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Introduction

Quarks and leptons are the elementary constituents of matter surrounding us. Their inter-

action is possible through the four fundamental forces ruling the universe: the gravitational,

strong, electromagnetic and weak interactions. Besides gravity, interactions among elemen-

tary particles occur through the exchange of force-carrier particles mediating the process

acting as messengers by transmitting four-momentum between the interacting particles. Of-

fering an elegant mathematical framework, the Standard Model encloses the description of

these interactions and the properties of the quarks and leptons.

Since its development in the 1970s, the StandardModel has beenwidely tested and estab-

lished as a self-consistent theory [1]. It has been proven to describe and accurately predict

a wide spectrum of physical phenomena observed in experiments. Despite being the best

current description of nature, the Standard Model still leaves open questions as it fails to

explain several aspects of fundamental nature. Although nature as we know it is mainly

formed by matter, matter and antimatter should have been produced in equal amounts in

the formation of the universe; where did the antimatter go? Why are there three genera-

tions of fundamental particles? What is the relation between the leptons and quarks, the

fundamental components of matter, and why are they di�erent?

Answering these questions will increase our understanding of the inner workings of

nature and shed some light on howmatter originated in the formation of the universe. Some

of the answers might be found beyond the StandardModel through newmodels developed to

give answers to these unexplained phenomena. These New Physics theories are built either

as extensions to the Standard Model or as entirely new theories, such that the Standard

Model would be an approximation at a low energy scale of a bigger picture, similar to the

case of classical and relativistic mechanics.

Our mission as particle physicists is to try to �nd an explanation to these fundamental

questions by constraining or excluding New Physics models or even �nding new particles

and new forces never predicted before. This is the primary purpose of the Large Hadron

Collider (LHC) at CERN, built to collide particles, mainly protons, to produce thousands of

di�erent particles, recreating the conditions of the early universe. These collisions take place

in one of the four detectors located on the LHC ring such that the various particle processes
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Introduction

occurring can be detected and analyzed further to search for New Physics.

Among all the particle processes occurring after the collisions, decays of unstable parti-

cles are very common. These processes consist in the transformation of an unstable particle

into at least two other particles. Particle decays occur through the exchange of virtual parti-

cles thatmediate the decay and can involve several interaction types. Themediating particles

exist for such a short time that their properties are not well-de�ned due to the Heisenberg

uncertainty principle. As a consequence, more massive particles than the decaying ones can

act as mediators of their decays. New heavy particles not predicted by the Standard Model

might enter these decays as mediators, altering, for instance, the rate at which they occur

relative to what is predicted by the Standard Model.

One of such decays is the decay of neutral 𝐵 mesons into two muons, which is the topic

of this dissertation. While muons are elementary particles, in particular leptons, the 𝐵0𝑠 (𝐵
0
)-

hadrons are composite particles formed by the combination of two quark types: a 𝑏-quark

and a 𝑠-quark (𝑑-quark). In the Standard Model, the 𝐵0𝑠 → 𝜇+𝜇− decays are predicted to be

signi�cantly suppressed, and only around 3 out of every billion 𝐵0𝑠 mesons are expected

to decay into two muons. The 𝐵0→ 𝜇+𝜇− is even more suppressed, with only 1 every 10

billion 𝐵0 mesons decaying through this decay mode. Although signi�cantly suppressed in

the Standard Model, new mediating virtual particles can a�ect the decay process, enhancing

or reducing the frequency at which these decays occur. The idea is to measure the rate of

the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays produced in the LHC and compare it to the frequency

predicted by the Standard Model. Finding any disagreement between theory and experiment

would imply the existence of new particles mediating the process, giving a clearer picture

of potential new models or theories.

This dissertation presents the measurement of the 𝐵0𝑠 → 𝜇+𝜇− branching fraction and

the search for 𝐵0→ 𝜇+𝜇− and initial-state radiative 𝐵0𝑠 → 𝜇+𝜇−𝛾 processes using the data

collected in 𝑝𝑝 collision by the LHCb experiment. The theoretical framework describing

these processes, jointly referred to as 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays, is introduced in Chapter 1

where the theoretical motivation for their study is given. Because 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays are
very rare processes, a large amount of data must be studied in order to detect them. For this

reason, the entire dataset gathered by the LHCb experiment from 2011 to 2018 is used in this

analysis. The LHCb is one of the four detectors located in the LHC ring, whose layout and

the di�erent subdetectors forming it are shown in Chapter 2. An overview of the analysis is

presented in Chapter 3 while a detailed explanation can be found in the subsequent chapters.

A review of the statistical concepts and the �nal analysis results are presented in Chapter 7.

In Chapter 8, the results obtained in the analysis are compared with the Standard Model and

combined with other measurements to constrain New Physics models. Finally, an outlook

with a summary of future improvements in the analysis is given in the same chapter.

The 𝐵0𝑠 → 𝜇+𝜇−𝛾 analysis is a collaborative e�ort involving many people in the LHCb
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Introduction

experiment. Although a general overview is given, this manuscript mainly focuses on the

research that was contributed by the author. In particular, the determination of the trigger

e�ciencies and the calibration of the BDT response. The trigger e�ciencies are needed to

correct for the fact that several 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) events do not pass the trigger requirements

and are not stored for further analysis. The evaluation of these e�ciencies is presented

in Sec. 4.2. Since the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays are very rare processes, the sensitivity of the

data sample is maximized by �tting the dimuon invariant mass spectrum in bins of a BDT

classi�er (see Sec. 4.5). To ensure the �t convergence, the fraction of signal events ending

up in each BDT bin must be constrained. The evaluation of these relative signal yields is

determined in the so-called BDT calibration following a procedure detailed in Chapter 5.
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1

1 | Theoretical framework

Decays of𝑏-mesons into two leptons, such as𝐵0(𝑠)→ 𝜇+𝜇− decays, are interesting laboratories

in the search for New Physics scenarios. In the Standard Model, these decays are predicted

to be very rare processes mediated by the weak interaction, presented in Sec. 1.1. They

are �avour-changing neutral current processes that can only take place through so-called

quantum loop transitions, involving corresponding loop and weak interaction suppression

factors. They are also a�ected by the so-called GIM mechanism and helicity suppression,

further decreasing their decay rates.

Another quality that makes the 𝐵0(𝑠)→ 𝜇+𝜇− processes of high interest is the presence

of only leptons in the �nal state, while the hadronic interaction is restricted to the initial

𝑏-hadron. This factorization results in a clean theoretical computation of their branching

fraction, which is performed using an e�ective �eld approach described in Sec. 1.2. Follow-

ing the general expression obtained from the e�ective �eld approach, the Standard Model

prediction is calculated to a high precision level. Consequently, any deviations from themea-

sured branching fraction relative to the Standard Model value will serve as hints of physics

beyond the Standard Model. In order to constrain New Physics models, the 𝐵0(𝑠)→ 𝜇+𝜇−

branching fraction values are generally combined with other complementary measurements

showing deviations from the Standard Model, such as the rare decay measurement involving

𝐵 → 𝐾 (∗)𝑙+𝑙− decays [2].

Photon emission is inevitable in 𝐵0(𝑠)→ 𝜇+𝜇− decays. This photon radiation must be

taken into account when calculating their decay branching fractions as well as in their ex-

perimental measurement. The two types of photon emission in the 𝐵0(𝑠)→ 𝜇+𝜇− processes

are presented in Sec. 1.3. Moreover, the e�ect of neutral 𝐵 meson mixing is also consid-

ered in Sec. 1.4, where the di�erence between the theoretical and experimental approaches

is discussed and their relation presented.

1.1 Standard Model: Weak interaction

The weak interaction is mediated by the𝑊 and 𝑍 bosons, which only couple to left-handed

fermions and right-handed antifermions, resulting in the breaking of parity symmetry [3–5].
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Chapter 1. Theoretical framework

Moreover, processes mediated by the𝑊 ±
bosons cause the quarks to change their �avour

to another type. This process is described in the interaction basis of the quarks with the

charged current lagrangian term

L𝐶𝐶 = − 𝑔
√
2

𝑢𝐼
𝑖𝐿
𝛾𝜇𝑊

−𝜇𝑑 𝐼𝑖𝐿 −
𝑔
√
2

𝑑 𝐼
𝑖𝐿
𝛾𝜇𝑊

+𝜇𝑢𝐼𝑖𝐿 (1.1)

where𝑔 is the coupling constant of weak interaction and𝑢𝐼
𝑖𝐿
(𝑑 𝐼
𝑖𝐿
) stands for the Dirac spinors

of the left-handed up-type (down-type) quarks in the weak interaction basis, denoted by the

superscript 𝐼 . The subscript 𝑖 indicates the three generations. The presence of two terms in

Eq. 1.1 follows from the existence of two di�erent charged currents mediated by oppositely

charged𝑊 bosons: the𝑊 +
and𝑊 −

bosons.

The propagation states of the quarks are di�erent from the interaction basis used in

Eq. 1.1. Quark states acquire mass from their interaction with the Higgs �eld, described

by the Yukawa coupling [6]. From this coupling, a relation between the mass eigenstates,

denoted as𝑑𝑖 and𝑢𝑖 , and the interaction eigenstates, 𝑑
𝐼
𝑗 and𝑢

𝐼
𝑗 , is determined. By convention,

the interaction and mass eigenstates are equal for the up-type quarks and the change of basis

is absorbed by the down-type quarks as [7]

𝑢𝐼𝑖 = 𝑢 𝑗

𝑑 𝐼𝑖 = 𝑉𝐶𝐾𝑀,𝑖 𝑗𝑑 𝑗
(1.2)

where 𝑉𝐶𝐾𝑀,𝑖 𝑗 are the components of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [7]

implementing �avour changing among di�erent quark types in the charged current. To

explicitly show the quark mixing relations, Eq. 1.2 can be written in matrix form as

©­­«
𝑑 𝐼

𝑠𝐼

𝑏𝐼

ª®®¬ =
©­­«
𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏

𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏

𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

ª®®¬
©­­«
𝑑

𝑠

𝑏

ª®®¬ (1.3)

The magnitudes of the CKM matrix elements are determined from the combination of

several experimental measurements resulting in [1]

©­­«
|𝑉𝑢𝑑 | |𝑉𝑢𝑠 | |𝑉𝑢𝑏 |
|𝑉𝑐𝑑 | |𝑉𝑐𝑠 | |𝑉𝑐𝑏 |
|𝑉𝑡𝑑 | |𝑉𝑡𝑠 | |𝑉𝑡𝑏 |

ª®®¬ =
©­­«
0.97401 ± 0.00011 0.22650 ± 0.00048 0.00361+0.00011−0.00009
0.22636 ± 0.00048 0.97320 ± 0.00011 0.04053+0.00083−0.00061
0.00854+0.00023−0.00016 0.03978+0.00082−0.00060 0.999172+0.000024−0.000035

ª®®¬ (1.4)

Since the quark mass eigenstates are the propagation states as observed in nature, the

lagrangian from Eq. 1.1 can be expressed in the mass basis as

L𝐶𝐶 = − 𝑔
√
2

𝑢𝑖𝐿𝑉𝐶𝐾𝑀,𝑖 𝑗𝛾𝜇𝑊
−𝜇𝑑 𝑗𝐿 −

𝑔
√
2

𝑑𝑖𝐿𝛾𝜇𝑉
∗
𝐶𝐾𝑀,𝑖 𝑗𝑊

+𝜇𝑢 𝑗𝐿 (1.5)
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1.1. Standard Model: Weak interaction

such that the lagrangian is expressed in the same basis as the Yukawa coupling, giving rise

to the quark masses. By doing that, the quark mixing is explicitly included in the charged

current Lagrangian.

1.1.1 Suppression of the 𝐵0(𝑠)→ 𝜇+𝜇− decays in the Standard Model

The 𝐵0(𝑠)→ 𝜇+𝜇− process requires the change of �avour between two down-type quarks,

the 𝑑 (𝑠) and the 𝑏 quarks. Such transitions are known as �avour changing neutral currents
(FCNC) because the charge of the two quarks is the same. These transitions are not allowed

at tree level in the Standard Model since neutral currents only occur at tree level by the

exchange of a 𝑍 boson between two same-type quarks. Instead, FCNC processes are only

allowed in the Standard Model through loop transitions involving multiple charge currents;

hence, they are highly suppressed.

Figure 1.1: Standard Model Feynman diagrams of the lowest order contributions to

𝐵0(𝑠)→ 𝜇+𝜇− decays: the penguin diagram (left) and the box diagram (right). A second box

diagram contributes to the process obtained by replacing the𝑊 lines with 𝑢, 𝑐 , 𝑡 lines and

vice versa.

The two main transitions contributing to the FCNC 𝐵0(𝑠)→ 𝜇+𝜇− decays are displayed

in the Feynman diagrams from Fig. 1.1. As with the rest of FCNC transitions, they are sup-

pressed by the loop suppression factor (𝑔/4𝜋)2 ≈ 10
−3

arising from the two additional ver-

tices needed in the process compared to tree-level transitions. At each vertex involving quark

mixing, the corresponding CKMmatrix element is added to the amplitude, further suppress-

ing the 𝐵0(𝑠)→ 𝜇+𝜇− processes, as can be seen from their magnitudes in Eq. 1.4. Moreover,

virtual contributions from all up-type quarks in the loop contribute to the process such that

the decay amplitude includes three terms with relative magnitudes according to:

A(𝐵0(𝑠)→ 𝜇+𝜇−) ∝ 𝑉𝑢𝑞𝑉 ∗
𝑢𝑏

(
1

𝑞2 −𝑚2

𝑢

)
+𝑉𝑐𝑞𝑉 ∗

𝑐𝑏

(
1

𝑞2 −𝑚2

𝑐

)
+𝑉𝑡𝑞𝑉 ∗

𝑡𝑏

(
1

𝑞2 −𝑚2

𝑡

)
(1.6)

Due to the CKM unitarity condition, giving𝑉𝑢𝑞𝑉
∗
𝑢𝑏

+𝑉𝑐𝑞𝑉 ∗
𝑐𝑏
+𝑉𝑡𝑞𝑉 ∗

𝑡𝑏
= 0, the 𝐵0(𝑠)→ 𝜇+𝜇−

processes would be completely forbidden if the masses of the quarks would be the same.

7
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Fortunately, a complete cancellation is avoided thanks to the di�erent masses of the quarks,

a procedure known as the GIM mechanism [8].

Angular momentum conservation adds an additional source of suppression known as he-
licity suppression. The total angular momentum of the 𝐵0(𝑠) mesons is 0 since they are spin-0

particles with no angular momentum in the ground state. Due to angular momentum con-

servation, the total angular momentum of the �nal state must also be zero. This condition

requires the �nal-state muons to have opposite spins and, hence, the same helicity in the

centre of mass frame, as illustrated in Fig. 1.2. However, weak interaction only couples with

left-handed (right-handed) particles (antiparticles), resulting in the muons from the decay

having opposite chirality. Since chirality and helicity are identical in the ultra-relativistic

limit, 𝐵0(𝑠)→ 𝜇+𝜇− decays would be forbidden if muons were massless particles. Although

intimately related, chirality and helicity are not identical for massive particles, lifting the

cancellation of the 𝐵0(𝑠)→ 𝜇+𝜇− process but adding a helicity suppression factor in the am-

plitude of the process of (𝑚𝜇/𝑀𝐵0(𝑠)
)2 ≈ 4 × 10

−4
.

Figure 1.2: Illustration of the 𝐵0(𝑠)→ 𝜇+𝜇− decay in the centre-of-mass frame resulting from

the angular momentum conservation. The direction of the momenta of the muons is shown

in black and their spin in grey. The helicity of the particles depending on the spin and the

momentum are illustrated in the box.

Due to the loop suppression factors, the multiple weak interactions, the GIMmechanism

and the helicity suppression, only 3 out of every billion 𝐵0𝑠 mesons are expected to decay to

two muons in the Standard Model [9]. The number of 𝐵0 decaying to two muons is expected

to be around 1 out of 10 billion 𝐵0 mesons [9].

1.2 E�ective hamiltonian for weak interactions

The energy transfer in 𝐵 meson decays is at the order of the 𝑏-quark mass, much smaller

than the masses of the𝑊 and 𝑍 bosons mediating the decay. As a consequence, the e�ect of

the propagators is negligible in the process such that they are "integrated out" of the theory

and replaced by a four-point interaction containing all the perturbative information of the

8
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process. In this e�ective �eld description [10], theweakmediators are then no longer degrees

of freedom of the theory and the contributions to the 𝐵0(𝑠)→ 𝜇+𝜇− processes are reduced to

a four-point interaction.

Within the e�ective �eld description, the Hamiltonian describing the particle processes

can be separated into two parts: the perturbative e�ects independent of the initial and �-

nal state particles are encoded in the Wilson coe�cients C𝑖 , while the long-distance part

is parametrized with the Wilson operators, O𝑖 . In the case of the 𝐵0(𝑠)→ 𝜇+𝜇− decay, the

e�ective �eld hamiltonian [11] is given by

H𝑒 𝑓 𝑓 = −𝐺𝐹𝛼√
2𝜋

(
𝑉 ∗
𝑡𝑞𝑉𝑡𝑏

∑︁
𝑖

(
C (′)
𝑖

O (′)
𝑖

))
(1.7)

where𝐺𝐹 is the Fermi coupling constant, 𝛼 is the electromagnetic coupling constant and𝑉 ∗
𝑡𝑞

and𝑉𝑡𝑏 the dominating CKM matrix elements present in the 𝐵0(𝑠)→ 𝜇+𝜇− process. Using the

e�ective hamiltonian, the amplitude for the 𝐵0(𝑠)→ 𝜇+𝜇− decays is obtained as

M(𝐵0(𝑠)→ 𝜇+𝜇−) = 〈𝜇+𝜇− |H𝑒 𝑓 𝑓 |𝐵0(𝑠)〉 = −𝐺𝐹𝛼√
2𝜋
𝑉 ∗
𝑡𝑞𝑉𝑡𝑏

∑︁
𝑖

C (′)
𝑖

〈𝜇+𝜇− |O (′)
𝑖
|𝐵0(𝑠)〉 (1.8)

The hadronic and leptonic parts of the 𝐵0(𝑠)→ 𝜇+𝜇− decay are well separated and re-

stricted to the initial and �nal state, respectively. Since there is no direct interaction between

quarks and leptons, the decay amplitude is factorized into the leptonic and hadronic parts

〈𝜇+𝜇− |O (′)
𝑖
|𝐵0(𝑠)〉 = 〈𝜇+𝜇− |O (′)

𝑖,𝑙𝑙
|0〉 〈0|O (′)

𝑖,𝑞𝑞
|𝐵0(𝑠)〉 (1.9)

where O (′)
𝑖,𝑙𝑙

and O (′)
𝑖,𝑞𝑞

are the leptonic and hadronic components of the four-point operator.

This factorization restricts the non-perturbative QCD e�ects to the initial state, allowing for

a clean theoretical computation of the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction.

The speci�c form of the operators results from the combination of all the possible lep-

tonic and hadronic currents de�ned by the theory [11]. Due to the pseudoscalar nature of

the 𝐵0(𝑠) meson, the only operators contributing to the 𝐵0(𝑠)→ 𝜇+𝜇− decay are [12, 13]:

O10 = (𝑞𝛾𝜇𝑃𝐿𝑏) (𝑙𝛾 𝜇𝛾5𝑙) O′
10

= (𝑞𝛾𝜇𝑃𝑅𝑏) (𝑙𝛾 𝜇𝛾5𝑙)
O𝑆 =𝑚𝑏 (𝑞𝑃𝑅𝑏) (𝑙𝑙) O′

𝑆 =𝑚𝑏 (𝑞𝑃𝐿𝑏) (𝑙𝑙) (1.10)

O𝑃 =𝑚𝑏 (𝑞𝑃𝑅𝑏) (𝑙𝛾5𝑙) O′
𝑃 =𝑚𝑏 (𝑞𝑃𝐿𝑏) (𝑙𝛾5𝑙)

where 𝑞 = 𝑠, 𝑑 and 𝑃𝐿 = 1

2
(1 − 𝛾5), 𝑃𝑅 = 1

2
(1 + 𝛾5) are the chirality projectors such that

chirality is �ipped in the primed operators. These operators represent the Lorentz structure

of the mediators contributing to the decay process that was integrated out. The O10 is related

9
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to the axial vector lepton currents, such as the electroweak penguin shown in Fig. 1.1. The

operators O𝑆,𝑃 are (pseudo)-scalar lepton currents as penguin or box diagrams mediated by

(pseudo) scalar particles such as the Higgs or possible contributions from hypothesized new

particles.

1.2.1 Hadronic matrix elements evaluation

The hadronic part of the matrix element related to the four-point operator O10 is split into

two parts:

〈0|O (′)
10,𝑞𝑞

|𝐵0(𝑠)〉 =
1

2

[
〈0|𝑞𝛾 𝜇𝑏 |𝐵0(𝑠)〉 ∓ 〈0|𝑞𝛾 𝜇𝛾5𝑏 |𝐵0(𝑠)〉

]
(1.11)

where the factor of 1/2 and the sign in the second term is given by the chiral projector, such

that it is plus for O′
10,𝑞𝑞 and minus for O10,𝑞𝑞 . Because parity is conserved in the strong inter-

actions, the hadronic matrix elements should result in pseudoscalar or axial vector currents

due to the pseudoscalar nature of the 𝐵0(𝑠) meson. Hence, the �rst term in Eq. 1.11 vanishes as

it is a vector current. The remaining term must be proportional to the 𝐵0(𝑠) four-momentum

since it is the only variable available describing the 𝐵0(𝑠) meson. Non-perturbative e�ects are

included in the decay constant 𝑓𝐵0(𝑠)
such that the hadronic axial current is given by [13]

〈0|O (′)
10,𝑞𝑞

|𝐵0(𝑠)〉 = ∓1
2

〈0|𝑞𝛾 𝜇𝛾5𝑏 |𝐵0(𝑠)〉 = ±𝑖 𝑓𝐵0(𝑠)𝑝
𝜇

(1.12)

The scalar and pseudoscalar hadronic matrix elements are also split into two parts:

〈0|O (′)
𝑆,𝑃,𝑞𝑞

|𝐵0(𝑠)〉 =
𝑚𝑏

2

[
〈0|𝑞𝑏 |𝐵0(𝑠)〉 ± 〈0|𝑞𝛾5𝑏 |𝐵0(𝑠)〉

]
(1.13)

where the𝑚𝑏 factor comes from the de�nition of the scalar and pseudoscalar operators (see

Eq. 1.10), and the factor of 1/2 and the sign in the second term is given by the chiral projector,

such that it is plus for O𝑆,𝑃,𝑞𝑞 and minus for O′
𝑆,𝑃,𝑞𝑞

. The �rst term in Eq. 1.13 vanishes due to

the pseudoscalar nature of the 𝐵0(𝑠) meson. To obtain the second term, Eq. 1.12 is contracted

with the four-momentum of the 𝐵0(𝑠) meson, given by 𝑝𝜇 = 𝑝𝑞,𝜇 + 𝑝𝑏,𝜇 , and using the relation
𝑝𝜇𝑝𝜇 = 𝑀𝐵0(𝑠)

:

〈0|𝑞𝑝𝜇𝛾 𝜇𝛾5𝑏 |𝐵0(𝑠)〉 = 𝑖 𝑓𝐵0(𝑠)𝑀
2

𝐵0(𝑠)

〈0|𝑞𝑝𝑞,𝜇𝛾 𝜇𝛾5𝑏 |𝐵0(𝑠)〉 − 〈0|𝑞𝛾5𝑝𝑏,𝜇𝛾 𝜇𝑏 |𝐵0(𝑠)〉 = 𝑖 𝑓𝐵0(𝑠)𝑀
2

𝐵0(𝑠)

−(𝑚𝑞 +𝑚𝑏) 〈0|𝑞𝛾5𝑏 |𝐵0(𝑠)〉 = 𝑖 𝑓𝐵0(𝑠)𝑀𝐵0(𝑠)

〈0|𝑞𝛾5𝑏 |𝐵0(𝑠)〉 = −𝑖 𝑓𝐵0(𝑠)

𝑀2

𝐵0(𝑠)

𝑚𝑞 +𝑚𝑏

(1.14)

10
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where the the Dirac equations for particles, (𝑝𝜇𝛾 𝜇−𝑚)𝜓 = 0, and antiparticles, (𝑝𝜇𝛾 𝜇+𝑚)𝜓 =

0, have been used. Notice theminus sign included in the second line of the equation, resulting

from the anticommutation properties of the 𝛾 matrices. Combining Eq. 1.13 and Eq. 1.14, the

hadronic scalar and pseudoscalar matrix element is given by

〈0|O (′)
𝑆,𝑃,𝑞𝑞

|𝐵0(𝑠)〉 = ∓𝑖 𝑓𝐵0(𝑠)

𝑀2

𝐵0(𝑠)

2

𝑚𝑏

𝑚𝑞 +𝑚𝑏

(1.15)

1.2.2 Leptonic matrix elements evaluation

The leptonic matrix element for the scalar and pseudoscalar contributions is obtained for the

individual helicities using spinor contraction, resulting in [13]:

〈𝜇+𝜇− |O (′)
𝑆
|0〉 = 〈𝜇+𝜇− |𝑙𝑙 |0〉 = −𝑀𝐵0(𝑠)

√√√
1 − 4

𝑚2

𝜇

𝑀2

𝐵0(𝑠)

〈𝜇+𝜇− |O (′)
𝑃
|0〉 = 〈𝜇+𝜇− |𝑙𝛾5𝑙 |0〉 = 𝜂𝜆𝑀𝐵0(𝑠)

(1.16)

where 𝜂𝜆 indicates the helicity of the two muon spinors, such that it is 𝜂𝜆 = +1 for right-

handed and 𝜂𝜆 = −1 for left-handed spinors.

The leptonicmatrix element forO (′)
10

is contractedwith the hadronic part given in Eq. 1.12.

Due to four-momentum conservation 𝑝𝜇 = 𝑝
𝜇

𝑙
+ 𝑝𝜇

𝑙
and the matrix element for O (′)

10
operator

is given by:

〈𝜇+𝜇− |O (′)
10
|𝐵0(𝑠)〉 = ∓𝑖 𝑓𝐵0(𝑠)𝑝

𝜇 〈𝜇+𝜇− |𝑙𝛾𝜇𝛾5𝑙 |0〉

= ∓𝑖 𝑓𝐵0(𝑠)
(
〈𝜇+𝜇− |𝑙𝑝𝜇

𝑙
𝛾𝜇𝛾5𝑙 |0〉 − 〈𝜇+𝜇− |𝑙𝛾5𝑝𝜇𝑙 𝛾𝜇𝑙 |0〉

)
= ∓2𝑖 𝑓𝐵0(𝑠)𝑚𝜇 〈𝜇+𝜇− |𝑙𝛾5𝑙 |0〉 = ∓2𝑖 𝑓𝐵0(𝑠)𝑚𝜇𝜂𝜆𝑀𝐵0(𝑠)

(1.17)

where the anticommutation property of the Dirac matrices is used in the second line, the

Dirac equation for particles and antiparticles is applied in the last line, and the expression

for the pseudoscalar leptonic matrix element given in Eq. 1.16 is also used.

1.2.3 𝐵0(𝑠)→ 𝜇+𝜇− decay amplitude

The contributions from the operators derived above are combined using the Hamiltonian

from Eq. 1.8 to obtain the matrix element for 𝐵0(𝑠)→ 𝜇+𝜇− decays for independent helicities,

which is given by

11
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M(𝐵0(𝑠) → 𝜇+
𝜆
𝜇−
𝜆
) = − 𝑖 𝐺𝐹𝛼√

2𝜋
𝑓𝐵0(𝑠)

𝑀𝐵0(𝑠)
𝑚𝜇𝑉

∗
𝑡𝑞𝑉𝑡𝑏×{

𝜂𝜆
©­«𝐶10 −𝐶′

10
+
𝑀2

𝐵0(𝑠)

2𝑚𝜇

(
𝑚𝑏

𝑚𝑏 +𝑚𝑞

)
(𝐶𝑃 −𝐶′

𝑃 )
ª®¬+

𝑀2

𝐵0(𝑠)

2𝑚𝜇

√√√
1 −

4𝑚2

𝜇

𝑀2

𝐵0(𝑠)

(
𝑚𝑏

𝑚𝑏 +𝑚𝑞

)
(𝐶𝑆 −𝐶′

𝑆 )
}

(1.18)

The value of theWilson coe�cients contributing to the𝐵0(𝑠)→ 𝜇+𝜇− decays are evaluated

for the StandardModel bymatching the e�ective amplitude with the full StandardModel one

in the low energy region, 𝐸 << 𝑀𝑊 . From this matching, the only non-negligible contribu-

tion to the Standard Model comes from the 𝐶10 coe�cient, given by 𝐶10 = −4.134 [12]. The

𝐶10 term in the decay amplitude is proportional to the muon mass, implying that the decay

would be forbidden if muons were massless particles, re�ecting helicity suppression already

mentioned. The scalar and pseudoscalar contributions do not scale with the muon mass,

illustrating that helicity suppression is lifted in these beyond the Standard Model cases. Al-

though technically the Higgs penguin can contribute to the 𝐵0(𝑠)→ 𝜇+𝜇− process in the Stan-

dard Model, its contribution is highly suppressed due to the Higgs coupling to the muons

being proportional to𝑚𝜇/𝑚𝑊 ≈ 10
−3
. Non-perturbative QCD e�ects are fully enclosed in the

decay constant, 𝑓𝐵0(𝑠)
, and are calculated to high precision using lattice QCD [14], resulting

in a clean computation of the 𝐵0(𝑠)→ 𝜇+𝜇− amplitudes in the Standard Model.

Due to the sensitivity of the 𝐵0(𝑠)→ 𝜇+𝜇− process to New Physics involving scalar, pseu-

doscalar and axial vector contributions, it is common to express the 𝐵0(𝑠)→ 𝜇+𝜇− decay am-

plitude relative to the Standard Model 𝐶𝑆𝑀
10

contribution:

M(𝐵0(𝑠)→ 𝜇+𝜇−) = −𝑖 𝐺𝐹𝛼√
2𝜋

C𝑆𝑀
10
𝑓𝐵0(𝑠)

𝑀𝐵0(𝑠)
𝑚𝜇𝑉

∗
𝑡𝑞𝑉𝑡𝑏 [𝜂𝜆𝑃 + 𝑆] (1.19)

where

𝑃 =
𝐶10 −𝐶′

10

𝐶𝑆𝑀
10

+
𝑀2

𝐵0(𝑠)

2𝑚𝜇

(
𝑚𝑏

𝑚𝑏 +𝑚𝑞

)
𝐶𝑃 −𝐶′

𝑃

𝐶𝑆𝑀
10

𝑆 =

𝑀2

𝐵0(𝑠)

2𝑚𝜇

√√√
1 −

4𝑚2

𝜇

𝑀2

𝐵0(𝑠)

(
𝑚𝑏

𝑚𝑏 +𝑚𝑞

)
𝐶𝑆 −𝐶′

𝑆

𝐶𝑆𝑀
10

(1.20)

with C10 = C𝑆𝑀
10

in the Standard Model such that 𝑃 = 1 and 𝑆 = 0.
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1.3 Radiative corrections

Photon emission takes place in the 𝐵0(𝑠)→ 𝜇+𝜇− process. Two types of emission can be dis-

tinguished depending on the particles emitting the photons. Final-state radiation is emitted

from the �nal-state muons due to bremsstrahlung, from interactions with the detector ma-

terial or from the higher order QED corrections to the Feynman diagram. If photons are

emitted by the initial-state quarks or the decay mediators, such as the𝑊 or 𝑍 bosons, the

photon emission is known as initial-state radiation. Although interference between the two

types is possible, it is found to be negligible for 𝐵0(𝑠)→ 𝜇+𝜇− decays [15]. The magnitude

of the interference contribution is visible in Fig. 1.3, which shows the breakup of the total

𝐵0𝑠 → 𝜇+𝜇−𝛾 spectrum in its components [16]. Two separate regions can be distinguished in

Fig. 1.3 based on the dominant radiation contribution. Due to this clear separation, the two

emission types are treated separately in the 𝐵0(𝑠)→ 𝜇+𝜇− analysis.

Figure 1.3: Breakup of the mass spectrum for 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays with the di�erent com-

ponents: pure ISR (long-dashed line), pure FRS (medium-dashed line), interference between

ISR and FSR (dot-dashed line). The 𝑦-axis corresponds to the di�erential branching fraction

scaled by the total branching fraction. The full spectrum is given in solid blue. Adapted from

Ref. [16].

1.3.1 Initial-State Radiation (ISR)

Initial-state radiation is dominated by hard photonswith relatively largemomenta, becoming

the dominant photon emission at low dimuon invariant mass. When the photon is emitted by

the 𝐵0(𝑠) meson, the helicity suppression is lifted, and the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decay is sensitive
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to di�erent Wilson coe�cients than the 𝐵0(𝑠)→ 𝜇+𝜇− decay, such as the 𝐶7 from the QED

penguin contributions. Therefore, the initial-state radiation should not be included in the

𝐵0(𝑠)→ 𝜇+𝜇− branching fraction as it de facto is a di�erent decay process. In this analysis, the

𝐵0𝑠 → 𝜇+𝜇−𝛾 decay involving only initial-state radiation is treated as an independent signal

component in the dimuon invariant mass spectrum, and its branching fraction assuming

𝑚𝜇+𝜇− > 4.9GeV/𝑐2 is also measured, together with the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− branching

fraction.

1.3.2 Final-State Radiation (FSR)

Photons emitted by the �nal-state muons are generally soft photons. Consequently, �nal-

state radiation is the primary source of photon emission in the high invariant mass region,

closer to the 𝐵0(𝑠)→ 𝜇+𝜇− peaks. The FSR transition is theoretically similar to the 𝐵0(𝑠)→ 𝜇+𝜇−

process in so far that they are sensitive to the same Wilson coe�cients and with the same

decay amplitude. Hence, FSR is an integral part of the 𝐵0(𝑠)→ 𝜇+𝜇− processes and is included

in the measurement of their branching fractions.

From the theoretical approach, the SM prediction of the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction

is evaluated without including such �nal-state radiative contributions [15]. The radiative

branching fraction, including �nal-state radiation with total energy Δ𝐸, can be determined

as [9, 15]:

B𝑝ℎ𝑦𝑠 (Δ𝐸) = B0 × Ω(Δ𝐸) (1.21)

where B0
is the non-radiative branching fraction and Ω(Δ𝐸) is the radiative factor [9] given

by

Ω(Δ𝐸) =
(
2Δ𝐸

𝑀𝐵0(𝑠)

)− 2𝛼𝑒𝑚
𝜋

©­­«1+ln
𝑚2

𝜇

𝑀2

𝐵0(𝑠)

ª®®¬ (1.22)

with 𝛼𝑒𝑚 as the electromagnetic coupling constant, and Δ𝐸 giving the experimental signal

region around the 𝐵0(𝑠) mass peak in terms of the dimuon invariant mass. The fully inclusive

FSR branching fraction has been found to be in agreement with the non-radiative value up

to a 1% correction [9, 15].

From the experimental side, �nal-state radiation is included in simulation using a dedi-

cated software known as Photos [17] (see Chapter 2). The branching fraction is measured

by performing a �t over a speci�c invariant mass window. The FSR e�ect is included within

the e�ciency correction, in particular through the selection e�ciency, which includes the

requirement for the speci�cmass window. The selection e�ciency is evaluated from the sim-

ulation samples. Hence, the measured branching fraction corresponds to the fully inclusive

radiative branching fraction.
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1.4 Theory versus experiment

The branching fraction is one of the observables used to probe the StandardModel and search

for New Physics using 𝐵0(𝑠)→ 𝜇+𝜇− decays. It gives the fraction of 𝐵0(𝑠) mesons decaying

into two oppositely charged muons relative to the total number of decaying 𝐵0(𝑠) mesons.

Although the de�nition holds for theory and experiment, a few di�erences in their evaluation

must be considered when comparing the experimental and theoretical branching fraction

evaluations, especially in the case of the 𝐵0𝑠 → 𝜇+𝜇− decays.

In the experiment, the 𝐵0(𝑠) and 𝐵
0

(𝑠) mesons can be distinguished using the so-called

�avour-tagging technique. Because the e�ciencies associated with this technique are low

and due to the rareness of the 𝐵0(𝑠)→ 𝜇+𝜇− process, the 𝐵0(𝑠)→ 𝜇+𝜇− analysis does not use

�avour-tagging in order to include all the 𝐵0𝑠 → 𝜇+𝜇− candidates in the analysis. Instead, no

distinction is made between 𝐵0(𝑠) and 𝐵
0

(𝑠) initial states such that the untagged decay rate is
de�ned as:

〈Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−)〉 = Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−) + Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−) (1.23)

1.4.1 𝐵0(𝑠) and 𝐵
0

(𝑠) mixing

The mixing between the 𝐵0(𝑠) and 𝐵
0

(𝑠) states is a particular characteristic of the 𝐵
0

(𝑠) meson

system that must be considered when evaluating their time evolution. This mixing arises

from the existence of two di�erent eigenstate types for a hadronic particle: the �avour and

the mass eigenstates. Flavour eigenstates have a well-de�ned quark content and are eigen-

states of the strong and electromagnetic interactions. Nevertheless, the mesons propagate

on the mass eigenstate basis, with well-de�ned lifetimes and masses. In the case of the 𝐵0(𝑠)
meson, the 𝐵0(𝑠) and 𝐵

0

(𝑠) states are �avour eigenstates, while the light and heavy mass eigen-

states, 𝐵0(𝑠),𝐻 and 𝐵0(𝑠),𝐿 , are a linear combination of the �avour eigenstates. Therefore, the

untagged decay rate can be written in terms of the heavy and light mass eigenstates as

〈Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−)〉 =Γ(𝐵0(𝑠),𝐻 → 𝜇+𝜇−)𝑒−Γ𝐻 𝑡 + Γ(𝐵0(𝑠),𝐿 → 𝜇+𝜇−)𝑒−Γ𝐿𝑡

=(Γ(𝐵0(𝑠),𝐻 → 𝜇+𝜇−) + Γ(𝐵0(𝑠),𝐿 → 𝜇+𝜇−))

× 𝑒
−𝑡/𝜏

𝐵0(𝑠) (cosh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) ) +𝐴
𝜇𝜇

ΔΓ𝑠
sinh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) ))

=(Γ(𝐵0(𝑠) → 𝜇+𝜇−) + Γ(𝐵0(𝑠) → 𝜇+𝜇−))

× 𝑒
−𝑡/𝜏

𝐵0(𝑠) (cosh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) ) +𝐴
𝜇𝜇

ΔΓ𝑠
sinh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) )) (1.24)

where 𝜏𝐵0(𝑠)
is de�ned as the inverse of the average decay rate of the light and heavy mass

eigenstates. Two new variables appear in the time-dependent factors from the untagged
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decay rate. The �rst one, 𝑦𝑑 (𝑠) , is the decay time asymmetry between the mass eigenstates,

a property of the 𝐵0𝑠 meson system which is independent of the �nal state:

𝑦𝑑 (𝑠) =
Γ𝑑 (𝑠),𝐿 − Γ𝑑 (𝑠),𝐻
Γ𝑑 (𝑠),𝐿 + Γ𝑑 (𝑠),𝐻

(1.25)

where Γ𝑑 (𝑠),𝐿 and Γ𝑑 (𝑠),𝐻 are the decay rates of the light and heavy mass eigenstates. The

second term, 𝐴
𝜇𝜇

ΔΓ𝑠
, is known as the decay rate asymmetry and is dependent on the speci�c

decay process:

A𝜇+𝜇−

ΔΓ =
Γ(𝐵0(𝑠),𝐻 → 𝜇+𝜇−) − Γ(𝐵0(𝑠),𝐿 → 𝜇+𝜇−)
Γ(𝐵0(𝑠),𝐻 → 𝜇+𝜇−) + Γ(𝐵0(𝑠),𝐿 → 𝜇+𝜇−)

(1.26)

where Γ(𝐵0(𝑠),𝐻 → 𝜇+𝜇−) and Γ(𝐵0(𝑠),𝐿 → 𝜇+𝜇−) are the decay rates to twomuons of the heavy

and light mass eigenstates [18]. From its de�nition, the values of the decay rate asymmetry

range from +1 to -1 depending on the contribution of each mass eigenstate to the two muons

�nal-state.

The �nal ingredient in the evaluation of the untagged decay rate is the instantaneous

decay rate for the 𝐵0(𝑠) → 𝜇+𝜇− and 𝐵0(𝑠) → 𝜇+𝜇− processes. These are obtained using Fermi’s

Golden rule [19] summing over helicity states of the �nal-state muons as:

Γ(𝐵0(𝑠)→ 𝜇+𝜇−)
���
𝑡=0

=
1

16𝜋

1

𝑀𝐵0(𝑠)

√√√
1 −

4𝑚2

𝜇

𝑀2

𝐵0(𝑠)

∑︁
𝜆=𝑅,𝐿

|M(𝐵0(𝑠) (𝑡) → 𝜇+
𝜆
𝜇−
𝜆
) |2 (1.27)

where M(𝐵0(𝑠) (𝑡) → 𝜇+
𝜆
𝜇−
𝜆
) is the amplitude of the 𝐵0(𝑠)→ 𝜇+𝜇− process for individual helic-

ities given in Eq. 1.19. The decay amplitude for the 𝐵
0

(𝑠) (𝑡) → 𝜇+𝜇− is obtained analogously.

Plugging Eq. 1.27 into Eq. 1.24, the untagged decay rates takes the form:

〈Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−)〉 =
𝐺2

𝐹
𝛼2

8𝜋3
|𝐶𝑆𝑀

10
𝑉𝑡 (𝑑,𝑠)𝑉

∗
𝑡𝑏
|2𝑓 2

𝐵0(𝑠)
𝑀𝐵0(𝑠)

𝑚2

𝜇

√√√
1 −

4m
2

𝜇

𝑀2

𝐵0(𝑠)

( |𝑃 |2 + |𝑆 |2)

× 𝑒
−𝑡/𝜏

𝐵0(𝑠) (cosh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) ) +𝐴
𝜇𝜇

ΔΓ𝑠
sinh(𝑦𝑠𝑡/𝜏𝐵0(𝑠) )) (1.28)

where 𝑃 and 𝑆 are given by Eq. 1.20 and are de�ned such that in the Standard Model 𝑃 = 1

and 𝑆 = 0.

1.4.2 Relation between experimental and theoretical de�nitions

The theoretical branching fraction is calculated from the CP-average decay rate of the �avour

eigenstates, 𝐵0(𝑠) and 𝐵
0

(𝑠) . It is evaluated assuming 𝑡 = 0 in Eq. 1.28, such that it is not a�ected
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by the 𝐵0(𝑠)-𝐵
0

(𝑠) mixing, only by the 𝐵0(𝑠) mean lifetime [18]

B𝑡ℎ (𝐵0(𝑠)→ 𝜇+𝜇−) =
𝜏𝐵0(𝑠)

2

〈Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−)〉
���
𝑡=0

(1.29)

=

𝜏𝐵0(𝑠)
𝐺2

𝐹
𝛼2

16𝜋3
|𝐶𝑆𝑀

10
𝑉𝑡 (𝑑,𝑠)𝑉

∗
𝑡𝑏
|2𝑓 2

𝐵0(𝑠)
𝑀𝐵0(𝑠)

𝑚2

𝜇

√√√
1 −

4m
2

𝜇

𝑀2

𝐵0(𝑠)

( |𝑃 |2 + |𝑆 |2) (1.30)

Experimentally, the branching fraction is measured from the total detected 𝐵0(𝑠)→ 𝜇+𝜇−

candidates generated in the proton-proton collision, regardless of their decay time. Since the

information on the lifetime of the particle is ignored, the experimental branching fraction is

de�ned as [18]

B𝑒𝑥𝑝 (𝐵0(𝑠)→ 𝜇+𝜇−) = 1

2

∫ ∞

0

〈Γ(𝐵0(𝑠) (𝑡) → 𝜇+𝜇−)〉 𝑑𝑡 (1.31)

Using the untagged decay rate computed in the previous subsection, given in Eq. 1.28,

and performing the integral, the experimental branching fraction is found to be related to

the theoretical one as [18]:

B𝑒𝑥𝑝 (𝐵0(𝑠)→ 𝜇+𝜇−) =
[
1 + A𝜇+𝜇−

ΔΓ 𝑦𝑑 (𝑠)

1 − 𝑦2
𝑑 (𝑠)

]
B𝑡ℎ (𝐵0(𝑠)→ 𝜇+𝜇−) (1.32)

1.4.3 Branching fraction predictions

The relation between the de�nitions of experimental and theoretical branching fractions de-

pends on the decay time asymmetry and decay rate asymmetry parameters. In the case of

the 𝐵0 meson, the decay rates of the heavy and light mass eigenstates are approximately

the same, resulting in a decay time asymmetry of zero: 𝑦𝑑 = 0. Consequently, the experi-

mental and theoretical branching fraction de�nitions are equal, as given from Eq. 1.32. The

𝐵0→ 𝜇+𝜇− branching fraction as predicted in the Standard Model is [9]

B(𝐵0→ 𝜇+𝜇−) = (1.03 ± 0.05) × 10
−10

(1.33)

The case for the 𝐵0𝑠 meson system is more complex. Because the decay time asymmetry

has been measured to be 𝑦𝑠 = 0.068 ± 0.004 [1], the role of the 𝐴
𝜇𝜇

ΔΓ𝑠
becomes signi�cant in

Eq. 1.32. As shown in Eq. 1.26, the𝐴
𝜇𝜇

ΔΓ𝑠
parameter quanti�es the decay rate asymmetry of the

heavy and light mass eigenstates. Due to angular momentum conservation, the �nal state

of the 𝐵0(𝑠)→ 𝜇+𝜇− process is CP-odd since the two �nal-state muons have opposite spins

and zero total angular momentum. Regarding the 𝐵0𝑠 meson system, the heavy (light) mass

eigenstate is also identi�ed as the CP-odd (CP-even) eigenstate. In the Standard Model, no

CP violation is allowed in this decay, meaning that only the heavy mass eigenstate decays

into two muons and 𝐴
𝜇𝜇

ΔΓ𝑠
= +1. Taking this into account in Eq. 1.32, the Standard Model
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prediction for the 𝐵0𝑠 → 𝜇+𝜇− branching fraction is given by [9]

B(𝐵0𝑠 → 𝜇+𝜇−) = (3.66 ± 0.14) × 10
−9

B(𝐵0→ 𝜇+𝜇−) = (1.03 ± 0.05) × 10
−10

(1.34)

Although outside of the scope of this thesis, it is important to highlight that the decay

rate asymmetry A𝜇+𝜇−

ΔΓ is essentially unknown. If CP violation occurs during the decay, the

light mass eigenstate could also decay into two muons, and the decay rate asymmetry would

then be di�erent to its Standard Model value of +1. Therefore,A𝜇+𝜇−

ΔΓ is also sensitive to New

Physics scenarios. Its measurement is possible through the measurement of the 𝐵0𝑠 → 𝜇+𝜇−

e�ective lifetime, de�ned as the average decay time of the 𝐵0𝑠 → 𝜇+𝜇− candidates in the ex-

periment and given by [20]

𝜏𝜇+𝜇− =
2𝜏𝐵0𝑠𝐴

𝜇𝜇

ΔΓ𝑠
𝑦𝑠 +

(
1 + 𝑦2𝑠

)
𝜏𝐵0𝑠(

1 − 𝑦2𝑠
)
+𝐴𝜇𝜇ΔΓ𝑠𝑦𝑠

(
1 − 𝑦2𝑠

) (1.35)

The e�ective lifetime has recently been measured by the LHCb experiment [21, 22] and

agrees with the Standard Model prediction.
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Particle accelerators boost charged particles close to the speed of light to make them collide,

either against a �xed target or against other particles. Thousands of di�erent particles are

created in these collisions whose behaviour can shed light on questions about the fundamen-

tal building blocks of matter and their interactions. The largest and most powerful accelera-

tor is the Large Hadron Collider (LHC) at CERN, located near Geneva [23]. The LHC is a 27

km superconducting synchrotron designed to accelerate and collide proton beams, recreat-

ing the conditions of the early universe. The LHC started operating in 2011, and since then,

two data-taking periods have taken place, known as Run 1 and Run 2. The Run 1 dataset

consists of the collisions registered in 2011 and 2012, while Run 2 comprises the data gath-

ered from 2015 to 2018. The centre-of-mass energies of the proton-proton (𝑝𝑝) collisions

have increased with time, starting from 7 TeV in 2011 and 8 TeV in 2012 to 13 TeV in Run 2.

