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Que diable allait-il faire dans cette galere 7
Moliere, Les Fourberies de Scapin, Acte 11, scene 7.
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Synthese

Le travail réalisé dans le cadre de cette these consiste en 1’étude de deux désintégrations,
BY— D* 7Tu, et A) — AT77v,, dites semitauoniques, en utilisant la reconstruction du
lepton 7 en trois pions chargés. Le diagramme de Feynman de la transition b— c7v, est
donné en Fig. 1. Les rapports de branchements de ces deux désintégrations permettent
de construire les observables suivantes

B(B°— D*~17v,)

B(B°— D*~putuy,)

B(A)— Afr—v,)

B(A)— Afp=7,)

permettant de tester I'universalité de la saveur des leptons dans le cadre du Modele

Standard, soit I’égalité des couplages des trois familles de leptons (e, p et 7) aux bosons
Z et W.

R(D*) =

R<AC) =

b c

Figure 1 — Un diagramme en arbre pour la transition b— ¢77,.

Cette étude est motivée par un désaccord de l'ordre de 3.78 o entre la combinaison des
mesures expérimentales R(D) et R(D*) et les prédictions théoriques illustré en Fig. 2.
Ceci pourrait étre l'indication d’'une contribution de Nouvelle Physique (NP) dans ces
phénomenes décrit par le Modele Standard.

Afin de mieux comprendre cette problématique, une courte introduction du Modele Stan-
dard est présentée en chapitre 1. Les principaux éléments du modele, comme I'importance
des symétries, le mécanisme de Higgs et la matrice CKM, sont décrits. Une discussion
sur les limites de ce modele clot ce chapitre.

Les prédictions théoriques de R(D) et R(A.) sont discutées en profondeur dans le
chapitre 2. Les désintégrations semitauoniques consistent en un hadron comportant un
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Figure 2 — Situation actuelle des mesures de R(D) et R(D*). Figure provenant de Réf. [1].

quark b (B? ou AY) se désintégrant en un lepton 7 et un hadron contenant un quark c
(D*~ ou AF). Afin d’avoir une prédiction précise concernant l'universalité de la saveur des
leptons, les effets concernant la partie hadronique de la désintégration doivent étre cor-
rectement évalués afin d’étre sensible a une potentielle contribution de Nouvelle Physique.
Le calcul des ratios R(D*) et R(A.) et des facteurs de formes hadroniques associés est
discuté en détail et conduit aux prédictions suivantes

R(D*)sar = 0.258 £ 0.005 [1] et R(Ac)sar = 0.3328 £ 0.0074 % 0.0070 [2].

Une revue des différentes mesures publiées concernant les désintégrations semitauoniques
est présentée ainsi qu'une étude de la sensibilité de la désintégration A) — AF77 7, aux
contributions de Nouvelle Physique. En Fig. 3 sont présentés deux possibles diagrammes
de Nouvelle Physique faisant intervenir un nouveau boson (W), un boson de Higgs chargé
(H*) ou un Leptoquark (LQ).

Figure 3 — Exemples de contributions de Nouvelle Physique avec des diagrammes de Feynman
incluant un W'~ /H~ (a) ou un Leptoquark (b).

Le détecteur LHCb est actuellement le détecteur permettant I’étude du plus grand nombre
de désintégrations semitauoniques et I'unique possibilité pour analyser la désintégration
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AY — AF77v,. Installé le long du Large Hadron Collider (LHC) au CERN prés de
Geneve, ce détecteur est un spectrometre a un bras couvrant la région 2 < 7 < 5 en
pseudo-rapidité. Cette géométrie particuliere est optimisée pour la détection de hadrons
contenant un quark b, en effet les paires bb sont principalement produites dans les collisions
proton-proton du LHC dans deux cones étroits vers 'arriere et vers I'avant par rapport
au point de collision.

Le fonctionnement du détecteur LHCb est décrit dans le chapitre 3 et une vue schéma-
tique est présentée en Fig. 4. Il est constitué d’un détecteur de vertex (Vertex Locator
ou VELO), de trajectographes et de détecteurs a effet Cherenkov (RICH1 et RICH2)
placés a la fois en amont et en aval de 'aimant, de deux calorimetres électromagné-
tique et hadronique et de cinq chambres a muons. Le détecteur est complété par un
systeme de déclenchement électronique et informatique permettant de sélectionner et
enregistrer les collisions les plus intéressantes pour les analyses de physique. Ses excel-
lentes performances tout particulierement concernant la résolution sur la position des
vertex et lidentification des particules ont rendu possible ’étude des désintégrations
semitauoniques avec la reconstruction en trois pions du 7.

Side View Ecar HCAL g MS
SPD/PS M3
RICH2 M2 g

T3
T T2 =

Figure 4 — Vue de profil du détecteur LHCb.

Les analyses effectuées sur les données collectées par le détecteur LHCb concernent prin-
cipalement les mesures de précision dans le domaine de la physique des saveurs lourdes,
soit les désintégrations de hadrons comportant un quark b ou c.

Les analyses présentées dans cette these sont basées sur I’étude des données collectées en
2011 et 2012, période décrite comme étant le Runl du LHC, a une énergie dans le centre
de masse de respectivement 7 et 8 TeV correspondant & une luminosité intégrée de 3fb™.
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Ces analyses sont les premieres a utiliser une nouvelle technique de reconstruction du
lepton 7 utilisant la désintégration 7= — 7~ 7 7 (7°)v,, permettant une nouvelle mesure
de R(D*) avec des systématiques différentes par rapport a la premiere mesure utilisant
la désintégration muonique du 7, 77 — u~v,v, et la premiere étude de la désintégration
/12 — AU,

L’utilisation de ce mode de reconstruction hadronique du 7 est rendu possible par
I’application d’une coupure de sélection sur la topologie de I’événement en conservant
uniquement les événements ou le 7 se trouve en aval du hadron contenant un quark
¢ (D*~ ou AF). Les topologies des désintégrations B® — D* 77v, et A) = Afr7 v,
sont reportées en Fig. 5 avec les coupures effectuées pour les deux analyses indiquées.
Ces coupures permettent de rejeter avec une excellente efficacité les événements du type
B — D*nfn 7" N et A) - Afr 77~ X, ot X indique une ou plusieurs particules,
qui sont initialement en bien plus grand nombre que le signal recherché.

PV

PV

Figure 5 — Topologies des désintégrations B — D*~rtu, et /12 — AY77 U, le vertex du D*~
n’est pas représenté sur premier schéma car il est confondu avec celui du BY. Les coupures
appliquées pour les analyses R(D*) et R(A.) sont reportées sur les deux schémas.

L’analyse de la désintégration B®— D*~ 7%y, menant a la mesure de R(D*) est détaillée
dans le chapitre 4 avec une attention plus marquée sur les éléments de I’analyse qui sont
aussi utilisés pour la mesure de R(A.). Ainsi, I'étude des désintégrations doublement
charmées, B® — D*~ DX, est décrite en détail, tout particulicrement la sélection des
événements, le modele de désintégration du DY et la procédure d’extraction du nombre

12
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d’événements pour le signal recherché. Le modeéle du D, le bruit de fond le plus im-
portant apres la réjection des événements du type B® — D*~nTr~ 7+ X, est présenté en
Fig. 6. Les distributions de plusieurs variables permettant de décrire les désintégrations
du D sont ajustées sur un lot d’événements extraits des données enrichis en événements
D ce qui permet de corriger les données de simulation et améliorer la modélisation de
ce bruit de fond.

& F & F
82000 - @ —4— data °Q 800 - (b)
% - . Non-D; background %’ L
= C . S L
\%')_, 1500 - Other D decays g_)/ 600 :—
Tﬂ r Bo: - oonet ?3400
1000 | -
C D¢ — e, ' p” r
5 | e 5 |
O 500 S 200
8 8 o
O F O I
300 400 500 600 700 800 900 1000 1100 1200 80 400 600 800 1000 1200 1400 1600 1800
min[m(rT* 17)] [MeV/c?] max[m(7r* 11)] [MeV/c?]

g

700

g
g

g

g
8

200
100

Candidates/ (40 MeV/c?)
5
o
S

Candidates/ (40 MeV/c?)
g

9% 400 600 800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
m(rr* i) [MeV/c?] m(rTt T ) [MeV/c?

Figure 6 — Distributions des variables min[m(7 7 7)] (a), max[m(7*t77)] (b), m(zt7t) (c)
et m(mTn~7T) (d) pour un lot de données enrichi en désintégrations B — D*~DF(X). Les
différents composants de I'ajustement effectué correspondent aux désintégrations de D} com-
prenant un 7 (rouge) ou un i’ (vert) dans 1’état final, d’autres désintégrations de D (jaune)
et des bruits de fond issus de désintégrations d’autres particules que le DF. Figure provenant
de la Réf. [3].

Afin d’extraire le nombre d’événements signal, un ajustement sur les données est effectué
simultanément sur le temps de vie du 7, I'impulsion transférée ¢? et le score du BDT. Les
résultats de 'ajustement sont projetées sur ces trois variables en Fig. 11.

13
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Figure 7 — Projections du fit pour R(D*) sur les distributions de la durée de vie du 7 (a), du
¢* (b) et du score du BDT (c). Figure provenant de Réf. [3].
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Il est ainsi possible de calculer R(D*) et le rapport de branchement B (B — D*"7%v,) en
utilisant les valeurs des rapports de branchement des désintégrations B® — D* nrr— 7+

et B — D*~pty, données respectivement par la moyenne des mesures présentées dans
Réf. [4, 5, 6] et par le PDG [7]. Les résultats pour B(B®— D*~77v,) et R(D*) sont

B(B"— D* 7tu,) = (1.42 4 0.094 (stat) £ 0.129 (syst) £ 0.054) x 1072

R(D*) = 0.291 + 0.019 (stat) & 0.026 (syst) £ 0.013 (ext)

ou la premiere incertitude est statistique, la deuxiéme est systématique et la troisieme
provient des incertitudes associées aux rapports de branchements des désintégrations
B — D*ntr 7" et B = D* pty,. Le résultat est en accord avec la prédiction du
Modele Standard [1] & une déviation standard pres et permet d’améliorer la précision de
la moyenne mondiale de R(D*) et renforce légerement le désaccord avec la prédiction
théorique grace a sa trés bonne précision. Ce travail a fait I'objet de deux publications,
Réf [8] et Réf [3].

L’analyse de la désintégration A) — AF7 7, est présentée en détail dans le chapitre 5.
La stratégie de l'analyse, héritée de I'analyse R(D*), consiste a mesurer K(A}), défini
par

BN — At i, Ny; € 1
’C(Aj) — (0 b c ) — s1g % norm % > (1)
BA) = Afm=ntn=)  Npom €y Bt~ = n=ntn=(70)v;)
ot Ng;g €t Nypopm, désignent respectivement les nombres d’événements des catégories signal
et normalisation, €y, et €0, leur efficacités associées et B (77 = 7 ntr (7%)r,) la
somme des rapports de branchement des désintégrations 7 — 37y, et 7— 377lv,.

Il existe ensuite plusieurs méthodes possibles pour calculer R(A.) a partir de KC(A.).

Afin d’extraire le signal, une coupure sur la topologie de I’événement est appliquée comme
décrit dans la Fig. 5 et un premier BDT (Arbre de Décision Boosté) est entrainé sur
les variables d’isolation afin de mieux rejeter les événements de bruit de fond avec des
traces supplémentaires par rapport a celles utilisées pour construire le candidat signal, la
distribution du score de ce BDT est visible en Fig. 8.

Plusieurs outils sont ensuite utilisés afin de rejeter et contraindre le bruit de fond venant
des désintégration doublement charmées comme la reconstruction partielle des événe-
ments, permettant de calculer les variables ¢? et temps de vie du 7, et une correction
des fractions des différentes catégories de désintégrations A) — AT D7 X en ajustant la
distribution de la masse A} 37 des données comme montré en Fig. 9.

Un deuxieme BDT est ensuite entrainé et optimisé pour différencier les événements de
type signal de ceux venant de désintégrations doublement charmées. La distribution en
sortie du BDT est montré Fig. 10.

Finalement, un ajustement simultané des variables ¢?, temps de vie du 7 et BDT est
réalisé, les projections du résultat de I'ajustement pour ces trois variables est présenté
Fig. 11, ainsi que l'estimation des incertitudes statistiques et systématiques associées.
Le méme ajustement est aussi appliqué dans I’hypothése ot aucun événement signal est

15
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Figure 8 — Distribution du score du BDT d’isolation pour des événements isolés (rouge) et non
isolés (bleu) pour les lots de données d’entrainement et de test.
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Figure 9 — Ajustement de la distribution de la masse m(A} 37) pour extraire les fractions des
différents désintégrations A) — AT D X.
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74 [ Signal (train)

I Background (train)
& signal (test)
@ Background (test)
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0.0 0.2 0.4 0.6 0.8 1.0
BDT output

Figure 10 — Distribution du score du BDT pour les événements de type signal (rouge) et bruit
de fond (bleu) pour les lots de données d’entrainement et de test.

présent et la différence de x? permet de déterminer 1'observation de la désintégration
AY— AFT77, avec une importance statistique de 5.7 o, et ce pour la premiere fois.

La connaissance des nombres d’événements signal et normalisation ainsi que les incerti-
tudes associées permet de reporter la mesure de R(A.) suivante:

B(A)— Afr—v,)

B An ) " XXX x (1+0.105(stat) & 0.162(syst) & 0.12(ext)) (2)

R(AT) =

ou la valeur centrale est pour le moment inconnue mais qui fera bientdt I'objet d’une
publication de la collaboration LHCb.
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Introduction

The Standard Model of particle physics is the model describing the elementary con-
stituents of matter and the fundamental interactions. Since its discovery in the 70’s, the
SM have been extensively tested by experiments installed at pp colliders such as Tevatron
and LHC or ete™ experiments as Belle and BaBar. The discovery of the Higgs boson
by ATLAS and CMS experiments was the last remaining part to complete the model.
Nevertheless, several open questions are still remaining, which motivates the search for
New Physics effects. Both the SM and its limitations are discussed in Chap. 1.

The work presented in this thesis is focused on testing Lepton Flavour Universality
through the measurements of b — c7v, transitions. An overview on how to test Lepton
Flavour Universality is presented in Chapter 2 discussing both theoretical and experimen-
tal aspects. By measuring SM processes with precise theoretical predictions and control
over the uncertainties related to the hadronic part of the process, it is possible to look
for potential New Physics contributions. The experimental status is also described with
a current World Average of the combination of R(D) and R(D*) measurements which is
in tension with the SM predictions at the level of 3.78c. It is therefore crucial to gain
precision on these measurements and add new modes such as A) — AT77, to demonstrate
New Physics effects or constrain New Physics models.

With pp collisions recorded by the LHCb detector, a wide range of B hadrons can be
studied to strengthen the experimental status of semitauonic measurements. Its perfor-
mances regarding vertex measurements of B hadrons and or particle identification are of
great use for the analyses presented. A description of the LHCb detector is thus provided
in Chapter 3.

A novel technique was used in LHCb to measure R(D*) by relying upon the 7 recon-
struction using three pions decays. This analysis is presented in Chapter 4, focusing on
its main features such as the study of vertex displacement to reject background, partial
reconstruction techniques and a fit to a data sample enriched in D} events to model its
decay into three pions. The signal extraction using a 3D templates-based fit, the system-
atic uncertainties associated to the result, with a particular focus on the one related to
particle identification efficiency, is also described. The impact of this novel result on the
current experimental status is then discussed.

Finally, the description of the analysis to measure both B(A) — AF77,) and R(A.) is
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provided in Chapter 5. This analysis is using both tools developed for the R(D*) hadronic
measurement and new improvements which correspond to the main work performed for
this thesis. The results obtained using the LHCb Runl dataset (3 fb™' collected at
centre-of-mass energies of 7 and 8 TeV) are presented.
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On the 27% of April 1900, Lord Kelvin gave a lecture titled ‘Nineteenth-Century Clouds
over the Dynamical Theory of Heat and Light’ at the Royal Institution, presenting two
problems yet to be resolved at that time. The first problem concerned the description of
the movement of matter through aether, which was thought as the medium needed for
the propagation of light, even if the latest results of the Michelson-Morlay experiment
were not conclusive on its existence. The second problem was related to the Law of
Equipartition, a theorem in statistical mechanics connecting the average energy of a
system to its number of degrees of freedom. The measured heat capacity of gases were
in disagreement with the theoretical predictions using such theorem.

These ‘two dark clouds’ led to the discovery of two major theories of the XX century:
Special Relativity and Quantum Mechanics. The generalisation of the former is the
modern theory describing all phenomena involving Gravitation, the General Relativity
and refinements to the latter during the whole XX* century are embedded in a theory
describing all the known fundamental interactions, except the Gravitation, in the so called
Standard Model (SM) of Particle Physics.
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

This Chapter presents an overview of the Standard Model with a brief summary of its
history and the description of its main components.

1.1 Particles, interactions and symmetries

1.1.1 A world made of particles

The electron is the first elementary particle discovered by Joseph Thomson in 1897 and
as the list of discoveries and the studies of the properties of such objects expanded, the
need of a classification grew. To classify particles, one needs firstly to know its spin, the
intrinsic angular momentum. If the spin is an integer, the particle is called a boson and
will follow the Bose-Einstein statistics and the Klein-Gordon equation will be used for
its description. One important property is the ability of bosons to be all in the same
energy state whereas particles with a half-integer spin, called fermions, need to respect
the Pauli exclusion principles: two fermions cannot be in the same energy state, they are
thus described by the Fermi-Dirac statistics and their dynamics is described by the Dirac
equation.

In the Standard Model, the elementary fermions are called quarks and leptons. In this
context, elementary means that no experiment has yet been able to find substructures
in these particles and up to now, these are known as the smallest building blocks of
matter. They are two types of leptons, both divided in three groups, often called ‘families’,
depending on their ‘lepton flavour’: charged leptons (electron (e), muon (x) and tau (7))
and neutral ones, the neutrinos (v, v, and v;). Quarks are both carrying electrical and
colour charged and an additional quantum number called flavour, all described in the
next sections. Thus, six versions of quarks exist called up (u), down (d), strange (s),
charmed (c), beauty (b) and top (¢). It should be noted that the number of fermions
within the SM is not constrained, a fourth family of quark can be conceived even if no
experimental proof should suggest so.

If quarks and leptons are the elementary constituents of matter, elementary bosons are
the force carriers responsible for the fundamental interactions. The photon (7) is the
carrier of the electromagnetic interaction, gluons (g) transmit the strong one and the
weak interaction is described by three bosons: two charged ones (W™, W~) and a neutral
one (Z°). There is another fundamental boson called the Higgs boson (H) responsible for
the masses of the elementary particles, it will be described in more depth in Section 1.2.2.

For each of these particles, an alternate version sharing the same mass but with the
opposite charge exists: the anti-particle, they are denoted using a bar, for instance, the
b anti-quark symbol is b. Some particles are their own anti-particle such as the photon.

In addition to these elementary particles, there are also combination of quarks and anti-
quarks called hadrons. They are divided in two categories, mesons formed usually by a
quark and an anti-quark and baryons made either from three quarks or three anti-quarks
even if more exotic forms of both mesons and baryons can exist. It has to be noted that
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1.1. PARTICLES, INTERACTIONS AND SYMMETRIES

the spin of a hadron depends on its constituents and thus mesons are bosons and baryons
are fermions.

1.1.2 Overview of the fundamental interactions

In addition to identify fundamental particles, ones also needs to characterise interactions
allowing two particles to alter the dynamics of each other. Up to now, four fundamen-
tal interactions are known: gravitation, electromagnetic, strong and weak interactions.
Tab 1.1 presents a summary of the main characteristics of each fundamental interaction.

