so called B-anomalies. These
B-anomalies are measurements of (properties of) semi-leptonic B-meson decays disagreeing
with their SM predictions. The two main categories are flavour changing neutral currents
(b — sll transitions) and flavour changing charged currents (b — cly; transitions). In addition
the muon magnetic dipole moment anomaly will be touched upon as well.

1.3.1 Flavour-changing neutral currents

As mentioned, a number of anomalies have been observed in b — sll transitions. In the SM
these transitions are forbidden at tree level and can only happen via electroweak penguins
and box diagrams. What makes these processes so interesting with potential new physics
in mind is that new physics, in the form of new heavy particles, could enter in the loop
and have a significant contribution to different observables. Interesting observables are the
branching ratios and angular distributions of decays containing a flavour chaning neutral cur-
rent (FCNC). Two of the flavour anomalies within the b — sll transitions will be highlighted:
the angular distribution of By — K*uu decays and lepton flavour universality tests (LFU)
with Ry .

The decay of By — K*°up is a FCNC that at first order happens via an electroweak
penguin diagram. Next to measuring the branching fraction, the angular distribution of
this decay has been measured by the LHCb collaboration [11]. From a BSM point of view
these angular distributions are particularly interesting since they are, to a large extent,
independent of hadronic uncertainties|29]. These hadronic uncertainties can play a large role
in the computation of branching fractions or other observables. Deviations in these kind of
‘clean’ theoretical observables could be a unambiguous sign for BSM physics. The LHCb
collaboration performed a measurement of this angular distribution and compared it to the
theoretical SM predictions in [29]. In this comparison they found a 3.4¢ deviation for one of
the angular observables, Pg. More details on this, quite complicated, analysis can be found
in [11].
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Figure 1.3: The world averages and SM values for R(D) and R(D*). In addition the mea-
surement by BABAR, Belle and LHCb have been included as well. Figure taken from [10].

Other theoretically clean observables in b — sll transitions are the LF'U tests with the ratios
Ry« and R, defined as:

dB(B—Hp*p~)

dmazx 2
dq
__ Y4min dq2
Ry == dB(B—Hete ) 115 (1.15)
dmin dq2 q

Within the SM these ratios can be calculated with great precision and have a value of
1. This is due to the fact that the leading-order contribution is an electroweak penguin
and within the SM the coupling of leptons to the Z-boson or photon are lepton flavour
independent. Hadronic uncertainties in these calculations largely cancel since the ratio of the
two decays is taken. These ratios have be measured for the specific decays B® — K*0¢+¢~
and B® — K*¢*¢~ giving the ratios Rg- and Ry respectively. Both show a deviation from
the SM, with a significance of 2.5[8] and 3.1[9] standard deviations. These deviations, if
they would persist in future measurements, would be a clear signal of the violation of lepton
flavour universality and a direct proof of physics beyond the SM.

1.3.2 Flavour changing charged currents

In addition to the anomalies in the FCNCs there are also some discrepancies in flavour
changing charged currents (FCCC), or b — cly; transitions. In comparison to the FCNC
these transitions are allowed at tree level in the SM and they test the universality of the

10
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Y Y.

Figure 1.4: The Feynman diagrams for some of the SM corrections to the muon magnetic
moment. From left to right these are the first order QED and weak correction, hadronic

vacuum-polarisation correction and the light-by-light hadronic correction. Figure taken from
[6].

couplings of leptons to the WW-boson. Deviations with respect to the SM have been observed
in the ratios Rp and Rp-. These ratios are defined similarly to the ratios Rx+ and R:

B(B = DWrv,)

R *) —
PY T B(B = DMy,

(1.16)

where ¢ = p or e. Just as before the hadronic uncertainties cancel to a large extent in the
ratios. Both these ratios have been measured by BABAR|30] and Belle[31], while LHCb has
only published a measurement of R(D*)[32]. The averages of these measurements have been
calculated by the Heavy Flavour Averaging Group (HFLAV) and have been compared to the
most precise SM calculations. The different measurements, their average and the discrepancy
with respect to the SM can be seen in Figure[L.3] The combination of R(D) and R(D*) show
a deviation from the SM predictions with a significance of 3.10.

1.3.3 Muon magnetic dipole moment

The final topic of this chapter will be (¢ — 2),, the muon anomalous magnetic moment.
Although this is not part of the flavour anomalies, there are no B-mesons to be found here,
this anomaly is quite striking. In addition, muons are involved in all anomalies discussed
above so if there would be some NP influencing the behaviour of muons there is a chance it
can be seen in the (g — 2), measurement as well. The magnetic moment of a muon (or an
electron) is given by:

— q —
Fou = uzy — S (1.17)
n

where g = 2(1 +a,). a, = (g — 2), is called the anomalous magnetic moment of the muon.
Before the discovery of the muon the magnetic moment of the electron was already studied
in great detail. The first prediction came from the Dirac equation, which predicted g. = 2,
and the first quantum correction was calculated by Schwinger: a. = 1 + 3-. Nowadays the
quantum corrections for both the electron and the muon have been measured to a great
precision. The Feynman diagrams of some of the SM contributions have been drawn in
Figure. but there are more diagrams contributing, for example containing the Higgs
boson. Recently a large international collaboration published the results for an updated,
state of the art, calculation of @, in the SM to compare this result with future and previous
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measurements [7].

There have been multiple measurements of the anomalous magnetic moment. In 2006 the final
results of the E821 experiment at Brookhaven National Laboratory (BNL) were published
[33]. This result, measuring a, at a precision of 0.54ppm, deviated 2.2 — 2.70 from the SM
prediction available at that time. The updated SM prediction has a deviation of 3.70 from
the BNL result. More recently a new experiment at Fermilab, E989, designed to confirm
or disprove the results by BNL, published it first results of a, at a precision of 0.46ppm[6].
This result is in agreement with the results from BNL and shows a deviation from the SM
prediction of 4.20. This in itself is a quite striking result and it is the only single measurement
closing in on the 50 benchmark. However it is important to note that there is quite some
discussion in the community on the estimation of the errors in the SM prediction, especially in
the uncertainties of the hadronic corrections. Parts of these calculations have to be performed
using non-perturbative techniques, such as lattice QCD, and it can be difficult to assign
precise errors when using these techniques. Nevertheless it is an interesting result and it will
be considered later on when studying a minimal explanation to the flavour anomalies.
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Chapter 2

Beyond the Standard Model solutions
to the flavour anomalies

As covered in the previous chapter the Standard Model is starting to show some cracks. For a
long time physicists have been studying extensions of the SM. Even during the development
of the SM[T]it became clear that to solve some issues, the SM alone would not suffice. Famous
examples are the three generations of leptons and quarks in the SM and the hierarchy prob-
lem: why is gravity, the only fundamental force not described in the SM, so much weaker
than the other forces? However, some theories were simply developed as natural extensions
of the SM to, for example, unify matter] These extensions of the SM are called Beyond the
Standard Model theories.

These BSM theories often lead to new particles and new types of interactions. Depending on
the theory, these new particles can be very light or very heavy and have many different types
of interactions with SM particles. These BSM theories can be tested in collider experiments
such as at the LHC, since they can leave a trace in experimental observables like branching
ratios or angular distributions of decay products. If the new heavy particles are not too
heavy or their coupling to SM particles is not too small they even could be detected directly.
Although we have an interesting set of measurements hinting towards new physics, the ma-
jority of current measurements agree with the SM predictions. Potential new physics models
therefor are also heavily constrained. One BSM theory studied in detail is super-symmetry
(SUSY)[34]. It was considered as one of the most promising (and elegant) extensions of the
SM, however due to the lack of evidence found in LHC experiments it has become a much
less popular theory to study. Luckily many other BSM theories exist.

In this chapter, the focus will be on one specific type of new particles that could account for
the flavour anomalies covered in the previous chapter: Leptoquarks. At first an overview of
a few different possible extensions of the SM will be given before diving more deeply into
leptoquarks. At the end of the chapter a certain BSM model that produces, among others,
leptoquarks will be worked out in detail: the 4321-model[15].

!The Standard Model was not designed as one model from scratch. It was a process taking decades where
many theories were developed and later refuted by experiments, until a (largely) working theory of particle
physics was found, which is now called the Standard Model of Particle Physics.

2In the SM there is no direct coupling between the two types of matter particles, quarks and leptons.
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2.1 Possible extensions of the SM

In this section three different BSM particles or models will briefly be discussed that often
are considered when searching for solutions to the observed anomalies. These BSM particles
will be discussed one by one, however in many theories a combination of these is used. This
will also be the case when considering the 4321-model later on in this chapter. A start will
be made with extended Higgs models, followed by Z -models and colorons. Leptoquarks will
be covered in more detail in the next section. The extensions covered in this section are far
from all possible extensions. To cover all of them would probably take a lifetime, if one would
even be enough.

2.1.1 Extended Higgs models

The Higgs mechanism and the Higgs-boson are a key element to the SM, responsible for
EWSB. The SM-Higgs is a single scalar doublet, which is the minimal scalar representation
to be able to facilitate EWSB. It is possible to study more complicated Higgs representations.
One of the most simple extensions of the Higgs-mechanism is to introduce multiple Higgs
doublets, like the multiple generations in the fermionic sector. In addition one could introduce
additional singlets or multiplets or even complex doublets[13], 35]. All these additions could
introduce a wide variety of new phenomenology but are also constrained by the current
measurements.

2.1.2 Z'-models

Another type of new particles are the neutral Z’-bosons. These Z’-bosons can be seen has
the heavy cousins of the neutral Z-boson. However, in comparison with the Z-boson they
can have a different coupling strength with respect to different generations of leptons or even
couple to two different generations of leptons or quarks at one vertex in more general cases.
Models with heavy Z’-bosons provide a relatively easy solution to the Ry anomalies, but
in some cases they can also give substantial contributions to By — 71[36]. The Feynman
diagram of such a contribution is drawn in Figure [2.1}

2.1.3 Colorons

Where the Z'-boson could be seen as the heavy cousin of the neutral Z-boson, colorons are the
massive, flavour universal cousins of the gluons. These new massive gauge bosons originate
from an extended strong gauge group that spontaneously breaks to QCD[37]. Although
colorons do not give an explanation for the B-anomalies they are often present in BSM theories
with extended high-energy gauge groups and for this reason they are briefly introduced here.

2.2 Leptoquarks

Leptoquarks (LQs) were postulated quite soon after the completion of the SM. They arise
naturally from the unification of quarks and leptons as in the Pati-Salam theory[38|. Lep-
toquarks couple directly to a quark and a lepton, something that is not allowed in the SM.
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Figure 2.1: The Feynman diagrams for the contributions of a vector LQ (top left), scalar LQ
(top right) and Z'-boson (bottom) to the decay of Bs) — Tu.

Throughout the years many different types of leptoquarks, scalar (spin 0) or vector (spin
1), with different properties have been studied|[14]. In this section more details will be given
on LQs, since they are a prime candidate to account for the flavour anomalies and they
are able to contribute significantly to the B,y — 7u decay. The Feynman diagrams of the
contribution to this decay of a scalar and a vector type LQ are drawn in Figure 2.1} Under
the SM gauge group there are six types of scalar LQs and six types of vector LQs. The
charges of the leptoquarks under the SM gauge group can be deduced from the charges of
the quarks and leptons combined with the demand of gauge invariance of the Lagrangian.
An overview of the possible LQ representations is given in [14]. These different LQs have dif-
ferent type of couplings to combinations of quarks and leptons and therefor lead to different
phenomenology.

2.2.1 UV-completion: composite and gauge models

One can always postulate the existence of a certain type of leptoquark and study the effects
its addition to the SM would have. However, it can be interesting to study theories at a very
high energy that could produce these leptoquarks at low energy.E] There are different types
of UV-completions for leptoquarks that produce either a scalar or a vector LQ. Two types
of UV-completions that are often considered and that will be considered here are composite
models and gauge models.

In composite models leptoquarks are embedded as pseudo-Goldstone bosons in a composite
Higgs model. One example of such a composite model producing scalar leptoquarks that
could account for the B-anomalies can be found in [39]. In these composite models the LQs
are produced as scalars.

In gauge models the leptoquarks are gauge bosons associated with some extended gauge
group at higher energy. Then a spontaneous symmetry breaking (SSB) can be defined in

3The energies of SM processes are considered low energies at this scale.
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such a way that, in one or more steps, the extended gauge groups are broken to the SM
gauge groups. These models produce the massive vector LQs in a similar way that EWSB
produces the massive W- and Z-bosons. In addition to vector leptoquarks other types of
BSM particles are postulated in these types of models, such as colorons and Z'-bosons. The
model considered in the next section, the 4321-model, is an example of this second category.

2.3 A worked out example: 4321-model

In this section a specific NP model that could account for the current flavour anomalies will
be worked out and the implications of this model for the B — 74 decay will be explored.
The model under consideration is a gauge leptoquark model, first introduced in [15] and
extended in [40]. In this section the results from these papers will be reproduced and the
calculations will be presented in more detail.

Starting from a higher gauge group a spontaneous symmetry breaking mechanism will be
defined, breaking the higher gauge group to the SM before EWSB, and the group-theoretical
aspects of this symmetry breaking will be covered. Then the gauge boson spectrum will be
studied, followed by construction of the interaction Lagrangian. At the end of the chapter
a brief insight into the flavour structure of the model will be given and the implications for
B(sy — T decay will be discussed. There was not enough time to work out these last two
topics in detail, so there the reasoning and information from [15, |40] will be presented.

2.3.1 Group theoretical aspects

The starting point will be the gauge group at UV energies: Gyy = SU(4) x SU(3)" x
SU(2), x U(1)'. The respective real gauge fields and their corresponding gauge couplings
and generators are:

e HY, g4 and T, with a =1, ...,15
° G;f, gs and T witha=1,...,8
° W/i, go and T°, with i = 1,2, 3

e B, g1 and Y’

Some symmetry breaking mechanism has to be defined to end up with the SM gauge group,
which is Ggyr = SU(3). x SU(2) x U(1)y. Before the specific symmetry breaking will be
defined one can already gather information on the number of massive and massless gauge
bosons one expects to find based on the two gauge groups. If the gauge group is spon-
taneously broken from G; — G5 the number of massive gauge bosons in our theory is
Niof(G1) — Ngof(G2), while the number of massless gauge bosons is given by Ndof(GQ)E]. In
our case Ngor(Guyv) =154+ 8+ 3+ 1 and Nypr(Gsnm) = 8+ 3+ 1. Therefore the expectation
is to find 15 degrees of freedom within the massive gauge bosons and 12 degrees of freedom
within the massless gauge bosons after the symmetry breaking to Gsys. In more technical

4The degrees of freedom of the SU(N) and U(N) gauge groups are given by N2 — 1 and N respectively
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terms: the Goldstone bosons of the symmetry breaking correspond to the coset space %
These Goldstone bosons get "eaten” by the massive gauge bosons.

Let us now define the specific structure of the symmetry breaking. The color charge,
SU(3)., of the SM gauge group is embedded in the UV gauge group as SU(3), = (SU(3)4 X
SU(3))diag and the hypercharge, U(1)y, is embedded as U(1)y = (U(1)s x U(1)")diag. The
groups SU(3)4 and U(1)4 are the SU(3) and U(1) subset of the SU(4) gauge group at high

energies. The SM hypercharge is defined as Y = \/ng‘r’ +Y’, where T is one of the SU(4)

generatorsE]

There are three scalar representations responsible for the symmetry breaking Gy — Ggay:
0 = (4,1,1,-1/2),93 = (4,3,1,1/6) and 5 = (15,1,1,0). Their decompositions under
the SM gauge group are:

O = (3,1,-2/3) @ (1,1,0) (2.1)
Qs = (8,1,0) @ (1,1,0) & (3,1,2/3) (2.2)
Qs = (1,1,0) & (3,1,2/3) & (3,1,—-2/3) @ (8,1,0). (2.3)

It is possible to construct a scalar potential and study the scalar spectrum. This will not
be done in this thesis, details can be found in the appendices of [40]. From constructing
the scalar potential it is found that the scalars acquire non-zero vacuum expectation values
(vevs):

0
1 0
<Ql>:ﬁ L (2.4)
U1
(%] 0 0
. 1 0 (%] 0
<Q3>_ﬁ 0 0 w3l (25)
0 0 O
10 0 O
. 15 V15 0 1 0 O
<Ql5>—U15T _2\/6 00 1 0 5 (26)
00 0 =3
(2.7)

with 71 one of the SU(4) generators. Similarly to the Higgs mechanism, once the scalars
acquire their non-zero vev the the symmetry of the high-energy gauge theory is broken
and reduced to a smaller gauge group. Even though the full symmetry of the high energy
Lagrangian is broken when the scalars acquire their vev, two global U(1)-symmetries remain

unbroken: B = B' + \/ingf’ and L = L' — \/gT”’. For the SM eigenstates these symmetries

correspond to the baryon number and lepton number. Proton stability is protected and
neutrinos remain massless due to these symmetries[40].

5The full list of SU(4) generators can be found in appendix A
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2.3.2 Gauge boson spectrum

To determine the gauge boson spectrum the covariant derivatives of the scalar represen-
tations must be constructed and the kinematic scalar terms have to be evaluated at the
vacuum expectation value (vev). The covariant derivative of the scalar representations can
be determined by considering its charges under the gauge group. It is important to note
that €2y and €3 transform in the fundamental representation while ;5 transforms in the
adjoint representation. In general one can construct the covariant derivative in the funda-
mental representation as follows. Let the scalar representation 2 be charged under Gyy
as 0 = (c¢y,c3,c9,¢1). If one of the charges is zero (it does not transform under this gauge
group) or one (it transforms trivially under this gauge group) no contribution to the covariant
derivative will be present. However, if this is not the case the covariant derivative will be of
the form:

1gaCo
2

1g3C3
3

D = (9, — L o —

) ; GoT —

WIT' —igic, B, (2.8)

The covariant derivative in the adjoint representation is defined differently. In this case the
general covariant derivative is given by:

D,Q = 0,0 — igy[T, QUHY — igs[T*, QIG* — igs[T", QW (2.9)

Applying this to our scalar representations one finds the following covariant derivatives:

1 /
D,y = (0, +igs H;T* + §i913u)91, (2.10)
. ama . 'arpa L. /
D,y = (0, + iga H; T —igs G/ T* — glngu)Qy,, (2.11)
D5 = 0, 05 — iga[T, s | H (2.12)

Now the kinetic term at the vev of the respective scalar representations will be computed.
They will be computed one by one, starting with (€2;).

Kinetic term of (Q;)

(Du{QN)N(D* (1)) =0, () +iga HYT () + %ing;<Ql>)T(8“<Ql> 2.13)
+ g  HPP TP (Qy) + %z‘ng’“ml)). '

Making use of the fact that kinetic term of the scalar representation is evaluated in the vev
one can make use of the fact that 9,(2;) = 0. This simplifies things a bit already. Besides
this, one can simplify the expression some more. From eq. one can see that the vevs are

real: (Q1)" = (Q;)". In addition, since the gauge fields are real fields: (HS)" = Hﬁﬁ and the
generators are Hermitian: i.e. T°T = T,

6The same holds for the gauge fields G' and B’
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(D)) (D () =(iga HT*(€0) + Sign B, (1)) g HH T

1. /
+ 52913 ()
. 1. i
=(—igaHY () T — 5291<91>TB,J(294H5“T6<91>

1
+ 5187 )), (2.14)

©)

1 /
=gt Hy ()T THO T ((n) + 59194<91>TBNH6“T6<91>

®) @

]. / 1 / /
+ 59194H3<91>TTQB “{) + ng(Ql)TBMB ().