The proton bunches accelerated at the LHC are made to collide in four experiments lo-

cated on the LHC ring: CMS, ATLAS, ALICE and LHCb. These experiments are designed

to focus on diverse parts of fundamental particle physics research. The CMS and ATLAS

experiments are general-purpose detectors studying a wide range of topics, from the prop-

erties of the Higgs boson to the existence of dark matter [24, 25]. The ALICE experiment

is dedicated to heavy-ion physics and the study of quark-gluon plasma by analyzing the

collisions involving heavy ions, mainly lead, accelerated in the LHC ring [26]. Finally, the

LHCb experiment is designed to study heavy �avour physics involving beauty and charm

hadrons, primarily focusing on CP violation and rare decays such as 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays,
searching for phenomena beyond the Standard Model [27]. The entire data gathered by the

LHCb detector in Run 1 and Run 2 is used in this analysis.

The LHCb detector is a forward single-arm spectrometer covering a pseudorapidity re-

gion of 2 < 𝜂 < 5, with the pseudorapidity de�ned using cylindrical coordinates as

𝜂 ≡ − ln tan(𝜃/2) (2.1)

where 𝜃 is the polar angle relative to the 𝑧 axis. The forward geometry is motivated by

the correlation of the 𝑏 and 𝑏-hadron production at high energies, resulting in a boosted 𝑏𝑏
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pair propagating in the same forward (or backward) region of space along the beam axis.

A sketch on the 𝑦 − 𝑧 plane of the LHCb detector illustrating all subdetectors is displayed

in Fig. 2.1, where the horizontal direction along the beam corresponds to the 𝑧-axis and the

vertical to the 𝑦-axis. The 𝑥-axis completes a right-handed coordinate system.

Figure 2.1: Layout of the LHCb detector with the di�erent constituent subdetectors (taken

from Ref. [28]). Visible are the Vertex Locator (VELO), two ring-imaging Cherenkov detec-

tors (RICH1 and RICH2), the magnet, the Tracker Turicencis (TT) and the T1-T2-T3 tracking

stations, the electromagnetic and hadronic calorimeters (ECAL andHCAL) and the �vemuon

chambers (M1-M5).

The information from the di�erent subdetectors is combined to reconstruct the parti-

cles produced in the 𝑝𝑝 collisions. The trajectories of the particles are reconstructed with

the tracking system, presented in Sec. 2.1, and their momenta can be measured. The parti-

cle types are identi�ed using a combination of various subdetectors, presented in Sec. 2.2,

designed to distinguish di�erent particle types as well as to measure their energies. Since

protons are composite particles, a hadronic environment is generated after their collision,

producing many di�erent particles from which a signi�cant fraction decay into other par-

ticles. Due to the huge data volume, only interesting events are selected through a fast and

e�cient online event selection, known as trigger, and stored on a disk for a detailed analysis.

The trigger system consists of di�erent levels combining software and hardware informa-

tion, as detailed in Sec. 2.3. Simulation samples are also generated as explained in Sec. 2.4

and used for various estimations and calibrations in the analysis.
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2.1 Tracking

The tracking system enables the reconstruction of the trajectories of the particles created in

the 𝑝𝑝 collisions and propagating through the LHCb detector. It consists of the Vertex Lo-

cator (VELO), situated only 7 mm away from the LHC beams, and the tracking stations, one

located upstream of the magnet and three downstream. A dipole magnet with an integrated

�eld of 4 Tm de�ects the trajectories of charged particles, allowing for the determination

of their momenta. Combining the information in the tracking stations before and after the

magnet allows for a precise reconstruction of the trajectories of charged particles and their

momenta.

From the information in the tracking system, the tracks in the LHCb detector are classi-

�ed depending on their lever arm in the spectrometer. The di�erent track types are sketched

in Fig. 2.2. Long tracks are mostly used in all the analyses, including the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) anal-
ysis, while VELO tracks are used to reconstruct primary vertices and in the real-time trigger

selection (see Sec. 2.3). Upstream tracks are relevant for slow particles whose trajectories are

largely de�ected by the magnet, while downstream tracks are important for the detection of

long-lived particles.

Figure 2.2: Illustration showing the track types in the LHCb. Figure adapted from [29].

2.1.1 Vertex Locator (VELO)

The VELO is a silicon multistrip tracking detector surrounding the 𝑝𝑝 interaction region.

It measures the trajectories of the particles near the primary vertices (PV), or the interac-

tion point where the particles are produced in the 𝑝𝑝 collision, providing the information

needed for their reconstruction. It also allows making a clear distinction between the pri-

mary vertices and the vertices where unstable particles decay, known as secondary vertices.
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Because a speci�c characteristic of the 𝑏 and 𝑐-hadron decays is their displaced decay ver-

tices from the primary vertex, a clear distinction between the two is essential to select the

events containing such decays. The displacement between the vertices is quanti�ed by the

impact parameter, or the perpendicular distance between the trajectory of a particle and the

interaction region, as exempli�ed for the 𝐵0𝑠 → 𝜇+𝜇− decay in Fig. 2.3.

Figure 2.3: De�nition of the impact parameter for the �nal-state 𝜇− in the case of the

𝐵0𝑠 → 𝜇+𝜇− decay.

The VELO consists of 42 semicircular modules placed around the beam axis. Each mod-

ule contains two sensors, the R and Φ sensors, measuring the radial and azimuthal coordi-

nates, respectively. The z coordinate is obtained from the known position of the sensors

in the experiment. The only di�erence between the two sensors is the arrangement of the

silicon strips, shown in Fig. 2.5. The strips are read out by the stripping routes, which take

the information collected from the sensors to the electronics placed outside the detector.

Figure 2.4: Cross section in the 𝑥 − 𝑧 plane of the VELO [30]. The Φ and R sensors are

displayed in dashed and solid lines, and the 𝑝𝑝 interaction region is highlighted in blue.

Taken from Ref. [30].

The inner tip of the sensors is located only 7 mm away from the LHC beams. Because

this distance is smaller than the beam aperture required by the LHC injection, the modules
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are mounted in two halves on the left and right sides of the beam such that each half is

retracted 3 cm during the beam injection and moved back to its position after the beam is

stabilized. The open and closed positions are also sketched in Fig. 2.5. The so-called RF foils

separate the LHC beam vacuum from the vacuum created around the VELO sensors. These

corrugated foils serve as a two-sided protection: they protect the LHC vacuum from the

outgassing of the VELO modules and the VELO sensors from the radiofrequency radiation

induced by the moving protons in the beams. The left (−𝑥 ) and right (+𝑥 ) halves of the VELO
overlap slightly for alignment purposes.

Figure 2.5: Representation of the front face of a VELOmodule in the open and close positions.

The di�erent layout of the R and Φ sensors is displayed: for the R sensor, the strips are placed

into four circular segments, while for the Φ sensors, inner and outer zones are implemented.

Figure adapted from Ref. [30]

The particles generated in the interaction point pass through several sensors while trav-

elling through the VELO. A minimum of three hits in di�erent sensors are required to con-

sider a particle track reconstructible. With this requirement, the track-�nding e�ciency of

the VELO is above 98% [30]. Due to its geometry and positioning, the VELO achieves a pri-

mary vertex resolution of 13 𝜇m in the transverse plane and 71 𝜇m along the beam axis for

vertices with an average of 25 tracks [30]. An impact parameter resolution of less than 35

𝜇m is achieved for tracks with transverse momentum larger than 1GeV/𝑐 [30].

The information provided by the VELO is essential in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis, �rstly
in the separation of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates from the background components, mainly

the combinatorial background. This type of background, the most abundant one in the

𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis, results from the combination of two random muons generated in

the 𝑝𝑝 interaction region. To reject this background, the impact parameter of the muon can-

didates relative to the primary vertex is used since the random combinatorics are expected to

23



2

Chapter 2. LHCb detector

originate mainly from the primary vertices. In addition, the lifetime of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
candidate, determined from the distance between the primary and secondary vertices, is

used to select the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates. Moreover, the information obtained from the

VELO is also used to determine the quality of the decay vertices, a quantity used in the

𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis since only candidates with �nal-state muons forming a good-quality

vertex are selected.

2.1.2 Tracking stations

Together with the VELO, four tracking stations form the LHCb tracking system. They are

located on both sides of the magnet to measure the de�ection of the trajectories of charged

particles caused by the magnetic �eld and, from their curvature, infer the momenta of the

charged particles. Out of the four tracking stations, one is located upstream of the magnet,

known as Tracker Turicensis and the remaining three, the T1-T2-T3 stations, just after the

magnet.

Figure 2.6: Layout of the x-u-v-x geometry of detection layers in the Track Turicencis and

the TT stations. Taken from Ref. [31].

The Tracker Turicensis is a silicon microstrip detector located before the magnet, after
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the VELO. It covers an active area of 8 m
2
and is formed by one station consisting of four

detector layers [27]. The layers are arranged in an x-u-v-x geometry, shown in Fig. 2.6, with

the strips in the �rst and last layers positioned vertically and the second and third layers

rotated with a stereo angle of +5° and -5°, respectively. With this geometry, the sensitivity

to the 𝑦 coordinate is enough to reduce the combinatorics generated from the wrong track

matching in the 𝑦 plane while having a large momenta resolution.

The three tracking stations positioned after the magnet are the T1, T2 and T3 stations.

Each station is formed by the Inner Tracker (IT), located in the central region, surrounded

by the Outer Tracker (OT). The IT uses silicon multistrip covering a cross-shaped area of

125 cm wide and 40 cm high centred around the beam axis. It consists of four detector boxes

located above, below and on each side of the beam, each formed by four layers of material

arranged in the x-u-v-x geometry, as explained for the TT. Although the IT only covers 1.3%

of the whole tracking stations located downstream of the magnet, approximately 20% of

the charged particles traverse it because they are predominantly produced collinearly to the

beam direction [32].

A coarser detector is used in the rest of the tracking stations since the particle �ux is

lower than in the innermost part. The OT is built using drift tubes with a diameter of around

5 mm and covers an area of 595 cm wide and 480 cm high. When a charged particle passes

through the drift tubes, it interacts with the gas inside them, generating electron-ion pairs.

Due to the electric �eld inside the tube, the electrons drift to the central wire, connected to

the front-end electronics. The position of the track is obtained from the drift time of the

electrons to reach the central wire.

One of the discriminating variables used in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis is the dimuon

invariant mass, evaluated from the four-momenta of the �nal-state muon candidates. The

precise measurement of the momenta of the muon candidates obtained from the tracking

stations allows for a good dimuon invariantmass resolution and a large background rejection

in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis.

2.2 Particle Identi�cation

Particle identi�cation (PID) is essential to distinguish among decays and separate the signal

and background components in physics analyses. At LHCb, the PID system is formed by

three complementing types of detectors: the two RICH detectors, the electromagnetic and

hadronic calorimeters and the muon chambers. The information from these detectors is

combined with the momenta obtained from the tracking stations and used to e�ectively

determine the mass of the particle.
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(a) Front view. (b) Top view.

Figure 2.7: Front (left) and top (right) view of one of the TT stations showing the IT and

OT in orange and blue, respectively. The lateral dimensions in the top view are not scaled.

Adapted from Ref. [32].

2.2.1 Ring-imaging Cherenkov detectors

There are two ring-imagingCherenkov detectors at the LHCb experiment, RICH1 and RICH2,

positioned upstream and downstream of the magnet covering particle identi�cation for dif-

ferent momentum ranges. Cherenkov radiation is emitted by charged particles when trav-

elling faster than the speed of light in a speci�c medium, such as the one inside the RICH

detectors. The emitted radiation is transmitted in the shape of a cone whose angle depends

on the velocity of the particle causing it. Using the known particle momentum measured by

the tracking system, the mass of the particle can be estimated, leading to the particle type.

Because the rest of the subdetectors cannot di�erentiate among hadron types, the RICH

detectors are essential in the distinction among protons, pions and kaons.

The upstream RICH1 detector is located right after the VELO, before the TT stations. It

is �lled with C4F10 and provides identi�cation of charged particles with momenta ranging

between 2GeV/𝑐 and 60GeV/𝑐 [33]. High momenta charged particles are identi�ed by the

RICH2 detector, placed downstream of the magnet after the T3 station. The radiator used

in this case is CF4, covering the identi�cation of charged particles with momenta between

15GeV/𝑐 and 100GeV/𝑐 [33].

Identi�cation of pions and kaons is important in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis to avoid

their misidenti�cation as muons and reduce misidenti�ed backgrounds, mainly caused by

𝐵0(𝑠)→ ℎ+ℎ′− decays. Combining the information from RICH1 and RICH2, the kaon iden-

ti�cation e�ciency is found to be 85% with a pion misidenti�cation rate of 3% [33]. The
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Figure 2.8: On the left, the schematic 𝑥 − 𝑦 cross-section of RICH1. Taken from Ref. [28].

On the right, the reconstructed Cherenkov angle as a function of the track momentum for

di�erent particle types in the RICH1. Figure taken from Ref. [27].

probability of misidentifying a kaon (pion) as a muon is estimated to be 1.111 (1.025)%, with

around 60% of these misidenti�cations caused by decays in �ight due to the resulting muon

being detected in the muon chambers [34].

2.2.2 Calorimeter system

The calorimeter system [35] is used to distinguish among electrons, photons and hadrons

and measure the energies and position of these particles. It is formed by four components

located downstream of the magnet: a scintillating pad detector (SPD), a preshower (PS), an

electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL). The response of

each subdetector to the various particle types is di�erent, enabling their distinction. An

illustration of the energy deposits of electrons, photons, hadrons and muons in the various

parts of the calorimeter system is shown in Fig. 2.9.

The SPD is a high-granularity scintillating pad detector used to separate photons and

electrons as it only interacts with charged particles. It is separated from the PS by a wall

of 15 mm of lead converter [37] to induce showers of traversing photons. These induced

showers reach the PS, where their energy is deposited. The di�erent radiation lengths and

shower splittings left by electromagnetic and hadronic particles in the PS facilitate their

distinction.

A sampling electromagnetic calorimeter is placed after the PS detector. The ECAL mea-
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Figure 2.9: Sketch of the energy deposited by electrons, photons, hadrons and muons in

di�erent parts of the calorimeter system. Adapted from Ref. [36].

sures the energies from particles interacting electromagnetically, such as electrons, protons

or neutral pions. It is composed of alternating layers of 4 mm of a lead converter and scin-

tillating pads. When an electromagnetic interacting particle traverses the lead converter, it

initiates a particle shower. The shower induces the emission of photons in the scintillating

pad, which are read out to measure the induced light, used as a proxy for the total energy

deposited by the incident particles [37]. The particle density hitting the calorimeter varies

depending on the proximity to the beam axis, with the highest densities in the closest area to

the LHC beam. To accommodate these various densities, the ECAL is segmented into three

regions with a di�erent number of readout cells, as shown in Fig. 2.10a.

(a) Electromagnetic calorimeter. (b) Hadronic calorimeter.

Figure 2.10: Segmentation of the electromagnetic calorimeter (left) and the hadronic

calorimeter (right) to accommodate the varying particle density. The dark region repre-

sents the beam axis. Taken from Ref. [28].

The hadronic calorimeter is placed after the ECAL to measure the energy of hadrons,

both neutral and charged. It is a sampling calorimeter consisting of alternating layers of iron

converter and scintillating pads. To accommodate the varying particle density, the HCAL is

segmented into two regions, displayed in Fig. 2.10b.
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The electrons, photons and hadrons leave energy deposits in various subdetectors of the

calorimeter systems. The energy of the particle is measured by accounting for the energy

deposits in the various parts of the calorimeter system, except from the SPD, since its readout

only indicates whether a charged particle has passed through it.

The information from the calorimeter is also used in the L0 trigger to decide whether

an event is discarded or stored for further analysis (see Sec. 2.3). Although the �nal-state

muons from the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) are usually detected in the muon chambers, they can leave

energy deposits in the calorimeter large enough to trigger the event.

2.2.3 Muon system

Onlymuons and neutrinos traverse the whole calorimeter system and reach the muon cham-

bers. Althoughmuonsmainly interact electromagneticallywithmatter, their bremsstrahlung

emission is negligible due to their larger mass compared to that of the electrons. Further-

more, their decay, mediated by the weak interaction, is slow such that they propagate large

enough distances to reach the muon chambers before decaying. Neutrinos are weakly inter-

acting particles propagating through the whole detector without leaving a trace and, hence,

cannot be detected. Consequently, only muons leave hits in the muon chambers located after

the calorimeter system, a clean signature that facilitates their identi�cation.

The muon system consists of �ve stations, M1-M5, placed downstream of the magnet,

surrounding the beam axis and covering a total active area of 435 m
2
. The muon stations

are rectangular-shaped, with their transverse dimension increased with the distance from

the interaction point. Multiwire proportional chambers are used in the muon stations to

detect traversing muons, which ionize the gas inside the chamber. Due to the presence of an

electric �eld, the induced electrons drift towards the wires located inside the chamber where

they are collected. The presence of hits in the muon stations is used in the hardware trigger

and in the measurement of the momenta of the muon candidates.

The �rst muon station, M1, is located upstream of the calorimeter system, at 12 me-

ters from the interaction point [38]. It improves the precision of the transverse momentum

measurement of the muon candidates used in the hardware trigger before they scatter in the

calorimeter material. The rest of the stations, M2-M5, are placed after the calorimeter system

and are alternated with 80 cm thick layers of iron absorbers. The main goal of stations M1-

M3 is to track the direction of the muon candidate and calculate its transverse momentum

with a resolution of 20% [38]. Stations M4 and M5 are mainly used to detect the presence

of highly penetrating muons since only muons with a minimum momentum of 6GeV/𝑐 are
expected to cross the �ve muon stations [28].

As is the case for the calorimeters, the particle density varies across the surface of the

muon stations. This phenomenon is taken into account in the channel occupancy used in
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di�erent parts of the stations. Consequently, each muon station is divided into four regions,

R1-R4, with respect to the beam axis such that the channel occupancy is approximately the

same in all the regions. A side view of the muon system with the position of the muon

stations and the four regions in each station is displayed in Fig. 2.11.

Figure 2.11: Side view of the muon stations with the four separated regions in each station.

Taken from Ref. [28]

2.2.4 PID variables

Each of the PID subdetectors interacts di�erently with electrons, photons, hadrons and

muons and returns a likelihood relative to a speci�c particle hypothesis for each recon-

structed track. In the case of the RICH and the calorimeter system, the likelihood is given

relative to the pion hypothesis. In contrast, for the muon stations, the likelihood ratio is

determined between the muon and non-muon hypotheses [27].

The likelihoods of the various subdetectors are combined to create PID variables, which

are applied in the selection procedure of physics analyses to separate the signal from the

background. Two di�erent PID variables are de�ned depending on the approach followed

in the combination of the subdetector likelihoods: the combined delta log-likelihoods (ΔLL)
and the ProbNN [27]. The ΔLL results from the linear combination of the logarithms of

the subdetector likelihood ratios and is given relative to the pion hypothesis. For a recon-

structed track, it is interpreted as how likely a speci�c mass hypothesis is relative to the pion

hypothesis.
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The ΔLL does not account for possible correlations among subdetectors or the informa-

tion provided by the tracking systems. To take into account these correlations, the tracking

information is combinedwith the PID likelihoods of each subdetector using neural networks,

which result in the ProbNN variables for the speci�c particle hypothesis. These variables

range from 0 to 1 and can be interpreted as a pseudo-probability of a particle track to have

a speci�c particle hypothesis, i.e. the 𝑃𝑟𝑜𝑏𝑁𝑁𝐾 is the probability of the track to be a kaon.

A binary PID variable is built exclusively from the information of the muon systems:

the isMuon variable [34]. It indicates whether a reconstructed track meets the minimum

requirements to be considered amuon candidate. The isMuon is de�ned based on the number

of muon stations with consistent hits, found by extrapolating the trajectories of the tracks

to the muon stations inside an 𝑥 − 𝑦 region. Due to the wall of lead interleaved with the

muon stations, the required number of stations depends on the track momentum, as shown

in Table. 2.1.

Table 2.1: Requirement of the isMuon on the number of hits in the muon station depending

on the momentum of the muon candidate.

Momentum of the muon track Muon stations required

3GeV/𝑐 < 𝑝 < 6GeV/𝑐 M2 & M3

6GeV/𝑐 < 𝑝 < 10GeV/𝑐 M2 & M3 & M4/M5

10GeV/𝑐 < 𝑝 M2 & M3 & M4 & M5

The �nal-statemuons of the𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates are required to satisfy the isMuon
requirement and a combination of ProbNN cuts, as explained in Sec. 2.2. This selection re-

duces the background caused by the misidenti�cation of hadrons as muons.

2.3 Trigger

Although the total bunch crossing rate of the LHC is 40 MHz, the readout rate of the detector

is limited by the bandwidth of the front-end electronics to around 1 MHz [29]. Moreover,

the available space to store the data is limited to a few kHz. The trigger system decreases the

collision rate to 12.5 kHz [29] by deciding whether an event should be analyzed further and

stored on disk or discarded. To perform this task, the trigger system consists of ensembles

of selection algorithms that classify which events are interesting. Each of these ensembles

is known as a trigger line.

The trigger system is divided into two di�erent and consecutive levels that implement

various trigger lines. A �rst selection, called L0 trigger level, is based on the hardware infor-

mation from the calorimeters and the muon stations. This selection allows for the readout

of the rest of the detector as it brings the collision rate down to 1 MHz. After that, a more
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complex selection procedure is carried out combining the information from several parts of

the detector using software in the HLT level. An event must be accepted by at least one line

in each trigger level to be stored for further analysis.

2.3.1 L0 trigger

Two di�erent units can be distinguished in the L0 trigger based on the information used

in the trigger decision: the L0-calorimeter and the L0-muon trigger. In the former, the

calorimeter information, including the SPD, PD, ECAL and HCAL (see Sec. 2.2.2), is used

to estimate the transverse energy deposited by the interacting particles. Events with large

occupancies take a long time to be processed in the reconstruction, consuming too much

of the available processing time for the HLT trigger. Hence, only events with a minimum
transverse energy and a maximum number of SPD hits will �re the trigger and be selected. A
trigger line is de�ned for each particle type depending on the interaction of the particle can-

didate with the di�erent components of the calorimeter system. These lines areL0Hadron,
L0Electron and L0Photon.

In the L0-muon trigger, the decision is based on the transverse momentum of the parti-

cles propagating through the muon stations. Each station is divided into quadrants in the x-y
plane such that straight-line tracks are searched for in each quadrant by combining hits in

the muon stations with an origin consistent with the interaction region. The 𝑝T of the muon

candidate is estimated from the direction of the track, assuming the candidate received a sin-

gle bending kick from the magnet. The trigger decision can be based on the highest 𝑝T muon

in all the quadrants for the L0Muon trigger or on the product of the two largest 𝑝T values

for the L0DiMuon trigger. In the �rst case, the event is accepted if the 𝑝T of the muon is

above a threshold of 1.48-1.76 GeV/𝑐 in Run 1 and 1.4-2.8 GeV/𝑐 in Run 2, depending on the

data-taking year. As for the L0DiMuon, the product of the two largest 𝑝T values must be

larger than 1.68-2.56 GeV
2/𝑐2 in Run 1 and 1.7-2.3 GeV

2/𝑐2 in Run 2 [29, 39].

The 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates are mainly triggered by the L0Muon and L0DiMuon
lines. In some cases, events triggering the L0-muon lines also trigger the L0-calorimeter lines,

mainly the L0Hadron, from the presence of other hadron-type tracks in the underlying

events.

2.3.2 HLT trigger

Only events selected by the L0 pass to the HLT trigger level, which performs a more complex

selection implemented in software. For timing reasons, the HLT trigger consists of two

consecutive stages known as HLT1 and HLT2.
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HLT1

Events passing the L0 level are transferred to the HLT1 level, where the charged tracks and

the primary vertices are reconstructed. This procedure starts with the reconstruction of

VELO tracks using a 3D pattern recognition algorithm that combines the hits in the VELO,

forming a straight line pointing to the interaction region. The primary vertices are subse-

quently reconstructed in this stage from the intersection of a minimum of 5 VELO tracks.

Upstream tracks are formed by extrapolating the VELO tracks to the TT stations and re-

quiring at least 3 hits in the straight-line extrapolated region. The upstream tracks with 𝑝T

> 500 MeV/𝑐 are then extrapolated further to the T1-T3 stations, where clusters of hits are

searched in the small region corresponding to the extrapolation. The classi�cation of the

tracks in the LHCb detector can be found in Fig. 2.2.

In events �ring the L0Muon or L0DiMuon, the already reconstructed tracks are fur-

ther extrapolated to search for hits in the muon stations. The isMuon algorithm is run at

this stage to �nd hits in the stations consistent with the reconstructed tracks based on the

momentum of the track candidate, as explained in Sec. 2.2.4. Only tracks with 𝑝 > 3 GeV/𝑐
are considered in this procedure since they are the only candidates propagating through the

detector and reaching the muon stations.

Di�erent selection criteria are applied to the candidates’ 𝑝 , 𝑝T, track quality and dis-

placement from the interaction point to select whether a candidate passes the HLT1 trigger.

Moreover, a trigger line is de�ned for high 𝑝T muon candidates without requiring aminimum

displacement from the interaction point. Events accepted by the L0DiMuon are selected in

two di�erent ways: either from their dimuonmass, required to be above 2.5 GeV/𝑐2, without
requiring a displacement relative to the interaction point (Hlt1DiMuonHighMass) or by
their displacementwithout a constraint on their dimuonmass (Hlt1DiMuonLowMass) [39].

In the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis, all triggered events are considered, no matter which trig-

ger lines they �red or if they were triggered by the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates or the under-
lying event. The selected events in this analysis mainly trigger the following lines:

• Dimuon lines Hlt1DiMuonLowMass and Hlt1DiMuonHighMass, described
above;

• Hlt1SingleMuonNoIP, which selects single muon tracks with large momenta

(𝑝 > 6GeV/𝑐 and 𝑝T > 1.3GeV/𝑐) without any requirement on the displacement with

respect to the primary vertex [40];

• Hlt1TrackAllL0 selecting good quality tracks displaced from the primary vertex

(𝐼𝑃 > 0.1 mm) and with a 𝑝T > 1.6 GeV/𝑐 [40];

• Hlt1TrackMuon, with a similar selection asHlt1TrackAllL0. In this case, the
tracks are required to have matching hits in the muon chambers, and the 𝑝T threshold
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is lowered to 1GeV [40];

• Hlt1TrackMVA, an improvement of the Hlt1TrackAllL0 in Run 2. Multivari-

ate analysis techniques are used to combine the information on the impact parameter

𝜒2 and the 𝑝T of the tracks [41];

• Hlt1TrackMuonMVA, similar to the Hlt1TrackMVA, with the additional re-

quirement that the track should have matching hits in the muon chambers [41].

HLT2

At the HLT2 stage, events accepted by HLT1 are fully reconstructed, including the recon-

struction of both charged and neutral candidates. The track reconstruction of charged can-

didates is similar to that of HLT1, with a second step added to reconstruct low-momentum

tracks, ignored in the HLT1 due to timing constraints. In addition to the muon identi�ca-

tion used in HLT1, particle types are identi�ed using the information from the calorimeter

system, the RICH detectors and the muon stations. Electron candidates result from the asso-

ciation of a charged track with an ECAL cluster, while photon candidates are reconstructed

starting from the cluster built in the L0-Calorimeter.

Mainly three types of HLT2 trigger lines contribute to selecting the interesting 𝑏-hadron

decays further used in physics analysis. Generic beauty lines are also known as topological

lines since they target events with decays consistent with a 𝑏-hadron decaying to at least

two charged particles. Exclusive lines are built to select speci�c decays, such as 𝐵+→ 𝐽/𝜓 𝐾+

or 𝐵0(𝑠)→ ℎ+ℎ′− decays. Muon trigger lines select events containing one or two muons based

on their 𝑝T or dimuon invariant mass.

The HLT2 lines that mostly trigger the events in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis are:

• Hlt2SingleMuon, a muon line selecting candidates with a muon candidate with

high transverse momentum displaced from the interaction point [40];

• Hlt2DiMuonDetachedHeavy, a dimuon line triggering detached dimuon pairs

with large masses (above 2.95GeV/𝑐2) and a signi�cant displacement from the primary

vertex [40];

• Hlt2DiMuonDetached, a dimuon line analogue to the previous line for "light"

muon pairs (masses above 1 GeV/𝑐2) [40];

• Hlt2DiMuonB, an exclusive line designed to trigger 𝑏-hadron decays to two muons.

It selects dimuon pairs forming a good quality vertex and with a dimuon mass above

4.7 GeV/𝑐2 [40];

• Hlt2B2HH, the exclusive line to trigger 𝐵0(𝑠)→ ℎ+ℎ′− candidates. It requires the

hadron pair mass to be between 4.7-5.9 GeV/𝑐2, together with requirements on the
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𝑝T of the hadrons and their impact parameters [40];

• Hlt2Topo2BodyBBDT, a topological line selecting a combination of two good

quality tracks based on the output of a Boosted Decision Tree [40];

• Hlt2TopoMu2BodyBBDT, a topological line analogous toHlt2Topo2BodyBBDT
requiring the two tracks to be identi�ed as muons [40].

Even though all triggered events are included in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis, the trig-
ger e�ciency must be carefully determined and included in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) branching
fraction measurement. The trigger e�ciency evaluation is described in Chapter 4.

2.4 Simulation

Simulated events are exploited in this analysis to determine the detection and selection e�-

ciencies, calibrate the signal and background distributions and estimate the expected yield of

signal and background contributions. Proton collisions are generated using Pythia [42, 43]

tunned with a speci�c LHCb con�guration [44]. This con�guration induces data and simu-

lation di�erences in the kinematic distributions of the 𝑏-hadrons and the event occupancy,

which are corrected in this analysis. Subsequent decays of unstable hadrons are described

by the EvtGen package [45] with the �na- state radiation modelled by Photos [17]. The

response of the subdetectors while particles propagate through the LHCb and the LHCb

detector geometry are simulated using the Geant4 toolkit [46, 47] as explained in Ref. [48].

Simulation samples for the background components, the 𝐵0(𝑠)→ ℎ+ℎ′− and 𝐵+→ 𝐽/𝜓 𝐾+

normalization channels and the three signal channels, 𝐵0𝑠 → 𝜇+𝜇−, 𝐵0→ 𝜇+𝜇− and

𝐵0𝑠 → 𝜇+𝜇−𝛾 , are generated and used in this analysis. Di�erent samples are produced for

the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− channels to account for the di�erent average decay time and

production mechanisms of the two decays in the experiment. All the samples generated are

used to estimate and calibrate the nuisance parameters and the background shapes in the

dimuon invariant mass �t, from which the branching fractions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays
are determined.
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3 | Analysis overview

The analysis presented in this thesis includes the measurement of the 𝐵0𝑠 → 𝜇+𝜇− branching

fraction and the search for 𝐵0→ 𝜇+𝜇− decays as well as the initial-state radiation 𝐵0𝑠 → 𝜇+𝜇−𝛾

decays. The analysis is performed using the data collected in 𝑝𝑝 collisions by the LHCb de-

tector at CERN. A previous analysis was performed by LHCb in 2016 using the data gath-

ered from 2011 to 2016, with a total integrated luminosity of 4.4 fb
−1

[49]. The dataset of

the current analysis comprises the entire Run 1 and Run 2 datasets, corresponding to a total

integrated luminosity of 9 fb
−1
. The signi�cant increase of the dataset size results in a more

precise measurement of the 𝐵0𝑠 → 𝜇+𝜇− branching fraction and a tightening of the limits on

the 𝐵0→ 𝜇+𝜇− branching fraction. Additionally, the �rst limit on the initial-state radiative

𝐵0𝑠 → 𝜇+𝜇−𝛾 decay using LHCb data is obtained.

The general analysis strategy is the same for 𝐵0(𝑠)→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 , jointly re-

ferred to as 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾), and is roughly in line with the previous analysis. The signal

signature consists of a pair of oppositely charged muons forming a good-quality vertex dis-

placed from the interaction point. The invariant mass of the two muons,𝑚𝜇+𝜇− , is required

to be close to the mass of the 𝐵0 or 𝐵0𝑠 mesons, with lower and upper values of 4900 MeV/𝑐2
and 6000 MeV/𝑐2. Despite the very clean experimental signal signature, 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) pro-
cesses are very rare decays and only a handful of signal events are expected. In contrast,

the background events polluting the signal region are expected to be 10
7 − 10

8
times more

frequent than the signal. Therefore, one of the major challenges of this analysis is the sepa-

ration of signal and background.

The backgrounds in this analysis can be classi�ed into two main categories: combina-

torial and physical backgrounds. The combinatorial background originates from the com-

bination of two unrelated muons, generated either from two distinct decays or from the 𝑝𝑝

collision itself, forming a good-quality vertex with a similar signature as that of the signal.

This type of background, distributed throughout the entire dimuon invariant mass window,

is the most general and abundant one.

Physical backgrounds are speci�c 𝑏-hadron decays that might be wrongly identi�ed

as signal decays. They can be further classi�ed into misidenti�ed 𝐵0(𝑠)→ ℎ+ℎ′− decays,

where the ℎ and ℎ′ stand for kaons and pions; and semileptonic backgrounds, including
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𝐵0(+)→ 𝜋0(+)𝜇+𝜇−, 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈𝜇 with 𝐽/𝜓 → 𝜇+𝜇−, and𝐻𝑏→ 𝑝𝜇−𝜈𝜇 where𝐻𝑏 is a𝑏-hadron.

In the case of 𝐵0(𝑠)→ ℎ+ℎ′− decays, the pions and kaons in the �nal state might be misidenti-

�ed as muons if they decay intomuons while travelling through the detector. Although these

decays-in-�ight are the most common cause of misidenti�cation, they are not the only one.

Misidenti�cation can also occur from the combination of random hits in the muon chambers

with the tracks left by the hadrons in the tracking stations or from the "punch-through" of

the hadrons through the hadronic calorimeter reaching the muon chambers. Regarding the

semileptonic backgrounds, some of the particles in the �nal state might not be reconstructed,

or the �nal-state hadrons may be misidenti�ed as a muon, leading to a similar signature as

𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays. These semileptonic backgrounds pollute mainly the lower signal

region in the dimuon invariant mass spectrum where they "peak".

The amount of combinatorial and physical background is reduced and separated from

the signal decays in several ways. In the �rst place, the data sample size is reduced by requir-

ing the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates to pass a cut-based selection. This selection involves re-

quirements on di�erent variables associated with the �nal-state muons or the reconstructed

𝐵0(𝑠) candidates, as well as trigger and particle identi�cation (PID) requirements. A detailed

description of the selection applied to the signal candidates can be found in Chapter 4.

After the selection, the background and signal samples are further separated using amul-

tivariate classi�er known as a BoostedDecision Tree (BDT). Thismachine learning technique

is presented in Sec. 4.5. The BDT classi�es all the signal candidates as more or less signal-like

by assigning them a score such that the higher the score, the more likely the candidate is

signal. This technique is applied twice in this analysis. A �rst BDT is used in the selection

procedure to reject background events by requiring a certain threshold of the BDT output to

the selected 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates. The second BDT classi�er is used di�erently after

the selection. Instead of rejecting candidates based on their score, the dataset is split into

subsamples of the second BDT output to avoid losing signal candidates and maximize the

sensitivity to the branching fraction measurement.

The 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) yields are determined from unbinned extendedmaximum likelihood

�ts to the dimuon invariant mass distribution of the selected candidates. The �t is performed

simultaneously in the distinct bins of the BDT output. The �t parameters are calibrated using

simulation and calibration samples in data and �xed in the �t to maximize the sensitivity to

the branching fraction measurement. These calibrated parameters are the expected fraction

of signal and background events in each BDT subsample and the parameters describing the

signal and background components in the �t.

Because the �t is performed in bins of the BDT, an accurate normalization of the num-

ber of signal events ending up in each BDT subsample is needed to constrain the dimuon

invariant mass �t. This procedure, known as the BDT calibration, is described in Chapter 5.

The expected fraction of events per BDT bin is evaluated from signal simulation samples
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corrected to compensate for the di�erences between real and simulated events. Further cor-

rections are applied to account for the relative e�ect per BDT bin due to the muonic trigger

and PID requirements.

The signal components are modelled by double-sided Crystal Ball functions. As ex-

plained in Appendix A.1, this function is built from a Gaussian core connected to an ex-

ponential tail on each side. Six shape parameters describe the double-sided Crystal Ball

function: the mean and resolution of the Gaussian core and two parameters for each tail

associated with its slope and the connection points with the Gaussian core. The shape pa-

rameters are calibrated to guarantee the �t stability as discussed in Sec. 6.1. The means of the

𝐵0→ 𝜇+𝜇− and𝐵0𝑠 → 𝜇+𝜇− Gaussian shapes are obtained from�ts to the invariantmass of the

𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

decays in data. For the width, the high statistics charmonium

(𝐽/𝜓 ,𝜓 (2𝑆) with
√
𝑠 ∼ 3GeV/𝑐) and bottonium (Υ(1𝑆), Υ(2𝑆), Υ(3𝑆) with

√
𝑠 ∼ 9.5GeV/𝑐) res-

onances decaying into two muons are exploited. The mass resolution of these resonances is

obtained from �ts to their dimuon invariant mass spectra in data samples. The signal widths

are estimated from an interpolation to the mean of the 𝐵0 and 𝐵0𝑠 mesons (

√
𝑠 ∼ 5GeV/𝑐).

Finally, the exponential tail parameters are evaluated from signal simulation samples previ-

ously smeared with the resolution evaluated from the 𝑞𝑞 resonances.

Although not of intrinsic interest, the background components must be modelled in the

dimuon invariant mass �t to determine the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) branching fractions properly.

While the combinatorial background is modelled using an exponential function, the shapes

used to describe the physical backgrounds are obtained from simulation samples. The yields

of each physical background per BDT subsample are also used to constrain the �t. Their

evaluation is explained in Sec. 6.2.

The 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) branching fractions are determined from the signal yields obtained

in the �t, normalized to the branching fraction of other 𝑏-hadron decays. These decays are

known as normalization channels and should have similar properties as the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
decays. This procedure, known as normalization, is explained in Sec. 6.3. Two comple-

mentary normalization channels are used: 𝐵0→ 𝐾+𝜋−
decays and 𝐵+→ 𝐽/𝜓 𝐾+

decays with

𝐽/𝜓 → 𝜇+𝜇−. The former is a two-body decay with similar topology and kinematic behaviour

as the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays. Themain di�erence concerning the signal arises from the trig-

ger and PID selection criteria. To verify the trigger and PID corrections, 𝐵+→ 𝐽/𝜓 𝐾+
signal

events are used. Although these are three-body decays, their PID and trigger selection are

similar to 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) due to the presence of the two muons from 𝐽/𝜓 → 𝜇+𝜇− in the �nal

state.

The mass calibration, the background estimation and the BDT calibration are included

in the maximum-likelihood �t to constrain the �t input parameters. The dimuon invariant

mass �t and the results obtained for the branching fractions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays
are presented in Sec. 7.
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4 | Selection and e�ciencies

The𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) experimental signature consists of a pair ofmuonswith opposite charges

that form a good-quality vertex displaced from the 𝑝𝑝 interaction point. The trace left by the

muons propagating in the detector is very distinctive since they are the only particles reach-

ing the outermost part of the detector, where the muon chambers are located (see Chapter 2).

The 𝐵0(𝑠) candidate is reconstructed from the trajectories and the four-momenta of the muon

candidates.

Despite its distinctness, several backgrounds might have a signature similar to the

𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays. The trajectories of two oppositely charged muons generated directly

in the 𝑝𝑝 collision or from two distinct (semileptonic) decays might be wrongly identi�ed

as coming from a 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidate. These two scenarios are jointly known as the

combinatorial background and are sketched in Fig. 4.1. Alternatively, the �nal-state hadrons

in 𝐵0(𝑠)→ ℎ+ℎ′− decays might be misidenti�ed as muons coming from a 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) can-
didate if they decay-in-�ight into muons while propagating through the detector. Finally,

some semileptonic decays are also background components of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis
when some of their �nal-state particles are not detected or reconstructed. The sketch of the

physical backgrounds for the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays can be found in Fig. 4.2.

(a) Two decays (b) Prompt muons

Figure 4.1: Illustration of the combinatorial background in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis.
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(a) Misidenti�ed 𝐵0(𝑠)→ ℎ+ℎ′− (b) 𝐻𝑏→ 𝑝𝜇−𝜈𝜇

(c) 𝐵0(+)→ 𝜋0(+)𝜇+𝜇− (d) 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈𝜇

Figure 4.2: Illustration of the physical backgrounds in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis.

Because 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays are very rare, they clearly occur much less frequently

than the background events, requiring a stringent background rejection in their detection.

The event candidates are required to pass several selection requirements to reduce the size of

the dataset. An initial candidate selection based on a sequence of one-dimensional selection

criteria is applied to reduce the amount of background in the data samples. This selection is

presented in Sec. 4.1. The trigger strategies followed to select the signal and normalization

candidates are described in Sec. 4.2. A speci�c selection in the particle identi�cation (PID)

variables, described in Sec. 4.3, is also included to reduce misidenti�ed background events.

Part of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) events might be lost at the various stages of the selection pro-

cedure. The �nal signal yields obtained from the dimuon invariant mass �t should therefore

be corrected by the e�ciency of the criteria applied at each selection stage. The di�erent ef-

�ciencies are presented in each corresponding section. The rest of the e�ciencies resulting

from the geometrical acceptance of the detector and the reconstruction are brie�y discussed

in Sec. 4.4

Following the one-dimensional conditions, the signal over background separation is fur-

ther increased using Boosted Decision Trees (BDT). Two di�erent multivariate classi�ers are

used in di�erent stages of the analysis: the selection BDTS and the classi�cation BDT. The

�rst is used in the o�ine selection, where a cut is applied to the BDTS score to reduce the

background signi�cantly while keeping the majority of the signal. The classi�cation BDT is
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later used to classify the events as more or less signal-like and perform the dimuon invariant

mass �t in subsamples of this BDT score. A detailed explanation of the BDT technique and

the training variables used for the selection BDTS and classi�cation BDT can be found in

Sec. 4.5.

4.1 Candidate selection

An o�ine selection is applied to the signal candidates to reduce the amount of non-signal

candidates and, hence, the sample size. It consists of an ensemble of one-dimensional cuts ap-

plied to di�erent variables to remove non-physical or poorly reconstructed candidates, com-

binatorial and misidenti�ed backgrounds from the data samples. The o�ine selection for the

𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

normalization channels is kept similar to the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
candidates, with some di�erences in the 𝐵+→ 𝐽/𝜓 𝐾+

case since its decay topology is di�er-

ent from a two-body decay. The list of cuts applied in the o�ine selection for each channel

is displayed in Table 4.1.

The non-physical candidates are eliminated by rejecting the reconstructed 𝐵0(𝑠) candi-

dates with too large lifetimes as these 𝐵0(𝑠) candidates are highly unlikely in nature and prob-

ably come fromwrongly reconstructed decays. The muonmomenta are required to be below

a certain threshold to reject tracks with low momenta resolution since their trajectories are

not bent enough by themagnet. A particular case of non-physical candidates are ghost tracks

resulting from random combinations of hits in the detector, not corresponding to original

particle tracks. To reject them, a score is determined for each track re�ecting the proba-

bility of it being a fake track. This score, known as the Ghost Probability (GP), is obtained

from multivariate classi�ers [50]. The muon tracks from the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates are
requested to have low Ghost Probabilities.

Several cuts exclude poorly reconstructed candidates from the data sample. The recon-

structed 𝐵0(𝑠) vertex is required to be a good quality vertex with a low 𝜒2 and large �ight

distance (FD) 𝜒2 to ensure that the 𝐵-decay vertex is well reconstructed and separated from

the 𝑝𝑝 collision point. Since the twomuon tracks should come from the same vertex, the can-

didates with a large distance of closest approach (DOCA) between the two daughter tracks

are rejected. The 𝜒2 per degree of freedom (𝜒2/DOF) of the track �t through the hits is

required to be small to ensure the daughter tracks are well reconstructed. The transverse

momenta of the daughter tracks are required to be within the LHCb acceptance.

After eliminating the non-physical and poorly reconstructed candidates, further cuts are

included to reduce the combinatorial background. Random combinations of muon tracks

originating from the 𝑝𝑝 collision are reduced by requiring a large impact parameter signif-

icance (IP 𝜒2) on the muon tracks relative to the primary vertex. The reconstructed 𝐵0(𝑠)
candidates must have a minimum transverse momentum and a low IP signi�cance relative
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Table 4.1: O�ine selection requirements for the signal and normalization channels. The

values in parenthesis represent the thresholds for Run 2. A detail explanation of the selection

variables and cuts can be found in the text.

Background

reduced

Variable On

𝐵0(𝑠)→ 𝜇+𝜇−

𝐵0(𝑠)→ ℎ+ℎ′−
On 𝐵+→ 𝐽/𝜓 𝐾+

Non-physical

candidates

𝜏 𝐵0(𝑠) < 9 × 𝜏𝐵0𝑠 𝐵+ < 9 × 𝜏𝐵0𝑠
Track GP 𝜇 /ℎ < 0.3 (0.4) 𝜇 /𝐾+

< 0.3 (0.4)

𝑝 𝜇 /ℎ < 500 GeV/𝑐 𝜇 /𝐾+
< 500 GeV/𝑐

Poor

reconstructed

candidates

Vertex 𝜒2 𝐵0(𝑠) < 9 𝐽/𝜓 < 9

DOCA 𝐵0(𝑠) < 0.3 mm 𝐽/𝜓 < 0.3 mm

FD 𝜒2 𝐵0(𝑠) > 225 𝐽/𝜓 > 225

Track 𝜒2/DOF 𝜇 /ℎ < 3 (4) 𝜇 /𝐾+
< 3 (4)

𝑝T 𝜇 /ℎ [0.25, 40] GeV/𝑐 𝜇 /𝐾+
[0.25, 40] GeV/𝑐

Combinatorial

background

BDTS 𝐵0(𝑠) > 0.05 𝐵+ > 0.05

𝑝T 𝐵0(𝑠) > 0.5 GeV/𝑐 𝐵+ > 0.5 GeV/𝑐

Track IP 𝜒2 𝐵0(𝑠) < 25 𝐵+ < 25

Mass𝑚𝜇+𝜇− 𝐵0(𝑠) [4.9, 6.0] GeV/𝑐2 𝐽/𝜓 [3.03, 3.16] GeV/𝑐2

Track IP 𝜒2 𝜇 /ℎ > 25 𝜇 /𝐾+
> 25

Misidenti�ed

background

isMuon 𝜇 True 𝜇 True

𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈𝜇
background

𝐽/𝜓 veto 𝜇 /ℎ > 30 MeV/𝑐2 - -

to the primary vertex to guarantee they originated from the 𝑝𝑝 collision. The separation

between signal and combinatorial background is increased using a multivariate classi�er

known as the BDTS (see Sec. 4.5). Only events with BDTS output above a certain threshold

are kept to reduce the combinatorial background. This cut is optimized to keep most of the

signal while reducing the background, mainly combinatorial, signi�cantly.

To exclude misidenti�ed background candidates, the muon tracks should pass the is-
Muon requirement (see Chapter 2). This background is further suppressed with the PID

selection described in Sec. 4.3. A so-called 𝐽/𝜓 veto is applied to the muon candidates to
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reduce 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈𝜇 background events. This veto is built from the combination of each

muon candidate coming from the 𝐵0(𝑠) candidate with each oppositely charged muon in the

event. If the resulting dimuon invariant mass in one of these combinations is close to the

𝐽/𝜓 mass, the muon candidate is likely to come from a 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈𝜇 decay, and the related

𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidate is rejected.