Being the weakest of the fundamental interactions is not the only peculiarity of the
gravitation. It is described by General Relativity which is not a Quantum Field Theory
contrary to the theories describing the other interactions and the graviton, which is
thought as the fundamental boson carrying gravitation is a hypothetical particle. A
theory able to describe the four fundamental interactions in a single framework is yet
to be found. Luckily, the masses of all the particles and its tiny relative strength make
gravitation completely negligible for Particle Physics. The remaining interactions, strong,
weak and electromagnetic are the only ones considered in Particle Physics, in the 70s,
their unification in a common theory, called the Standard Model (SM), has been a major
breakthrough.

interaction relative strength model  messenger charge range [m]
strong 1 QCD gluons colour 1071°
electromagnetic 1072 QED photon electric charge 00
weak 107° (*) W+ & 2° flavour 10717
gravitation 10742 GR  graviton (?) mass 00

Table 1.1 — Main characteristics of the four known fundamental interactions.

Electromagnetic interaction

All charged particles, quarks and charged leptons (e, ;1 and 7) are sensitive to the elec-
tromagnetic interaction. This interaction is carried by the photon, a massless and electri-
cally neutral particle and conserves both lepton number and quark flavour, which forbid
a photon to couple to two quarks or leptons of different type. The typical decay time of
a particle through an electromagnetic process is 1072,

The theory describing this interaction is called Quantum Electrodynamics (QED) and was
conjointly developed by Feynman [9], Schwinger [10] and Tomonaga [11] in the late 40’s.
The renormalisation, or how to deal with infinite integrals in a perturbative computation,
was invented and successfully applied to QED. Due to the renormalisation, the theory is
described by a running coupling factor «, its value depends on the energy of the process
considered, which value decreases as the energy becomes lower. Its asymptotic value,
describing a situation where photons and charged particles are no longer interacting, is
known historically as the fine structure constant and is equal to:
B e? 1
“ = dreohe 137
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

where e is the electric charge of the electron and ¢y the permittivity of the vacuum.

Strong interaction

The strong interaction governs the interaction of the quarks are these particles carry a
charge of ‘colour’ The particles transmitting the colour charge are known as gluons and
are carrying themselves a colour charge, they are thus also capable of strongly interacting.

The colour charge can take three different values denoted as red, blue and green, and
in the same manner as negative electric charges, anti-colour charges exist in the three
corresponding versions. To obtain a neutral colour charge, one needs to combine the
three different (anti-)colour charges. The strong interaction is characterised by a SU(3)
symmetry group which lead to 8 different types of gluons, each carrying both a colour and
a anti-colour charge. The typical decay time of a particle strongly interacting is 10723 s

The theory describing the strong interaction is known as Quantum Chromodynamics
(QCD) with strong contributions from Gell-Mann [12] for the concept of colour charge
and from Gross, Politzer, Wilczek ([13] and [14]) for the discovery of asymptotic freedom.
The behaviour of the running factor is opposite with respect to QED, it becomes very
small at high energies and increases at low energies forbidding perturbative computations
at such energies.

Its main features are:

o Asymptotic freedom: The interaction between quarks decreases as the energy in-
creases and the distance between them diminishes.

o Confinement: quarks interact stronger as the distance between them increases.

Confinement lead to the impossibility for quarks to observed individually, they need to
group to form colourless object known as hadrons. Two categories exist depending on
the value of the baryon number (B), which is a quantum number conserved by each
interaction:

o if B = 0, the hadron is known as a meson and consists usually in a quark anti-
quark pair (¢g) even if other arrangements are possible such as tetraquarks (¢gqq)
as detected in Ref. [15]

o if B = 1, the particle is a baryon and consists in most cases in a triplet of (anti-
Jquarks (qqq or Gqq) even if other possibilities exist such as pentaquarks (gqqqq) as
observed in Ref. [10].

In the context of increasing distance between two quarks, the strength of the interaction
becomes so high and the energy stored in it so large that new particles are created to form
new hadrons in a process referred as hadronisation. Hadronisation is used to describe
jets occurring in hadronic collisions.

Another quantum number is also defined to describe the strong interaction, the isospin
(I) which is constructed in analogy with the spin and rely on SU(N) symmetry group
where N is the number of quarks involved!. For instance, both neutron and proton belong

!The isospin is not an exact symmetry of the strong interaction as for instance there is a mass
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1.1. PARTICLES, INTERACTIONS AND SYMMETRIES

2) but the projection on its third component,
for the neutron.

to the same isospin doublet (I = 1) of SU
denoted as I3, is —|—% for the proton and —

N~

Weak interaction

As both quarks and leptons carry a flavour charge, they can interact through weak inter-
action. The typical decay time through weak interaction is 1078s and the interaction is
carried by W= bosons for charged currents and Z boson for neutral ones. These bosons
are massive with

my = 80.379 £ 0.012 GeV/c?

and
my = 91.1876 4 0.0021 GeV/c?

according to PDG [7].

The modern description of weak processes is performed within the electroweak unification
model proposed by Glashow [17], Salam [18] and Weinberg [19], described in Sec. 1.2.1.
The bosons of this theory are massless but are given masses through the spontaneous sym-
metry breaking of the electroweak gauge symmetry using the Higgs mechanism described
in Sec. 1.2.2.

Historically, Fermi was the first to introduce in 1932 a theory in Ref. [20] to describe
weak interactions using a point interaction to understand nuclear -decays with neutron
decaying in protons through the n — pe™ 7, process. The model was then modified to
reflect the symmetry breaking happening in weak decays as described in the next section.

1.1.3 Symmetries

Studying symmetries of a system have always been of a great help for scientists as it
helps to set the frame in order to solve it. With a spherical system, one knows that the
description of this system will be far simpler using spherical coordinates.

The equation of motion of a physical system can be embedded in a mathematical object
called a Lagrangian (£) and the knowledge of which transformation keeps the system
invariant helps to constrain which mathematical expression the Lagrangian can take.

Emmy Noether, a German mathematician, took symmetries to a deeper level by her
demonstration in 1915 [21] of the theorem now named after her stating that each symme-
try can be associated to a conservation law. If a system is invariant under some symmetry,
some intrinsic quantity of this system is conserved. Some examples of symmetries and
their conserved quantity are given in Tab. 1.2.

In quantum field theory (QFT), a symmetry is described by an operator that needs
to let invariant the vacuum, the physical observables and the action of the Lagrangian

difference between the neutron and the proton. Yet this approximate symmetry is particularly useful to
study light hadrons.

25



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

Symmetry ‘ Conserved quantity
Time translation | Energy

Space translation | Momentum
Rotation Angular momentum

Table 1.2 — Examples of symmetry and their conserved quantity.

describing the theory defined as:
S = /d4x£(t, z)

In addition to continuous symmetries such as space and times translations, several discrete
symmetries are important to describe the Standard Model Lagrangian.

The first three discrete symmetries to consider are called Charged conjugation (C), Parity
(P) and Time reversal (T). A given particle of spatial coordinate ' and time coordinate
t is transformed under each of these symmetries as follows:

o (C: If the charged conjugation is applied, the particle becomes its own anti-particle
with same mass and spin but opposite quantum numbers such as the electric charge
(e” —e™)

o P: Parity transforms the spatial coordinate ¥ into —&'
e T: Time reversal converts the time coordinate ¢ into —¢

Two combinations of these symmetries are also considered, the conjugation of C and P
known as CP and the conjugation of the three symmetries referred as CPT.

By construction, any quantum field theory is invariant under the CPT symmetry, which
is also known as the CPT theorem. One of its implications that can be experimentally
studied is that both a particle and its anti-particle share the same mass, and the most
accurate results come from the mass difference of K° and K° known to be less than 1078
as discussed in [22].

If the CPT symmetry cannot be violated within the QFT framework, both C, P, CP
and T can be as long the different violations compensate to conserve CPT. Both strong
and electromagnetic interactions are invariant under these transformations whereas weak
interaction was found to violate both C, P and CP symmetries?®.

Before the 50’s, Parity was always considered as an implicit symmetry of any interaction
without experimental proof. However, the 7 — 6 puzzle led to a change of perspective
on this subject. Two particles 7, not to be confused with the 7 lepton discovered later
during the 70’s, and 6 were measured to have the same mass and quantum numbers but
opposite parity as seen in the following decays:

0" — 7tr® (P =+1)

2As CPT remains conserved, T is also broken but it is much more difficult to study experimentally,
the evidence of its violation was nevertheless observed by the BaBar collaboration in Ref. [23].
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1.1. PARTICLES, INTERACTIONS AND SYMMETRIES

= 1t (P =-1)

In Ref. [24], Lee and Yang proposed as an alternate explanation that # and 7 were indeed
the same particle with one of the decay process breaking the conservation of the parity.
They thus proposed to study parity violation in weak decays.

C.S Wu and her group were then able to demonstrate the violation of the parity in weak
transitions by studying (-decays of Cobalt nuclei:

0Co - Ni* e~ 7,

Using an external magnetic field, the nuclear spin of the Cobalt nuclei were aligned.
If parity were to be conserved, no preferred direction of emission of the electron should
exist. Electrons were measured to be preferentially emitted backwards with respect to the
direction of the nuclear spin, which clearly proved the breaking of the parity symmetry
by the weak interaction.

Furthermore, it was demonstrated in 1958 by Goldhaber et al. in Ref. [25] that neutrinos
have negative helicity. The helicity of a particle is the projection of the spin onto its
momentum: .

2P

7]

For massless particles, a negative helicity means a left-handed particle whereas a positive
helicity corresponds to a right-handed one. As neutrinos can be considered massless to a
large extent, this means that only left-handed neutrinos and right-handed anti-neutrinos
exist, which is the proof of the violation of the charge conjugation symmetry by the weak
interaction.

Finally, Cronin and Fitch observed in Ref. [26] the violation of the CP symmetry in
neutral kaons decays. As neutral kaons are oscillating, a K° can become a K°, the
particles observed experimentally are not K° and K° but linear combinations of the two
which will be referred as K0 and K?. If the weak interaction is invariant under the
CP symmetry, these observables states should identify to the CP eigenstates K; and K,
defined as follows:

KO - KO
oy - KO- I
V2 _ (1.1)
[K°) + |K°)
Ky = L)
V2
such as CP|K;) = |K;) and CP|K,) = —|K>) with K = K; and K? = K, if CP is

conserved.

Due to their respective parity, K can decay into two pions whereas K5 decays into three
pions. Because of the difference in available phase space, the decay time of K is much
shorter than K5. This decay time difference implies that a K° beam is only composed of
K, mesons after some time as all the K; mesons already disintegrated.

27



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

Cronin and Fitch reported decays of the K° state into two pions, meaning that the
observed particles, the weak eigenstates, do not match with the CP ones. In fact, one
can introduce € to take into account the effect of CP violation, with € = 2.24 x 1073 [22],
to describe the weak eigenstates as:

0 1

|Kg) = TIEPWG) + €| Ky))
0\ 1 €
|Ky) = Wisarr MZ(\KQ + €| K1))

The description of the CP violation in the Standard Model is further discussed in
Sec. 1.2.3.

As a summary, Tab. 1.3 presents all the fundamental interactions described by the Stan-
dard Model and with invariance status under the different discussed symmetries. In
addition to the quantum numbers discusses in this section, there are also the lepton
number (L), +1 for leptons and —1 for anti-leptons, also conserved by each of the three
interactions and the quark flavour, one for each of the six types or quarks, conserved only
by strong and electromagnetic interactions. The flavour of a quark can change under a
weak process, with for instance a b becoming a ¢, and is described in Sec. 1.2.3.

Symmetry or quantum number | Strong int. | Electromagnetic int. | Weak int.
CPT

P

C

CPor T

Q (electric charge)

B (Baryon number)

L (Lepton number)

flavour

I (Isospin)

J (Total angular momentum)

NN N N NENENENEN
N NN N N NENENEN
AN I NN NN

Table 1.3 — Summary of invariance under symmetries and conservation of quantum numbers for
each of the three fundamental interactions of the Standard Model.

1.2 The Standard Model

The Standard Model is the quantum field theory describing both electromagnetic, weak
and strong interactions, it is then built to be invariant under U(1)y x SU(2), x SU(3)¢
gauge invariance where SU(3)¢ is the gauge invariance of QCD and C' denotes the colour
charge and U(1)y x SU(2)y is the electroweak gauge invariance discussed in Sec. 1.2.1
with Y denoting the hypercharge and L the weak isospin.
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1.2. THE STANDARD MODEL

The Lagrangian of the Standard Model can be expressed as:

Low= 3 —iF"Fut Y TE"D)0+ Ly +(D2)(D'2) V(@) (19

gauge bosons fermions

where 1) denotes fermion fields, ® the Higgs doublet and F'*” the gauge bosons fields. The
first two terms of the SM Lagrangian describe the kinematics of both gauge bosons and
fermions, the third is the Yukawa Lagrangian (Ly) describing the mechanism through
which the fermions acquire a mass as discussed in Sec. 1.2.3 and the last term is the Higgs

Lagrangian described in Sec. 1.2.2 responsible for the mass of the gauge bosons W and
Z.

The covariant derivative D, in Eq. 1.2 can be expressed as:
-/ . 7? g . )\a
D, =0,+1g BuY—l—zg? : W“+2g37Gg (1.3)

where g, ¢’ and g3 are respectively the electroweak and strong coupling constants with
B* WH# and G* being the gauge bosons fields. 7 denotes the Pauli matrices, \, are the 8
generators of the SU(3) colour group corresponding to the 8 gluons of QCD and Y is the
weak hypercharge related to the electric charge ) and the third component of the weak
isospin by the formula:

Y =2(Q —T3)
The covariant derivative introduces the couplings of the gauge bosons to the fermions.

In the following of this section, right-handed singlets (¢)g) and left-handed doublets (i)
of particles will also be used to respect the U(1)y x SU(2), structure of the electroweak
interaction. These two objects are defined as follows:

Vr = {0 upa,dpat, i = {(f)L (ZZ>L} (1.4)

where ¢~ denotes a charged lepton, u and d refer respectively to an up-type quark (u, ¢
or t) or a down-type quark (d, s or b) and « is the index taking into account the colour
charge.

The next sections are meant to describe the electroweak interactions, the Higgs field and
flavour structure of the Standard Model as it will be used to describe the semitauonic
decays in Chap. 2.

1.2.1 Electroweak unification

Due to the parity violation of the weak interactions, the weak interaction is invariant
under a SU(2); gauge symmetry where L denotes the weak isospin. Fermions are then
described as left-handed doublets of the weak isospin [ = % and right-handed singlets
with I = 0.
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

In 1967, Glashow [17], Weinberg [19] and Salam [18] proposed a model to unify both
electromagnetic and weak interactions in an electroweak interaction conserving the
U(1l)y x SU(2)., invariance. Two new covariant derivates have to be written:

. 0; 3 . Y
Dy 1= au+lg§WM+Zg/§Bu (1.5)
Y
D, r=0,+1i¢ =B, (1.6)

2
where g and ¢’ are respectively the coupling constants of the SU(2);, and U(1)y gauge
invariances. The electroweak part of the SM Lagrangian can thus be written as:

1
4

) v 1 v
Wi W* — ~B,,B" (1.7)

Lew = ZELVMDM,L@DL + Z'ERV“DM, RVR — 4

The physical bosons, 7, Z° and W# are then described by the following fields:

A, = B, cos Oy + Wj sin Oy (1.8)
Z, = —Bysin Oy + W, cos Oy (1.9)
1
+ _ 1 12
Wo=—W,FiW,) (1.10)

V2

with Oy being the Weinberg or weak mixing angle.

The electromagnetic coupling constant can then be expressed as:

a = gsin by = ¢ cos Oy (1.11)

1.2.2 The Higgs Mechanism

To describe the mass of the fermions, the easiest solution would be to add a mass term
expressed a min) for all of the fermions in L£gy,. Unfortunately, such term is not invariant
as it can be rewritten using left-handed (¢;) and right-handed projections (1) and terms
as my py, and M R appear which are not invariant as the U(1)y x SU(2); treats
differently left and right-handed particles.

The mechanism to add masses in the Lagrangian of SM relies on the concept of sponta-
neous symmetry breaking which means that although the Lagrangian itself is invariant
under a symmetry, the vacuum expectation does not. This is achieve by the Brout—
Englert—-Higgs mechanism developed in 1964 by three independent groups of researchers,
Brout and Englert in Ref. [27], Higgs in Ref. [28, 29] and Hagen, Guralnik and Kibble
in Ref. [30]. This mechanism allows to introduce masses for both gauge bosons and
fermions through their couplings with a new particle, the Higgs boson. The couplings
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of the fermions to the Higgs boson will be specifically discussed in Sec. 1.2.3 with the
Yukawa Lagrangian and the CKM matrix.

The Higgs potential from Eq. 1.2 is defined as:

4

V(@f0) = \(@T0)? — 120t + Z—A (1.12)

where @, the Higgs doublet can be expressed as:

B — (f;) (1.13)

with ¢ and ¢° being two complex scalar fields. p is the Higgs mass parameter and A
describes the Higgs self coupling.

If 12 > 0, the minimum of the potential is at ®T® = 0 where Lgy; is invariant under the
U(l)y x SU(2);, symmetry but if y? < 0, the minimum of ® is at:

—

which is a point where the SM Lagrangian is not invariant under the electroweak gauge
symmetry. Due to quantum fluctuations, even if the Higgs field is at point where the
electroweak symmetry is conserved, this is not stable and ® has an expectation value in

the vacuum of:
— 2 U
PN =4/ 1 = 1.15
(%) =\ 55 = > (1.15)

The parameter v is referred as the vacuum expectation value and its value is v ~
246 GeV [7] which defines the electroweak scale where the electroweak symmetry is bro-
ken.

As the expression of the ground state can change through gauge transformation, the
expression of ® is set using the so-called unitary gauge and expressed as follows:

b — % (VfH) (1.16)

which defines H, the Higgs boson.

With the expression of ® defined in Eq. 1.16, one can then expend the kinetic term
((D,®)' (D ®)) present in the expression of the Higgs potential in Eq. 1.12 using the
expression of the covariant derivative in Eq. 1.3 to create the mass terms for the gauge
bosons. The masses are then expressed as follows:

ma =0 (1.17)

g% + gr? (1.18)
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my = % = my cos Oy (1.19)

And the mass of the Higgs boson itself is defined as:

my = V22 (1.20)

As )\ is a free parameter of the SM, there is no prediction for the mass of the Higgs

boson. After an intensive search at the LEP collider, the construction and operation of

the LHC allowed for ATLAS [31] and CMS collaborations [32] to announce the 4 of
July 2012 the detection of a new boson with a mass of 125 GeV/c? to be compatible with
the Higgs boson of the Standard Model. The quantum numbers of this particle have also
been studies and the measurement presented in Ref. [33] with a spin of 0 and a positive
parity are in agreement with the SP predictions for the Higgs boson.

In the next section, the Yukawa Lagrangian to describe the fermion masses is discussed
in addition to the mixing of the quarks and the CKM matrix.

1.2.3 Quark mixing and CP violation

Charged lepton and quark masses are described by a Yukawa Lagrangian which reduces
an interaction to the Higgs boson to a mass term. The masses of the fermions are then
proportional to their couplings to the Higgs often referred as the Yukawa couplings.

The Yukawa interaction for a charged lepton can be written as:

Eg/ = —gg(qu)gR +ZR(I)T€L) (121)

Taking the vacuum expectation value of the Higgs field, it then becomes:
1

1
Ly ——
' V2

EQ@(

which identifies with a mass term with

ZLKR +ZR£L> = gﬂﬁ (1.22)

= —1 g (1 23)
m v .
‘ \/5 ¢

For quarks, the situation is similar with the Yukawa Lagrangian being expressed as:
Ly = =911 Pun; + 950, Pdr; + h.c.) (1.24)

with g! ; the coupling constants of the Higgs fields (&, d = iT2®*) to the quarks doublets

defined as:
_ (uLi Y (0
QLZ - (sz> I uRl - ( 0 ) Y de - <dRZ> . (125)

The indices i j both indicate one of the three generations of quarks ((u, d), (c,s) and
(¢,)) and h.c. refers to the hermitian conjugate of the expression place upstream.
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The quark Yukawa Lagrangian can then be written using mass matrices in the unitary
gauge as follows:

,Cy = —ELim?j’U,Rj — dLimfdej -+ h.c. (126)
with m;’; and mfj being respectively the up and down quarks mass matrices.
As the quark flavour is not conserved in weak interactions with a charged current, these
mass matrices are not directly diagonal. As the weak states in Eq. 1.26 do not correspond

to the mass states, the mass matrices need to be diagonalised, which correspond to a
rotation of the quarks from the weak states to the mass ones.