A start can be made on simplifying the products between (2;) and T. However first an
additional index A is introduced to indicate a specific part of the SU(4) generators, i.e. the
index A =29, ..., 14 spans over the SU(4)/(SU(3)4 x U(1),) coset. If one considers the matrix
representation of the generators 7% and (€2;) one can see that the only non-zero products are
(Q)TA, TAHQ)T, ()T and T™(Q;)”. Now these terms will be worked out one by one,

starting with @:

(D) =g2HH(Q) T H" TP (),
=g} ()" (H,T* + HSTP)(HPT? + H™'TP) (),
:gZ<Ql>T<H;L4HBp,TATB 4 H:?HIS;LTATIS + Hi5HB#T15TB,
4 Hi5H15uT15T15) <Ql>

(2.15)

The different cases for the terms in @ will be considered separately. The product (Q;)TTATE(Q;)
is non-zero for the case A = B. This will be shown explicitly for the case A = B =9:
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oN" /0 0 0 1 000 1 0
1{o 0000 0000 0
T 99 _
<Ql>TT<Ql>_8 0 0000 0000 R
vy 1000 1000 v
/7100 0 0
1 0000 0
810 000 0 0]’
2.1
U1 0 0 01 U1 (6>
T
0 0
o] [o
810 01’
U1 U1
v

The case where A # B is a bit more involved. The product TAT* is only non-zero if
A=9&B=10,A=11&B =12, A=13& B = 14 and vice versa. However the difference
between the cases A = 9, B = 10 and A = 10, B = 9 amounts to precisely a minus sign.
Since HyH'"" = H'"H? IZ] all terms combined for A # B add up to zero. Next the terms
TATY and TYT? will be considered. Using a general form for the generators T4, T# one
can show that these terms are zero as well for all A and B. For a general T:

N /1000 000 a\ /0
2
Tosa,e V[0 0100 000 b 0
<QI>TT<QI>_4\/50 0010 000 ¢ 0f°
1 000 —3 o 0 1
; v (2.17)
0 a
v 0 b_O
46| 0 c ’
-3 0
Similarly for TT5B:
T
0 000 a 100 0 0
2
Tosase V[0 00 0 b 0100 0
<QI>TT<QI>_4\/50 000 ¢ 0010 0f°
1 o 0 000 -3 1
A (2.18)
o 0
_ v |8 ol_,
46 | 7 0 '
0 —3

"They are components of the real gauge fields so they commute
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Finally the 7T term will be considered:

T

0 1000 100 0 0
157015 _vi |0 01 00 01 00 0
<Q>TT<Q>_480 0010 0010 01’
1 000 =3 000 =3 1
T (2.19)
0 0
o] o] _u
481 0 0] 16°
-3 -3
Combining all these results one finds for @:
2,2 2,2
9aV1 774 17A 395VT 1115 1715
==—H H""+ —=——H >H"™". 2.2
@ g M * 16~ (2.20)

Continuing with the next terms from eq. , first @ will be worked out, since it is a bit

more straightforward.

1
(D =+ 791 (0)"B,B¥ (),
0\" /0
S ) B O (2.21)
=+ A 0 0 B , .
1 1
2,.2
glvl / !
:+TBMBM

The terms @ and @ will be worked out together. Just as observed before the only indices of
a,  one needs to consider are « = A or o = 15 (similarly for 3). The general structure of the

(Q)-generator products in @ and @ are of the form (Q;)77%(Q;). One can immediately
see that the only non-zero term will be for 7%, This simplifies the terms tremendously.

1 /
@+3 _—9194 Q)'BH TP () + 59194H5<91>TTQB #{),

=194 B, H"™"(Q1)"T"(Qy), (2.22)
—39194U18 e

4/6

When all four terms are put together one finds that the kinetic term of €2; evaluated in the
vacuum expectation value is given by:

21



CHAPTER 2. BEYOND THE STANDARD MODEL SOLUTIONS TO THE
FLAVOUR ANOMALIES

2,,2 2,,2 2 2,,2
giv 3g5v 3919407 s givy 1
(D (UN)T(D* () = _48 LHAHM + —146 LHPHY — v LB, H'"" + —18 LB, B*.

(2.23)

The kinetic term of €2y in the vev consists of 3 mass terms, the first, second and fourth terms,
and one term mixing B/; and H°: the third term.

Kinetic term of (Q3)

The next step is to study the kinetic term of (€23), for which one needs to take the trace to
ensure gauge invariance.

e vara L
Tr[Du(Qg>)T(D“<QB>)] =Tr[((0y + iga Hy T —igsG [ T" — gzngu)<Qs>)T 2.24)
/ 1 4 .
(0" +iga H TP — igsG ™ T? — —igy B*)(s))]

As before one can omit the partial derivative terms, since 9,(Q3) = 0. Besides this (Q23)7 =
(Q3)T and TT = T and H' = H. Expanding the product within the trace will lead to nine
terms, which will be considered one by one as before. These nine terms are:

e[, ()" (D" ()] =Te g Hyy HP(Qs) "TT7(Qs) — gags Hy G (Qa) "TT*(2s)
- %HSB/%Q:&FT%QQ - 9394G;fH’8“<Q3>TTaTﬁ<Q3>
+ GGG )T () + LEC B () TR (22)
9194 1 9193 1y ~
— S BHP Q) THQ) + 52 B,G ()T (02s)
9i ’@ T
+ 56 BB Q)T ()

The cyclic and additive properties of the trace can be used to create a (€23)(23)7 product in
each term.
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100
1000
@)= 010 g0 00,
Vvloo1 |2
00 0 0010
L0 00 (2.26)
v 0100
210010
0000

In addition one can make use of some useful properties of the generators. The generators
are traceless and normalised to Tr[T°T#] = %50‘5 . At first the terms which are easiest to
compute will be considered. Since the product (Q3)7(€23) essentially is a three-by-three
identity matrix, first the terms with the generators T* will be worked out, as they only have
entries in the same three-by-three space of the matrix, and the term without generators.
These are the terms @, @, and @ The gauge fields and couplings are scalars and
therefor they can be pulled out of the trace.

(B) = 262G Ta[(23) ()T T°T"],

2,2

gsv o~ a
== GG T[T T,

2.2 (2.27)
_ 93Y3 ~a, by cab
_TGMG Ho,

2,2
_g3U3 "a~'a
=B

919 ‘a ' a
O = =GB To(2) ()T,

2
o 9193V3 v al __
— LB BT = 0.

(2.28)

g14g ro
= T BLG () ()T,

2
_ 193Y3 b1
T BMG ”TI[T ] = 0.

(2.29)

2
@ - %BHB “Te[(2s)" ()],
2,2 (2.30)
_ giUs B/ B/'U‘
24 TR
Next the terms @ and @ will be covered together, as they have the same structure. The

only generator with a non-zero contribution will be T*. For a = 1, ...,8 the contribution is
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zero as in the terms @ and . For @ = A the generator matrices have no entries on the
diagonal so they will not contribute either. Since the (Q3)7(€3) product produces an identity
matrix in the SU(3), subspace with a zero on the fourth diagonal element the product of
(Q3)T(Q3) with T will not be traceless.

919 ap' «a
(3)= — = Hy B Tol(03)(2a) T,

1000
2
_ _9194Y5 1115 o'y 0100 15
=T BB g o [T
0000
2
_ qgavs 1 sy, 0100
T 12 gﬁHﬂBTr o010’
0000
2
919403 115 5/
= —=—"<H °B*"
8ve
Identically one finds for @:
2
019403 15
(1) = -==2B, 1", (2.32)

8v/6

Next up are the terms @ and @, which also have the same structure. For both terms two
cases will be considered. At first the cases when o = a (f = b) will be determined, followed

by the case where o # a (5 # b). The first case:

(2.0) = —gugs HG™ Te{(Q3)(05)TTT"),

2
9gagsv ary a
= _T3HMG bu TI'[Tblgng ],

G100 (2.33)
4 3 a ! a
_ _T?’H“Gb“Tr[TbT ],
2 2
. 9493V3 0 ~bucab  9493V3 114 g
= =2 H,G™Mo% = = H,G .

In the same manner one finds for when [ = b:

2
- ——9435’”?’ GoH, (2.34)

Now the second case will be considered, i.e. « # a. As seen above one can incorporate the
SU(3)4 identity matrix into the T* generator. By using the normalisation condition of the
generators it can be seen that these contributions will vanish.
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@ - —9493]{3@’@ Tr[(Q3)(Qs) " TT"],

2
v /
= _—94923 SHG G T[T 15,577,

2
9493Y3 110 «
= —TP’H”GZ’“ T[T,
2
94393Y3 110 ~'bu caa
- _TH'U‘G ,LL5 :O

(2.35)

The exact same holds for 8 # b in . The final term to work out is @ For this term

one needs to consider multiple cases for the different values o and g can take. Many of
these cases lead to a zero contribution for reasons encountered previously. Those cases will
not be worked out again. To prevent showing the same calculations again only the non-zero
contributions and the zero-contributions with a novel origin will be considered. These cases
are:

l.a=a& =0
2. a=15& =15
3.a=p=A4A

4. a=A&B=8

Starting with @, a similar structure is found as encountered before in term @:

(L1) = g Hy H TY((92,) () ' T°T"),

2,2 2,2 (2.36)
_ 943 HaHbMTI'[TaTb] — 943 HY W™
2 F 4 F
For @ one need to take few additional steps:
@ — G2 H H Te[(Q4) () TP T,
[/ 1000 1000 1 000
2,2
 95Y3 15 s 01 00 01 00 0100
=g HTTI g 0 1 g 0010 0010 ’
[\o0oo0o0o 000 -3 000 —3 (2.37)
(/1.0 00
2,2 2,2
_ 9493 1515 17150 0100 _ 9493 1715 17154
STy H,"H™"Tr 0010 =35 H /S H™".
(\0 000
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Next up is the third case, where « = g = A. Here one can make use of the fact that
2

Tr[(Qs)7 (Qs)TAT4] = 22, This can be checked for every A by computing the matrix prod-

uctsff| This then gives the following contribution:

(L3) = g B HA Tr{{Q3)(03) A7),

2,,2
_ g4Vs HAHAM.
8 #

(2.38)

Finally the fourth case will be considered, where « = A and = B # A. This case will lead
to a zero contribution to the overall kinetic term. It will be shown that this contribution

vanishes for two combinations of A and B. The other combinations are completely analogous.
At first one needs the sum of A=9& B =10and A=10& B =9:

= g H)H"* Te[(Qs)(Qs) " (TT" + T'T7)]. (2.39)

Computing this sum, 797 + 71979 gives:

000 1 00 0 —i 000 —i
0000 0000 0000
910 109 __
TTo+T7T" =100 0 0 0000 |Tloooo
1000 i 00 0 i 00 0
000 1
000 0
0000 | (2.40)
1000
i 00 0 i 000
o000} fo oo00)_,
=000 o0 o o000 |~Y
00 0 —i 0 00 i

This term will not contribute to the kinetic term. As mentioned before the same holds for the
sums of 11 & 12 and 13 & 14. Finally, if one would have the combination A =9 and B = 11
and vice versa one would end up with the sum 797! + THT?. If this sum is computed one

finds:

8This is very straightforward to check and therefor it will not be worked out in detail here.
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000 1 0000 0000
0000 000 1 000 1
91110 109 __
T+ T7T7 =100 0 0 ooo0o0|Tlooo o
1000 0100 0100
000 1
000 0
0o oo | (2.41)
1000
0100 0000 0100
foooo| [roo00)_[roo0o0
=l o000 oooo0o|=loooo
000 0 000 0 000 0

As there are no diagonal entries, the trace will be zero and therefor the entire contribution
will vanish. The same holds for all other combinations. So in the end the total contribution
from @ to the kinetic term is:

2.9 2.2 2.2
94Y3 174 170 94V3 174 174 94V3 1715 1715
=2 2O 4 22 S gA[AR | 22 2 [0 [T
O = S H Y + S HIHY + S H,

All separate terms of the kinetic term of (€23) are evaluated. Putting all contributions together
the following expression is found:

(2.42)

giv:? gi@% ATTA 93”32, 15 771
Tr[(D,(23))T(D*{23))] :THZH““ + THM HA + I—GHfH SH

91933

2
9

HAG

_ 91943
46

2.9
g1U3

15 '
HPB'"

203 sy
+2GIE +

g B,

24

(2.43)

The kinetic term of {23 in the vev consists of 5 mass and two mixing terms, mixing B;L with
H)® and Hg with G2

Kinetic term of ({;5)

The kinetic term of (€2;5) still needs to be calculated. Just as for (£23) it is necessary to take
the trace, but in addition an additional factor % is needed since €15 transforms in the adjoint
representation. The first step is to compute the commutator in the covariant derivative.
Since (€2;5) is given by one of the SU(4) commutators one can use the commutation relations
between SU(4) generators:

[T, TP = if*Pr17, (2.44)

where f*#7 are the fully anti-symmetric structure constants of SU(4). In [40] a list of the
non-zero structure constants is given. The non-zero structure constants of interest in our case
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are fO1015 fIL1215 and f131415 411 with a value of \/g Computing the commutator between
T and T gives:

[TQ,TH)] — ,l-fa15'yT'y — ifAlE)'yT'y — _?;fA715T'y
5 (2.45)

=1 5(T9_T10+Tll_le_i_T13_T14)_

All ingredients are now present to start the computation of the kinetic term of (€5). As
with (1) and (Q3) the partial derivative is zero, so this term will not be considered. The
following expression is found:

%Tr[(DM(ng,))T(D“(Qm))] :%Tr [(igavis H [TY,T]) (—igavisH* [T°, T"])],
:%givf5Tr [(=iH [T, T, ]) (—iH"* [T°, TY])],  (2.46)

— = L [ [, 7)) (0 (7, 7))).

Using the results for the commutator from above one finds:

1 2
= Engfg)HfHB“ Tr z\/; (T° =T +T" =72+ 7" - T")
2 10 11 12 13 14 (2.47)
i 5(T—T +TH -T2 4+TY T,
1 1
=g givts Hy HP 5077,

where again the relation Tr[7°T'5] = 16 is used. In the end one finds for the kinetic term
of <Ql5>2

YD) (D (1)) = 002 14 (2.48)

The kinetic term of £2;5 in the vev only consists of a mass term for H ;:‘.

Mass eigenstates of the gauge bosons

All ingredients are now ready to compute the full gauge boson spectrum and the mass
eigenstates. At first all three kinetic terms, i.e. eq. [2.23 eq. and eq. are combined.
One can already see that there are some fixed combinations of gauge fields in the kinetic
terms. Rewriting the expression in a more convenient form yields:
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(D))" (D (1)) + Te[(D,u ()T (D" ()] + %Tr[(DMle))T(D“(Qm»]

2 ) 2
- %1 ( (% + v ‘|— T) HAHA'LL + Z (giHﬁH““ - 29493H5G a + Q3G aG a,u)

l\')

9194

16 46

2 2 2 2 a
g1 [ o o 4uig AgrA U3 / gi —9394 Ha*
=24 Z B ) gAgAr L 3 ((He Gle ,
8<v1+03+ 3) b +4( : G“)<—g493 5 )(GW
2
B 4+0d e T o e
e (HY B,) I B )
3

To find the mass eigenstates of the gauge boson the matrices need to be diagonalised and
the eigenvectors and eigenvalues have to be found. Luckily the matrices are only two by
two matrices, making this procedure fairly straightforward. At first the H ;‘H A_term is
considered, since no eigenvectors and values have to be computed. A complex gauge field
U,*? is introduced:

L (0] +v3) HPH™" — (307 +03) HP B + 2L o (?mf +13) B,B",

(2.49)

1
V2

The corresponding mass term in the Lagrangian will have the form:

) 4v
U;’Q’?’ _ (H3,11,13 . ZH;O’H’M) ’ m2U 94 (U1 + o + 15) (2.50)

4 3

1 ) )
Loy = §m?]U“’“TU;. (2.51)

The mass eigenstates of the other gauge bosons will require some additional calculations. The
matrices will be diagonalised and the eigenvector and eigenvalues will be used to find the
diagonal decomposition. To be more precise, one can make use of the fact that M = SDS™!,
where D = diag[A1, A\o] with A; being the eigenvalues and S = (v, vy) with v; being the
eigenvector corresponding to the i'" eigenvalue. Using the matrices S and its inverse S~! one
can then find the mass eigenstates. For the Hj, G'*-term:

2 — 1
M:(_94 9394):_2 2(93 _94)(8 202)(93 _94>. (2.52)
9493  G3 g5+gi \ 91 —U3 93 + 9 91 —9s3

With this decomposition one finds the following mass eigenstates and corresponding masses:

a __ g3HZ + g4G,a“ m2 = 07

g - )
g VI3 + g3 !

o 92l — g3Glay, 3

(2.53)

a _ 3 2 2
R R

Similarly one finds for the H}?, B'M_term:
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2
91 —9194
M = < 2V ) :
—9194 91
3

V6
5 (2.54)
\/’ \/’g1 \/794 ( 1 20 - ) g1 294
+300\ u o 5 (91 + 393) g1 —\/i;
Leading to the following mass eigenstates:
\/791H15 + 943'
B, my = 0,
94 + 391 (2 55)
H15 \/>g1 )2 '
A 3 (2, 2
u 3 (93 + 94) .
9i + 391

In the beginning of this chapter the claim was made that based on the specific structure
of the symmetry breaking 15 massive and 12 massless degrees of freedom should be present
within the gauge boson spectrum. This claim can now easily be checked. Three complex
massive gauge fields were found, U ;’2’3, containing 6 massive degrees of freedom. In addition
nine massive real gauge boson fields, Z;L and g;f, were found giving us a total of 15 degrees
of freedom within the massive gauge bosons as was expected. In addition nine new massless
real gauge bosons were found, B, and g, which together with the three massless, real SU(2)
gauge bosons contain a total of 12 massless degrees of freedom. The predictions based on
the group structure of the symmetry breaking correspond to the outcome of the explicit
calculation.

2.3.3 Fermion-boson interaction Lagrangian

The next step in our study of the 4321-model is the fermion-boson interaction Lagrangian.
In particular the interactions between the fermions and the new massive gauge bosons are
of interest. The interaction Lagrangian of our model can be derived by studying the Dirac
equation for all fermions in our model. For a general fermion ¥ the Dirac equation is given
by

Lairac = V(iv"D,)V. (2.56)

First an overview of all fermions in our model will be created. All SM fermions are sin-
glets under SU(4), so to introduce the interaction between the SM fermions and the new
leptoquark additional heavy vector-like fermions, W} = (Q},L})", U% = (Qp, Lz)" are in-
troduced. These heavy vector-like fermions mix with the SM-like fermions when 3 goes
to its VEV. Under the SM gauge group the charges of @, p and L} ; are (3,2,1/6) and
(1,2,—1/2) respectively. In Table an overview of all fermions in our theory with their
charges under the gauge groups is given. Besides \I/ZL r the fermions are the SM fermions as
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Table 2.1: All fermions in our theory with the charges under the gauge groups.

Fermion (SU(4),SU(3)",SU(2).,U(1)")

qr (1,3,2,1/6)
up (1,3,1,2/3)
dp (1,3,1,-1/3)
0} (1,1,2,-1/2)
eh (1,1,1,-1)
v (4,1,2,0)
v (4,1,2,0)

defined in Section 1.1, with the addition of being a singlet of the SU(4) gauge group. Just
as q; and £; both @} and L are doublets.