Although the o�ine selection is optimized to keep the majority of the signal events,

several real 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) candidates are rejected in this process. The e�ciency associated

with the o�ine selection is computed together with the reconstruction e�ciencies using

simulated events. Its evaluation and the associated values for the signal and normalization

channels can be found in Sec. 4.4.2.

4.2 Trigger

The trigger system is used in real time to decide whether a candidate is stored for further

analysis during data taking. Typically, the decay candidates are required to be accepted

by a speci�c combination of trigger lines in order to reject background candidates. The

trigger lines are de�ned at each trigger level as an ensemble of selection criteria based on

reconstruction algorithms, as described in Sec. 2.3.

Two trigger strategies have been used in this analysis depending on the channel: an in-

clusive strategy is followed for 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) and 𝐵+→ 𝐽/𝜓 𝐾+
decays, and a combination

of di�erent line types in the L0&HLT1 and HLT2 levels is used for 𝐵0(𝑠)→ ℎ+ℎ′− decays. To

avoid missing real 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) events, all triggered events are included in this analysis,

regardless of the speci�c line they triggered. This inclusive strategy maximizes the trig-

ger e�ciency, an essential aspect in the search of 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays. As

shown in Sec. 4.2.1, the trigger e�ciency associated with this strategy is around 95-97% for

𝐵0(𝑠)→ 𝜇+𝜇− decays, depending on the decay and the data-taking period.

Ideally, the trigger selection should be the same for the signal, or 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays,
and normalization channels, namely 𝐵0→ 𝐾+𝜋−

and 𝐵+→ 𝐽/𝜓 𝐾+
decays, to minimize sys-

tematic e�ects. This is not possible in the 𝐵0→ 𝐾+𝜋−
case because the trigger performance

depends strongly on the particle type of the �nal-state particles in the decay. To avoid a trig-

ger selection based on the �nal-state hadrons, the selected 𝐵0→ 𝐾+𝜋−
events are triggered

by the underlying event, independently of the signal, at the L0&HLT1 levels. Although this

trigger selection is considerably less e�cient, a more unbiased procedure can be followed to

determine the associated trigger e�ciencies. At the HLT2 level, the 𝐵0→ 𝐾+𝜋−
candidates

are selected with topological HLT2 lines speci�cally built to select the inclusive 𝐵0(𝑠)→ ℎ+ℎ′−

candidates. For 𝐵+→ 𝐽/𝜓 𝐾+
, the same inclusive strategy as for 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) is used, re-

taining all events independently on the trigger lines �red.
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The trigger e�ciencies associated with the signal and normalization channels are com-

puted on data samples using a technique known as the TISTOS method. This technique and

the values of the e�ciencies are detailed in the following section.

4.2.1 E�ciencies

Although in the experiment the �rst selection applied on data is the trigger, in simulation

the trigger e�ciency is determined for events already passing all the o�ine selection crite-

ria. Therefore, the trigger e�ciencies are de�ned from simulated samples as the fraction of

selected events passing that trigger selection criterion:

𝜖Trg =
𝑁Trg|Sel

𝑁Sel

(4.1)

where |Sel indicates that the number of events is obtained from the already selected sample,

including the acceptance, reconstruction, PID and o�ine selection e�ects. The expression

in Eq. 4.1 is known as the true trigger e�ciency.

The number of total selected events in Eq. 4.1,𝑁Sel, includes the events that were not trig-

gered but passed all the previous stages of the selection process. These untriggered events

are only present in simulation samples since only events �ring the trigger are stored in real

data. Although simulated events can be used to evaluate the trigger e�ciencies, the mismod-

elling of some variables in these samples a�ects the reproduction of the trigger performance,

possibly leading to biased e�ciencies. Instead, the so-called TISTOS method is used as an

alternative approach to evaluate the e�ciencies from data samples.

TISTOS method

Once the event is triggered and stored, the particle tracks are reconstructed and the trigger

response is analyzed relative to the signal candidate. The events are classi�ed into three

categories depending on the particle tracks triggering the event. For a given trigger line, the

event is categorized as triggered-on-signal (TOS) when the particle tracks from the recon-

structed signal candidate triggered that line. If something else in the event unrelated to the

signal candidate triggers the line, the event is classi�ed as triggered-independent-of-signal
(TIS). Finally, events triggered by a combination of particle tracks from the signal candidate

and the rest of the event are considered triggered-on-both (TOB). An example of the TIS, TOS

and TOB categories is illustrated for the dimuon trigger line in Fig. 4.3, where the𝐵0(𝑠)→ 𝜇+𝜇−

decay is treated as the signal. It is important to note that the TIS and TOS categories are not

mutually exclusive since an event might simultaneously be TIS and TOS for the same trigger

line. As shown in the Venn diagram from Fig. 4.4, these simultaneous TIS and TOS events

are categorized as TISTOS events.

From its de�nition, the TIS decision is independent of the signal candidates. Therefore,
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(a) Dimuon TOS (b) Dimuon TIS (c) Dimuon TOB

Figure 4.3: Example of the TOS, TIS and TOB categories for the dimuon trigger line with

respect to the 𝐵0(𝑠)→ 𝜇+𝜇− decay as the signal candidate. The trigger particles in each case

are highlighted in red.

Figure 4.4: Venn diagram showing the overlap between the TIS and TOS categories for the

triggered candidates for a particular trigger line. The TOB category is omitted since it is

exclusive such that TOB events cannot also be classi�ed as TIS or TOS.

the TIS selection is, to a good approximation, not a�ected by whether the signal candidates

triggered the event or not. Taking this into account, the trigger e�ciency expression in

Eq. 4.1 can be rewritten as [51]:

𝜖Trg =
𝑁Trg|Sel

𝑁Sel

=
𝑁Trg|Sel

𝑁TIS|Sel
×
𝑁TIS|Sel
𝑁Sel

=
𝑁Trg

𝑁TIS

× 𝜖TIS (4.2)

where 𝑁TIS|Sel is the number of selected events passing the TIS criteria and 𝜖TIS|Sel is the

e�ciency of that TIS selection. As before, the |Sel subscript indicates that the e�ciencies

are evaluated on fully selected samples, including the acceptance, reconstruction, PID and

o�ine selection. Since that is always the case, the |Sel subscript is already assumed in the

last part of Eq. 4.2 and will henceforth be omitted.

The �rst factor in Eq. 4.2 can be evaluated from data samples since both terms are de�ned

on triggered candidates. Unfortunately, that is not the case for the second term, correspond-
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ing to the TIS e�ciency, for which the total number of untriggered events is still required.

Alternatively, the TIS e�ciency can be determined within the TOS subsample using the TIS-

TOS events as:

𝜖TIS|TOS =
𝑁TISTOS

𝑁TOS

(4.3)

where 𝑁TISTOS is the number of TISTOS events and 𝑁TOS the number of TOS events.

Since the TIS selection is assumed to be independent of the signal candidates to a good

extent, the TIS e�ciency evaluated from the TOS subsample should be the same as the TIS

e�ciency obtained from the total sample, including the number of untriggered events; i.e.

𝜖TIS|TOS ≈ 𝜖TIS. Taking this relation into account, the trigger e�ciency in Eq. 4.2 can be

evaluated from data samples as:

𝜖Trg =
𝑁Trg

𝑁TIS

× 𝜖TIS|TOS (4.4)

The expression in Eq. 4.4 is known as the TISTOSmethod and is valid for any trigger selection

where the TIS and TOS selections are uncorrelated. Three di�erent trigger selection cases

can be distinguished:

• the general case for which a mixed trigger strategy comprising a combination of TIS,

TOS or TOB lines is used;

• a TOS-only trigger strategy, where only TOS lines are used to select the triggered

events. In this case,𝑁Trg becomes𝑁TOS and Eq. 4.4 is simpli�ed to 𝜖TOS = 𝑁TISTOS/𝑁TIS;

• a TIS-only trigger strategy, where the selection of events is only based on TIS lines

triggering the underlying event. In such a case, 𝑁Trg becomes 𝑁TIS and Eq. 4.4 turns

into Eq. 4.3.

The need to develop the TISTOS method is better illustrated by comparing the e�cien-

cies obtained from data and simulation samples using 𝐵+→ 𝐽/𝜓 𝐾+
decays as the control

channel. Besides being one of the main modes in terms of high statistics, the 𝐵+→ 𝐽/𝜓 𝐾+

channel is the optimal control mode for such a comparison since it ful�ls the central assump-

tion of the TISTOSmethod: the triggering of themuon TOS lines is signi�cantly uncorrelated

from the rest of the event, even from the muon TIS lines, allowing for the use of the TISTOS

method to obtain unbiased trigger e�ciencies. For completeness, the comparison between

data and simulation is shown for the two distinct trigger strategies used in this analysis:

the inclusive strategy characteristic of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays and the combination of

L0&HLT1 TIS lines for 𝐵0→ 𝐾+𝜋−
decays. The data samples are sWeighted to separate the

background from the 𝐵+→ 𝐽/𝜓 𝐾+
candidates using the sPlot technique [52], allowing for

the sWeighted data samples to be treated as signal-only. The e�ciencies for the sWeighted

data and simulation samples are evaluated using the TISTOS method and given in bins of

variables that are correlated to the performance of the trigger lines used in each trigger strat-
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egy. The true e�ciencies (Eq. 4.1) evaluated from simulation samples are also included for a

complete comparison.

The e�ciencies for the inclusive trigger strategy of the 𝐵+→ 𝐽/𝜓 𝐾+
control channel are

shown in Fig. 4.5. In this case, the e�ciencies are given as a function of the maximum 𝑝T

and the product of the 𝑝T of the two muon candidates separately. As can be seen, the agree-

ment between the sWeighted data and simulation is excellent for the two binning variables

considered, illustrating that the simulation accurately reproduces the trigger performance

for the inclusive trigger strategy.

The same comparison for the combination of L0&HLT1 TIS lines gives di�erent results.

Fig. 4.6 displays the e�ciencies for the L0&HLT1 TIS lines of 𝐵+→ 𝐽/𝜓 𝐾+
candidates as

a function of the momentum and pseudorapidity of the 𝐵+ candidate. The disagreement

between sWeighted data and simulation is considerably large. The performance of the TIS

lines depends on the underlying event and, for the simulation to be trusted, all the parameters

describing it must be appropriately tuned. The discrepancy between the two distributions

manifests that the tuning of these parameters is not reliable and evinces the need for the

TISTOS method to evaluate the trigger e�ciencies associated with a selection based mainly

on TIS lines.
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Figure 4.5: sWeighted data and simulation comparison between the trigger e�ciencies of

𝐵+→ 𝐽/𝜓 𝐾+
events for the inclusive trigger strategy used for the signal and 𝐵+→ 𝐽/𝜓 𝐾+

channels. The e�ciencies are obtained as a function of the maximum 𝑝T of the muons (left)

and the product of the 𝑝T of the two muons in the �nal state (right). The black distribution

corresponds to the e�ciency from sWeighted data evaluated with the TISTOS method; the

red and blue lines are the e�ciencies for simulation computed with the TISTOS method and

the true e�ciency, respectively.

Maps application

The primary assumption in the development of the TISTOSmethod is that the TIS selection is

independent of the signal candidates. Nevertheless, the correlation between the TIS decision

and the signal candidates, although small, is not negligible. The𝑏-hadrons in LHCb originate
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Figure 4.6: Comparison between sWeighted data and simulation samples of the L0&HLT1

trigger e�ciencies of 𝐵+→ 𝐽/𝜓 𝐾+
events for the combination of TIS lines used to select

𝐵0(𝑠)→ ℎ+ℎ′− decays. The e�ciencies are obtained as a function of the momentum (left)

and pseudorapidity (right) of the B candidate. The black distribution corresponds to the

e�ciency from sWeighted data evaluated with the TISTOS method; the red and blue lines

are the e�ciencies for simulation computed with the TISTOSmethod and the true e�ciency,

respectively.

from 𝑏𝑏 pairs created in the 𝑝𝑝 collisions, mainly through gluon-gluon fusion. In some

cases, the 𝑏-hadron inducing the TIS decision results from the same 𝑏𝑏 pair as the signal

candidate, such that the kinematics of these two distinct 𝑏-hadrons are correlated because

they generated from linked 𝑏 quarks. Moreover, when dealing with hadronic trigger lines,

the �nal-state hadron of the signal candidate might be detected in the same calorimeter cell

as other hadrons from the underlying event, leading to a correlation between the underlying

event and the signal candidates.

The modest correlation between the TIS and the signal candidates can be reduced

if the TISTOS method is restricted to small regions of the phase space determined by

some binning variables. These variables are chosen based on their correlation with the

performance of the speci�c trigger selection and, thus, are dependent on the speci�c trigger

strategy followed. Therefore, the trigger e�ciencies evaluated from data samples using

the TISTOSmethod are given in bins of these variables correlated to the trigger performance.

General procedure: 𝐵+→ 𝐽/𝜓 𝐾+ maps from data

In order to determine the trigger e�ciencies from data samples, 𝐵+→ 𝐽/𝜓 𝐾+
decays are

used as a proxy. As mentioned before, 𝐵+→ 𝐽/𝜓 𝐾+
decays are the optimal proxy mode due

to the large statistics and the fact that the muon TOS is well isolated from the rest of the

event. Thus, apart from being one of the normalization modes, the 𝐵+→ 𝐽/𝜓 𝐾+
decay is

chosen as the proxy channel in the evaluation of the trigger e�ciencies for all the signal and

normalization modes with their respective trigger strategies.
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The 𝐵+→ 𝐽/𝜓 𝐾+
signal and background components are unfolded in the 𝐵+→ 𝐽/𝜓 𝐾+

data samples by applying the sWeights, obtained from the sPlot technique [52]. The sWeights

are determined from unbinned maximum likelihood �ts to the mass distribution of the

𝐵+→ 𝐽/𝜓 𝐾+
data samples, where the 𝐽/𝜓 candidate mass is constrained to its measured

value [1]. The invariant mass �ts are performed for each data-taking year separately and

are very similar among the di�erent years in each corresponding run. As an example for

Run 1 and Run 2, the 𝐵+→ 𝐽/𝜓 𝐾+
mass distributions with the corresponding �ts are shown

for the 2012 and 2016 data samples in Fig. 4.7. The signal shape is modelled with a Hypatia

function (see Appendix A.2) whose parameters are constrained to the values obtained from

simulation, except for the mean and the width, which are allowed to vary freely in the �t. An

exponential functionmodels the combinatorial background, while an analytical shape is used

for the misidenti�ed 𝐵+→ 𝐽/𝜓 𝜋+
background. This analytical shape consists of a Gaussian

function obtained under the correct pion hypothesis modi�ed to account for the mistaken

kaon hypothesis by following an analytical description of the candidate kinematics [53].
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Figure 4.7: Mass distribution of the 𝐵+→ 𝐽/𝜓 𝐾+
candidates in the 2012 (left) and 2016 (right)

data samples. The blue shape corresponds to the total �t model, in red the 𝐵+→ 𝐽/𝜓 𝐾+
com-

ponent and in purple and green the 𝐵+→ 𝐽/𝜓 𝜋+
and combinatorial background components,

respectively.

The trigger e�ciencies are computed from 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data samples using

the TISTOS method in bins of the speci�c binning variables. The resulting histograms from

𝐵+→ 𝐽/𝜓 𝐾+
data, referred to as TISTOS maps, are used as a look-up table to correct for the

discrepancies observed in the trigger performance between data and simulation.

The distributions of the binning variables are di�erent for the 𝐵+→ 𝐽/𝜓 𝐾+
control chan-

nel and the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) and 𝐵0(𝑠)→ ℎ+ℎ′− channels, for which the e�ciencies must be

calculated. This di�erence is important because the trigger performance is correlated with

the binning variables, a�ecting the e�ciency values. To take this e�ect into account, the

trigger e�ciencies for a speci�c decay mode result from the convolution between the cor-

responding 𝐵+→ 𝐽/𝜓 𝐾+
TISTOS map with the simulation samples of that decay mode. The

speci�c details for each signal and normalization channel are given below.
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Trigger e�ciencies for 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) and 𝐵+→ 𝐽/𝜓 𝐾+ decays

As previously mentioned, di�erent binning variables are used depending on the trigger

strategy. For the inclusive trigger strategy, used for the signal and 𝐵+→ 𝐽/𝜓 𝐾+
decays, the

binning variables are themaximum transverse momentum of the twomuons and the product

of the transverse momenta of the two muons in the �nal state. These variables are chosen

because they are used in the real-time selection of muon candidates in the hardware (L0)

trigger level (see Sec. 2.3). The resulting TISTOS map for the inclusive trigger strategy is

shown in Fig. 4.8. The trigger e�ciencies for 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) or 𝐵+→ 𝐽/𝜓 𝐾+
decays are

evaluated from the convolution of this map with simulated 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) or 𝐵+→ 𝐽/𝜓 𝐾+

events. These simulation samples are further weighted to correct for the simulation and data

di�erences observed in the momentum and pseudorapidity distributions of the 𝐵 candidate,

as described in Sec. 5.2.1. The trigger e�ciencies for the signal and normalization modes are

given by:

𝜖
𝐵→𝑓

Trg
=

∑
iKin
𝜖
TISTOSMap

iKin

· 𝑁 𝐵→𝑓

iKin

𝑁 𝐵→𝑓
(4.5)

where 𝜖TISTOSMap
are the TISTOS maps for the inclusive trigger strategy obtained from

𝐵+→ 𝐽/𝜓 𝐾+
data and given in Fig. 4.8, iKin refers to the kinematic bin of the TISTOS map

and 𝑁 𝐵→𝑓
are the yields obtained from weighted simulation samples of the corresponding

𝐵+→ 𝐽/𝜓 𝐾+
or signal mode for which the trigger e�ciencies are evaluated.

Figure 4.8: TISTOS map obtained from 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data with the trigger e�cien-

cies for the inclusive trigger strategy as a function of the muon kinematics. The e�ciencies

correspond to the full trigger system, including L0, HLT1 and HLT2 levels. The sizes of the

areas are chosen to have similar statistics available in each bin.
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Trigger e�ciencies for 𝐵0→ 𝐾+𝜋−

A more complex procedure is followed for the 𝐵0→ 𝐾+𝜋−
trigger e�ciencies. As al-

ready mentioned, 𝐵0→ 𝐾+𝜋−
candidates are selected from a combination of TIS lines at the

L0&HLT1 levels, while speci�c TOS lines are used for the HLT2 level. Because the HLT2

lines used are topological lines optimized to select 𝐵0(𝑠)→ ℎ+ℎ′− candidates, 𝐵+→ 𝐽/𝜓 𝐾+
de-

cays can only be used as a proxy to evaluate the L0&HLT1 TIS e�ciencies from data samples.

Moreover, the TISTOS method can be applied to evaluate the L0&HLT1 e�ciencies since the

muon TOS lines are uncorrelated from the lines triggered by the underlying event. That

is not the case for the hadronic TOS lines, where there is a signi�cant correlation with the

underlying event from the overlap of several hadrons being detected in the same hadronic

calorimeter cells. Therefore, the trigger e�ciency for 𝐵0→ 𝐾+𝜋−
is evaluated by determin-

ing the L0&HLT1 and HLT2 contributions separately as

𝜖Trg = 𝜖L0&HT1 × 𝜖HLT2|L0&HT1 (4.6)

The L0&HLT1 contribution is evaluated using a TISTOSmap obtained from 𝐵+→ 𝐽/𝜓 𝐾+

sWeighted data. Because the TIS decision is correlated with the 𝑏-hadron kinematics, the

TISTOS map for the L0&HLT1 TIS strategy is given in bins of the momentum and pseudora-

pidity of the 𝐵 candidate. The resulting TISTOS map is illustrated in Fig. 4.9. The L0&HLT1

e�ciency for the 𝐵0→ 𝐾+𝜋−
decay results from the convolution of the TISTOS map with

the 𝐵0→ 𝐾+𝜋−
kinematic spectrum obtained from simulation samples as:

𝜖𝐵
0→𝐾+𝜋−

L0&HLT1
=

∑
iKin
𝜖
TISTOSMap

iKin

· 𝑁 𝐵0→𝐾+𝜋−

iKin

𝑁 𝐵0→𝐾+𝜋−
(4.7)

where 𝜖TISTOSMap
is the TISTOS map for the L0&HLT1 TIS strategy, iKin the kinematic bin of

the TISTOS map and 𝑁 𝐵0→𝐾+𝜋−
the 𝐵0(𝑠)→ ℎ+ℎ′− yields obtained from simulation samples.

Unlike the TIS e�ect from the L0&HLT1 levels, the HLT2 performance is expected to

be appropriately modelled in simulation. Therefore, the HLT2 e�ciency is evaluated from

simulated 𝐵0→ 𝐾+𝜋−
events as the fraction of events passing the HLT2 selection. Since the

HLT2 selection is performed after the L0&HLT1 levels, the HLT2 e�ciencies are evaluated

on a sample of events already passing the TIS criteria.

Systematic checks

The stability of the trigger e�ciency method is tested for several aspects through the

systematics checks, which are performed separately for 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾), 𝐵0→ 𝐾+𝜋−
and

𝐵+→ 𝐽/𝜓 𝐾+
decays. A summary of the systematic e�ects checked for the 𝐵0𝑠 → 𝜇+𝜇− case

can be found in Table 4.2, while their individual contributions for each channel are reported

in Table 4.3.
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Figure 4.9: TISTOS map obtained from 𝐵+→ 𝐽/𝜓 𝐾+
data with the e�ciencies for the combi-

nation of L0&HLT1 TIS lines.

One of the elements that could a�ect the trigger e�ciencies is the binning scheme used

in the TISTOS maps. To test this e�ect, the trigger e�ciencies are estimated using a di�erent

binning scheme obtained by merging every two consecutive bins. The di�erence relative to

the nominal values is taken as a systematic error. The choice of a binning scheme is found to

be the primary source of systematic error of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) signal channels, as shown
in Table 4.3.

The TISTOS maps are obtained from 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data to unfold the signal

and background components. The in�uence of choosing a Hypatia function to model the

𝐵+→ 𝐽/𝜓 𝐾+
shape is analyzed using a double-sided Crystal Ball function instead and re-

evaluating the e�ciencies with the newly generated sWeights. The e�ect is negligible in all

the cases and no systematic uncertainty is added.

Apart from the binning and the signal shape, three more systematics e�ects are tested

in the evaluation of the trigger e�ciencies: the TISTOS method, the maps application and

the usage of the 𝐵+→ 𝐽/𝜓 𝐾+
channel as a proxy. Before presenting these checks, a new map

type similar to the TISTOS map must be introduced: the MC true map. The main di�erence

between the TISTOS and the MC true maps is the method used to evaluate the trigger e�-

ciencies per kinematic bin. Instead of using the TISTOS method, the trigger e�ciencies in

each kinematic bin of the MC true map are evaluated as the true trigger e�ciencies (Eq. 4.1).

In order to obtain the absolute trigger e�ciencies for a given decay, the MC true map is con-

volved with the kinematic spectrum from the simulation samples analogously to the TISTOS

map. For clarity, the systematic checks are henceforth detailed for the 𝐵0𝑠 → 𝜇+𝜇− trigger ef-

�ciencies, although the same procedure is followed for the rest of the channels.

The �rst systematic e�ect studied is the map usage to check whether it performs as ex-

pected and gives correct results. Two di�erent values are compared in this check. For the
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Table 4.2: Summary of the systematic e�ects checked for the procedure used to evaluate the

trigger e�ciencies for 𝐵0𝑠 → 𝜇+𝜇− decays. The same checks are applied to the 𝐵0(𝑠)→ ℎ+ℎ′−

and 𝐵+→ 𝐽/𝜓 𝐾+
channels. The results of procedure 1 and procedure 2 are compared to study

the size of the systematic e�ects. When maps are used, the convolution with the 𝐵0𝑠 → 𝜇+𝜇−

is assumed in the determination of the trigger e�ciencies.

Systematic e�ect Procedure 1 Procedure 2

Signal shape

Nominal TISTOS map

from 𝐵+→ 𝐽/𝜓 𝐾+
data

using DCB

TISTOS map from

𝐵+→ 𝐽/𝜓 𝐾+
data with

Hypatia

Binning

Nominal TISTOS map

from 𝐵+→ 𝐽/𝜓 𝐾+
data

TISTOS map from

𝐵+→ 𝐽/𝜓 𝐾+
data with

merged bins

Use of maps

True trigger e�ciencies

from 𝐵0𝑠 → 𝜇+𝜇−

simulation without maps

MC true map from

𝐵0𝑠 → 𝜇+𝜇− simulation

𝐵+→ 𝐽/𝜓 𝐾+
as a proxy

MC true map from

𝐵0𝑠 → 𝜇+𝜇− simulation

MC true map from

𝐵+→ 𝐽/𝜓 𝐾+
simulation

TISTOS method

MC true map from

𝐵+→ 𝐽/𝜓 𝐾+
simulation

TISTOS map from

𝐵+→ 𝐽/𝜓 𝐾+
simulation

�rst one, the true trigger e�ciencies are obtained from the 𝐵0𝑠 → 𝜇+𝜇− simulation samples

without using the maps, directly from Eq. 4.1. For the second one, the e�ciencies are eval-

uated from the convolution of the MC true map obtained from the 𝐵0𝑠 → 𝜇+𝜇− simulation

samples with the very same sample. The discrepancy between the two sets of values is small

and added as a systematic error.

A second check is the use of 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy. This systematic check is per-

formed for all the channels except for the 𝐵+→ 𝐽/𝜓 𝐾+
channel itself. As done to check the

use of maps, the 𝐵0𝑠 → 𝜇+𝜇− trigger e�ciencies resulting from two methods are compared.

For the �rst one, the e�ciencies result from the convolution of the MC true map obtained

from the 𝐵0𝑠 → 𝜇+𝜇− simulation with the same 𝐵0𝑠 → 𝜇+𝜇− simulation sample. In the sec-

ond method, the MC true map obtained from 𝐵+→ 𝐽/𝜓 𝐾+
simulation is convolved with the

𝐵0𝑠 → 𝜇+𝜇− simulation sample. The usage of 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy is the primary
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source of systematic uncertainty for the 𝐵0(𝑠)→ ℎ+ℎ′− trigger e�ciencies, as expected from

the di�erent topologies of the 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

decays and the correlation be-

tween the trigger performance with the 𝐵 candidate kinematics.

A third and �nal check is the study of the possible bias added from the TISTOS method.

Again, two sets of 𝐵0𝑠 → 𝜇+𝜇− trigger e�ciency values are compared. For the �rst set, the e�-

ciencies are obtained from the convolution of the MC true map from 𝐵+→ 𝐽/𝜓 𝐾+
simulation

with the 𝐵0𝑠 → 𝜇+𝜇− simulation samples. For the second, the TISTOS map from 𝐵+→ 𝐽/𝜓 𝐾+

simulation is convolved with the 𝐵0𝑠 → 𝜇+𝜇− simulation samples. The discrepancy between

the two values is included as a systematic error.

Table 4.3: Individual listing of the uncertainties associated to the systematic e�ects for Run

1 (top) and Run 2 (bottom). These values are added in quadrature to evaluate the total sys-

tematic uncertainty.

Run 1

Signal shape Binning TISTOS method Use of maps Use of 𝐵+→ 𝐽/𝜓 𝐾+

𝐵0𝑠 → 𝜇+𝜇− 0.002% 1.44% 0.25% 0.009% 0.73%

𝐵0→ 𝜇+𝜇− 0.002% 1.57% 0.24% 0.049% 0.72%

𝐵0𝑠 → 𝜇+𝜇−𝛾 0.003% 1.86% 0.26% 0.054% 0.68%

𝐵+→ 𝐽/𝜓 𝐾+
0.009% 0.49% 0.68% 0.010% -

𝐵0→ 𝐾+𝜋−
0.001% 0.02% 0.09% 0.000% 0.121%

Run 2

Signal shape Binning TISTOS method Use of maps Use of 𝐵+→ 𝐽/𝜓 𝐾+

𝐵0𝑠 → 𝜇+𝜇− 0.001% 0.77% 0.51% 0.009% 0.05%

𝐵0→ 𝜇+𝜇− 0.001% 0.81% 0.51% 0.050% 0.05%

𝐵0𝑠 → 𝜇+𝜇−𝛾 0.001% 0.97% 0.54% 0.043% 0.06%

𝐵+→ 𝐽/𝜓 𝐾+
0.003% 0.20% 0.86% 0.012% -

𝐵0→ 𝐾+𝜋−
0.0006% 0.009% 0.13% 0.000% 0.14%

Trigger e�ciency values

The trigger e�ciencies for each signal and normalization channel are evaluated for each

data-taking year separately. The systematic uncertainty assigned to each value results from

the addition in quadrature of all the sources of systematic error. The Run 1 and Run 2 trigger

e�ciencies are obtained as the weighted luminosity averages of the data-taking years in each

run. The resulting trigger e�ciencies for each channel are listed in Table 4.4 for Run 1 and

Run 2. The low e�ciencies for the 𝐵0→ 𝐾+𝜋−
decay result from the TIS strategy used in the

L0&HLT1 levels, which is expected to be considerably less e�cient than a TOS or inclusive
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approach.

Table 4.4: Trigger e�ciencies for the signal and normalization channels for the two data

taking periods.

Run 1 Run 2

𝐵0𝑠 → 𝜇+𝜇− (95.79 ± 0.33 ± 1.64)% (97.12 ± 0.14 ± 0.93)%
𝐵0→ 𝜇+𝜇− (95.70 ± 0.32 ± 1.76)% (97.08 ± 0.14 ± 0.97)%
𝐵0𝑠 → 𝜇+𝜇−𝛾 (95.38 ± 0.32 ± 1.95)% (96.94 ± 0.13 ± 1.11)%
𝐵+→ 𝐽/𝜓 𝐾+ (88.10 ± 0.40 ± 0.80)% (90.33 ± 0.16 ± 0.89)%
𝐵0→ 𝐾+𝜋− (4.33 ± 0.02 ± 0.16)% (7.27 ± 0.02 ± 0.20)%

4.3 Particle identi�cation

The correct identi�cation of particle types is crucial in rejecting physical backgrounds. Par-

ticle identi�cation (PID) is also essential to isolate the 𝐵0→ 𝐾+𝜋−
candidates used in the

normalization procedure from inclusive 𝐵0(𝑠)→ ℎ+ℎ′− decays. In this analysis, three PID

variables are used to identify the particle types from signal and normalization candidates:

isMuon, ProbNN and Δ𝐿𝐿. A detailed description of the LHCb particle identi�cation and

these three variables can be found in Chapter 2.

The same muonic PID selection is applied to select 𝐵0𝑠 → 𝜇+𝜇−, 𝐵0→ 𝜇+𝜇− and

𝐵0𝑠 → 𝜇+𝜇−𝛾 candidates. This PID selection is required on the two �nal-state muon candi-

dates and consists of two steps. First, only muon candidates satisfying the isMuon algorithm
are selected. Then, a tighter PID selection is required on these candidates based on a combi-

nation of ProbNN cuts. The performance of several ProbNN selections was studied on data

samples by comparing the signal e�ciency versus the background yields for each ProbNN
criterion [54]. The ProbNN selection found to have the best performance is

ProbNN𝜇 × (1 − ProbNN𝑝) × (1 − ProbNN𝐾 ) >
{
0.4 for Run 1 and 2015

0.8 for 2016, 2017, 2018
(4.8)

where two distinct thresholds are applied over the years because the ProbNN algorithm was

reoptimized in 2016, achieving a higher rejection power of non-muon candidates [54]. As

explained in Sec. 2.2.4, the ProbNN variables are de�ned for each di�erent particle type and

give the probability of a reconstructed particle being of that type. The (1−ProbNN𝑝) and the
(1−ProbNN𝐾 ) terms are included due to their strong rejection power of the Λ0

𝑏
→ 𝑝𝜇−𝜈𝜇 and

𝐵0(𝑠)→ ℎ+ℎ′− backgrounds. Since the ProbNN selection is optimized for the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
decays, the PID selection applied on the 𝐵+→ 𝐽/𝜓 𝐾+

channel requires only the isMuon cri-

terion in the �nal-state muons.
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A PID requirement is also needed to select the 𝐵0→ 𝐾+𝜋−
decays used in the nor-

malization procedure from inclusive 𝐵0(𝑠)→ ℎ+ℎ′− channels. The particle type of the �nal-

state hadrons in 𝐵0(𝑠)→ ℎ+ℎ′− decays can be identi�ed using the combined di�erential log-

likelihood variable, Δ𝐿𝐿𝐾−𝜋 . This variable is built from the likelihood of the PID subdetectors

under the pion hypothesis. The selection is performed such that Δ𝐿𝐿𝐾−𝜋 > 𝜅 is required for

the kaon and Δ𝐿𝐿𝐾−𝜋 < −𝜅 for the pion candidates, where 𝜅 is a number that can be opti-

mized for each particular decay. In the selection of 𝐵0→ 𝐾+𝜋−
candidates, the default value

𝜅 = 5 is used.

Although the PID selection for the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) and the 𝐵0→ 𝐾+𝜋−
channels is dif-

ferent, a similar procedure is used to evaluate their PID e�ciencies. Their computation

is performed on data samples from a control channel using the reconstructed candidates

passing the o�ine selection and omitting the PID selection. The choice of the control chan-

nel depends on the PID selection applied and the particle type. For muon candidates, the

𝐽/𝜓 → 𝜇+𝜇− decays with the 𝐽/𝜓 originating from 𝑏-hadron decays are exploited. The single

muon PID e�ciencies are evaluated using the tag-and-probe technique [55], which classi�es

the muons from the 𝐽/𝜓 decay as "tag" or "probe". While the tag muon is well-identi�ed and

used to ensure the presence of the 𝐽/𝜓 resonance, the probe muons have a loose selection.

The single muon PID e�ciency is evaluated as the fraction of probe muons passing the PID

selection criteria.

The kinematics of the probe muon in the control channel are found to di�er from that

of the signal muon candidates. This di�erence is important because the ProbNN selection

in Eq. 4.8 is strongly correlated to the muon kinematics and the track occupancy of the

event. The correlation arises from the construction of the ProbNN selection as a combi-

nation of ProbNN variables associated with the pion, kaon and proton, which are mainly

distinguished in the RICH detector, whose performance depends on the particle kinematics.

To account for this correlation, the single muon PID e�ciencies are evaluated as a function

of three variables: the momentum and transverse momentum of the muon candidate and an

occupancy variable, the nTracks variable. The resulting histograms are convolved with the

binning variables distribution of the 𝐵0(𝑠)→ 𝜇+𝜇− decays from simulation samples to obtain

the PID e�ciencies.

The isMuon algorithm is applied at the o�ine reconstruction level, meaning that only

events satisfying this requirement are present in the data samples. Consequently, a correc-

tion to account for the isMuon e�ciency must be applied to the muonic PID e�ciencies.

The isMuon e�ciencies are calibrated using the tag-and-probe method from data and sim-

ulation 𝐵+→ 𝐽/𝜓 𝐾+
samples. The isMuon correction is evaluated as the ratio between the

e�ciencies from data and simulation and applied to the muonic PID e�ciencies.

For the𝐵0→ 𝐾+𝜋−
mode,𝐷∗±→ (𝐷0→ 𝐾±𝜋∓)𝜋±

𝑠 decays are used as a proxy to evaluate

the PID e�ciencies. In these decays, the slow pion from the 𝐷∗±
decays tags the �avour of
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the 𝐷0
candidate. The particle type of the decay products from the 𝐷0

decay can then be

distinguished from the charges of the tracks [55]. The e�ciencies associated with a speci�c

PID selection are evaluated for a reconstructed particle using this information.

As in the case of the muons, the �nal-state hadron kinematics of the 𝐵0→ 𝐾+𝜋−
and

𝐷∗±→ (𝐷0→ 𝐾±𝜋∓)𝜋±
𝑠 decays are di�erent. Since the hadron PID is mainly based on the

information provided by the RICH, the single hadron PID e�ciency for a speci�c PID selec-

tion is given in bins of the particle momentum, the pseudorapidity and the event occupancy;

the variables correlated to the performance of the RICH. The single hadron e�ciencies for

a �nal-state hadron in the 𝐵0→ 𝐾+𝜋−
decay are evaluated from the convolution of these

histograms with the 𝐵0→ 𝐾+𝜋−
kinematic spectra obtained from simulation samples. The

PID e�ciency of the 𝐵0→ 𝐾+𝜋−
channel is the product of the single hadron e�ciencies of

the two hadrons in the �nal state.:

𝜖𝐵
0→𝐾+𝜋−

PID
=

∑𝑁
sample

𝑖
𝜖𝜋
𝑖
(𝑝−, 𝜂−, nTracks) · 𝜖𝐾𝑖 (𝑝+, 𝜂+, nTracks)

𝑁sample

(4.9)

where 𝑁sample is the total number of events in the simulation sample 𝜖𝜋
𝑖
(𝑝−, 𝜂−, nTracks),

𝜖𝐾𝑖 (𝑝+, 𝜂+, nTracks) are the single pion and kaon PID e�ciency given by the PID histograms

determined from 𝐷∗±→ (𝐷0→ 𝐾±𝜋∓)𝜋±
𝑠 decays.

The PID e�ciencies for the signal and 𝐵0→ 𝐾+𝜋−
channels are listed in Table 4.5. The

statistical errors include the statistics of the data and simulation samples. A variation of the

choice of the binning scheme is studied and added as the systematic source of uncertainty

in the PID e�ciencies of the 𝐵0→ 𝐾+𝜋−
channel. Apart from the binning, the e�ect of the

correlation between the two muon tracks is also included as a systematic error in the signal

channels. The isMuon correction is included in the PID e�ciencies of the signal channels.

For 𝐵+→ 𝐽/𝜓 𝐾+
candidates, only the isMuon correction is given as no ProbNN selection is

applied.

Table 4.5: Particle identi�cation (PID) e�ciencies for the signal and normalization channels

for the two data taking periods. The numbers reported for 𝐵+→ 𝐽/𝜓 𝐾+
correspond to the

isMuon correction.

Run 1 Run 2

𝐵0𝑠 → 𝜇+𝜇− (85.80 ± 0.06 ± 0.53)% (88.22 ± 0.03 ± 0.39)%
𝐵0→ 𝜇+𝜇− (85.18 ± 0.07 ± 0.63)% (87.59 ± 0.04 ± 0.46)%
𝐵0𝑠 → 𝜇+𝜇−𝛾 (84.87 ± 0.06 ± 0.88)% (87.85 ± 0.03 ± 0.64)%
𝐵0→ 𝐾+𝜋− (47.41 ± 0.49 ± 0.10)% (50.04 ± 0.27 ± 0.12)%
𝐵+→ 𝐽/𝜓 𝐾+

1.0096 ± 0.0005 1.0026 ± 0.0002
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4.4 Other e�ciencies

4.4.1 Geometrical detector acceptance e�ciency

Several decays are lost in the detection process because of the geometrical shape of the LHCb

detector. This e�ect is quanti�ed with the geometrical detector acceptance e�ciency, evalu-

ated as the fraction of decays whose �nal-state particles propagate inside the detector accep-

tance, de�ned by the polar region in the range [10, 400] mrad. The geometrical acceptance

e�ciencies are computed directly from simulation samples, and the values for the signal and

normalization channels are given in Table 4.6. The slightly lower value for 𝐵+→ 𝐽/𝜓 𝐾+
de-

cays compared to the 𝐵0(𝑠)→ 𝜇+𝜇− and 𝐵0→ 𝐾+𝜋−
channels is due to the requirement of one

more particle, namely the �nal-state kaon, to be in the detector acceptance.

Table 4.6: Geometrical acceptance e�ciencies for the signal and normalization channels for

the two data taking periods.

Run 1 Run 2

𝐵0𝑠 → 𝜇+𝜇− (18.58 ± 0.020)% (19.35 ± 0.026)%
𝐵0→ 𝜇+𝜇− (18.58 ± 0.028)% (19.39 ± 0.027)%
𝐵+→ 𝐽/𝜓 𝐾+ (16.58 ± 0.034)% (17.35 ± 0.026)%
𝐵0→ 𝐾+𝜋− (18.58 ± 0.036)% (19.66 ± 0.027)%
𝐵0𝑠 → 𝜇+𝜇−𝛾 (47.38 ± 0.098)% (47.35 ± 0.050)%

Since the �nal-state photon from 𝐵0𝑠 → 𝜇+𝜇−𝛾 candidates is not reconstructed, the geo-

metrical detector acceptance e�ciencies for the 𝐵0𝑠 → 𝜇+𝜇−𝛾 channel are generated using a

di�erent generator level requirement to avoid requiring the �nal state photon to be in ac-

ceptance. This results in large geometrical detector acceptance e�ciencies associated with

𝐵0𝑠 → 𝜇+𝜇−𝛾 decays. These larger values are compensated by the reconstruction and selec-

tion e�ciencies, which are signi�cantly lower than for the rest of the channels.

4.4.2 Reconstruction and selection e�ciencies

Particles are detected in the LHCb experiment from the hits they leave in the di�erent sub-

detectors, which are combined to reconstruct particles and their trajectories. The recon-

struction e�ciency quanti�es the fraction of candidates within the geometrical acceptance

that are reconstructed successfully. These candidates are then required to pass the o�ine

selection presented in Sec. 4.1. The selection e�ciency gives the fraction of reconstructed

candidates passing the o�ine selection.

The reconstruction and selection e�ciencies are calculated jointly from simulation sam-

ples. A correction is applied to the resulting values to compensate for the simulation and

60



4

4.5. Boosted Decision Trees

data di�erences observed in the track reconstruction e�ciency. This correction is evaluated

as the ratio between the data and simulation tracking e�ciencies, evaluated on 𝐽/𝜓 → 𝜇+𝜇−

samples as a function of the kinematics of the �nal-state tracks. A track e�ciency correction

is evaluated for each channel and data-taking year, with values ranging from 0.9911 to 1.0210

for the data-over-simulation ratio.

Table 4.7: Reconstruction and selection e�ciencies for the signal and normalization channels

for the two data taking periods.

Run 1 Run 2

𝐵0𝑠 → 𝜇+𝜇− (32.43 ± 0.15)% (33.07 ± 0.21)%
𝐵0→ 𝜇+𝜇− (32.01 ± 0.17)% (32.77 ± 0.21)%
𝐵+→ 𝐽/𝜓 𝐾+ (17.54 ± 0.18)% (17.59 ± 0.18)%
𝐵0→ 𝐾+𝜋− (24.84 ± 0.35)% (25.45 ± 0.30)%
𝐵0𝑠 → 𝜇+𝜇−𝛾 (10.72 ± 0.07)% (11.52 ± 0.08)%

The reconstructed and selection e�ciencies for the signal and normalization chan-

nels are listed in Table 4.7 for the two data-taking periods. The values associated with

𝐵+→ 𝐽/𝜓 𝐾+
decays are considerably lower than for the rest of the channels considered.

This di�erence is expected because the reconstruction e�ciencies are intimately related

to the single-track tracking e�ciency, such that the more particles in the �nal state, the

lower the reconstruction e�ciency. Moreover, the three-body decay topology characteristic

of 𝐵+→ 𝐽/𝜓 𝐾+
decays results in a lower total and transverse momentum of the �nal-state

muons, leading to lower selection e�ciencies.

4.5 Boosted Decision Trees

After the one-dimensional selection requirements, the signal and background components

are further separated using Boosted Decision Trees (BDT) [56–58]. The BDT is a supervised

machine learning technique that classi�es the events depending on their signal-likeness. It

assigns a score to each candidate such that the lower the score, the more likely the candidate

is background.

As its name indicates, the BDT is a boosting algorithm. The boosting technique consists

in building a powerful classi�er from an ensemble of weak learners. For the BDT, the weak

learners are decision trees, a supervised machine learning technique that classi�es events as

signal or background depending on a succession of one-dimensional cuts. A diagrammatic

view of a decision tree is given in Fig. 4.10, showing the sequences of nodes. The goal at each

node is to increase the signal over background separation by reducing the impurity of the

sample, quanti�ed with the Gini index [59]. This index o�ers a consistent way to measure
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Figure 4.10: Diagrammatic illustration of a decision tree classi�er. At each node, the data is

separated into two subsets depending on a one-dimensional selection cut where 𝑥 indicates

the input variable to which the selection is applied and 𝑐𝑖 the threshold applied.

how equitably a resource is distributed in a population. It is calculated from the area above

and below the Lorenz curve, which represents the degree of equality in the distribution of

such a resource graphically [59]. The values of the Gini index range from 0 to 1, with the

largest values associated with the largest inequalities in the resource distribution and, hence,

the highest impurities in the sample. Therefore, the variable (and its threshold) for the one-

dimensional cut are chosen at each node to maximally reduce the Gini index value. The same

procedure is performed sequence after sequence until a stop condition is satis�ed.

The BDT results from the sequential combination of several decision trees. In each new

sequence, the training sample is weighted to give more importance to the events wrongly

classi�ed in the previous step. The boosting technique is sketched in Fig. 4.11.

The BDT technique is used twice in the analysis. A �rst BDT is used at the o�ine

selection, known as BDTS, and a one-dimensional cut is applied to its output to reduce the

combinatorial background and the data size. After the selection procedure, a second BDT,

referred to as the classi�cation BDT, is used to further classify the selected events as more or

less signal-like. The output of the classi�cation BDT is used to maximize the sensitivity of

the data sample by �tting the dimuon invariant mass spectrum in bins of this BDT classi�er.
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Figure 4.11: Schematic illustration of the boosting procedure with decision trees. In each

new sequence, the data is weighted based on the results of the previous sequence.

4.5.1 Selection BDTS

The o�ine selection uses the BDTS output to reduce the sample size and reject the majority

of the combinatorial background while keeping most of the signal candidates. The BDTS is

trained on simulated samples using 𝐵0𝑠 → 𝜇+𝜇− decays as signal and inclusive 𝑏𝑏→ 𝜇+𝜇−𝑋

decays as backgrounds. The discriminating variables used in the training process are:

• the impact parameter of the 𝐵 candidate relative to the primary vertex (PV);

• the impact parameter signi�cance of the 𝐵 candidate relative to the PV;

• the angle formed between themomentum of the 𝐵 candidate and the vector connecting

the primary and secondary vertices (DIRA);

• the distance of closest approach between the two muon candidates (DOCA);

• the minimum impact parameter of the two muon candidates with respect to the PV.

The BDTS performance strongly depends on the decay topology and the presence of a two-

body decay vertex. Since it is used in the o�ine selection, its performance should be similar

for all the signal and normalization channels. To satisfy this condition for the 𝐵+→ 𝐽/𝜓 𝐾+

mode, the impact parameter and its signi�cance are evaluated on the 𝐽/𝜓 candidate and the

DIRA on the 𝐽/𝜓 candidate relative to the PV.

To reduce the combinatorial background, a threshold on the BDTS output is required on

the selected signal candidates. This cut was optimized in the previous analysis [49] to keep

the most signal while rejecting most of the background. The most e�cient threshold found

is 0.05, which keeps 92% of the 𝐵0𝑠 → 𝜇+𝜇− candidates and rejects 70% of the combinatorial

background. The same threshold is applied to the normalization channels to ensure maximal

compatibility among samples.
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4.5.2 Classi�cation BDT

After the o�ine selection, another BDT classi�es the selected events assigning each of them a

probability of being signal. To improve the precision of the branching fraction measurement,

the sensitivity of the data sample is maximized by classifying the events in subsamples of

this new BDT classi�er and performing the dimuon invariant mass �t in subsamples of the

BDT output.

The BDT used for classi�cation is trained on simulated samples using 𝐵0(𝑠)→ 𝜇+𝜇− de-

cays as signal and inclusive 𝑏𝑏→ 𝜇+𝜇−𝑋 decays as background. The o�ine selection is ap-

plied to the samples before the training with the exception of the particle identi�cation in

order to treat 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0(𝑠)→ ℎ+ℎ′− equally. The variables found to optimize the BDT

performance and chosen as the BDT discriminating variables are:

• the long track isolation;

• the VELO track isolation;

• the 𝜒2 of the dimuon vertex;

• the 𝜒2 of the impact parameter associated with the B candidate relative to the PV;

• the angle formed between the 𝐵 candidate momentum and the vector connecting the

primary and secondary vertices;

• the angular distance between the two muons, Δ𝑅 (𝜇+, 𝜇−) =
√︁
Δ𝜙2 + Δ𝜂2;

• the minimum impact parameter 𝜒2 of the two muons relative to the PV.