By introducing four unitary matrices V;'’, one can retrieve the diagonalised mass matri-
ces Mmy:

m, 0 0
mag=10 mg O (1.27)
0 0 my
my 0 0
mi=10 mg; O (1.28)
0 0 my

It has to be noted that the mass range, and therefore the Yukawa couplings one, spreads
on five orders of magnitude with no explanation within the SM. It is known as the
hierarchy problem.

The charged current part of the weak Lagrangian becomes using the mass eigenstates:

Lo = -2
=5

which defines the Cabbibo-Kobayashi-Maskawa (CKM) matrix [34]:

(Wt ViV + W du Vvt | (1.29)

Ve = ViV (1.30)

Through the CKM matrix, one can relate the weak eigenstates (d, s, b) to the mass
eigenstates (d/, s/, br) as follows:

dr d Vud Vus Vub d
st =Vegkm | s| =V Ves Vo s (1.31)
bt b ‘/td ‘/:‘,s V;tb b

The CKM matrix is often expressed using the Wolfenstein parametrisation [35] by an
expansion in power of A (A = V,;):

1—)%/2 A AX3(p —in)
Vorym = - 1—22/2 AN + O\ (1.32)
AN (1 —p—in) —AN 1
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One of the most important features of the CKM matrix is the existence of two complex
elements as seen in Eq. 1.32 which account for the CP violation measured experimentally
and discussed earlier in Sec. 1.1.3.

Through the CKM matrix, the Standard Model presents a particular flavour structure
with non-zero off-diagonal terms and complex terms accounting for CP violation. There
is no reason for a NP model to respect this structure which motivates precise measure-
ments of the CKM matrix and consistency tests as any deviation could indicate a NP
contribution.

1.2.4 Limits and unresolved issues

The Standard Model has been since its creation a very successful theory able to cope
with the many experimental studies developed for instance at the LEP, the Tevatron or
at the LHC. For instance, the various analysis testing the CP violation using B mesons
decays show no clear deviation from the SM predictions [30].

Yet, several unexplained phenomena motivate the search of a more accurate model of
the fundamental interactions. These open questions fall in two categories, observed phe-
nomena not accounted for by the Standard Model or theoretical problems within the
framework of the SM.

Among the observations not accounted by the SM are the existence of dark matter,
detected trough its gravitational effects as seen for instance in the dynamics of galaxies
as discussed in Ref [37], or the presence of dark energy which can be measured using the
Cosmological Microwave Background with the latests measurements performed by the
Planck collaboration [38].

Within the Standard Model, several open questions still remain. For instance, a CP
violating term can be added in the QCD dynamics but its phase is currently constrained
by the measurements of the neutron electric dipole moment to be less than 10~ with
no theoretical argument in the SM to constrain its value to zero, which might indicate a
NP mechanism able to to so. The broad range of the Yukawa couplings, from O(107°)
for the lights quarks to 1 for the top quark, is also an open question which is also often
referred as the hierarchy problem. Yukawa couplings are free parameters of the SM and
no mechanism exists to set their relative strength.

The current cosmological model describe an early universe with an equal amount of
matter and antimatter, yet the observable universe is now only composed of matter.
To understand this matter-antimatter asymmetry, Sakharov identified in Ref. [39] three
conditions for an interaction to produce matter and antimatter at different rates including
the violation of the CP symmetry. Even though the SM includes CP violation through
weak interactions, the CP violation phase of the CKM matrix is far lower than required
to explain the asymmetry alone. Other sources of CP violation are required, for instance
in the leptonic sector, to explain the matter-antimatter asymmetry.

Hence, several searches effects of New Physics models are ongoing. Both searches of direct
observation of decays of new particles, also referred as direct searches and studies of NP
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contributions within SM processes, through loops or additional Feynman diagrams, de-
noted as indirect searches are currently performed. In the next chapter, indirect searches
related to Lepton Universality are discussed.
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The Standard Model has remained for years a robust model passing each experimental
test. All direct searches of New Physics particles in pp collisions at the LHC have been
unsuccessful for now.

Indirect searches of New Physics rely on precise measurements of SM processes with high
sensitivity to NP contributions. The rare decay mode of B — p*u~ is for instance one
of the ‘golden modes’ of such searches with its very low and precise SM expectation and
high enhancement if any charged Higgs exists. Its measurement, in Ref. [10], found to be
compatible with SM expectation allowed to put stringent constraints on a wide range of
NP models.

Semitauonic decays of b-hadrons are a topic with experimental measurements in tension
with the predictions of the Standard Model. Could this disagreement with the SM be
the first cracks of the model?

This chapter proposes a short introduction on the subject of Lepton Flavour Univer-
sality (LFU) tests on both theoretical and experimental aspects. A detailed review of
the current picture of the semitauonic measurements is also provided. Finally, a short
discussion on New Physics using a model-independent approach, some NP models and
direct searches of such particles ends this chapter.
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CHAPTER 2. AN INTRODUCTION TO SEMITAUONIC DECAYS

2.1 Lepton Flavour Universality

The two electroweak gauge bosons of the Standard Model, Z and W, have equal couplings
to the three leptons flavours, which is often referred as Lepton Flavour Universality
(LFU). This also means that the three leptons, e, u and 7 are equivalent in every process
up to phase space and helicity effects.

Lepton Flavour Universality was precisely tested during the LEP era with for instance
the ratio of partial decay rates of the Z boson going to utu~ and ete™ measured [11] to
be: .
U(Z— ppm)
——— = = 1.0009 £ 0.0028
[(Z— ete)
But measurements at tree level in b — c7v, transitions and at loop level in b — st~
decays have shown potential disagreement with SM expectations.

Such processes are described by an effective Hamiltonian where contributions from elec-
tromagnetic, strong and weak interactions can be factorised depending on their respective
energy scale. The low energy part of the process is way below the mass of the b and re-
lated to soft gluons described by matrix elements related, this is the hadronic part. On
another side, the short-distance contributions, with a typical energy range of the order
of the mass of the electroweak bosons, are related to the leptonic part.

Lepton Flavour Universality, or its potential breaking, only concerns the leptonic part
but the uncertainties coming from the description of the hadronic matrix elements could
hide these processes if they are not well under control.

To properly describe the hadronic currents [2], several theoretical tools can be used such as
Heavy Quark Effective Theory (HQET) and Lattice QCD. HQET [42] is an approximation
of QCD at an intermediate energy scale, in the same manner as the Fermi theory is able
to describe weak decays at low energy. Hard gluons are not considered and integrated
which leads to an effective Hamiltonian with a new feature: the spin-flavour symmetry.
Several setup can be used to compute the form factors, two different parametrisations
will be discussed in the following.

Lattice QCD is a non-perturbative approach discretising space and time on a grid. One
can retrieve the physical quantities when the lattice-spacing is extrapolated to zero. Lat-
tice QCD computations are very important as they do not rely on experimental inputs
and can provide non-perturbative computations of observables.

To further minimise the impact of the description of the hadrons in the result, analyses
tend to rely on ratios of decays rates of two different leptons which allows to only consider
a residual uncertainty as the hadronic form factors uncertainty is shared in both cases
and suppressed in the ratio.

With SM uncertainties kept as low as possible, any New Physics contributions with
specific couplings depending on the leptonic flavour, such as couplings depending on the
mass of the lepton, could change the value of such ratios and being the first step to a
theory beyond the Standard Model.
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2.1. LEPTON FLAVOUR UNIVERSALITY

2.1.1 b— s{T¢~ transitions

Decays of the type b— s¢T¢~ are flavour-changing neutral currents (FCNC) transitions
that can only occur through loop diagrams in the SM. As the CKM matrix is close to be
diagonal, FCNC processes are rare processes in the SM whereas any NP model without
such flavour suppression could have noticeable effects.

Such decays are good candidates for looking for New Physics effects as hadronic effects
are well controlled and further reduced by measuring ratios and NP contributions can
occur both within loops or new tree diagrams.

Some of the SM leading order diagrams are shown in Fig. 2.1 and examples of potential
NP contributions are shown in Fig. 2.2.

b . b .
B° B°
d d

—~
=

et -
b b Lo 5
BO BO ~~~~~~~~~~~~~ K*O
d d R d
(b)

Figure 2.2 — Potential New Physics diagrams, with an additional Z " boson (a) and a Leptoquark
(b) for the B® — K*0¢*¢~ decay.

The two ratios Rg and Ry« are particularly interesting to study b — s¢*¢~, they are

defined as follows: ,
qlnax
AB(BT—K*utu~
/ ( _:zqz ptp )dqz

a2
Ry = 2o (2.1)
/ ina dB(Bt—K+ete~) ; o
S —da
qr2nin
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X
AB(BO = K*0utu”) 5.2

W q
_ q?nin
RK*O — ) (2 2)
max 5( o ot )
dB(BY—K*Vete—
=g d¢?
2
min

Due to the large cancellations of hadronic uncertainties in the ratios, the SM expectations
of such ratios are very precise with for instance Ry being equal to 1 at the 107 level [43],
making them excellent probes to potential NP effects.

The value measured of Ri by LHCD using Runl data in the [1,6] GeV?/c? ¢*! region is
Ry = 0.74570054 (stat) £ 0.036(syst) [44] and is consistent with the SM at the level of 2.6
standard deviations. The comparison between SM and measurements of Ry performed
by BaBar, Belle and LHCb is shown in Fig. 2.3, with the LHCb measurement being the
most precise of all three.

--LHCb —m-BaBar —a—Belle
Mz""l""l""l

LHCb

[a—
N

LI L B B L L B
L

"R T R R

"

0.5

I 5 - IlO 15 2OI
g* [GeV?/c*]

Figure 2.3 — Measurement of Ry performed by BaBar [15], Belle [46] and LHCb [14] compared
to the SM expectation. Picture taken from Ref. [14].

OO

R0 was also measured using Runl data in two bins of ¢?: 0.045 < ¢? < 1.1 GeV?/¢* and
1.1 < ¢* < 6.0GeV?/c* with the results shown in Ref. [17] being:

Ry = 0.661) 5 (stat) 4 0.03(syst) for 0.045 < ¢* < 1.1 GeV?¥/c?

Ry = 0.6910- 5 (stat) 4 0.05(syst) for 1.1 < ¢* < 6.0 GeV?/c*

In this context ¢* is the squared momentum transferred to the dilepton system, which is also mZ, ,_.
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2.1. LEPTON FLAVOUR UNIVERSALITY

The deviation from the SM expectation is respectively at the level of 2.1 — 2.30 and
2.4 — 2.50 for the first and second bins. The LHCb measurement and the different
available SM predictions and the comparison with the measurements performed at the B
factories are respectively shown in Fig. 2.4a and in Fig. 2.4b.

There is a ongoing effort to study more b — s¢T¢~ decays to better understand this
disagreement with SM expectations and better discriminate between potential NP models.

—— | . , | 2.0
= 1.0 Fo . e . e
B Yaee sk ]
0.8F 1
061 ® Luch LOF 7]
r BIP ] ; I
0.4 Y CDHMV 7] a 1
r B EO0S ] 0.5 ® LHCD 7]
0.2 ® flav.io - BaBar
- LHCD MR - LHCb Belle -
0.0 Lo v b v v b v v b v b by 1 0.0 I NS BN NS
0 1 2 3 4 5 6 0 5 10 15 20
¢ [GeV?/c ¢ [CoV?/c
(a) (b)

Figure 2.4 — Ry+o measurement for the LHCb Runl data in bins of ¢? with the different
available SM predictions (a) and compared to the measurements of BaBar [415] and Belle [1(]
in (b). Pictures taken from Ref. [17].

2.1.2 b— crv, transitions in the Standard Model

In the Standard Model, b — cfv processes occur through tree-level diagrams, as seen in
Fig. 2.5, and only differ through the mass of the lepton (¢ = e, u, 7). All NP models
adding couplings to the leptons proportional to their mass would preferentially couple to
the 7. Hence, precise predictions of semitauonic processes within the SM are crucial to
probe NP contributions.

b c

Figure 2.5 — A tree-level diagram of the b— ¢77, transition.

In order to reduce the uncertainty introduced by hadronic effects, similarly to b— st~
transitions, ratios of branching fractions are introduced as follows:

B(Hb—) HCTV.,-)

R(Hy) = B(Hy— Hcpv,,)

(2.3)
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CHAPTER 2. AN INTRODUCTION TO SEMITAUONIC DECAYS

The computation of such ratio is performed within the Heavy Quark Effective Theory
(HQET) framework [12] developed in the 90’s to describe transitions of heavy quarks (b
or (c) to light ones. One great success of this framework was the computation of the A
lifetime as seen in Ref. [18].

Heavy and light quarks refer to the comparison of the mass of the quarks with the energy
scale of confinement in QCD, Agep ~ 0.2GeV. As the quarks masses are arranged as
follows:

My, M, Ms < Agop <K M, My, My

the first ones are light quarks and the latter are heavy ones. The top quark is not taken
into account in the following as it does not hadronise.

In HQET, the mass of the heavy quark, mg, is considered as infinite. In that limit,
a heavy hadron composed of a heavy quark and its complex cloud of light quarks and
gluons can be approximated to a heavy quark at rest surrounding by light constituents,
light quarks and soft gluons, only affected by the colour charge of the heavy quark.

This means that changing the heavy quark by another with only different flavour or spin
does not affect the dynamics of the system as long as the colour charge and the velocity
v stay the same, which is known as the spin-flavour symmetry.

With such a symmetry, B — D® Form Factors are only described by the Isgur-Wise
function as follows:

(D(V)]e b, B(v)) oc €(v- v ) (v + )" (2.4)

where ¢ is the Isgur-Wise function and v - v, also referred as w, is the recoil variable. &
only depends on B and D velocities, hence no dependence on the masses.

The construction of the HQET effective Lagrangian is discussed in detail in Ref. [12], it
can be shortly summarized as an expansion of the QCD Lagrangian in powers of 1/my.

Following Ref. [19], the effective Hamiltonian considered for b — crv, to compute both
R(D*) and R(A.) within the SM can be written as:

4G RV,

Hepr = T

(E%PLb)(fPLE) + h.c. (25)

where G is the Fermi constant measured to be G = 1.1662787 x 107> GeV 2, V,, is the
CKM matrix element and P, and Pg are helicity operators defined as:

1 — 5
P, = 27
14+~5
Pr = 27

Both R(D*) and R(A.) computations using this effective Hamiltonian are presented in
the following sections.
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2.1. LEPTON FLAVOUR UNIVERSALITY

2.1.2.1 R(D) and R(D*) in the Standard Model

R(D*) is defined as:
B(B°— D* 17u,)

R(D7) = B(B°— D*~putv,)

(2.6)

The detailed computation can be found in Ref. [19], its main steps are reported in the
following of this section. Using the effective Hamiltonian given in Eq. 2.5, the differential
decay rate of B — D*~(*v can be written as:

Ty _GHVal'lple® ([ _m2\"
dg*dcos — 256m3m% q2

(1 — cos0)2[Hoy [>+(1 + cos 0)?|H__|>+2 sin® 0] Hyo|*+ (2.7)

2
ﬂ <(sin2 9(|H++’2—HH,,|2) + Q‘H()t — HO(] COS 9|2>]

q2

where ¢? is the transferred momentum to the ¢ — v system, ¢*> = (pg — pp-)? and 0 is
the angle between the D* and the lepton in the ¢ — v rest frame. H_, are the helicity
amplitudes defined as:

2mB

HN(¢?) = (mp +mp-)Ai(¢®) F mh) V(g?),
B () = — [ — w2y — @)+ mp)An(g?) — BRI o)
00 2mD*\/q_2 B D mg + mp- )
2mp|p
H5M (¢%) = LIAo(qQ) : (2.8)

Ve

Three axial (Ag(q?), A1(¢*), A2(¢?)) and one vector (V(g*)) hadronic form factors in-
tervene in the helicity amplitudes. They can be expressed using the following hadronic
matrix elements as:

\ _ 2iV (q?) w o
(D*(pp~, €a)|cub| B(pB)) = e —— PSP (2.9a)

€ € -
(D*(pp+, €a)|evuysblB(ps)) = 2mp- Ag(q?) ngqﬂ + (mp +mp-) Ai(q?) (6}2 - ?qqu)

*

€ q
—AQ(QZ) m <(pB + Ppe ) —

qu) (2.9b)
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Integrating Eq. 2.7 over 62, gives the decay rate for B — D*~(*v as follows:

dl'y _ GilVal’lp e’ m?\ 2 2 2 m3 3m3 9
= 1—— Hy |*+|H__|"+|H 1+ — |+ -—|H
dqz 967T3m23 qg (| ++| | | | 00| ) 2q2 9 q2 | 0t|

(2.10)

To make a prediction on the value of R(D*), form factors need to be computed within
the HQET framework.

The recoil variable w can be expressed in this context as:

2 2 2
w =g vpe — 1B D 74 (2.11)
QmBmD*

The B— D* transition can be expressed by a universal form factor:

ha, () = Al(qz)%wLJr1 (2.12)

where M is defined as
N

(mB + mD*)

And the R;, R, and Ry ratios as follows:

An(a?) = B0 ().
() = 2 ),
Vi) = 10 ) (2.13)

In the heavy quark limit, the variation of these factors as a function of w is driven by:

= ha,(1)[1 —8p%z + (53p® — 15)2> — (231p* — 91)2°] ,
= Ri(1) = 0.12(w — 1) + 0.05(w — 1)?,
= Ry(1) +0.11(w — 1) — 0.06(w — 1)?,
= Ry(1) — 0.11(w — 1) + 0.01(w — 1), (2.14)

where

Z_\/w—l— -2
CVwt1+V2

The first three relations come from Ref. [50] and the latter is coming from Ref. [19]. These
relations described above are known as the CLN parametrisation.

2Experimentally, it can be very hard to define @ as it is defined in the ¢ — v rest-frame, with the
neutrino being undetected in LHCb.
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The values of each of these factors at zero recoil, w = 1, are free parameters as p?. As
ha, (1) is present in each hadronic current, R(D*) does not depend on it. Three other
parameters were measured using B — D*{v decays in Ref. [51]:

p? = 1.401 4+ 0.033 (2.15)
Ry(1) = 1.401 £ 0.033 (2.16)
Ry(1) = 0.854 £ 0.020 (2.17)

Ry(1) was not measured as these decays are not sensitive to this parameter as it only enters
in the helicity suppressed amplitude Hy;. It is evaluated with leading order corrections
to be Ry(1) = 1.14 and a 10% uncertainty is assigned to take into account higher order
corrections.

The ratio of decay rate for both 7 and ¢, ¢ being either e or u, is given using Eq. 2.10 as
a function of ¢? as follows:

Rp- () = o9 _ (1_7”_27) K”m_?) L __|Hu(@)l _
dLy/dg q 22) " 2% [Ho o () P+ H_ ()] +|Hoogq >|)
2.18

By integrating over ¢ and using the form factors discussed above, the SM expectation
for R(D*) is found to be
Rsnm(D*) = 0.252(3)

Recently, the Belle collaboration released a new analysis of the B® — D*{v decay mode
with the unfolded ¢? spectrum [52]. This new information was used in new calculations
of both R(D) and R(D*). In addition, not only the CLN parametrisation of the form
factors is used but also the BGL one, described in Ref. [53]. The BGL parametrisation
relies on the Taylor expansion of the form factors around z = 0, such as a generic form
factor I’ can be written as:

1 -,
F(z) = o0 ; A2 (2.19)

where P(z) is called the Blaschke factor and depends on the number of B, states above
the BD pair production threshold and ¢ phase space factors. N is the maximal power
considered in the expansion, usually 2 as 23 ~ 1074,

Using these new inputs, several computations of R(D*) were performed, in good agree-
ment with Ref. [19], with different treatment of the errors. Additional data and Lattice
QCD calculations, especially Lattice QCD B — D* form factors at non zero recoil, are
needed to solve this disagreement. For the moment, the average of all the available new
predictions of R(D*) is considered for the comparison with the experimental measure-
ments performed by HFLAV [1]. The available predictions are presented in Tab. 2.1, with
the average being:

R(D*) = 0.258 + 0.005
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Table 2.1 — Available R(D*) predictions using the new B— D*{v dataset released by the Belle
Collaboration [52].