In addition it is instructive to write the interaction Lagrangian in terms of the mass
eigenstates of the gauge bosons. For that reason H;“,G;f and B/; are written in terms of

U ;, 9 g;f, Z;; and B,,. This leads to the following expressions for the gauge bosons:

(2.57)

1
9,11,13 __ 1,2,3 x1,2,3
Hu = U + U ) ,

012,14 _

The covariant derivative for each fermion in our model can be constructed in the same way
as done for the scalars in the previous section. Evaluating the Dirac Lagrangian for each
fermion with the corresponding covariant derivative will yield the fermion-boson interaction
Lagrangian. In addition, constructing the covariant derivative of a SM-like fermion that has
a trivial transformation under SU(4) allows one to match the couplings g;, g3 and g4 to the
SM couplings gs and gy. Considering the covariant derivative of u'R:

31



CHAPTER 2. BEYOND THE STANDARD MODEL SOLUTIONS TO THE
FLAVOUR ANOMALIES

DuulR = 8uulR — z'ggG;fT“u;% — igng;ulR,
9394 a ! 2 G104 B (2.58)

———g, T up — 1 ————=DB,up.
/2 20K
95 + 9i 3 gi—i—%g%

In the second line the subset of the SU(3). x U(1)y fields was considered. Matching the
4321-model couplings to the SM couplings yields:

gy = — 2% __ (2.59)

Vi +g

gag1

A Fe
gi + 391

The two equations above will be applied in the interaction Lagrangian. Therefore again the
expressions of the gauge bosons will be given, as in eq. [2.3.3] but with the two equations
above applied:

(2.60)

gs Js
He = 25 ,4@ IS a’
a 939# 949”
‘a Js 4 Js 14
Gu % w9
U 2 !
B,=%p, /227,
g1 3 ga (2.61)
’ 2gy )
Hos -y 4 2
a g " 3 94 :

i
V2
The interaction Lagrangian will be constructed separately for left handed and right handed
interactions. In addition our interest is solely in the interactions with the new heavy gauge
bosons U,,, g; and Z,’nu. The interactions with all other gauge bosons will be omitted, since
they are already present in the SM interaction Lagrangian. The kinetic terms of the fermions
will not be considered either.

10,12,14 _
Hu =

(U;’Q’?’ o U;l,Z,S) )

Left-handed interaction Lagrangian

To find the full left-handed interaction Lagrangian, Lg... will be calculated for each left-
handed fermion and all contributions will be added up. Starting with Lg,.q. of ¥, which
contains both quarks and leptons:

Edirac = ‘IJ_L@"YMD/L)\IJZM (2 62)
_ g, :

(’L’)/M . —Zg4H3T:[)\I/L
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As before the sum will be split over « in the indices a = 1,...,8 and A =9, ...,15. Starting
with TH

Edirac C \I;L(ny'u : _ig4HzTg)\IjL7
949s (~ 7/ a Q/ ‘a
- <QL7 LL> ,YNT (L’ ) g,u, ) (263)
L

g3
949s =1 ar' 'a
= Q' TQry,"

g3

Using the matrix form of the generators 74 and the gauge bosons H lf‘ in terms of U? and U™
one can work out the sum over the index A. As an example the calculation of T°H3) 4T H,°
will be done explicitly.

0 0 01 00 0 —i
110000 1 11000 O 7
9 779 107710 _ Lo 1x 1 v gl
TH+TH =S| 0 0 0 o ﬂ(UM+UM)+2 000 0 \/é(UM Uy,
1 000 1 00 O
0 00 U, +U+U,-U”
1 0 0 0 0
V2 0 00 0 ’
Uy +Uy=Uy+U 00 0
0 00 Uﬁ
_L 0O 0 0 O
G 0O 0 0 O
Ul}* 00 O
(2.64)
Similarly one finds for THH;1 + TlQHIi2 and TI3HP1L3 + TMH/}L‘*:
0O 0 0 O
1 0 0 0 U?
11 7711 12712 _ L p
T"H, +T°H, Alo o o0 , (2.65)
0 Uﬁ* 0 0
00 0 O
1 00 0 O
T3 e L (2.66)
H H v2 00 0 Ui’
00 Ug* 0

Now the contribution of 7%° H' has to be determined. Luckily this can be done in one line:

Z, 0 0 0
1L gv| 0 Z 0 0
TVHY = — 2% weoo 2.67
W6 | 0 0 Z, 0 (2.67)
0 0 0 -3Z
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Thus one finds for the Dirac Lagrangian of W:

Ldira,c :\I;L (W”D“)‘I’L,

0 0 0 Ui
_g4 (Q/ _Z//) 0 0 0 Ui u Q/L
S\ WL L 3 17 i
2 0 0 0 U L
\/_ Ul* UQ* U3* ON L
B Iz Iz
Z, 0 0 0
gagy 1 (Q ) 0 Z, 0 0 L (Q
g 2v6 \ o 0 z, o |\
0 0 0 =32,
9 9s a
. QL "T QLQW
—r =1 0 U Q/ gagy 1 [ gagdy 3 = -
== ,L> o P)+ hQL 7, — L [ AL 7
\/§<QL L(Ui 0)7 <LL o 2 T Ty gt b
9449s ~' a 'a
+ 43 QYT Ly,
94 A1 gt gagy 1 = gagy 3 = ;o
=— LU, +h.c. + K ———L, YL, Z
\/—QL’Y L*¥} \/—QL/Y QL n 7 2\/6 LY L%
949s a
+ ;3 Q ,UT QLgp,
(2.68)

The next left-handed fermion of which the Dirac Lagrangian will be evaluated is q'L. Since
q/L transforms trivially under SU(4) this calculation will be significantly shorter. Using the
quantum number from Table one finds for the covariant derivative, omitting all non-

relevant parts:

Edirac C ZCYIL’Y“ (_293TGG i Zng ) qlLa
gggs_ pra It 21glgy_/ " /Z/
C - i T"q9, + 36 g ez,
The only left-handed fermion left is E/L:
Edw‘ac CZEL'Y ( ng ) €L7
2 1 gi19y » ’ /
= e, Z .

Putting all parts together gives us the full left-handed interaction Lagrangian:

(2.69)

(2.70)
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9ga ~r /
EL CEQLVHLLUM + h.c.

g4 =/ a gs a !
+ s <_QL7MT Qr — g_CJLVMT QL> 9.

2191 ’ ’ / (271>
Lo (ot WELTVRAY
gy ( 12\/-Qn Q)+ 369,707 qL) u

= 1g1ﬂ
P L v —\[ 7
gY(QQ 6 g4 )

Right-handed interaction Lagrangian

The procedure to find the right-handed interaction Lagrangian is completely analogous as for
the left-handed interaction Lagrangian. Since the U and Ui have the same charges under
the gauge groups they also have an identical contribution to the Lagrangian. Therefore one
can immediately write down their contribution:

1 = / gagy 3 - ’
QR “QR P ——L RY LRZM
2/6 2v6 " (2.72)

Lairae CLLQ A" LU, + hc. + 22
g1

V2

g4gs — ar' 'a
+ 7 QprY"T*Qry,

Similarly the contribution of e is the same as the contribution of ¢, up to a factor 2:

2glgy_/ ’ ’
Emc+\ﬁ te 7 . 2.73
d 3 0 €RY €rZ, ( )

All that is left is to determine the contribution from u}, and dj. If one takes a look at their
charges in Table one can see that their charge under SU(3)" is the same as for q/L and their
charge under U(1) differs only a factor 4 and —2 for uj and d/R respectively. Taking this
into account their contributions can be written down using the results from the left-handed
interaction Lagrangian:

! ! 4 i = 2 /
Lairac C1Upy" (—iggT“G; ! éqlB ) up +idpy" (—iggTaG + %B > dp,
c - %9 U T URg " + \/52 JLI¥ Uy upZ, (2.74)
94 a 33 g a
_ 939s 7 21919y 7
4 A Todg " — \[ drdy 2,
g R R /J 3 3 g R R

Adding all separate contribution one finds for the right-handed interaction Lagrangian:
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Lr CLLQi A" LU, + hec.

V2
g4 — a gg s a ! gg — a i ‘a
+ Js <_QR7MT Qr — &uRfy“T Ugp — adey“T dR) 94

2 2 g ’ ’ 2 1 g - ’ ’ (275)
+ gy < \/—QR’Y QR + \/759_17«037““1% - \/;gg_idR’Y“dR> Zy

7/ ’ 291_1 ’ ’
gy [ B, 2 e | 7
Y( 2\/— R 394 RY R) o

With these two interaction Lagrangians a start can be made with studying the expected phe-
nomenology of our model. All new types of interaction between the SM matter particles and
the new massive gauge bosons are encompassed in these two Lagrangians. However, before
the phenomenology can be considered and the implications of these new interaction on the
B(s) — T decay can be understood, the flavour structure of this model must be introduced.

As mentioned at the beginning of this section there was not enough time to work this
out in the same level as detail as what has been shown up to here. Therefor the work from
previous publications [15] 40] will be followed and presented.

2.3.4 Yukawa Lagrangian and flavour structure

Just as in the SM, where a change of basis in the Yukawa Lagrangian introduces the mixing
between quarks in the interaction with W-bosons, mixing between the vector-like and SM-
like fermions can be introduced via the Yukawa Lagrangian. The Yukawa Lagrangian for the
SM-like fermions and for the mixed terms is given by:

Loviiee = =y YgHdy — @Yy Hup — ;Y. Hep, + h.c., (2.76)
Lmix = —qlL)\ng;\PR - ZIL/\ZQ{\I/R - \I/L (M + /\15915) \PR -+ h.c.. (277)

Using the symmetry of the kinetic term of the fermionic fields one has the freedom to choose
another basis:

Lontiive = —Gy YadpH — §,VIYuyH — 0, Y.eH + hoc., (2.78)
Emix = —(j/L)\q\IfRQg - FLAZ\PRQl — \I/L (M + )\15Ql5> \I/R + h.c.. (279)

where A\j, Ay and A5 are flavour matrices. If these flavour matrices would be kept general
this would allow for very large flavour violating effects for both quarks and gluons. However,
if the correct assumptions are made on the flavour structure this model could account for
the flavour anomalies without violating constraints from other measurements. The flavour
structure that will be used in our model is:
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Ag = 5‘q = diag(Afy, A1pA9), (2.80)
) 10 0
e = AW = diag( M, M05) [0 cosfrg —sinbig |, (2.81)
0 sinfrg cosfrg
A5 o¢ M o 1. (2.82)

This specific flavour structure allows for a mixing between the second and third generation
of quarks and leptons while preventing flavour violating processes in the first generation. If
this flavour structure is applied to the interaction Lagrangian of our model the interaction
structure of the leptoquark with the quarks and leptons can be found. For the left-handed
interactions, Eq. [2.71] the interaction is:

1 0 0
ELQ-interaction = %QLV“LL O COS QLQ — sin GLQ UM + h.C., (283)
0 sinfrg cosfrg

where the basis Uy, = (Q},L;)" = (Qr,WL;)" is chosen. The SSB structure rotates parts
of the SM fermion doublets into W. Therefor a projection of J;, and L; on the SM-fermion
mass eigenstates has to be made. Once these last steps in the calculation are performed the
structure of the interaction of U, with the SM fermions is given by:
c = Ly, 18,64 +h 2.84
LQ-interaction — E " [5@‘%7 T+ .C.] ) ( . )
where 3;; is the 3 x 3 matrix containing the information of the flavour structure. The final
flavour structure is:

0 0 0
=10 cosbrgSq,Se, —sinOrgSe,sSe | - (2.85)
0 sinfrgsSes,  coSOLQSesSes

The SM fermion mixing angles can all be expressed in terms of fundamental parameters of
the Yukawa Lagrangian. These definitions, together with more details on this calculation,
can be found in the appendices of [40]. Now all ingredients are in place to take a look at the
low energy phenomenology of this gauge leptoquark.

2.3.5 LQ contributions to the flavour anomalies and B,y — Tu

Due to the specific flavour structure assumed this model allows for a flavour violating lep-
toquark interaction in semi-leptonic decays with the second and third generation fermions.
This is a necessity to be able to explain the flavour anomalies. In this model U, contributes
at tree level to Ry, Ry and to By — 7. Defining the deviation from the SM for Ry
and Ry as:

Rx

ARy =
x Rx sm

—1, (2.86)

37



CHAPTER 2. BEYOND THE STANDARD MODEL SOLUTIONS TO THE
FLAVOUR ANOMALIES

one can find Ry and Ry as well as B (Bs — Tp) in terms of the model parameters. Since
all three observables have similar transitions one can even write B (Bs — 7u) in terms of
ARpe and ARy . Performing this calculation gives an estimate of B (Bs — Tp):

ARk (ARp.
B (B — Tpt) ~ 2.0 x 107 ( o5 )) ( 5 >> . (2.87)

This allows us to make a (very rough) prediction of the branching fraction using the current
flavour anomalies. Using the current experimental data available for Rp.[10] and Ry [9)]
one finds ARp = 0.217 £ 0.053 and ARy = 0.154 £ 0.05. Therefore, within this model,
a prediction for the branching fraction is found of B & (1.1 + 0.09) x 1075.

2.4 Discussion

In this chapter we have seen, after an introduction into some NP particles, how a model
can be constructed in such a way that a gauge leptoquark solution is found for the flavour
anomalies. Based on this model a prediction was made on the branching fraction of the
By — 7 decay. It is important to keep in mind that one can construct many more
solutions to the flavour anomalies that sometimes do and sometimes do not give a sizeable
contribution to the By — 7u decay. In addition, to arrive at the model at hand with the
required flavour structure a great number of assumptions had to be made. Nevertheless it is
instructive to see how such a model is built and how predictions can be made based on it.

If at some point the B, — 7 decay is found in experiment and a branching fraction can be
determined this will not be direct evidence for one model or another, since multiple models
can give similar predictions. However, some models can be ruled out since their predicted
branching fraction is higher or lower than the measured branching fraction or higher than
the limit set on the branching fraction. Therefore experimental searches for these decays are
interesting from a theoretical point of view even if only the upper limit can be tightened.
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Chapter 3

Studying a minimal explanation

As was discussed in the previous chapter there are many possible extensions to the SM and
some of these extensions could account for the flavour anomalies. In this chapter a certain
extension of the SM will be studied. The model that will be studied is a minimal explanation
for the flavour anomalies, i.e. it is the most basic addition to the SM that can account for
the anomalies while also being consistent with other measurements that are in agreement
with the SM. This minimal new physics model consists of two scalar particles: a scalar lepto-
quark and a charged singlet. This chapter aims to recreate the work done in [16]. Unlike the
previous chapter no high-energy theory is presented that produces these particles and their
specific interactions at low energies. Only the phenomenology of the model is studied.

The goal is to study the parameter space of the coupling constants of these new scalar
particles to the SM-particles. It is a priori unknown what the value of these couplings is,
they have to be deduced from experimental measurements. At first the methods used to
determine the coupling constants will be discussed, followed by a detailed description of the
model under consideration. Finally the results of the study will be presented.

3.1 Methods of studying the parameter space

Two types of numerical analyses will be performed to study the parameter space. At first a
global likelihood fit, using a y2-function, will be performed to find the values of the coupling
constants that best account for the anomalies and the SM constraints. Then a numerical
scan of the parameter space will be performed using a Markov-Chain Monte Carlo to find the
allowed confidence level (CL) regions. However, first the framework has to be constructed
before the global likelihood fit and the numerical scan can be performed. This will be covered
first.

3.1.1 Building the framework

Building the framework in which the analyses will be performed is conceptually relatively
straightforward, but quite challenging if much has to be done from scratch. At first a list
of observables must be made, containing both the anomalies and non-anomalous observables
to which the model could contribute. Once the list of observables is complete, theoretical
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expressions for all the observables have to be found in terms of the parameters of the model.
In order to find these expressions a wide range of QFT and EFT calculations have to be
performed, which can be quite challenging. Depending on the model these calculations could
have been performed already. Next to these theoretical calculations the experimental values
and corresponding uncertainties to all the observables have to be found. Once this is all
in place a decision must be made on which parameters of the model one wants to study
and which ones will be fixed to a certain assumed value, which can be (loosely) based on
experimental results or SM predictions.

These analyses cannot be done using merely a pencil and a sheet of paper. For this reason
all calculations will be performed using Mathematical41].

3.1.2  \2-fit

Now that the framework has been created the search of the optimal values of the parameters
in our model can begin. These values will be found by constructing and minimising a global
likelihood function, the y2-function:

—2log L = x*(\a) = Z 5 ) (3.1)

(2

with O;(\,) the expression for the observable in terms of the model parameters A, p; the

experimentally observed value of the observable and o; the uncertainty in the experimental

observation.[42]. Theoretical uncertainties are not taken into account explicitly. They can

in general be reduced by considering higher order contributions to the observables. Correla-

tions between observables can (and must) be taken into account as well. For two correlated
observables their contribution to the x? function is given by:

2p12 - 03(0))2 (03(N\))2
1 —piy

where pi5 is the Pearson correlation coefficient between the two observables. These correla-

tions are determined in the experimental analyses.

X’(Aa) = xi(Aa) +x3(Aa) : (3-2)

By minimising the y2-function for the model parameters the most likely configuration can
be found. This minimisation procedure is performed in Mathematica. This best fit x? value
can then also be compared to the y? value assuming only SM particles, to see if the model
describes the experimental data better than the SM.

3.1.3 Numerical parameter space scan

Besides finding the most likely configuration it is also instructive to consider which values
the parameters can take while keeping a certain fit quality. This can be done by considering
the confidence level (CL) regions. Specifically the 68% and 95% CL regions will be studied.
These CL regions can be coupled to a certain value of Ax? = y? — x2,,,, where x2. is the
best fit value of the x2-function. The 68% and 95% CL regions correspond to a Ax? < 0.98
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and Ay? < 3.84 respectively. A numerical scan of parameter space will be performed to see
which values of the set of coupling constants fall within these CL regions. For all regions
one wants to study a separate scan has to be performed. For models with a large number
of parameters these scans can require a lot of computing power. To perform these scans
efficiently a Markov-Chain Monte Carlo simulation called the Metropolis-Hastings algorithm
is used.

Metropolis-Hastings algorithm

Suppose the model under consideration has 6 parameters and the goal is to scan the parameter
space of the model to find our CL regions. If one would consider 12 values for each parameter,
6'2 ~ 2.2 - 10° points would need to be considered. Besides this the Ay? would need to be
calculated in each configuration. This is highly inefficient since many configurations would
not be inside the desired confidence level regions and it would take a huge amount of time
to perform the analysis in this manner. The Metropolis-Hastings algorithm is an algorithm
that can generates points in phase space according to the probability distribution governing
the system|[17]. In this case that would be the Ax? function. In this way one can probe the
most likely points in phase space.

First a starting configuration in phase space is chosen. From this configuration a random
new configuration is chosen by varying all parameters slightly. For this new configuration the
Ax? is determined. If the Ax? corresponds to the desired CL region the new configuration
is accepted and it is used as starting position for the next step[l] If the new configuration is
rejected one stays in the previous configuration and uses this as starting point for the next
step. Again a new random shift in parameter space is applied and the new value for Ay?
is checked. This is then repeated for a number of times until the desired statistics has been
reached. In this way one scans mainly the allowed regions of parameter space, which is the
region of interest, and this makes it highly efficient.

3.2 The model

The model that will be considered is the SM with the addition of a scalar leptoquark S
and a charged scalar ¢*. Their charges under the SM gauge grou are (3,1,3) and (1,1,1)
for S; and ¢ respectively. From their charges under the SM gauge group the interaction
Lagrangian can be built. This interaction Lagrangian of S; and ¢t with the SM particles is
given by

1
2
with € = i05. As can be seen from the Lagrangian there are two types of LQ couplings. One
of them is a coupling between the LQ, up-type quarks and electrons, muons or taus. The

L1 = =Aapllelad™ + NEGel, Sy + AP ue, S, + he. | (3.3)

IThe probability distribution governing the system is a y2-distribution with one degree of freedom. How-
ever, since we are only interested in the boundaries of our CL regions and not in the probability distribution
within our CL regions, the configuration is always accepted provided it is within the set boundaries. This is
a simplification made to speed up the numerical analysis.