The �rst two variables in the list quantify the isolation of the muon tracks in the event and

deserve a special mention. The muon candidates originating from the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays
are expected to be well isolated, meaning no other particles are produced around the muon

track, with the exception of the muon companion. The isolation variables are built using the

output of di�erent BDT classi�ers and quantify how close to the muon track other particles

are produced. The VELO track isolation is associated only with the VELO tracks in the event,

while the long track isolation is related to the tracks reconstructed using the entire LHCb

tracking system. For the de�nition of track types, see Sec. 2.1.

Once the BDT is trained, the BDT output is modi�ed such that the signal yield is �at

over the BDT range while the background peaks at zero. This modi�cation is known as the

�attening of the BDT and facilitates the separation of the data in BDT subsamples with a

well-known e�ciency.

The data samples are divided into BDT subsamples to increase the branching fraction

measurement sensitivity. The BDT binning scheme used to create these subsamples is op-

timized to get the highest increase in sensitivity while keeping enough events in each BDT
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bin to �t the background and signal components in the dimuon invariant mass �t. The per-

formance of several BDT binning schemes was studied using �ts to the dimuon invariant

mass distributions from the sideband data samples. The optimal BDT binning scheme was

found to consist of 6 bins with limits [0.0, 0.25, 0.4, 0.5, 0.6, 0.7, 1.0]. The dimuon invari-

ant mass �t is then performed simultaneously in these six BDT bins to determine the signal

branching fractions, as described in Sec. 7. A �ner binning is used in the calibration of the

BDT response, presented in the next Chapter, to study in greater detail how various e�ects

in�uence the BDT response. The BDT binning scheme used in the calibration of the BDT

consisting of 8 bins with limits [0.0, 0.25, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0].
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Due to the rareness of the 𝐵0(𝑠)→ 𝜇+𝜇− processes, the signal selection e�ciency must be

maximized while keeping the background at a manageable level. This is done using the

Boosted Decision Tree (BDT) technique presented in Sec. 4.5. The BDT classi�es the signal

candidates as more or less signal-like by assigning a score to each of them. The score ranks

from 0 to 1 such that the higher (lower) the score of a candidate, the more likely it is signal

(background).

The BDT score can be used to reduce the amount of background in di�erent ways. A cut

on the BDT output could be applied, removing candidates with low BDT scores following

a similar approach as with the BDTS in the selection (see Chapter 4). With this approach,

several real 𝐵0(𝑠)→ 𝜇+𝜇− events with lower BDT values are lost, decreasing the sensitivity in

the data samples. Instead, the data sample is divided into subsamples of the BDT classi�er,

also known as BDT bins, such that the dimuon invariant mass �t is performed simultane-

ously in these BDT bins. The same functions describing the di�erent signal and background

components are used for all the BDT bins, with their describing parameters shared across

the BDT bins, except the yields of the signal and background components, which vary across

the bins. An accurate prediction of the fraction of total candidates in each BDT bin for each

signal and background component is needed to constrain the �t and ensure its stability and

convergence. In the case of the signal channels, the estimation of these relative yields is

known as the BDT calibration and is the main topic of this chapter. The evaluation of the

expected yields for each background component is presented in Sec. 6.2.

The �nal goal of the BDT calibration is to estimate the expected fraction of signal events

in each BDT bin. These values are needed to combine the �tted yields obtained for each

BDT bin into a single branching fraction value for the 𝐵0(𝑠)→ 𝜇+𝜇− decays. Consequently,

the BDT calibration is one of the core parts of the analysis, with its results directly a�ecting

the branching fraction measurement. Fig. 5.1 shows a �owchart summarizing the BDT cal-

ibration procedure. In order to minimize systematic e�ects, the expected signal yields per

BDT bin must be determined from a sample whose characteristics are similar to the signal

candidates. One possibility is to perform the BDT calibration on real data using a control

channel with similar properties as the 𝐵0(𝑠)→ 𝜇+𝜇− decay, such as the exclusive 𝐵0(𝑠)→ ℎ+ℎ′−
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decays, where ℎ,ℎ′ = 𝜋, 𝐾 . This procedure is explored in Sec. 5.1. The other possibility, dis-

cussed in Sec. 5.2, exploits the 𝐵0(𝑠)→ 𝜇+𝜇− simulated data samples after correcting for the

kinematic di�erences between simulation and real data. Since both approaches should be

compatible, they should lead to the same results within uncertainties. Therefore, the com-

parison between the two di�erent results, presented in Sec. 5.3, serves as a validation of the

BDT calibration procedure.

Because the 𝐵0(𝑠)→ ℎ+ℎ′− events are rare decays, the 𝐵0(𝑠)→ 𝜇+𝜇− simulation yields are

higher than those obtained from the 𝐵0(𝑠)→ ℎ+ℎ′− real data samples. In addition, the selected

𝐵0(𝑠)→ ℎ+ℎ′− candidates are required to be triggered independently of the signal to reduce

the di�erence in the trigger performance between hadrons and muons. The e�ciencies as-

sociated with this trigger selection criterion are relatively low since the 𝐵0(𝑠)→ ℎ+ℎ′− event

is triggered by other �nal-state objects apart from the 𝐵0(𝑠)→ ℎ+ℎ′− hadrons, resulting in a

small expected number of 𝐵0(𝑠)→ ℎ+ℎ′− candidates. These two aspects directly a�ect the sta-

tistical uncertainties associated with the expected fraction of events per BDT bin obtained

from 𝐵0(𝑠)→ ℎ+ℎ′− decays in data. Consequently, the 𝐵0(𝑠)→ 𝜇+𝜇− simulation is the nominal

sample used to perform the BDT calibration, whereas the 𝐵0(𝑠)→ ℎ+ℎ′− calibration serves as

a validation test.

The 𝐵0(𝑠)→ 𝜇+𝜇− candidates are selected in data by requiring them to pass a muonic

PID and an inclusive trigger selection. Although the overall PID and trigger e�ciencies are

already included in the normalization procedure, their relative shifts per BDT bin should

be accounted for to accurately predict the expected BDT fractions of signal events. To do

this, muonic trigger and PID correction factors are determined in Sec. 5.4 and applied to the

fractions obtained from 𝐵0(𝑠)→ 𝜇+𝜇− simulation.

Another correction is yet needed for the calibration method using simulated 𝐵0𝑠 → 𝜇+𝜇−

events: the lifetime-dependence correction. The BDT response is correlated with the ef-

fective lifetime of the selected 𝐵0𝑠 → 𝜇+𝜇− decays, which is the average decay time of the

𝐵0𝑠 → 𝜇+𝜇− candidates in an experiment. As shown in Chapter 1, the e�ective lifetime is

directly related to the mass-eigenstate rate asymmetry, 𝐴
𝜇𝜇

ΔΓ𝑠
, and to the decay width asym-

metry, 𝑦𝑠 . Since the e�ective lifetime of the 𝐵0𝑠 → 𝜇+𝜇− has never been measured, its value

in simulation is assumed to be Standard Model, meaning the decay width asymmetry is zero

(𝑦𝑠 = 0). Although this assumption is in agreement with experimental observations for 𝐵0,

the value for 𝐵0𝑠 has been measured to be di�erent from zero, such that the role of 𝐴
𝜇𝜇

ΔΓ𝑠
be-

comes important (see Chapter 1). A correction for the BDT response is evaluated depending

on di�erent lifetime hypotheses. The determination of the lifetime-dependence correction

factor is also discussed in Sec. 5.4.

As mentioned before, the optimal BDT binning scheme used in the dimuon invariant

mass �t consists of 6 BDT bins with limits [0.0, 0.25, 0.4, 0.5, 0.6, 0.7, 1]. In order to study the

BDT response in more detail, especially at high BDT values, a �nner binning scheme is used
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𝐵0(𝑠)→ ℎ+ℎ′− CALIBRATION (SEC. 5.1) 𝐵0(𝑠)→ 𝜇+𝜇− CALIBRATION (SEC. 5.2)

Relative yields from data (Sec. 5.1.1)

Hadronic trigger correction (Sec. 5.1.2)

Hadronic PID correction (Sec. 5.1.3)

𝐵0(𝑠)→ 𝜇+𝜇− simulation samples

𝐵0(𝑠) kinematics reweighting (Sec. 5.2.1)

Ocupancy correction (Sec. 5.2.2)

Comparison of the two methods (Sec. 5.3)

Muonic trigger correction (Sec. 5.4.1)

Muonic PID correction (Sec. 5.4.2)

FINAL BDT CALIBRATION (SEC. 5.5)

Figure 5.1: A �owchart of the BDT calibration procedure. The results can be derived from

the 𝐵0(𝑠)→ ℎ+ℎ′− data sample corrected by the trigger and PID e�ects or the 𝐵0(𝑠)→ 𝜇+𝜇−

simulation samples, once corrected for the simulation and data di�erences. The results of

both approaches are compared to test both methods. Two more corrections are applied to

correct for the relative shifts per BDT bin of the muonic trigger and PID e�ciencies.

for the BDT calibration which consists of 8 BDT bins with limits [0.0, 0.25, 0.4, 0.5, 0.6, 0.7,

0.8, 0.9, 1]. After the studies, the expected relative signal yields are re-evaluated using the 6

BDT binning scheme characteristic of the dimuon invariant mass �t.

5.1 𝐵0(𝑠)→ ℎ+ℎ′− calibration

The BDT calibration can be assessed from data samples using 𝐵0(𝑠)→ ℎ+ℎ′− decays as a proxy

to 𝐵0(𝑠)→ 𝜇+𝜇− decays. The selection procedure of the 𝐵0(𝑠)→ ℎ+ℎ′− candidates is kept similar

to that of the 𝐵0(𝑠)→ 𝜇+𝜇− candidates, with the only di�erences being the trigger and the
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PID requirements. These two requirements depend on the �nal-state particles and how they

are detected: while the tracking is similar for hadrons and muons, particle identi�cation is

obtained in di�erent parts of the LHCb detector (see Chapter 2). Then, the fraction of events

estimated in a BDT bin, 𝑓iBDT , are determined by correcting the fraction of 𝐵0(𝑠)→ ℎ+ℎ′− events

per BDT bin in real data for the hadronic trigger and PID e�ects as:

𝑓iBDT =
𝑁ℎℎ′

iBDT

/𝑁ℎℎ′

𝜖ℎℎ
′

iBDT,trg
/𝜖ℎℎ′

trg
· 𝜖ℎℎ′

iBDT,PID
/𝜖ℎℎ′

PID

=
𝑓 ℎℎ

′

iBDT

𝜔ℎℎ
′

iBDT,trg
· 𝜔ℎℎ′

iBDT,PID

(5.1)

where 𝑓 ℎℎ
′

iBDT

is the fraction of 𝐵0(𝑠)→ ℎ+ℎ′− events for the iBDT BDT bin, i.e. 𝑓 ℎℎ
′

iBDT

=
𝑁ℎℎ′
i
BDT

𝑁ℎℎ′ ,

and 𝜔ℎℎ
′

iBDT,trg
and 𝜔ℎℎ

′

iBDT,PID
are the trigger and PID corrections, respectively, i.e. 𝜔ℎℎ

′

iBDT,trg(PID) =

𝜖ℎℎ
′

i
BDT

,trg(PID)

𝜖ℎℎ
′

trg(PID)
. The ℎℎ′ superscript indicates which exclusive 𝐵0(𝑠)→ ℎ+ℎ′− channel has been cho-

sen to determine the relative yields. Only the two most dominant exclusive 𝐵0(𝑠)→ ℎ+ℎ′−

decays, 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

, are used. To avoid any discrepancies arising from the

di�erent e�ective lifetimes and their correlation with the BDT, 𝐵0𝑠 → 𝐾+𝐾−
decays serve as

calibration for the 𝐵0𝑠 → 𝜇+𝜇− mode and the 𝐵0→ 𝐾+𝜋−
channel for 𝐵0→ 𝜇+𝜇− decays.

Each component in Eq. 5.1 is evaluated independently. The 𝑓 ℎℎ
′

iBDT

fractions are determined

from 𝐵0(𝑠)→ ℎ+ℎ′− data samples as described in Sec. 5.1.1. The trigger correction, 𝜔ℎℎ
′

iBDT,trg
, is

de�ned as the ratio between the trigger e�ciency for each BDT bin and the overall trigger

e�ciency. Its computation is done from data-based techniques and described in Sec. 5.1.2.

The PID correction, 𝜔ℎℎ
′

iBDT,PID
, is de�ned in a similar way and its calculation is detailed in

Sec. 5.1.3.

5.1.1 Relative 𝐵0(𝑠)→ ℎ+ℎ′− yields

One of the inputs needed for the BDT calibration obtained from data samples is the

𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

relative event yields. They are determined per BDT bin as the

ratio between the yields in each BDT bin and the total yield over the whole BDT range.

The yields are obtained from binned maximum likelihood �ts to the invariant mass of the

hadrons from selected 𝐵0(𝑠)→ ℎ+ℎ′− data samples. The �ts are performed separately on the

total sample and the BDT bins. The selection criteria, given in Sec. 4.1, are kept similar to

that of the 𝐵0(𝑠)→ 𝜇+𝜇− candidates to ensure compatibility between the samples. The yields

are determined for 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

decays by requiring di�erent PID require-

ments on the �nal-state particles and performing the invariant mass �ts for each channel

separately.

Fig. 5.2 and 5.3 display the invariant mass distributions for the total sample and the

BDT bins of the 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

data samples, with the corresponding �t model
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overlaid. For both the 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

�ts, the signal peak is modelled using a

double-sided Crystal Ball function (see Appendix A.1) while an exponential function is used

for the combinatorial background.

Apart from the combinatorial background, several exclusive background components

have to be adequately modelled. In the case of the 𝐵0→ 𝐾+𝜋−
�t, a structure can be found

to the right of the signal peak, partly overlapping with the signal. It corresponds to the

Cabibbo-suppressed 𝐵0𝑠 → 𝜋+𝐾−
decays and it is simulated using a double-sided Crystal Ball

function. This component is removed in the 𝐵0𝑠 → 𝐾+𝐾−
data sample by the PID selection

since it requires the presence of two kaons in the �nal state.

Two more background components are visible in both the 𝐵0𝑠 → 𝐾+𝐾−
and 𝐵0→ 𝐾+𝜋−

�ts. Although their overlap with the 𝐵0𝑠 → 𝐾+𝐾−
and 𝐵0→ 𝐾+𝜋−

shapes is negligible, they

might bias the combinatorial shape, a�ecting the signal peak. The small structure located at

lowmass, mostly visible in the 𝐵0→ 𝐾+𝜋−
case, is caused by partly reconstructed three-body

𝑏-hadron decays and modelled by an ARGUS function [60]. A structure corresponding to the

Λ0

𝑏
→ 𝑝ℎ decays is observed at higher masses, particularly in the 𝐵0𝑠 → 𝐾+𝐾−

�ts. A double-

sided Crystal Ball function is used to model this background. All the parameters associated

with the background components are �xed to the values obtained from simulation samples,

except the total yields, which are left free in the �t.

Several consistency checks are performed to test the �t stability. In the nominal �t, the

double-sided Crystal Ball tail parameters of the signal shapes are implemented as a Gaussian

constraint, meaning they are treated as �oating parameters whose values are allowed to vary

following a Gaussian inside a speci�c range. The ranges of these values are determined from

�ts to the simulation samples. To study howmuch this biases the �t results, the �t is repeated

by �xing the tail parameters to the central values obtained from simulation �ts. Similarly, the

e�ect of the invariant mass binning scheme is also tested by repeating the �t changing the

binning scheme. In both cases, the di�erences concerning the nominal values are negligible

and no systematic uncertainty is added.

The presence of the partly reconstructed background a�ects the combinatorial shape,

which in turn might a�ect the signal peak. To study this e�ect, the partly reconstructed

background component is removed by increasing the lower edge of the mass window to 5150

MeV/𝑐2. The di�erence with respect to the nominal �t is taken as a systematic uncertainty.

The fractions of events per BDT bin for 𝐵0→ 𝐾+𝜋−
data are displayed for Run 1 and

Run 2 in the second columns of Table 5.1 and Table 5.3, respectively. Tables 5.2 (Run 1)

and 5.4 (Run 2) show the corresponding fractions for 𝐵0𝑠 → 𝐾+𝐾−
data. In both cases, the

�rst uncertainty is statistical and the second systematic. The correlation between the BDT-

binned and total yields is included in the calculation of the statistical and systematic errors

associated with the relative yields. The statistical errors are relatively large, especially for

the low BDT values. This is expected as the 𝐵0(𝑠)→ ℎ+ℎ′− decays are rare and selected using
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Total sample

BDT ∈ [0, 0.25)

BDT ∈ [0.25, 0.4)

BDT ∈ [0.4, 0.5) BDT ∈ [0.5, 0.6)

BDT ∈ [0.6, 0.7) BDT ∈ [0.7, 0.8)

BDT ∈ [0.8, 0.9) BDT ∈ [0.9, 1]

Figure 5.2: Invariant mass �ts for 𝐵0→ 𝐾+𝜋−
for the total sample and the BDT subsamples.
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Total sample

BDT ∈ [0, 0.25)

BDT ∈ [0.25, 0.4)

BDT ∈ [0.4, 0.5) BDT ∈ [0.5, 0.6)

BDT ∈ [0.6, 0.7) BDT ∈ [0.7, 0.8)

BDT ∈ [0.8, 0.9) BDT ∈ [0.9, 1]

Figure 5.3: Invariant mass �ts for 𝐵0𝑠 → 𝐾+𝐾−
for the total sample and the BDT subsamples.
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TIS trigger lines, further limiting the available statistics, as explained in Sec. 4.2

5.1.2 Hadronic trigger correction

The trigger performance di�ers between muons and hadrons, and thus two trigger strategies

are used to select the 𝐵0(𝑠)→ 𝜇+𝜇− and 𝐵0(𝑠)→ ℎ+ℎ′− candidates (see Sec. 4.2). As a conse-

quence, the bin yields for 𝐵0(𝑠)→ ℎ+ℎ′− decays obtained from data will be di�erent than for

the 𝐵0(𝑠)→ 𝜇+𝜇− channel, and a trigger correction factor per BDT bin has to be included to

correct for this di�erence. For each BDT bin, the trigger correction is evaluated as the ratio

between the BDT-binned and overall trigger e�ciencies, i.e. 𝜔ℎℎ
′

iBDT,trg
=

𝜖ℎℎ
′

i
BDT

,trg

𝜖ℎℎ
′

trg

.

General strategy

The real-time selection applied to the 𝐵0(𝑠)→ ℎ+ℎ′− candidates consists of a combination of

di�erent types of trigger lines
1
. At the L0 and HLT1 levels, the 𝐵0(𝑠)→ ℎ+ℎ′− candidates are

triggered independently of the signal (TIS), or triggered by other �nal-state objects apart from
the signal hadrons of the 𝐵0(𝑠)→ ℎ+ℎ′− candidate. This trigger strategy is chosen because it

ignores the presence of the �nal-state hadrons in the 𝐵0(𝑠)→ ℎ+ℎ′−, reducing the di�erence

with respect to the triggering of 𝐵0(𝑠)→ 𝜇+𝜇− candidates, although resulting in low event

yields. At the HLT2 level, the selected events pass lines dedicated to the hadronic �nal

state and are triggered on the signal (TOS) by the �nal-state hadrons from the 𝐵0(𝑠)→ ℎ+ℎ′−

candidate. A complete explanation of the line categories and the trigger strategy used to

select 𝐵0(𝑠)→ ℎ+ℎ′− candidates are given in Sec. 4.2.

The BDT-binned and overall trigger e�ciencies are needed to evaluate the hadronic

trigger correction factors. As shown in Sec. 4.2, the performance of the L0&HLT1 selection

based on TIS lines is not accurately reproduced in simulation, a�ecting the evaluation of

the L0&HLT1 trigger e�ciencies. That is not the case for the HLT2 trigger performance, ex-

pected to be correctlymodelled in simulation. Therefore, the trigger correction is determined

by evaluating the L0&HLT1 and HLT2 contributions separately, following a similar proce-

dure as for the absolute trigger e�ciencies in Sec. 4.2. The relative L0&HLT1 e�ciencies

are determined from the TISTOS method by exploiting real data samples using 𝐵+→ 𝐽/𝜓 𝐾+

decays as a proxy. For the relative HLT2 e�ciencies, simulation samples are used where

the L0&HLT1 selection is already applied since the L0&HLT1 level precedes the HLT2 level

in the real-time trigger system. The �nal trigger correction per BDT bin results from the

combination of the L0&HLT1 and HLT2 contributions as

𝜔ℎℎ
′

iBDT,trg
= 𝜔ℎℎ

′

iBDT,L0&HLT1
× 𝜔ℎℎ′

iBDT,HLT2|L0&HLT1 =
𝜖ℎℎ

′

iBDT,L0&HLT1

𝜖ℎℎ
′

L0&HLT1

×
𝜖ℎℎ

′

iBDT,HLT2|L0&HLT1

𝜖ℎℎ
′

HLT2|L0&HLT1
(5.2)

1
Collection of selection cuts based on the reconstruction algorithms at each trigger level.
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where iBDT indicates the speci�c BDT bin and 𝜔ℎℎ
′

iBDT,L0&HLT1
and 𝜔ℎℎ

′

iBDT,HLT2|L0&HLT1 are the

relative L0&HLT1 and HLT2 e�ciencies, respectively.

Relative L0&HLT1 e�ciencies

The relative L0&HLT1 e�ciencies per BDT bin are evaluated as the ratio between the BDT-

binned and overall L0&HLT1 e�ciencies. Since the overall and BDT-binned e�ciencies can-

not be calculated directly from simulation, they are obtained from data samples using the

TISTOS method. The L0&HLT1 e�ciencies cannot be assessed from 𝐵0(𝑠)→ ℎ+ℎ′− data sam-

ples because the correlation between the signal �nal-state hadrons with the underlying event

and the TIS lines is not negligible. In addition, the 𝐵0(𝑠)→ ℎ+ℎ′− decays are rare, and the low

statistics in the data sample will a�ect the uncertainties associated with the L0&HLT1 ef-

�ciencies. Instead, the 𝐵+→ 𝐽/𝜓 𝐾+
mode is used as a proxy channel of the 𝐵0(𝑠)→ ℎ+ℎ′−

decays.

As explained in Sec. 4.2, the overall L0&HLT1 e�ciencies are calculated from the

𝐵+→ 𝐽/𝜓 𝐾+
data samples as a function of two kinematic variables: the momentum and

the pseudorapidity of the 𝐵+ candidate. The resulting 2-dimensional L0&HLT1 e�ciency

table, referred to as the TISTOS map, is shown in Sec. 4.2 where a detailed description of the

procedure followed to obtain it is given. This map is used as a look-up table to obtain the

overall L0&HLT1 e�ciency for exclusive 𝐵0(𝑠)→ ℎ+ℎ′− decays by convolving it with the kine-

matic spectrum of the 𝐵0(𝑠)→ ℎ+ℎ′− decays obtained from simulation. The overall L0&HLT1

e�ciency for 𝐵0(𝑠)→ ℎ+ℎ′− decays is

𝜖ℎℎ
′

L0&HLT1
=

∑
iKin
𝜖
TISTOSMap

iKin

· 𝑁
𝐵0(𝑠)→ℎ+ℎ′−

iKin

𝑁
𝐵0(𝑠)→ℎ+ℎ′−

(5.3)

where 𝜖TISTOSMap
is the TISTOS map, iKin the kinematic bin of the TISTOS map and

𝑁
𝐵0(𝑠)→ℎ+ℎ′−

the 𝐵0(𝑠)→ ℎ+ℎ′− yields obtained from simulation samples. In the case of the

BDT-binned e�ciencies, the convolution is done with the corresponding BDT bin, iBDT, as

𝜖ℎℎ
′

iBDT,L0&HLT1
=

∑
iKin
𝜖
TISTOSMap

iKin

· 𝑁
𝐵0(𝑠)→ℎ+ℎ′−

iBDT,iKin

𝑁
𝐵0(𝑠)→ℎ+ℎ′−

iBDT

(5.4)

Even though the application of the maps is found to yield the correct results for the overall

trigger e�ciencies (see Sec. 4.2), it does not properly reproduce the expected distributions

of the L0&HLT1 e�ciencies per BDT bin. The MC true map, introduced in Sec. 4.2, is used

to illustrate and explain this discrepancy. The MC true map is identical to the TISTOS map,

except that the L0&HLT1 e�ciencies are evaluated as the true e�ciencies
2
. Contrary to the

2
Fraction of events passing the L0&HLT1 selection in the sample.
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TISTOS map, the MC true map can only be obtained from simulation samples, as the total

number of events, including untriggered events, must be known.

The application of the maps can be tested using simulated 𝐵0→ 𝐾+𝜋−
signal samples.

An MC true map is obtained from these samples and convolved with the very same simu-

lated 𝐵0→ 𝐾+𝜋−
events to determine the BDT-binned and overall L0&HLT1 e�ciencies, as

described in Eq. 5.3 and Eq. 5.4. The resulting relative L0&HLT1 e�ciencies are compared

with the relative L0&HLT1 e�ciencies evaluated without the use of maps, directly from the

simulated 𝐵0→ 𝐾+𝜋−
samples as the ratio of the BDT-binned and overall true e�ciencies:

𝜖iBDT,L0&HLT1

𝜖L0&HLT1
=
𝑁iBDT,L0&HLT1/𝑁iBDT

𝑁L0&HLT1/𝑁
(5.5)

The comparison is illustrated in Fig. 5.4. Although both methods should mathematically

give identical results, the disagreement between their values is large. This discrepancy im-

plies that an existing correlation between the BDT and the L0&HLT1 TIS selection is not

accounted for by either the MC true or TISTOS maps. This e�ect should be included to

correctly evaluate the relative L0&HLT1 e�ciencies for the 𝐵0(𝑠)→ ℎ+ℎ′− decays.

The correlation between the L0&HLT1 TIS selection and the BDT is not trivial as it is

due to a third variable, concretely the occupancy of the event. Two of the variables used in

the BDT training, the long and VELO track isolation variables, quantify the isolation of the

�nal-state track candidates, which is closely related to the event occupancy. Furthermore,

the L0&HLT1 TIS selection is also correlated with the event occupancy since TIS lines are

triggered by the underlying event, which is characterized by the event occupancy among

other variables.

The correlation between the BDT and L0&HLT1 TIS selection is too complex to generally

correct for it in all the BDT bins. Instead, a BDT-dependent correction is applied to the

TISTOS map when evaluating the BDT-binned e�ciencies. Ideally, a di�erent TISTOS map

from 𝐵+→ 𝐽/𝜓 𝐾+
data samples could be determined for each BDT bin. Each map would be

later convolved with the corresponding 𝐵0(𝑠)→ ℎ+ℎ′− kinematic spectrum for that BDT bin to

calculate the BDT-binned e�ciencies. Unfortunately, this is not a suitable solution because

the BDT response strongly depends on the decay type it is applied to. The BDT response

is di�erent for 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

decays due to their distinct decay topology and

the number of �nal-state particles in each channel.

Alternatively, a BDT-dependent correction is determined from simulated 𝐵0(𝑠)→ ℎ+ℎ′−

events de�ned as the ratio between the MC true maps of the BDT binned and total samples,

𝜖
MCTrueMap

(iBDT) , such that for the iKin kinematic bin, the BDT-dependent correction, ℎ𝑐𝑜𝑟𝑟
iBDT,iKin

, is
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Figure 5.4: Relative L0&HLT1 e�ciencies per BDT bin for 𝐵0→ 𝐾+𝜋−
decays evaluated us-

ing four di�erent approaches. The only di�erence between the orange and red distributions

is the addition of the BDT-dependent correction in the latter case. The overlap between the

values obtained from simulation without maps (blue) and the results from the MC true map

from 𝐵0→ 𝐾+𝜋−
simulation including the BDT-dependent correction (orange) is excellent.

For completeness, the nominal procedure to evaluate the relative L0&HLT1 e�ciencies, the

use of the TISTOS map from 𝐵+→ 𝐽/𝜓 𝐾+
corrected with the BDT-dependence, is also added

in brown. The di�erence between the nominal and the simulation values is due to the mis-

modelling of the L0&HLT1 TIS selection criterion in the simulation.

expressed as:

ℎ𝑐𝑜𝑟𝑟
iBDT,iKin

=
𝜖
MCTrueMap

iBDT,iKin

𝜖
MCTrueMap

iKin

where 𝜖
MCTrueMap

(iBDT),iKin =
𝑁ℎℎ′

(iBDT),iKin,L0&HLT1

𝑁ℎℎ′
(iBDT),iKin

For the calculation of the BDT-binned e�ciencies, the TISTOS map is multiplied with the

BDT-dependent correction such that a di�erent factor corrects each kinematic bin. Adding

the BDT-dependent correction, Eq. 5.4 becomes:

𝜖ℎℎ
′

iBDT,L0&HLT1
=

∑
iKin
𝜖
TISTOSMap

iKin

· ℎ𝑐𝑜𝑟𝑟
iBDT,iKin

· 𝑁
𝐵0(𝑠)→ℎ+ℎ′−

iBDT,iKin

𝑁
𝐵0(𝑠)→ℎ+ℎ′−

iBDT

(5.6)

which is the �nal expression used for the BDT-binned e�ciencies.

The e�ect of the BDT-dependent correction is checked in simulated 𝐵0→ 𝐾+𝜋−
events.

The relative L0&HLT1 e�ciencies are evaluated using the MC true map once corrected for
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the BDT-dependent correction, with the BDT-binned and overall e�ciencies determined as

given in Eq. 5.6 and Eq. 5.3, respectively. The resulting distribution is plotted in Fig. 5.4

and compared with the distribution obtained from simulation without the use of maps. The

perfect agreement between the two distributions shows that the BDT-dependent correction

entirely captures the correlation e�ects between the BDT and the L0&HLT1 TIS selection

criteria.

For completeness, the relative L0&HLT1 e�ciencies for 𝐵0→ 𝐾+𝜋−
decays obtained

with the nominal method, namely the BDT-corrected TISTOS map from 𝐵+→ 𝐽/𝜓 𝐾+

sWeighted data, are also shown in Fig. 5.4. The di�erence relative to the values from simu-

lation samples illustrates the mismodelling of the L0&HLT1 TIS performance in simulation.

Relative HLT2 e�ciencies

The evaluation of the relative HLT2 e�ciencies per BDT bin is simpler. They are de�ned as

the ratio between the BDT-binned and overall HLT2 e�ciencies. Since the HLT2 behaviour

is well-modelled in simulation, both values are evaluated directly from simulation samples.

The overall HLT2 e�ciency is calculated as the fraction of events passing the HLT2 selection

in the simulation samples. The BDT-binned values are computed in the same manner in the

corresponding BDT bins. Prior to evaluating the HLT2 e�ciencies, the simulation samples

are required to pass the L0&HLT1 selection since the HLT2 selection is applied after the

L0&HLT1 level.

Systematic checks

The robustness of the method to estimate the relative 𝐵0(𝑠)→ ℎ+ℎ′− trigger e�ciencies is an-

alyzed similarly to the overall trigger e�ciencies, presented in Sec. 4.2. While no test is

needed for the HLT2 procedure, several checks are performed to investigate possible sys-

tematic e�ects in the evaluation of the relative L0&HLT1 e�ciencies. One of these e�ects

is the binning scheme used for the TISTOS map, tested by changing the binning scheme

merging two consecutive bins. The di�erence with respect to the nominal method is taken

as systematic uncertainty.

Apart from the binning scheme, the usage of 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy of the

𝐵0(𝑠)→ ℎ+ℎ′− channel is studied as a second systematic e�ect. This e�ect is examined using

simulated 𝐵0→ 𝐾+𝜋−
and 𝐵+→ 𝐽/𝜓 𝐾+

events. An MC true map is obtained from each sim-

ulation sample and convolved with the 𝐵0→ 𝐾+𝜋−
simulation sample. Both MC true maps

include the BDT-dependent correction. The resulting relative L0&HLT1 e�ciency distribu-

tions are shown in Fig. 5.5. Although small, the discrepancy between the two shapes is not

negligible. For this reason, the di�erence between both distributions is taken as systematic

error.
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A third source of systematic uncertainty is the precision of the TISTOSmethod. Its e�ect

on the relative L0&HLT1 e�ciencies is studied by obtaining an MC true and a TISTOS map

from the 𝐵+→ 𝐽/𝜓 𝐾+
simulation samples. Eachmap is convolved with the 𝐵0→ 𝐾+𝜋−

simu-

lation samples to obtain the 𝐵0→ 𝐾+𝜋−
trigger e�ciencies. The BDT-dependent correction

is applied in both cases to calculate the BDT-binned e�ciencies. The distributions of the

resulting relative L0&HLT1 e�ciencies are illustrated in Fig. 5.5. The discrepancy between

the two values is negligible and no further systematic is included.

Although not included in the systematic checks, the application of the maps to evaluate

the relative L0&HLT1 e�ciencies should also be tested. This was already checked in Fig. 5.4,

together with the BDT-dependent correction. For completeness, the results obtained directly

from simulation are also included in Fig. 5.5.
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 simulation+KψJ/ → +MC true map from B
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Figure 5.5: Relative TIS e�ciencies per BDT bin for 𝐵0→ 𝐾+𝜋−
decays obtained from theMC

true map derived from 𝐵+→ 𝐽/𝜓 𝐾+
simulation (green), the TISTOS map from 𝐵+→ 𝐽/𝜓 𝐾+

simulation (purple), the MC true map from 𝐵0→ 𝐾+𝜋−
simulation (red) and without the use

of the maps (blue).

Final values

Even though the need for the BDT-dependent correction and the systematic checks have

been presented for the 𝐵0→ 𝐾+𝜋−
case, the same conclusions and procedures apply to the

𝐵0𝑠 → 𝐾+𝐾−
decay. The relative trigger e�ciencies per BDT bin for the 𝐵0→ 𝐾+𝜋−

mode

can be found in the third column of Table 5.1 and Table 5.3, where the �rst uncertainty

is statistical and the second systematic. The corresponding 𝐵0𝑠 → 𝐾+𝐾−
values are listed in

Table 5.2 and Table 5.4.
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5.1.3 Hadronic PID correction

The 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

candidates are selected in data by requiring the presence

of either a pion and a kaon or two kaons as �nal-state particles. The hadronic PID criterion

applied to the data samples is clearly di�erent from that required for 𝐵0(𝑠)→ 𝜇+𝜇− candidates

and, hence, has to be corrected. Since this e�ect is expected to depend on the BDT values, a

PID correction factor per BDT is determined. The correction for each BDT bin is evaluated

as the ratio between the PID e�ciency per BDT bin and the overall e�ciency.

Both the BDT-binned and overall PID e�ciencies for 𝐵0(𝑠)→ ℎ+ℎ′− exclusive decays are

calculated from data samples using 𝐷∗±→ (𝐷0→ 𝐾±𝜋∓)𝜋±
𝑠 decays. From these decays, the

single hadron PID e�ciencies are obtained in bins of the occupancy of the event, the mo-

mentum and the transverse momentum of the hadron. The PID e�ciency of a reconstructed

particle results from the convolution of the corresponding single hadron PID e�ciencieswith

the kinematic spectrum of that particle obtained from simulation. This convolution has to

be done with each of the two hadrons in the �nal state, such that the PID e�ciencies of the

𝐵0(𝑠)→ ℎ+ℎ′− decays are the product of the single hadron PID e�ciencies of each hadron in

the �nal state. A detailed explanation of the evaluation of the 𝐵0(𝑠)→ ℎ+ℎ′− PID e�ciencies

can be found in Sec. 4.3.

The kinematic spectrum for each hadron in the exclusive 𝐵0(𝑠)→ ℎ+ℎ′− decays is obtained

from exclusive 𝐵0(𝑠)→ ℎ+ℎ′− simulation samples. While for the overall e�ciencies, the total

simulation sample is used, for the BDT-binned e�ciencies, the kinematic spectrum is ob-

tained for the BDT bins.

The PID corrections per BDT bin of the 𝐵0→ 𝐾+𝜋−
decays with their statistical and

systematic uncertainties can be found in the fourth column of Tables 5.1 and 5.3. The

𝐵0𝑠 → 𝐾+𝐾−
values are listed in Tables 5.2 and 5.4. The PID e�ciencies of each BDT sub-

sample and the full sample are assumed to be correlated as the same PID histogram is used

to evaluate them. Regarding the systematic uncertainties, only the choice of the binning

in the PIDCalib histogram is considered a source of systematic error. This e�ect is studied

by evaluating the PID e�ciencies using a di�erent binning scheme. The di�erence between

these values and the nominal ones is taken as systematic uncertainty.

5.1.4 Results

The fraction of events estimated per BDT bin in each data-taking year using 𝐵0→ 𝐾+𝜋−
data

samples are listed in the �fth column of Tables 5.1 and 5.3. The same values estimated from

𝐵0𝑠 → 𝐾+𝐾−
data samples are displayed in Tables 5.2 and 5.4. These values are determined per

BDT bin from the correction of the relative 𝐵0(𝑠)→ ℎ+ℎ′− data yields by the PID and trigger

correction factors using Eq. 5.1.

Two assumptions are made in the determination of the statistical and systematic un-
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certainties associated with the corrected fraction of events per BDT bin. The trigger and

PID corrections are considered to be fully correlated within each BDT bin since the same

simulation samples are exploited as kinematic reference in their evaluation. Because the rel-

ative yields are obtained using data samples only, their correlation with the trigger and PID

corrections is assumed to be negligible.

The systematic uncertainty includes the various sources of error a�ecting the relative

data yields and the PID and trigger corrections. Only the presence of the partly reconstructed

background is included as systematic error in the relative data yields. For the trigger cor-

rection, the e�ect of the TISTOS binning scheme and the use of the 𝐵+→ 𝐽/𝜓 𝐾+
decays as a

proxy are the sources of systematic uncertainty. In the case of the PID correction, only the

binning scheme used in the PID histograms is included as systematic error.

Table 5.1: Relative �tted yields, trigger and PID correction and �nal corrected relative yields

for 𝐵0→ 𝐾+𝜋−
for all Run1 data-taking years.

2011

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.279 ± 0.037 ± 0.014 0.786 ± 0.013 ± 0.017 1.275 ± 0.036 ± 0.002 0.278 ± 0.039 ± 0.016

[0.25, 0.4) 0.166 ± 0.007 ± 0.002 0.856 ± 0.018 ± 0.009 1.160 ± 0.053 ± 0.000 0.167 ± 0.013 ± 0.003

[0.4, 0.5) 0.105 ± 0.006 ± 0.002 0.917 ± 0.024 ± 0.002 1.065 ± 0.066 ± 0.006 0.108 ± 0.011 ± 0.002

[0.5, 0.6) 0.103 ± 0.006 ± 0.003 0.948 ± 0.024 ± 0.002 0.974 ± 0.062 ± 0.003 0.111 ± 0.012 ± 0.003

[0.6, 0.7) 0.081 ± 0.005 ± 0.001 1.044 ± 0.026 ± 0.007 0.935 ± 0.058 ± 0.002 0.083 ± 0.009 ± 0.001

[0.7, 0.8) 0.084 ± 0.005 ± 0.001 1.170 ± 0.028 ± 0.015 0.835 ± 0.051 ± 0.001 0.086 ± 0.009 ± 0.002

[0.8, 0.9) 0.087 ± 0.005 ± 0.002 1.306 ± 0.030 ± 0.016 0.780 ± 0.046 ± 0.004 0.086 ± 0.009 ± 0.002

[0.9, 1] 0.096 ± 0.005 ± 0.002 1.461 ± 0.031 ± 0.026 0.761 ± 0.041 ± 0.000 0.086 ± 0.008 ± 0.002

2012

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.306 ± 0.022 ± 0.012 0.855 ± 0.005 ± 0.018 1.270 ± 0.010 ± 0.004 0.282 ± 0.020 ± 0.013

[0.25, 0.4) 0.170 ± 0.004 ± 0.002 0.874 ± 0.006 ± 0.008 1.156 ± 0.016 ± 0.002 0.169 ± 0.006 ± 0.003

[0.4, 0.5) 0.099 ± 0.003 ± 0.002 0.920 ± 0.007 ± 0.003 1.066 ± 0.020 ± 0.000 0.101 ± 0.004 ± 0.002

[0.5, 0.6) 0.099 ± 0.003 ± 0.002 0.976 ± 0.008 ± 0.003 0.973 ± 0.019 ± 0.000 0.104 ± 0.005 ± 0.002

[0.6, 0.7) 0.087 ± 0.003 ± 0.002 1.024 ± 0.008 ± 0.007 0.895 ± 0.017 ± 0.000 0.094 ± 0.004 ± 0.002

[0.7, 0.8) 0.080 ± 0.003 ± 0.001 1.119 ± 0.009 ± 0.013 0.811 ± 0.016 ± 0.004 0.089 ± 0.004 ± 0.002

[0.8, 0.9) 0.078 ± 0.003 ± 0.001 1.251 ± 0.009 ± 0.019 0.764 ± 0.014 ± 0.002 0.082 ± 0.004 ± 0.002

[0.9, 1] 0.081 ± 0.003 ± 0.001 1.362 ± 0.011 ± 0.027 0.758 ± 0.014 ± 0.003 0.078 ± 0.004 ± 0.002
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Table 5.2: Relative �tted yields, trigger and PID correction and �nal corrected relative yields

for 𝐵0𝑠 → 𝐾+𝐾−
for all Run1 data-taking years.

2011

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.326 ± 0.054 ± 0.006 0.789 ± 0.010 ± 0.018 1.291 ± 0.024 ± 0.002 0.320 ± 0.054 ± 0.010

[0.25, 0.4) 0.175 ± 0.012 ± 0.002 0.844 ± 0.013 ± 0.010 1.163 ± 0.036 ± 0.001 0.178 ± 0.015 ± 0.003

[0.4, 0.5) 0.086 ± 0.008 ± 0.000 0.938 ± 0.018 ± 0.002 1.072 ± 0.044 ± 0.006 0.086 ± 0.010 ± 0.001

[0.5, 0.6) 0.081 ± 0.008 ± 0.001 0.984 ± 0.018 ± 0.004 0.986 ± 0.042 ± 0.002 0.083 ± 0.009 ± 0.001

[0.6, 0.7) 0.091 ± 0.008 ± 0.000 1.052 ± 0.019 ± 0.010 0.927 ± 0.039 ± 0.002 0.093 ± 0.010 ± 0.001

[0.7, 0.8) 0.085 ± 0.008 ± 0.002 1.113 ± 0.020 ± 0.010 0.834 ± 0.034 ± 0.000 0.091 ± 0.010 ± 0.002

[0.8, 0.9) 0.076 ± 0.008 ± 0.000 1.326 ± 0.022 ± 0.021 0.771 ± 0.030 ± 0.005 0.075 ± 0.008 ± 0.002

[0.9, 1] 0.080 ± 0.008 ± 0.002 1.452 ± 0.024 ± 0.025 0.740 ± 0.027 ± 0.002 0.075 ± 0.008 ± 0.002

2012

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.352 ± 0.032 ± 0.006 0.848 ± 0.005 ± 0.017 1.291 ± 0.007 ± 0.004 0.322 ± 0.030 ± 0.009

[0.25, 0.4) 0.173 ± 0.007 ± 0.001 0.870 ± 0.005 ± 0.008 1.161 ± 0.011 ± 0.002 0.171 ± 0.008 ± 0.002

[0.4, 0.5) 0.097 ± 0.006 ± 0.001 0.915 ± 0.007 ± 0.003 1.070 ± 0.014 ± 0.001 0.099 ± 0.006 ± 0.001

[0.5, 0.6) 0.080 ± 0.005 ± 0.001 0.975 ± 0.007 ± 0.004 0.974 ± 0.013 ± 0.000 0.084 ± 0.006 ± 0.001

[0.6, 0.7) 0.082 ± 0.005 ± 0.001 1.048 ± 0.008 ± 0.008 0.893 ± 0.012 ± 0.001 0.088 ± 0.006 ± 0.001

[0.7, 0.8) 0.067 ± 0.004 ± 0.001 1.122 ± 0.008 ± 0.013 0.804 ± 0.010 ± 0.003 0.074 ± 0.005 ± 0.001

[0.8, 0.9) 0.079 ± 0.005 ± 0.001 1.263 ± 0.009 ± 0.019 0.749 ± 0.009 ± 0.003 0.084 ± 0.006 ± 0.002

[0.9, 1] 0.069 ± 0.005 ± 0.001 1.354 ± 0.010 ± 0.024 0.734 ± 0.009 ± 0.003 0.070 ± 0.005 ± 0.002
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Table 5.3: Relative �tted yields, trigger and PID correction and �nal corrected relative yields

for 𝐵0→ 𝐾+𝜋−
for all Run2 data-taking years.