Reference R(D*)

F.Bernlochner, Z.Ligeti, M.Papucci, D.Robinson [54] 0.257 £ 0.003
D.Bigi, P.Gambino, S.Schacht [55] 0.260 =+ 0.008
S.Jaiswal, S.Nandi, S.K.Patra [50] 0.257 £+ 0.005
Average 0.258 £ 0.005

R(D) is computed with a very similar logic and using the form factors measurements
from BaBar [57] and Belle [58] and Lattice calculations inputs ( [59] and [60]), the value
of R(D) is expected to be in Ref. [61]:

R(D) = 0.299 + 0.003

2.1.2.2 R(A.) in the SM

In the same manner as R(D) and R(D*), R(A.) is defined as:
B(A)— Afr—v,)

RO = B A

(2.20)

The computation of the form factors of A) — AT processes using Lattice QCD and the
SM expectation of R(A.) are performed in Ref. [2].

To do so, the decay rate of A) — AT¢~v is expressed using the same effective Hamiltonian
as for R(D*)3:

dar - GHVePysis- <1_@)2

d¢2 768m3m3, q?

X {4 (mf +2¢°) (197 +s_f7)

2 2
2L (s [(may = me) 2] 5 [(ma, + ) £2]°)
2
PO (o Tomn =) 6 o s o) o) | o)

where s = (my + myr)? —¢* and fo, fi, fi, go, g1 and g, are the six form factors
describing A — AT transitions evaluated on the Lattice.

With such framework, the value of R(A.) is expected to be:
R(A.) = 0.3328 £+ 0.0074 + 0.0070

where the first uncertainty is statistical and the latter is systematic.

3This calculation is adapted from Ref. [2] using only the SM components.
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2.2 Current experimental status

Measurements of R(D) and R(D*) rely either on the reconstruction of the 7 using its
muonic decay, T — uv,v,, or using a hadronic decay such as 7= — 7 at7~ (7%)1,* or
TT =T p .

Using the muonic channel allows for a straightforward normalisation as the final state
(D™ ) is the same for both B — D™y, and B — D™ puw,. This channel allows for a
high statistics sample but it can be quite hard to differentiate a muon coming from a tau
decay from another muon directly coming from a D meson decaying semileptonically.

Using a hadronic decay, especially with three pions, allows to reconstruct the 7 vertex
and access the internal dynamics of the three pions, this will be discussed in Sec. 5.9.

Both B-factories, BaBar and Belle, and LHCb measured R(D) and R(D*). BaBar and
Belle both use tagging techniques to fully reconstruct the signal candidate. Both ete™
colliders, PEP-II and KEKB for respectively BaBar and Belle, are operating at an energy
in the centre-of-mass frame of 10.58 GeV corresponding to the 7°(4S5) resonance. This
resonance almost only decays in a pair of two B mesons, either B°B° or B~ BT, meaning
that the B production consists in ete™ — 7(4S) — BB.

The presence of only two B mesons allow to fully reconstruct one of them, known as the
tagged B and labelled as Byq,, which gives access to the full kinematics of the other B
meson of the event, the signal candidate (Bg;,). In published measurements of R(D) and
R(D*), BaBar used the reconstruction of the By,, using several hadronic modes, known
as the hadronic tag, and Belle used in addition the semileptonic B— D*{v decay to select
signal candidates, which is referred as the semileptonic tag.

The BaBar collaboration published first the combined measurement of R(D) and R(D*)
using the hadronic tag [62], [63]. Belle also published a combined measurement of R(D)
and R(D*) using the hadronic technique in Ref. [64] and also measured R(D*) and the
T polarisation reconstructing the 7 in both 7 — 7v and 7 — pr using the semileptonic
tag [65], [66].

The LHCD experiment also published the R(D*) measurement reconstructing the 7 in
T~ — u U,v, in Ref. [67] and using the three-prong hadronic decay channels 7— 37 (7°)v,

in Ref. [3] and in Ref. [3].

To experimentally extract R(D*), using the muonic decay of the 7, a fit on the three most
discriminating variables to distinguish muons coming from a 7 decay from muons coming
from semileptonic decays of D***) is used with templates extracted from simulation
samples to model the different background sources. The three variables are:

 EJ: the energy of the muon in the B centre-of-mass frame

2 .
miss®

e m the missing mass squared defined as (pf; — pf, — ph)?

« ¢*: the squared four momentum transferred to the 7 — v, system, (p

4In the following, the three charged pions coming from a tau will be labelled as 3.
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The results of the fit to the LHCb Runl dataset are shown in Fig. 2.6 as a function of
2 and E7, in bins of 7.

miss

m

The analysis of the measurement of R(D*) using the hadronic decay of the 7 will be
discussed in more details in Chap. 4.

The different measurements, their combination and the average of the current available
SM predictions is shown in Fig. 2.7. The average value of R(D) is estimated to be

R(D) = 0.407 + 0.039 + 0.024
and the one for R(D*) is

R(D*) = 0.306 &+ 0.013 £ 0.007

Both R(D) and R(D*) are above the SM expectation at the level of respectively 2.3
and 3.00. Combined, the discrepancy is at the level of 3.78 ¢ using the average of the
available SM predictions or 3.62 ¢ if only comparing at the SM prediction with the higher
uncertainty [55].

In addition to semitauonic measurements of B® or Bt decays involving either D or D*,
LHCb has also access to a wide range of hadronisation. The measurement of R(J/i))

defined as:
B(Bf — Jhpttu,)

B(Bf — Jhpptv,)

was also performed for the first time and published in Ref. [68]. The value of R(J/)) is
measured to be

R(JJ) = (2.22)

R(JM) = 0.714£0.17 £0.18

where the first uncertainty is statistical and the second is systematic. Its value is 2o
above the SM prediction, expected to be in the range [0.25, 0.28].

In addition to R(J/Y) and R(A.), presented in Chap. 5, other semileptonic modes are
investigated such decays of the A) baryon in excited A states or BY decays into D and
its excited states.

2.3 New Physics in semitauonic b-decays

To study NP effects in semitauonic decays in a model-independent way, the SM effective
Hamiltonian can be expanded with new operators as follows:

4G RV,
V2

+2 [ggéb + gpé%b} TPrv, + [gTEJ“”PLb] TOPrv: + h.c},

Hepp = { [%PLb + grcy, Prb + gRE’YuPRb} Y Py,

(2.23)
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Figure 2.6 — Fit results as a function of m;, ;.. and E}, in bins of ¢?. Figure taken from Ref. [67].
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Figure 2.7 — Current status of the combination of both R(D) and R(D*) measurements. Figure
taken from Ref. [1].

where g1, gr, 9s, gp and gr are NP contributions corresponding to vector and pseu-
dovector (g7, and gr)®, scalar (gg), pseudoscalar (gp) and tensor (gr) operators. The SM
effective Hamiltonian can be retrieved by setting all these coupling constants to zero.

Decay rates and ratios such as R(D), R(D*), R(A.) are computed with such Hamiltonian
extended with NP operators, see for instance Ref. [70] for B — D*7v, and Ref. [71] for
A — AT,

It is important to note that the different decays processes do not have the same sensitivity
for all coupling constants. The B— Drtv, is sensitive to the scalar coupling gg with no
sensitivity to the pseudoscalar one gp whereas the situation is the opposite for B— D*7v.,.

The analysis performed in Ref. [71] for the A) — AT77 7, process shows that constraints
from this mode on the NP couplings are complementary with the mesonic ones. Con-
straining the values of the R(D) and R(D*) observables to be within 3 o to their exper-
imental value and the B lifetime® by requiring B (B — 771,) to be less than 30%, the
computation of both R(A.) and R(A.)f"° defined as:

R(Ac)

A Ratio:
R( C) R(AC)SM

is performed with one coupling left free and the other set to zero. The results are shown
in Tab. 2.2 extracted from Ref. [71]. This shows how R(A.) can be both higher, up to
+58% in the only gr case, or lower, till —6% when only considering gg, than its SM
expectation depending on the NP coupling considered even after constraining both R(D)

®Some papers such as Ref. [69] use axial g4 = 1— gz, +gr and vector gy = gr, +gr coupling constants.
5The value of Tp+ adds a strong constraint on the parameter gp
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Coupling | R(A )y | RE4 | coupling value | R(AM ) | R | coupling value

AL pax AL in
gs only 0.405 1.217 0.363 0.314 0.942 —1.14
gp only 0.354 1.062 0.658 0.337 1.014 0.168
gr, only 0.495 1.486 | 0.094 + 0.5381 0.340 1.022 | —0.070 4+ 0.395¢
gr only 0.525 1.576 | 0.085 4 0.793¢ 0.336 1.009 —0.012
gr only 0.526 1.581 0.428 0.338 1.015 —0.005

Table 2.2 — The maximum and minimum values of R(A.) and R(A.)f allowed by the mesonic
constraints for each NP coupling constant with the corresponding values of the coupling con-
stants. Table extracted from Ref. [71].

and R(D*). This works strongly motivates the measurement of R(A.) as it adds new
constraints on the possible NP scenarios.

In addition to R(A.), other variables are proposed such as the forward-backward asym-
metry defined as:

B fol(dQF/dqzd cosf;) dcosf, — ffl(dQF/dqzd cosf,) dcosb,
B dl’/dq? ’

Arg(q®) (2.24)

A study of R(D*) or R(A.) in bins of ¢* would also be beneficial as the shape of the ¢*
distribution can be modified by NP contributions.

In Ref. [70], an in depth study of the angular analysis of B— D®*) (v is performed adding
new variables sensitive to NP contributions. Assuming NP contributions only with the
7, the extraction of these angular variables from the analysis of the B — D® 71y would
help to distinguish between the different NP models available.

In addition to the study of model-independent NP contributions, several models are
proposed to add new couplings to the 7 lepton. For instance, an extended Higgs sector
with a charged Higgs is a good candidate as the coupling to the lepton is proportional to
the mass of the lepton. The effect of a H* boson in semitauonic B decays was first studied
in Ref. [72]. The Two-Higgs double model (2HDM) of type II was highly disfavoured by
the BaBar measurement of R(D) and R(D*) [62] but other models with a charged Higgs
can still be considered.

Other models, such as Leptoquarks or W', are also studied as they could give a com-
prehensive picture for both b— s¢™¢~ and b— crv, transitions. As the former process
happen at the loop level whereas the latter are tree level decays, it is not obvious that
the scale of New Physics is the same in both cases. Examples of potential new diagrams
are shown in Fig. 2.8.

In Ref. [71], several leptoquark models are studied. Depending on the quantum numbers
of the leptoquark considered, the expected value of R(A.) could be 20% to 80% higher
than the SM one which indicates a good sensitivity of the R(A.) in this context.

A W' [73] model would for instance add a tree level diagram for the b— s¢*¢~ with a Z’
boson and a tree level diagram with a W' for b— ¢rv, with non-universal couplings to
leptons.
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Figure 2.8 — Examples of potential new NP contributions with W'~/H~ (a) and Leptoquark
(b) diagrams.

These new particles, whether they are charged Higgs, new W' /Z  bosons or Leptoquarks
are also searched for in direct searches of NP in both ATLAS and CMS experiments.
For the time being and with the current datasets, there is no evidence of such particles
and the parameters space of these models is decreasing as new exclusion limits are set.
The ATLAS Runl data has been studied for the process gb — H*(— tb)t with no excess
found. A search for high-mass resonances decaying to Tv, is also performed in Ref. [74]
and a W' boson with a mass lower than 3.7 TeV is excluded.
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The LHCDb detector
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Data used in the analyses presented in Chap. 4 and Chap. 5 were collected by the LHCb
detector, one of the main experiments installed along the Large Hadron Collider (LHC)
at CERN. This chapter aims at introducing the LHC and the main elements of the LHCb
detector, its trigger system and the software framework used to handle the data collected.

3.1 The LHC

The CERN (European Organisation for Nuclear Research) is a vast laboratory located
on both sides of the border between France and Switzerland, near Geneva. The Large
Hadron Collider (LHC) is the main accelerator of the CERN accelerator complex, and the
world largest proton accelerator and collider. It is build in a tunnel located at 100 meters
below the surface with a circumference of 27 kilometres. This tunnel was carved from
1985 to 1988 to build the Large Electron Positron Collider (LEP) which was operated
from 1989 to 2000.

Both heavy ion (especially Pb ions) and proton beams can be accelerated by the LHC.
Only proton beams will be described in the following although both proton-lead and
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lead-lead collisions can be recorded which allows the study of many QCD processes such
as the quark-gluon plasma.

In order to accelerate protons, a chain of smaller accelerators is used, as shown in Fig. 3.1.
Atoms of a bottle of hydrogen are first excited to eject the electrons and obtaining protons
which are then injected in a linear accelerator (LINAC2) which accelerates protons to
50 MeV and create a bunched beam: instead of a continuous stream of protons, protons
are packed in bunches. The proton beam is then further accelerated by three circular
accelerators, the BOOSTER up to 1.4 GeV, the Proton Synchrotron (PS) with a maximal
energy of 25 GeV and the Super Proton Synchrotron (SPS) finally accelerates the beam
to 450 GeV. The beam is then injected in the LHC clockwise and counter-clockwise.

....... %, North Area
¥ p

ALICE LHC-b

Towards
Gran Sasso

AD

ISOLDE East Area

‘/n.mF LINAC 27

Pt H
/’:’ :‘&.::"
LINAC 3 AD Antiproton Decelerator
PS Proton Synchrotron n-TOF Neutron Time Of Flight
» protons antiprotons SPS  Super Proton Synchrotron CNGS CERN Neutrinos Gran Sasso
ions p electrons LHC Large Hadron Collider CTF3 CLIC TestFacility 3

neutrons » neutrinos

Figure 3.1 — The CERN accelerator complex.

To accelerate the protons, the LHC contains 16 Radiofrequency (RF) cavities which allow
to accelerate proton beams up to 6.5 TeV. To keep the beam on its circular orbit, 1232
superconductive dipole magnets made of a niobium-titanium alloy are placed along the
accelerator. Using a helium cooling system, these dipoles are kept at a temperature of
1.9 K and provide a powerful 8.3 T magnetic field. In addition to the dipole magnets
required for the bending of particles, 392 quadrupole magnets are also placed in the LHC
to provide stabilisation and focus to the beams.

The two beams of the LHC cross each other in 4 different locations along the ring called
Interaction Points (IPs) where the collision occurs. Bunches of ~ 10™ protons cross each
other at a frequency of 40 MHz. Each of the 4 main experiments — ALICE, ATLAS, CMS
and LHCDb — is installed at one of these points.

The complete list of detectors along the LHC is as follows:

o ALICE [75]: the purpose of this detector is the study of heavy ion collisions using
both a Time Projecting Chamber (TPC) and a forward spectrometer.

o4



3.2. THE LHCB DETECTOR

o ATLAS [76] and CMS [77] : the two general purpose experiments of the LHC
build to search for the Higgs boson, which they discovered in 2012 as shown in [31]
and [32]. These two experiments are also looking for direct signals of phenomena
beyond the Standard Models and put limits on several New Physics models as cited
in [78] or [79] in addition to precise measurements of the SM.

« LHCb [80]: A single-arm forward spectrometer focusing on Flavour Physics. Its
various sub-detectors are shown in Fig. 3.5 and it will be described thoroughly in
the next section.

o LHCS [81]: This experiment is dedicated to study the particle production relevant
for cosmic rays physics and will help to construct better modelisation of such pro-
cesses. A recent overview of the measurements achieved by this experiment is shown
in [82].

« TOTEM [83]: This detector was built to measure elastic, inelastic and total proton-
proton cross sections. More information can be found in [34].

« MoEDAL [85]: An experiment located close to the LHCb detector dedicated to
the search for the magnetic monopole and other phenomena beyond the Standard
Model. Using data collected in 2015 and 2016, this experiment puts the most
stringent limits on the existence of magnetic monopole [36].

In the following of this chapter, I will focus on the specificities of the LHCb detector.

3.2 The LHCDb detector

The LHCb detector is a single-arm forward spectrometer purposely built for precise mea-
surements in flavour physics. The core physics program of LHCb consists in precise
measurements of the CKM matrix and its Unitary Triangle, such as the v angle, the
study of potential CP-violation in processes involving hadrons containing either b or c
quarks and precise measurements of Standard Model processes hunting for any deviation
with the SM expectations which could indicate the presence of New Physics contributions.

Compared to both ATLAS and CMS which have an angular coverage close to 47 steradi-
ans and run at the nominal luminosity provided by the LHC (10** cm™2s™!), LHCb was
designed with different purposes. The angular coverage of the LHCb detector is indeed
10 to 300 (250) mrad in the bending (non-bending) plane. Using the pseudorapidity 7,
defined as = — In[tan(£)] with 6 being the angle between a particle momentum and the
beam axis, this angular coverage is equivalent to a region 2 < n < 5. The geometry of
the detector was chosen as simulation studies pointed that at high energies, bb pairs are
mainly produced in two backward and forward narrow cones around the collision point
as shown in Fig. 3.2.

In addition to its particular acceptance, the detector also operates at a constant lumi-
nosity two orders of magnitude lower than the nominal one by adjusting the transversal
beam overlap, as illustrated in Fig. 3.3. At this luminosity value, the average number of
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Figure 3.2 — Polar angles of b and b correlations in proton-proton collisions obtained from a
PYTHIA simulation at a centre-of-mass energy of 8 TeV. The LHCb acceptance is shown in red.

interactions per bunch crossing (also referred as pile-up) is close to 1 1.

This particular luminosity tune with a low number of pile-up is required to keep the
detector performances optimal as a B vertex has to be associated unambiguously to a
primary vertex. Algorithms used both in the reconstruction and in the data processing
take also advantage of this low number of primary vertices.

The integrated luminosity is presented in Fig. 3.4, the datasets collected in 2011 and 2012
are also known as the Runl dataset and is used in both Chapters 4 and 5. Data collected
from 2015 to 2018 form the Run2 dataset.

The system of coordinates used to describe the detector can be summarised as:
« the interaction is taken as the origin

o the z-axis and y-axis are perpendicular and pointing respectively from the inter-
action point to the outside of the LHC ring and upwards with a tilt of 3.601 mrad
with respect to the vertical axis.

o the z-axis is supported by the beam direction directed from the interaction point
to the LHCb detector.

This definition gives a right-handed Cartesian system of coordinates. To compute the
transverse kinematical variables such as E7 or pr, the transverse plane is defined as the

(x-y) plane.

L As a reference, pile-up in ATLAS or CMS is above 20.
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Figure 3.3 — Instantaneous luminosity in ATLAS, CMS and LHCb detectors during LHC fill
2651. The luminosity is kept stable in the LHCb detector by adjusting the transversal beam

overlap. Figure taken from [87]
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Concerning the bending of the trajectories of charged particles, the magnet is such that
the bending plane is the (x-z) plane and the non-bending plane is the (y-z) one, which is
used to show the LHCb detector in Fig. 3.5.
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3.2.1 Tracking

A tracking system is designed to reconstruct the tracks of particles from hits collected by
various detectors. Using a magnet to bend the charged particles trajectories, it is also
possible to access the momentum of these particles. In LHCDb, the tracking is performed
by the VErtex LOcator (VELO) surrounding the interaction point where the two beams
are crossing and tracking stations place upstream (TT) and downstream (T1, T2 and
T3) of the magnet.

3.2.1.1 The Vertex Locator

Surrounding the interaction point, the VELO aims to provide precise location of primary
vertices (PV). Excellent performances on the spatial resolution of the PV position are
crucial for a wide range of analyses from the measurement of CP parameters to lifetime
measurements of B and D hadrons and also for computations performed by the HLT sys-
tem. The event topology cut used in the semitauonic analyses discussed in this document
would also not be possible without the excellent performances of the VELO detector.