2Remember that the charges under the SM gauge group are given by (SU(3)., SU(2).,U(1)y).
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other one is a coupling between the LQ, down-type quarks and neutrinos. The charged scalar
couples to a lepton and a neutrino from a different flavour.

The model under consideration will be a minimal explanation. All couplings not necessary to
account for the anomalies will be set to zero. This and other assumptions will be discussed
below. Afterwards a list of all observables used in this study will be given, including the
precise theoretical expressions.

3.2.1 Assumptions

As a minimal solution is studied all couplings not necessary to account for the set of anomalies
will be set to zero. These couplings are )\iﬁ and A2 as well as all leptoquark couplings to
the first generation quarks. The ¢ coupling )., is set to zero as well because of the tight
constraints on the LFV p — ey decay|43].

In order to simplify the model the masses of Sy and ¢+, M; and M,, are both set to 5.5
TeV. A mass of 5.5 TeV is above the detection limit for direct LQ searches at the LHC. In

addition, the assumption is made that all the new physics couplings are real.

3.2.2 List of observables

In this study a combination of anomalous observables, such as Rp and (g — 2),, and strong
phenomenological constraints, such as B(r — py), is used. In Table the full list of
observables with their experimental values is given. A description of each observable and
the corresponding theoretical expression, in terms of the model parameters, can be found in
this subsection as well. The left-handed couplings of S; will use down-type quarks to denote
the quark generation while right-handed couplings will us up-type quarks, e.g. A}X and A%
Besides the masses M; and M, let us define my = M;/TeV and my = My/TeV.

CKM matrix

In numerous expressions elements of the CKM matrix are needed. Therefore the CKM matrix
in the Wolfenstein parametrisation up to O(\°%) is presented first[50]:

Vud Vus Vub
Vekm = [ Ve Ves Vo | (3.4)
Via Vis Vi
S| A 2 AN3(p —in)
— | A (AN = A2N (3 —p) +1) LA+ )N -2+ AN?

AA3(—¢n<1—§>+%—p+1> AN (2= A2 (L p) 1) 1AM

The values used for the CKM-parameters are A = 0.79, A = 0.2265, p = 0.144712 and
n = 0.366399[45].
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Table 3.1: The observables with their experimental values used in the analysis. In case of a
limit on a certain observable, e.g. B(T — pv), the 68% CL region is taken.

Observable Experimental Value
Rp 0.34 & 0.029[10]
Rp- 0.295 + 0.013[10]
Aay, (2.51 & 0.59) * 1079]6, [7]
ACy —0.675 & 0.16[16]

AC)g 0.244 + 0.13[16]
RY* 0.978 + 0.035[44]
I — evv) (6.5 £+ 1.5) x 10~ *[43]
B(t — wy) < 2.66 % 1078[45]
G/ 9e 1.0058 + 0.003[10]
92/ 9, 1.0022 + 0.003[10]
G/ Ge 1.0036 + 0.0028 [10]
Ch. < 1.02% 107> TeV % [46]
092 (—0.11 £ 0.61) * 1073 [47]
dogZ (0.66 4 0.65) * 1072 [47]
597, (0.34 1.1) % 1073 [47]
g/, (0.2 4+ 1.3) %1073 [47]
R, < 1.63[48]
B(Bf — ttv) < 0.1[49]
[Re(C)] < 1.81% 107" TeV 2 [46]
Tm(C})| < 1.13 % 1078 TeV~? [46]

b — clv transitions

As covered in Section [I.3|the LFU ratios Rp and Rp~ both deviate from their SM prediction.
The scalar leptoquark S; can contribute at tree level to the b — c7v transitions. The
Feynman diagram of its contribution at leading order can be found in Fig. The numerical
expressions for Rp and Rp-, with the S; contribution, are given by[42]:

R(D) ALALR

m =1+4+2Re[Cy,] — 0.791’Tm—%” (1 +0.051log mf)
( 1L 1R)2 (3:5)
+0.36--"—" (1 +0.08logm?)
my
R D* /\1L 1R
FThsE 1()* ) 149Re [Cy,] — 0.3472225 (1 + 0.021og m7)
(D*)sm mi 3.6
( 1L 1R)2 (3:6)
+0.1- 20 (14 0.01logm?) .
my

In these expressions the renormalization group evolution (RGE) from UV matching scale to
the electroweak scale is taken into account. The SM values of Rp and Rp- are 0.299 and 0.258
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br CL(R)

ML

Vi TL(R)

Figure 3.1: The leading order contributions of the scalar LQ S; to Rp) on the left and
(9 — 2), on the right. Figure adapted from [16].

respectively|10]. The observables Rp and Rp« are correlated, which is taken into account
when constructing our y2-function. The way to account for correlations has been discussed

in section [3.1] The Pearson correlation coefficient between Rp and Rp- is p = —0.38[10].
Another observable that is sensitive to b — c7v transitions is the branching ratio B (B — 71v)[42]:

Br (Bl — 7v) )\éL)\lR
< = 1+42Re[Cy,] + 51757 (1 + 0.04log m?
Br(Br o riv)gy L 2RelOW] 5175 (14 0.04log )
( 1L lR) (3.7)
+ 6.5 (1 +0.08log m3) .
mj
The term 2Cy, in Rp, Rp+ and B (Bf — 77v) is given by:
0.77 1L 1Lx 1L 1Lx
20y, = 5 (AL Vs A" + N AV k). (3.8)
‘/csml

The SM value for B (B — 77v) ~ 2%[49).

There are constraints on LFU in b — clv processes containing electrons and muons. One of
these constraints is the ratio R’ge = B(B — Duv)/B(B — Dev). The NP contribution to
this ratio is[42]:

Br (B — Duv) iL LR éL 1R
R = =1+ 2Re [Ch ] — 0.047727% 4 .50 2011 3.9
b Br (B — Dev) +2Re| v J= m3 - mi 39)

where Re [C’(}L] is the same as Re [CY, | in the expressions above.

Anomalous magnetic moment of the muon

One other current anomaly, outside the field of flavour physics, is the measurement of the
magnetic moment of the muon. There have been great efforts to measure its value in experi-
ment|6] and to determine its SM prediction|7]. The scalar leptoquark can contribute to this
magnetic moment. The leading order contribution is shown in Fig. This S contribution
to the (¢ — 2), deviation Aa, in terms of the model parameters is[51]:

Aa, =

Y 7) - RE R,

bu ‘'t 2 2
log M2/m? — *
A2 M2 (Og ofmy = 32727
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br SL ,
S 107 (
v, A __¢_ i
¢
[UL IuL Ve Ve
Figure 3.2: The leading order contributions of the scalar LQ S; and the charged scalar ¢

to b — sl transitions on the left and general charged lepton currents on the right. Figure
adapted from [16].

b — sll transitions

As discussed in Section[I.3], the LFU ratio Ry deviates from the expected SM value. These

processes can be described using a combined top-down and bottom-up effective field theory

approach. The EFT-operator O%SL“(”L r = (37 PLb) (e Pr(r)pt) can contribute to the b — sl

processes. Both S} and ¢™ give contributions to the Wilson coefficient of (’)Zsf(‘j: R)» 85 can be
seen from the Feynman diagram in Fig. [3.2l These Wilson coefficients are given by [51]:

1R|2 \1L 1L *
o ‘)\cu >\b7— )\ST

= 11
Crr 6472 M2 (3.11)
|ALE|2 \\ur|? log M2/ M?
Crr = —AEAL* d a 4 . 3.12
LE oot \ Gamz 0 64m2(M2 — M?) (3.12)

The values of these Wilson coefficients are found in global fits, the bottom-down part of
this approach, which use the Ry ) anomaly as input among other observables. They are
determined in a linear combinations:

ACQJO = (CLR + CLL)/Q-/\[sb- (313)
The normalisation Ny, for Cy and g is given by:

GraVyVi

Nsb - \/§7T

(3.14)

Charged current lepton decays

The charged scalar ¢* and the leptoquark S; can contribute to the charged current decay of
leptons at tree level or one-loop level respectively. The leading contribution of ¢* is shown
in Fig. [3.2 The total contributions, tree level and one-loop, are given by][16]:

45



CHAPTER 3. STUDYING A MINIMAL EXPLANATION

2
V2 At 3mEINE]T /1 M?
5 — evw) = e il (1 M
(= evv) AMZ T T 3m MR (2 o8 mt2> ’
02|\ |2 31}2‘)\;L’2|)\;L2
5 _ uT o T
(7 = wv) A2 1287202 T
2 (| \1L|2 1|2 (3:15)
ot (W + 1) 11
327207 2 B )
3m? [NE]P /1 M?
6(7——)6”]]):3271'—2]\412 5_10gm_? .
The lepton flavour universality ratios, which have been measured, are defined as[42]:
gr _ D(r — pwv) (Tsu(r — pvv) - |1+ 6(r = pv)
ge  T(u— evi) \Tsm(p — ev) 146 — evv)|’
9u _ U(r = pwv) (Tsu(r = pv) -1 _ |1+ (T — pvv) (3.16)
ge D(1— evw) \Tsmu(r — evv) 14 0(r —evv)|’
. D(r—evi) (Tou(r — evir)\ ' |14+ 0(r = evv)
gy T(p— evw) \Tsm(p — evw) 14+ 8(p— evv) |

B — K®py decays

The branching ratio of B — K™y is a clean observable in the SM. The ratio Rgv, which
is a measure of the NP contribution to this decay, is defined as[42]:

R B(B — Kvv)
K7 B(B = Kvv)g,
)\1L)\1LSM (AlL)Q((}\lL)Q + ()\1L>2) (317>
=14 1.34750 0 g g ters ol T 7
tsT1] ‘/tsml

T — py decays

The branching ratio on the tau decaying to muon via a triangle diagram will give constraints
on our S couplings. This decay is forbidden in the SM and has not been observed experi-
mentally. The numerical expression for this branching ratio is[42]:

-8
Br(7 — ) z—4’9 ;;O
(11220 (VALE + VANE) A+ 58 (VAAE + VAAE) AL — 2.6 (AALR) [
(58 (V") AL+ 0.88 (MENE) )
(3.18)
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Z boson coupling

The S leptoquark can contribute to the Z boson coupling on the one loop level, via a triangle
diagram. These modifications are given by[16, 42]:

A\LE)2
10%5g7 | ~ 0.50 ) (1+0.391ogm?),

mi
)\IR 2 )\1R 2 (319)
1036Z N—067( tOé) 2 ( COé)
g. .~ —0. (1 +0.37logm7) + 0.059——.
m1 ml

Meson mixing

The S; leptoquark gives contributions to Bg and D° meson mixing via the operators Of =
(57, Pb)? and O}, = (ay,Pre)*. The Wilson coefficients are[42]:

L ey’

— b Ter) 3.20
Bs 7 128m2 M2 (3:20)

o _ (VaVi Ay 4 My M) Va Vi A A7 + Ve Vi A" N + Ve VEAEALE)®
D — .

12872 M3

(3.21)

3.3 Results

The model described in the previous section was built using Mathematica. First the y*-
minimisation was performed to find the best-fit values for the coupling constants. Afterwards
a numerical analysis of the parameter space was made using a Markov-Chain MC. Both
analyses were performed as described in the beginning of this chapter. In this section the
results of the analyses will be presented, starting with the y2-fit.

3.3.1 ?fit

At first the y2-function was evaluated with all couplings set to 0, determining the goodness
of fit for the SM. This sets the benchmark for the improvement of the fit when the NP is
included. For the SM a value of x%,, = 78.25 is found. Minimising the x*-function yields
X2in = 9.37. The values for the coupling constants in this minimum can be found in Table
3.3.1] Adding this NP model leads to an improvement of Ax? = 68.88 compared to the SM,
which is a considerable improvement.

3.3.2 Scan of parameter space

A numerical scan of the parameter space was performed using Markov-Chain Monte Carlo
following the steps set laid out in the beginning of this chapter. The starting point of the
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Table 3.2: The values of the coupling constants yielding a minimum of the y2-fit

Coupling Best fit

MNE -1.72
AE 0.38
A -1.96
ALK 3.38
A -0.02
At -2.90
Aep 1.32
Aur 3.64

numerical scan was chosen to be the best fit value of the y?-fit. The scan is performed sep-
arately for both CL regions. The number of data points gathered is 69000(67000) for the
68%(95%) confidence level region. To visualise the allowed regions in parameter space, two-
dimensional projections of the eight-dimensional parameter space were made. Examples of
these projections are presented in Figure and The 68%(95%) confidence level region
is shown in green(yellow) while the best fit value is presented as the black dot.

Each observable in the y2-fit has its own constraints on the allowed parameter space,
some more constraining than others. The tightest individual constraints are shown in the
2D projections of Figure [3.3] and as well. To plot these individual constraints the the-
oretical expression for a certain observable is set equal to its limit. For observables with
a central value the 1o limit for the observable is taken, however if there is only an upper

5.0 e

45f 7T d

40F .

35[0 8ulge

S
~

30F "l

2.5¢ :
2.0:..11...II...I.‘.J..‘l...l...l“
-20 -18 -16 -14 -12 -10 -0.8 -06
Aeﬂ

Figure 3.3: The 2D projection of the charged scalar couplings A, and A,-. The best fit value
is represented by the black dot. The 68% and 95% CL regions are shown in green and yellow
respectively. The most stringent individual constraints on these couplings are drawn in the
figure as well.
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Figure 3.4: The 2D projection of different scalar leptoquark couplings. Like in Figure
the best fit value is represented by the black dot and the 68% and 95% CL regions are shown
in green and yellow respectively. The tightest individual constraints on these couplings are
drawn in the figure as well. The 2D projections presented are from left top to right bottom:

1L 1L 1L 1L \1L 1R 1L 1R
Apr versus Az, Ay versus Az, Ay versus Azt and A, versus A

or lower bound for a certain observable, e.g. B (B} — 7tv), the 68% CL region is taken.
The contour of this equality is then drawn in the 2D projection. If an observable depends on
other couplings than the projected ones, the best fit value of these couplings are used as input.

From both the projection and the individual constraints in Figure [3.3|and the projections
in Figure [3.4] it can be seen that the CL regions roughly follow the individual constraints.
In some cases one of the individual constraints mainly dominates the shape of the allowed
parameter space region. One example is the Aa, constraint in the )\;FLL—)\%E projection, as can
be seen in the bottom right projection in Figure In other projections there is not one
constraint dominating the shape, such as in the A.,-A,, projection in Figure

It is also possible to map the results of the parameter space scan back to the initial
observables. This gives insight to whether the allowed parameter space region falls together
with the experimental value. This has been done for Rp, Rp«, ACy and AC}y, da, and
B(t — wy) and for g,/g. and §(u — evv). These results are presented in Fig[3.5] with the
experimental value of the observables depicted as the black cross-hair in addition to the best
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Figure 3.5: The results of the parameter space scan mapped back to the initial observables.
Like before the best fit value is represented by the black dot and the 68% and 95% CL regions
are shown in green and yellow respectively. In addition the experimental value is presented
as the black cross-hair and the SM-value as a red cross-hair or dot. The allowed values for
Rp and Rp- (top left), ACy and ACy (bottom left), da, and B(r — p7y) (top right) and
Gtau/ge and d(p — evv) (bottom right) in the two CL regions.

fit value and the two CL regions. One can see that for Rp and Rp« the allowed CL regions
do not overlap with the experimental values in this projection, while ACy and AC}, this is
the case. In addition to the results of the fit the SM values are also included in the figures.
This helps visualising that, although the experimental results cannot perfectly be accounted
for in this model, there is an improvement compared to the SM values in many cases.

3.4 Discussion and outlook

The methods used in this chapter can be extended to perform a more elaborate fit. In ad-
dition the methods can also be applied to different, more complicated models, without an
increase in complexity of the analysis. One obvious extension of the current model is to
include the masses of the charged scalar and the scalar leptoquark as a free parameters.
In addition more observables could be added to the fit to further constrain the parameters
of this minimal model. Experimental results of direct LQ searches could also help, further
constraining the parameter space.
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Considering another model would, in light of the main topic of the experimental part of this
thesis, also be interesting to consider. The minimal explanation considered in this chapter
does not give any contributions to B,y — T at tree level. Other models with for example a
vector leptoquark, such as the 4321-model that was explored in the previous chapter, could
give contributions at tree level to this process.

Another reason to study more extensive models is that, although there is an extensive im-
provement with respect to the Standard Model, not all anomalies can be explained within
the set confidence levels. One example of this is the value of Rp-, which in our fit results is
too low for most values of Rp. However one should be careful, if enough new particles and
parameters are added one can always explain everything. Besides this none of the observed
anomalies has yet surpassed the necessary 5o level, so there is always the possibility that
they were due to a statistical fluctuation.
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Chapter 4

The LHCb experiment

The LHCb experiment is one of the four major experiments at the Large Hadron Collider
(LHC), together with ATLAS, CMS and ALICE. ATLAS and CMS are general-purpose
detectors and the ALICE experiment focuses on heavy-ion physics.

In this chapter a brief overview of the LHC accelerator complex will be given, including
its past and future operations. Then the LHCb detector will be covered in more detail,
shedding some light on its different components as they were during Run 1 (2011-2012) and
2 (2015-2018). Finally an overview of the most important upgrades to the LHCb detector,
implemented during the shutdown of 2019-2022, are presented. Another key aspect of the
LHCb detector, or any other collider experiment, is the trigger system. The LHCb trigger
system decides during data taking which eventd!| will be saved. This trigger system and the
upgrades to the trigger system will be covered in detail in the next chapter.

4.1 The LHC at CERN

The LHC[52] is a 27 kilometres long circular particle collider built at CERN, the European
Organisation for Nuclear Research. It is designed to accelerate and collide protons, which is
its main mode of operation, and heavy-ion nuclei (mainly lead-ions). There is an extensive
system of smaller linear and circular accelerators, called the LHC accelerator complex, in
which the protons are pre-accelerated before being injected into the LHC ring. In the LHC
two beams of protons travel in opposite directions and are brought to collide at 4 different
interaction points. These interaction points are where the four main experiments are located.
The LHC has had two main periods of operation at increasingly higher energies. In Run 1
protons were collided with a centre of mass energy /s = 7 TeV in 2011 and /s = 8 TeV in
2012. After a shutdown of three years operations resumed in 2015 for Run 2, when protons
were collided at an centre of mass energy of /s = 13 TeV up until 2018, reaching a peak
luminosity of £ = 103 cm=2s7!. In 2022 the LHC is resuming operations, hoping to start
the physics runs in 2023.

The four main experiments at the LHC are ATLAS[54], CMS[55], ALICE[56] and LHCb|[1§].
The ATLAS and CMS detectors are general-purpose detectors, originally designed for the

1 An event is a collision that can be seen by the LHCb detector
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Figure 4.1: A schematic view of the accelerator complex at CERN.

discovery of the Higgs particle. They are both barrel-shaped detectors built around the in-
teraction point. Their current focus is, among many other topics, studying the properties of
the Higgs boson and direct searches for BSM particles. The ALICE experiment focuses on
the study of the quark gluon plasma (QGP) in heavy-ion collisions. Just like ATLAS and
CMS, it is a barrel-shaped detector built around the interaction point.

The LHCb experiment was built to perform high precision measurements of the decays
of b- and c-hadrons. It is specialised in the measurement of rare decays and CP-violation,
the asymmetry between matter and anti-matter. In contrast to ATLAS, CMS and ALICE
it is not a barrel-shaped detector built around the interaction point. It is a forward-facing
detector built at one side of the interaction point.