2015

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.335 ± 0.033 ± 0.006 0.809 ± 0.010 ± 0.017 1.314 ± 0.018 ± 0.003 0.315 ± 0.032 ± 0.009

[0.25, 0.4) 0.162 ± 0.007 ± 0.001 0.871 ± 0.010 ± 0.009 1.162 ± 0.027 ± 0.000 0.160 ± 0.009 ± 0.002

[0.4, 0.5) 0.099 ± 0.005 ± 0.001 0.932 ± 0.012 ± 0.003 1.069 ± 0.035 ± 0.002 0.099 ± 0.007 ± 0.001

[0.5, 0.6) 0.084 ± 0.005 ± 0.002 1.028 ± 0.013 ± 0.003 0.969 ± 0.031 ± 0.003 0.084 ± 0.006 ± 0.003

[0.6, 0.7) 0.074 ± 0.004 ± 0.002 1.069 ± 0.014 ± 0.008 0.866 ± 0.028 ± 0.003 0.080 ± 0.006 ± 0.002

[0.7, 0.8) 0.076 ± 0.004 ± 0.001 1.134 ± 0.015 ± 0.013 0.790 ± 0.026 ± 0.002 0.085 ± 0.006 ± 0.002

[0.8, 0.9) 0.078 ± 0.005 ± 0.002 1.221 ± 0.015 ± 0.017 0.771 ± 0.025 ± 0.002 0.083 ± 0.006 ± 0.002

[0.9, 1] 0.092 ± 0.005 ± 0.001 1.353 ± 0.017 ± 0.023 0.779 ± 0.022 ± 0.002 0.088 ± 0.006 ± 0.002

2016

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.347 ± 0.014 ± 0.017 0.870 ± 0.005 ± 0.018 1.311 ± 0.011 ± 0.005 0.305 ± 0.013 ± 0.017

[0.25, 0.4) 0.163 ± 0.003 ± 0.004 0.873 ± 0.006 ± 0.007 1.162 ± 0.018 ± 0.003 0.161 ± 0.005 ± 0.004

[0.4, 0.5) 0.095 ± 0.002 ± 0.002 0.935 ± 0.008 ± 0.002 1.039 ± 0.022 ± 0.001 0.098 ± 0.004 ± 0.002

[0.5, 0.6) 0.090 ± 0.002 ± 0.002 0.997 ± 0.008 ± 0.005 0.935 ± 0.020 ± 0.001 0.097 ± 0.004 ± 0.003

[0.6, 0.7) 0.077 ± 0.002 ± 0.002 1.034 ± 0.009 ± 0.008 0.854 ± 0.019 ± 0.001 0.087 ± 0.004 ± 0.002

[0.7, 0.8) 0.069 ± 0.002 ± 0.002 1.110 ± 0.009 ± 0.011 0.794 ± 0.018 ± 0.005 0.078 ± 0.003 ± 0.002

[0.8, 0.9) 0.075 ± 0.002 ± 0.002 1.209 ± 0.010 ± 0.016 0.752 ± 0.016 ± 0.003 0.082 ± 0.003 ± 0.002

[0.9, 1] 0.084 ± 0.002 ± 0.002 1.286 ± 0.010 ± 0.023 0.761 ± 0.015 ± 0.004 0.085 ± 0.003 ± 0.003

2017

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.344 ± 0.015 ± 0.015 0.858 ± 0.005 ± 0.014 1.305 ± 0.011 ± 0.004 0.307 ± 0.014 ± 0.015

[0.25, 0.4) 0.160 ± 0.003 ± 0.003 0.888 ± 0.006 ± 0.007 1.158 ± 0.017 ± 0.002 0.155 ± 0.004 ± 0.003

[0.4, 0.5) 0.096 ± 0.002 ± 0.003 0.944 ± 0.008 ± 0.003 1.029 ± 0.021 ± 0.000 0.099 ± 0.004 ± 0.003

[0.5, 0.6) 0.088 ± 0.002 ± 0.002 0.997 ± 0.008 ± 0.003 0.941 ± 0.020 ± 0.002 0.094 ± 0.004 ± 0.003

[0.6, 0.7) 0.078 ± 0.002 ± 0.002 1.036 ± 0.008 ± 0.006 0.861 ± 0.019 ± 0.001 0.087 ± 0.003 ± 0.002

[0.7, 0.8) 0.070 ± 0.002 ± 0.002 1.104 ± 0.009 ± 0.009 0.785 ± 0.017 ± 0.002 0.081 ± 0.003 ± 0.002

[0.8, 0.9) 0.074 ± 0.002 ± 0.002 1.208 ± 0.009 ± 0.014 0.761 ± 0.016 ± 0.003 0.081 ± 0.003 ± 0.002

[0.9, 1] 0.090 ± 0.002 ± 0.002 1.289 ± 0.009 ± 0.022 0.770 ± 0.015 ± 0.003 0.090 ± 0.003 ± 0.003

2018

BDT bin 𝑓 𝐾𝜋 𝑤𝐾𝜋
trg

𝑤𝐾𝜋
PID

𝑓

[0, 0.25) 0.346 ± 0.013 ± 0.017 0.848 ± 0.005 ± 0.019 1.314 ± 0.012 ± 0.004 0.311 ± 0.013 ± 0.017

[0.25, 0.4) 0.159 ± 0.003 ± 0.004 0.880 ± 0.006 ± 0.007 1.166 ± 0.018 ± 0.003 0.155 ± 0.004 ± 0.004

[0.4, 0.5) 0.094 ± 0.002 ± 0.002 0.928 ± 0.008 ± 0.001 1.032 ± 0.023 ± 0.002 0.098 ± 0.004 ± 0.002

[0.5, 0.6) 0.085 ± 0.002 ± 0.002 0.998 ± 0.009 ± 0.004 0.947 ± 0.021 ± 0.002 0.090 ± 0.003 ± 0.002

[0.6, 0.7) 0.080 ± 0.002 ± 0.002 1.056 ± 0.009 ± 0.006 0.864 ± 0.020 ± 0.001 0.087 ± 0.003 ± 0.003

[0.7, 0.8) 0.072 ± 0.002 ± 0.002 1.110 ± 0.010 ± 0.013 0.782 ± 0.019 ± 0.002 0.083 ± 0.003 ± 0.002

[0.8, 0.9) 0.076 ± 0.002 ± 0.002 1.203 ± 0.010 ± 0.017 0.765 ± 0.017 ± 0.004 0.082 ± 0.003 ± 0.003

[0.9, 1] 0.088 ± 0.002 ± 0.002 1.321 ± 0.010 ± 0.025 0.758 ± 0.015 ± 0.003 0.088 ± 0.003 ± 0.003
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Table 5.4: Relative �tted yields, trigger and PID correction and �nal corrected relative yields

for 𝐵0𝑠 → 𝐾+𝐾−
for all Run2 data-taking years.

2015

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.293 ± 0.056 ± 0.007 0.812 ± 0.010 ± 0.018 1.309 ± 0.012 ± 0.002 0.276 ± 0.053 ± 0.009

[0.25, 0.4) 0.180 ± 0.012 ± 0.002 0.868 ± 0.010 ± 0.008 1.160 ± 0.018 ± 0.001 0.179 ± 0.013 ± 0.003

[0.4, 0.5) 0.101 ± 0.009 ± 0.001 0.963 ± 0.013 ± 0.002 1.071 ± 0.023 ± 0.001 0.098 ± 0.009 ± 0.001

[0.5, 0.6) 0.106 ± 0.009 ± 0.006 1.010 ± 0.013 ± 0.006 0.968 ± 0.020 ± 0.002 0.108 ± 0.010 ± 0.006

[0.6, 0.7) 0.073 ± 0.008 ± 0.000 1.073 ± 0.014 ± 0.007 0.866 ± 0.019 ± 0.002 0.079 ± 0.009 ± 0.001

[0.7, 0.8) 0.089 ± 0.008 ± 0.002 1.144 ± 0.015 ± 0.011 0.798 ± 0.018 ± 0.003 0.097 ± 0.009 ± 0.002

[0.8, 0.9) 0.073 ± 0.008 ± 0.000 1.216 ± 0.016 ± 0.015 0.771 ± 0.016 ± 0.001 0.077 ± 0.009 ± 0.001

[0.9, 1] 0.085 ± 0.008 ± 0.001 1.336 ± 0.017 ± 0.025 0.783 ± 0.015 ± 0.002 0.081 ± 0.008 ± 0.002

2016

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.382 ± 0.021 ± 0.004 0.866 ± 0.005 ± 0.020 1.310 ± 0.007 ± 0.004 0.337 ± 0.019 ± 0.009

[0.25, 0.4) 0.157 ± 0.005 ± 0.001 0.877 ± 0.006 ± 0.007 1.160 ± 0.012 ± 0.003 0.155 ± 0.005 ± 0.002

[0.4, 0.5) 0.097 ± 0.004 ± 0.001 0.945 ± 0.008 ± 0.003 1.038 ± 0.015 ± 0.000 0.099 ± 0.004 ± 0.001

[0.5, 0.6) 0.084 ± 0.003 ± 0.000 0.984 ± 0.008 ± 0.006 0.938 ± 0.014 ± 0.001 0.091 ± 0.004 ± 0.001

[0.6, 0.7) 0.074 ± 0.003 ± 0.000 1.039 ± 0.009 ± 0.009 0.854 ± 0.013 ± 0.001 0.083 ± 0.004 ± 0.001

[0.7, 0.8) 0.068 ± 0.003 ± 0.000 1.115 ± 0.009 ± 0.013 0.794 ± 0.012 ± 0.005 0.077 ± 0.004 ± 0.001

[0.8, 0.9) 0.065 ± 0.003 ± 0.000 1.208 ± 0.010 ± 0.016 0.753 ± 0.011 ± 0.003 0.071 ± 0.004 ± 0.001

[0.9, 1] 0.073 ± 0.003 ± 0.001 1.289 ± 0.010 ± 0.022 0.765 ± 0.010 ± 0.003 0.074 ± 0.004 ± 0.002

2017

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.374 ± 0.022 ± 0.005 0.867 ± 0.005 ± 0.016 1.296 ± 0.007 ± 0.004 0.333 ± 0.020 ± 0.009

[0.25, 0.4) 0.163 ± 0.005 ± 0.001 0.875 ± 0.006 ± 0.008 1.155 ± 0.011 ± 0.002 0.162 ± 0.005 ± 0.002

[0.4, 0.5) 0.100 ± 0.004 ± 0.001 0.940 ± 0.008 ± 0.002 1.030 ± 0.014 ± 0.000 0.103 ± 0.004 ± 0.001

[0.5, 0.6) 0.084 ± 0.003 ± 0.001 0.998 ± 0.008 ± 0.003 0.942 ± 0.013 ± 0.001 0.089 ± 0.004 ± 0.001

[0.6, 0.7) 0.073 ± 0.003 ± 0.001 1.051 ± 0.008 ± 0.007 0.864 ± 0.012 ± 0.000 0.080 ± 0.004 ± 0.001

[0.7, 0.8) 0.060 ± 0.003 ± 0.001 1.118 ± 0.009 ± 0.012 0.790 ± 0.012 ± 0.002 0.068 ± 0.004 ± 0.001

[0.8, 0.9) 0.070 ± 0.003 ± 0.001 1.186 ± 0.009 ± 0.016 0.765 ± 0.010 ± 0.003 0.077 ± 0.004 ± 0.001

[0.9, 1] 0.075 ± 0.003 ± 0.001 1.284 ± 0.010 ± 0.022 0.777 ± 0.010 ± 0.003 0.075 ± 0.004 ± 0.002

2018

BDT bin 𝑓 𝐾𝐾 𝑤𝐾𝐾
trg

𝑤𝐾𝐾
PID

𝑓

[0, 0.25) 0.349 ± 0.020 ± 0.002 0.852 ± 0.005 ± 0.019 1.307 ± 0.008 ± 0.004 0.313 ± 0.018 ± 0.008

[0.25, 0.4) 0.166 ± 0.004 ± 0.000 0.863 ± 0.006 ± 0.008 1.160 ± 0.012 ± 0.003 0.165 ± 0.005 ± 0.002

[0.4, 0.5) 0.096 ± 0.003 ± 0.000 0.945 ± 0.008 ± 0.001 1.031 ± 0.015 ± 0.001 0.099 ± 0.004 ± 0.001

[0.5, 0.6) 0.086 ± 0.003 ± 0.000 0.994 ± 0.009 ± 0.003 0.948 ± 0.014 ± 0.002 0.091 ± 0.004 ± 0.001

[0.6, 0.7) 0.077 ± 0.003 ± 0.000 1.052 ± 0.009 ± 0.009 0.869 ± 0.013 ± 0.001 0.085 ± 0.004 ± 0.001

[0.7, 0.8) 0.072 ± 0.003 ± 0.000 1.106 ± 0.010 ± 0.014 0.786 ± 0.012 ± 0.002 0.083 ± 0.004 ± 0.001

[0.8, 0.9) 0.070 ± 0.003 ± 0.001 1.225 ± 0.010 ± 0.018 0.766 ± 0.011 ± 0.004 0.075 ± 0.004 ± 0.002

[0.9, 1] 0.084 ± 0.003 ± 0.001 1.310 ± 0.010 ± 0.023 0.764 ± 0.010 ± 0.003 0.083 ± 0.004 ± 0.002
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5.2 𝐵0(𝑠)→ 𝜇+𝜇− calibration

An alternative to the method presented in the previous section consists in performing the

BDT calibration from simulated 𝐵0(𝑠)→ 𝜇+𝜇− events. Unfortunately, the simulation does not

reproduce the behaviour observed in data for various variables. The main discrepancies

between data and simulation are observed in the transverse momentum, the pseudorapidity,

the impact parameter signi�cance of the vertex (𝜒2
IP
) associated with the 𝐵0(𝑠) candidate and

the event occupancy. The mismodelling of these variables in the simulation a�ects the BDT

distribution.

Thus, the 𝐵0(𝑠)→ 𝜇+𝜇− simulation is weighted to compensate for the data and simulation

di�erences. The weighting is done by �rst correcting the transverse momentum, pseudo-

rapidity and 𝜒2
IP
of the 𝐵0(𝑠) candidate, jointly referred to as 𝐵0(𝑠) kinematics, using a multi-

variate classi�er. This procedure is referred to as kinematic reweighting and is explained in

Sec. 5.2.1. After that, the simulation is further corrected for the di�erences in the event occu-

pancy using a two-dimensional correction obtained from 𝐵+→ 𝐽/𝜓 𝐾+
decays, as presented

in Sec. 5.2.2.

5.2.1 𝐵0(𝑠) kinematics reweighting

A machine learning technique known as a Gradient Boosted Reweighter (GBR) [61] is used

to correct for the di�erences between data and simulation observed in the 𝐵0(𝑠) kinematics.

The GBR distinguishes the discrepancies between data and simulation samples associated

with the training variables and generates weights to align them.

The GBR is trained on simulation and data samples from a proxy channel for the

𝐵0(𝑠)→ 𝜇+𝜇− candidates. The data samples are background-substracted using the sWeights

from the sPlot technique [52]. Since the kinematic distributions of the 𝐵0 and 𝐵0𝑠 hadrons

might di�er, two di�erent control channels are exploited to treat 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇−

separately. These channels are the 𝐵+→ 𝐽/𝜓 𝐾+
decay for the 𝐵0→ 𝜇+𝜇− case and the

𝐵0𝑠 → 𝐽/𝜓 𝜙 mode for 𝐵0𝑠 → 𝜇+𝜇− candidates. In both cases, the GBR training variables are the

transverse momentum, 𝑝T, the pseudorapidity, 𝜂 and the 𝜒
2

IP
of the 𝐵 candidates. These vari-

ables are taken as the input variables because of the signi�cant disagreement between their

sWeighted data and simulation distributions. The trained GBR is applied to the 𝐵0(𝑠)→ 𝜇+𝜇−

simulation samples to align them with the expected behaviour observed in data samples.

The distributions of the GBR training variables obtained for sWeighted data, simulation,

and reweighted simulation are shown in Fig. 5.6 for 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0𝑠 → 𝐽/𝜓 𝜙 decays. Al-

though themismodelling of the kinematic variables in simulation is clearly visible, especially

for the transverse momentum, the kinematic reweighting completely corrects for it, as can

be seen from the perfect agreement between the data and reweighting simulation curves.
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𝐵+→ 𝐽/𝜓 𝐾+ 𝐵0𝑠 → 𝐽/𝜓 𝜙

Figure 5.6: Distribution of the training variables used in the GBR for sWeighted data (black),

simulation (grey), and kinematically reweighted simulation (red). The left column corre-

sponds to 𝐵+→ 𝐽/𝜓 𝐾+
and the right to 𝐵0𝑠 → 𝐽/𝜓 𝜙 decays.

By default, no error is associated with the weights determined from the GBR. To test the

e�ect of the limited statistics of the training sample, a second GBR is trained on only half

of the 𝐵+→ 𝐽/𝜓 𝐾+
(𝐵0𝑠 → 𝐽/𝜓 𝜙) samples. The simulated 𝐵0𝑠 → 𝜇+𝜇− events are reweighted

using the new GBR and their BDT distribution is compared with the one originating from

the entire training samples in Fig. 5.7. The di�erences between the two distributions are

negligible and show the stability of the reweighting procedure. Therefore, no systematic
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error is associated with the kinematic reweighting procedure.
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Figure 5.7: BDT distributions of the reweighted 𝐵0𝑠 → 𝜇+𝜇− simulation using a GBR trained

on the full (red) or half (black) of the training samples.

5.2.2 Occupancy correction

In addition to the 𝐵0(𝑠) kinematics, di�erences between simulation and data are also observed

in the event occupancy. An appropriate variable to visualize this discrepancy is the nTracks
variable, quantifying the number of tracks in the event. Fig. 5.8 shows its distribution for

𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data, simulation and reweighted simulation. The di�erence between

data and simulation is prominent and is not reduced by the kinematic reweighting, whose

e�ect is found to be negligible for the event occupancy variables. This disagreement between

data and simulation mainly results from a cuto� made for low momentum tracks in the

simulation production to improve simulation times.

The mismodelling in simulation could be corrected by including the nTracks variable

as a fourth training variable of the GBR from Sec. 5.2.1. Unfortunately, this is not a suitable

solution because the GBR does not properly include the correlation between the nTracks and

the BDT response. This correlation arises from the use of isolation variables as BDT training

variables since they are directly linked to the event occupancy.

An alternative technique was developed to capture the correlation e�ect between the

BDT and the event occupancy. A two-dimensional correction in bins of the nTracks and the

BDT variables is used to correct the already kinematically reweighted simulation samples,

further referred to as simply reweighted simulation samples. This correction is evaluated

as the relative di�erence between the two-dimensional normalized event distributions from

the sWeighted data and the kinematically reweighted simulation samples of a proxy chan-

nel. The data samples used are sWeighted to unfold the signal from the background contri-

butions [52]. The occupancy correction is applied to the already kinematically reweighted
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Figure 5.8: nTracks distribution of the 𝐵0𝑠 → 𝜇+𝜇− candidates from kinematically reweighted

simulation (green) and 𝐵+→ 𝐽/𝜓 𝐾+
candidates from sWeighted data (blue) and kinematically

reweighted simulation (red).

𝐵0(𝑠)→ 𝜇+𝜇− simulation by weighting each event with a factor given by the occupancy cor-

rection depending on the nTracks and BDT value of the event.

The evaluation of the occupancy correction is done using a proxy channel whose prop-

erties are similar to that of the 𝐵0(𝑠)→ 𝜇+𝜇− candidates. Both normalization channels,

𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

, ful�l this condition. Although the 𝐵0→ 𝐾+𝜋−
decay is a

two-body decay with a more similar topology to the 𝐵0(𝑠)→ 𝜇+𝜇− process, the use of the

𝐵+→ 𝐽/𝜓 𝐾+
mode is preferred due to its signi�cantly larger yield in the data sample as well

as to avoid issues with di�erent PID and trigger selections (see Chapter 4).

One of the main complications of using the 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy is their dis-

tinct BDT response from that of the 𝐵0(𝑠)→ 𝜇+𝜇− candidates. This di�erence is expected

because the BDT distribution is highly dependent on the speci�c decay topology. While

𝐵+→ 𝐽/𝜓 𝐾+
are three-body decays, the 𝐵0(𝑠)→ 𝜇+𝜇− processes have only two particles in

the �nal state. In order to better mimic the 𝐵0(𝑠)→ 𝜇+𝜇− BDT response, the BDT training

variables for 𝐵+→ 𝐽/𝜓 𝐾+
decays are associated either with the 𝐵+ candidate or with the

�nal-state muons, always excluding the 𝐾+
from the �nal state. An exception is applied to

the 𝜒2
IP
variable. Because the number of degrees of freedom of the 𝐽/𝜓 candidate is the same

as for the 𝐵 candidate in the 𝐵0(𝑠)→ 𝜇+𝜇− decay, the 𝜒2
IP
is evaluated on the 𝐽/𝜓 candidate.

A detailed explanation of the BDT classi�er and the training variables used for 𝐵0(𝑠)→ 𝜇+𝜇−

decays is given in Sec. 4.5.2 The normalized distributions for the BDT training variables

are shown for 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0(𝑠)→ 𝜇+𝜇− reweighted simulation samples in Fig. 5.9. For

completeness, the 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data and the 𝐵0(𝑠)→ 𝜇+𝜇− unweighted simulation

distributions are also displayed.
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Figure 5.9: Distributions associated with the BDT training variables of the 𝐵0𝑠 → 𝜇+𝜇− decays
from kinematically reweighted simulation (green) and 𝐵+→ 𝐽/𝜓 𝐾+

decays from data (blue)

and kinematically reweighted simulation (red).
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As can be seen from Fig. 5.9, the distributions of the BDT training variables for

reweighted 𝐵0(𝑠)→ 𝜇+𝜇− and 𝐵+→ 𝐽/𝜓 𝐾+
simulation samples are very similar, with the most

signi�cant discrepancies found in the isolation variables and mainly in the Δ𝑅 (𝜇+, 𝜇−) vari-
able. The small discrepancy in the isolation variables originates from the two-body ver-

sus the three-body decay vertex for the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵+→ 𝐽/𝜓 𝐾+
modes. Similarly, the

large disagreement in Δ𝑅 (𝜇+, 𝜇−) comes from the di�erent angular distribution of the muons

coming from the 𝐽/𝜓 decay relative to the �nal-state muons from 𝐵0𝑠 → 𝜇+𝜇− decays. As

a consequence of these discrepancies in the distributions associated with 𝐵0𝑠 → 𝜇+𝜇− and

𝐵+→ 𝐽/𝜓 𝐾+
decays, the BDT distributions for 𝐵+→ 𝐽/𝜓 𝐾+

and 𝐵0𝑠 → 𝜇+𝜇− decays are also

expected to di�er.

The resulting BDT response for 𝐵+→ 𝐽/𝜓 𝐾+
reweighted simulation is compared with

the analogous from 𝐵0𝑠 → 𝜇+𝜇− reweighted simulation in Fig. 5.10. Again, the BDT distribu-

tions for 𝐵+→ 𝐽/𝜓 𝐾+
data and 𝐵0(𝑠)→ 𝜇+𝜇− simulation are also added for completeness. As

anticipated, the di�erences between the BDT responses of the 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0𝑠 → 𝜇+𝜇−

modes are large. Nevertheless, the relative di�erence between sWeighted data and simu-

lation samples is expected to be the same for 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0(𝑠)→ 𝜇+𝜇− decays. Since

the occupancy correction is a relative correction, the two-dimensional correction evaluated

from 𝐵+→ 𝐽/𝜓 𝐾+
samples can be applied to the 𝐵0(𝑠)→ 𝜇+𝜇− reweighted simulation samples.
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Figure 5.10: The BDT distributions of the 𝐵0𝑠 → 𝜇+𝜇− decays from kinematically reweighted

simulation (green) and 𝐵+→ 𝐽/𝜓 𝐾+
decays from data (blue) and kinematically reweighted

simulation (red).

As previously mentioned, the occupancy correction is evaluated as the ratio between

the normalized two-dimensional distributions of the 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data and

reweighted simulation samples. Ideally, an occupancy correction should be determined for

each data-taking year. However, the 𝐵+→ 𝐽/𝜓 𝐾+
event yields of the samples are signi�-

cantly low at large BDT values, as can be seen in Fig. 5.10. In order to reduce the impact
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of the limited statistics, only one occupancy correction is determined for Run 2 by merg-

ing all sWeighted data and reweighted simulation samples of the various Run 2 data-taking

years. The resulting two-dimensional occupancy correction is shown in Fig. 5.11. This cor-

rection is later convolved with each data-taking 𝐵0(𝑠)→ 𝜇+𝜇− reweighting simulation sample

separately.

There are two primary sources of error in the occupancy correction evaluation. The

e�ect of the binning scheme is studied by merging some bins and performing the BDT cal-

ibration again using 𝐵0(𝑠)→ 𝜇+𝜇− simulation. The di�erence with respect to the use of the

nominal occupancy correction is added as systematic uncertainty.

The 𝐵+→ 𝐽/𝜓 𝐾+
data samples used to determine the occupancy correction are

sWeigthed to separate the signal from the background contributions [52]. The sWeights

are determined from a maximum likelihood �t to the invariant mass of the �nal-state parti-

cles from the 𝐵+→ 𝐽/𝜓 𝐾+
candidates using the same �t strategy explained in Sec. 4.2. The

𝐵+→ 𝐽/𝜓 𝐾+
component is modelled using a Hypatia function. To test the e�ect of the spe-

ci�c shape, the BDT calibration is performed using a double-sided Crystal Ball function in-

stead. The di�erence with respect to the nominal results is found negligible, and no further

systematic uncertainty is added.
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Figure 5.11: Occupancy correction determined from 𝐵+→ 𝐽/𝜓 𝐾+
sWeighted data and kine-

matically reweighted simulation samples.
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5.2.3 Results

The fraction of events per BDT bin estimated using 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− simulation

samples are presented in Table 5.5 for each data-taking year. As discussed in Sec. 5.2.1 and

Sec. 5.2.2, the only non-negligible source of systematic uncertainty is the binning scheme

used in the occupancy correction. The statistical uncertainty is propagated from the limited

statistics of the 𝐵0(𝑠)→ 𝜇+𝜇− simulation samples and the statistical error associated with the

occupancy correction. The latter is found to be the main contribution, especially at large

BDT values, due to the limited size of the 𝐵+→ 𝐽/𝜓 𝐾+
data sample used to evaluate the

occupancy correction.
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Figure 5.12: Check of the e�ect from the corrections added to the 𝐵0𝑠 → 𝜇+𝜇− simulation

sample. The BDT distribution is shown for pure simulation (blue), kinematically reweighted

simulation (black) and reweighted and occupancy-corrected simulation (red).

The e�ect of each correction in the BDT shape obtained from simulated 𝐵0(𝑠)→ 𝜇+𝜇−

events is illustrated in Fig. 5.12. The BDT distributions of the pure, kinematically reweighted

and fully corrected 𝐵0(𝑠)→ 𝜇+𝜇− simulation are shown. The �at BDT shape from pure sim-

ulation results from the �attening procedure applied to the BDT output explained in Sec. 4.

The kinematic reweighting distorts the �atness signi�cantly. The addition of the occupancy

correction is found to have a signi�cant impact and enlarges the di�erence with respect to

the BDT response from pure simulated samples.
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Table 5.5: Relative yields per BDT bin for 𝐵0𝑠 → 𝜇+𝜇− (top) and 𝐵0→ 𝜇+𝜇− (bottom) as deter-

mined using 𝐵0(𝑠)→ 𝜇+𝜇− simulation.

BDT bin 2011 2012 2015

[0, 0.25) 0.2923 ± 0.0018 ± 0.0034 0.3082 ± 0.0018 ± 0.0068 0.3233 ± 0.0018 ± 0.0018

[0.25, 0.4) 0.1661 ± 0.0015 ± 0.0008 0.1643 ± 0.0015 ± 0.0005 0.1699 ± 0.0016 ± 0.0004

[0.4, 0.5) 0.1041 ± 0.0013 ± 0.0011 0.1043 ± 0.0014 ± 0.0012 0.1021 ± 0.0014 ± 0.0009

[0.5, 0.6) 0.0969 ± 0.0015 ± 0.0009 0.0960 ± 0.0016 ± 0.0014 0.0926 ± 0.0016 ± 0.0006

[0.6, 0.7) 0.0901 ± 0.0015 ± 0.0007 0.0895 ± 0.0017 ± 0.0012 0.0852 ± 0.0017 ± 0.0003

[0.7, 0.8) 0.0855 ± 0.0016 ± 0.0001 0.0820 ± 0.0017 ± 0.0009 0.0761 ± 0.0017 ± 0.0001

[0.8, 0.9) 0.0834 ± 0.0016 ± 0.0000 0.0813 ± 0.0019 ± 0.0006 0.0758 ± 0.0018 ± 0.0004

[0.9, 1] 0.0817 ± 0.0016 ± 0.0001 0.0746 ± 0.0018 ± 0.0009 0.0750 ± 0.0019 ± 0.0001

BDT bin 2016 2017 2018

[0, 0.25) 0.3284 ± 0.0017 ± 0.0015 0.3149 ± 0.0016 ± 0.0018 0.3136 ± 0.0018 ± 0.0011

[0.25, 0.4) 0.1703 ± 0.0015 ± 0.0004 0.1676 ± 0.0015 ± 0.0011 0.1684 ± 0.0016 ± 0.0010

[0.4, 0.5) 0.1014 ± 0.0013 ± 0.0008 0.1025 ± 0.0013 ± 0.0002 0.1034 ± 0.0014 ± 0.0005

[0.5, 0.6) 0.0926 ± 0.0015 ± 0.0010 0.0945 ± 0.0016 ± 0.0005 0.0928 ± 0.0016 ± 0.0005

[0.6, 0.7) 0.0836 ± 0.0016 ± 0.0006 0.0861 ± 0.0016 ± 0.0005 0.0865 ± 0.0017 ± 0.0002

[0.7, 0.8) 0.0749 ± 0.0016 ± 0.0004 0.0773 ± 0.0017 ± 0.0000 0.0778 ± 0.0017 ± 0.0001

[0.8, 0.9) 0.0749 ± 0.0018 ± 0.0003 0.0784 ± 0.0019 ± 0.0001 0.0789 ± 0.0019 ± 0.0007

[0.9, 1] 0.0738 ± 0.0018 ± 0.0005 0.0787 ± 0.0019 ± 0.0002 0.0786 ± 0.0020 ± 0.0003

BDT bin 2011 2012 2015

[0, 0.25) 0.2926 ± 0.0019 ± 0.0031 0.2986 ± 0.0023 ± 0.0069 0.3117 ± 0.0019 ± 0.0016

[0.25, 0.4) 0.1626 ± 0.0017 ± 0.0005 0.1621 ± 0.0019 ± 0.0012 0.1688 ± 0.0018 ± 0.0003

[0.4, 0.5) 0.1045 ± 0.0014 ± 0.0010 0.1037 ± 0.0017 ± 0.0013 0.1026 ± 0.0016 ± 0.0009

[0.5, 0.6) 0.0959 ± 0.0016 ± 0.0008 0.0973 ± 0.0020 ± 0.0019 0.0950 ± 0.0018 ± 0.0005

[0.6, 0.7) 0.0925 ± 0.0017 ± 0.0001 0.0917 ± 0.0021 ± 0.0007 0.0866 ± 0.0019 ± 0.0002

[0.7, 0.8) 0.0853 ± 0.0018 ± 0.0003 0.0826 ± 0.0021 ± 0.0010 0.0782 ± 0.0019 ± 0.0003

[0.8, 0.9) 0.0847 ± 0.0019 ± 0.0004 0.0839 ± 0.0022 ± 0.0001 0.0783 ± 0.0021 ± 0.0001

[0.9, 1] 0.0821 ± 0.0018 ± 0.0000 0.0801 ± 0.0023 ± 0.0006 0.0787 ± 0.0022 ± 0.0001

BDT bin 2016 2017 2018

[0, 0.25) 0.3191 ± 0.0018 ± 0.0025 0.3109 ± 0.0017 ± 0.0020 0.3114 ± 0.0019 ± 0.0023

[0.25, 0.4) 0.1678 ± 0.0016 ± 0.0009 0.1660 ± 0.0016 ± 0.0005 0.1666 ± 0.0017 ± 0.0011

[0.4, 0.5) 0.1022 ± 0.0015 ± 0.0003 0.1022 ± 0.0015 ± 0.0006 0.1019 ± 0.0016 ± 0.0011

[0.5, 0.6) 0.0937 ± 0.0018 ± 0.0008 0.0954 ± 0.0018 ± 0.0008 0.0951 ± 0.0018 ± 0.0007

[0.6, 0.7) 0.0860 ± 0.0018 ± 0.0002 0.0868 ± 0.0019 ± 0.0006 0.0872 ± 0.0019 ± 0.0000

[0.7, 0.8) 0.0766 ± 0.0018 ± 0.0003 0.0785 ± 0.0019 ± 0.0001 0.0788 ± 0.0019 ± 0.0002

[0.8, 0.9) 0.0781 ± 0.0021 ± 0.0000 0.0808 ± 0.0021 ± 0.0003 0.0794 ± 0.0021 ± 0.0001

[0.9, 1] 0.0766 ± 0.0021 ± 0.0001 0.0793 ± 0.0021 ± 0.0003 0.0797 ± 0.0022 ± 0.0004
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5.3 Comparison of the two methods

The results obtained from the two di�erent methods used for the BDT calibration should

lead to the same results within uncertainties. A direct comparison between the two methods

is used to test if the various factors a�ecting the BDT response in each calibration method

are included and properly evaluated. An intermediate alternative is included for this com-

parison to be fair and to avoid including biases from the use of two di�erent decay modes,

namely 𝐵0(𝑠)→ 𝜇+𝜇− versus 𝐵0(𝑠)→ ℎ+ℎ′−, in the two approaches presented. This new alter-

native consists in performing the BDT calibration using simulated 𝐵0(𝑠)→ ℎ+ℎ′− events and

correcting them as done for the 𝐵0(𝑠)→ 𝜇+𝜇− simulation samples. Therefore, three di�erent

methods to perform the BDT calibration are compared:

1. the𝐵0(𝑠)→ ℎ+ℎ′− calibrationmethod, described in Sec. 5.1, using𝐵0(𝑠)→ ℎ+ℎ′− data sam-

ples corrected for the hadronic PID and trigger requirements;

2. the 𝐵0(𝑠)→ 𝜇+𝜇− calibration method, presented in Sec. 5.2, using simulated 𝐵0(𝑠)→ 𝜇+𝜇−

events corrected for the data and simulation di�erences;

3. the new alternative, exploiting simulated 𝐵0(𝑠)→ ℎ+ℎ′− events corrected for the data

and simulation di�erence following the same method as for 𝐵0(𝑠)→ 𝜇+𝜇− simulation

samples.

The comparison between the 𝐵0(𝑠)→ ℎ+ℎ′− calibration method and the new alternative

serves as a validation of the two BDT calibrationmethods presented. The agreement between

the two shapes has two separate implications for eachmethod. In the 𝐵0(𝑠)→ 𝜇+𝜇− calibration

procedure, this agreement implies that all the e�ects from the simulation and data di�erences

are correctly compensated. In the case of the 𝐵0(𝑠)→ ℎ+ℎ′− calibration, it indicates that the

hadronic trigger and PID e�ects per BDT bin are under control and well-reproduced by the

corresponding correction factors.

The comparison between the methods are shown in Fig. 5.13 for the 𝐵0→ 𝐾+𝜋−
chan-

nel and Fig. 5.14 for the 𝐵0𝑠 → 𝐾+𝐾−
mode. The distributions using simulated 𝐵0(𝑠)→ 𝜇+𝜇−

events are also included for completeness. The results from 𝐵0→ 𝜇+𝜇− simulation samples

are included in the 𝐵0→ 𝐾+𝜋−
comparison, while 𝐵0𝑠 → 𝜇+𝜇− simulation is added in the

𝐵0𝑠 → 𝐾+𝐾−
one. This separation is done because of the di�erent decay width asymmetries

for the 𝐵0 and 𝐵0𝑠 mesons and their connection to the e�ective lifetimes of the 𝐵0(𝑠)→ 𝜇+𝜇−

decays, which are correlated to the BDT response. The statistical and systematic uncertain-

ties for each shape are represented in solid and dashed lines, respectively. The systematic

uncertainties are signi�cantly small compared to the statistical errors, especially for the val-

ues obtained using simulation samples, meaning the systematic e�ects are under control.

The distributions from the exclusive 𝐵0(𝑠)→ ℎ+ℎ′− data and corrected simulation samples

(methods 1 and 3 from the list) are in good agreement within uncertainties. This agreement
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Figure 5.13: The BDT distributions for Run 1 (left) and Run 2 (right) obtained from the

𝐵0→ 𝐾+𝜋−
corrected data (blue), as presented in Sec. 5.1; 𝐵0→ 𝜇+𝜇− corrected simulation

(red), as explained in Sec. 5.2; and the alternative of using 𝐵0→ 𝐾+𝜋−
simulation corrected

as done for 𝐵0→ 𝜇+𝜇− simulation.

between two shapes derived following entirely di�erent methods and samples shows the

large control over the BDT response and the two di�erent approaches presented. The overlap

between 𝐵0(𝑠)→ 𝜇+𝜇− and 𝐵0(𝑠)→ ℎ+ℎ′− simulation distributions is expected because their

selection procedure is identical since no trigger or PID criteria are applied in the simulation

samples.

The results obtained from either 𝐵0(𝑠)→ ℎ+ℎ′− data or 𝐵0(𝑠)→ 𝜇+𝜇− simulation samples

can be used for the �nal BDT calibration. Nevertheless, the statistics of the 𝐵0(𝑠)→ ℎ+ℎ′−

data sample are expected to be quite limited since 𝐵0(𝑠)→ ℎ+ℎ′− are rare decays. Furthermore,

the TIS trigger requirement decreases further the expected yield for 𝐵0(𝑠)→ ℎ+ℎ′− candidates

in the data samples. Since the total uncertainty is substantially lower, the method using
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Figure 5.14: The BDT distributions for Run 1 (left) and Run 2(right) obtained from the

𝐵0𝑠 → 𝐾+𝐾−
corrected data (blue), as presented in Sec. 5.1; 𝐵0𝑠 → 𝜇+𝜇− corrected simulation

(red), as explained in Sec. 5.2; and the alternative of using 𝐵0𝑠 → 𝐾+𝐾−
simulation corrected

as done for 𝐵0𝑠 → 𝜇+𝜇−.

simulated 𝐵0(𝑠)→ 𝜇+𝜇− events is the approach chosen to perform the BDT calibration and

determine the expected fraction of signal events in each BDT bin.

5.4 Muonic trigger and PID corrections per BDT bin

The 𝐵0(𝑠)→ 𝜇+𝜇− candidates in data are required to pass a muonic trigger and PID selection

criteria given in Chapter 4. Although the muonic trigger and PID e�ciencies are already

included in the normalization, their valuesmight vary among the di�erent BDT bins, altering

the number of events expected in each BDT bin. Hence, the BDT calibration must take into

account these relative shifts per BDT bin, such that the expected relative yield of the iBDT
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BDT bin for the signal candidates should be evaluated as:

𝑓iBDT,BDTCalib = 𝑓iBDT · 𝜔
𝜇𝜇

iBDT,trg
· 𝜔𝜇𝜇

iBDT,PID
(5.7)

where 𝑓iBDT is the fraction of events for that BDT bin determined from 𝐵0(𝑠)→ 𝜇+𝜇− cor-

rected simulation, and 𝜔
𝜇𝜇

iBDT,trg
and 𝜔

𝜇𝜇

iBDT,PID
the correction factors for the relative shifts in

the muonic trigger and PID selections, respectively. Both corrections are determined for

each BDT bin as the ratio between the BDT-binned and overall e�ciencies.

5.4.1 Muonic trigger correction

The muonic trigger e�ciencies are determined from data using 𝐵+→ 𝐽/𝜓 𝐾+
decays as a

proxy with the TISTOS method as a function of several muon kinematic variables. The

resulting look-up table is referred to as the TISTOS map. The overall trigger e�ciency of the

𝐵0(𝑠)→ 𝜇+𝜇− decays is evaluated from the convolution of the TISTOSmap with the kinematic

spectra of the 𝐵0(𝑠)→ 𝜇+𝜇− reweighted simulation, as detailed in Sec. 4.2. For the BDT-binned

e�ciencies, the TISTOS map is convolved with the corresponding BDT subsamples.

As shown in Sec 5.1.2, the L0&HLT1 trigger selection used to select 𝐵0(𝑠)→ ℎ+ℎ′− can-

didates and the BDT are correlated due to their relation with the event occupancy. The

inclusive strategy followed to select 𝐵0(𝑠)→ 𝜇+𝜇− events is expected to be less dependent on

the underlying event as it is mainly based on the �nal-state muons (see Sec. 4.2). Therefore,

the correlation e�ect is expected to be small.

Although the correlation between the trigger selection for 𝐵0(𝑠)→ 𝜇+𝜇− decays and the

BDT is expected to be minor, its e�ect on the relative 𝐵0(𝑠)→ 𝜇+𝜇− trigger e�ciencies is

analyzed using simulated 𝐵0(𝑠)→ 𝜇+𝜇− signal samples. An MC true map
3
is obtained from

simulated 𝐵0(𝑠)→ 𝜇+𝜇− events and convolved with the same 𝐵0(𝑠)→ 𝜇+𝜇− simulation samples

to determine the relative trigger e�ciencies for 𝐵0(𝑠)→ 𝜇+𝜇− decays. As for the 𝐵0(𝑠)→ ℎ+ℎ′−

case, the relative e�ciencies are evaluated as the ratio of the BDT-binned e�ciencies, 𝜖
𝜇𝜇

iBDT

and the overall e�ciencies obtained, 𝜖𝜇𝜇 , which are given as:

𝜖
𝜇𝜇

(iBDT) =

∑
iKin
𝜖MCTrueMap

iKin · 𝑁
𝐵0(𝑠)→𝜇+𝜇−

(iBDT)iKin

𝑁
𝐵0(𝑠)→𝜇+𝜇−

(iBDT)

(5.8)

The resulting relative trigger e�ciencies are compared to the analogous values evaluated

from the simulated 𝐵0(𝑠)→ 𝜇+𝜇− signal samples without using the maps as the ratio of the

BDT-binned and overall true trigger e�ciencies. The relative trigger e�ciency distribu-

3
Identical to the TISTOS map with the only di�erence being the e�ciencies in each kinematic bin are

evaluated as the true e�ciency.
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tions for each of the two methods are compared in Fig. 5.15. Although small, the disagree-

ment between distributions is due to the correlation between the trigger 𝐵0(𝑠)→ 𝜇+𝜇− selec-

tion and the BDT response. Because the correlation e�ect is signi�cantly smaller than the

one observed for the L0&HLT1 TIS selection characteristic of 𝐵0(𝑠)→ ℎ+ℎ′− decays, the two-

dimensional BDT-dependent correction is not applied here. Instead, the nominal relative

trigger e�ciencies at each BDT bin are multiplied by a factor taken as the ratio between the

relative trigger e�ciencies obtained directly from simulation and the values evaluated from

the MC true maps from 𝐵0(𝑠)→ 𝜇+𝜇− simulation.
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Figure 5.15: The di�erent muonic trigger corrections per BDT bin for the 𝐵0𝑠 → 𝜇+𝜇− decay

obtained from the MC true map derived from 𝐵+→ 𝐽/𝜓 𝐾+
reweighted simulation (green),

𝐵0𝑠 → 𝜇+𝜇− reweighted simulation (orange), the TISTOS map from 𝐵+→ 𝐽/𝜓 𝐾+
reweighted

simulation (brown), 𝐵+→ 𝐽/𝜓 𝐾+
data (purple) and without the use of the maps (pink).

The statistical and systematic errors associated with the overall trigger e�ciencies are

already included in the normalization. Nevertheless, the systematic e�ects associated with

the precision of the TISTOS method and the usage of 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy of the

𝐵0(𝑠)→ 𝜇+𝜇− are not uniformly distributed through the BDT bins. As a consequence, their

systematic e�ect on the relative trigger e�ciencies is analyzed.

The e�ect of using 𝐵+→ 𝐽/𝜓 𝐾+
decays as a proxy for the 𝐵0(𝑠)→ 𝜇+𝜇− channel is studied

on 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0(𝑠)→ 𝜇+𝜇− simulation samples. An MC true map is obtained from

each sample and convolved with the simulated 𝐵0(𝑠)→ 𝜇+𝜇− events to evaluate the relative

trigger e�ciencies for 𝐵0(𝑠)→ 𝜇+𝜇− decays. The results obtained from the 𝐵+→ 𝐽/𝜓 𝐾+
and

𝐵0(𝑠)→ 𝜇+𝜇− MC true maps are compared in Fig. 5.15. The di�erence between the two values

is included as systematic uncertainty in the relative 𝐵0(𝑠)→ 𝜇+𝜇− trigger e�ciencies values.

The precision of the TISTOS method is examined using MC true and TISTOS maps ob-

tained from 𝐵+→ 𝐽/𝜓 𝐾+
simulation samples. The relative 𝐵0(𝑠)→ 𝜇+𝜇− trigger e�ciencies
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are obtained using each map and result in the distributions shown in Fig. 5.15. The di�er-

ence between the two curves is assigned to the relative 𝐵0(𝑠)→ 𝜇+𝜇− trigger e�ciencies as

systematic uncertainty.

The BDT distribution of the central values of the nominal trigger correction is also shown

in Fig. 5.15 for completeness. Although not large, the discrepancy relative to the simulation

values is not negligible. The trigger corrections for each BDT bin are given in Table 5.6 for

each data-taking year. As previouslymentioned, only systematic uncertainties are associated

with it since the statistical errors are already included in the normalization procedure.

Table 5.6: Relative trigger correction factors per BDT bin for 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇−

decays.

𝐵0𝑠 → 𝜇+𝜇− 𝐵0→ 𝜇+𝜇−

BDT bin Run 1 Run 2 Run 1 Run 2

[0, 0.25) 0.9820 ± 0.0015 0.9787 ± 0.0024 0.9816 ± 0.0016 0.9761 ± 0.0026

[0.25, 0.4) 0.9900 ± 0.0008 0.9928 ± 0.0005 0.9870 ± 0.0007 0.9925 ± 0.0005

[0.4, 0.5) 0.9972 ± 0.0005 1.0014 ± 0.0006 0.9978 ± 0.0006 1.0011 ± 0.0006

[0.5, 0.6) 1.0044 ± 0.0005 1.0059 ± 0.0010 1.0035 ± 0.0007 1.0077 ± 0.0011

[0.6, 0.7) 1.0091 ± 0.0007 1.0111 ± 0.0014 1.0087 ± 0.0008 1.0107 ± 0.0014

[0.7, 0.8) 1.0146 ± 0.0011 1.0161 ± 0.0017 1.0168 ± 0.0011 1.0182 ± 0.0018

[0.8, 0.9) 1.0207 ± 0.0016 1.0219 ± 0.0019 1.0199 ± 0.0016 1.0229 ± 0.0020

[0.9, 1] 1.0263 ± 0.0023 1.0277 ± 0.0021 1.0270 ± 0.0023 1.0293 ± 0.0022

5.4.2 Muonic PID correction

The PID corrections are also evaluated independently per BDT bin as the ratio between the

BDT-binned and overall PID e�ciencies. To evaluate them, 𝐽/𝜓 → 𝜇+𝜇− data samples where

the 𝐽/𝜓 → 𝜇+𝜇− originates from 𝑏 decays are used. The PID e�ciencies are determined from

this proxy channel as a function of the total and transverse momentum of the muon candi-

dates and the nTracks variables. The resulting histogram is convolved with the 𝐵0(𝑠)→ 𝜇+𝜇−

kinematic spectrum obtained from reweighted simulation to evaluate the overall e�cien-

cies (see Sec. 4.3). For the BDT-binned e�ciencies, the PID histogram is convolved with the

corresponding BDT subsample.

The statistical and systematic errors associated with the overall PID e�ciency are al-

ready included in the normalization. No systematic uncertainty is associated with the PID

correction since no correlation is observed between the PID and the BDT. The PID correction

factors of each BDT bin for 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− are listed in Table 5.7 for Run 1 and

Run 2.
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Table 5.7: Relative PID correction factor per BDT bin for 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇−.

𝐵0𝑠 → 𝜇+𝜇− 𝐵0→ 𝜇+𝜇−

BDT bin Run 1 Run 2 Run 1 Run 2

[0, 0.25) 0.958 0.964 0.954 0.962

[0.25, 0.4) 0.970 0.988 0.968 0.980

[0.4, 0.5) 0.986 1.002 0.987 0.996

[0.5, 0.6) 1.000 1.015 1.000 1.005

[0.6, 0.7) 1.014 1.022 1.016 1.014

[0.7, 0.8) 1.032 1.031 1.034 1.026

[0.8, 0.9) 1.055 1.043 1.055 1.043

[0.9, 1] 1.077 1.057 1.080 1.059

5.4.3 E�ective lifetime correction

A further correction is needed in the 𝐵0𝑠 → 𝜇+𝜇− case to account for the e�ective lifetime

dependence of the BDT shape. One of the inputs needed to generate simulation samples is

the e�ective lifetime of the decay. In the Standard Model, the 𝐵0(𝑠)→ 𝜇+𝜇− e�ective lifetime

can take any value between the lifetimes of the light and heavymass eigenstates. The relation

between the 𝐵0(𝑠) lifetime and the e�ective lifetime depends on the parameter 𝐴
𝜇𝜇

ΔΓ𝑠
and the

decaywidth asymmetry between heavy and lightmass eigenstates,𝑦𝑠 , as shown in Chapter 1.

The simulation is generated by setting the e�ective lifetime to be the mean 𝐵0(𝑠) lifetime,

meaning 𝑦𝑠 = 0. Although this assumption is in agreement with the experimental observa-

tions for 𝐵0, the corresponding 𝐵0𝑠 value has been measured to be 𝑦𝑠 = 0.068± 0.004 [1]. As a

result, the role of the𝐴
𝜇𝜇

ΔΓ𝑠
becomes signi�cant in the e�ective lifetime evaluation. The value

of 𝐴
𝜇𝜇

ΔΓ𝑠
is still unknown, and it is predicted to be +1 in the Standard Moded.

The longer-lived 𝐵0𝑠 → 𝜇+𝜇− candidates will score higher in the BDT output than shorter-

lived ones since their vertices are better reconstructed as they are more di�erentiated from

the primary vertex. To assess the e�ect of this correlation on the BDT calibration, three

di�erent scenarios covering the entire e�ective lifetime range are considered: 𝐴
𝜇𝜇

ΔΓ𝑠
= -1, 0

and 1. For each scenario, a correction factor per BDT is determined as

𝑘iBDT =
1

𝑁iBDT

𝑁∑︁
𝑖=1

𝜔𝑖 (5.9)

where 𝑁iBDT
is the number of events per BDT bin and 𝜔𝑖 is the weight associated with each

event given by

𝜔𝑖 =
𝜏gen

𝜏𝜇+𝜇−
𝑒−𝑡𝑖 (1/𝜏𝜇+𝜇−−1/𝜏gen) (5.10)
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where 𝜏gen is the lifetime used to generate the simulation, 𝑡𝑖 the reconstructed decay time

of the 𝐵0𝑠 candidate and 𝜏𝜇+𝜇− the e�ective lifetime calculated using Eq. 1.35 and the speci�c

value for 𝐴
𝜇𝜇

ΔΓ𝑠
.