The VELO is composed of silicon sensors placed along the beam pipe as shown in Fig. 3.6.
During data taking, the sensors are positioned only at 8 mm from the beam centre which
is smaller than the beam radius during injection. To prevent the detector to be damaged,
the VELO is built in two disjoint halves that can remained in an open position during
the beam injection. As soon as the beam is stable, the two halves switch to the closed
position. The modules on the two halves are not aligned, a 1.5 cm displacement is set in
order to allow the two halves to overlap in closed position and ensuring full azimuthal
coverage. The two VELO positions are described at the bottom of Fig. 3.6.

Each of the two halves of the detector contains 21 stations made of both a R-sensor and a
¢-sensor to measure respectively the radial distance to the beam axis and the azimuthal
coordinate of the trajectory of a charged particle. The position of the module along the
beam line is taken as the value of the third coordinate.

Two additional modules, referred as ‘VETO system’ in Fig. 3.6, are also present upstream
of the interaction point to detect particles moving backwards from the LHCb detector.
The number of such tracks, is used in the hardware trigger to reject events with too many
multiple interactions. Both types of sensors are made of 2,048 silicon strips each, their
layout is shown in Fig. 3.7. Their external radius is 42 mm and the internal one is 8 mm.
For R-modules, the strips are divided in 45 quadrants and are concentric with an inner
pitch of 38 um and growing linearly with the radius up to a pitch size of 102 um at the
outer edge. ¢-sensors are made of straight strips divided in inner and outer region of the
sensor with a pitch size between 36 pm and 97 um. The distance between two stations is
set to ensure that each particle will pass through at least three stations.

The VELO is placed in a vacuum container protected from beam radiation by an RF
Aluminium foil, which also reduces RF interferences.

The performances of the VELO concerning the primary vertex spatial resolution are
shown in Fig. 3.8 for 2012 data as a function of the number of tracks used to reconstruct
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Figure 3.6 — Overview of the VELO detector. The positions of the silicon sensors are shown
in the (x,y) plane at y = 0 and the two schemes at the bottom present the ‘open’ and ‘closed’
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Figure 3.7 — Layouts of R-type and ¢ type sensors.
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the PV. Similar performances were achieved for events containing two or three PVs and
during 2011 data taking.
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Figure 3.8 — Primary vertex resolution for 2012 data along = and y axes (left) and z axis (right)
as a function of the number of tracks used to reconstruct the PV for events containing a single
PV.

3.2.1.2 The Magnet

The LHCb detector uses a warm dipole magnet with the layout shown in Fig. 3.9 to
bend the charged particles in the (z-z) plane to measure their momentum. The magnet
integrated magnetic field is approximately 4Tm. It is made of two identical coils of conical
saddle shape placed mirror-symmetrically to each other in the magnet yoke.

The non-uniformity of the magnetic field was measured to be about 1%. The left-right
systematic uncertainties due to these detector non-uniformities are kept under control
by reversing often the polarity of the field during data taking. Each year of data taking
consists then of two roughly equal size datasets labelled as ‘MagUp’ and ‘MagDown’ to
both study and reduce potential asymmetries which could lead to systematic uncertainties
in analyses.

3.2.1.3 Tracking stations

Tracking stations are based on two different technologies, silicon strip based detectors
fast enough for its information to be processed by the trigger system and well-suited for
high occupancy areas and drift tubes in region with lower occupancy to cover the full
angular acceptance.
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Figure 3.9 — Layout of the LHCb magnet.

Tracker Turicensis and Inner Tracker

The Tracker Turicensis (TT), or Trigger Tracker, is with the Inner Tracker the two com-
ponents of the Silicon Tracker (ST).

The TT is composed of two stations (TTa and T'Tb) placed after the RICH1 and upstream
of the dipole magnet. Each station is made of two layers of silicon strip sensors and the
two stations have a gap of 27 cm between them. The four stations composing the TT are
tilted respectively by 0, 5, —5 and 0 along the z-axis. This configuration is referred as an
xr —u — v — x configuration as both the first and the last stations provide a measurement
along the x-axis whereas the combination of measurements in the second and the third
stations gives the position of the track with respect to the y-axis.

Each sensor, the rectangles in Fig. 3.10a, of the TT is 9.44cm high and 9.64 cm wide
with a thickness of 500 um. Assembled, they cover a surface of 8.4m? in the (z —y) plane
making the TT 150 cm wide and 130 cm high to have a full coverage of the acceptance.
Due to the pitch size of 183 um for each silicon strip, the detector is able to achieve a hit
resolution of ~ 50 um with a hit efficiency well above 99%.

The Inner Tracker is placed downstream of the dipole magnet covering the inner region,
where the highest occupancy is expected, of each of the three stations, T1, T2 and T3.
As the TT, sensors of the IT are also arranged in the (z —u —v — ) configuration in each
station with a width of 7.6 cm, a height of 11.0 cm and a thickness of 320 um or 410 pm.

The sensors are grouped in four boxes displaced in a cross-shaped pattern around the
beam pipe with overlap between them to ensure both full coverage and easier alignment.

Both TT and IT are placed in opaque boxes and also thermally and electrically insulated.
To both reduce radiation damages and keep a low noise rate, boxes are equipped with a
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Figure 3.10 — The two components of the Silicon Tracker, including the TT (a) and IT (b).

cooling system maintaining each of the detectors at a temperature of 5°C.

Outer Tracker

The Outer Tracker (OT), shown in Fig. 3.11, covers the outermost region of each of the T1,
T2 and T3 tracking stations to complete the I'T and achieve full angular coverage. As for
the IT, the three stations of the OT are composed of layers arranged in the (r —u—v —x)
configuration. Instead of silicon strips, each station is composed of two staggered layers
of drift tubes. Each tube has an inner (outer) diameter of 4.9 mm (5.0 mm) and is filled
with a gas mixture of Argon (70%), CO, (28.5%) and Og (1.5%) to have a drift time less
than 50 ns and a spatial resolution of 200 pum.

Tracking performances

Tracks leaving hits in both the VELO and tracking stations give the best performances in
terms of momentum resolution. Such tracks are referred as ‘long tracks’ and are the most
used for physics analyses, including the semitauonic analyses discussed in this document.
In addition to this type of tracks, several other categories can be defined as shown in
Fig. 3.12 with ‘downstream tracks’ leaving no hits in the VELO, which are very useful
for the reconstruction of long-lived particles such as K2 and A.

Tracking performances were measured in [87] for the data taking period between 2010
and 2012. The momentum resolution is measured to be ~ 0.4% at 5 GeV/c up to 0.6%
at 100 GeV/c as shown in Fig. 3.13a and the track reconstruction efficiency, shown in
Fig. 3.13b, is above 96% in both 2011 and 2012 data taking periods.
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Figure 3.11 — Tracking stations of the LHCb detector. Both TT and IT are coloured in violet
and the OT is shown in cyan.
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Figure 3.12 — Scheme of the different types of tracks in the LHCb detector.
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Figure 3.13 — Relative momentum resolution for long tracks (a) and tracking efficiency (b) as a
function of the momentum.

3.2.2 Particle identification

Excellent particle identification (PID) performances are required by numerous analyses
in the LHCD collaboration. PID performances rely on the use of the two RICH detectors,
the two calorimeters and the muon chambers. The main features of these detectors are
reported in this section and the description of the PID variables used in analyses are also
discussed.

3.2.2.1 The RICH detectors

The two RICH detectors, for Ring Imaging CHerenkov, both rely on the Cherenkov effect.
A particle propagating through a material, referred in the following as a radiator with a
refractive index n, faster than the speed of light in this medium emits photons in a cone
of aperture 6 around its direction of propagation. The value of # is directly related to
the velocity of the particle (8 = v/c) through the formula:

1
cosf = e (3.1)

As the tracking system provides the momentum estimation, the measurement of 6 gives
access to the velocity of the particle and thus to its mass. The indication of the mass
of the particle is then enough to identify it. This allows to distinguish pions from kaons
with excellent performances throughout the whole momentum range of B and D mesons,
typically from 1GeV/c to 100 GeV/e.

To cover this momentum range, two RICH detectors are installed and filled with two
different type of radiators. The RICH1 detector is placed upstream of the magnet between
the VELO and the TT and is filled with C4;F1y? to cover the momentum range between

2During Runl, a layer of silica aerogel was also placed in the RICH1 targeting specifically the particles
with lowest momentum. It was removed before Run2 due to its limited performances and to permit the
same reconstruction both online and offline.
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1 GeV to 60 GeV/e.

The RICH2 detector, located after the tracking stations, is filled with CF4 to cover
the momentum range from 15GeV/c up to more than 100GeV/c and contrary to
the RICH1 detector covering the full angular acceptance, the RICH2 only covers the
12mrad — 120(100) mrad range in the bending (non-bending) plane corresponding to the
acceptance of the high-py tracks. The side view of each detector is shown in Fig. 3.14.
The momentum coverage of both detectors is shown in Fig. 3.15 with an example of a
RICH1 event display.

To limit the material budget, the two detectors are equipped of a mirror system guiding
the light outside of the LHCb acceptance to be collected by Hybrid Photon Detectors
(HPDs). As particles are travelling through the RICH1 mirrors, they are made of carbon
fibre reinforced with polymer (CFRP) whereas RICH2 mirrors are made of glass as it is
located downstream of the tracking system.

To limit the noise coming from the magnetic field, HPDs are placed in iron boxes to
provide magnetic shielding.

Photon

Magnetic Detectors

Shield

250 M

- Spherical

Aerogel
Mirror

Central tube

.. Beam pipe

I\
Sy s Hr p——H . .
J\ Spherical mirror
vELO — > Track
exit window
\Carbon Fiber
Exit Window Flat mirror

Plane
Mirror

N—p Quartz plane
2H Magnetic shielding

0 100 200 z (cm)
(a) (b)
Figure 3.14 — Schematic side views of RICH1 (a) and RICH2 (b) detectors.

3.2.2.2 Calorimeter system

The Calorimeter system provides several important information:
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Figure 3.15 — Typical RICH1 event display with the photon rings is presented in (a) and the
momentum coverage of both C4F19 (RICH1) and CF4 (RICH2) is shown in (b).

o Identification of e*, v and 7° particles and the measurement of their energy and
position

o Provide additional PID information for charged hadrons
 fast measurement of F7 to be used by the hardware trigger

The Calorimeter system is composed in increasing of a Scintillator Pad Detector (SPD),
a Preshower (PS), an electromagnetic calorimeter (ECAL) and a hadronic one (HCAL).
The geometry of each sub-system is such than the whole angular acceptance is covered
by the calorimeter system.

An illustration of the segmentation of the calorimeter system is shown in Fig. 3.17. In
addition, the typical shower profile for both electrons, photons and charged hadronic
particles used for particle identification is also presented. Charged particles deposit some
energy in the SPD and electromagnetic showers are initiated in the lead layer placed
between SPD and PS detectors. The full electromagnetic development happens in the
ECAL and hadronic showers mostly develop in the HCAL, with a potential initial energy
deposit located at the end of the ECAL.

As the expected particle flux varies by two orders of magnitude between the region sur-
rounding the beam pipe and the outermost region, different segmentation schemes were
engineered. They are both presented in Fig. 3.16. Both SPD, PS and ECAL detectors
are divided in three inner, middle and outer regions whereas the HCAL is only divided in
two inner and outer regions. To have the best shower separation in the high occupancy
region, the width of a cell of the inner section (40.4 mm) is very comparable to the Moliere
radius of the ECAL (~ 36 mm).

SPD and PS
Both SPD and PS are two 15mm thick scintillator pads spaced from one another by
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Figure 3.16 — Segmentations used for SPD, PS and ECAL detectors (a) and the one used for
the HCAL detector (b).
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Figure 3.17 — Schematic side view of the different sub-detectors of the LHCb calorimeter system.
Typical electromagnetic and hadronic showers are displayed.

69



CHAPTER 3. THE LHCB DETECTOR

56 mm, with an active surface 7.6m wide and 6.2m high. A layer of lead material is
placed in between the two detectors.

This lead layer is equivalent to 2.5 Xy and ~ 0.06A;, Xy and A\; being respectively the
electromagnetic and hadronic interaction lengths.

In such configuration, electromagnetic showers of photons and electrons are initiated
in the lead layer while hadronic showers will be initiated downstream of the ECAL.
These particles created in showers will then initiate scintillating light in the plastic layers
collected by wavelength-shifting (WLS) fibres. This light is then transmitted and collected
by photomultiplier tubes (PMT).

The SPD is used to distinguish electrons from photons as the latter don’t create energy
deposit upstream of the lead layer. The number of hits on the surface of the SPD,
shortened as nSPDHits, is also a measurement of the charged particles multiplicity in
an event. As the multiplicity is hard to model in simulation, nSPDHits is used in both
analyses described in Chapters 4 and 5 to reweight simulation samples.

The combination of electromagnetic measurement in both SPD and ECAL provides a
longitudinal segmentation used to distinguish electromagnetic showers from interactions
of charged pions with the calorimeter material.

ECAL and HCAL

Both ECAL and HCAL are made of alternatively assembled layer of plastic scintillator
and absorber. The ECAL uses lead as absorber while iron layers are used in the HCAL.

The ECAL is placed at 12.5 m of the interaction point and is 7.8 m wide and 6.3 m high to
cover fully covering the LHCb angular acceptance. This sampling calorimeter is composed
alternatively of layers of scintillating plastic and lead tiles crossed by WLS fibres. The
layout of an ECAL cell is shown in Fig. 3.18a, with its 66 lead layers 2m mm thick and
the 67 layers of 4 mm thick plastic scintillator. This ensemble of layers is equivalent to
~ 25Xy, to fully contain the electromagnetic showers created by high energy electrons
and photons.

The HCAL is located downstream of the ECAL at 13.3m from the interaction point and
its dimensions are 8.4m x 6.8m. It is also a sampling calorimeter made of scintillating
tiles parallel to the beam axis with iron as absorber in between two scintillator layers as
shown in Fig. 3.18b. Due to space limitations and the limited resolution required, this
design only covers 5.6;.

The HCAL can be self-calibrated as it embeds a 37C's v source that can travel within
steel tube placed at the centre of all tiles. This system is used to measure the ageing of
the detector and tune the gains to keep a constant trigger rate. The calibration of the
ECAL relies on 7% — ~v decays with calibration constants for each cells of the ECAL
tuned by performing fits to the invariant 7 mass distribution.
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Figure 3.18 — Layout of both inner electromagnetic (a) and hadronic (b) cells.

The resolution of a calorimeter can be described by the formula:

a C
- L obhe — 2
5 \/F@ EBE (3.2)

The first, second and third terms are referred as stochastic, constant and noise terms
which are respectively related to the fluctuation of the light collection of a shower, the
non uniformity of the calorimeter and the electric noise.

ECAL and HCAL were designed to reach a design resolution of:

okCAL _10%

E VE

& 1% (3.3)

HCAL
%5 5% oy, (3.4)

E VE

These resolutions are required for the calorimeter information to be used at the trigger
level.

Using test beams [38], the ECAL energy resolution was measured to be:

ECAL
op " _ (94£029% (0.83 +0.02)% (3.5)

E VE

The HCAL resolution was also determined in [389] to be:

oHCAL (69 £ 5)%
= — 942 3.6
- —— & (9+2)% (3.6)
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3.2.2.3 The Muon system

The Muon system is designed to both identify muons for offline analyses and trigger on
high-py muons.

To do so, it is composed of five stations, M1, located in between the RICH2 and ECAL
detectors, and M2 to M5, placed at the downstream end of the LHCb detector, covering
the full angular acceptance. Particles are identified as muons if they leave one hit per
station and the positions of the hits are used to measure its pr.

To only allow muons to propagate through all of the stations, M2-M5 chambers are
also separated by iron absorbers 80 cm thick. Including the calorimeter system the total
interaction length is 20\;, meaning that most muons are contained by this system as
they need to have an momentum above 6 GeV/c to cross all the stations. The whole muon
system with its iron absorbers along the z-axis is shown in Fig. 3.19b.

These stations are each arranged in four quadrants, each one is composed of 4 regions
(R1-R4) of increasing granularity. The layout of a quadrant is presented in Fig. 3.19a
with the disposition of the different regions also shown.

All regions are made of multi-wire proportional chambers (MWPC) except for the inner
region of the M1 stations (R1) where triple Gas Electron Multiplier (GEM) are installed
to cope with the higher particle flux causing a faster ageing. Both GEM detectors and
MWPC are filled with a gas mixture composed of Ar/COy/CF, and the proportions are
set to gather the information in a 20 ns time window to be able to use it in the hardware
trigger system.

M1R2 1

e
= e e e

M1R3

| ol |- peiw o1

M1R4

/
e
i mikl

O\ R1l R2 |<«—R3 — R4 x YL,Z
(a) (b)

Figure 3.19 — The 4 regions of a muon quadrant with the different granularity (a) and the side
view on the muon system (b).
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3.2.2.4 PID variables and performances

Information gathered by the tracking system, the two RICH detectors, the calorime-
ter system and the muons chambers are combined by dedicated algorithm to provide a
particle hypothesis for a given track.

The hadron identification relies on the calorimeter system as shown in Fig. 3.17, and
is further refined to separate between m and K using the two RICH detectors. ~/e*
separation uses the combination information provided by SPD, PS and ECAL detectors
and p are selected using the muons stations, the RICH information is also used to identify
electrons and muons.

Two different methods are used to provide particle identification variables in offline anal-
yses, a likelihood-based technique and another using a Machine Learning algorithm.

The likelihood of each sub-system, measuring the probability of a given track to be iden-
tified as particle h according to this sub-system, are combined according to the following
formula:

L(h) = LCH(h) x £LO4C(non e) x LMVON (non p) (3.7)

where L£4L0(non e) and £LMYON(non i) are respectively the likelihood given by the
calorimeter system for a given track to not be identified as an electron, and the likelihood
provided by the muon system for the track to be discarded as a muon.

To compare particle hypotheses to the 7 one, the difference of the log-likelihood are
computed as follows:
L(h)

PIDh =1InL(h) —InL(7) = In ) (3.8)

where h stands for either p, K, 7, e or y hypotheses.

The LHCb PID performances for the Runl data taking period are excellent with for
instance, PIDK > 0 giving an average K efficiency (K — K) of 95% and a 7 misidenti-
fication (7 — K) of 5%.

A Neural Network (NN) algorithm is also used to further optimise particle identification
performances. The PID information is combined in such algorithm and trained sepa-
rately for each type of particle to be identified with simulation samples. The output
of each Neural Network, called ProbNN, is a probability of a given track to be iden-
tified as the particle associated with this particular Neural Network. There are then
ProbNN(K| e, 7, p, i, ghost) variables to be used in offline analyses.

Such variables are able to take into account correlations between different PIDA variables
and the different sub-detectors resulting in better performances than PIDA as illustrated
in Fig. 3.21 for both p and p.
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Figure 3.20 — PID performances for Kaons during 2012 data taking. K efficiency (K — K) and
7 misidentification (7 — ) for two different PIDK selection, PIDK > 0 with open markers and
PIDK > 5 with filled ones. Figure taken from [87].
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w. Figure taken from [37].
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3.3 The LHCD trigger

With a bunch crossing frequency of 40 MHz at the LHC, the rate of bunch crossings
containing visible interactions in the LHCb detector is 10 MHz, which is too high to store
everything for offline analyses. In addition, at a luminosity of 2 x 1032 cm 25713, 100 kHz
of bb pairs are expected with only 15% of them with at least one B hadron with all decay
products within the LHCb acceptance.

A trigger system was then designed to reduce the event rate to 5kHz to be written on
storage and to select specifically events containing b or ¢ hadrons and reject events only
containing light flavoured hadrons.

The LHCD trigger system is divided in two levels, a hardware trigger, referred as Level-0
(LO), and a software based one called High Level Trigger (HLT). The Runl trigger system
can be seen in Fig. 3.22a.

The LO trigger is designed to select high-py or high- Fr candidates using the information
provided by the VELO pile-up system, the calorimeter and the muon system. Its fast
electronics is able to process these information at 40 MHz and reduces the event rate to
1 MHz.