4.2 LHCDb

The LHCb experiment[18], built at point 8 of the LHC, is a forward-facing spectrometer
covering a pseudorapidity range of 2 < n < 5, where 7 is defined as:

0

— —log — 4.1
7 08 3 (4.1)
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Figure 4.2: An overview of the LHCb detector with all its subdetectors in the y-z plane at x
= 0. It also shows the scale of the detector. Figure taken from [18§].

with 0 being the polar angle. The reason for this forward-facing design is that beauty hadrons
are predominantly formed in forward-backward region at the LHC[1§]. Many of the subde-
tectors of the LHCDb experiment are designed with the specific physics goals in mind. A
key feature of b- and c-hadrons is a secondary decay vertex displaced from the primary pp
collision vertex. Since b- and c-hadrons often decay via the weak interaction their lifetimes
are relatively long. In order to find these secondary vertices and to track charged particles
close to the interaction point the Vertex Locator (VELO) was designed. Further tracking
of charged particles is done in the Tracker Turicensis (TT), Inner Tracker (IT) and Outer
Tracker (OT). Besides tracking charged particles, particle identification (PID) is a crucial
aspect of the LHCb detector.

In order to separate signal from background it is important to be able to distinguish between
different particle types with high precision. In LHCb the PID is performed by two Ring
Imaging Cherenkov (RICH1 and RICH2) detectors, the calorimeters and the muon stations.
The energy deposited by the photons, electrons and hadrons is measured in the electronic
and hadronic calorimeters. A schematic overview of the LHCb experiment with all its sub-
detectors can be found in Figlf.2] Although the LHC can deliver higher luminosities, the
LHCb experiment was designed to operate at a luminosity of £ = 2 - 103 cm~2s7!. This
corresponds to around one visible pp collision per two bunch-crossings.
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Figure 4.3: (top) A schematic of the VELO in the x-z plane at y = 0. It shows the opening
angles at which a particle produced at the interaction point passes through at least three
stations (390 mrad) and through the maximum number of stations (15 mrad). (bottom) A
view of the VELO in fully closed and fully open position. Figure taken from [18].

4.2.1 VELO

The VELO[18, [57] is a silicon tracker surrounding the interaction point. It consists of two
sets of half-circular silicon strip modules perpendicular to the beam-pipe (z-direction), 21 on
each side. Each module is able to measure the distance to the beampipe (r) and the angle
(¢). The VELO can be used the extract precise information on the position of the primary
and secondary vertex which is crucial for background rejection. In Fig. a schematic
overview of the VELO is given.

4.2.2 Tracking detectors

Besides the VELO, LHCb has three additional tracking detectors, the T'T, IT and OT. The
TT|18, |58, [59] is a large area silicon detector consisting of four modules, located after RICH,
before the dipole magnet. It improves the momentum resolution and it is important for the
reconstruction of long-lived particles like the A-baryon and the K?. Modules 2 and 3 are
rotated with an angle of 5° and —5° respectively. This makes the detector sensitive to the
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Figure 4.4: A schematic of the Tracking stations T1, T2 and T3. The rotated orientation of
the second and third layer of each station can be seen. Figure adapted from .

y-coordinate as well.

After the TT the particles pass through the LHCb magnet. The LHCb magnet is a
warm dipole magnet and it provides a magnetic field of 4 Tm. The polarity of the magnet
is periodically reversed during data taking. The magnetic field curves particles of opposite
charge in opposite directions. Asymmetries in detectors downstream of the magnet will lead
to asymmetries in the detection of particles and anti-particles. Reversing the polarity of the
magnet can resolve these effects if there is an equal amount of data of both polarities. The
curvature of the charged particles is used to determine the momentum of the particles with
great precision.

The IT[18, and OT[18| are combined in three tracking stations downstream of
the magnet called T1, T2 and T3. The IT modules are, same as the TT modules, silicon
microstrip detectors and are located closest to the beampipe. Around IT are the OT modules
which cover the outer part of the T-station area. The OT is a gaseous straw-tube detector
consisting of 5 mm wide tubes. Charged particles passing through one of these tubes ionise the
gas inside the tube. The position where each charged particle passed through the detector
can be determined using the drift time of the electrons through the tube. Each tracking
station consists of 4 layers. A schematic of the three tracking stations is given in Fig. 4.4
Similar to the TT modules, in each station layers 2 and 3 are rotated at a an angle of 5° and
—5° respectively to provide information on the y-coordinate.
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Figure 4.5: (left)The segmentation of the SPD, PS and ECAL. (right) The segmentation of
the HCAL. Figure from .

4.2.3 RICH

Within LHCb, particle identification of charged particles is performed by the two RICH de-
tectors, next to the calorimeters and the muon stations which will be discussed afterwards.
The RICH detectors are Ring Imaging Cherenkov detectors and use, as the name
implies, Cherenkov radiation to identify a charged particle. A charged particle travelling
through a medium at a velocity higher than the speed of light in that medium emits radi-
ation in the form of light. The angle with respect to the direction of motion at which the
photons are emitted is determined by the velocity of the charged particle. This information
can be combined with the momentum estimate from the tracking detectors to calculate the
mass of said particle.

There are two RICH detectors in LHCb, RICH1 and RICH2, both covering a different
momentum range. RICHI is located in between the VELO and the T'T covering a momentum
range of 2 to 60 GeV/c. RICH2 is located downstream of the tracking stations before the
calorimeters covering a momentum range of 15 to 100 GeV/c.

4.2.4 Calorimeters

The LHCDb calorimeter systems, , positioned downstream from the RICH 2 detector,
consist of four elements: a scintillating pad detector (SPD), the pre-shower detectors (PS),
an electronic calorimeter (ECAL) and hadronic calorimeter (HCAL). The main goal of the
calorimeter system is to measure the energy deposition of different particle types and identify
them. The scintillating pad detector and the pre-shower both consist of scintillating pads
and have a 15mm thick sheet of lead between them. They have been designed to improve
the separation of photons, electrons and hadrons and are mainly used for the first level of
the trigger system.

The ECAL has been designed to measure the energy of photons, electrons and 7 hadrons.
It consists of alternating slabs of lead and scintillating pads, containing 25 radiation lengths
to capture the full shower of highly energetic photons. Since the particle density increases
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Figure 4.6: (left) A side view of the muon stations of the LHCb detector. (right) The four
regions of the muon station in one quadrant. Figure adapted from .

close to the beampipe the ECAL is divided into three segments, with a higher density of
readout cells closer to the beampipe. The SPD and PS have the same design.

The final part of the calorimeter system of LHCb is the HCAL. The HCAL has alternating
layers of iron and scintillators containing 5.6 radiation lengths and it absorbs most of the
hadronic showers, providing information on their energy. In contrast to the SPD, PS and
ECAL the HCAL consists of only two segments. The layout of the different parts of the
calorimeter system is illustrated in Fig. [4.5

4.2.5 Muon Stations

The LHCb muon detector[18] [62] consists of 5 stations (M1-M5). Since muons hardly interact
in the calorimeters 4 of the 5 muon stations (M2-M5) are located after the calorimeter system
while M1 is located between RICH2 and the calorimeter system, as can be seen in Fig[4.6]
Between the muon stations M2-Mb additional slabs of iron are placed to further reduce
the hadronic background. Due to these additional iron slabs the minimum momentum of
the muon to be detected must be 6 GeV/c. All the muon stations consist of multi-wire
proportional chambers (MWPC), except for the part of M1 closest to the beampipe. This
part consists of triple gas electron multiplier (GEM) detectors. The MWPC’s and GEM
detectors are based on the same physics principles as the OT, however their design is different.
Each station consists of four regions, increasing in size further away from the beampipe to
retain similar particle density. These regions are shown in Fig. [£.6]
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Figure 4.7: An overview of the upgraded LHCb detector in the y-z plane at x = 0. It also
shows the scale of the detector. Figure taken from .

4.3 LHCDb upgrade

During the long shutdown 2 (LS2) from 2019-2022 the LHCb experiment has received multi-
ple upgrades to transform the experiment into a more general-purpose detector in the forward
direction. Besides this, the read-out frequency of the LHCb detector will be increased
from 1 MHz to 40 MHz. To be able to deal with the increased luminosity substantial changes
have been made to some subdetectors, while some detector only required minor upgrades.
The VELO, TT, OT, UT, RICH, SPD and PS have all been upgraded or replaced. The
magnet remained completely unchanged while the calorimeters and muon stations have re-
ceived minor changes or upgrades. An overview of the upgraded LHCb detector can be found
in Fig. [£7 The trigger systems have received a drastic upgraded as well, but that will be
discussed in the next chapter.

4.3.1 VELO upgrade

The silicon detectors inside the VELO have been completely redesigned and replaced. This
upgrade is covered in detail in . I will give the main points here. The new VELO consists
of 26 stations, consisting of two L-shaped modules of hybrid pixel detectors. The new modules
can be placed closer to the beampipe and the amount of material used is decreased drastically
as well. The upgraded VELO can handle higher luminosities up to £ = 2 - 103 cm 2571,
The readout electronics have been upgraded as well to accommodate for the upgraded trigger
system.
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4.3.2 Tracking upgrade

The tracking systems have received major upgrades in LS2. These upgrades are described in
detail in [66]. Below I will give a short summary of the main points.

Upstream tracker

In LS2 the TT and tracking stations (IT and OT) were replaced by two new tracking de-
tectors. The tracking detector before the magnet, the TT in Run 1 and 2, is replaced by
the new upstream tracker (UT). The UT detector is a new silicon micro-strip detector with
increased granularity. Like the T'T, it is composed of 4 planes with the two middle planes
placed at a an angle of £5°, however the acceptance is increased with respect to the TT.

Scintillating fibre tracker

The three T-stations are replaced by a new detector based on scintillating thin fibres, the
SciFi detector. While the T-stations consisted of two separate detectors, the I'T and OT,
the new downstream tracking will be done by the SciFi only. The general design of the
SciF1i is very similar to the T-stations. It consists of 3 stations with 4 detection layers each.
The middle two layers are again placed at an angle of £5°. Each detection layer is divided
vertically into 12 modules and each module consists of 6 layers of scintillating fibres close to
the beampipe and 5 layers everywhere else.

4.3.3 Particle identification

In LS2 the particle identification systems of the LHCb detector have received multiple up-
grades. These upgrades are described in detail in [67]. T will give a short summary of the
upgrades below.

RICH upgrade

The RICH detectors have been upgraded as well, although the changes are smaller compared
to the VELO and the tracking system. The layout of the two RICH detectors remains the
same. RICHI has received modifications to its optical system and a specific part used in
Run 1 and 2 has been removed. Both RICH detectors have upgraded photon detectors and
electronics to be able to operate at the increased luminosity.

Calorimeter

The calorimeter system has been simplified in the upgrade by removing the SPD and PS
detectors. Their main purpose was in the first level of the trigger system, the hardware
trigger L0, which has been removed in the upgrade. This will be covered in more detail in
the next chapter. The electronics of the ECAL and HCAL have been redesigned and rebuilt
completely.
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Muon stations

Since the luminosity in future runs will be significantly higher, the particle density in the
detectors will increase as well. As a result of this increase the M1 station of the muon system
has been removed, since it cannot cope with the increased particle flux. Additional shielding
is placed after the HCAL around the beampipe in front of M2 to reduce particle flux in
that region, which is expected to be high. Similarly to the other subdetectors the readout
electronics has been redesigned and replaced to accommodate for the higher luminosity.
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Chapter 5

LHCDb trigger system

During the data-taking the trigger system is responsible for filtering the amount of informa-
tion saved by the LHCb experiment and making sure potential interesting events are selected.
The LHCb trigger system uses information from all subdetectors to decide which events to
save. The trigger system reduces the initial collision rate from the order of 10 MHz (30 MHz
in Run 3) to a couple of KHz which can be saved to the disks. Just as the LHCb detector
itself the trigger system has received a major upgrade during LLS2. In this chapter the trigger
system during Run 1 and 2 will be discussed, as well as the system during Run 3.

5.1 Run 1 and 2

In Run 1[68] and Run 2[69] the LHCDb trigger system consisted of two separate layers, a
hardware trigger (L0) and a software trigger (High Level Trigger). The LO reduced the rate
from the order of 10 MHz to 1 MHz using information from the calorimeters and the muon
stations. The High Level Trigger (HLT) reduced the rate further to around 5 KHz in Run 1
and 12,5 KHz in Run 2.

5.1.1 Hardware trigger

The hardware trigger L0 consists of three separate triggers: the calorimeter trigger, the muon
trigger and the pile-up trigger. The pile-up trigger is used to help determine the luminosity
and not for selecting potential physics events, therefor this trigger will not be considered in
this chapter. The calorimeter trigger makes use of information from the entire calorimeter
system to select events with particles that have a high transverse energy. Based on the sig-
nal a particle leaves in each part of the calorimeter system the L0 trigger has the ability to
distinguish between electrons, photons or hadrons. For each particle type there is a separate
transverse energy threshold needed to activate the L0 trigger.

The muon trigger uses information from only the muon stations to trigger on events contain-
ing one or more muons. The muon trigger searches for straight lines in each quadrant of the
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Figure 5.1: A schematic view of the LHCD trigger system during Run 1 (left) and Run 2
(right). 70}

muon detector pointing back to the collision vertex in the y —z planeﬂ and selects tracks with
the highest and second highest pr. Then a decision is made if one track meets the minimum
pr requirement or if the product of the two transverse momenta is large enough.

These four different triggers stages reduce the event rate to around 1 MHz. The events pass-
ing the hardware triggers are sent to the software trigger, HL'T, which will further reduce the
event rate. The L0 trigger remained the same in Run 1 and Run 2, except for the transverse
energy thresholds in the calorimeter trigger.

5.1.2 Software trigger

HLT consists of two consecutive layers, HLT1 and HLT2, and it is run on a farm of multi-
processors PCs called the Event Filter Farm (EFF). In HLT1 a partial event reconstruction
is run to reduce the rate far enough so that a full event reconstruction can be run in HLT?2.
Both HLT1 and HLT2 work with a concept known as trigger lines. Trigger lines are a set of
selection criteria based on information from the (partially) reconstructed event that an event
must meet to pass the trigger. The combination of the L0 trigger with the HLT trigger lines

!The LHCb magnet does not bend particles in the y — z plane since the strength of the magnet in the
y — z plane is negligible.
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form a unique combination that has its own Trigger Configuration Key (TCK). The TCK is
saved for each event that passes the trigger. The general structure of the HLT is the same in
Run 1 and Run 2, up to some minor differences. At first HLT in Run 1 will be covered and
afterwards the changes in Run 2 will be discussed.

Run 1

As mentioned before a partial event reconstruction was run in HLT1, making use of the
information from the VELO, TT, tracking stations and muon stations. Information from
the VELO was used to find the mean position of the interaction vertex in the x — y plane,
which was already done during the LHC fill. Vertices close to this mean position, i.e. within
300um, from which at least five tracks originate were considered as primary vertices. In
HLT1 selections were made based on the impact parameter (IP)E] and on the quality of the
track. For muon candidates passing the L0 a search was performed to find VELO tracks
that, combined with hits from the muon stations, form a muon candidate with a minimum
track momentum of 6GeV /c. For candidate tracks, selected by either their IP or as a muon
candidate, a search was performed for further hits in the T-stations, based on a minimum
(transverse) momentum. FEach candidate track was then fitted and the quality of the fit
was determined. The quality of the HLT1 reconstruction was sufficient to place cuts on IP,
momentum and mass of the charged particle that left the track. HLT1 reduced the rate from
1 MHz to 43 kHz.

In HLT2 a more complete event reconstruction was run using information from all subde-
tectors, however it was still simplified compared to the full offline reconstruction. A forward
reconstruction algorithm was run starting from the VELO tracks. Due to the limited comput-
ing time per event the PID information from RICH could not be used. Muons and electrons
could be identified using information from the muon stations and the ECAL respectively. The
output of HLT2 can roughly be divided into three categories: inclusive topological trigger
lines, exclusive trigger lines and muon trigger lines. Topological trigger lines are designed to
trigger on partially reconstructed b-hadron decays, provided they have at least two charged
particles in the final state. Exclusive trigger lines are designed to trigger on specific, fully re-
constructed decays. Finally muon trigger lines are designed to trigger on events with muons.
HLT2 reduced the event rate from 43 kHz to 5kHz which could be written away to the data
storage. The full trigger scheme can be found in Figure [5.1]

Run 2

For Run 2 a number of changes were made both to HLT1 and HLT2[69]. The main change
in HLT1 was that next to hits in VELO, T-stations and muons stations hits from the TT
were used as well to perform track reconstruction. In contrast with Run 1, during Run 2 a
full event reconstruction was run in HLT2. This is performed in three main steps: the track
reconstruction of charged particles, the reconstruction of neutral particles and PID. In Run
2 again a mixture of inclusive and exclusive trigger lines were used, but due to improvements
in the software a higher event rate could be written away to data storage.

2The impact parameter is distance of closest approach between a reconstructed track and the true origin
of the particle.
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Figure 5.2: A schematic view of the LHCb trigger system during Run 3[70].

5.2 Run 3: Online software trigger

During L.S2 the LHCb detector was upgraded to run at a higher luminosity and therefore to
read out the detector at a higher event frequency. In order to achieve this the LHCDb trigger
system was upgraded as well[71]. The decision was made to remove the L0 hardware trigger
and implement a full online software trigger, making it possible to read out the detector a 30
MHz event rate. The trigger system will only consist of HLT1 and HLT2. This means HLT1
has to be able to process at a 30 times higher event rate during Run 3 compared to Run 1
and Run 2.

To be able to run at this high event rate the high level trigger needed to be redesigned.
Two options for the full software trigger were considered by the LHCb collaboration: A
homogeneous system where both HLT1 and HLT2 are run on CPUs and a hybrid system
where HLT1 will be run on GPUs and HLT2 will be run on CPUs[72|. The performance of
both solutions were studied in detail including a cost-benefit assessment. It was decided to
implement the hybrid HLT for Run 3 based on this study.

Running HLT1 on GPUs means that the entire software has to be redesigned. The new
software for the HLT'1 is encompassed in the Allen project |[73]. Within the new HLT'1 design
trigger decisions will be made with information from the tracking detectors and the muon
stations. In HLT2 a full online event reconstruction will be performed. The amount of data
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that can be stored on disk will increase with one order of magnitude. Similarly as in Run 1
and Run 2 a collection of inclusive and exclusive trigger lines will be used. A schematic of
the trigger scheme to be used in Run 3 can be found in Fig. [5.2
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Chapter 6

Analysis of B<S> — 74 in Run 2 and
Run 3

The LHCD collaboration has performed a search for B — 7p in the Run 1 data and the
current limit is set on B < 4.2 x 1072 at the 95% confidence leve]E][ZQ]. As mentioned in the
introduction certain NP models could shift the branching fraction of this decay from 107>*
in the SM up to even 107°, which would be in the range of the LHCb detector. Setting
a stricter limit on this decay would impact the allowed parameter space of these NP mod-
els and finding this decay would be a direct proof of new physics beyond the Standard Model.

In this thesis preparations will be made for this search in Run 2 and Run 3. Similarly
to the previous analysis the focus will be on decays where the 7 decays hadronically via
7 — wtr 7wt v,.. This decay mode has a smaller branching fraction than its decay to a p and
Yy, 17.39 £ 0.04% versus 9.02 £ 0.05%[74], but the two neutrinos in this decay mode make
it very complicated to reconstruct the TEI The missing momentum from the tau-neutrino in
the hadronic decay can be reconstructed analytically, as will be discussed in this chapter.
For this reason only this decay channel is considered.

In order to gather more data containing potential B,y — 74 events an exclusive HLT2 trigger
line will be written for Run 3. This trigger line will enable the collaboration to gather more
data containing potential interesting events, in addition to the additional data due to the
increased luminosity.