The correction factors per BDT bin for the three di�erent scenarios are listed for Run

1 and Run 2 in Table 5.8. The CP-odd hypothesis, 𝐴
𝜇𝜇

ΔΓ𝑠
= +1, in agreement with the SM, is

assumed in the BDT calibration procedure. The dimuon invariant mass �t is repeated for the

two remaining hypotheses as a check of the e�ective lifetime variation e�ect.

Table 5.8: Lifetime correction per BDT bin for Run 1 and Run 2 𝐵0𝑠 → 𝜇+𝜇− simulation.

Run 1

BDT bin 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = −1) 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = 0) 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = +1)

[0, 0.25) 1.004 0.999 0.992

[0.25, 0.4) 0.989 1.002 1.012

[0.4, 0.5) 0.981 1.004 1.022

[0.5, 0.6) 0.977 1.005 1.027

[0.6, 0.7) 0.971 1.007 1.035

[0.7, 0.8) 0.964 1.008 1.044

[0.8, 0.9) 0.948 1.012 1.065

[0.9, 1.0] 0.909 1.021 1.119

Run 2

BDT bin 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = −1) 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = 0) 𝑘 (𝐴𝜇𝜇ΔΓ𝑠 = +1)

[0, 0.25) 1.00091 0.99963 0.99634

[0.25, 0.4) 0.98556 1.00226 1.01398

[0.4, 0.5) 0.98041 1.00318 1.02037

[0.5, 0.6) 0.97480 1.00417 1.02710

[0.6, 0.7) 0.96822 1.00531 1.03482

[0.7, 0.8) 0.96086 1.00658 1.04332

[0.8, 0.9) 0.94218 1.00989 1.06604

[0.9, 1.0] 0.89956 1.01773 1.12151

5.5 The �nal BDT calibration shape

The BDT calibration for 𝐵0(𝑠)→ 𝜇+𝜇− decays was performed following several consecutive

steps. First, the 𝐵0(𝑠)→ 𝜇+𝜇− simulation is corrected for the simulation and data di�erences

observed in the 𝐵0(𝑠) kinematics and event occupancy variables, as described in Sec. 5.2. Then,

the relative muonic PID and trigger corrections per BDT bin are applied to the BDT response

obtained from 𝐵0(𝑠)→ 𝜇+𝜇− corrected simulation samples. These corrections are evaluated

from data samples as explained in Sec. 5.4. In the case of the 𝐵0𝑠 → 𝜇+𝜇−, a further correction
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is applied to account for the correlation between the e�ective lifetime and the BDT variable

in the BDT response. This correction is determined for three di�erent scenarios as detailed

in Sec. 5.4. The CP-odd hypothesis, corresponding to 𝐴
𝜇𝜇

ΔΓ𝑠
= +1, is assumed for the BDT

calibration.

0 0.2 0.4 0.6 0.8 1
BDT

0.6

0.8

1

1.2

1.4

1.6

N
or

m
al

is
ed

 y
ie

ld

Run 1
−µ+µ → 0B
−µ+µ → s

0B

0 0.2 0.4 0.6 0.8 1
BDT

0.6

0.8

1

1.2

1.4

1.6

N
or

m
al

is
ed

 y
ie

ld

Run 2
−µ+µ → 0B
−µ+µ → s

0B

Figure 5.16: Calibrated BDT distribution of the 𝐵0𝑠 → 𝜇+𝜇− (black) and 𝐵0→ 𝜇+𝜇− (red) de-

cays in Run 1 (up) and Run 2 (bottom). Both shapes are obtained using 𝐵0(𝑠)→ 𝜇+𝜇− corrected

simulation samples, as detailed in Sec. 5.2, and include the muonic PID and trigger factors,

explained in Sec. 5.4. The 𝐵0𝑠 → 𝜇+𝜇− shape is further corrected by the e�ective lifetime de-

pendence correction, as described in Sec. 5.4.

The BDT calibration has been studied using a BDT binning scheme consisting of eight

BDT bins to examine its performance in great detail, especially at high BDT values where the

majority of the 𝐵0(𝑠)→ 𝜇+𝜇− events are expected. The procedure presented in this Chapter

can be applied to any binning con�guration and, in particular, to the six BDT bins binning

con�guration characteristic of the dimuon invariant mass �t. Therefore, the same approach
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as described in this chapter is followed using a six BDT bins binning scheme to evaluate the

expected fraction of signal events in each BDT bin needed to constrain the dimuon invariant

mass �t, presented in Chapter 7.

The calibrated BDT distributions for 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0(𝑠)→ 𝜇+𝜇− decays in Run 1 and

Run 2 are shown in Fig. 5.16 for the six BDT bins binning con�guration. The Run 1 and Run

2 distributions are similar as the BDT calibration gives the expected fraction of signal events

per BDT bin, not the absolute yields. Due to the excellent agreement between 𝐵0𝑠 → 𝜇+𝜇−

and 𝐵0→ 𝜇+𝜇− decays, the BDT calibration for 𝐵0𝑠 → 𝜇+𝜇− mode is used for both channels.

These values are used to combine the signal yields obtained from the dimuon invariant mass

�t, described in Sec. 7, into a single branching fraction measurement.

The expected fraction of 𝐵0𝑠 → 𝜇+𝜇−𝛾 events per BDT bin is also needed to constrain the

dimuon invariant mass �t. The BDT calibration for 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays is obtained following

the same procedure as the 𝐵0(𝑠)→ 𝜇+𝜇− cases, using the simulated 𝐵0𝑠 → 𝜇+𝜇−𝛾 events and

correcting for the simulation and data di�erences observed in the 𝐵0(𝑠) kinematics and the

occupancy of the event. Themuonic PID and trigger requirements and the lifetime correction

are applied to the expected relative yields obtained from 𝐵0𝑠 → 𝜇+𝜇−𝛾 simulation samples.

The calibrated BDT response for 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays is shown in Sec. 5.17 for Run 1 and

Run 2. The resulting distributions are di�erent from the ones for the 𝐵0(𝑠)→ 𝜇+𝜇− decays

due to the di�erent decay topologies and �nal-state kinematics. The expected fractions of

𝐵0𝑠 → 𝜇+𝜇−𝛾 events per BDT bin are used to constrain the dimuon invariant mass �t and

determine the initial-state radiation 𝐵0𝑠 → 𝜇+𝜇−𝛾 branching fraction.
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Figure 5.17: Calibrated BDT distribution of the 𝐵0𝑠 → 𝜇+𝜇−𝛾 decay in Run 1 (up) and Run

2 (bottom). The shapes are obtained using 𝐵0𝑠 → 𝜇+𝜇−𝛾 corrected simulation samples, as

detailed in Sec. 5.2, and include the muonic PID and trigger factors, as well as the e�ective

lifetime correction, as explained in Sec. 5.4.
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The dimuon invariant masses of the selected 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− candidates are dis-

tributed in the range 𝑚𝜇+𝜇− ∈ [4900, 6000]MeV/𝑐2, peaking at the masses of the 𝐵0𝑠 and 𝐵
0

hadrons, respectively. This region is populated by several background components, as il-

lustrated in Fig. 6.1, displaying the expected distribution of the di�erent background com-

ponents. Some of these backgrounds overlap with the region where the 𝐵0𝑠 → 𝜇+𝜇− and

𝐵0→ 𝜇+𝜇− distributions are expected to peak, highlighted in green. In order to subtract

them, the di�erent background components must be adequately modelled in the �ts to the

dimuon invariant mass distributions, from which the 𝐵0(𝑠)→ 𝜇+𝜇− branching fractions are

determined. The �t stability and convergence are ensured by the application of some con-

straints to the �t input parameters, estimated from various calibration procedures.

Figure 6.1: Expected dimuon invariant mass distributions of the background components for

the 𝐵0(𝑠)→ 𝜇+𝜇− analysis. The 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− distributions are expected to peak

inside the region between green and dashed lines.

The 𝐵0(𝑠)→ 𝜇+𝜇− signal components in the dimuon invariant mass �t are described using

double-sided Crystal Ball functions. The parameters of these functions are calibrated for
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the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− channels as presented in Sec. 6.1, while the shape used to

describe the 𝐵0𝑠 → 𝜇+𝜇−𝛾 signal component is presented in Chapter 7. Apart from the shape

parameters, the expected fraction of 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) events ending up in each BDT bin is also

estimated and constrained following the BDT calibration procedure described in Chapter 5.

As for the signal, the yields of the various background events in each BDT bin are also

estimated and used to restrain the �t. The expected yields for each peaking background

component are evaluated from data and simulation samples as described in Sec. 6.2, where

the functions used to model their invariant mass distributions are also discussed.

The signal yields obtained from the dimuon invariant mass �ts are normalized to the

well-known branching fraction of other 𝑏-hadron decays to determine the signal branching

fractions. This normalization procedure, presented in Sec. 6.3, is applied to reduce systematic

e�ects in the ratio, as well as to avoid the dependence on the absolute luminosity in LHCb.

6.1 Mass calibration

The invariantmass distributions of𝐵0(𝑠)→ 𝜇+𝜇− decays aremodelledwith double-sided Crys-

tal Ball (DCB) functions. This function consists of a Gaussian shape connected to an en-

hanced exponential tail on each side. It is described by three sets of parameters: the mean

and the width of the Gaussian core and two tail parameters for each exponential tail. For

a detailed description of the double-sided Crystal Ball function, see Appendix A.1. The pa-

rameters describing the DCB for the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− channels are estimated prior

to the dimuon invariant mass �t to constrain their values and maximize the sensitivity to

the signal yield. Di�erent samples and decay channels are used to calibrate the mean, the

width and the tail parameters. The 𝐵0𝑠 → 𝜇+𝜇−𝛾 component is modelled in the �t using an

empirical function presented in Chapter 7.

Because the dimuon invariant mass �t is performed in bins of the BDT classi�er, the

correlation between the mass shape parameters and the BDT is investigated. This is done

using simulated 𝐵0(𝑠)→ 𝜇+𝜇− candidates by comparing the parameters describing the mass

shapes in each BDT bin and the total mass shape. While the mean and the left tail parameters

are invariant, the resolution and right tail parameters are found to depend on the BDT bin,

and a BDT-dependent correction is applied to their total values.

6.1.1 Mean

The means of the DCB describing the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− invariant mass peaks are

estimated from 𝐵0𝑠 → 𝐾+𝐾−
and 𝐵0→ 𝐾+𝜋−

data samples, respectively. The o�ine selection

required on the 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

candidates, given in Sec.. 4.1, is the same as

for the 𝐵0(𝑠)→ 𝜇+𝜇− candidates, with the only di�erence being the trigger and the PID re-
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quirements, which depend on the �nal-state particles. In order to increase the event yield

available in the data samples, the selected event candidates are required to be triggered by

the particle tracks associated with the 𝐵0→ 𝐾+𝜋−
(𝐵0𝑠 → 𝐾+𝐾−

) candidate, following a TOS

selection. Note that this trigger selection is di�erent from the TIS trigger strategy used in

the normalization and BDT calibration and described in Sec. 2.3.

Fig. 6.2 displays the �ts to the mass distributions of the selected 𝐵0→ 𝐾+𝜋−
and

𝐵0𝑠 → 𝐾+𝐾−
candidates in Run 1 and Run 2 data. Several background components are present

in both mass distributions. While the combinatorial background is described with an expo-

nential shape, an ARGUS function (see Appendix A.3) is used for the partially reconstructed

backgrounds. In the case of 𝐵0→ 𝐾+𝜋−
decays, the background component at highmass cor-

responds to the 𝐵
0

𝑠 → 𝐾+𝜋−
decays and is modelled with the same shape as the 𝐵0→ 𝐾+𝜋−

component. In the 𝐵0𝑠 → 𝐾+𝐾−
�t, there is a small contribution from Λ0

𝑏
→ 𝑝ℎ decays, which

are described with a double-sided Crystal Ball function. The shape parameters of all the

backgrounds are constrained from �ts to the simulation samples, except the slope of the

exponential and the background yields, which are left free in the �t.

The resulting means for the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− shapes are given in Table 6.1.

The systematic uncertainty arises from an investigation of the correlation between the PID

selection and the mean of the 𝐵0→ 𝐾+𝜋−
and 𝐵0𝑠 → 𝐾+𝐾−

peaks. To check the e�ect of this

correlation, the mean is re-evaluated after varying the PID selection, both with tighter and

looser criteria. The largest di�erence relative to the nominal value is assigned as systematic

uncertainty. Because the mean estimations are found to be invariant under the BDT, the

same values are used for all the BDT bins.

6.1.2 Resolution

The resolution of the 𝐵0(𝑠)→ 𝜇+𝜇− shapes is calibrated from data samples using Charmonium

(𝐽/𝜓 , 𝜓 (2𝑆)) and Bottonium (Υ(1𝑆), Υ(2𝑆), Υ(3𝑆)) resonances decaying to two muons. The

mass distributions of these resonances are �tted to obtain the mean and the width describing

the functions modelling each resonance. Fig. 6.3 shows the mass distributions of the 𝑞𝑞

resonances for Run 1 and Run 2 data with the �t model overlaid. The 𝑞𝑞 components are

described by DCB functions, while an exponential is used for the combinatorial background.

The resolutions, 𝜎𝜇𝜇 , for each 𝑞𝑞 resonance obtained from these �ts are plotted versus

the corresponding mean,𝑚𝜇𝜇 . The resulting pro�le plots for Run 1 and Run 2 are shown in

blue in Fig. 6.4. The two values are found to be correlated, following a relation modelled by

the power law function

𝜎𝜇𝜇 (𝑚𝜇𝜇) = 𝑎0 + 𝑎1 ·𝑚𝛾
𝜇𝜇 (6.1)

where 𝑎0, 𝑎1 and 𝛾 are constants. Their values are extracted from a �t to the resolution data

points versus the mean of the 𝑞𝑞 resonances, including the uncertainty on these values. The
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Figure 6.2: Mass distribution of the 𝐵0→ 𝐾+𝜋−
(top) and 𝐵0𝑠 → 𝐾+𝐾−

(bottom) candidates in

Run 1 (left) and Run 2 (right) samples. The blue shape corresponds to the total �t model and

the constituent components are reported in the legend.

�ts are superimposed in Fig. 6.4. The resolution of the 𝐵0(𝑠)→ 𝜇+𝜇− shapes is extracted from

the function in Eq. 6.1 by interpolation, requiring𝑚𝜇+𝜇− =𝑚𝐵0(𝑠)
.

The resolutions estimated for the 𝐵0(𝑠)→ 𝜇+𝜇− peaks are reported in Table 6.1. The total

uncertainty results from the addition in quadrature of the statistical and systematic uncer-

tainties. As can be seen from Fig. 6.4, the Υ(3𝑆) data point is not entirely covered by the

power-law function due to the large uncertainty associated with its mean value. Instead of

a power law, a third-order polynomial is considered to better �t this data point. The di�er-

ence in the 𝐵0(𝑠)→ 𝜇+𝜇− resolution values is found to be 0.3 MeV/𝑐2 and is taken as systematic

error.

As previously introduced, the resolution is found to vary depending on the BDT bin. This

variation is related to the use of the angular distance between the two muons as one of the

BDT training variables since the smaller the opening angle between the muon candidates,

the worse the mass resolution of the decay. The variation per BDT bin is studied using

simulated 𝐵0(𝑠)→ 𝜇+𝜇− candidates smeared to match the resolution observed in data. The

total and BDT-binned invariant mass shapes from the smeared simulation are compared.

The ratios between their resolutions, ranging from 0.97 to 1.03, are used as a BDT-dependent
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Figure 6.3: Mass distributions of the 𝐽/𝜓 (top), 𝜓 (2𝑆) (center) and Υ(1𝑆), Υ(2𝑆), Υ(3𝑆) (bot-
tom) candidates decaying to two muons in Run 1 (left) and Run 2 (right) data. The blue line

corresponds to the total �t model, with each component separated and reported in the re-

spective legends.

correction factor to the values in Table 6.1.

6.1.3 Tail parameters

The tail parameters are common for the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− shapes and are estimated

from �ts to simulation samples once smeared to result in a similar resolution as observed in

data (see Sec. 6.1.2). The resulting tail parameter estimations for Run 1 and Run 2 are listed in
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Figure 6.4: Fit to the width-versus-invariant mass distribution obtained from the quarkonia

resonances in Run 1 (left) and Run 2 (right) data. The 𝐵0 and 𝐵0𝑠 mass values are marked in

dashed lines.

Table 6.1. Since the Run 1 and Run 2 values are in good agreement, their values are combined

into a common estimate used for both data-taking periods.

While the right tail parameters are found to be invariant, the left tail values show some

correlation with the BDT. This correlation is taken into account by modifying the left tail

parameters with a correction factor dependent on the BDT bin, whose values range from 0.9

to 1.2, as observed from simulation.

Table 6.1: Mass shape parameters for Run 1 and Run 2 with the statistical and systematic

uncertainties added in quadrature. The di�erence in the mean values between Run 1 and

Run 2 are due to the di�erent momentum resolution of each data-taking period. The tail

parameters for Run 1 and Run 2 are combined into a single estimate due to their excellent

agreement.

Run 1 Run 2 Combination

𝐵0𝑠 mean (MeV/𝑐2) 5372.27 ± 0.36 5367.54 ± 0.26 -

𝐵0 mean (MeV/𝑐2) 5284.61 ± 0.18 5280.13 ± 0.16 -

𝐵0𝑠 resolution (MeV/𝑐2) 22.8 ± 0.7 22.0 ± 0.6 -

𝐵0 resolution (MeV/𝑐2) 22.4 ± 0.6 21.6 ± 0.6 -

𝑛 left tail 1.55 ± 0.06 1.49 ± 0.02 1.50 ± 0.04

𝛼 left tail 1.79 ± 0.03 1.79 ± 0.01 1.79 ± 0.02

𝑛 right tail 5.86 ± 0.31 5.80 ± 0.24 5.81 ± 0.26

𝛼 right tail 2.12 ± 0.04 2.14 ± 0.03 2.14 ± 0.04
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6.2 Peaking backgrounds

Because 𝐵0(𝑠)→ 𝜇+𝜇− decays are very rare, a much larger number of background than sig-

nal events is expected to pollute the signal region. The background events are classi�ed as

combinatorial or physical backgrounds. The combinatorial background results from random

combinations of two muon candidates originating from di�erent decays in the event. This

background is described with an exponential function whose slope is left free in the dimuon

invariant mass �t. The physical backgrounds are speci�c 𝑏-hadron decays that might resem-

ble the 𝐵0(𝑠)→ 𝜇+𝜇− signature if they are partially reconstructed or if their �nal-state parti-

cles are misidenti�ed as muons. The di�erent sources of physical backgrounds, sketched in

Fig. 4.2, are:

• 𝐵0(𝑠)→ ℎ+ℎ′− decayswhereℎ,ℎ′ = 𝐾, 𝜋 , if the two hadrons in the �nal state aremisiden-

ti�ed as muons. This misidenti�cation occurs mainly from the decays-in-�ight into

muons of kaons and pions;

• 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈 with 𝐽/𝜓 → 𝜇+𝜇−, when the decay is partially reconstructed, missing

one of the �nal-state muons;

• 𝐵0(+)→ 𝜋0(+)𝜇+𝜇−, when the �nal-state pion is missed and not reconstructed;

• 𝐻𝑏→ ℎ±𝜇∓𝜈𝜇 , if the hadron is misidenti�ed as a muon, either from its punch-through

in the hadronic calorimeter reaching the muon stations or due to its decay in �ight

to muons. The decays included in this type of background are 𝐵0 → 𝜋−𝜇+𝜈𝜇 , 𝐵0𝑠 →
𝐾−𝜇−𝜈𝜇 and Λ𝑏 → 𝑝𝜇−𝜈 decays.

In contrast to the combinatorial background, which is distributed through the whole

invariant mass window, the physical background components peak at di�erent regions in

the dimuonmass spectrum. Although these backgrounds are strongly suppressed by the PID,

isolation and BDT selections, they are not entirely discarded and their contributions must

be modelled in the dimuon invariant mass �t. Each peaking background is modelled with a

Gaussian kernel estimator obtained from simulation samples [62]. Apart from their shapes,

the expected number of background events is needed to constrain the dimuon invariant

mass �t and �x the mass distributions of each peaking background. Because the �t is done

simultaneously in BDT bins, the background yields are determined for each BDT bin.

6.2.1 Misidenti�cation rates

Despite the strong PID selection required for the �nal-state muon candidates, several back-

ground events are not rejected due to the misidenti�cation of the kaons, pions and protons

in their �nal state as muons. To estimate the expected number of background events in each

BDT bin, the probability for these hadrons to pass the muon PID selection has to be com-

puted. This probability, known as the misidenti�cation rate, is evaluated as a function of
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the momentum, 𝑝 , and the transverse momentum, 𝑝T, of the hadron tracks, using the same

binning scheme as for the muonic PID e�ciencies (see Sec. 4.3).

Two di�erent strategies are followed to calculate the misidenti�cation rates depending

on how it occurs. The proton misidenti�cation originates from random combinations of

hits in the muon chambers with tracks left by the protons in the tracking stations or from

the punch-through of protons in the calorimeters reaching the muon chambers. In the case

of the kaons and pions, the leading cause of misidenti�cation is their decays-in-�ight to

muons. To account for this di�erence, a more elaborate procedure is needed to evaluate the

misidenti�cation rate of pions and kaons.

Protons

The proton misidenti�cation rate is computed from data samples using Λ → 𝑝𝜋 decays

and Λ𝑐 decays to protons as control channels [55]. The control channel is separated from

the background components in the data samples using the sPlot technique [52]. The proton

misidenti�cation rate is evaluated in bins of the momentum and transverse momentum of

the proton track as the fraction of proton tracks passing the muonic PID selection. The

e�ect of the choice of a speci�c binning scheme is studied as a systematic by re-computing

the misidenti�cation rates with a di�erent binning scheme. The di�erence concerning the

nominal values is assigned as systematic uncertainty.

Pions and kaons

The single misidenti�cation rates for kaons and pions are evaluated from a combination of

data and simulation samples using 𝐷∗+ → 𝐷0(→ 𝐾−𝜋+)𝜋+
as the control channel. This

channel is used due to its low background and from the charges of the di�erent particles in

the �nal state, which allows to determine the kaon (pion) track without requiring particle

identi�cation (see Sec. 4.3). Initially, a similar technique as for the protons was studied where

only data samples were used. In these samples, the background-subtracted distribution for

the misidenti�cation performance was obtained from the𝑚𝐷0 and Δ𝑚 =𝑚𝐷∗+ −𝑚𝐷0 distri-

butions using the sPlot technique. However, the sPlot technique is based on the assumption

that the variables used to separate the di�erent �t components, namely the𝑚𝐷0 and Δ𝑚 vari-

ables, are independent of the variable of interest, or the muonic PID criteria in this case [52].

This condition does not hold in the pion and kaon case since the primary cause of their

misidenti�cation are their decays-in-�ight, which alter the𝑚𝐷0 and Δ𝑚 distributions. This

phenomenon thus leads to a correlation between the muonic PID selection and the𝑚𝐷0 and

Δ𝑚 distributions.

A new technique was developed to compute the misidenti�cation rates of kaons and

pions without applying the sPlot procedure. First, the 𝐷∗+ → 𝐷0(→ 𝐾−𝜋+)𝜋+
data sample

is split into subsamples of the momentum and transverse momentum (𝑝 , 𝑝T) of the probe
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track, either the �nal-state kaon or pion from the reconstructed 𝐷0 → 𝐾−𝜋+
decay. Two

di�erent two-dimensional �ts of the𝑚𝐷0 and Δ𝑚 distributions are then performed in each

subsample: one where the muonic PID selection is applied to the probe tracks and the other

where it is not required. The misidenti�cation rate in each (𝑝 , 𝑝T) subsample is evaluated as

the ratio between the yields from these two �ts.

The two-dimensional �t to𝑚𝐷0 andΔ𝑚 is performed inside amasswindow, requiring the

mass of the𝐷0
candidate to be centred around the𝐷0

mass,𝑚𝜋𝐾 ∈ [1825, 1910]MeV/𝑐2. With

this mass-window selection, part of the hadrons decaying-in-�ight is rejected because their

associated 𝐷0
mass distribution is broader. This e�ect is illustrated in Fig. 6.5, which shows

the 𝑚𝐷0 distribution without requiring PID in the hadron (blue) and requiring the muonic

PID (red), described in Sec. 4.3. The area in grey corresponds to the mass window used to

perform the two-dimensional �ts. The mass tail is longer when the kaon is misidenti�ed

as a muon due to the larger mass di�erence between kaons and muons. The number of

events falling outside the mass window is evaluated from simulated 𝐷∗+ → 𝐷0(→ 𝐾−𝜋+)𝜋+

candidates both for the pion and kaon case. A correction factor is calculated from these

samples as the inverse of the mass-window e�ciencies, 𝑁total/𝑁in−mass, and applied to the

misidenti�cation rates obtained above. The correction is computed for each 𝑝 and 𝑝T region,

and the values range from 1 to 5.8 depending on the kinematic bin and the hadron decaying

in �ight.

Figure 6.5: Mass distribution of the𝐷0
candidate when no PID selection is required (blue) and

when the muonic PID selection (red) is required on the pion (left) and on the kaon (right).

To test the performance and the deviations arising from the modelling of the partially

reconstructed backgrounds polluting the 𝐷∗+ → 𝐷0(→ 𝐾−𝜋+)𝜋+
invariant mass distribu-

tion, the misidenti�cation rates are evaluated from �ts to the Δ𝑚 variable only. Although

more straightforward than the nominal case, the Δ𝑚 �t is blinded to the presence of these

partially reconstructed backgrounds. The �t is performed in a tighter mass window to re-

duce this background. The di�erences relative to the two-dimensional �t values are quoted

as systematic uncertainty in the misidenti�cation rates.
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6.2.2 𝐵0(𝑠)→ ℎ+ℎ′− background

The 𝐵0(𝑠)→ ℎ+ℎ′− decay is one of the peaking backgrounds in the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis
when both of their �nal-state hadrons are misidenti�ed as muons. The yield of misidenti�ed

𝐵0(𝑠)→ ℎ+ℎ′− decays after all the selection procedures described in Chapter 4 is evaluated for

each BDT bin as

𝑁𝐵0(𝑠)→ℎ+ℎ′−→𝜇+𝜇− = 𝜖
trg

𝐵0𝑠→𝜇+𝜇−
·
𝑁

trg

ℎℎ

𝜖
trg

ℎℎ

· 𝜖ℎℎ→𝜇𝜇 (6.2)

where 𝜖𝐵0𝑠→𝜇+𝜇− is the trigger e�ciency of the 𝐵0𝑠 → 𝜇+𝜇− decay computed in Sec. 4.2, 𝑁
trg

ℎℎ

is the number of 𝐵0(𝑠)→ ℎ+ℎ′− triggered events, 𝜖
trg

ℎℎ
the trigger e�ciency associated to the

𝐵0(𝑠)→ ℎ+ℎ′− decays evaluated per BDT bin in Sec. 5.1.2 and 𝜖ℎℎ→𝜇𝜇 is the double misiden-

ti�cation rate. The number of 𝐵0(𝑠)→ ℎ+ℎ′− triggered events is obtained by correcting the

𝐵0→ 𝐾+𝜋−
yields determined in Sec. 5.1.1 by its expected fraction.

It is important to note that all the elements in Eq. 6.2 are evaluated per BDT bin. The

double misidenti�cation rate, 𝜖ℎℎ→𝜇𝜇 , is obtained from the convolution of the corresponding

kaon or pion single misidenti�cation rates, evaluated as described in Sec. 6.2.1, with the

spectrum of each hadron in the 𝐵0(𝑠)→ ℎ+ℎ′− �nal state. The BDT dependence is included by

considering the spectra for each BDT bin separately.

A separate estimate of the 𝐵0(𝑠)→ ℎ+ℎ′− yields per BDT bin is performed to test the

accuracy of the single misidenti�cation rates and their possible correlation with the BDT

response. This procedure exploits 𝐵0(𝑠)→ ℎ+ℎ′− data samples under the 𝐾𝜇 (𝜋𝜇) selection,

where one of the �nal-state hadrons is required to pass a strong kaon (pion) selection crite-

ria, while the muonic PID selection is applied to the other. From the �ts to the mass distri-

butions of these candidates performed for each BDT bin separately, the 𝐵0(𝑠)→ ℎ+ℎ′− yields

with one misidenti�ed hadron are obtained per BDT bin. These values are corrected by the

𝐾 → 𝜇 (𝜋 → 𝜇) misidenti�cation rates, PID and trigger requirements to obtain the yield

estimates. The results are compared with the BDT-binned yields obtained from Eq. 6.2 and

the di�erence between the two values is applied as a correction factor.

The estimate of the expected number of 𝐵0(𝑠)→ ℎ+ℎ′− events per BDT bin are given for

Run 1 and Run 2 in Tables 6.2 and 6.3, respectively. Although 𝐵0(𝑠)→ ℎ+ℎ′− is not the most

abundant background, especially for Run 2, its proper estimate is essential due to its overlap

with the𝐵0→ 𝜇+𝜇− component in the dimuon invariantmass �t, forwhich even fewer events

are expected (see the expected signal yields in Sec. 6.3.5).

6.2.3 Partially reconstructed background

Apart from the 𝐵0(𝑠)→ ℎ+ℎ′− decays, several semileptonic 𝑏-hadron decays with real muons

in their �nal state are also backgrounds of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis. Some of these back-
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grounds have two real muons among the �nal-state particle, such as the 𝐵+ → 𝜋+𝜇+𝜇−,

𝐵0 → 𝜋0𝜇+𝜇− or 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈 decays with the 𝐽/𝜓 → 𝜇+𝜇−. Others have one real muon

and a hadron that might be misidenti�ed as muon, such as the 𝐵0 → 𝜋−𝜇+𝜈𝜇 , 𝐵0𝑠 → 𝐾−𝜇−𝜈𝜇
and Λ𝑏 → 𝑝𝜇−𝜈 decays. Due to the presence of neutrinos or the missing of one of the

�nal-state particles, these decays are partially reconstructed and their associated dimuon in-

variant mass distributions overlap with the 𝐵0(𝑠)→ 𝜇+𝜇− signal peaks, though typically they

have a broader spectrum around lower invariant mass values.

An accurate estimate of the expected background yields in each BDT bin is required to

constrain the background mass shapes. For each background channel, the expected yields

are evaluated by normalizing relative to the 𝐵+→ 𝐽/𝜓 𝐾+
yields as

𝑁bkg =
𝑓bkg

𝑓𝑢
·

𝑁𝐵+→𝐽/𝜓 𝐾+

B𝐵+→𝐽/𝜓 𝐾+ · 𝜖𝐵+→𝐽/𝜓 𝐾+
· Bbkg · 𝜖bkg (6.3)

where 𝑓bkg and 𝑓𝑢 are the hadronization fractions of the initial-state 𝑏-hadrons of the back-

ground and the 𝐵+→ 𝐽/𝜓 𝐾+
channels, theBbkg andB𝐵+→𝐽/𝜓 𝐾+ their branching fractions, 𝜖bkg

and 𝜖𝐵+→𝐽/𝜓 𝐾+ the total e�ciencies associated to these channels, and 𝑁𝐵+→𝐽/𝜓 𝐾+ the number

of 𝐵+→ 𝐽/𝜓 𝐾+
events determined from �ts to the invariant mass distribution of selected

𝐵+→ 𝐽/𝜓 𝐾+
candidates from data samples.

The total e�ciencies include the reconstruction, selection, PID and trigger e�ciencies

for both channels. The BDT dependence in Eq. 6.3 is embedded in these total e�ciencies

as they are determined for each BDT bin separately, except for the geometrical acceptance

e�ciencies, which account for the geometrical shape of the LHCb detector and the gener-

ation e�ciency. All the e�ciencies are evaluated from simulation samples except the PID

e�ciency, which is obtained using the misidenti�cation rates, presented in Sec. 6.2.1, and the

PID e�ciencies given in Sec. 4.3. The rest of the factors in Eq. 6.3 are not BDT dependent.

The branching fractions for each background channel are obtained from a combina-

tion of theoretical and experimental references. The branching fractions and hadroniza-

tion fractions evaluated from LHCb measurements are used for the 𝐵+𝑐 → 𝐽/𝜓 𝜇+𝜈 [63],

Λ𝑏 → 𝑝𝜇−𝜈 [64, 65] and 𝐵0𝑠 → 𝐾−𝜇−𝜈𝜇 [66, 67] background modes. For the 𝐵+ → 𝜋+𝜇+𝜇−,

𝐵0 → 𝜋0𝜇+𝜇− and 𝐵0 → 𝜋−𝜇+𝜈𝜇 channels, the estimates of the branching fractions on

Refs. [1, 68] are used while for the hadronization fractions 𝑓𝑢 = 𝑓𝑑 is assumed [67].

The expected yields per BDT bin for each semileptonic background are given for Run 1

and Run 2 in Tables 6.2 and 6.3, respectively. The most dominant backgrounds are partially

reconstructed 𝐵0 → 𝜋−𝜇+𝜈𝜇 decays followed by 𝐵0(𝑠)→ ℎ+ℎ′−, 𝐵0𝑠 → 𝐾−𝜇−𝜈𝜇 and 𝐵+𝑐 →
𝐽/𝜓 𝜇+𝜈 while very low yields are expected for the Λ𝑏 → 𝑝𝜇−𝜈 component both in Run 1

and Run 2. The scaling from Run 1 to Run 2 varies for di�erent background components

due to the di�erent selections applied in each run, mainly the trigger and the muonic PID

requirements, a�ecting the various background types di�erently.
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6.3 Normalization

The branching fraction for a decay represents the probability of the mother particle to decay

via the speci�c decay mode. For the 𝐵0(𝑠)→ 𝜇+𝜇− case, the branching fraction is given by

B𝐵0(𝑠)→𝜇+𝜇− =
Γ(𝐵0(𝑠) → 𝜇+𝜇−)

Γ(𝐵0(𝑠))
(6.4)

Experimentally, the branching fraction is calculated as the fraction of the number of

events decaying through the speci�c decay mode out of all the particles decaying, which

can be evaluated from the subset of events taking place at the LHCb. The number of to-

tal 𝐵0(𝑠)→ 𝜇+𝜇− decays in the LHCb is obtained from the well reconstructed, detected and

selected 𝐵0(𝑠)→ 𝜇+𝜇− candidates in LHCb, 𝑁𝐵0(𝑠)→𝜇+𝜇− , once corrected for the total detection

e�ciency associatedwith the 𝐵0(𝑠)→ 𝜇+𝜇− candidates, 𝜖𝐵0(𝑠)→𝜇+𝜇− . Regarding the total number

of 𝐵0(𝑠) hadrons produced in LHCb, it is calculated as

𝑁𝐵0(𝑠)
= 2 · L · 𝜎

𝑝𝑝→𝑏𝑏
· 𝑓𝑑 (𝑠) (6.5)

where L is the integrated LHCb luminosity giving the amount of 𝑝𝑝 collisions occurring at

LHCb; 𝜎
𝑝𝑝→𝑏𝑏

is the 𝑏𝑏 cross-section giving the probability for a 𝑏𝑏 pair to be generated in

a 𝑝𝑝 collision; and 𝑓𝑑 (𝑠) is the hadronization fraction accounting for the probability of a 𝑏

quark to hadronize with a 𝑑 (𝑠) quark and form a 𝐵0(𝑠) hadron. The factor of 2 arises from the

inclusion of the implicit charged conjugation as the 𝐵0(𝑠) and 𝐵
0

(𝑠) are not distinguished exper-

imentally, as explained in Chapter 1. Therefore, the expression for the branching fractions

of 𝐵0(𝑠)→ 𝜇+𝜇− decays is evaluated from the experiment as:

B𝐵0(𝑠)→𝜇+𝜇− =

𝑁𝐵0(𝑠)→𝜇+𝜇−

2 · L · 𝜎
𝑝𝑝→𝑏𝑏

· 𝑓𝑑 (𝑠) · 𝜖𝐵0(𝑠)→𝜇+𝜇−
(6.6)

The L and 𝜎
𝑝𝑝→𝑏𝑏

in Eq. 6.6 have large uncertainties associated with them, reducing the

precision of the measured 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction. An alternative to Eq. 6.6 is to

normalize the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction relative to another 𝑏-hadron decay with a

well-known branching fraction, known as the normalization channel. In this way, the two

main sources of uncertainty in Eq. 6.6 cancel out as they are common to the signal and nor-

malization channels. Using the normalization channel, the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction

is expressed as:

B𝐵0(𝑠)→𝜇+𝜇− =
B𝑛𝑜𝑟𝑚
𝑁𝑛𝑜𝑟𝑚

𝜖𝑛𝑜𝑟𝑚

𝜖𝐵0(𝑠)→𝜇+𝜇−

𝑓𝑛𝑜𝑟𝑚

𝑓𝑑 (𝑠)
· 𝑁𝐵0(𝑠)→𝜇+𝜇− = 𝛼𝑑 (𝑠) · 𝑁𝐵0(𝑠)→𝜇+𝜇− (6.7)
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where 𝑁𝑛𝑜𝑟𝑚 are the yields, 𝜖𝑛𝑜𝑟𝑚 the e�ciencies, 𝑓𝑛𝑜𝑟𝑚 the hadronization fraction and B𝑛𝑜𝑟𝑚
the branching fraction of the normalization channel; and 𝛼𝑑 (𝑠) is the normalization factor

gathering all the information concerning the normalization and representing, e�ectively,

the single-event "power" of the selected 𝐵0(𝑠)→ 𝜇+𝜇− events.

Apart from the luminosity and the 𝑏𝑏 cross-section, several other sources of uncertainty

are avoided if the normalization channel is chosen wisely. A good normalization channel

has a similar decay topology as the signal mode, is detected with similar e�ciency as the

signal decay and has awell-known and precise branching fraction value. These requirements

are better ful�lled in this analysis using two complementing normalization channels: the

𝐵0→ 𝐾+𝜋−
and the 𝐵+→ 𝐽/𝜓 𝐾+

decays.

𝐵0→ 𝐾+𝜋−
decays share the two-body decay topology also characteristic of the

𝐵0(𝑠)→ 𝜇+𝜇− decays. The kinematic distributions of the 𝐵 candidate are similar in both de-

cays, as well as those associated with the �nal-state particles. Unfortunately, the particle

identi�cation and trigger are very di�erent for hadrons and muons. Therefore, an additional

and complementary channel is used, namely the 𝐵+→ 𝐽/𝜓 𝐾+
mode, where 𝐽/𝜓 → 𝜇+𝜇−. Al-

though the decay topology is di�erent, the trigger and particle identi�cation criteria for the

muons from the 𝐽/𝜓 in the 𝐵+→ 𝐽/𝜓 𝐾+
decay are very similar to the 𝐵0(𝑠)→ 𝜇+𝜇− chan-

nel. Precise measurements exist for the branching fractions of both normalization channels.

In this analysis their values are taken as B(𝐵+ → 𝐽/𝜓 𝐾+) = (6.02 ± 0.17) × 10
−5

[1] and

B(𝐵0 → 𝐾+𝜋−) = (1.96 ± 0.05) × 10
−5

[1, 69–71].

Apart from the branching fractions of the normalization channels, other values such as

the normalization channel yields, the ratio of detection e�ciencies and the hadronization

fractions are needed in the computation of the normalization factors, 𝛼𝑑 (𝑠) of Eq. 6.7. The

evaluation of these factors is given in the following sections. A check, presented in Sec. 6.3.4,

is performed to validate the ratio of the detection e�ciencies and the yields of the normaliza-

tion channels by evaluating the ratio of the 𝐵0→ 𝐾+𝜋−
and 𝐵+→ 𝐽/𝜓 𝐾+

branching fractions

and comparing it with its known value [1]. The resulting normalization factors are listed in

Sec. 6.3.5.

6.3.1 Normalization channel yields

𝐵+→ 𝐽/𝜓 𝐾+ yields

The 𝐵+→ 𝐽/𝜓 𝐾+
yields are obtained from data samples using �ts to the reconstructed 𝐵+

candidate mass with the 𝐽/𝜓 mass constrained to its measured value [1]. The 𝐵+→ 𝐽/𝜓 𝐾+

candidates are selected similarly to the signal. The selection criteria, including the o�ine

selection and trigger requirements, are presented in Sec. 4.

Themass distributions of the reconstructed 𝐵 candidates and their corresponding �ts are

displayed in Fig. 6.6 for all the data-taking years. The 𝐵+→ 𝐽/𝜓 𝐾+
shape is modelled with a
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Hypatia function (see Appendix A.2). Except for the mean and the width, which are left free

in the �t, the parameters describing the signal shape are allowed to vary following a Gaussian

inside a speci�c range of values determined from simulation samples. Two background com-

ponents pollute the 𝐵+→ 𝐽/𝜓 𝐾+
peak: the combinatorial and the misidenti�ed 𝐵+→ 𝐽/𝜓 𝜋+

backgrounds. The combinatorial background is described by an exponential function with

the slope treated as a free variable in the �t. To model the misidenti�ed 𝐵+→ 𝐽/𝜓 𝜋+
back-

ground, a non-parametric function is used, which is obtained from simulated 𝐵+→ 𝐽/𝜓 𝜋+

events reconstructed using the wrong kaon hypothesis.

The systematic e�ect arising from the signal shape parameters is studied by repeating

�t using two approaches and comparing the results: in the �rst approach, the parameters

are kept �xed to the values obtained from simulation, while in the second, they are left free.

Both methods lead to compatible results and no systematic uncertainty is added. As a second

systematic e�ect, the shape modelling the misidenti�ed 𝐵+→ 𝐽/𝜓 𝜋+
background is veri�ed

by repeating the �t using the analytical shape presented in Sec. 4.2.1. The resulting yields are

found to be compatible with the nominal model and no systematic uncertainty is assigned.

The 𝐵+→ 𝐽/𝜓 𝐾+
yields for each data-taking year are combined to obtain the values for

each data-taking period, listed in Table 6.4.

𝐵0→ 𝐾+𝜋− yields

The 𝐵0→ 𝐾+𝜋−
yields are evaluated from the mass distribution of the reconstructed 𝐵0 can-

didates in data samples. The selection applied to 𝐵0→ 𝐾+𝜋−
candidates is similar to the

𝐵0(𝑠)→ 𝜇+𝜇− candidates, except for the PID and trigger criteria, which di�er from hadrons

and muons. To reduce this di�erence, the selected events are required to be triggered inde-

pendently of the 𝐵0→ 𝐾+𝜋−
candidate. The o�ine selection, PID and trigger criteria applied

to the 𝐵0→ 𝐾+𝜋−
candidates are described in Sec. 4.

Fig. 6.7 illustrates the mass distributions of 𝐵0→ 𝐾+𝜋−
candidates for each data-taking

year. The �t strategy is identical to the �t used for the estimation of the mean in the mass

calibration in Sec. 6.2. The 𝐵0→ 𝐾+𝜋−
yields for each data-taking year obtained from the

�ts are combined. The resulting values for each data-taking period are listed in Table 6.4.

6.3.2 Hadronization fractions

The hadronization fractions, 𝑓𝑞 , represent the probability of a 𝑏 quark to hadronize with a

𝑞 quark to form a 𝐵𝑞 meson. The hadronization fractions associated with the 𝐵0, 𝐵0𝑠 and 𝐵
+

mesons, characteristic of the signal and normalization channels, are 𝑓𝑑 , 𝑓𝑠 and 𝑓𝑢 , respectively.

For the normalization procedure, only the ratio of hadronization fractions between the signal

and normalization channels is needed, concretely 𝑓𝑑/𝑓𝑠 and 𝑓𝑢/𝑓𝑠 for the 𝐵0𝑠 → 𝜇+𝜇− signal

channel, and 𝑓𝑢/𝑓𝑑 for the 𝐵0→ 𝜇+𝜇− channel.
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Figure 6.6: Mass distributions of the 𝐵+→ 𝐽/𝜓 𝐾+
selected candidates in data for each data-

taking year used in the normalization. The blue line corresponds to the total �t model and

the separated components are reported in the legend.

The 𝑓𝑠/𝑓𝑑 ratio is obtained at di�erent 𝑝𝑝 centre-of-mass energies from measurements

performed at the LHCb using di�erent decays [65, 72–75]. These measurements are com-

bined in Ref. [67]. Although the 𝑓𝑠/𝑓𝑑 ratio is found to be dependent on the 𝑝𝑝 centre of

mass energy and the transverse momentum of the 𝐵 candidate, only the 𝑝T-integrated val-

ues for Run 1 and Run 2 are used in this thesis since the average is obtained from a sample

of 𝐵 mesons with the same spectrum as the signal channels.

The 𝑓𝑠/𝑓𝑑 ratios for Run 1 and Run 2 are strongly correlated because the same theoretical

and experimental inputs are used in their computation at 7 TeV, 8 TeV and 13 TeV. To properly
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Figure 6.7: Mass distributions of the 𝐵0→ 𝐾+𝜋−
selected candidates in data for each data-

taking year used in the normalization. The blue line corresponds to the total �t model with

the separated components reported in the legend.

deal with the uncertainty correlation, only the 𝑓𝑠/𝑓𝑑 ratio at 13 TeV is used, 𝑓𝑠/𝑓𝑑 (13 TeV)

= 0.254 ± 0.008 [67], while for Run 1, the 𝑓𝑠/𝑓𝑑 ratio is normalized to the 13 TeV value as

𝑓𝑠/𝑓𝑑 (13 TeV)
𝑓𝑠/𝑓𝑑 (Run 1) = 1.064 ± 0.007 (6.8)

Isospin symmetry is assumed in the 𝑏 hadronization processes taking place at the

LHC [67], such that the 𝑓𝑑 and 𝑓𝑢 fractions are assumed to be identical. This implies that
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Table 6.4: Yields for the 𝐵0→ 𝐾+𝜋−
and 𝐵+→ 𝐽/𝜓 𝐾+

normalization channels for Run 1 and

Run 2 obtained from the �ts to data. The values are not corrected by the selection e�ciencies.

The uncertainties result from the addition in quadrature of the statistical and systematic

uncertainties. The ratios between Run 1 and Run 2 are di�erent for both channel since the

trigger and PID e�ciencies are larger for the 𝐵0→ 𝐾+𝜋−
channel.

Channel Run 1 Run 2

𝐵0→ 𝐾+𝜋− (14.05 ± 0.26) × 10
3 (7.99 ± 0.10) × 10

4

𝐵+→ 𝐽/𝜓 𝐾+ (11.259 ± 0.015) × 10
5 (36.072 ± 0.026) × 10

5

𝑓𝑢/𝑓𝑑 = 1 and the values for 𝑓𝑠/𝑓𝑑 are also used for the 𝐵+→ 𝐽/𝜓 𝐾+
normalization channel.

Although an updated value for the 𝑓𝑠/𝑓𝑑 hadronization ratio is used with respect to the pre-

vious analysis, its associated relative uncertainty of 3% is still the largest relative uncertainty

associated with a factor in the normalization procedure and, therefore, it is still the dominant

systematic uncertainty in the branching fraction measurements.

6.3.3 E�ciencies

Another ingredient in the normalization procedure is the detection e�ciencies for the signal

and normalization channels, particularly their ratio. The ratio of detection e�ciencies can

be split into distinct terms for each phase in the detection and selection processes as

𝜖norm

𝜖𝐵0(𝑠)→𝜇+𝜇−
=

𝜖Acc
norm

𝜖Acc
𝐵0(𝑠)→𝜇+𝜇−

· 𝜖
RecSel|Acc
norm

𝜖
RecSel|Acc
𝐵0(𝑠)→𝜇+𝜇−

· 𝜖
PID|RecSel
norm

𝜖
PID|RecSel
𝐵0(𝑠)→𝜇+𝜇−

· 𝜖
Trg|PID
norm

𝜖
Trg|PID
𝐵0(𝑠)→𝜇+𝜇−

(6.9)

where 𝜖Acc are the geometrical acceptance e�ciencies, 𝜖RecSel|Acc the reconstruction and se-

lection e�ciencies, 𝜖PID|RecSel the PID e�ciencies and 𝜖Trg|PID the trigger e�ciencies. At each

stage, the e�ciency is computed for the subset of events passing the requirements from the

previous step. The evaluation of these e�ciencies for the signal and normalization channels

is given in Chapter 4.