A frequency of 1 MHz is low enough for the whole detector can be read-out and this
information is then used by the HLT. The HLT is a software running on the Event
Filter Farm (EFF), using the whole detector information in its reconstruction algorithm
executed asynchronously. In 2012, 20% of the events accepted by the L0 trigger were
deferred to disk to be processed by the HLT in between LHC fills. With such strategy,
the EFF resources were used in a more efficient way.

It has to be noted that during Runl, the reconstruction performed in the HLT was dif-
ferent from the offline one as no real-time calibration or alignment information were used
in the trigger reconstruction and some simplifications were made to the reconstruction
algorithms to fulfil the timing constraints.

A great achievement for the Run2 data taking was the implementation of real-time align-
ment and calibration during data taking. This leads to reconstructed events stored after
the trigger to be much closer to offline ones. The Run2 trigger scheme with the real-time
calibration of the detector is shown in Fig. 3.22b. The output rate of the trigger is also
higher than in Runl due to an increase of the available CPU and storage resources.

3.3.1 LO trigger

Dedicated fast read-out electronics in the VELO pile-up, calorimeter and muon stations
allows to process the LO trigger at the same 40 MHz rate as the bunch crossings. To
preferentially select b or ¢ candidates, the LO system relies on the fact that heavy flavoured
hadrons have higher masses than light ones hence their decay products have on average,

3During Runl, the nominal luminosity was 4 x 1032 cm 257!
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Figure 3.22 — Schematic view of the LHCb trigger for Runl (a) and Run2 (b).
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higher transverse momentum (pr) and energy (E7). The L0 trigger relies on three units:
LO-Calorimeter, LO-Muon and LO-PileUp.

The LO-Calorimeter collects information from SPD, PS, ECAL and HCAl. Er clusters
composed of 2 x 2 cells are computed to create LOHadron, LOElectron and LOPhoton
candidates. A LOHadron candidate corresponds to the highest HCAL Er cluster taking
into account the energy deposit in the corresponding ECAL cluster. To create a LOPhoton
candidate, one needs to select the highest Er cluster in the ECAL with 1 or 2 hits in
the corresponding region of the PS and no hit in the cells of the same region of the
SPD. LOElectron candidates are based on the same logic than the one for LOPhoton
ones except that at least one hit in the corresponding cell of the SPD is required. A cut
on the number of hits in the SPD is also set to remove events with multiplicity too high
to be further processed by the HLT in a reasonable time.

The event is then triggered if the F7 of the candidate is higher than a particular threshold.
All thresholds, for both L0 and HLT, discussed in this section are stored in the Trigger
Configuration Key (TCK), which is preloaded before each LHC fill. Typical values of the
L0 thresholds during Runl are given in Tab. 3.1.

The LOMuon system tracks the two highest pr in each quadrant of the muon stations.
The eight candidates are then compared to both the single highest py threshold or the
two highest pr candidates one to either create LOMuon or LODiMuon candidates.

The LO-PileUp system is used to reject events with multiple interactions and provides a
luminosity measurement using the four most upstream sensors of the VELO as described
in Sec. 3.2.1.1.

The L0 Decision Unit (DU) finally proceeds to the combination of the information pro-
vided by the three sub-systems as a logical OR to create the global L0 trigger decision.
The time window for the L0 system between the p collision and the delivery of its deci-
sion is set to 4 us taking into account the delays coming from both electronics and cable
transmission and the time needed by the particles to travel through the whole detector.

LO decision line pr or Erp SPD multiplicity
2011 2012 2011 and 2012
LOMuon 1.48 GeV/c 1.76 GeV/c 600
LODiMuon pr, X pr, (1.30GeV/c)?  (1.60 GeV/c)? 900
LOHadron 3.50 GeV 3.70 GeV 600
LOElectron 2.50 GeV 3.00 GeV 600
LOPhoton 2.50 GeV 3.00 GeV 600

Table 3.1 — Typical LO cuts used in Runl. The table is adapted from [37].

3.3.2 High Level Trigger

As the HLT is a software-based trigger running on the EFF, it is highly flexible, which is
important to cope with the experiment needs and the analysis algorithms development.
If in theory the full reconstruction could be run in the HLT, due to the limited resources
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available in the EFF, it is using first a partial reconstruction to better optimise the event
rejection and keep the processing of an event in the HLT within ~ 30 ms

HLT1

The HLT is divided in two stages, the first one, referred as HLT1, is only using a partial
reconstruction of an event. VELO tracks are reconstructed and primary vertices are
identified. The reconstruction of the tracks is only using VELO tracks with either a high
impact parameter (IP)* or be associated with a muon track. Several HLT1 dedicated
selections, called HIt1 lines, are running to match the analyses criteria.

For instance semitauonic analyses discussed in Chap. 4 and Chap. 5 both rely on the
H1t1TrackAl1LO line. This Hlt1 line is looking for at least one track with an IP higher
than 0.1 mm with respect to each PV and a pr higher than 1.6 GeV/c.

The HLT1 system is able to reduce the 1 MHz rate taken as an input from the L0 to
~ 80 kHz which is low enough to perform a full event reconstruction in the second stage
of the HLT, the HLT2 system.

HLT2
A complete event reconstruction is performed at the HLT2 level and both exclusive decays
modes and inclusive ones are selected and stored.

For instance, the events used in the R(A.) analysis described in Chap. 5 are either selected
by an exclusive line dedicated to B — Dhhh events, where h stands for either 7 or K,
an inclusive line searching for a AT decay in the event or topological lines reconstructing
a B hadron decay in two, three or four charged particles.

These topological trigger lines, H1t2Topo(2,3,4)BodyBBDT, are using Bonsai Boosted
Decision Trees (BBDT), to trigger on partially reconstructed b hadron decays. Details
on its implementation can be found in [90] and [91]. The list of all HIt2 lines used during
Runl data taking is also detailed in [92].

During Run2, the EFF resources increased with an output rate of 12.5kHz instead of
5kHz during Runl and a time window of 650 ms to process the Hlt2 trigger step instead
of 150 ms. These additional resources allowed the implementation of both calibration and
alignment of the different sub-detectors within the HLT trigger reducing the differences
between online and offline reconstruction. Physics measurements were even made possible
taking directly the trigger output, thanks to the ‘turbo stream’ described in [93], which
was a real gain for charm physics measurements.

3.3.3 Trigger categories

Events selected by the trigger system can be classified in two non-mutually exclusive
categories:

4The Impact Parameter of a track with respect to a vertex is the shortest distance between the two.
A track with a high TP with respect to the primary vertices is likely to come from a B decay.
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o TOS: Trigger On Signal, at least one of the objects composing the signal candidate
was used in the trigger decision

o TIS: Trigger Independent of Signal, the trigger decision rely on objects not associ-
ated with the signal candidate

Events belonging to both categories, referred as TIS & TOS, can be used to assess the
trigger efficiency of the offline selection candidates only relying on data samples as de-
scribed in [94].

If the number of TIS, TOS and TIS & TOS events are labelled N795, NT15 and NTI5TOS
one can then define the TIS and TOS trigger efficiencies as follows:

NTISTOS
TIS _ 3 9)
€ NTOS (3.
NTISTOS
ETOS = W (310)

These efficiencies are discussed in more details in Sec. 5.6.

3.4 The LHCDb software

The LHCb software relies on a general C++ framework called Gaudi [95] which every
application uses. Raw data are processed using the Moore application which runs the HLT
application and the full offline reconstruction is performed within the Brunel software
whose output is stored in Data Summary Tape (DST) file format.

As running each analysis on these files would be extremely tedious, loose preselections
are splitting the dataset into several streams, composed of several lines each dedicated
to a specific decay channel. This loose preselection is called the Stripping step with its
stripping streams and lines. More details on the stripping lines used in the R(A,) are
shown in Sec. 5.3.2. To collect all events selected by a given stripping selection, the
DaVinci application needs to be used and its output is stored as a ROOT [96] TTree.

The Monte-Carlo (MC) simulation samples are produced using the Gauss application [97],
relying on the PYTHIA [98] package to generate pp collision with the B hadron decays
modelled by EVTGEN [99] and the final state radiations taken care of by PHOTOS [100].

The detector response is generated using the Geant4 toolkit [101]. To process simulation
samples as close as possible to real data, the detector response is then digitised by the
Boole application to emulate raw data. MC samples are then processed using the same
tools are real raw data.
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This chapter presents a summary of the measurement of R(D*) performed using the

77— 7 7 (7°)v, mode to reconstruct the 7.

In addition to a short description of the main steps of the analysis, its results used in the
R(A.), presented in Chap. 5, are discussed in more details such as the D decay model
and some systematics related to the 7 physical description. Finally, the work performed
to correct the simulation/data disagreement related to particle identification is presented

in details. More on this analysis can be found in Ref. [3] and Ref. [3].
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4.1 Motivation and analysis strategy

As discussed in Chap. 2, the current combination of R(D) and R(D*) measurements is
in tension with the SM expectation at the level of 3.78 0. A measurement of R(D*) with
the hadronic 7 reconstruction in three charged pions allows to use a dataset with very
low correlations with respect to the measurement performed using the muonic decay of
the 7 [67] with a very different set of systematic uncertainties. It also allows to isolate
a sample with both high statistics and high purity using the particular characteristics of
the hadronic 7 decay such as:

» the presence of only one neutrino in the decay chain

e the 7 vertex is reconstructed using the tracks of the three charged pions items the
internal dynamics of the 37 system

To measure R(D*), the analysis is performed using the Runl dataset collected by the
LHCb detector. The signal yield (Ny;,) is extracted using a 3D template based fit de-
scribed in Sec. 4.4 and compared to the normalisation yield (N, ), with the normali-
sation channel chosen to be B® — D*~ 37 due to its visible final state being identical to
the signal one.

The measured quantity can be the defined as follows:

B(BO — D*77'+1/7—) . Nsig Enorm 1
B(B® — D*=37)  Nuyom &sig B(rT — 377,) + B(r+ — 3r7'7,)’

K(D*) = (4.1)

with €ge and €,0rm being respectively the normalisation and signal efficiencies. The BY—
D*~ 7%y, branching fraction is then obtained as:

B(B'— D* 7tu,) = K(D*") x B(B"— D* 3r)
where B (B — D*~3m) is the average of the measurements presented in Ref. [4, 5, 0].
The value of R(D*) is finally obtained using B (B — D*~u*v,) from Ref. [1].

The event selection is described in Sec. 4.2, its main features such as the event topology
cut or the isolation techniques are described. Sec. 4.3 presents a detailed analysis of the
D decays are they are useful both in R(D) and R(A.) analyses.

The fit model, its parameters and the corresponding results are shown in Sec. 4.4 and a
detailed description of the associated systematics is presented in Sec. 4.5. In particular,
the reweighting procedure for the particle identification variables and the computation of
the related systematic uncertainty is discussed in Sec. 4.5.2.

4.2 Event selection

The event selection is designed to remove two categories of background:

e B — D* 37X events, also referred as prompt background, through the use of a
cut on the event topology
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o B°— D*~D(X) where D can be either D}, D° or DT using a Boosted Decision
Tree (BDT) algorithm, this background is denoted as double charm in Tab. 4.1

Dedicated cuts to reject combinatorial background are also added such as asking for
a good quality 37 vertex or rejecting tracks coming from the PV by requiring high
IP2(PV). The list of selection cuts is given in Tab. 4.1, the cut on the distance be-
tween B° and 37 vertices along the z-axis is discussed in Sec. 4.2.1. More details on the
definition of the variables used to define the event selection can be found in Sec. 5.3.2.

Variable Requirement Targeted background
[2(37) — 2(B°)]/0((3m)—=(B0)) >4 prompt

pr(m), © from 37 > 250 MeV/e  all

37 vertex x? < 10 combinatorial
IP,2(7), m from 37 > 15 combinatorial
IP,2(D") > 10 charm

[2(371') — Z(PV)]/O-(Z(3TF)—Z(PV)) > 10 charm

T3r € [0.2,5.0lmm spurious 37

PV(DY) = PV(37) charm/combinatorial
number of BY candidates =1 all

Am = m(D*") — m(D°) € [143,148] MeV/c?  combinatorial

Table 4.1 — List of the selection cuts with the different background categories defined in the
text. Table adapted from [3].

It has to be noted that normalisation events are selected with a very similar set of cuts
with the difference that the cut on the displacement of vertices used is:

vtr,3m — vtz,(D°) < 4o

and no cut is required on the output of the BDT discussed in the following of this section.

4.2.1 Event topology

The removal of prompt background events relies on the requirement of a displacement
between B? and 37 vertices as only a particle with a significant lifetime, such as a 7 or
a D meson, can create it.

By asking a displacement Az defined as:
Az = vtx,(37) — vtz (B°)

to be higher than 4 times its significance oa,, where oa, is defined as:

OAy = \/’Utl'z(Bo)err ¥ ,Utxz(gﬂ—)ew

the number of prompt events is reduced by three orders of magnitude in the analysis as
shown in Fig. 4.1. The vertical line defining the cut on the event topology used in this
analysis and the dominance of double charm events of the form D*D X is clearly visible
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with the prompt background becoming quite negligible in comparison. The similarities
of the distribution of Az/oa, for both double charm and signal events should also be
noted as it motivates the use of other tehcniques to remove the double charm background
component, which are described in the following.

—i 104 = ' ' ' T T T ; T -

2 g LHCb simulation .

% 103 :_ Prompt (D* rrrrrrX) _:

k= = I Double-charm (D*DX) 3

% - B Signal (D* V) ]

O 10° ¢ E
10

-8 -4 0 4 8 12 16 20
Az/o Ay

Figure 4.1 — Distribution of the distance between the B? vertex and the 37 vertex along the
z-axis divided by its uncertainty, obtained using simulation. The vertical line shows the 4o
requirement used in the analysis to reject the prompt background component. Figure taken
from Ref. [3].

4.2.2 Isolation and partial reconstruction

In addition to the cuts defined in the event selection, the rejection of background, espe-
cially double charm events, relies on:

» the use of partial reconstruction

« isolation techniques to remove events with extra-tracks found among the charged
tracks originating from the decay of the other B of the event and compatible with
one of the vertices of the decay chain of the signal candidate. Deposits of energy
compatible with neutral particles are also looked for in the calorimeter system.

o a BDT algorithm trained on D*~ D} and signal samples to further reject D*~ D
events.

The partial reconstruction technique will not be discussed in this chapter as the same
strategy is applied for the R(A.) analysis with the whole implementation discussed in
Sec. 5.5.
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Double-charm decays can involve extra-particles not used to create the decay chain of the
signal candidate. Both deposits of neutral energy and tracks in the event can be looked
for and if found to be compatible with either one of the vertices present in the decay
chain, these events can be tagged as non-isolated and rejected.

The same variables for neutral isolation are considered in Sec. 5.4, only the treatment of
charged isolation is different between R(D*) and R(A.) analyses. A BDT-based approach
is used in the R(A.) analysis with a cut on the output of the algorithm to reject non-
isolated events whereas, for R(D*), tracks not coming from the PV (IP2(PV) > 4)
but compatible with either the 37 or BY vertices (IP2(3m) < 25 or IP,2(B") < 25) are
searched for and any event found with such track is referred as non-isolated and vetoed.

The exhaustive list of the variables used to train the BDT can be found in Ref. [102],
which is very similar to the list of variables used for the R(A.) analysis defined in Sec. 5.7.
All variables belong to one of the following categories:

« partial reconstruction variables such as the reconstructed B° momentum or the
reconstructed energy of the neutrino

o neutral and charge isolation variables such as the sum of neutral energy in a cone
around the 37 line of flight

 variables related to the internal dynamics of the three pions such as the minimum
of the mass of the two 7~ 7" pairs

o kinematic variables as the energy of the 37 system or the B® mass

The BDT is trained on both signal and D*D simulation samples and the distribution of
its output is shown in Fig. 4.2, where the background refers to D*D events.

The requirement of the BDT output to be greater than -0.075, as shown by a vertical line
in Fig. 4.2, is used as it was found to be the cut minimising the statistical uncertainty of
the fit result used to extract the signal yield.

By construction of the BDT, the number of signal events in the sample defined by a BDT
score lower than -0.075 is low whereas this dataset is enriched in D} decays. This is very
useful as this sample is used to fit the DI decay model described in Sec. 4.3 to extract
the different components of the D — 37X decays.
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Figure 4.2 — Distribution of the BDT response on the signal and background simulated samples.
Figure taken from Ref. [3].

4.3 Study of the D} decays

As the fit described in Sec. 4.4 is based on templates for each background component
extracted from simulation samples, it is crucial to check the agreement between simulation
and data samples for each background category. I will concentrate on the study of D
decays as they are the dominant contribution throughout the double charm decays. The
study of both D° and D" samples can be found in Ref. [3] for the R(D*) analysis and is
discussed in Sec. 5.9 for the R(A.) one.

4.3.1 The D! decay model

The motivation to know as precisely as possible the relative contributions of the different
components of the D} decays into three pions comes from its dominant contribution in
the background and the large branching fraction of the D decaying inclusively into three
pions. To have a satisfactory background modeling, it is thus crucial to have as much
control as possible on the DI component.

Decays of 7 into three pions happen through the a;(1260)* resonance decaying into
Pt [103]. DF decays involving a p® are due to ' — p%y. It is thus crucial to precisely
know the amount of D decays involving a 7.

Besides the inclusive branching fraction of D} decaying into three pions is roughly 15
times larger than B (D — 777~ 7") due to contributions of several particles such as
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K% n, 1, ¢ and w, denoted as R in the following. If most of the decays of the type
Df — Rz™ are precisely known, this is not always the case for decays such as D —
R(— ntr X)nt7" or Df — R3m.

To determine the D — 37X model, a fit is performed on the Runl dataset with the
requirement to have a BDT score lower than —0.075 to have an enriched D} sample. The
fit is simultaneously performed on the distributions of min[m(x*77)], max[m(7*77)],
m(r 7)) and m(37) using templates extracted from dedicated simulation samples with
the following components:

o DI decays where at least one pion originates from the decay of an 7 meson, the
D} — nrt and D} — np™ components are taken into account in this category.

o D decays where, with the same logic used in the category above, an 7’ meson is
present.

o D7 decays where at least one pion originates from an intermediate resonance other
than n or 7/; these are then further divided into R7™ and Rp™ final states.

e Other D decays, without any intermediate resonance involved in the 37 decay;
these are then subdivided into K°3w, 3w, n'37, w3m, ¢3w, 77 (— 3n(N)v,)v,,
and 37 non resonant final states, X,,. For the DY — 77v, decay, N denotes any
potential extra neutral particle.

The fit results are shown in Fig. 4.3 with an overall good agreement between the fit and
the data. The fit parameters and the corrections to be applied to simulation samples

are shown in Tab. 4.2. These corrections are both applied on the templates used in the
R(D*) fit and the one used in the R(A.) analysis.

4.3.2 The D! control sample

The events present in the exclusive peak of D — 37 provide a pure sample of B® —
D*~ D} X decays which can be used to validate the modelling of the simulation sample
by performing a fit to the D*~ 37 mass distribution.

The fit model, and its probability density function denoted as P, is described as follows:

P = fc.b. Pc.b. + W ; ijj (42)

where i, j = {D:T; Df; Dif; DI; DfX; (DFX),} and k = > ki

The shapes of each component of the fit is extracted from simulation samples of decays
of D} and its excited states. The fit to the D*~ 37 mass distribution is shown in Fig. 4.4
and also its projections on ¢2, ¢, and the output of the BDT which are the variables used
in the fit to extract the signal yield.