A start will be made on the analysis of the Run 2 data, searching for this decay in the data
gathered from 2015 to 2018. At first an overview of the main steps of the analysis will be
given. Due to time constraints the analysis could not be performed in its entirety. The parts
of the analysis that have been executed will be covered in more detail in this chapter as
well. These parts are the study of potential A, backgrounds with RapidSim, the analytic
reconstruction of the B(,)-mass due to the missing neutrino and the invariant mass fit on the
normalisation channel MC simulation samples}

!This is under the assumption there is no contribution from B° decays.

2Neutrinos cannot be detected in the LHCb detector.

3Throughout the rest of the thesis Monte Carlo simulation samples will simply be referred to as MC
samples.
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Figure 6.1: Different track types for charged particles, as defined in LHCb. Figure taken
from [75].

6.1 Writing an HLT2 trigger lines for B, — Tpu

A major part of this thesis was the design of an exclusive HLT2 trigger line for B, — Tpu
events, where the 7 decays hadronically to three pions and a 7-neutrino. As explained in the
previous chapter the LHCb trigger systems works with the concept of trigger lines. A trigger
line is a combination of selection criteria that an event must pass in order for the event to
be either passed on to the next trigger level or for the event to be saved. In HLT2 a full
event reconstruction is run. This means one can make a selection on all information from the
detector. In this section, after covering the basic structure of the code, an overview will be
given on the selection criteria that are used an what they are based on, namely the efficiency
and rate of the trigger line.

6.1.1 Structure of the code

All trigger lines of the LHCb collaboration live in a software project called Moore[76]. The
trigger line for B(y) — 7u is only one of the hundreds of lines. For a large collaboration it
is important that the software is well-organised and that there is as little redundancy in the
code as possible. To ensure the same structure an similar selection criteria are used within
similar analyses the different physics working groupd’] within LHCb share much of the code.
The code for a trigger line essentially consists of two separate type of files: builders and lines.

4Within LHCb working groups are divided according to the topic of the physics analyses. As an example,
there is a rare decay and a charm working group focusing on analyses of rare decays and charmed decays
respectively.
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There are several layers of builder files. In the first basic builder files the information
from the full event reconstruction is retrieved, in which the particles have already been iden-
tified, to create general particle objects without any selection criteria. There is distinction
however in types of track (upstream, downstream or long, see Fig. [6.1)), RICH signal for
hadrons and bremsstrahlung-reconstruction for electrons. These builder files are used by all
working groups. The next layer of builders is working group specific. For our trigger line
the builders from the rare decays (rd) working group will be used. In the next builder file
the rd-specific particle objects are created by passing these particles through a filter that
places loose cuts on properties such as momentum, PID and impact parameter. The final
layer of builder files are again a set of filters posing more strict, often event-specific cuts on
the particle objects. In addition to stricter selection criteria this layer of builder files is also
the place where unstable particles in the decay are created. This is done by combining the
particle objects and placing requirements on the combination of the decay products such as
the distance of closest approach (DOCA) of the tracks. As an example: in the builder file
for our specific decay the B(,)-meson is built by combining a muon and a tau.

The second type of files are the files containing the trigger lines. In these files a trigger
line is built for each specific decay. The particle objects are built using the functions from
the builder files and passed to the HLT2-line builder function, which is universal for all
HLT2-trigger lines. Once the code for the different lines is built they have to be tested and
optimised on their rate and efficiency.

6.1.2 Efficiencies and rates

In a perfect world the trigger line would fire on all the By — 74 events in the detector
and not fire on any other event. Sadly we do not live in a perfect world so the cuts in the
trigger line have to be implemented in such a way that it triggers on as many signal events as
possible, without triggering on other events. This last part is crucial since there is a limited
amount of bandwidth for each trigger line due to the overall limitation on the amount of
data that can be stored to disk.

The efficiency of our trigger line has to be optimised to fire on as much signal as possible. This
is done by using a dedicated MC sample and checking how many events pass the requirements.
Additional tests are performed to check if there is no clear bias within the trigger selection
requirements.

To study the efficiency dedicated MC samples are produced with upgrade conditions for
both magnet polarities. For each polarity the trigger line is run over 20000 events to study
a potential bias in magnet polarity. Afterwards the ratio of the events that could have
been reconstructed and the events on which the trigger line fired are studied to see how the
reconstruction efficiency behaves as a function of pseudorapidity and transverse momentum.
To test the rate the trigger line is run over a minimum bias sample, which is a sample
containing a random mix of processes as one would have in real unfiltered data. The rate
over this minimum bias sample is indicative for the rate of the line when used during data
taking. As mentioned before the rate cannot be too large. In the optimisation of the selection
criteria the rate over the minimum bias sample is leading.
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6.2 An overview of the B, — 7u analysis workflow

The search for By — 7(— 777~ 77w, )u consists of multiple steps. In this section the workflow
of this analysis will be discussed, which will be largely the same as the previous analysis[22].
The goal of this analysis is to search for the decay By — 7p and either set a limit on its
branching ratio if no events are found or to determine the branching ratio if some events are
found. The branching ratio is determined using a normalisation channel. The normalisation
channel for B, — 7y will be B — D~(— K*r 7~ )r". The reason for this normalisation
channel is two-fold: it is a decay with a relatively high branching ratio and its decay topology
is very similar to the By — 7 decay. The branching ratio is given by

B(B, — Ty) = oo™ . N8, (6.1)

norm

where the normalisation factor « is given by

norm [0 B (BO — D_(_> K+7T—7T—)7T+) €g—pr 1
o = .
IB, B(r — ntn—nty,) €B_yry INTO

(6.2)

In the normalisation factor the hadronisation fraction of the b-quark into either a B° or
a B, meson, the efficiencies of selections and reconstruction of both decays, the branching
fraction the normalisation channel and the fact that only one decay channel of the 7-lepton
is considered are all taken into account. Now the reason for using a normalisation channel
becomes apparent as well. Since the final branching fraction is calculated using a ratio with
the normalisation channel (almost) all systematic uncertainties due to the detector cancel out.

The first step of the analysis, after choosing the event samples including trigger and strip-
ping requirements, is to perform the event reconstruction. The neutrino from the hadronic
7 decay is not observed by the LHCb detector. However, since information on the position
of the 7-decay vertex is available one can analytically reconstruct the missing information,
up to a two-fold ambiguity. This will be shown explicitly later on in this chapter. Once the
B(s)-mass is reconstructed a signal region is defined using the Monte-Carlo data. This signal
region will be blinded, or covered up, throughout the analysis until the analysis strategy is
final, unblinding only for the final measurement. This is done to prevent human biases.
The next step in the analysis will be the entanglement of signal and background events. As in
many analyses one wants to remove as much background as possible while retaining as many
signal events as possible. Background will be removed offline in a couple of steps. First a
pre-selection will be made via a set of cuts using parameters that are effective in vetoing po-
tential dangerous backgrounds and via a Boosted Decision Tree (BDT)[77] based on isolation
variables. After the pre-selection the data will be filtered further in two more steps. First
another BDT will be trained to remove combinatorial background contributions and finally a
cut will be placed on the 7 decay time to remove some specific partially reconstructed back-
grounds. In the previous analysis BDTs were used, however many more Machine Learning
algorithms could be used to achieve the same goal. For the normalisation channel the offline
selection procedure will be a bit more straightforward. A selection of cuts will be applied
offline after which the invariant mass distribution will be fitted. The efficiencies of both the
signal and normalisation channel will be determined using a combination of Monte Carlo and
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data-driven methods.

After all the selection processes a final BDT will be built to divide the final sample into
bins with different signal-to-background ratios. A simultaneous fit of the invariant mass
distributionE] will performed in all BDT bins. If, in accordance with the SM, no signal events
are found a new limit will be set on the branching ratio of the B,y — 7 decay using the
CLs method[7§].

6.3 Studying A, backgrounds with RapidSim

In this analysis it is crucial to control all potential background sources, since it is a search
for a very rare decay. Many of the potential backgrounds will have a higher branching ratio
and could easily overshadow a potential signal. Studying backgrounds using full detector
simulations can be quite time consuming and some potential background channels might have
a negligible impact. Therefore potential background sources are often first studied using a
program that can produce events with similar kinematic properties and mass resolutions as
in a full detector simulation. Based on this pre-study a decision can be made on whether to
study this potential background source in more detail or not.

In this analysis a brief study of a new potential background source for the B,y — 7u decay
was performed using RapidSim: decays of the A)-baryon. This analysis is a new addition to
the Run 1 strategy.

6.3.1 RapidSim

RapidSim[79] is a fast Monte Carlo generator for the phase space decay of beauty and charm
quark hadrons. It is able to produce millions of events in a few seconds, with similar mo-
mentum spectra, efficiency shapes and mass resolutions as obtained from a full detector
simulation. RapidSim is based on the ROOT software package|80| and it utilises the TGen-
PhaseSpace class to perform the fast simulations. The kinematic properties of the events
are calculated using FONLL (fixed order next-to-leading log)[81] calculations. Events are
generated with the kinematic properties as if they were produced in pp collisions at the LHC
and are within the geometric acceptance of the LHCb-detector.

Next to studying the invariant mass shape and kinematic properties of heavy-quark hadron
decays it is also possible to study the invariant mass shape of partially reconstructed decays.

6.3.2 Potential background channels

To form a potential background source the decay products of the AY-baryon should contain
the same final state particles as in the By — (7 — 37, )u decay. A list of the considered
decay channels can be found in Table [6.1] All the decays will be partially reconstructed
decays, not reconstructing the decay products of the AY decaying into pr~ or n7®. Events of

5An invariant mass distribution shows the number of candidates with a certain invariant mass. If some
particle decay is successfully extracted from the data, there will be a peak in the invariant mass distribution
at the combined mass of the decay products.
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Table 6.1: The different decay channels considered in the RapidSim simulations. In all cases
the decays were partially reconstructed, not reconstructing the A° decay products.

Channel Decay Branching Ratio
1 A > (A 5 A p)rta 2.70 % 104
2 A = (Af = Artnnh)u o, 7.52 %1074
3 Ao (A7 5 A p ) o atr ), 6.77 % 1075
4 A} — (A = Antn 7)) (7 — pw ow,)0, 1.31 %1074
5 A} = (AF = An )t o, 2.43 x 107*
6 A = (A =5 A7) nt (17 = wow,)u;, 4.23%107°
7 A) = (AF = Antn— 7)) (Dy — pv,) 2.20 % 107°
8 A = (AF = ANntn 7)) (Dy = (77 = W vuvr)vy) 3.93 % 107°
9 A, > (A7 = KN w,)(DF = mraat) 4.16 % 10°°
10 A, — (A7 5> A pp)(DF > (7r > rta 7 w)y,) 2.02% 1078

the different channels were produced according to their branching ratio and their cumulative
invariant mass shape will be studied. Misidentified A)-decays are not taken into account
since their branching ratio would be heavily suppressed, considering the PID efficiency of the
LHCb detector.

6.3.3 Selection criteria

To see if the partially reconstructed A)-baryon decays can be a significant source of back-
ground the invariant mass shape of the events is studied. Several kinematic cuts are applied
to the momenta, mass and (misidentified) tau vertex. These cuts are the same as in the
previous B(sy — 7u analysis[22]. In Table an overview of all the applied cuts can be
found. It is important to note that in some decay channels the 7 decays leptonically and not
hadronically. In these cases, e.g. decay 4, the cuts on the tau are applied to the A} and not
on the leptonically decaying tau. The reason for this is that in this case the Af-decay pro-
duces the 7-like signal and the 7 produces the p-signal. For all decay channels it is checked
that the cuts are applied to the correct particles.

6.4 Analytic B(,-mass reconstruction

One of the difficulties of studying the B — 7p decay resides in the reconstruction of the
7, which always contains at least one neutrind®} Since neutrinos cannot be detected by
the LHCDb detector there will be some missing energy due to the missing neutrinos when
reconstructing the 7-lepton, and therefor in the reconstruction of the B )-meson. As a result
the visible invariant mass of the B(,-meson will not peak at the true B(,-meson mass. It is
determined using only the information of the three n’s from the hadronic 7 decay and the

6This is the case at least within the Standard Model. There are BSM theories for LEV 7-decays but these
will not be considered here.
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Table 6.2: The applied kinematic cuts to the partially reconstructed A, decays

Particle type Cut

Ay pr > 6000 MeV/c
M € [2000, 7000] MV /c?
Mo < 10000
pr(p+ 3m) > 2500 MeV /¢
T pr > 1000 MeV/c
1 daughter with pr > 800 MeV /¢
M € [400,2100] MeV/c?
Vertex distance p € [0.1,7] mm
Vertex distance z < 5 mm

T p > 2000 MeV /¢
pr > 250 MeV/c
i p > 6000 MeV /¢

pr > 1000 MeV/c

muon. However, due to the three 7’s the 7 decay vertex can be reconstructed. This piece of
information together with the position of the primary vertex provides enough information to
perform an analytic reconstruction of the missing neutrino momentum and therefor the true
B(s)-meson mass, up to a two-fold ambiguity. In this section this analytic reconstruction will
be performed.

6.4.1 Constraints and assumptions

The missing neutrino momentum and the By, decay vertex (Vz), both unknown a priori,
will be expressed in terms of the primary vertex (PV'), m-vertex (V;), the 3 — 7 4-momentum
(Ps;) and the muon 4-momentum (P,), which all are measured experimentally. Based on
the decay topology a closed set of equations can be constructed and solved for the neutrino
momentum (P, ). To make life a bit easier a convenient frame of reference is chosen, based on
the decay plane. The decay plane is defined by the flight direction of the B,)-meson (7 B)
given by the PV and the Vp, and the y-momentum. The frame of reference, denoted by i ik,
is defined such that ¢ is in the p-direction, ; lies in the decay plane and k is orthogonal to
the decay plane. This decay plane and corresponding frame of reference is depicted in Fig.
6.2 The set of equations based on the constraints of the decay topology are the following:

e The components of the 3m-momentum and v,-momentum outside the decay plane are
equal and opposite:

e The B decay vertex Vp is along the p flight direction. Let U, be a position on the
muon trajectory:
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Figure 6.2: The decay plane of B, — 7u given by the B(,)-meson flight direction and the p
momentum.

B,A(U,—Vz)=0
‘f<’f 3) ’ (6.4)
P, (Ul + V) =0.

e The B(y-meson momentum will be in the direction defined by the PV and Vp once the
neutrino momentum is taken into account:

P A (Vg — PV) =0,

o | B | (6.5)
(e +20) (Vg = PV') = (P + 0, +9,) (Vg — PV7) =0,

e The 7 momentum will be in the direction defined by Vz and V, once the neutrino
momentum is taken into account:

—

PNV, =Vg)=0,
i i J J J j i i (6.6)
(P3r +2),) (V7 = Vi) — (03 +10) (V7 = V) = 0.
e There is 4-momentum conservation at the 7 decay vertex V,:
P.— P, — P, =0, (6.7)

which can be rewritten using P,P* = M?, E* = p® + M? and M, = 0. This gives the
last equation of our system of equations:

(M? — M3) — piopl, — phapl — il

DN | —
e
o
co
SN—

- \/M:ir +péi+p§3r+p’§i\/p,€2 +pi 4Pl =0
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These equations form a closed system of equations that can be solved for the neutrino
momentum. From Equation one can find the k-component of the p, and from Equation
one finds Vé. Both Equation and Equation can be written as V5 = ... which
allows us to eliminate V}; as unknown as well. This leads to the following expression:

(e +7)) V= V7)) _ pysi L (Bt +1]) (Vi — PVi)
(P2 + 1) (P3- + 1)

From this equation one can find the j component of the neutrino momentum in terms of

p’, and known quantities:

v+

(6.9)

PL= e [, (Vi = PVI) = gl (VI = PV?) 45, (Vi = PVY)] —pe (6.10)
(Vi— PV7) z

We are left with one last unknown, p?, and one last equation, Equation . If the expressions
for p& and pJ, are plugged into Equation one can find a solution for p’. In this last step the
two-fold ambiguity comes around the corner, since one ends up with a quadratic equation
of the form Ap? + Bpi + C = 0 which will have two solutions. Using these solutions an
expression for p/, can be found as a function of known observables. At this point the neutrino
momentum has been reconstructed. The final step of the reconstruction is determining the
B(s)-meson mass, which is found from conservation of 4-momentum at the B,-vertex:

PB:Pp+P37T+PV7

2
Mp = (\/M:?w + P2+ Pl P52+ \/ME + P2+ pl + P2 + /M2 +pi?> (6.11)

2

i i i\2 j j
— (P + 0, +0.)" — (b + 1)
One of the requirements of this reconstruction is that the discriminant of the quadratic

solution is positive. If the discriminant is positive two masses can be studied, M} and M,
corresponding to the two neutrino momentum solutions.

6.5 Normalisation channel mass fit

One of the steps that will be performed in preparation of the analysis is the invariant mass
fit on the Monte Carlo data of the normalisation channel, B — D~ (— KTn 7 )r". Be-
fore performing the mass fit selection criteria were applied on the MC data. These selection
criteria correspond to the strippingﬂ requirements and offline selections used in the previous
analysis. The applied selection criteria can be found in Table for the stripping require-
ments and in Table for the offline selection requirements. The selection criteria are based
on the decay kinematics, such as the DIRAE and quality of the reconstructed tracks, such as
impact parameter 2.

"Stripping is the pre-selection that is applied to reconstructed data, before the data is used in an analysis.
8The DIRA is defined as the cosine of the angle between the momentum and flight direction of the particle.
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Table 6.3: The stripping requirements for the normalisation channel B® — D~ (—
K*n~n )n™ as implemented in the stripping lines StrippingB2XTau v21 and v21rl.

Particle type Cut

B pr > 5000 MeV /¢
M € [2000, 7000] MeV /c?
Flight Distance y? < 4000
Impact parameter x? < 200
Flight Distance < 35mm
D pr > 1000 MeV /c
1 daughter with pr > 800 MeV /c
M € [1750, 2080] MeV /c?
DIRA > 0.99
ORIVX x? < 16
mand K p > 2000 MeV/c
pr > 250 MeV/c
P 2 > 16
Track x? per DOF < 3
Track Ghost Prob < 0.3
s ProbNNpi > 0.55
K PIDK > -5

Table 6.4: The offline selection requirement applied to the normalisation channel B —
D~ (= Ktr—n ).

Particle type Cut

B° pr > 5050 MeV /¢
Endvertex x%2 < 5
Flight distance from PV > 2
Lifetime y? < 10
D M € [1850,1900] MeV /c?
Endvertex y? < 6
Flight distance x? from OWNPV > 200
Original vertex x? < 5
K from D  PIDK> 15
pr > 750 MeV /c
7 from D Min IP> 0.2

Once the selection criteria are applied to the MC data the invariant mass distribution will
be fitted. Our aim is to perform all fits in python using the zfit model fitting library, which
is based on TensforFlow[82]. It is a python oriented alternative for the ROOT based RooFit
library[83]. The signal will be modelled using a double sided crystal ball (DSCB) PDF. A
DSCB is a Gaussian PDF in the centre with, potentially different, exponential tails on both

77



CHAPTER 6. ANALYSIS OF B(s) — 7u IN RUN 2 AND RUN 3

sides. The DSCB PDF is given by:

Ap - (BL — I_;g)—n,;) for x_;g < —qy,
(z—p)?
fes(x, ap,np, p,0,0p,np, N) =N - ¢~ 202 , for oy < % < ap (6.12)

Ar-(Br— =)™, for =F > ap,

o 2
where Ap p = (ﬁ)"ﬂR . e*% and Bpp = Zig — |az r|. The yield is given by the
normalisation of the PDF, N. The point where the DSCB goes from the exponential tail
to the Gaussian is given by ay and the point where it goes back into the exponential tail
is given by ag. The Gaussian width and mean are given by o and p respectively, while the

invariant mass is given by .
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Chapter 7

Results

In the previous chapter the experimental methods of the analyses performed in this thesis
were discussed. In this chapter the results of those analyses will be presented. The same order
will be followed as before. At first the results for the HLT2 trigger line will be presented,
followed by the study of the potential A, backgrounds with RapidSim. Next the results of
the analytic reconstruction of the B-meson mass will be presented. Finally the results of the
invariant mass fit on the normalisation channel Monte Carlo will be covered. The chapter
will end with a section discussing the results.