The �rst BDT bin, corresponding to the range [0, 0.25), is dominated by combinatorial

background and excluded from the dimuon invariant mass �t. The 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) yields
obtained from these �ts should be corrected for the e�ciencies associated with the exclusion

of the �rst BDT bin. These e�ciencies are obtained for each signal channel from the BDT

calibration response in Chapter 5, and their values are listed in Table 6.5, with combined

statistical and systematic uncertainties added in quadrature.
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Table 6.5: E�ciency associated with the exclusion of the �rst BDT bin, i.e. BDT < 0.25, from

the dimuon invariant mass �t. The values are reported for each signal channel in Run 1 and

Run 2 data. The statistical and systematic uncertainties are added in quadrature.

Run 1 Run 2

𝐵0𝑠 → 𝜇+𝜇− 0.723 ± 0.006 0.7071 ± 0.0026

𝐵0→ 𝜇+𝜇− 0.720 ± 0.006 0.7036 ± 0.0027

𝐵0𝑠 → 𝜇+𝜇−𝛾 0.656 ± 0.007 0.6531 ± 0.0035

6.3.4 Validation check

The ratio of the detection e�ciencies and the normalization yields from Sec. 6.3.1 and 6.3.3

are validated using the branching fraction of the 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

normalization

channels. The ratio between the two branching fractions is evaluated from data as:

B(𝐵0→ 𝐾+𝜋−)
B(𝐵+→ 𝐽/𝜓 𝐾+) =

𝑁𝐵0→𝐾+𝜋−

𝑁𝐵+→𝐽/𝜓 𝐾+

𝜖𝐵+→𝐽/𝜓 𝐾+

𝜖𝐵0→𝐾+𝜋−

𝑓𝑢

𝑓𝑑
(6.10)

where the last factor cancels out since isospin asymmetry is assumed, i.e. 𝑓𝑢/𝑓𝑑 .

The ratio for Run 1, including the statistical uncertainty, is measured to be 0.340± 0.016

and for Run 2, 0.336 ± 0.012. Both values are in agreement with the ratio obtained using the

known branching fractions for 𝐵0→ 𝐾+𝜋−
and 𝐵+→ 𝐽/𝜓 𝐾+

decays, resulting in a ratio of

0.326 ± 0.012 [1]. This is a strong validation for the calibration of the various e�ciencies,

mainly trigger and PID e�ciencies, involved in this analysis.

6.3.5 Normalization factors

The normalization factors obtained using the 𝐵+→ 𝐽/𝜓 𝐾+
and 𝐵0→ 𝐾+𝜋−

decays as normal-

ization modes are given for BDT > 0.25 in Table 6.6. Both normalization factors are found to

be compatible within uncertainties. A single normalization factor is determined by averaging

the results from the two normalization channels and taking into account the full correlation

from the 𝑓𝑠/𝑓𝑑 ratio, the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) e�ciencies and the tracking e�ciency corrections.

Di�erent normalization factors are determined for 𝐵0𝑠 → 𝜇+𝜇−, 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾

to account for the di�erent e�ciencies values associated with each channel (see Chapter 4).

The expected yields for each signal channel assuming the Standard Model branching frac-

tions are also reported for BDT > 0.25 in Table 6.6. The low expected yields for 𝐵0→ 𝜇+𝜇−

and especially for 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays anticipate that there is still not enough experimental

sensitivity to claim a discovery if their branching fractions are Standard Model-like.
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Table 6.6: Normalization factors for each signal channel and BDT > 0.25 resulting from the

two normalization channels and the combined value. The values are given for Run 1, Run

2 and the full dataset. The e�ciency derived from the exclusion of the �rst BDT bin is

included. The expected yields obtained assuming the Standard Model branching fraction

for the signal decays [1] are also reported. The uncertainties represent the statistical and

systematic uncertainties.

Run 1

𝐵0→ 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇−𝛾

𝛼𝐵+ (3.96 ± 0.13 ± 0.09) × 10
−11 (1.57 ± 0.07 ± 0.03) × 10

−10 (2.11 ± 0.10 ± 0.05) × 10
−10

𝛼𝐵0 (3.79 ± 0.14 ± 0.16) × 10
−11 (1.50 ± 0.07 ± 0.06) × 10

−10 (2.01 ± 0.10 ± 0.09) × 10
−10

𝛼comb (3.93 ± 0.10 ± 0.08) × 10
−11 (1.56 ± 0.06 ± 0.03) × 10

−10 (2.09 ± 0.09 ± 0.05) × 10
−10

𝑁exp 2.62 ± 0.14 ± 0.05 23.5 ± 1.3 ± 0.4 0.479 ± 0.020 ± 0.011

Run 2

𝐵0→ 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇−𝛾

𝛼𝐵+ (1.214 ± 0.037 ± 0.018) × 10
−11 (4.54 ± 0.20 ± 0.07) × 10

−11 (5.86 ± 0.26 ± 0.10) × 10
−11

𝛼𝐵0 (1.176 ± 0.035 ± 0.037) × 10
−11 (4.40 ± 0.19 ± 0.14) × 10

−11 (5.67 ± 0.25 ± 0.18) × 10
−11

𝛼comb (1.204 ± 0.023 ± 0.014) × 10
−11 (4.50 ± 0.16 ± 0.05) × 10

−11 (5.81 ± 0.21 ± 0.08) × 10
−11

𝑁exp 8.55 ± 0.45 ± 0.10 81.3 ± 4.3 ± 0.9 1.721 ± 0.063 ± 0.023

All

𝐵0→ 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇− 𝐵0𝑠 → 𝜇+𝜇−𝛾

𝛼𝐵+ (9.27 ± 0.28 ± 0.12) × 10
−12 (3.53 ± 0.15 ± 0.04) × 10

−11 (4.61 ± 0.20 ± 0.07) × 10
−11

𝛼𝐵0 (8.95 ± 0.26 ± 0.23) × 10
−12 (3.41 ± 0.15 ± 0.09) × 10

−11 (4.45 ± 0.19 ± 0.12) × 10
−11

𝛼comb (9.20 ± 0.14 ± 0.09) × 10
−12 (3.51 ± 0.12 ± 0.03) × 10

−11 (4.57 ± 0.16 ± 0.05) × 10
−11

𝑁exp 11.20 ± 0.57 ± 0.11 104.4 ± 5.4 ± 1.0 2.186 ± 0.077 ± 0.026
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7 | Branching fraction measurement

This chapter presents the extended maximum likelihood �ts to the dimuon invariant mass

spectrum of the selected candidates resulting in three branching fraction measurements:

𝐵0𝑠 → 𝜇+𝜇−, 𝐵0→ 𝜇+𝜇− and the initial-state radiation 𝐵0𝑠 → 𝜇+𝜇−𝛾 . The concepts of likeli-

hood and maximum likelihood estimator are �rst introduced in Sec. 7.1, while the �t results

are presented in Sec. 7.2. For each signal channel, the signi�cance of the branching frac-

tion measurement determined from the �t is obtained following the approach presented in

Sec. 7.3. Since the signi�cances associated with the 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays are

lower than the minimum required to claim a discovery, an upper limit is set to their branch-

ing fractions using the CLs method, described in Sec. 7.4, resulting in the upper limits given

in Sec. 7.5.

7.1 Maximum likelihood estimators

Consider an hypothesis H described by a set of model parameters 𝜽 = {𝜃 𝑗 , ...𝜃𝑚} and a set

of measurements x = {𝑥𝑖, ...𝑥𝑛} distributed according a probability density function (p.d.f.)

𝑓 (x|𝜽 ). AssumingH , the likelihood function represents how well the parameters 𝜽 describe

the observed measurements x. Supposing that the measurements are independent and de-

scribed by the same probability density function 𝑓 (𝑥𝑖 |𝜽 ), the likelihood function is de�ned

as the product of the probability density functions of every single measurement [1, 76]:

𝐿(𝜽 |x) =
𝑛∏
𝑖=1

𝑓 (𝑥𝑖 |𝜽 ) (7.1)

Generally, one deals with composite hypotheses, where the shape of the p.d.f. 𝑓 (𝑥𝑖 |𝜽 ) is

known but not the value of all the 𝜽 parameters describing it [76]. In these cases, the values

of the unknown parameters can be estimated given the observed data using the maximum
likelihood estimator1 (MLE) method. From the de�nition of the likelihood, it is clear that

the higher its value, the more probable the composite hypothesis is correct. Keeping this in

1
An estimator is a function to evaluate a quantity or parameter of the p.d.f as a function of the observed

data. [76].
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mind, the 𝜽 parameters that best describe the data are given by:

𝜕𝐿(𝜽 )
𝜕𝜃 𝑗

= 0, where 𝑗 = 1, ...,𝑚 (7.2)

From the construction of the likelihood as a product of probability density functions, it is

mathematically more convenient to maximize ln𝐿(𝜽 ) instead of the likelihood function it-

self. The use of the logarithm allows for each candidate to be a separate term in the ln𝐿(𝜽 )
as well as reducing the large numerical values associated with the 𝐿(𝜽 ). Using ln𝐿(𝜽 ), the
maximum likelihood estimators give the parameter of the p.d.f. best describing the data as

𝜕 ln(𝐿(𝜽 ))
𝜕𝜃 𝑗

= 0, where 𝑗 = 1, ...,𝑚 (7.3)

The number of observed measurements 𝑛, which in this analysis corresponds to the number

of events, follows a Poisson distribution described by the average expected event rate, 𝜐.

To include this realization, the likelihood is smeared by adding the corresponding Poisson

probability density function as an overall normalization of the likelihood function in Eq. 7.1.

This addition results in the so-called extended likelihood function [76]

𝐿(𝜐, 𝜽 ) = 𝜐
𝑛

𝑛!
𝑒−𝜐

𝑛∏
𝑖=1

𝑓 (𝑥𝑖 |𝜽 ) (7.4)

where 𝑓 (𝑥𝑖 |𝜽 ) are the p.d.f. of each independent measurement, 𝑛 is the number of measure-

ments and 𝜐 the estimated true yield, a�ecting the normalization of the likelihood function.

It is often the case that only a few of the 𝜽 parameters describing the hypothesisH are

of interest in an analysis, while the rest of the parameters, known as nuisance parameters, are
needed to de�ne the likelihood function properly [76]. Although not of intrinsic interest, the

correct estimation of the nuisance parameters is essential as they might bias the predictions

of the parameters of interest. Typically, the nuisance parameter estimation is done using

di�erent methods, from calibration samples to the use of control channels, or simply �tted

in the �nal �t. A summary of the parameters describing the likelihood function used in

the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis and the calibration methods followed in their estimation can be

found in Table 7.1.

7.2 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) branching fraction ML �t

The branching fractions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) decays are obtained from unbinned extended

maximum likelihood �ts to the dimuon invariant mass spectrum of the selected candidates

in the data samples. The dataset comprises the data gathered by LHCb during the Run 1

and Run 2 data-taking periods. In order to maximize the sensitivity of the analysis, the en-
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Table 7.1: Summary of parameters describing the likelihood function for the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
analysis and the methods used in the estimation of the nuisance parameters.

Parameters 𝜃𝑖 Type of parameter Calibration

B(𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)) Parameter of interest -

Signal mass shape Nuisance parameter Mass calibration (sec. 6.1)

Fraction of signal

events per BDT bin

Nuisance parameter BDT calibration (sec. 5)

Normalization

factors (including

e�ciencies)

Nuisance parameters Normalization (sec. 6.3)

Peaking

background yields

Nuisance parameters Peaking backgrounds (sec. 6.2)

Peaking

background mass

shapes

Nuisance parameters Fits to simulation (sec. 6.2)

Combinatorial

background yields

Nuisance parameter Free parameters in mass �t

Combinatorial

background mass

shape

Nuisance parameters Free parameters in mass �t

tire dataset is divided into two subsamples for each data-taking period, Run 1 and Run 2,

which are further split into six bins of the BDT classi�er. As mentioned in Sec. 4.5, the BDT

binning used is optimized to maximize the signal sensitivity while keeping the background

manageable. The �ts are performed simultaneously in all the data-taking periods and BDT

bin subsets. The di�erence in luminosity for each data-taking period is accounted for by

weighting each data-taking subset with the correct luminosity fraction. A similar procedure

is followed for each BDT bin subset using the BDT calibration results in Chapter 5. The �rst

BDT bin, corresponding to BDT ∈ [0, 0.25), is not included in the �t because the combinato-

rial background dominates it. However, the fraction of events expected in this �rst BDT bin

is included in the normalization factor as an e�ciency correction, as described in Sec. 6.3.

The signal and background components are modelled independently in the �t using dif-

ferent probability density functions. The 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇− components are mod-
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elled with two independent double-sided Crystal Ball functions (see Appendix A.1) whose

characterizing parameters are allowed to vary following a Gaussian with a speci�c mean

and width de�ned by the mass calibration procedure in Sec. 6.1. The 𝐵0𝑠 → 𝜇+𝜇−𝛾 compo-

nent only includes initial-state radiation (see Chapter 1) and it is modelled using an empirical

function given by

𝑓 (𝑚𝜇+𝜇−) ∝
(
1 −

𝑚𝜇+𝜇−

𝑀𝐵0𝑠

)𝑏 − 𝑎√︃1 − 𝑒
𝑚𝜇+𝜇−−𝑀

𝐵0𝑠
𝑠 (7.5)

where the parameters 𝑏, 𝑎 and 𝑠 are determined from �ts to dedicated simulation samples

obtained based on the theoretical calculations from Refs. [77, 78]. The 𝑏 parameter is found

to be 0.5, while di�erent values of the 𝑎 and 𝑠 parameters are obtained for di�erent BDT bins.

The detector resolution e�ects are included by convolving the empirical shape in Eq. 7.5 with

a Gaussian function whose parameters are obtained from weighted simulation samples. All

the parameters describing the 𝐵0𝑠 → 𝜇+𝜇−𝛾 mass component are �xed in the �t to the data

except the yield. The other two nuisance parameters associated with the signal channels,

namely the normalization factors (see Sec. 6.3) and the expected fractions of signal events

ending up in each BDT bin (see Chapter 5), are also Gaussian constrained in the �t.

Regarding the backgrounds, the combinatorial component is described with an expo-

nential function whose slope is left free in the �t and shared among all the data-taking and

BDT subsets. The shapes of the physical backgrounds are obtained from simulation sam-

ples using Gaussian kernel density estimators [62]. While the yields of the combinatorial

background are left free in the �t, the yields of each physical background component are

Gaussian constrained to the expected yields evaluated in Sec. 6.2.

The mass distributions of the signal candidates are shown in Fig. 7.1 and Fig. 7.2 for Run

1 and Run 2 and the corresponding BDT bins. The total �t and its separated components are

also displayed. The branching fractions for the signal channels are obtained from these �ts

and found to be

B(𝐵0𝑠 → 𝜇+𝜇−) = (3.09+0.46+0.15−0.43−0.11) × 10
−9

B(𝐵0→ 𝜇+𝜇−) = (1.02+0.83−0.74 ± 0.14) × 10
−10

B(𝐵0𝑠 → 𝜇+𝜇−𝛾 ;𝑚𝜇+𝜇− ≥4.9GeV/𝑐2) = (−2.5 ± 1.4 ± 0.8) × 10
−9

where the statistical and systematic uncertainties are reported separately. It is important

to note that the 𝐵0𝑠 → 𝜇+𝜇−𝛾 branching fraction only includes initial-state radiation in the

dimuon invariant mass window given by𝑚𝜇+𝜇− ≥ 4900GeV/𝑐 . The negative result obtained
is compatible with the very low sensitivity for that decay and suggests an under-�uctuation

of the background on the low dimuon invariant mass region. As previously mentioned,

both the statistical and systematic uncertainties of each nuisance parameter are taken into

account by Gaussian constraining their values to the range given by their uncertainties.
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Figure 7.1: Mass distributions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) selected candidates for Run 1 for each

di�erent BDT bin. The blue line corresponds to the total �t model, and the separated com-

ponents are reported in the legend. Solid bands are shown for the distributions of the signal

channels indicating the total uncertainties.
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Figure 7.2: Mass distributions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) selected candidates for Run 2 for each

di�erent BDT bin. The blue line corresponds to the total �t model, and the separated com-

ponents are reported in the legend. Solid bands are shown for the distributions of the signal

channels indicating the total uncertainties.
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As a consequence, the �t only returns the total uncertainty without isolating the statistical

and systematic uncertainty associated with each branching fraction value. To separate the

statistical component, the �t is repeated by �xing all the nuisance parameters to the values

obtained from the nominal �t. The systematic uncertainties are then extracted by subtracting

in quadrature the statistical uncertainties from the total ones in the nominal �t. The primary

sources of systematic uncertainty in the branching fractions measurement arise from the

𝑓𝑠/𝑓𝑑 ratio and the estimation of the exclusive backgrounds yields, mainly the misidenti�ed

𝐵0(𝑠)→ ℎ+ℎ′− decays due to their signi�cant overlap with the 𝐵0→ 𝜇+𝜇− component.

7.3 Signi�cance of a measurement

When particle physicists search for new phenomena, such as the 𝐵0𝑠 → 𝜇+𝜇−𝛾 or the

𝐵0→ 𝜇+𝜇− processes, two hypotheses are tested and compared: the hypothesis assuming

that the data is consistent with the presence of only background, also known as the null

hypothesis or 𝐻0; and the hypothesis including both signal and background, referred to as

𝐻1. The possible rejection of the null hypothesis in favour of the 𝐻1 is done by measuring

the discrepancy between the observed data and the null hypothesis with a test statistic2. The
signi�cance of such discrepancy is quanti�ed by the p-value of 𝐻0, giving the probability

that the data obtained under the 𝐻0 hypothesis is equally or less compatible than the ob-

served data [76]. Considering a null hypothesis consisting of 𝜽 parameters of interest and 𝝂

nuisance parameters, the one-sided p-value for the parameters of interest 𝜽 is [1]

𝑝𝜽 (𝝂) =
∫ ∞

𝑞𝜽 ,𝑜𝑏𝑠

𝑓 (𝑞𝜽 |𝜽 ,𝝂)𝑑𝑞𝜽 (7.6)

where 𝑓 (𝑞𝜽 |𝜽 ,𝝂) is the probability density distribution of a test statistic 𝑞𝜽 and 𝑞𝜽 ,𝑜𝑏𝑠 is the

value of the test statistic observed in the data.

The 𝐻0 hypothesis is rejected if the p-value is less than 𝛼 , which is the probability of

rejecting the null hypothesis when it is true, also known as a type-I error [76]. Because the
p-value in Eq. 7.6 depends on the nuisance parameters, the 𝐻0 can only be rejected if the

p-value is smaller than 𝛼 for all the possible values of the nuisance parameters.

To remove this dependence of the p-value on the nuisance parameters, the test statistic𝑞𝜽

can be de�ned such that the p.d.f. 𝑓 (𝑞𝜽 |𝜽 ,𝝂) is independent of the nuisance parameters, i.e.

𝑓 (𝑞𝜽 |𝜽 ). One method to do so, used in this analysis, is to pro�le out the nuisance parameters

and express them as a function of the parameters of interest to de�ne the pro�le likelihood
function [1] as

𝐿𝑝 (𝜽 ) = 𝐿(𝜽 ,𝝂 (𝜽 )) (7.7)

2
A test statistic is a quantity derived from data as a function of the measured variables that, together with

its value for a given hypothesis, quanti�es the compatibility of the observed data and the hypothesis tested.
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where 𝝂 (𝜽 ) are the nuisance parameters maximizing the likelihood for a given value of 𝜽 .

A test statistic independent of the nuisance parameters is then the pro�le likelihood ratio
de�ned as

𝜆𝑝 (𝜽 ) =
𝐿𝑝 (𝜽 )
𝐿𝑝 (𝜽 )

=
𝐿(𝜽 ,𝝂 (𝜽 ))
𝐿(𝜽 ,𝝂 (𝜽 ))

(7.8)

with 𝜽 as the maximum likelihood estimator for the parameters of interest. While the like-

lihood in the denominator is maximized unconditionally, the likelihood in the numerator is

given for the nuisance parameters that maximize the likelihood for a particular value of 𝜽 ,

assuming the null hypothesis 𝐻0 [1, 79].

From its de�nition, the pro�le likelihood ratio ranges from 0 to 1, with higher values

implying higher compatibility of the observed datawith the null hypothesis𝐻0, i.e. 𝜆𝑝 (𝜽 ) = 1

if𝜽 = 𝜽 . To sculpt a pro�le of the likelihood around themaximum, the associated test statistic

used is

𝑡𝜽 = −2 ln 𝜆𝑝 (𝜽 ) (7.9)

where higher values of 𝑡𝜽 correspond to higher incompatibility between the observed data

and the hypothesized values of 𝜽 [79]. Notice that 𝑡𝜽 is not dependent on the nuisance pa-

rameters since they have been pro�led out by expressing them as functions of the parameters

of interest. Similarly, the probability density function of the test statistic can be written as

𝑓 (𝑡𝜽 |𝜽 ) = 𝑓 (𝑡𝜽 |𝜽 ,𝝂 (𝜽 )). As a consequence, the evaluation of the p-value using Eq. 7.6 be-

comes:

𝑝𝜽 =

∫ ∞

𝑡𝜽 ,𝑜𝑏𝑠

𝑓 (𝑡𝜽 |𝜽 )𝑑𝑡𝜽 (7.10)

Eq. 7.10 is de�ned for a set of parameter of interest 𝜽 = (𝜃𝑖, ...𝜃𝑚). In the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾)
analysis, there are three parameters of interest: the branching fractions of the 𝐵0𝑠 → 𝜇+𝜇−,

𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 signal channels. They are treated independently, such that for

any null hypothesis of one of the signal components, the others are treated as nuisance.

Therefore, for each null hypothesis tested, there is only one parameter of interest 𝜽 = 𝜇,

corresponding to the branching fractions of one signal decay. In these cases, the analytical

behaviour of the test statistic in Eq. 7.9 in the large sample limit is known analytically using

Wald’s theorem [80] and can be approximated as [79]

𝑡𝜇 =
(𝜇 − 𝜇)2
𝜎2

(7.11)

where 𝜇 and 𝜎 are the mean and the standard deviations of the estimated branching frac-

tion obtained from the maximum likelihood �t. Moreover, Wilk’s theorem states that the

distribution of the test statistic 𝑡𝜇 in the large sample limit approaches a 𝜒2 distribution [81].

Therefore, the p-values can be adequately de�ned as the area under the 𝜒2 distribution.

Once the 𝑡𝜇 value is de�ned for a given hypothesis, the signi�cance of the measurement
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is determined with the p-value using Eq. 7.10. Although the p-value is already enough to

decide whether to reject the null hypothesis, the signi�cance in particle physics is typically

given in terms of the Z-score. Interpreting the p-value in terms of a normal distribution, the

Z-score is obtained as the number of standard deviations between the mean of the Gaussian

of the parameter of interest, given by the hypothesis tested, and the measured value [1, 76];

as shown in Fig. 7.3. The Z-score is calculated from the p-value using the inverse of the

cumulative Gaussian distribution Φ−1
as

𝑍 = Φ−1(1 − 𝑝) (7.12)

Both the p-value and the Z-score are evaluated under the assumption of the null hypothesis

(background-only). The level of signi�cance required to claim a discovery is set to a Z-score

of �ve, corresponding to a p-value of 2.87 × 10
−7
.

 parameter

a.
u.

 under H0

Observed
 value

p-valueZ score

Figure 7.3: Example of a Gaussian distribution illustrating the relation between the p-value
and the Z-score given an observed value of the parameter of interested 𝜇 relative to the value

of 𝜇 under the null hypothesis.

The signi�cance of the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− signals relative to the background-

only hypothesis are obtained using the test statistic in Eq. 7.11. The signi�cance for

𝐵0𝑠 → 𝜇+𝜇− decays is found to be 10𝜎 , while for 𝐵0→ 𝜇+𝜇−, it is lower than the minimum

5𝜎 required to claim a discovery, with a value of 1.7𝜎 .

7.4 Limit setting with the CLs technique

The statistical signi�cance of a particular signal process measurement is sometimes lower

than the 5𝜎 required to claim a discovery. In such cases, an upper limit for the signal branch-

ing fraction is reported using con�dence intervals [76]. Considering the measurement is re-

peated multiple times, the con�dence interval is the range of values the parameter of interest
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will fall into in a fraction of the experiments given by the con�dence level. In practice, the

experiments are repeated using so-called "Montecarlo toys" or "pseudo"-experiments.

20 10 0 10 20
Q

f(Q
)

Signal+Background
Background-only
Observed Q value

20 10 0 10 20
Q

f(Q
)

Signal+Background
Background-only
Observed Q value

Figure 7.4: Examples of the 𝑄 distributions for the signal+background and the background-

only hypothesis when they are well-separated (left) and when they are almost identical

(right). The lower the branching fraction tested, the more similar the two distributions are.

In the case of the overlap, excluding the hypothesized branching fraction value also implies

an exclusion of the background-only hypothesis.

A one-sided con�dence interval is used to set an upper limit of the branching fraction

for the 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays. The goal is to �nd a value of the parameter of

interest 𝜇 assuming the signal and background hypothesis such that it is rejected in favour

of the background-only hypothesis with a certain con�dence level. The con�dence level is

1−𝛼 , where 𝛼 is the type-I error rate or the probability of rejecting the null hypothesis when

it is true. The values outside the con�dence limit are assumed to be excluded with a 1 − 𝛼
con�dence level, and the signal+background hypothesis is rejected in those cases.

The test statistic adopted to set the con�dence interval is given by

𝑄 = −2 ln
(
𝐿(𝑠 + 𝑏 |x)
𝐿(𝑏 |x)

)
(7.13)

where 𝐿(𝑠 + 𝑏 |x) and 𝐿(𝑏 |x) are the likelihood function for the signal+background and the

background-only hypotheses, respectively. This test statistic is more convenient to use in

the limit setting since it allows for a direct comparison of the strength of one hypothesis

relative to the other. Using this test statistic, the idea is to �nd a branching fraction value

such that the associated p-value, obtained using Eq. 7.10, is smaller or equal to 𝛼 .

In order to �nd the upper limit, di�erent branching fraction hypotheses are tested. The

probability density function of the test statistic for the signal+background hypothesis must

be known for each branching fraction value. This probability density function is constructed
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from a set of simulated pseudo-experiments generated assuming the tested branching frac-

tion value under the signal+background hypothesis. A similar procedure can be followed to

construct the probability density function associated with the background-only hypothesis.

It is important to note that the distributions of the test statistic vary according to the

branching fraction hypothesis, as can be deduced from Eq. 7.13, such that the lower the

branching fraction tested, the more similar the signal+background and background-only

distributions are. To illustrate the consequences of this e�ect, Fig. 7.4 shows two examples,

one where the two distributions are well-separated (left) and the case where they are almost

identical (right). In the latter case, excluding a value assuming the signal+background hy-

pothesis will also exclude the background-only hypothesis, leading to an over-exclusion of

low branching fraction values for which the experimental sensitivity is not enough.

An alternative to mitigate over-exclusion is the CLs method [82,83]. With this approach,

an adjusted con�dence level is obtained, which takes into account the overlap between the

two hypotheses

CLs =
𝑝𝑠+𝑏
1 − 𝑝𝑏

(7.14)

where 𝑝𝑠+𝑏 and 𝑝𝑏 are the p-values of the signal+background and background-only hy-

potheses, respectively. Assuming a speci�c value of the branching fraction for the sig-

nal+background hypothesis, these values are represented in Fig. 7.5 and are evaluated with

the test statistic 𝑄 as

𝑝𝑠+𝑏 =

∫ ∞

𝑄obs

𝑓𝑏+𝑠 (𝑄)𝑑𝑄 (7.15)

𝑝𝑏 =

∫ 𝑄obs

−∞
𝑓𝑏 (𝑄)𝑑𝑄 (7.16)

where 𝑓𝑏+𝑠 (𝑄) and 𝑓𝑏 (𝑄) are the probability density functions of the signal+background and
background-only hypotheses and 𝑄 is the test statistic as de�ned in Eq. 7.13.

The con�dence interval is determined using CLs = 𝛼 by setting the con�dence level to

1 − CLs [82, 83]. The probability density function of the 𝑄 test statistic is obtained from

pseudo-experiments generated using the corresponding hypothesis.

7.5 Limit setting for the 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾

branching fractions

Due to the low signi�cance of the 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays, an upper limit is set to

their branching fractions values using the CLs method as implemented in the GammaCombo

framework [84, 85]. Within this framework, a CLs scan is performed for di�erent values of
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Figure 7.5: Illustration showing the 𝑝𝑏 and 𝑝𝑏+𝑠 for the background-only and back-

ground+signal hypotheses given a observed value of 𝑄 .

the branching fractions to obtain two later compared curves: the expected and the observed

curves. The expected or background-only curve is obtained by generating several samples

using the background-only model and �tting them back using the signal+background model

with the branching fraction �xed at a speci�c value. The CLs is then calculated for this �xed

value of the branching fractions as described in Sec. 7.4. Since several samples are �tted back

with the same branching fraction, not all of them yield the same CLs value. The 1𝜎 (2𝜎) error

bands associated to the expected curve are then de�ned as the vertical CLs intervals where

16% (2.5%) of the �tted CLs fall above and 16% (2.5%) below the boundaries. Regarding the

observed curve, the CLs values are determined from �ts to the data sample by scanning the

likelihood for various values of the branching fraction.

The resulting CLs curves for 𝐵
0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays are shown in Fig. 7.6

from which the limits on their branching fractions are obtained as

B(𝐵0→ 𝜇+𝜇−) < 2.3(2.6) × 10
−10

at 90%(95%) CL

B(𝐵0𝑠 → 𝜇+𝜇−𝛾) |𝑚𝜇+𝜇−≥4.9GeV/𝑐2 < 1.5(2.0) × 10
−9

at 90%(95%) CL

The results obtained for the 𝐵0(𝑠)→ 𝜇+𝜇− branching fractions are in agreement with the

Standard Model predictions of B(𝐵0𝑠 → 𝜇+𝜇−) = (3.66 ± 0.14) × 10
−9

and B(𝐵0→ 𝜇+𝜇−) =
(1.03 ± 0.05) × 10

−10
[9]. This agreement is also visible in the two-dimensional con�dence

interval set for B(𝐵0𝑠 → 𝜇+𝜇−) and B(𝐵0→ 𝜇+𝜇−) in Fig. 7.7, where the Standard Model

prediction is also represented together with the contours corresponding to the previous

LHCb measurement [49]. The two-dimensional contours obtained for B(𝐵0𝑠 → 𝜇+𝜇−𝛾) ver-
sus B(𝐵0→ 𝜇+𝜇−) and B(𝐵0𝑠 → 𝜇+𝜇−) are also presented in Fig. 7.7.
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Figure 7.6: CLs curves for branching fractions of the 𝐵
0→ 𝜇+𝜇− (left) and 𝐵0𝑠 → 𝜇+𝜇−𝛾 (right)

decays. The observed values in data are shown in black. The expected background-only

values are shown in red with the 1𝜎 and 2𝜎 bands around the values in light and black blue,

respectively.
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Figure 7.7: Two-dimensional con�dence intervals of the branching fractions for the

𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays (top) where the Standard Model predictions are shown

in red, and the contours in brown indicate the results from the previous LHCb measure-

ment [49]. The two-dimensional counters are also shown for the 𝐵0𝑠 → 𝜇+𝜇−𝛾 and 𝐵0→ 𝜇+𝜇−

decays (bottom left) and 𝐵0𝑠 → 𝜇+𝜇−𝛾 and 𝐵0𝑠 → 𝜇+𝜇− decays (bottom right).
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8 | Discussion and prospects

In this chapter, the results presented in this thesis are interpreted and compared to the Stan-

dard Model and to the latest and most recent CMS result in Sec. 8.1. The constraints to

di�erent New Physics scenarios obtained by combining the measured 𝐵0𝑠 → 𝜇+𝜇− branching

fraction with other analyses are presented in Sec. 8.2. Although the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) analysis
is still statistically limited, several improvements, discussed in Sec. 8.3, can be performed in

the future to increase the precision of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) branching fraction measurement

and constrain New Physics models even further.

8.1 Interpretation of the results

This thesis presents themeasurement of the 𝐵0𝑠 → 𝜇+𝜇− branching fraction and the search for

𝐵0→ 𝜇+𝜇− and initial-state radiation𝐵0𝑠 → 𝜇+𝜇−𝛾 decays using the entire dataset gathered by

LHCb in Run 1 and Run 2. The dimuon mass distribution of the selected signal candidates is

shown in Fig. 8.1 for BDT>0.5, together with each of the signal and background components

overlaid.

The results obtained from the �t (see Chapter 7) for the 𝐵0𝑠 → 𝜇+𝜇− branching fraction

and the upper limits for the 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 branching fractions are

B(𝐵0𝑠 → 𝜇+𝜇−) = (3.09+0.46+0.15−0.43−0.11) × 10
−9

B(𝐵0→ 𝜇+𝜇−) < 2.3(2.6) × 10
−10

at 90%(95%) CL (8.1)

B(𝐵0𝑠 → 𝜇+𝜇−𝛾 ;𝑚𝜇+𝜇− < 4.9GeV/𝑐2) ≥ 1.5(2.0) × 10
−9

at 90%(95%) CL (8.2)

Regarding the systematic uncertainties, the two most signi�cant contributions arise from

the 𝑓𝑠/𝑓𝑑 ratio and the 𝐵0(𝑠)→ ℎ+ℎ′− misidenti�ed backgrounds. The 𝑓𝑠/𝑓𝑑 ratio has a rela-

tive uncertainty of around 3%, the largest relative uncertainty in the �t. It only a�ects the

𝐵0𝑠 → 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−𝛾 branching fractions since it is needed in their normalization pro-

cedure (see Chapter 6). The 𝑓𝑠/𝑓𝑑 ratio is not needed in the normalization for the 𝐵0→ 𝜇+𝜇−

decays, leading to a smaller absolute error in its branching fraction. The latter is mainly af-

fected by the 𝐵0(𝑠)→ ℎ+ℎ′− misidenti�ed background. Although the estimated yields of other
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Figure 8.1: Mass distributions of the 𝐵0(𝑠)→ 𝜇+𝜇−(𝛾) selected candidates for BDT > 0.5. The

blue line corresponds to the total �t model, and the separated components are reported in

the legend. Solid bands are shown for the distributions of the signal channels indicating the

total uncertainties.

backgrounds have larger uncertainties than the 𝐵0(𝑠)→ ℎ+ℎ′− background, its overlap with

the 𝐵0→ 𝜇+𝜇− shape directly impacts the systematic uncertainty for the branching fraction

value obtained from the �t.

The results from this analysis are compared with the Standard Model predictions of

B(𝐵0𝑠 → 𝜇+𝜇−) = (3.66 ± 0.14) × 10
−9

B(𝐵0→ 𝜇+𝜇−) = (1.03 ± 0.05) × 10
−10

(8.3)

given in Chapter 1. Although a slightly lower central value of the 𝐵0𝑠 → 𝜇+𝜇− branching

fraction is measured, the measurement is found to agree with the Standard Model at the level

of 1.2𝜎 . The experimental sensitivity is not enough to reach the Standard Model prediction

of the 𝐵0→ 𝜇+𝜇− branching fraction, and the upper limit obtained is also found to agree with

the Standard Model prediction.

The latest measurement of the 𝐵0(𝑠)→ 𝜇+𝜇− branching fractions has recently been re-

ported by the CMS collaboration just before the completion of this thesis [86]. In this anal-

ysis, the full Run 1 and Run 2 datasets gathered by the CMS collaboration are used. The
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results reported are:

B(𝐵0𝑠 → 𝜇+𝜇−) = (3.95+0.39+0.27+0.21−0.37−0.22−0.19) × 10
−9

(8.4)

B(𝐵0→ 𝜇+𝜇−) < 1.5(1.9) × 10
−10

at 90%(95%) CL (8.5)

where for the 𝐵0𝑠 → 𝜇+𝜇− branching fraction, the �rst uncertainty is statistical, the second

systematic and the third due to the external branching fractions used as inputs. Compared

with the analysis presented in this thesis, the 𝐵0𝑠 → 𝜇+𝜇− branching fraction measured by

CMS is 1.2𝜎 higher [86]. Since both measurements are on opposite sides relative to the Stan-

dard Model value, the world average is shifted to a value closer to the Standard Model pre-

diction. Although the evaluation of such average requires a proper combination of the CMS,

LHCb and ATLAS results based on their likelihoods, a naive approximation is obtained com-

bining the LHCb and latest CMS 𝐵0𝑠 → 𝜇+𝜇− branching fractionmeasurements for illustrative

purposes. This naive combination is obtained as a weighted average using the inverse of the

statistical error as the quantity related to the luminosity of each experiment. The average

obtained isB(𝐵0𝑠 → 𝜇+𝜇−) = 3.63+0.41+0.30−0.39−0.24, where the 𝑓𝑠/𝑓𝑑 ratio has been subtracted from the

systematic uncertainties of both measurements in order to combine them assuming uncor-

related uncertainties and added after the combination to the �nal systematic uncertainty. As

can be seen, the naive average is in perfect agreement with the Standard Model prediction.

8.2 Constraint on New Physics models

As presented in Chapter 1, the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction de�ned in a model-

independent way is only sensitive to contributions from the axial vector lepton currents

(C (′)
10
), the scalar (C (′)

𝑆
) and pseudoscalar (C (′)

𝑃
) lepton currents. In the Standard Model, the

only non-negligible contribution comes from the C10 Wilson coe�cient. Since the theoreti-

cal computation of the 𝐵0(𝑠)→ 𝜇+𝜇− branching fraction is very clean, the branching fraction

values predicted in the Standard Model are very precise. Therefore, 𝐵0(𝑠)→ 𝜇+𝜇− decays are

good laboratories to search for New Physics phenomena appearing as a contribution to the

C (′)
10
, C (′)

𝑆
and C (′)

𝑃
Wilson coe�cients.

In order to search for New Physics phenomena in a broader picture, the measured

𝐵0𝑠 → 𝜇+𝜇− branching fraction is combined with other measurements exhibiting deviations

from the Standard Model predictions. These values are combined in the so-called global �ts,

which parametrize New Physics contributions in the form of Wilson coe�cients using the

e�ective �eld approach in Sec. 1.2. The results from the global �ts presented in this section

are obtained from Ref. [87]. It is important to note that the 𝐵0𝑠 → 𝜇+𝜇− branching fraction

considered in these �ts is the combination of the LHCb measurement presented in this the-

sis with the previous CMS result [88] and the latest ATLAS results [89]. Together with the

𝐵0𝑠 → 𝜇+𝜇− branching fraction, the measurement included in the global �ts are the branch-
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ing fractions of the 𝐵 → 𝐾 (∗)𝜇+𝜇−, 𝐵0𝑠 → 𝜙𝜇+𝜇− and Λ𝑏 → Λ𝜇+𝜇−, jointly referred to as

𝑏 → 𝑠𝜇𝜇; and the lepton-�avour universality (LFU) ratios 𝑅𝐾 and 𝑅𝐾∗ . These measurements

complement the 𝐵0𝑠 → 𝜇+𝜇− decay in the search for New Physics since they are sensitive to

vector lepton current contributions, given by the C (′)
9

Wilson coe�cients, in addition to the

C (′)
10
, C (′)

𝑆
and C (′)

𝑃
coe�cients. The New Physics contributions are tested as deviations to the

values of the Wilson coe�cients given by Standard Model as C𝑖 = C𝑆𝑀𝑖 + 𝛿C𝑖 , where 𝛿C𝑖 is
the New Physics contribution.

Di�erent strategies are followed in the global �ts allowing for New Physics phenomena

in one, two or several Wilson coe�cients. In the simplest approach, where only a single

New Physics coe�cient 𝛿C𝑖 is allowed at a time, two di�erent cases show an improvement

of more than 4.5𝜎 in the agreement between data and theory relative to the Standard Model:

the 𝛿𝐶
𝑏𝑠𝜇𝜇

10
≈ +0.60 and 𝛿𝐶

𝑏𝑠𝜇𝜇

9
= −𝛿𝐶𝑏𝑠𝜇𝜇

10
≈ −0.35. Considering only possible new physics

contributions in the right-handed quark projection operator 𝛿𝐶
′𝑏𝑠𝜇𝜇
10

, the global �ts show a

preference for results compatible with zero, i.e. no New Physics contributions. Possible

scalar and pseudoscalar New Physics contributions are tested with the constraint 𝛿C𝑆 =

−𝛿C𝑃 and 𝛿C′
𝑆
= 𝛿C′

𝑃
, in both cases showing a slight preference for small negative values of

the scalar contributions, with pulls of 2.1𝜎 .

Two-dimensional scenarios are also considered where two New Physics coe�cients are

allowed simultaneously. Fig. 8.2 shows the New Physics 𝛿𝐶
𝑏𝑠𝜇𝜇

9
, 𝛿𝐶

𝑏𝑠𝜇𝜇

10
plane with the con-

straints imposed by the 𝐵0𝑠 → 𝜇+𝜇− branching fraction (yellow), the 𝑅𝐾 and 𝑅𝐾∗ ratios (blue)

and the 𝑏 → 𝜇𝜇 transitions (orange). The �t result combining all the measurements is shown

in red and labelled as "rare 𝐵 decays". The global �t result seems to show a preference for

a slightly positive 𝛿𝐶
𝑏𝑠𝜇𝜇

10
and a negative 𝛿𝐶

𝑏𝑠𝜇𝜇

9
. Concretely, the best-�t point is given by

(𝛿𝐶𝑏𝑠𝜇𝜇
9

, 𝛿𝐶
𝑏𝑠𝜇𝜇

10
) ≈ (−0.51, 0.30) with an improvement in the agreement between theory and

data of 5.3 𝜎 compared to the Standard Model. Although the 𝐵0𝑠 → 𝜇+𝜇− branching fraction

measurement is not sensitive to 𝛿𝐶
𝑏𝑠𝜇𝜇

9
, its sensitivity to the 𝛿𝐶

𝑏𝑠𝜇𝜇

10
is signi�cant, resulting in

the 𝐵0𝑠 → 𝜇+𝜇− branching fraction playing a fundamental role in the constraint of such New

Physics contribution.

Finally, more generic strategies are followed where four or six New Physics contribu-

tions are allowed. The results from these �ts show a clear preference for New Physics models

appearing in 𝛿𝐶
𝑏𝑠𝜇𝜇

9
, such as contributions from vector leptoquark or 𝑍 ′

models [90]. It is

important to note that the new CMS result [86] recently published has not yet been included

in the 𝐵0𝑠 → 𝜇+𝜇− branching fraction average used in these global �ts. As previously men-

tioned, this measurement will bring the 𝐵0𝑠 → 𝜇+𝜇− branching fraction world average closer

to the Standard Model prediction, limiting further the room available for the New Physics

arising from axial vector lepton current contributions.
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Figure 8.2: Constraints on New Physics models in the 𝛿𝐶
𝑏𝑠𝜇𝜇

9
−𝛿𝐶𝑏𝑠𝜇𝜇

10
place. The combination

of all results given by the global �ts is shown in red. The 1𝜎 and 2𝜎 regions for each case are

shown in dashed lines and the Standard Model value is located at (0,0). Figure taken from

Ref. [87].

8.3 Future prospects

The anomalies between data and the Standard Model predictions observed in the 𝑏 → 𝑠𝑙𝑙

transitions have been one of the hottest topics in particle physics in recent years. The

𝐵0𝑠 → 𝜇+𝜇− branching fraction measurement presented in this thesis is found to be consistent

with the Standard Model, but it is still clearly statistically limited after Run 1 and Run 2. The

Standard Model prediction is much more precise than the measured value, implying that

there is still room for New Physics contributing to the 𝐵0𝑠 → 𝜇+𝜇− decay. With increasing

data in the coming data-taking periods, the statistical uncertainty associated with the mea-

sured 𝐵0𝑠 → 𝜇+𝜇− branching fraction will be reduced. Combining these future results with

other complementary measurements such as 𝑅𝐾 or 𝑅𝐾∗ will help to further constrain New

Physics models.

With more data, the experimental sensitivity to the 𝐵0→ 𝜇+𝜇− will increase, allowing

for tightening the upper limits on its branching fraction and, ultimately, claiming its discov-

ery. The addition of the future 𝐵0→ 𝜇+𝜇− branching fraction measurement to the global �ts
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presented in the previous section will help to shed some light on the beyond the Standard

Model physics, especially on the B(𝐵0→ 𝜇+𝜇−)/B(𝐵0𝑠 → 𝜇+𝜇−) ratio. The overlap between

the 𝐵0→ 𝜇+𝜇− invariant mass distribution with the 𝐵0(𝑠)→ ℎ+ℎ′− background will be signi�-

cant, implying an extensive control of this background is required to identify the 𝐵0→ 𝜇+𝜇−

candidates in the �t correctly. Moreover, the left-handed tail from the 𝐵0𝑠 → 𝜇+𝜇− decays,

caused by the �nal-state radiation (see Sec. 1.3), also overlaps with the 𝐵0→ 𝜇+𝜇− shape.

Currently, the number of possible 𝐵0𝑠 → 𝜇+𝜇− events mislabelled as 𝐵0→ 𝜇+𝜇− is negligi-

ble compared to the experimental sensitivity but, with the increased statistics of the Run 2

dataset, the experimental sensitivity will be large enough for this misidenti�cation to be-

come signi�cant. At that moment, using a physical model of the �nal-state radiation tail,

proposed in Sec. 8.3.1, will provide a more accurate description of the �nal-state radiation

physics.

It is important to note that the analysis presented in this thesis has been optimized to

measure the 𝐵0𝑠 → 𝜇+𝜇− branching fraction and search for the 𝐵0→ 𝜇+𝜇− decay. Conse-

quently, the search for initial-state radiation 𝐵0𝑠 → 𝜇+𝜇−𝛾 decays has been constrained by

the selection and reconstruction procedure used for 𝐵0(𝑠)→ 𝜇+𝜇− decays. These constraints

are mainly two: the narrow dimuon invariant mass window used to select the signal can-

didates (𝑚𝜇+𝜇− ∈ [4900, 6000]MeV/𝑐2); and the fact that the photon in the �nal state is not

searched for in the reconstruction. A dedicated analysis for the 𝐵0𝑠 → 𝜇+𝜇−𝛾 decay applying

an optimized selection for such decay will increase the sensitivity in its search.

Together with the 𝐵0(𝑠)→ 𝜇+𝜇− results, the search for the 𝐵0(𝑠) → 𝜏+𝜏− and 𝐵0(𝑠) → 𝑒+𝑒−

decays will help to understand the nature of New Physics phenomena. The analysis of the

𝐵0(𝑠) → 𝜏+𝜏− decays helps in probing lepton �avour universality, an accidental symmetry

in the Standard Model causing the electroweak coupling to be universal to all leptons. Al-

though much less suppressed than the 𝐵0(𝑠)→ 𝜇+𝜇− decays due to the larger mass of the 𝜏

lepton, the measurement of the 𝐵0(𝑠) → 𝜏+𝜏− decays is experimentally challenging due to

the unstable 𝜏 particle, which must be reconstructed from di�erent �nal states. The latest

search for 𝐵0(𝑠) → 𝜏+𝜏− decays performed by the LHCb experiment using the Run 1 dataset

set an upper limit to the branching fractions decays of B(𝐵0𝑠 → 𝜏+𝜏−) < 6.8 × 10
−3

and

B(𝐵0 → 𝜏+𝜏−) < 2.1 × 10
−3

at 95% con�dence level [91]. Contrary to 𝐵0(𝑠) → 𝜏+𝜏− de-

cays, 𝐵0(𝑠) → 𝑒+𝑒− decays are strongly helicity suppressed in the Standard Model due to the

lower mass of the electron compared to the muon. Consequently, an enhancement of their

branching fraction will hint for New Physics contributions, a�ecting the lepton species dif-

ferently. Although experimentally more accessible than 𝐵0(𝑠) → 𝜏+𝜏− decays, the �nal-state

electrons of the 𝐵0(𝑠) → 𝑒+𝑒− decays are signi�cantly a�ected by bremsstrahlung, compli-

cating their reconstruction. The search for 𝐵0(𝑠) → 𝑒+𝑒− performed by LHCb using Run

1 and the 2015 and 2016 dataset resulted in an upper limit to the branching fractions of

B(𝐵0𝑠 → 𝑒+𝑒−) < 11.2×10−9 andB(𝐵0 → 𝑒+𝑒−) < 3.0×10−9 at 95% con�dence level [92], still

much higher than the Standard Model predictions of B(𝐵0𝑠 → 𝑒+𝑒−) = (8.60 ± 0.36) × 10
−14
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and B(𝐵0 → 𝑒+𝑒−) = (2.41 ± 0.13) × 10
−15

[9].