The same control sample is used for the R(A.) analysis and is discussed in Sec. 5.9.
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Figure 4.3 — Distributions of (a) min[m(r"77)], (b) max[m(r*77)], (c) m(zt7t), (d)
m(r 7~ 7t) for a sample enriched in B— D*~ D (X) decays, obtained by requiring the BDT
output below a certain threshold. The different fit components correspond to D decays with
(red) n or (green) 7’ in the final state, (yellow) all the other considered DY decays, and (blue)
backgrounds originating from decays not involving the D} meson. Figure taken from Ref. [3].
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DY decay Relative Correction
contribution to simulation
nr(X) 0.156 £+ 0.010
np* 0.109 £ 0.016  0.88 £ 0.13
nmt 0.047 £0.014  0.75 £ 0.23
n'mt(X) 0.317 £ 0.015
n'pt 0.179 &£ 0.016  0.710 £ 0.063
n'mt 0.138 £ 0.015 0.808 £ 0.088
ot (X)), wrt(X) 0.206 £+ 0.02
opt, wpt 0.043 £0.022 0.28 £0.14
o, wrt 0.163 = 0.021 1.588 £ 0.208
n3m 0.104 £+ 0.021 1.81 + 0.36
n'3m 0.0835 £ 0.0102 5.39 £ 0.66
w3m 0.0415 £ 0.0122 5.19 £ 1.53
K3n 0.0204 £ 0.0139 1.0 £ 0.7
p3m 0.0141 0.97
(= 3n(N)v, v, 0.0135 0.97
X3 0.038 £ 0.005 6.69 £+ 0.94

Table 4.2 — Results of the fit to the D} decay model. The relative contribution of each decay
and the correction to be applied to the simulation are reported in the second and third columns,
respectively. Table extracted from Ref. [3].

Parameter Simulation Fit Ratio
Jeb. — 0.014 —

Fot 0.54 0.594 4+ 0.041 1.10 & 0.08
foez 0.08 0.00070:040 0.0075:%
o 0.39 0.365 + 0.053  0.94 +0.14
Fotx 0.22 0.416 4+ 0.069 1.89 & 0.31
Fiorx), 0.23 0.093 4 0.027  0.40 & 0.12

Table 4.3 — Relative fractions of the various components obtained from the fit to the B —
D*~ D} (X) control sample. The values to produce the simulation samples and the ratio of
these two fraction for each component of the fit is also shown. Table from Ref. [3].
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Figure 4.4 — Results from the fit to data for candidates containing a D*~ D} pair, where D} —
37m. The fit components are described in the legend. The figures correspond to the fit projection
on (a) m(D*~3x), (b) ¢%, (c) 37 decay time ¢, and (d) BDT output distributions, the variables
used the 3D fit to extract the signal yield. Figures taken from Ref. [3].
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4.4 Fit model and results

To extract the signal yield, a fit is performed on ¢?, the 7 decay time and the output of
the BDT. The same strategy is also used for the R(A.) analysis as described in Sec. 5.10.

4.4.1 Fit model

The fit is based on templates extracted from simulation samples. The binning scheme is
defined with 8 bins for the ¢? distribution, 8 bins in ¢, and 4 bins to describe the output
of the BDT. Tab. 4.4 presents the different templates used in the fit and the relative
normalisation for each of them.

The different parameters entering in the normalisation are:

Ns;g is the parameter of interest of the fit, it is left free and accounts for the signal
yield.

fr—3m is the fraction of 7% — 377, signal candidates with respect to the sum of
the 77 — 377, and 7+ — 377D, components. This parameter is fixed to 0.78,
according to the different branching fractions and efficiencies of the two modes.

fpery, fixed to 0.11, is the ratio of the yield of B — D**7%v, decay candidates to
the signal decays to take into account the D** feed-down. This yield is computed
assuming that the ratio of the decay rates lies between the ratio of available phase
space (0.18) and the predictions found in Ref. [104] (0.06), and taking into account
the relative efficiencies of the different channels.

N5, is the yield of B — D*~D°X decays where the three pions have a common
origin and share the same vertex (SV) as the D vertex. The D' — KTn~ 77~ (7°)
decays are reconstructed by recovering a charged kaon pointing to the 37w vertex
in non-isolated events. The exclusive D — K*r~7ntn~ peak is used to apply a
5% Gaussian constraint to this parameter, which reflects the uncertainty on the
estimation of the efficiency in finding the additional kaon.

fpo? is the ratio of B — D*~D%X decays where at least one pion originates from

the D° vertex and the other pion(s) from a different vertex, normalized to N3.

fp+ is the ratio of B — D*~ DT X decays with respect to those containing a D}
meson.

Np, is the yield of events involving a D}. The parameters Jp+s fD*J’ fD+1 s forx
fiprx), and k=37, fi, are defined in Sec. 4.3.

Np_,p+3rx is the yield of prompt B — D*~ 37X events where the three pions come
from the B vertex. This value is constrained by using the observed ratio between
BY — D*= 37 exclusive and B — D*~ 37X inclusive decays, corrected for efficiency.

Np1po is the number of combinatorial background events where the D*~ and the
31 system come from different B decays. Its yield is fixed by scaling it using the
wrong-sign stripping line in the region m(D* " m~nt7~) > 5.1 GeV/ 2.
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e N,.tp+ is the combinatorial backgro_und yield with a fake D*~. Its vallle is fixed by
using the number of events in the D® mass sidebands of the D*~ — D%r~ decay.

Fit component

Normalisation

BY — D* 7" (— 370, v,
BY — D* 17 (—= 3n7°v, v,
B — D71y,

Nsig X fT*}?}TFV
Nsig X (1 - fT—>37r1/)
Nsig X fD**TV

B — D" DTX

B — D*~DYX different vertices
B — D*~D%X same vertex

B — D*~Df

BY — D*~Dr*

BY — D*=D?,(2317)*

B® — D*~D,(2460) "

fp+ X Np,
fpo? X Npo

o
Np, X fD;/k
Np, x 1/k

Np, x fD;g/k‘
Np, X ijl/k'

BO+ N D**D;-X NDS X fDiX/k
B’ = D*~ DX Np, X fiprx)./k
B — D*3rX NBHD*?HTX

B1B2 combinatorics Npip2
Combinatoric D*~ Nyot D+

Table 4.4 — Summary of fit components and their corresponding normalisation parameters. The
first three components correspond to parameters related to the signal.

4.4.2 Signal and normalisation yields

The fit results are presented in both Tab. 4.5 for the detailed description of all the
parameters and their values and in Figures 4.5 and 4.6 to see the projections of the fit on
the three variables ¢2, t. and the output of the BDT. The signal yield is measured to be

Ny, = 1273 £ 85

after correcting of —3% due to a fit bias related to the limited statistics in simulation sam-
ples leading to several empty bins. The correction is estimated using smoothed templates
produced using a Kernel Density Estimator technique [105].

Taking into account the statistical uncertainty coming from the simulation samples, the
chi-square is estimated to be y? = 1.15.

The statistical uncertainty is retrieved by performing a second fit with the parameters
describing the shapes of the different D contributions and the fraction of D° with pions

coming from two different vertices (fph"?) fixed to their values found by the nominal fi.

The normalisation yield is extracted from a fit to the D*~ 37 mass distribution using
the dedicated selection for the normalisation sample. The background component is
described by an exponential and a sum of a Gaussian and a Crystal Ball [106] is used for
the BY— D*~3r peak.
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Parameter Fit result Constraint
Ngig 1296 =+ 86
Jr—3m 0.78 0.78 (fixed)
Dy 0.11 0.11 (fixed)
NZo 445 + 22 445 4+ 22
f””’2 0.41 +£0.22
Np, 6835 + 166
fp+ 0.245 £ 0.020
Np_p*3rx 424 £+ 21 443 £+ 22
[+ 0.494 £0.028  0.467 £ 0.032
fort 070000 075000
ijl 0.384 +0.044  0.444 £ 0.064
Ip+x 0.836 £ 0.077  0.647 £0.107
f(DjX)S 0.159 £0.034  0.138 £ 0.040
NBlBQ 197 197 (ﬁxed)
Npot D 243 243 (fixed)

Table 4.5 — Fit results for the three-dimensional fit. The constraints on the parameters fD+,
fD*+, fD+, fD+  and f (DF x), are applied taking into account their correlations. Table and
results extracted from Ref [3].

The 37 mass distribution is shown in Figure 4.8 for candidates with M (D*~3m) between
5200 and 5350 MeV/c?. The spectrum is dominated by the a;(1260)" resonance but a
smaller peak due to a D} — 37 component is clearly visible and needs to be subtracted.

To do so, a fit with the sum of a Gaussian function modelling the D} mass peak, and
an exponential describing the combinatorial background, is performed to extract this D
contribution, which is estimated to be 151 + 22 candidates.

The normalisation yield for the Runl dataset can be expressed as:
Nporm = 17 660 £ 143 (stat) &+ 64 (syst) £ 22 (sub)

where the third uncertainty is related to the subtraction of the B® — D*~ D component.

Finally, the extraction of C(D*~) can be performed using Eq. 4.1 defined in Sec. 4.1. It
is measured to be:
K(D*™) =1.97+ 0.13 (stat) + 0.18 (syst)

The systematics uncertainties associated to its measurement are discussed in Sec. 4.5.
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4.5 Systematics

The detailed discussion on the systematic uncertainties associated to the measurement of
R(D*) using the hadronic 7 reconstruction can be found in Ref [3, 102, 107]. Systematics
can be divided in the following categories:

e the 7 decay model

o the modelling of the different components of the background
» potential biases in the fit used to extract the signal yield
 selection efficiencies, especially related to the trigger system
o particle identification efficiencies

o use of external branching fractions

The systematics related to the 7 decay model are discussed in Sec. 4.5.1 and a com-
plete description of the assessment of the systematic uncertainty concerning the particle
identification is shown in Sec. 4.5.2. Finally, a summary of the different systematic
uncertainties is provided in Sec. 4.5.3.

4.5.1 7 decay model

The first uncertainty to consider concern the parameter f, s, the relative branching
fraction of 7 — 37y, with respect to the sum of the branching fractions of 7 — 37,
and 7 — 377mv.. The associated uncertainty to this ratio is at the level of 0.01 and a
fit is performed using a Gaussian constraint of this ratio, evaluated to be 0.78 4+ 0.01.
Another fit is performed fixing the ratio to the value found by the previous fit. The
quadratic difference of the uncertainties of the two fits on the signal yield is taken as the
systematic uncertainty associated to the ratio f, 3., , measuring how precisely the signal
composition is known. This results in a systematic uncertainty of 0.7%.

The B — D* form factors used to compute R(D*) and discussed in Chap. 2 have four
free parameters extracted from data, Ry(1), Ra(1), p* and Ry(1) as discussed in Ref. [19].
The parameters R1(1), Ro(1), p* are varied within their uncertainties taking into account
their correlations and the parameter Ry(1) is assumed to be uncorrelated to the others
and is also varied within its uncertainties. A total of 100 fits are performed and the
standard deviation of the distribution of variation of the signal yield with respect to the
one found in the nominal fit, measured to be 0.7% is taken as the associated systematic
uncertainty.

The effect of the polarisation of the 7 was also studied for both 7 — 37v and 7 — 377 v.
Studies on simulation samples found that due to dominant contribution of the a;(1260)
component, there is no correlation between the 7 polarisation and the mass of the 37 in
the 37 channel and thus no systematic uncertainty is assigned. For the 377° channel, the
systematic uncertainty is taken as the selection efficiency for the 377® channel multiplied
by the ratio of the distributions of the angles describing the 7 polarisation produced
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with the TAUOLA model, taking into account the polarisation in its modelling of the
decay, with respect to a pure phase space model. This results in a 1.5% shift of the 377°
efficiency which is scaled by the branching fraction of 7 — 377 to give a systematic
uncertainty of 0.4%.

To take into account the contamination of other 7 hadronic decays in the result, a ded-
icated simulation producing inclusively hadronic 7 decay was used to study this effect.
Only 1% of the events of this simulation sample involving other hadronic 7 decays than
the two used in the analysis were able to pass the selection, which is taken as the related
systematic uncertainty.

Finally, the feed-down coming from excited D**7v, decays is studied. The uncertainty
on the fraction of D**7v events (fp«,,, ) is estimated to be 40% through the study of the
upper limit of the number of D**7v, event passing the selection criteria which results in
a systematic uncertainty of 2.3%. An additional 1.5% systematic uncertainty is assigned
after the study of events coming from BY — D**(— D*K°)rv,.

The systematic uncertainties related to f,. s, , the polarisation of the 7 and the contam-
ination of other hadronic 7 decays do not depend on the particular decay B® — D*~ 717,
and will be therefore also assigned to the measurement of R(A.) presented in Chap. 5.

4.5.2 Particle identification

As the ratio of efficiencies of both signal and normalisation modes used to compute the
final result is evaluated on simulation samples, a correction factor is required to take into
account any disagreement on the PID efficiencies in data and simulation.

To do so, a data driven technique is used to estimate PID efficiencies for both signal
(1— 37, and T — 377%v;) and normalisation modes. The ratio of these efficiencies will
then be used to correct the result.

This data-driven technique relies on a calibration procedure which allows to select pure
samples of K and 7 without using any PID selection, these samples will be referred as
calibration samples. This is performed using the so-called PIDCalib package and the
detailed procedure to select high-purity samples of a given type of particles through the
use of the sPlot technique [108], is described in details in Ref. [109].

As PID efficiencies are affected by the occupancy of the detector and the kinematics of
the event, a binning scheme has to be defined to map all the events in both calibration
and simulation samples, in the following the number of hits in the SPD (nSPDHits), the
pseudorapidity of the track (n) and its momentum (p) are used to construct the binning
scheme.

To extract the data-driven efficiency of a particular PID cut for a simulation event, one
simply needs to know to which bin belongs this simulation event and to take the ratio of
the number of events of this bin for the calibration sample before and after applying the
PID cut. In the following these data-driven efficiencies will be referred as weights as they
will be used to reweight the ratio of PID efficiencies estimated on simulation samples.
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The selection cuts to study with this method are as follows:
e ProbNNpi> 0.6 for the three pions coming from the 7 candidate,
e ProbNNpi> 0.1 for the pion coming from the D*,

e ProbNNk< 0.1 for the pion coming from the 7 with charge opposite with respect to
the other two.

For each pion, the binning scheme used in this study is as follows:

e 7 bins between 1.5 and 5 in 7,
e 3 bins between 0 and 600 in nSPDHits

 in momentum, 3 bins are defined [1000, 5150, 9300, 15600] to match the momentum
thresholds of the RICH detectors and 30 bins between 19000 and 100000 MeV/c

The use of nSPDHits as a binning variable to estimate the detector efficiency can be illus-
trated by the large decrease of PID efficiency in calibration data for the large nSPDHits
bin, i.e. 400 to 600 hits, at high momenta, above 40 GeV/c as shown in Figure 4.9.

Efficiencies on calibration data for ProbNNpi>0.6&&ProbNNk<0.1
N —— 0-200 SPD Hits

200-400 sPD Hits
—— 400-600 SPD Hits

0.8 1

o
o

o
ES

Efficiency of PID cut

0.2 1

\ : T . . .
0 20000 40000 60000 80000 100000
Momentum of pion [MeV/c?]

Figure 4.9 — Distribution of the PID efficiency as a function of pion momentum for 3 different
nSPDHits bins.

In addition, the nSPDHits distribution in the simulation samples is scaled by a factor 1.4
to reproduce the distribution measured in data.

The PID efficiency estimated on the calibration data samples for both one of the same
charged pions and the opposite charged pion of the 37 of the 7 can be seen in Fig. 4.10

In Fig. 4.11, the distributions of weights for both exclusive D*37 and signal (37 compo-
nent) simulation samples are shown, which is the product of the efficiencies computed
for each of the pions of the event. The average of the two distribution give respectively
the efficiency of the PID selection estimate on calibration data samples. As these two
distributions are quite similar, the correcting ratio will be very close to 1.
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Figure 4.10 — PID efficiency estimated on calibration data sample for both one of the same
charged pions (a) and the opposite charged pion (b) are shown for both signal (37 component)
in blue and D*3x simulated samples for 2012 data taking conditions.
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Figure 4.11 — Normalized distributions of the data-driven efficiencies for the PID selection for
both exclusive D*37 (red) and signal (blue) simulation samples for 2012 data taking conditions.

The correcting ratio can then be expressed as:

w,
TpPID = — (4.3)
W p*37

where wWx denotes the average of the PID efficiency distribution computed from calibra-
tion data samples for the X mode.

w, is the weighted average of the two signal components by the product of their branching
fraction and their efficiencies (e3, and €3,,0) and can then be described as:

_ Wsgx X €3 B(T — 3TV) + Warno X €370 B(T — 3rmv)
T €3x B(T — 3mV) + €300 B(T — 3m7m00)

(4.4)

To assess the systematic uncertainty coming from the choice of binning scheme in the
reweighting procedure, the computation of rp;p is performed twice with respectively twice
(fine binning) and half (coarse binning) the number of momentum bins with respect to
the binning scheme describe above.

The systematic uncertainty is then taken as:

. (wX) B |m§g’ﬂe o w&ominal|+|wggar‘se o @'Sz(ominaq
sys -
2

The statistical uncertainty arises from the finite size of both the calibration sample and the
simulation samples is also studied. The statistical uncertainty coming from the calibration
sample size was found to be negligible and the uncertainty related to the simulation
sample size was estimated using the standard deviation of the PID weight distribution.
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A study was also made to assess the stability of the results with respect to the choice of
nSPDHits binning scheme. Using twice the numbers of bins, a difference of rp;p of no
more than 0.6%, which is taken as the uncertainty associated to the binning definition of
nSPDHits.

This allow to compute rp;p for both 2011 and 2012 simulations samples and they were
measured to be:
rah = 1.0201 £ 0.0073

and
ra5 = 1.0606 £ 0.0073

rprp is then defined as the weighted average of the two ratios for both 2011 and 2012
samples in the 1:2 ratio to reflect the relative sizes of the two datasets collected:

rprp = 1.0475 £ 0.0054

rprp was used to compute K(D*”) and its associated systematic uncertainty was found
to be 1.3%.

4.5.3 Summary of systematic uncertainties

Table 4.6 summarizes the systematic uncertainties on the measurement of the ratio
B(B® — D* 77v,)/B(B° — D*3m). The total uncertainty is 9.1%. For R(D*7), a
4.5% systematic uncertainty due to the knowledge of the external branching fractions is
added.

4.6 R(D*) result

To conclude, K(D*7), the ratio of branching fractions between B®— D*~ 7%y, and B®—
D*~ 3w decays modes is measured to be

K(D*7) =1.97 £ 0.13 (stat) £ 0.18 (syst),

where the first uncertainty is statistical and the second systematic.

Using the branching fraction B(B? — D*~37) = (7.2144+0.28) x 1072 from the weighted
average of the measurements presented in Ref. [4, 5, €], a value of the branching fraction
of B®— D* 7%y, is obtained

B(B® = D* rFu,) = (1.42 4 0.094 (stat) & 0.129 (syst) & 0.054) x 1072,

where the third uncertainty denotes the current uncertainty on the external branching
fraction of B®— D*~3x. The precision of this measurement is comparable to that of the
current world average of Ref. [110].
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Contribution Value in %
B(t™— 37v,)/B(rT — 3n(7")v,) 0.7
Form factors (template shapes) 0.7
Form factors (efficiency) 1.0
T polarization effects 0.4
Other 7 decays 1.0
B — D**rtu, 2.3
BY — D17 v, feed-down 1.5
D} — 37X decay model 2.5
Df, D° and D' template shape 2.9
B — D*"D}(X) and B — D*~D"(X) decay model 2.6
D*= 37X from B decays 2.8
Combinatorial background (shape + normalization) 0.7
Bias due to empty bins in templates 1.3
Size of simulation samples 4.1
Trigger acceptance 1.2
Trigger efficiency 1.0
Online selection 2.0
Offline selection 2.0
Charged-isolation algorithm 1.0
Particle identification 1.3
Normalization channel 1.0
Signal efficiencies (size of simulation samples) 1.7
Normalization channel efficiency (size of simulation samples) 1.6
Normalization channel efficiency (modelling of B® — D*~3r) 2.0
Total uncertainty 9.1

Table 4.6 — List of the individual systematic uncertainties for the measurement of the ratio
B(B° — D*~7tv.)/B(B° — D*~3r). Table extracted from Ref. [3].
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The first measurement of R(D*) using three-pions of the 7 is finally obtained using the
branching fraction of B(BY — D*~u*v,) = (4.88 £0.10) x 102 from Ref. [7].