7.1 HLT2 trigger Line

The results for the HLT2 trigger line consists of two main components as mentioned before:
the efficiency and the rate. At first the set of selection criteria used for our trigger line
will be discussed. Then the efficiency and rate results will be presented. In addition to the
B(s) — Tu trigger line, a trigger line for the B, — Te decay was written as well on request
from the collaboration. Since no dedicated MC samples existed for this decay only the rate
of this line was considered.

7.1.1 Selection criteria

The trigger line consists of several steps each with its own selection criteria. These selection
criteria are the results of a process of optimising the efficiency while keeping the rate of the
lines in control. First of all a search is performed on a 7 decaying hadronically. Cuts are
placed on the 7 transverse momenta, PID, 7 mass, position of the 7-vertex and the y? of
the impact parameter reconstruction. For the p the selection is based on the (transverse)
momentum, PID and again on the y? of the impact parameter reconstruction. Finally cuts
are placed on the 7 — i vertex distance, impact parameter, the DIRA and the B, mass. In
Table an overview of all selection criteria is given.

For the B,y — Te trigger line the same selection criteria were used as in the B, — 7 line,
except for the PID requirements. The PID requirement for the electron is tighter in order to
control the rate of the trigger line.
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Table 7.1: The selection criteria for in the HLT?2 trigger line designed to select By — 71
and B, — Te events.

Particle type Cut

B, M € 2500, 6000] MV /c?
IP x* w.r.t. PV € [3,35]
DIRA > 0.99
FD y? > 80

T pr > 1000 MeV/c

1 daughter with pr > 800 MeV/c
M € [600,2100] MeV/c?
IP x? wr.t. PV > 12.
Vertex distance p € [0.05, 8] mm
Vertex distance z > 2 mm
T one 7 with pr > 750 MeV /¢
pr > 250 MeV/c
PIDg < 0.
0 p > 2000 MeV /c
pr > 500 MeV/c
PID, > 2.
IP x? w.r.t. PV > 5.
e p > 2000 MeV /¢
pr > 500 MeV/c
PID, > 3.
IP-x? w.r.t. PV > 5.

7.1.2 Efficiencies

The efficiency of the B, — 7 line was tested on dedicated Monte Carlo samples, one for
each magnet polarity. For each polarity a sample of 20000 events was used. The efficiency
for a positive magnet polarity (mag up) is 3.4 + 0.2%. For a negative magnet polarity (mag
down) the efficiency is 3.9 + 0.1%. This efficiency is calculated with respect to all events in
the MC sample, some of which fall outside the detector geometry. Based on this analysis
there is a small polarity bias, in favour of a negative magnet polarity.

In addition to studying the overall efficiency of the trigger line the efficiency of the trigger line
as a function of transverse momentum and pseudorapidity is studied as well. The efficiency
distributions are studied separately for the 7, © and B-meson. The efficiency is calculated
with respect to reconstructible signal events, i.e. the signal events inside the detector geom-
etry. The distributions are normalised to the yields in order to more clearly visualise the
differences in shape between the triggered and reconstructible events. For this reason the
efficiency ratios are normalised to 1. These distributions and their ratios are presented in
Figure [7.1]

It can be seen that the efficiencies for all three particle types are not flat as a function of the
transverse momentum and pseudorapidity. When considering the trigger efficiency as a
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Figure 7.1: The normalised yields of the triggered events over the reconstructible events
and their ratio as a function of pseudorapidity (left) and transverse momentum (right) for
the Bg-meson (top), 7 (middle) and p (bottom). The distributions have been normalised to
their respective yields to compare the shapes of the distributions between the reconstructible
events and triggered events.
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function of the pseudorapidity one can see that the efficiency is largest in the centre of
the detector. The efficiency shape as a function of pseudorapidity is similar for all three
particle types. The efficiency distribution as a function of the transverse momentum also
no difference can be observed between the three particle types. The distribution of the
transverse momentum itself however is different for the p’s on one hand and the 7’s and
Bg-mesons on the other hand at low transverse momentum. This is to be expected due to
the mass differences. The B,-meson and the 7 are much heavier than the muons, leading to
a different pr spectrum.

7.1.3 Rates

Although the efficiency of the trigger line is more interesting from a physics perspective, the
trigger rates of the two HLT2 lines were leading in designing the lines. The trigger rates
of both the B,y — 7p and the B(,) — Te trigger lines were tested using an HLT1 filtered
minimum bias sample. The output rates of both trigger lines is 0.0769 + 0.07kHz.

This trigger rate is acceptable for a very rare decay trigger line. Both trigger lines were
checked by experts of the LHCb collaboration and are now incorporated into the LHCb
trigger software. They will be used in the data-taking in Run 3 to collect data that can be
used in future searches for these decays.

7.2 A, background

The next step in the analysis is a study of potential A, decays entering as a background
component in the analysis. A total of 300000 A, events were generated using RapidSim
divided over the 10 decay channels, reported in Table [6.1] taking their relative branching
fractions into account. As discussed in the previous chapter the events are generated assuming
a partially reconstructed decay where the A-baryon is not reconstructed.

In the top of Figure the cumulative mass distribution can be found. It can already be
seen that a large part of the mass distribution falls outside of the B and B, search window
and no clear mass peak can be seen. Once the kinematic cuts from Table are applied the
number of events reduces drastically from around 300000 events to a bit over 6000 events,
which is a reduction of a factor 50. This reduction in events is only due to the kinematic
selection criteria. In a full detector simulation one can apply more sophisticated cuts on track
properties and fit quality, utilising parameters such as the impact parameter and DIRA. The
expectation is that these cuts will fully remove the contribution of partially reconstructed A,
decays. Therefore it is unnecessary to perform a full detector simulation for these decays.

7.3 Analytic B-mass reconstruction

The analytic reconstruction of the missing neutrino momentum and the B-meson mass is
performed as discussed in the previous chapter. The reconstruction was performed on the
2017 and 2018 B(s) — 7 Monte-Carlo data, both separated by magnet polarity. Each of the
four samples contains around 200000 events. At first the visible B-mass can be seen in Figure
for both magnet polarities in the 2018 MC data. It is clear that the visible mass does not

82



CHAPTER 7. RESULTS

& —T T I T T T T I T T T T I T T T T I T T T T I T T—
— [ Background Channel 1 -
B — [ Background Channel 2 7
-9 6000 — @ Background Channel 3 -
e — [ Background Channel 4 -
% — @ Background Channel 5 7
(@] - [ Background Channel 6 -
5000 — [ Background Channel 7 -
— [ Background Channel 8 T
- @ Background Channel 9 -
— @ Background Channel 10 -
4000 — -
3000 — -
2000 — —
1000 [— —
0 _ 1 1 I 1 I_
1 2 3 4 5
m(ty) (GeV/ch2)
8 T T I T T T T I T T T T I T T T T
[ Background Channel 1
*C_D' [ Background Channel 2
-9 120 @ Background Channel 3
© [ Background Channel 4
% @ Background Channel 5
(@] [ Background Channel 6

[ Background Channel 7
[ Background Channel 8
@ Background Channel 9
@ Background Channel 10

100

80

60

m(Tu) (GeV/c"Z)5

Figure 7.2: (Top) The invariant mass spectrum of the reconstructed 7 — p signal, generated
with RapidSim before (top) and after (bottom) applying the kinematic cuts. The decay
channels corresponding to the numbers in the legend can be found in Table

peak at the B-meson mass, which is due to the missing neutrino. This missing energy shifts
the visible mass towards lower masses. In Figure the results for the reconstructed mass
are shown for both the plus and the minus solution and for both magnet polarities, again for
the 2018 MC data. The mass peak is clearly shifted towards the B-meson mass. The results
of the reconstruction for the 2017 Monte Carlo data can be found in Appendix B.

During the reconstruction of the neutrino momentum, the quadratic formula is applied to
find the plus and minus solution for the momentum. However, one requirement when using
this formula is that the discriminant is positive. For a fraction of the events the discriminant
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Figure 7.3: The visible B-meson mass of the 2018 B,y — 7/ Monte Carlo sample for positive
magnet polarity (left) and negative magnet polarity (right). The visible mass distribution
does not peak at the B-meson mass, as is expected due to the missing neutrino.
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Figure 7.4: The reconstructed B-meson mass of the 2018 B,y — 7u Monte Carlo sample
for positive magnet polarity (left) and negative magnet polarity (right). The figures on the
top show the plus solution for the neutrino momentum reconstruction and the figures on the
bottom show the minus solution.
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Figure 7.5: B — D~ (— K™n 7 )7 2018 Monte Carlo invariant mass fit using a DSCB
PDF.

is calculated to be negative, preventing the reconstruction of the neutrino momentum. The
reconstruction efficiencies, i.e. the percentage of events with a positive discriminant, are
calculated to be (65.9 +0.4)% for the 2018 magnet up sample and (65.8 +0.4)% for the 2018
magnet down sample. For the 2017 Monte Carlo sample the reconstruction efficiencies are
(66.1 + 0.3)% for the magnet up sample and (65.9 & 0.3)% for the magnet down sample.

7.4 Invariant mass fit of normalisation channel MC

An invariant mass fit was performed on the 2018 Monte-Carlo signal sample of the normali-
sation channel B® — D~ (— KTn~ 7~ )n using zfit. At first the selection criteria from Table
and Table are applied to the full sample. Then the signal is fitted to a double sided
crystal ball PDF. The equation for the DSCB can be found in Eq. The results of this
fit are presented in Fig. and the fitted values of the DSCB parameters can be found in
Table As can be seen from Fig. the invariant mass distribution is well described by
the DSCB in blue. The largest pull from the fit is around 20 and it fluctuates around 0,
indicating that the DSCB PDF describes the invariant mass shape well.
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Table 7.2: The results for the DSCB parameters from the invariant mass fit of the normali-
sation channel 2018 MC sample.

Parameter Value

N 60100 4 245

[ 5281.00 = 0.08
o 15.95 4 0.10
ar, 1.382 & 0.040
ny, 143.2 4 453.8
aR 1.626 4 0.042
ngp 153.5 + 217.5

7.5 Discussion

The trigger lines for both B, — 7u and B(,) — 7e have been incorporated in the LHCb
software and will gather data for future searches in Run 3. Although it would have been
possible to further fine tune the selection criteria used in the trigger lines, time was a limiting
factor since the trigger lines had to be ready in time to be used in Run 3. In addition, the
selection criteria of the lines were chosen to be similar to the criteria used in other rare decay
trigger lines, so deviating too much from these criteria would not have been possible.

At the moment of writing this thesis the analysis of the search for By — 74 in Run 2
is still ongoing. Parts of the analysis have been prepared and performed, as presented in
the sections above. However, some of these steps can still be improved upon. The offline
selection criteria applied to the normalisation channel were not determined ourselves, but
taken from the previous analysis. Improvements could be made by studying and optimis-
ing these selection criteria, since the optimal cuts might differ between Run 1 and Run 2 data.

The main limitation for us in this analysis was time. The entire analysis had to be built
up from scratch and all dedicated MC samples for both signal and background had to be re-
quested from the collaboration. The only MC sample readily available was the normalisation
channel MC. Nevertheless a good start was made and many of the main components, such
as the invariant mass fit and B-mass reconstruction, have been written and are ready to be
used in the analysis.
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Chapter 8

Conclusion and outlook

In this chapter the main results of the research conducted in this thesis will be summarised,
followed by some comments on potential future research that can be done based on this work.
In both sections first the theoretical topics are covered, before discussing the experimental
studies.

8.1 Conclusion

The 4321-model containing a vector leptoquark was explored, presenting the calculations
of the massive gauge boson spectrum and the interaction Lagrangian in detail. This was
followed by an overview of the flavour structure of the model. Finally the contributions of
the 4321-model to the LFV B — 7u decay are discussed. It was shown that the con-
tribution of the vector leptoquark to the branching fraction of this decay is approximately
B~ (1.140.09) x 107°.

After these calculation a minimal solution to the flavour anomalies, consisting of the addi-
tion of a scalar leptoquark and a charged scalar to the SM, was considered. A y2-fit was
performed on the couplings of these new scalar particles to the SM particles. It was found
that if these particles are added to the SM the experimental data is described better than
with solely the SM, with a difference of Ax? = 68.88. In addition the allowed parameter
space of the model was studied within a certain fit quality. These results were also mapped
back to the observables and compared to the SM and experimental values.

In preparation of future experimental searches for the B,y — (7 — mmnv, ) decay with
LHCb an HLT2 trigger line was written for Run 3. The efficiency of this trigger line is
3.4 + 0.2% for a positive magnet polarity and 3.9 + 0.1% for a negative magnet polarity.
In addition an HLT2 trigger line for B,y — 7e decays was written. Both lines have been
incorporated into the LHCb software and will be used during Run 3 data taking.

A start was made with the search of B,y — 7 in the Run 2 data. It is shown using RapidSim
that partially reconstructed A, decays pose no threat as potential background sources. In
addition the analytic reconstruction of the neutrino momentum is performed an applied to
the 2017 and 2018 B,y — 71 Monte Carlo sample. This reconstruction can performed with
an efficiency of (65.9 £ 0.4)% for the 2018 magnet up sample and (65.8 + 0.4)% for the 2018
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magnet down sample. For the 2017 Monte Carlo sample the reconstruction efficiencies are
(66.140.3)% for the magnet up sample and (65.9+0.3)% for the magnet down sample. Finally
the invariant mass distribution of the normalisation channel B® — D~ (— KTn~ 7 )7+ 2018
Monte Carlo is fitted using zfit.

8.2 Outlook

One of the next steps on the theory side, if one were to continue the work done in this thesis,
would be to further deepen our understanding of the 4321-model. Understanding the flavour
structure of the model and its implications on the B — 7p decay will prove insightful. If
the model is better understood one could also see if there are adaptions one could make to the
model in order to find contributions to more of the flavour anomalies. Another interesting
analysis would be to perform a similar study as presented in Chapter 3, but using the 4321-
model instead of this minimal model. This would require to calculate the contributions of
the 4321-model components to desired observables in terms of the model parameters. Once
this is done the framework of the analysis presented in this thesis can be used to perform the
analysis.

On the experimental side it is more clear what the next step would be: continue the
analysis. There is still a lot of work that needs to be done before the analysis of Run 2 data
is complete, like the background rejection with BDT's or a similar ML technique and the final
fit of the invariant mass distribution. With the Run 2 analysis the limit on the branching
fraction of B,y — Tp can be tightened further, which in turn helps constrain potential BSM
theories. In addition there is also a future for this analysis, and potentially the search for
B(s) — Te, in Run 3 thanks to the HLT?2 trigger lines that have been written. These trigger
lines will increase the number of event candidates that the LHCb experiment will gather,
allowing us to keep on tightening the limit on the branching fraction or even allowing us to
observe one of the decays.

The field of flavour physics in general is an exciting field to be working in currently. The
hints of new physics seen in the flavour anomalies will, hopefully, transform into clear signs
of NP with the new data runs of the LHC experiments and also Belle II. The possibility
still exists that the flavour anomalies are due to statistical fluctuations and the new signs of
physics will disappear. Nevertheless, whatever future results will be, studies of BSM models
and searches for LE'V decays like B, — 7 will aid in the understanding of the world of
physics and that in itself makes it important to continue research in these fields.
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: SU(4) generators

Appendix A

The generators of the SU(4) group in the fundamental representation:

~
—
\JOOOQ_U
— —_ o oo -
o o o
coco oo -~ N oo oo | o=
coc oo
oo o o cococo D000 OO O
oo o
- coco D00 WO OO
o oo
cCo—-o~N_ T cooco —m
—o o0 OO0 oo — | N~ 17_%
I — | (o]
— | — | 9T I I
I al 9
o © ~ &~
&~ ~ -~ ~
oo oo
coGYo @722 oo T o
cCooco oo oo _ _
coc oo
co oo e oo o oo o=
| @ <@ < oo
‘e == oo oo
| @99 cocooco coc oo
~— L oo oo
O OO OO O o™ ~ >
1[ — |
— | — |
| ! I - I
0 <t
? 2 ~ = &
~ &~
~
— —
cooco Jjooo
cCooco ocoocooc o e =
S
cecmc o o @O O OO0 0 oo O
—HO0O 00 COoO00 OO0 w0 PP oo
OO0 OCoOHO oo o PP Qoo
— N — e — — —
I [ [ . I
(o) [ap]
~ ~ &~ ~ ~

95



Appendix B: Analytic B-mass
reconstruction

In this appendix the results of the analytic B-mass reconstruction for the 2017 By — 7p
Monte Carlo sample are presented. The reconstruction efficiency is (66.1 + 0.3)% for the
magnet up sample and (65.9 £ 0.3)% for the magnet down sample.
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Figure 8.1: The visible B-meson mass of the 2017 B,y — 7/ Monte Carlo sample for positive
magnet polarity (left) and negative magnet polarity (right). The visible mass distribution
does not peak at the B-meson mass, as is expected due to the missing neutrino.
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Figure 8.2: The reconstructed B-meson mass of the 2017 B,y — 7u Monte Carlo sample
for positive magnet polarity (left) and negative magnet polarity (right). The figures on the
top show the plus solution for the neutrino momentum reconstruction and the figures on the
bottom show the minus solution.
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Samenvatting voor niet
natuurkundigen

Alles om ons heen bestaat uit hele kleine deeltjes genaamd atomen. Van de tafel waar je aan
zit tot de lucht om je heen. Deze atomen kunnen aan elkaar gekoppeld worden tot moleculen,
die samen grote en complexe structuren kunnen vormen: vloeistoffen, kristallen, eiwitten,
cellen, bomen, dieren en ga zo maar door. Uiteindelijk is alles om ons heen te herleiden tot
deze atomen. Lange tijd werd gedacht dat deze atomen de aller kleinste deeltjes in de natuur
waren, zogenaamde fundamentele deeltjes, die niet verder op te splitsen zijn. Aan het einde
van de negentiende eeuw werd duidelijk dat dit niet het geval was met de ontdekking van het
elektron: het eerste echte fundamentele deeltje. Een atoom bleek te bestaan uit een positief
geladen atoomkern met negatief geladen elektronen daaromheen. Na deze ontdekking werd
het langzaamaan, in de eerste helft van de twintigste eeuw, duidelijk hoe deze atomen in
elkaar zaten. De positief geladen atoomkern bleek te bestaan uit positief geladen deeltjes,
genaamd protonen, en elektrisch neutrale deeltjes, genaamd neutronen. Deze protonen en
neutronen bleken op hun beurt uit nog kleinere deeltjes te bestaan, genaamd quarks. Deze
quarks zijn, net als elektronen, fundamentele deeltjes.

Natuurkunde is de wetenschap die probeert de regels te ontdekken waar de niet-levende
natuur zich aan houdt. Dit maakt natuurkunde een hele brede wetenschap die op te delen is
in veel verschillende categorién. Voorbeelden hiervan zijn onderzoek naar hoe zwaartekracht
werkt of hoe een magneet werkt? Onderzoek naar het weer, waarom is de lucht blauw
en radioactiviteit vallen onder de natuurkunde. De tak van natuurkunde waar deze scriptie
binnen valt is de deeltjesfysica. In de deeltjesfysica proberen we het gedrag van fundamentele
deeltjes, zoals quarks en elektronen, te beschrijven. Het blijkt dat we vrij goed in staat zijn
dit gedrag te beschrijven. In de twintigste eeuw is hier veel onderzoek naar gedaan, met als
resultaat het Standaard Model voor de deeltjesfysica (SM). Het Standaard Model is een van
de meest succesvolle theorién in de natuurkunde.