8.3.1 Radiative tail

As mentioned in Chapter 1, photon emission takes place in 𝐵0(𝑠)→ 𝜇+𝜇− decays. Part of the

�nal-state radiation emitted by the muons is due to the higher-order QED corrections in the

Feynman diagrams of the 𝐵0(𝑠)→ 𝜇+𝜇− processes. Experimentally, these FSR photons cause

the dimuon invariant mass distributions of the 𝐵0(𝑠)→ 𝜇+𝜇− decays to have a left exponential

tail that must be included in the probability density function used in the �t to describe the

𝐵0(𝑠)→ 𝜇+𝜇− decays.

Currently, the �nal-state radiation is modelled in simulation using PHOTOS while, in

the invariant mass �t, the left tail generated from FSR photons is described by a double-

sided Crystal Ball (see Appendix A.1). This shape is not giving a physical description of the

processes happening in the �nal-state radiation but just serves as a parametrization for the

FSR in the determination of the branching fraction.

As already shown in Sec. 1.3, the ultrasoft radiation generated by the FSR emission is

modelled theoretically by the dimensionless radiative factor relating the radiative and non-

radiative branching fractions and given by [9]

Ω(Δ𝐸) =
(
2Δ𝐸

𝑀𝐵0(𝑠)

)− 2𝛼𝑒𝑚
𝜋

©­­«1+ln
𝑚2

𝜇

𝑀2

𝐵0(𝑠)

ª®®¬ (8.6)

where Δ𝐸 = (𝑀2

𝐵0(𝑠)
−𝑚2

𝜇+𝜇−)/2𝑀𝐵0(𝑠)
, and 𝛼𝑒𝑚 is the electromagnetic coupling constant. It

is important to note that Eq. 8.6 is only assumed to be valid in a relatively narrow region

around the 𝐵0(𝑠) mass of Δ𝐸 < 100MeV/𝑐2.

Conceptually, the radiative factor can be interpreted as the probability that a photon

with energy 𝐸𝛾 ≤ Δ𝐸 is emitted from the �nal-state muons in the 𝐵0(𝑠)→ 𝜇+𝜇− decays. From

this de�nition, the radiative factor represents the cumulative distribution of the probabil-

ity density function describing the �nal-state radiation as a function of Δ𝐸. Therefore, the

probability density function describing the FSR as a function of the dimuon invariant mass

can be obtained as the derivative of the radiative factor with respect to the dimuon invariant

mass:

𝑑Ω(Δ𝐸)
𝑑𝑚𝜇+𝜇−

=
𝑎

Δ𝐸

(
2Δ𝐸

𝑀𝐵0(𝑠)

)𝑎
𝑑Δ𝐸

𝑑𝑚𝜇+𝜇−
where 𝑎 = −2𝛼𝑒𝑚

𝜋

©­«1 + ln

𝑚2

𝜇

𝑀2

𝐵0(𝑠)

ª®¬ (8.7)

The resulting probability density function includes the theoretical description of the FSR

radiative tail without including the detector e�ects. As mentioned earlier, the FSR arising
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from the QED corrections is described in the simulation with Photos. This simulation al-

gorithm assumes the factorization of the decay amplitude into the non-bremsstrahlung and

bremsstrahlung factors and computes the latter in terms of the four-momenta of the particles

in the decay. The generated event is then modi�ed to include the bremsstrahlung term [17]

and the �nal-state radiation.

To illustrate the overlap between the 𝐵0𝑠 → 𝜇+𝜇− FSR radiative tail and the 𝐵0→ 𝜇+𝜇−

peak, simulated 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− events are used where the number of events is

scaled accordingly to the Standard Model branching ratio and the 𝑓𝑠/𝑓𝑑 ratio. The probability
density distribution in Eq. 8.7 is convolved with a double Gaussian distribution to include the

detector e�ects and used to model the 𝐵0𝑠 → 𝜇+𝜇− component. The 𝐵0→ 𝜇+𝜇− component is

modelled analogously. The total model and the two distributions are shown in Fig. 8.3, where

the overlap between the 𝐵0→ 𝜇+𝜇− peak and the radiative tail from 𝐵0𝑠 → 𝜇+𝜇− is clearly vis-

ible. At low invariant mass, the tail given by the radiative factor is enhanced with respect to

the distribution obtained from simulation, implying a possible disagreement between PHO-

TOS and the expression obtained from the radiative factor in Eq. 8.7. Part of this disagree-

ment might be caused by the region of validity of the radiative factor, which is expected to be

around Δ𝐸 < 100MeV/𝑐2 (or𝑚𝜇+𝜇− > 5230MeV/𝑐2). It is important to note the left tail in the

simulation curve includes not only PHOTOS but also the bremsstrahlung radiation emitted

by the muons while propagating through the detector. Although the bremsstrahlung e�ect

is expected to be small in the case of muons, its impact in this comparison must be mod-

elled correctly for a future study. The determination of the B(𝐵0→ 𝜇+𝜇−)/B(𝐵0𝑠 → 𝜇+𝜇−)
branching ratio is a very robust and sensitive probe to test for the concept ofMinimal Flavour

Violation, requiring the sources of CP violation in the New Physics scenarios to arise from

the known Yukawa coupling structures of the Standard Model [93].
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Figure 8.3: Overlap between the 𝐵0𝑠 → 𝜇+𝜇− radiative tail and the 𝐵0→ 𝜇+𝜇− peak. Both com-

ponents are modelled with the radiative tail probability density function in Eq. 8.7 convolved

with a double Gaussian. The total models and the simulation show a small disagreement at

low dimuon invariant mass caused partly by the region of validity of the radiative factor.
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A | Probability density functions for
mass shapes

A.1 Double-sided Crystal Ball

The double-sided Crystal Ball function [94] consists of a Gaussian core connected to an

exponential tail on each side. It is an extension of the Crystal Ball, which has only one

exponential tail. The Double-Sided Crystal Ball function is given by

𝑓 (𝑚 |𝜇, 𝜎, 𝛼𝑙 , 𝑛𝑙 , 𝛼𝑟 , 𝑛𝑟 ) = 𝑁


(
𝑛𝑙
𝛼𝑙

)𝑛𝑙
exp

[
−𝛼2

𝑙

2

] (
−𝑚−𝜇

𝜎
+ 𝑛𝑙
𝛼𝑙
− 𝛼𝑙

)−𝑛𝑙
, if

𝑚−𝜇
𝜎

< −𝛼𝑙(
𝑛𝑟
𝛼𝑟

)𝑛𝑟
exp

[
−𝛼2𝑟

2

] (
𝑚−𝜇
𝜎

+ 𝑛𝑟
𝛼𝑟

− 𝛼𝑟
)−𝑛𝑟

, if
𝑚−𝜇
𝜎

> 𝛼𝑟

exp

[
− (𝑚−𝜇)2

2𝜎2

]
, otherwise,

(A.1)

where 𝜇 and 𝜎 are the mean and resolution of the Gaussian core; 𝛼𝑟 (𝛼𝑙 ) de�ne the start-

ing points of the right (left) enhanced tail and 𝑛𝑟 (𝑛𝑙 ) determine the slope of the right (left)

exponential tail.

A.2 Hypatia

The Hypatia function [95] is a generalization of the Double-Sided Crystal ball where the

Gaussian core is modi�ed to account for the spread in the per-event mass uncertainties. The

function is given by

𝑓 (𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽, 𝛼𝑙 , 𝑛𝑙 , 𝛼𝑟 , 𝑛𝑟 ) ∝


𝐺 (𝜇−𝛼𝑙𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽)(

1−𝑚/
(
𝑛

𝐺 (𝜇−𝛼𝑙𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽)
𝐺 ′ (𝜇−𝛼𝑙𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽)

−𝛼𝑙𝜎
))𝑛𝑙 , if

𝑚−𝜇
𝜎

≤ −𝛼𝑙
𝐺 (𝜇−𝛼𝑟𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽)(

1−𝑚/
(
𝑛

𝐺 (𝜇−𝛼𝑟 𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽)
𝐺 ′ (𝜇−𝛼𝑟 𝜎 ;𝜇,𝜎,𝜆,𝜁 ,𝛽) −𝛼𝑟𝜎

))𝑛𝑟 , if
𝑚−𝜇
𝜎

≥ 𝛼𝑟

𝐺 (𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽), otherwise,

(A.2)
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where 𝛼𝑟 (𝛼𝑙 ) and 𝑛𝑟 (𝑛𝑙 ) control the right (left) exponential tail,𝐺
′
is the derivative of𝐺 with

respect to𝑚, which is the hyperbolic core, given by

𝐺 (𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽) ∝
[
(𝑚 − 𝜇)2 +𝐴2

𝜆
(𝜁 )𝜎2

] 1

2
𝜆− 1

4 𝑒𝛽 (𝑚−𝜇) × 𝐾𝜆− 1

2

©­«𝜁
√︄
1 +

(
𝑚 − 𝜇
𝐴𝜆 (𝜁 )𝜎

)
2ª®¬ (A.3)

where 𝐾𝜆 are special Bessel functions of the third kind and 𝐴2

𝜆
=

𝜁𝐾𝜆 (𝜁 )
𝐾𝜆+1 (𝜁 ) .

A.3 ARGUS

The ARGUS function, introduced by the ARGUS collaboration, is mainly used to describe

continuous backgrounds such as partially reconstructed background. It is given by

𝑓 (𝑚 |𝑚0, 𝑐, 𝑝) = 𝑁𝑚
[
1 −

(
𝑚

𝑚0

)
2

]𝑝
× exp

[
𝑐

(
1 −

(
𝑚

𝑚0

)
2

)]
(A.4)
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Summary

Fundamental particle physics describes the fundamental constituents of the universe in

terms of a few elementary particles, known as quarks and leptons, and their interactions.

Both the properties of these particles and the workings of their interactions are encompassed

in the StandardModel of particle physics, which o�ers a mathematical description of such el-

ementary processes. Even though the StandardModel has been proven to be a self-consistent

theory successfully predicting most particle physics phenomena, it leaves several open ques-

tions and is therefore not the complete picture. The answer to these questionsmight be found

in the so-called "New Physics" or physics models beyond the Standard Model. The search of

such New Physics models is performed by studying di�erent fundamental particle processes

to push the limits of our knowledge.

An interesting and important property of quarksmust be taken into account in the search

for New Physics: quarks cannot be detected alone, they are always "con�ned" with other

quarks forming composite particles known as hadrons. Even though the most well-known

hadrons are protons and neutrons, which make up most of the ordinary matter in the uni-

verse, there are manymore di�erent hadrons resulting from distinct combinations of quarks.

All hadrons, except the protons and neutrons in atoms, are unstable and decay or "transform"

into at least two other particles. Some of these decays are excellent laboratories in the search

of physics beyond the StandardModel and their study gives a clearer picture of potential new

theories.

Two of such less commonly known hadrons are the 𝐵0𝑠 and 𝐵
0
hadrons. They are formed

by the combination of two quarks: a beauty quark and a strange quark in the case of the

𝐵0𝑠 and a beauty quark and a down quark in the case of the 𝐵0. As all hadrons, the 𝐵0 and

𝐵0𝑠 hadrons decay into other particles and are known to have hundreds of di�erent ways

to decay. One possibility is their decay into two muons, a type of lepton. These decays,

formally referred to as 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇−, are predicted to be extremely rare in the

Standard Model, with only 3 every billion 𝐵0𝑠 hadrons decaying into twomuons, while for 𝐵0,

the expected rate is 1 every 10 billion. Despite being very suppressed in the Standard Model,

new quantum particles or forces might play a role in these decays, altering the rate at which

they are expected to occur. Any disagreement between the measured decay rates and the
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Standard Model predictions would imply the existence of new particles or forces altering the

quantum process of 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇− decays.

Because the 𝐵0𝑠 and 𝐵
0
mesons are very unstable, they decay very quickly, and the study

of their decays is only possible in dedicated particle experiment producing them in a con-

trolled environment. Currently, the best facility is the Large Hadron Collider located at

CERN, a particle accelerator that accelerates particles, mainly protons, to high velocities and

collides them in one of the four detectors positioned in its ring. Many di�erent particles

are produced in the proton-proton collisions, including 𝐵0 and 𝐵0𝑠 hadrons. These generated

particles and their subsequent decays are detected in particle detectors, such as LHCb, which

is specialized in the analysis of processes involving beauty or charm quarks. Since these de-

cays are very rare processes, a huge amount of data is needed to detect them; thus the entire

dataset collected by LHCb from 2011 to 2018 is exploited in this thesis.

Only a small fraction of the particles produced in the proton-proton collisions undergo

processes that can be sensitive to New Physics and hence interesting for further analysis.

In order to keep the data size manageable, the trigger system performs a real-time selection

deciding whether the particle processes ocurring after the proton-proton collisions are inter-

esting for further analysis, and stored in the disk, or discarded. In the case of the 𝐵0𝑠 → 𝜇+𝜇−

and 𝐵0→ 𝜇+𝜇− analysis using LHCb data, the trigger is optimized to store the events contain-

ing 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays. Nevertheless, several real 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇−

decays might not �re the trigger and get lost. The number of 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− can-

didates determined in the analysis must then be corrected by the e�ciency of the trigger to

account for these lost real candidates. The evaluation of the trigger e�ciencies is performed

using a combination of simulation and data samples and is one of the main topics of this

thesis.

The detection of the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays, jointly referred to as signal, is

relatively clean in the LHCb detector, as shown in the sketch displayed in Fig. 1. First, a

𝐵0𝑠 or 𝐵
0
hadron must be produced in the proton-proton collision. These hadrons propagate

a few millimetres in the vacuum before decaying in the detector volume into two oppo-

sitely charged muons. The muons leave a trace in di�erent parts of the detector and are the

only particles reaching its outermost part, allowing for their identi�cation. Since muons are

charged particles, their trajectories are bent by the dipole magnet, enabling the determina-

tion of their charges and trajectories. The point where the 𝐵0𝑠 or 𝐵
0
hadron decayed can be

determined by extrapolating the trajectories of the two �nal-state muons to the point where

they meet.

Despite the signature left by the decays in the detector being very clean, some other

di�erent processes might be wrongly identi�ed as 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays. Be-

cause the signal decays are so rare, these so-called background events are expected to be

10
7 − 10

8
times more likely than the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays. In order to dis-
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Figure 1: Sketch of the 𝐵0𝑠 → 𝜇+𝜇− decay signature in the LHCb detector. The 𝐵0𝑠 originating

in the proton-proton collision propagates a few milimeters inside the detector before decay-

ing into two muons, which are the only particles reaching the outermost part of the detector.

The trajectories of the muons are bent by the magnet depending on their charges.

criminate between the signal and background, the energy and momenta of the two �nal-

state muons are combined into the so-called invariant mass variable. The majority of the

𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− background candidates are distributed exponentially throughout

the invariantmass variable, while the real𝐵0𝑠 → 𝜇+𝜇− and𝐵0→ 𝜇+𝜇− candidates are observed

as peaks or bumps in these distributions. The height of the peak corresponds to the number

of 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays obtained in this analysis, and is directly related to the

quantity we are ultimately interested in: the rates of such decays, also known as branching
fractions. A simple sketch illustrating the dimuon invariant mass distribution of the data

candidates for a single signal component and a background component is given in Fig. 2.

The discriminating power o�ered by the invariant mass of the two muons is insu�-

cient for clearly detecting the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− decays. Since these decays are so

rare, the sensitivity of the data sample must be maximized, meaning that the background

reduction must be maximal without losing real signal candidates. To achieve this, a machine

learning technique known as the Boosted Decision Tree or BDT is used. The BDT classi�es

the candidates as more or less signal-like by assigning a score to each of them. This score

ranges from 0 to 1, such that the more likely the candidate is signal, the higher the score.

The sensitivity of the data sample is maximized by separating the dataset into subsamples

of the BDT score and analyzing the invariant mass distributions in each of these subsamples

simultanously. The results obtained from each BDT subsample are combined into a single

branching fraction measurement. To do this, an estimation of the expected fraction of signal

events ending up in each BDT subsample is needed. This estimation is obtained through the

BDT calibration procedure, one of the main topics of this thesis.
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Figure 2: Illustration of signal and background components and the distribution of the can-

didates along the dimuon invariant mass. The height of the signal peak is related to its decay

rate, also known as branching fraction.
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Figure 3: Invarint mass distributions of the 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− selected candidates

for BDT > 0.5. The blue line corresponds to the total �t model, and the separated components

are reported in the legend. The 𝐵0→ 𝜇+𝜇− and 𝐵0𝑠 → 𝜇+𝜇− components are shown in green

and red, respectively.
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The distribution of all 𝐵0𝑠 → 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇− selected candidates are shown in Fig. 3

for candidates with BDT scores higher than 0.5. The 𝐵0𝑠 → 𝜇+𝜇− distribution, shown in red,

signi�cantly "peaks" over the background components, implying it is statistically signi�-

cant. Although a small excess relative to the background is visible for 𝐵0→ 𝜇+𝜇− decays,

its bump is not signi�cantly di�erentiated from the rest of the background components,

implying the experimental sensitivity is still not enough for detecting this decay process.

From the 𝐵0𝑠 → 𝜇+𝜇− distribution and the height of the peak, the branching fraction for the

𝐵0𝑠 → 𝜇+𝜇− decays is measured to be B(𝐵0𝑠 → 𝜇+𝜇−) = (3.09+0.46+0.15−0.43−0.11) × 10
−9
, where the �rst

uncertainty is statistical and the second systematic. This measurement is found to be in

agreement with the Standard Model prediction. In the case of the 𝐵0→ 𝜇+𝜇− decay, an up-

per limit of B(𝐵0→ 𝜇+𝜇−) < 2.6×10
−10

at 95% CL is set to its branching fraction, still above

the sensitivity needed to achieve the observation of the 𝐵0→ 𝜇+𝜇− decay as predicted by

the Standard Model. These results are still statistically limited, meaning more data is needed

to obtain a more accurate and precise measurement of the 𝐵0𝑠 → 𝜇+𝜇− branching fraction

and to ultimately discover the 𝐵0→ 𝜇+𝜇− decay. Although statistically limited, the results

presented in this thesis limit the room available for New Physics models and constrain the

future theoretical developments of extensions or new theories beyond the Standard Model.
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De fundamentele deeltjesfysica beschrijft het universum in termen van een paar elemen-

taire deeltjes, bekend als quarks en leptonen en hun interacties. Zowel de eigenschappen

van deze deeltjes als de werking van hun interacties zijn verwerkt in het Standaardmodel

van de deeltjesfysica, dat een wiskundige beschrijving biedt van deze elementaire processen.

Hoewel is aangetoond dat het Standaardmodel een zelfconsistente theorie is die met succes

de meeste verschijnselen van de deeltjesfysica voorspelt, laat het verschillende vragen open

en is het niet het volledige plaatje. Het antwoord op deze vragen zou gevonden kunnen

worden in de zogenaamde "Nieuwe Fysica", natuurkundige modellen buiten het Standaard-

model. Het zoeken naar dergelijke Nieuwe Fysica modellen gebeurt door het bestuderen van

verschillende fundamentele deeltjesprocessen om de grenzen van onze kennis te verleggen.

Bij het zoeken naarNieuwe Fysicamoet rekeningworden gehoudenmet een interessante

en belangrijke eigenschap van quarks: quarks kunnen niet alleen worden waargenomen, ze

zijn altijd "opgesloten" met andere quarks en vormen samengestelde deeltjes die bekend

staan als hadronen. Hoewel de bekendste hadronen protonen en neutronen zijn, die het

grootste deel van de gewone materie in het heelal vormen, zijn er veel meer verschillende

hadronen die voortkomen uit verschillende combinaties van quarks. Alle hadronen, behalve

protonen en de neutronen in atomen, zijn onstabiel en vervallen of "transformeren" in ten

minste twee andere deeltjes. Sommige van deze vervallen zijn uitstekend geschikt voor de

zoektocht naar fysica buiten het Standaardmodel en hun studie geeft een duidelijker beeld

van mogelijke nieuwe theorieën.

Twee van zulke minder bekende hadronen zijn de 𝐵0𝑠 en 𝐵0 hadronen. Zij worden

gevormd door de combinatie van twee quarks: een beauty quark en een strange quark in

het geval van de 𝐵0𝑠 en een beauty quark en een down quark in het geval van de 𝐵0. Zoals alle

hadronen vervallen ook de 𝐵0 en de 𝐵0𝑠 in andere deeltjes en zijn er honderden verschillende

manieren bekend hoe ze vervallen. Eén mogelijkheid is hun verval in twee muonen, een lep-

ton soort. Deze vervalmogelijkheden, formeel aangeduid als 𝐵0→ 𝜇+𝜇− en 𝐵0𝑠 → 𝜇+𝜇−, zijn

volgens het Standaardmodel uiterst zeldzaam: slechts 3 per miljard 𝐵0𝑠 hadronen vervallen in

twee muonen, terwijl voor 𝐵0 een verval per 10 miljard wordt verwacht. Hoewel het verval

in het Standaardmodel zeer zeldzaam is, zouden nieuwe kwantumdeeltjes of krachten een
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rol kunnen spelen in deze vervalprocessen, waardoor de kans waarmee ze naar verwacht-

ing zullen optreden, verandert. Ieder verschil tussen de gemeten vervalsnelheden en de

voorspellingen van het Standaardmodel zou het bestaan impliceren van nieuwe deeltjes of

krachten die het kwantumproces van het verval van 𝐵0→ 𝜇+𝜇− en 𝐵0𝑠 → 𝜇+𝜇− veranderen.

Omdat de mesonen 𝐵0𝑠 en 𝐵
0
zeer onstabiel zijn, vervallen ze zeer snel en de studie van

hun verval is daarom alleen mogelijk in speciale deeltjesexperimenten die deze mesonen in

een gecontroleerde omgeving produceren. De beste faciliteit is momenteel de Large Hadron

Collider in het CERN, een deeltjesversneller die deeltjes, voornamelijk protonen, versnelt tot

hoge snelheden en ze laat botsen in een van de vier detectoren in een ring. Bij de proton-

proton botsingen worden veel verschillende deeltjes geproduceerd, waaronder de hadronen

𝐵0 en 𝐵0𝑠 . Deze deeltjes en hun latere verval worden gedetecteerd in deeltjesdetectoren,

zoals de LHCb detector, die gespecialiseerd is in de analyse van processen waarbij beauty-

of charm quarks betrokken zijn. Aangezien deze vervalprocessen zeer zeldzaam zijn, is een

enorme hoeveelheid gegevens nodig om ze te detecteren. Daaromwordt de volledige dataset

die LHCb van 2011 tot 2018 heeft verzameld in dit proefschrift benut.

Slechts een klein deel van de deeltjes die bij de proton-protonbotsingen worden gepro-

duceerd ondergaan processen die gevoelig kunnen zijn voor nieuwe fysica en dus interessant

zijn voor verdere analyse. Om de datagrootte beheersbaar te houden, voert het trigger sys-
teem een real-time selectie uit om te beslissen of de deeltjesprocessen na de proton-proton

botsingen interessant zijn voor verdere analyse en opgeslagen worden of niet. In het geval

van de analyse van 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− is met behulp van LHCb-gegevens de trigger

geoptimaliseerd om de gebeurtenissen met 𝐵0𝑠 → 𝜇+𝜇−- en 𝐵0→ 𝜇+𝜇−-verval op te slaan.

Niettemin is het mogelijk dat verscheidene echte 𝐵0𝑠 → 𝜇+𝜇−- en 𝐵0→ 𝜇+𝜇−-decays de trig-

ger niet activeren en verloren gaan. Het aantal in de analyse bepaalde kandidaten voor

𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− moet dan worden gecorrigeerd met de e�ciëntie van de trigger

om rekening te houden met deze verloren gegane echte vervallen. De evaluatie van deze

trigger-e�ciënties wordt uitgevoerd met behulp van een combinatie van simulatie en detec-

tor gegevens en is een van de belangrijkste onderwerpen van dit proefschrift.

De detectie van de 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− verval, gezamenlijk aangeduid als signaal,

is relatief schoon in de LHCb detector zoals te zien is in de schets in Fig. 4. Eerst moet een

hadron 𝐵0𝑠 of 𝐵0 worden geproduceerd in de proton-proton botsing. Deze hadronen ver-

plaatsen zich enkele millimeters in het vacuüm voordat ze in het detectorvolume vervallen

in twee tegengesteld geladen muonen. De muonen laten een spoor achter in verschillende

delen van de detector en zijn de enige deeltjes die het buitenste deel ervan bereiken, waar-

door ze kunnen worden geïdenti�ceerd. Aangezien muonen geladen deeltjes zijn, worden

hun banen afgebogen door de dipoolmagneet, waardoor hun ladingen en banen kunnenwor-

den bepaald. Het punt waar het 𝐵0𝑠 of 𝐵
0
hadron is vervallen kan worden bepaald door de

banen van de twee muonen in de eindtoestand te extrapoleren naar het punt waar ze elkaar

ontmoeten.
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Figure 4: Schets van het 𝐵0𝑠 → 𝜇+𝜇−-verval in de LHCb-detector. De uit de proton-

protonbotsing afkomstige 𝐵0𝑠 → 𝜇+𝜇− verplaatst zich een paar milimeter in de detector

alvorens te vervallen in twee muonen, de enige deeltjes die het buitenste deel van de de-

tector bereiken. De banen van de muonen worden door de magneet afgebogen, afhankelijk

van hun lading.

Ondanks het feit dat de sporen van het verval in de detector zeer schoon zijn, kun-

nen sommige andere processen ten onrechte als 𝐵0𝑠 → 𝜇+𝜇−- en 𝐵0→ 𝜇+𝜇−-verval worden

geïdenti�ceerd. Omdat de signaal vervallen zo zeldzaam zijn, wordt verwacht dat deze zo-

genaamde achtergrondgebeurtenissen 10
7 − 10

8
waarschijnlijker zijn dan de 𝐵0𝑠 → 𝜇+𝜇−- en

𝐵0→ 𝜇+𝜇−-decays. Om onderscheid te maken tussen het signaal en de achtergrond, worden

de energie en de momenten van de twee muonen in de eindtoestand gecombineerd tot de

zogenaamde invariante massa variabele. De meerderheid van de 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇−

achtergrondkandidaten zijn exponentieel verdeeld over de invariante massavariabele, ter-

wijl de echte 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− kandidaten worden waargenomen als pieken of bul-

ten in deze verdelingen. De hoogte van de piek komt overeen met het aantal in deze analyse

verkregen𝐵0𝑠 → 𝜇+𝜇−- en𝐵0→ 𝜇+𝜇−-decays, en is direct gerelateerd aan de grootheidwaarin

we uiteindelijk geïnteresseerd zijn: de waarschijnlijkheid van zulke decays, ook bekend als

branching fractions. Een eenvoudige schets van de dimuon invariante massaverdeling van

de gegevenskandidaten voor een enkele signaalcomponent en een achtergrondcomponent

wordt gegeven in Fig. 5.

Het onderscheidend vermogen van de invariante massa van de twee muonen is onvol-

doende om het verval van de twee muonen duidelijk te detecteren. Omdat deze vervallen

zo zeldzaam zijn, moet de gevoeligheid van het datamonster worden gemaximaliseerd, wat

betekent dat de achtergrond maximaal moet worden gereduceerd zonder echte signaalkan-

didaten te verliezen. Om dit te bereiken wordt een machine-learningtechniek gebruikt die

bekend staat als de Boosted Decision Tree of BDT. De BDT classi�ceert de kandidaten als
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Figure 5: Illustratie van signaal- en achtergrondcomponenten en de verdeling van de kandi-

daten langs de dimuon invariante massa. De hoogte van de signaalpiek is gerelateerd aan de

vervalsnelheid, ook wel vertakkingsfractie genoemd.

meer of minder signaalachtig door aan elk van hen een score toe te kennen. Deze score

varieert van 0 tot 1, zodat de score hoger is naarmate het waarschijnlijker is dat de kandidaat

een signaal is. De gevoeligheid van het datamonster wordt gemaximaliseerd door de dataset

te verdelen in verschillende delen van BDT-score en de invariante massaverdeling in elk van

deze delen gelijktijdig te analyseren. De resultaten van elk BDT-deel worden gecombineerd

tot een enkele vertakkingsfractiemeting. Hiervoor is een schatting nodig van de verwachte

signaal fractie die in elke BDT-deel terechtkomen. Deze schatting wordt verkregen via de

ijking van de BDT calibratie, een van de hoofdonderwerpen van dit proefschrift.

De verdeling van alle geselecteerde 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− kandidaten wordt getoond

in Fig. 6 voor kandidaten met BDT scores hoger dan 0.5. De 𝐵0𝑠 → 𝜇+𝜇− verdeling,

weergegeven in rood, vertoont een duidelijke "piek" boven de achtergrondcomponenten,

wat betekent dat deze statistisch signi�cant is. Hoewel een kleine overmaat ten opzichte

van de achtergrond zichtbaar is voor het verval van 𝐵0→ 𝜇+𝜇−, is de piek ervan niet signi�-

cant verschillend van de rest van de achtergrondcomponenten, wat betekent dat de experi-

mentele gevoeligheid nog steeds niet voldoende is om dit vervalproces te detecteren. Uit de

𝐵0𝑠 → 𝜇+𝜇−-verdeling en de hoogte van de piek is de vertakkingsfractie voor het 𝐵0𝑠 → 𝜇+𝜇−-

verval gemeten op B(𝐵0𝑠 → 𝜇+𝜇−) = (3.09+0.46+0.15−0.43−0.11) × 10
−9

waarbij de eerste onzekerheid

statistisch is en de tweede systematisch. Deze meting komt overeen met de voorspelling

van het Standaardmodel. In het geval van het 𝐵0→ 𝜇+𝜇−-verval is een bovengrens van

B(𝐵0→ 𝜇+𝜇−) < 2.6 × 10
−10

bij 95% CL ingesteld op zijn vertakkingsfractie, nog steeds

boven de gevoeligheid die nodig is voor de waarneming van het 𝐵0→ 𝜇+𝜇−-verval zoals

voorspeld door het Standaardmodel. Deze resultaten zijn nog steeds statistisch beperkt,
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Figure 6: Invarintmassaverdeling van de 𝐵0𝑠 → 𝜇+𝜇− en 𝐵0→ 𝜇+𝜇− geselecteerde kandidaten

voor BDT > 0.5. De blauwe lijn komt overeen met het totale �t-model, de afzonderlijke com-

ponenten staan in de legenda. De componenten 𝐵0→ 𝜇+𝜇− en 𝐵0𝑠 → 𝜇+𝜇− zijn respectievelijk
groen en rood gekleurd.

wat betekent dat er meer gegevens nodig zijn om een nauwkeurigere en preciezere met-

ing van de vertakkingsfractie van het 𝐵0→ 𝜇+𝜇−-verval te verkrijgen en om uiteindelijk het

𝐵0→ 𝜇+𝜇−-verval te ontdekken. Hoewel de resultaten statistisch beperkt zijn, beperken in

dit proefschrift de beschikbare ruimte voor nieuwe natuurkundige modellen en beperken zij

de toekomstige theoretische ontwikkelingen van uitbreidingen of nieuwe theorieën buiten

het Standaard Model.
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Resumen

La física de partículas fundamental es una rama de la física que ofrece una descripción del

universo a partir de dos tipos de partículas elementales, llamadas quarks y leptones, y las in-

teracciones entre ellas. Tanto las propiedades que de�nen a estas partículas como los mecan-

ismos que rigen sus interacciones se engloban en elModelo Estándar de la física de partículas,

una teoría que proporciona una elegante descripción matemática de estos procesos elemen-

tales. El Modelo Estándar ha demostrado ser una teoría consistente que predice con éxito

la mayoría de los fenómenos observados en física de partículas y, sin embargo, está lejos de

ser la teoría absoluta, ya que deja varias incógnitas sin resolver. Algunas de ellas pueden ser

¿qué ha sido de toda la antimateria que necesariamente hubo de ser creada en igual propor-

ción a la materia en la que consiste mayoritariamente nuestro universo? ¿Cuál es la relación

entre los quarks y los leptones y por qué tiene diferentes propiedades?

Encontrar la respuesta a estas y otras preguntas es esencial para ampliar nuestro

conocimiento sobre el funcionamiento interno de la naturaleza a un nivel fundamental y

sobre el origen de la materia en la formación del universo. Algunas de estas respuestas po-

drían encontrarse en modelos que van más allá del Modelo Estándar, ya sean desarrollados

como extensiones del mismo o como teorías completamente nuevas, de forma que dicho

modelo sea una aproximación a baja energía de una teoría más amplia, como es el caso de la

mecánica clásica y la relatividad. Nuestro deber como físicos de partículas es intentar encon-

trar una explicación a estos interrogantes, limitando modelos más allá del Modelo Estándar o

incluso encontrando nuevas partículas cuya existencia nunca antes había sido predicha. Esta

búsqueda se realiza a partir del estudio de diferentes procesos que involucran interacciones

entre las partículas elementales anteriormente mencionadas.

Los quarks y los leptones consituyen el universo y su comportamiento es diferente. Una

particularidad exclusiva de los quarks es el hecho de que no pueden detectarse individual-

mente, ya que siempre se combinan con otros quarks formando partículas compuestas lla-

madas hadrones. Los hadrones más conocidos son los protones y los neutrones, los cuáles

forman los átomos y constituyen la mayor parte de la materia del universo. No obstante, hay

muchos más tipos de hadrones que resultan de las diferentes combinaciones de varios tipos

de quarks distintos. Excepto los protones y neutrones que se encuentran en los átomos, el
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resto de hadrones son inestables y acaban desintegrándose o "transformándose" en múltiples

partículas diferentes. Estas desintegraciones se producen a partir de un proceso cuántico que

puede ser alterado por la presencia de partículas aún no conocidas. Por ello, algunas de estas

desintegraciones son extremadamente sensibles a la posible existencia de nuevas partículas

y su estudio permite obtener una visión más clara sobre posibles nuevos modelos más allá

del Modelo Estándar.

Dos de estos hadrones menos conocidos son los hadrones 𝐵0𝑠 y 𝐵
0
, ambos formados por

la combinación de dos quarks diferentes. El hadrón 𝐵0𝑠 surge de la combinación de un quark

tipo 𝑏 (bello o beauty en inglés) y un quark tipo 𝑠 (encanto o charm en inglés), mientras que

el hadrón 𝐵0 está formado por un quark tipo 𝑏 y un quark tipo 𝑑 (abajo o down en inglés).

Como el resto de los hadrones, los hadrones 𝐵0𝑠 y 𝐵
0
son inestables y se desintegran en otras

partículas. De hecho, se sabe que estos hadrones tienenmuchas formas diferentes de desinte-

grarse, transformándose en diferentes tipos de partículas. Una de estas formas es su desinte-

gración en dosmuones, un tipo especí�co de leptón, similar al electrón pero conmayormasa.

La desintegración del hadrón 𝐵0𝑠 en dos muones se expresa formalmente como 𝐵0𝑠 → 𝜇+𝜇−

mientras que, en el caso de la desintegración del hadrón 𝐵0, la expresión es 𝐵0→ 𝜇+𝜇−. El

Modelo Estándar predice la excepcional rareza de estas desintegraciones con tan solo 3 de

cada mil millones (1,000,000,000) de hadrones 𝐵0𝑠 desintegrándose en dos muones. El caso de

𝐵0→ 𝜇+𝜇− es aún más raro con solo 1 de cada 10 mil millones (10,000,000,000) de hadrones

𝐵0 desintegrándose en dos muones. Estos valores, conocidos como la fracción de rami�-

cación, indican la cantidad de hadrones 𝐵0 o 𝐵0𝑠 que se desintegran en dos muones respecto

a todos los hadrones 𝐵0 o 𝐵0𝑠 que se desintegran en general. A pesar de que las desinte-

graciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇− son muy raras en el Modelo Estándar, la existencia de

nuevas y desconocidas partículas o fuerzas cuánticas podría desempeñar un papel decisivo

en ellas, alterando la mencionada tasa de frecuencia con la que se espera que ocurran. Por

tanto, el objetivo de esta tesis es medir la fracción de rami�cación de los procesos 𝐵0𝑠 → 𝜇+𝜇−

y 𝐵0→ 𝜇+𝜇− y compararla con la que predice el Modelo Estándar. Cualquier discrepancia

entre ambos valores implicaría la existencia de nuevas partículas o interacciones que alteran

el proceso cuántico interno de las desintegraciones 𝐵0→ 𝜇+𝜇− y 𝐵0𝑠 → 𝜇+𝜇− y abriría una

ventana a posibles nuevos modelos más allá del Modelo Estándar.

Para medir la fracción de rami�cación de los procesos 𝐵0→ 𝜇+𝜇− y 𝐵0𝑠 → 𝜇+𝜇− es nece-

sario poder detectar de alguna manera las partículas involucradas, es decir, los hadrones 𝐵0

y 𝐵0𝑠 y los dos muones. Puesto que son partículas muy inestables, los hadrones 𝐵0𝑠 y 𝐵
0
se

desintegran muy rápidamente, haciendo que el estudio de sus procesos de desintegración

sea únicamente posible en instalaciones especializadas donde se provoca la generación de

estas partículas en un entorno controlado. Actualmente, la mejor de dichas instalaciones

es el Gran Colisionador de Hadrones (Large Hadron Collider en inglés o LHC), un acelera-

dor de partículas situado en el CERN. El LHC acelera partículas, principalmente protones,

hasta alcanzar altas velocidades para hacerlas colisionar entre sí en uno de los cuatro pun-
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tos destinados para ello. En cada uno de estos puntos se localiza un detector que registra la

gran cantidad de partículas que se genera en las colisiones de protones, entre ellas algunos

hadrones 𝐵0 y 𝐵0𝑠 , y sus posteriores desintegraciones. De los cuatro detectores que se en-

cuentran en el LHC, esta tesis emplea los datos registrados por el detector conocido como

LHCb, especializado en el análisis de procesos en los que intervienen quarks tipo 𝑏, como

es el caso de los procesos que nos interesan, 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−. Debido a la rareza

de estas desintegraciones, es necesaria una gran cantidad de datos para conseguir registrar

un número relativamente signi�cativo de los mencionados procesos y para determinar las

correspondientes fracciones de rami�cación. Por esta razón, en esta tesis se emplea el total

de datos registrados por el detector LHCb desde el año 2011 hasta el año 2018.

De todas las partículas generadas en las colisiones de protones, sólo una pequeña parte

sufre procesos que pueden ser sensibles a nuevas partículas o interacciones y que resultan

interesantes para su posterior análisis. Para mantener la cantidad de datos a un nivel mane-

jable, el sistema de trigger realiza una selección en tiempo real de los procesos que tienen

lugar en las partículas generadas en las colisiones de protones. El trigger decide si estos

procesos son de interés para su estudio posterior por ser sensibles a la existencia de nuevas

partículas o si, por el contrario, no se consideran relevantes y se descartan. Únicamente los

procesos clasi�cados como interesantes se guardan en el disco para ser analizados posterior-

mente. En el caso del análisis de las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−, utilizando el

detector LHCb, el sistema de trigger está optimizado para almacenar los eventos que con-

tienen desintegraciones de partículas compatibles con lo que cabría esperar de los procesos

𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−. No obstante, la selección realizada por el trigger no es comple-

tamente perfecta y algunas de las desintegraciones de estos procesos podría no pasar esta

selección y perderse. Por lo tanto, es necesario conocer la e�ciencia del trigger para selec-

cionar las desintegraciones mencionadas y tener en cuenta este valor en la medición de sus

fracciones de rami�cación. La evaluación de la e�ciencia del trigger se realiza utilizando una

combinación de muestras de simulación y datos reales recogidos por el LHCb y es uno de los

temas principales de esta tesis.

Para que el trigger pueda seleccionar correctamente las desintegraciones que estudia-

mos, es necesario comprender cómo se producen en el detector. Estos procesos de desin-

tegración dejan una marca en el detector relativamente limpia, mostrada en el esquema de

la Fig. 7, facilita su detección. Antes de desintegrarse en dos muones de carga opuesta, el

hadrón 𝐵0𝑠 o 𝐵
0
producido en la colisión entre protones se propaga dentro del detector unos

milímetros. Los muones interaccionan con diferentes partes del detector, dejando un rastro

de su trayectoria, y son las únicas partículas que llegan a la parte más externa del detec-

tor, permitiendo su clara identi�cación. Dado que los muones son partículas cargadas, sus

trayectorias se desvián de una línea recta por el efecto del imán dipolar con el que cuenta el

detector. A partir de las trazas que dejan en distintas partes del detector, sus trayectorias se

reconstruyen con gran precisión y se determinan sus cargas. El vértice en el que el hadrón
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𝐵0𝑠 o 𝐵
0
se desintegra se obtiene a partir de la extrapolación de las trayectorias de los dos

muones hasta el punto en el que las mismas con�uyen.

Figure 7: Ilustración del proceso de desintegración𝐵0𝑠 → 𝜇+𝜇− en el detector LHCb. El hadron
𝐵0𝑠 se origina en la colisión de protones y se propaga unos pocos milímetros dentro del detec-

tor antes de desintegrarse en dos muones, que son las únicas partículas que llegan a la parte

más externa del detector. Las trayectorias de los muones son desviadas por el imán según su

carga eléctica.

A pesar de que la traza y señal dejada por las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−

en el detector es muy clara, diferentes tipos de procesos, conocidos como procesos de fondo,

podrían ser erróneamente identi�cados como 𝐵0𝑠 → 𝜇+𝜇− o 𝐵0→ 𝜇+𝜇−. Debido a que estos

procesos de fondo son alrededor de 10
7 − 10

8
veces más probables que las desintegraciones

𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−, uno de los objetivos fundamentales del análisis es discriminar entre

las señales, dadas por 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−, y los procesos de fondo. Esta distinción se

consigue a partir del uso de diferentes variables cuyo comportamiento varía para la señal

que nos intersa y los procesos de fondo. Una de esas variables es la masa invariante de

los dos muones presentes en la desintegración, construida a partir de la combinación de

la energía y el momento
1
de los dos muones. De forma explicativa, la ilustración en Fig. 8

muestra el comportamiento en la masa invariante para el caso simple en el que hay una única

señal: mientras que la mayoría de procesos de fondo se distribuyen exponencialmente a lo

largo de la masa invariante, la señal se mani�esta en forma de pico o protuberancia en estas

distribuciones. La altura del pico corresponde al número de señales obtenidas en el análisis,

en nuestro caso particular las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− o 𝐵0→ 𝜇+𝜇−, y está directamente

relacionada con la cantidad que nos interesa en última instancia: la fracción de rami�cación

de dicha desintegración.

Debido a la rareza de las desintegraciones 𝐵0→ 𝜇+𝜇− y 𝐵0𝑠 → 𝜇+𝜇−, el poder discrimi-

1
Cantidad obtenida a partir de la masa de la partícula y su velocidad.
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Figure 8: Ilustración del comportamiento de la señal y de los procesos de fondo a lo largo

de la masa invariante de los dos muones. En el caso de las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y

𝐵0→ 𝜇+𝜇−, la altura del pico de la señal está estrechamente relacionada con la fracción de

rami�cación de la correspondiente desintegración.

natorio que ofrece la masa invariante de los dos muones es insu�ciente para diferenciarlas

claramente de los procesos de fondo. Es por ello por lo que la sensibilidad de los datos debe

ser maximizada, reduciendo la cantidad de procesos de fondo lo máximo posible sin perder

las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇− reales. Para conseguirlo, se utiliza una técnica

de aprendizaje automático conocida como Boosted Decision Tree o BDT. El BDT asigna una

puntuación entre 0 y 1 a cada uno de los procesos seleccionados y usados en el análisis de

forma que, cuanto mayor sea la puntación, mayor es la probabilidad de que el proceso en

cuestión sea una desintegración 𝐵0→ 𝜇+𝜇− o 𝐵0𝑠 → 𝜇+𝜇−. Para conseguir una mayor sen-

sibilidad en el análisis, el conjunto total de datos recogidos por el detector LHCb se divide

en submuestras según la puntuación dada por el BDT. El análisis de la masa invariante pre-

sentado anteriormente se realiza simultáneamente en cada una de estas submuestras. Los

resultados obtenidos de cada submuestra se combinan en una única medición de la fracción

de rami�cación para cada una de las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−. Para poder

realizar esta combinación es necesaria una estimación previa de la fracción de 𝐵0𝑠 → 𝜇+𝜇− o

𝐵0→ 𝜇+𝜇− que se espera en cada submuestra. Esta estimación se obtiene mediante la cali-

bración del BDT, el segundo de los temas principales de esta tesis.

La distribución de todos los procesos seleccionados en este análisis, tanto procesos de

fondo como las desintegraciones 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇−, se muestra en Fig. 9. La distribu-

ción de las desintegraciones 𝐵0𝑠 → 𝜇+𝜇−, mostrada en rojo, tiene un "pico" claramente dife-

renciado sobre los procesos de fondo, lo que implica que es estadísticamente signi�cativo.

A partir de la distribución de 𝐵0𝑠 → 𝜇+𝜇− y de la altura del pico, se puede obtener su frac-
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Figure 9: Distribuciones de la masa invariante de 𝐵0𝑠 → 𝜇+𝜇− y 𝐵0→ 𝜇+𝜇− de los candidatos

seleccionados para BDT > 0.5. La línea azul corresponde al modelo de ajuste total, y los

componentes separados se indican en la leyenda. Los componentes 𝐵0→ 𝜇+𝜇− y 𝐵0𝑠 → 𝜇+𝜇−

se muestran en verde y rojo, respectivamente.

ción de rami�cación, dada por B(𝐵0𝑠 → 𝜇+𝜇−) = (3.09+0.46+0.15−0.43−0.11) × 10
−9

donde el primer error

es estadístico y el segundo sistemático. Esta medida indica que 3.09 de cada mil millones

(1,000,000,000) de hadrones 𝐵0𝑠 se desintegra en dos muones. Dado este valor y los errores

asociades a su medida, la fracción de rami�cación medida es compatible con la predicción

dada por el Modelo Estándar. A pesar de que un pequeño exceso en relación con el los pro-

cesos de fondo es visible para las desintegración 𝐵0→ 𝜇+𝜇−, mostrado en verde, su protube-

rancia no se diferencia signi�cativamente del resto de los procesos de fondo, lo que implica

que la sensibilidad experimental aún no es su�ciente para detectar este proceso de desinte-

gración. Por ello, se establece un límite superior de B(𝐵0→ 𝜇+𝜇−) < 2.6 × 10
−10

a 95% CL

para su fracción de desintegración, lo que indica que se espera que menos de 2.6 de cada 10

mil millones (10,000,000,000) de hadrones 𝐵0 se desintegre en dos muones, un valor aún por

encima de la sensibilidad necesaria para lograr los valores predichos por el Modelo Estándar.

Aún son necesarios más datos para obtener unamedidamás exacta y precisa de la fracción de

desintegración del proceso 𝐵0𝑠 → 𝜇+𝜇− y para lograr descubrir �nalmente la desintegración

𝐵0→ 𝜇+𝜇−. Aunque estadísticamente limitados, los resultados presentados en esta tesis lim-

itan el espacio disponible para los modelos desarrollados más allá del Modelo Estándar y

restringen los futuros desarrollos teóricos de dichos modelos.
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