Het Standaard Model van de deeltjesfysica

Het Standaard Model beschrijft alle fundamentele deeltjes en hoe zij met elkaar praten,
ookwel hun interacties genoemd. De deeltjes in het SM kunnen grofweg in tweeén worden
opgedeeld: materie deeltjes en interactie deeltjes. Als twee deeltjes een interactie met elkaar
aangaan gebeurt dit altijd via een ander fundamenteel deeltje. Er zijn drie soort interacties,
of krachten, in het SM met ieder hun eigen krachtdragende deeltjes. De meest bekende is de
elektro-magnetische kracht. Het krachtdragende deeltje voor de elektro-magnetische kracht
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Standard Model of Elementary Particles
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Figure 8.3: Alle fundamentele deeltjes in het Standaard Model van de deeltjesfysica.

is het foton, ook wel bekend als het licht-deeltje. Licht bestaat namelijk uit fotonen. De twee
andere krachten in het SM zijn de zwakke wisselwerking en sterke wisselwerking. De zwakke
wisselwerking wordt gedragen door twee W-bosonen, een is positief geladen en een is negatief
geladen, en een Z—bosonE| De sterke wisselwerking wordt gedragen door deeltjes die gluonen
heten. Er is nog een vijfde krachtdragend deeltje in het SM, namelijk het Higgs deeltje. Dit
is het deeltje wat massa geeft aan de materie deeltjes via het Higgs mechanisme.

Naast de krachtdragende deeltjes zijn er ook 12 soorten materie deeltjes. Deze 12 kunnen
opgedeeld worden in 6 quarks en 6 leptonen. Elektronen vallen onder deze laatste categorie.
Het elektron heeft ook nog twee zwaardere broertjes: het muon (u) deeltje en het tau (7)
deeltje. Deze gedragen zich in het SM exact hetzelfde als het elektron, buiten dat ze zwaarder
zijn. Naast het elektron, muon en tau zijn er ook nog drie neutrinos (v). Dit zijn massaloze
deeltjes die heel weinig interacties aangaan met de andere materie deeltjes, wat ze erg lastig
te meten maakt. De andere 6 materie deeltjes zijn quarks. Er zijn drie quarks met een
elektrische lading van 2: de up-quark (u), charm-quark (c) en top-quark (¢). De andere
drie quarks, met een elektrische lading van _?1, zijn de down-quark (d), strange-quark (s) en
beauty-quark (b). Deze quarks kunnen gecombineerd worden om zogenaamde sub-atomaire

deeltjes te vormen. Er bestaan twee type sub-atomaire deeltjes: baryonen en mesonen.

'Fundamentele deeltjes hebben een aantal eigenschappen waardoor we ze kunnen onderscheiden. Som-
mige van deze eigenschappen spreken redelijk voor zich, zoals massa en elektrische lading. Een wat minder
duidelijke, maar daarom niet minder belangrijke, eigenschap is de spin van een deeltje. De spin van een
deeltje kan gezien worden als een extra soort lading die een fundamenteel deeltje kan hebben. Heeft een
deeltje een gehele spin, 0, 1, 2, etc, dan is het een boson, Heet het deeltje een halve spin, %, %, %, etc, dan is
het een fermion.
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Baryonen bestaan uit drie quarks en deze zijn we al eerder tegen gekomen. Zowel het proton
als het neutron is namelijk een baryon. Mesonen zijn sub-atomaire deeltjes die uit twee
quarks bestaan. In deze scriptie ligt de focus op B-mesonen. Dit zijn mesonen waar een van
de twee quarks een beauty-quark is. Veel van deze baryonen en alle mesonen zijn instabiele
deeltjes: na een bepaalde, hele korte tijd vervallen ze in andere subatomaire deeltjes. De
enige stabiele deeltjes fundamentele deeltjes zijn elektronen en fotonen. Het enige stabiele
sub-atomaire deeltje is het proton. Om de eigenschappen van deze deeltjes, en daarmee het
SM, te kunnen testen, moeten ze eerst ergens geproduceerd worden en vervolgens ook nog
gedetecteerd worden.Er zijn door de jaren heen veel experimentele opstellingen gebouwd om
het SM te testen. De meest bekende van deze experimenten, die vandaag de dag nog in
gebruik is, is de Large Hadron Collider bij CERN in Geneve.

De Large Hadron Collider en het LHCb experiment

De Large Hadron Collider (LHC) is een grote deeltjesversneller gebouwd onder de grond bij
CERN in Geneve. De LHC bestaat uit een ring met een lengte van 27 kilometer waar in
twee richtingen protonen versneld kunnen worden tot bijna de snelheid van het licht (300.000
kilometer per seconde). Op verschillende punten in deze ring kunnen deze protonen tot bots-
ing gebracht worden. Bij deze botsingen ontstaat een grote hoeveelheid aan fundamentele en

/ /
¥ aear HOAL
/ / SPD/PS
RICH2 M1

Figure 8.4: FEen schematische weergave van de LHCb experiment, een van de vier grote
experimenten bij de LHC.
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sub-atomaire deeltjes, die op hun beurt weer vervallen naar uiteindelijk stabiele deeltjes. Op
de plekken in de ring waar de protonen tot botsing gebracht worden zijn grote detectoren
gebouwd die in staat zijn deze deeltjes te meten en daarmee de eigenschappen van het SM
kunnen toetsen. Deze vier grote detectoren zijn ATLAS, CMS, ALICE en de LHCb detector.
De LHCD detector, waarmee gewerkt is in deze scriptie, is speciaal ontworpen om de eigen-
schappen van sub-atomaire deeltjes te onderzoeken die een b-quark bevatten. Waar ATLAS,
CMS en ALICE gebouwd zijn in de vorm van een vat rondom het botsingspunt is de LHCb
detector aan een kant van het botsingspunt gebouwd. De reden hiervoor is dat de meeste
B-mesonen en -baryonen deze richting op vliegen wanneer ze geproduceerd worden bij een
proton-proton botsing.

Door de jaren heen, de LHC begon met proton-proton botsingen in 2010, zijn er verschillende
periodes zonder botsingen geweest om verbeteringen aan te brengen aan zowel de LHC als de
experimenten. Er zijn tot nu toe 2 lange periodes geweest wanneer er data verzameld werd
door de experimenten, Run 1 van 2010-2013 en Run 2 van 2015-2018. In 2022 is de LHC
weer begonnen met het opstarten van de proton-proton botsingen voor de volgende periode
van data verzamelen, Run 3. Tussen Run 2 en Run 3 zijn er wederom grote verbeteringen
gedaan aan de LHC en de experimenten.

Is er nog meer dan Standaard Model?

Ondanks dat het Standaard Model een erg succesvolle theorie is, veel processen in de deelt-
jesfysica kunnen er nauwkeurig mee beschreven worden, is er altijd de vraag: is er nog meer
natuurkunde voorbij het SM? Er zijn namelijk een aantal vragen waarop het SM geen antwo-
ord heeft. Waarom zijn er precies 6 soorten quarks en 6 soorten leptonen? Uit experimenten
is gebleken dat op zijn minst twee van de drie type neutrino’s een massa hebben, terwijl ze
in het SM massaloos zijn. Naast deze bestaande vragen zijn er de laatste jaren een aantal
metingen gedaan waarbij de uitkomst anders is dan de waarde die verwacht werd op basis
van het Standaard Model. Het komt wel vaker voor dat een meting niet voldoet aan de
verwachtingen uit het SM. Er worden zoveel metingen uitgevoerd dat je puur op basis van
statistiek kan verwachten dat er soms een meting afwijkt. Wat deze specifieke afwijkingen
interessant maakt is dat ze allemaal in dezelfde hoek van de deeltjesfysica zitten, namelijk
in het gedrag van muonen en het verval van B-mesonen. Deze set van afwijkingen wordt
binnen de deeltjesfysica de Flavour anomalies genoemd. Ondanks dat er geen meting bij
zit die zo veel afwijkt van het SM dat het binnen de deeltjesfysica een ontdekking genoemd
Worth]7 hebben deze afwijkingen er wel voor gezorgd dat er meer onderzoek gedaan wordt
naar theorién voorbij het SM die deze afwijkingen zouden kunnen verklaren.

Een van de manieren om het SM uit te breiden is door een nieuw krachtdragend deeltje toe
te voegen die op zijn beurt nieuwe interacties zou toelaten. In deze scriptie is er onderzoek
gedaan naar zo'n nieuw krachtdragend deeltje: de leptoquark. Zoals de naam al een beetje
weggeeft koppelt de leptoquark een lepton direct aan een quark. Dit is een soort interactie
die niet toegestaan is in het SM. Wanneer een leptoquark wordt toegevoegd aan het SM

2Binnen de deeltjesfysica is er de eis dat, om iets een ontdekking te kunnen noemen, er een afwijking moet
zijn van vijf standaarddeviaties. Wat dit inhoudt is dat de kans dat het afwijkende resultaat komt door een
statistische fluctuatie in de data kleiner moet zijn dan 1 op 3.5 miljoen.
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zorgt dit voor een groot aantal nieuwe processen die ineens wel mogelijk zijn. Verder draagt
de leptoquark ook bij aan processen die wel al mogelijk zijn in het SM, maar die met een
leptoquark ineens vaker zouden kunnen gebeuren. Het is belangrijk om te controleren dat,
wanneer we een leptoquark toevoegen, deze niet de voorspellingen die wel overeenkomen
met gemeten waardes verandert. In deze scriptie worden leptoquarks bestudeerd vanuit twee
kanten: theoretische deeltjesfysica en experimentele deeltjesfysica, waarbij een deel van de
focus zal liggen op een process wat alleen kan plaats vinden wanneer er leptoquarks zijn. Dit
proces is het verval van een B-meson naar een tau en een muon: B, — Tu.

Het onderzoek in deze scriptie

Vanuit een theoretisch oogpunt hebben we gekeken naar hoe we een theorie kunnen opbouwen
waarin een leptoquark toegevoegd is aan het standaardmodel. Hier is ook gekeken naar de
voorspellingen van zo'n model voor het B, — 7u verval. Verder hebben we gekeken hoe
een ander model met een leptoquark, er zijn veel verschillende soorten leptoquark die zich
allemaal net anders gedragen, de flavour anomalies kan verklaren en tegelijk consistent kan
zijn met metingen die wel kloppen met het SM. Hierbij hebben we gekeken naar hoe sterk
de koppeling van de leptoquark aan de SM deeltjes moet zijn. Ook hebben we bestudeerd of
het nieuwe model de data beter beschrijft dan het SM.

Aan de experimentele kant hebben we gewerkt aan de meting van het B,y — 7 verval met
het LHCb experiment. Eerst hebben we ervoor gezorgd dat gedurende de volgende data-
verzamelings periode, Run 3, er meer potentieél interessante data opgeslagen wordt voor dit
proces. Dit hebben we gedaan door mee te schrijven aan de software die bepaalt welke data
wel en niet opgeslagen wordt. Hierna hebben we een begin gemaakt aan de zoektocht naar
het B, — 7 verval in de data verzameld gedurende Run 2.

Leptoquarks in de theoretische deeltjesfysica

De natuur gedraagt zich anders bij hoge energién dan bij lage energién. Bij een lage tem-
peratuur (dus weinig energie) verandert water van een vloeistof naar een vaste stof, namelijk
ijs. Bij een hoge temperatuur (dus veel energie) verandert water juist in een gas. Het SM
uit zich ook op andere manieren wanneer we het bestuderen bij hogere energién. Het werd
pas duidelijk bij experimenten waar atomen bij een hoge energie bestudeerd werden dat ze
uit protonen en neutronen bestonden. Toen ze bij nog hogere energién onderzocht werden
bleek dat de protonen en neutronen zelf uit quarks bestonden. Het gedrag van quarks, en
alle andere deeltjes uit het SM verandert wanneer we de energie maar ver genoeg ophogen.
Ook de wiskundige beschrijving van het gedrag verandert mee. Hoe we een theorie of model
op de allerhoogste energién kunnen beschrijven wordt vaak de UV-beschrijving of UV-theorie
genoemd. In deze scriptie hebben we gekeken naar de UV-theorie die leidt tot een specifiek
type leptoquark in het SM. Het model in kwestie is het zogenaamde 4321-model[15].

We zijn gestart vanaf een gezamenlijke beschrijving van het SM en de leptoquark op de hoog-
ste energie. Het doel was om een dusdanige model te bouwen dat, wanneer we de energie
verlagen, we eindigen met het SM zoals we dat kennen met de toevoeging van een leptoquark.
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Figure 8.5: De toegestane waardes voor de koppeling van de leptoquark aan een b-quark en
7-lepton op de horizontale as en de koppeling van de leptoquark aan een s-quark en 7-lepton
op de verticale. De beste waarde voor de koppelingen is de zwarte punt. De groene punten en
gele punten zijn de toegestane afwijkingen binnen een bepaalde foutmarge (1 of 2 standaard
deviaties). Met de gekleurde lijnen zijn verschillende limieten op deze koppelingen op basis
van specifieke processen weergegeven.

We beschrijven deze transitie van hoge naar lage energie en we onderzoeken hoe deze plaats
moet vinden om het gewenste effect te hebben. We hebben gevonden dat, om het juiste
type leptoquark te krijgen in het SM, er ook andere nieuwe deeltjes aan het SM toegevoegd
moeten worden. Vervolgens is er gekeken naar de manier waarop de leptoquark en de andere
nieuwe deeltjes interacties aan gaan met de SM-deeltjes. De precieze interactie-structuur
van de leptoquark die nodig is om een oplossing voor de ”"flavour anomalies” te zijn is ook
bestudeert. Op het einde is er ook berekend in welke mate deze leptoquark bijdraagt aan het
B(s) — T proces.

In de tweede helft van het theoretische onderzoek naar leptoquarks hebben we onderzoek
gedaan naar een andere uitbreiding van het SM. We hebben gekeken naar wat we aan nieuwe
type deeltjes zouden moeten toevoegen aan het SM om de flavour anomalies te kunnen verk-
laren. We hebben hier gekeken naar een minimale oplossing: wat is het minimale aan nieuwe
deeltjes wat we moeten toevoegen om de flavour anomalies te kunnen verklaren? We hebben
een bepaald type leptoquark toegevoegd samen met een geladen higgs-achtig deeltje. Vervol-
gens hebben we de bijdrages van deze nieuwe deeltjes aan verscheidene processen berekend.
Onder deze processen vallen de flavour anomalies, maar ook processen waarvan de SM voor-
spelling overeenkomt met de gemeten waardes. A priori is het niet bekend hoe sterk te
koppeling van de nieuwe deeltjes aan de SM deeltjes is. Er is gekeken naar hoe sterk, of
zwak, deze koppelingen zouden moeten zijn om de data zo goed mogelijk te beschrijven. Uit
deze analyse hebben is een set met beste waardes voor deze koppelingen gekomen. Het ene
proces zet strengere limieten voor bepaalde koppelingen dan andere processen. Er is daarom
ook gekeken naar hoe de individuele processen de waardes voor de koppelingen beperken.
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Tegelijkertijd is er gekeken naar hoeveel er afgeweken kan worden van de beste waarde zon-
der dat de kwaliteit van de beschrijving te veel afneemt. Een voorbeeld hiervan is te zien in
Figuur 8.5 In dit figuur kan je duidelijk zien dat de toegestane waardes van de koppelingen
binnen de foutmarges een combinatie is van de individuele limieten gesteld door de processen.
We hebben ook aangetoond dat dit model de data beter beschrijft dan alleen het SM. Een
van de "nadelen” van dit model is dat het geen meetbare bijdrage levert aan het B,y — 7
proces, waar het model wat we hiervoor bestudeerd hebben dit wel deed.

Experimentele zoektocht naar B, — Tu

Wanneer de LHC protonen laat botsen, gebeurt dit niet met 1 of 2 botsingen per seconde,
maar met miljoenen botsingen per seconde. In heel weinig van deze botsingen vinden de pro-
cessen plaats waar we in geintereseerd zijn. In een ideale wereld zouden we alle informatie
van alle botsingen opslaan en dan later eruit halen wat interessant is. Dit gaat helaas niet.
De hoeveelheid data zou zo groot zijn dat het niet door kabels weg te schrijven is naar harde
schijven. Er moet vlak na een botsing al bepaald worden of deze misschien een interessant
proces bevat en of hij dus wel of niet opgeslagen moet worden. Om deze keuzes te kunnen
maken is er software geschreven die vlak na een botsing kan bepalen of de data wel of niet
interessant is. In deze scriptie is er een stuk software (dit noemen we code) geschreven wat
controleert of er in een botsing een mogelijk B,y — 7 signaal zit. Dit wordt gedaan op basis
van code, die controleert of er een 7 en een muon geproduceerd en waargenomen zijn in de
botsing en of deze ongeveer van dezelfde plek komen. De muonen kunnen direct waargenomen
worden door het LHCb experiment. De tau deeltjes leven niet lang genoeg om ze direct waar
te nemen. Ze vervallen naar drie m-mesonen en een neutrino: 7 — 7wy, Als dit signaal
aanwezig is in de detector wordt de data opgeslagen. Naast de software voor dit proces is
er ook software geschreven voor honderden andere processen. Voor al deze processen kan
tegelijkertijd gecontroleerd worden of de data opgeslagen moet worden. Onze software zal
gebruikt worden bij het verzamelen van data in Run 3.

Er is ook een begin gemaakt met de zoektocht naar het B,y — 7p verval in de data van
Run 2, waarbij we ook specifiek kijken naar processen waar de tau vervalt als 7 — wnmy;,.
Omdat dit proces in het SM niet voorkomt en zelfs met de toevoeging van een leptoquark nog
heel zeldzaam is, is het belangrijk dat we heel goed begrijpen welke processen er mogelijk als
achtergrond aanwezig zijn. Ookwel, van welke processen denken we dat het een B, — 7p
is, maar is het eigenlijk iets anders. Een van de mogelijke achtergrond processen die we
onderzocht hebben is het verval van A, baryonen. Om dit te onderzoeken hebben we deze
vervallen gesimuleerd met een programma genaamd RapidSim. Vervolgens hebben we gedaan
alsof deze data B,y — T data is en op basis daarvan eisen gesteld waaraan het proces moet
voldoen. Nadat we deze eisen gesteld hadden bleef er nauwelijks nog data over, waarop we
konden concluderen dat deze A, baryonen geen potentieel achtergrondsignaal is.

Wat het meten van dit proces extra moeilijk maakt is het feit dat we een 7-lepton in het
verval hebben. De reden dat dit ingewikkeld is, is dat de 7 niet lang leeft en altijd een
neutrino als vervalproduct heeft en dat we neutrino’s niet kunnen meten in onze detector.
Hierdoor mist er altijd een klein stukje informatie. Gelukkig kunnen we de drie m-mesonen
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wel meten in de detector en daarmee het punt waar in de detector de 7 vervalt vinden.
Verder weten we ook waar in de detector de botsing heeft plaatsgenomen. Doordat we
deze twee stukjes informatie tot onze beschikking hebben kan de missende informatie van
de neutrino gereconstrueerd worden. Doordat in eerste instantie de informatie, en dus de
energie, van het neutrino mist is ook de massa van het B-meson wat gemeten is lager dan
dat het daadwerkelijk is. Door het gereconstrueerde neutrino energie te gebruiken kan de
werkelijke B-massa bepaald worden. Dit is getest op gesimuleerde B(,) — 7p data en er is
aangetoond dat de methode die we gebruiken effectief is.
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