R(D*) = 0.291 + 0.019 (stat) + 0.026 (syst) =+ 0.013 (ext)

The result is in agreement with the SM expectation from Ref. [110] within 0.95¢ and
consistent with previous measurements. It can be noted that the statistical uncertainty
associated with this measurement is one of the smallest of the various R(D*) measure-
ments and even if its value is found to be between the SM prediction and the World
Average value, due to its precision, the disagreement of the new World Average value of
R(D*) taking into account this measurement, shown in Fig. 4.12, is slightly enforced.

P~ L I T T T T I T T T T T T T T I T L L T I _
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Figure 4.12 — Current status of the combination of both R(D) and R(D*) measurements. Figure
taken from Ref. [1].

An average of the LHCb measurements can also be performed using the R(D*) result
of the analysis using the muonic decay of the 7 described in Ref. [67] and taking into
account small correlations for B — D* form factors, 7 polarisation effects and D**rv,
feed-down, the value is found to be:

R(D*") = 0.310 £ 0.0155 (stat) & 0.0219 (syst)

where the statistical weight of the presented measurement is approximately 1.5 the weight
of the measurement with the muonic decay of the 7.

The use of the 7 reconstruction through the use of its decay into three charged pions can
be used to study other semitauonic decays. The R(A.) analysis using the same strategy
is thus presented in Chap. 5.
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This chapter describes the measurement of the branching fraction of the decay A) —
AF7T7 7, and the strategy to compute R(A,).

108



5.1. ANALYSIS METHOD

5.1 Analysis method

5.1.1 Definition of the measurement

The aim of this analysis is to measure both the branching fraction of the decay A —
AF7T7 7, and the ratio R(A.) defined as:

B(A) — Afr7v,)
B A7)

R(AT) = (5.1)

As the 7 is considered in its decay into three pions, it is much easier to control the
systematics by performing the measurement of:

B(A) = At~ v, 77 — 3nv,)

AT) =
AC) B(A) - Afm—ntm)

(5.2)

where the numerator is the branching fraction of the decay of interest and the denominator
is the normalisation channel, which shares the same final state with the signal and is linked
to the initial dominant background of the analysis, i.e. A} — AF37X.

The ratio in Eq. 5.2 can be expressed as:

B(A) — Afr0,) Ny € 1
’C A+ — b C T — stg norm 5.3
(A:) B(A) = Afm=7t7n=)  Noorm % €sig % B(r— — m—ntn=(7%)v,) (5:3)

where Nyig, €5ig and Nyorm, €norm are respectively the number of reconstructed events
and the selection efficiency of signal' and normalisation. N, is the result of the fit
discussed in Sec. 5.10 and N,,., is measured using a dedicated fit on the exclusive
peak of A) — Afr~ntx~. Efficiencies eg, and €, are evaluated on Monte-Carlo
samples. As the 7 is reconstructed using either 7=~ — 7 7nt7n v, or 7~ = 7 7 7 10,

B (r— 7 77 (7°)r,) denotes the sum of the branching fractions of these two modes.

The decay chain for the signal is chosen as:

/12 —AfrU,
— 11t (%),
— pK 7t
(5.4)

Due to the presence of neutrinos in the signal decay chain and the non-reconstructed m°
when present, the visible final state is only composed of a A and tree charged pions.
Through a fit of the three pions tracks, the 7 vertex is reconstructed and even though
two neutrinos are present, F. and F A0 can be reconstructed thanks to the constraints

lesig is the weighted average of the efficiencies of the two decay modes of the 7, 7 — 37v, and
77— 310,
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given by the lines of flight of the A} and the 3 pions. A method to reconstruct signal
events is studied in Sec. 5.5, which also allows to reconstruct the A} momentum.

The A is reconstructed through a fit to the tracks of the proton, kaon and pion.
In the following, the following naming conventions will then be used:

o signal mode: is referring to the decay A — Af7~ v, with the 7 decaying into three
pions and the neutrinos with or without an additional 7.

« normalisation mode: is stated as the decay A) — Afm~7"7~ where contributions

of the type A) — A7~ or A) — 27w are not taken into account due to their
kinematics too far from the signal one. A} 37 normalisation events are thus mainly
Afay(1260)~.

o 3m: will always refer to the three charged pions system.

5.1.2 Possible normalisation procedures

After extracting K(A,), the computation of B(A) — AF777,) can be computed using the
PDG value of B(A)— Afr~7t7™) =0.77 £ 0.11% [7] as follows:

B(A)— ATT77.) = K(A,) x B(A)— Atn ntr™) (5.5)

The computation of R(A.) is not as straightforward and several ways can be studied to
do so:

direct normalisation : using directly the values of both B(A) — Afnx~7T7~) and
B(A) — Afpw,) from PDG, R(A,) is simply:
B(A)— Afn—7m77)
B(A)— Afp=7,)

R(Ae) = K(A) x (5.6)

The downside of this method is the size of its uncertainty contributing to the total
uncertainty of R(A.), ~ 27%.

normalisation using trigger efficiencies The main problem of the method above is
based on the use of two external measurements and each measurement uncertainty
carries contribution coming from the production fraction of AY baryons, f A0 and
B(Af — pK~7t). The following is a method using only data taken by the LHCb
detector to overcome this limitation:

0 _ _
Nops(My = AT m" ™) Catp-w,

5.7
Nobs<A2 — Aérﬂ_ﬁu) 6/1337r ( )

In this case, efficiencies, especially trigger ones, have to be precisely determined
using MC samples. Typically, one can expect a contribution coming from normal-
isation to the total uncertainty at the level of roughly 15%.
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normalisation using theoretical partial widths : The goal of this method is to ben-
efit from the precise measurement of B(BY — D* ntr~7"), the computation of
R(A.) is then rewritten as:

R(A) = K(Ay) x N1 x No x N (5.8)

The N, factors are defined as follows:

B(A)— Afg—7nta)

M= B(BY— D*nmtn—n™)

(5.9)

B(B°— D* ntn—7t)

N = B(B°— D—u*v,)

(5.10)

g0 I'(B— D ptuy,)
= 2 5.11
Ns TA0 x LAY — Afu7,) ( )

N7 can be rewritten as

Nops(A) = AFr=mt7m™) o ED3r fa  B(D*"— K-ntqat)

N = = X
' Nos(BY— D*—rtr—nt) €atse S B(Af — prtK-)

(5.12)

N; can be estimated directly within LHCb with a good statistical uncertainty, up to a
few percent thanks to the large samples of both A) — ATn~ 77 and B®— D* nrr 7"
events. The ratio of beauty baryon and meson production fractions, f 20 / fa is taken from
the combined usage of papers Ref. [I11] and Ref. [112]. It has to be noted that the
branching ratio B (A} — pK7) cancels in this ratio as it is used in the latter paper to
compute the ratio of production fractions. The study of the efficiency of both A} — A 3x
and B — D*~3r as a function of pr is still required as the ratio of production fractions
has a strong dependence over pr as shown in Fig. 5.1

As N, is the ratio of two precisely measured branching fractions, it can be computed
using directly the PDG values, with a uncertainty at the level of 5%. Finally, to get
N3, one needs the ratio of partial widths computed using Lattice QCD, which can be
estimated up to 9% uncertainty.

Using Lattice computations ( [2], [60] and [113]) and measurements from both BaBar [57]
and Belle [58] to extract the B — D form factors, the ratio of partial decay widths is
expected to be:

D(A)— AT v,)

=2.37+0.16
I'(B°— D~uty,)

which leads to a total uncertainty coming from this normalisation procedure of 10-12%.

The current strategy is to rely on both direct normalisation and the inputs of Lattice
QCD to use the ratio of partial widths to measure R(A.).
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Figure 5.1 — Dependence of the ratio of production fraction f 20 /fa on the pr of the b-hadron.
Figure extracted from Ref. [111].

5.1.3 Background channels classification

Tab. 5.1 presents the different channels sharing the same final state as the signal with
their expected branching fraction as most of the branching fraction of AY to double charm
hadrons are not yet measured. The estimation is based on comparisons with B° decays.

At first, the background coming from A) — AF37X completely dominates the signal.
Fortunately thanks to the combination of the high boost of the b hadrons and the excellent
performances of the VELO in terms of spatial resolution, the event topology, which can
be defined as the relative positions of the different vertices in the event, can be precisely
known. All secondary vertices, such as the A one or the reconstructed vertex of the
three pions, will be downstream of the PV but their relative positions is an important
information and a cut based on this information can be build to remove this background.
This cut is referred in the following as an event topology cut and is studied in more depth
in Sec. 5.3.

This cut on the event topology requires the 37 vertex to be downstream with respect to
the AT one with a significance of at least 5o along the z-axis to forbid these three pions
to come directly from the A vertex. This method is able to keep a good signal efficiency,
reduces almost completely the A) — AT37X background and can also be reversed to
study its effect on normalisation events. The event selection is further refined with a set
of cuts described in Sec. 5.3.

Events with the required topology are decay products of a particle with a lifetime long
enough to create a secondary vertex displaced from the A one. Along with signal events

where the pions come from the 7~ lepton, background arises from AY — AT Dy () A)—
AFDYX and A) — AF D~ X events where the charm hadron decays through D — 37(N),
N denoting a unknown number of particles. The largest of these contributions comes
from AY — Ang*’* events with D)™ being either D_, D=, D (2317) or D (2457).

This background carries usually additional charged particles coming either from the A

112



5.1. ANALYSIS METHOD

Decays modes B (%)
Signal channel

A — Afr (= 7 ntr (7))o, 0.173 £+ 0.005
Normalisation channel

A)— Afg=mtr 0.77 £0.11
Background channels

A — A atr= X ~ 7
/10—> A*D /D%~ /D, (2317)/D; (2457)(—n 77~ N) 0.251
AO A+K D*0(— 50( Ktn~atr=(7%)n%/7) 0.125
A0—> A*K D*(— D°(— K*+n—rmtn=(79)y/7°) 0.12
/10 AjKOD* (= D°(— Ktr—nta(7%)m™) 0.12
A2—> ATKOD* (= D°(— K*tn—ata=(7%)7™) 0.06
A)— ATD™ (= 7 nta (N)) 0.046
A)— AFK-DY(— Ktr—ntn (7)) 0.025
A)— AFK°D*= (= D~ (= 7~ nt7n (7%)y/7°) 0.015
A AYD- /D /Ds (2317)/D5 (2457)(—m wta-) 0.012
A) = AFKOD*(— D~ (= a~atn (7°)y/70) 0.008
A= ATK'D(— 7 atn (N)) 0.005

Table 5.1 — Expected branching fractions for signal and background sources with Af7~ 77~
as visible final state.

The signal branching fraction is the SM expectation, for other modes, expectations based on
B decays are used with measured decays of D*~, D~, D extracting from PDG [7].

or the 77 vertex. It is then possible to use isolation algorithms to look for these addi-
tional tracks and veto each combination with a track found to be compatible with one
of these vertices. Neutral isolation methods are also used to search for neutral energy
in calorimeter cells located in a cone around the AY or 7~ direction. These tools have a
more precise study in Sec. 5.4.

Moreover, there is no v emitted in these background events and a dedicated partial
reconstruction can give meaningful results. These variables are then used in a Boosted
Decision Tree (BDT) to better distinguish signal from the different background categories.

Description and results of the partial reconstruction method are explained in Sec. 5.5 and
the tuning of the classifier and its performances are described in Sec. 5.7.

Several other sources of background exist, such as:

 combinatorial: such candidates are coming from events with a reconstructed AF
and three pions coming from a different process. It creates a smooth component in
the M(A} 3m) distribution. Its contribution is estimated from the high-mass region
of the M(A} 3n) distribution, M(AS 37)>5700 MeV/c?, with wrong-sign (WS),
Armtn— 7t events coming from a dedicated stripping line.

« misidentified kaons: this background arises from one of more kaons wrongly iden-
tified as pions are used to create the three pions candidate. In that case, events
coming from A) — ATD~(— 7~ K7~ (N))(X) can be selected. Its contribution
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can be studied by assigning the kaon mass to the opposite charged pion with respect
to the D~ and searching for a mass peak in the mass of the three pions candidates
distribution.

« misidentified leptons: semileptonic decays of the D with the lepton being wrongly
identified is as a pion are another source of background events. They can be con-
trolled through a dedicated subsample with correctly identified leptons.

o fake AT events: the level of background below the A} mass peak is not negligible
and needs to be accounted for. Details of the procedure can be found in Sec. 5.3.6.

5.1.4 Determination of the signal yield

As a summary, this analysis is aiming at the measurement of both B (A) — AT777,) and
K(A.) using a similar strategy as the one used for R(D*) [107].

To do so, a three dimensional template fit to the squared momentum transferred to the
70, lepton pair distribution (¢?), the output of the BDT and the decay time of the 7
lepton is used to extract the signal yield.

Control samples are used to constrain the background contributions in the fit. A fit to
the AT 37 mass distribution is performed on a sample enriched in A) — AT D events as
described in Sec. 5.9 to extract the relative normalisations of the different D} components
and the D control sample is used to calibrate the normalisation of the D° template as
discussed in Sec. 5.10.

5.2 Data and simulation samples

5.2.1 Data samples

This analysis is based on the whole Runl dataset, meaning data collected during 2011
(v/s =7 TeV) and 2012 (y/s = 8 TeV) with integrated luminosity of respectively 1 fb~*
and 2 fb~1,

Datasets collected with each polarity of the magnet, labelled as MagUp and MagDown,
are merged and the two datasets for 2011 and 2012 data taking periods are considered
together for the rest of the analysis. This also holds true for the simulation samples.

5.2.2 Simulation samples

This analysis is using several simulated samples to understand background composition
and correctly model it. Each generated sample is required to have the six charged tracks
considered in the analysis, i.e. kaon, proton, and pion coming from the A} and the three
pions from the 77—, within the LHCb acceptance.
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A special cut was designed for the production of double charm simulated events, the
largest requests of this analysis, to gain some CPU time. The six tracks described above
have to pass the cut specified in Eq. 5.13 at the generator level, in order to not waste time
at the Detector simulation level which is the most CPU intensive part of the simulation
process. This requirement allows to gain roughly a factor 2 for the event CPU time.

pr > 130 MeV/e && p > 1200 MeV/c (5.13)

The signal samples were both generated using the TAUOLA model [114] implemented in
EvtGen|[l15], the main generator for B hadrons decays used in LHCb.

Thanks to the data collected by the BaBar collaboration [116], it is possible to tune the
parameters of TAUOLA [117] to properly describe the 7 polarisation for 7 — 37r,. Such
tuning is not yet available for the decay with an additional 7°, therefore data collected
by the CLEO collaboration [118] are used for the tuning.

To study the contamination in this analysis of decays of excited charm baryons, simulation

samples of A) — A*T77 v, and A) — Eg*)m'*ﬂ with A} and ni decaying respectively as

A= Nt o, A At ot
and
A= Wm0 At

are also produced, with X 7 referring either as X7 "7~ or ¥ 7%2. Simulation samples for
normalisation were also produced with A’ contributions.

Simulated samples for double charm backgrounds are cocktails of all the decay modes
giving at least three 7.

The simulation production focusing on D° decay modes takes into account decays of
excited charm mesons, i.e. D*~, D*¥ and D,; states into D° and also decays with an
associated K~ of K*~. The same strategy was applied for decays modes including a D~
with contributions from D*~ and associated production with either a K° or a K*0.

Finally, for D decays, the main background of the analysis, contributions from excited
Dy states, i.e. D, Ds(2317)7, D4(2457)~ and D4(2536), are included.

Tab. 5.2 presents a summary of the different simulated samples created for this analysis.

5.3 Selection of the events

This section describes the selection of the events used in the analysis. It can be divided
into three parts:

 an online selection based on the LHCD trigger system.

« an offline preselection, called stripping, to select signal candidates.

2These samples are not yet present in Tab. 5.2 as their processing it still ongoing.
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Decay type Statistics
A — Afr v, (77— 37v,)

Tauola BaBar tune 37,506
A — Afr v, (77— 3n7v,)

Tauola 11,677
A) = Afrmtre 30,666
A — ATD;(D; — 3nN) 610,197
AY — ATDY(D°— 37N) 607,090
A} — ATD~ (D~ — 37N) 550,666

Table 5.2 — Summary of the simulation samples used in this analysis.

« a final selection based primarily on the event topology.

This selection is then used to process both data and simulation samples to create the
templates used by the fit described in Sec. 5.10 to extract the number of signal events
Nyig.

5.3.1 Online selection
At the LO level, events are asked to either be selected by the dedicated Hadron trigger or
being a TIS event, with TIS (and TOS) trigger categories being defined in Chap. 3.

At the software trigger level, events need to be selected by at least one of the following
trigger lines:

» Topological trigger: these lines are designed to select B hadron decaying into 2, 3
or 4 particles.

o AT trigger: this trigger is looking inclusively in each event for a Al decaying into
pKmor pKK.

o Charm hadron trigger: this trigger line is dedicated to search for charm hadrons
decaying into three hadrons.

Using the naming conventions of the LHCb trigger system, the trigger selection can then
be expressed as:

o LO: LOGlobal TIS or LOHadronDecision TOS
o HIt1: Hlt1TrackAllLODecision TOS

« HIt2: HIt2Topo{2,3,4}BodyBBDTDecision_TOS or
Hlt2CharmHadLambdaC2{PiPK,KPK ,KPPi}Decision_TOS or
Hlt2CharmHadD2HHHDecision TOS

5.3.2 Offline preselection
Stripping lines are preselections implemented directly in the analysis framework of LHCDb.
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Two different stripping lines are used for the selection of AF7v events:
o StrippingLb2LcTauNuForB2XTauNu: the main line to select A} 7~ candidates

o StrippingLb2LcTauNuWSForB2XTauNu: a line dedicated to select AF71 candidates
which are used to study the combinatorial background

This selection is designed to have final state particles with good track quality, 7 and A}
vertices of good quality and sufficient displacement of both of these vertices from the PV.
In addition, some requirements are also required on the particles identification (PID) for
both 7 and A} daughters. The complete set of cuts used in in both stripping lines is
shown in Tab. 5.3, the different variables are defined as follows:

Xz aer/ndof : the x* per degrees of freedom of the fit of the long track which the particle
is associated

X2 .aer — Prob : the x? probability of the track fit. If this probability is low, the fit quality
is too poor for the track to be selected

Ghostye, @ the probability of a track to only be a random combination of hits

IP,»(PV) : the x? distance of a given particle to the PV. I P,o(PV) > 5 means that the
track is required to be displaced from the PV with a 5o significance.

DOCA : the distance of closest approach of all the tracks to be combined to form either
the AT, 7 or A in the context of this analysis

DIRA : the cosine of the angle between the momentum of a given particle and the
direction given by the position of the PV and the decay vertex of this particle

x? vertex : the x? of the fit combining the tracks to form the vertex.

x? vertex-PV distance : the y? distance between the decay vertex of the particle
considered and the PV. The larger this distance is, the higher the probability of its
decay vertex to be displaced from the PV is

PIDo(z) : PIDa = log L(a) — log L(7), as defined in Sec. 3.2.2, is a measurement of
the compatibility of a given track = to be identified as the particle «;, a being either
K, p,pore

min(m(77)) : the minimum of the mass of the two 7~ 7" pairs from the 37 of the 7
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Cut Value

A

DIRA > 0.995
max(DOCA) < 0.15 mm

m(AfF3m) € [2500, 5900] MeV/c?
Af

x? vertex < 30

DIRA > 0.995
max(DOCA) < 0.5mm

[Pa(PV) > 10

x? Vertex-PV distance > 36

pr > 1200 MeV/c
m(pK~—7") € [2256.5, 2316.5] MeV/c?
-

x? vertex < 25

DIRA > 0.99

max(DOCA) < 0.15mm

At least two pions with pr > 300 MeV/c

At least two pions with IP2(PV) | > 5

m(3m)

€ [400, 3500] MeV/¢?

min(m(r)) < 1670 MeV/c?
7 from 7

Ghostyrob <04
Xirack/1dof <3

[P (PV) >4

pr > 250 MeV/c
PIDk(r) <8

At daughters

Ghostprop <04
Xirack/ndo f <3

X2 0er-PTOD > 0.01
[P:(PV) > 10

pr > 250 MeV/c
p > 2000 MeV/c
PIDk(K) >3

PIDk(r) < 50
PIDp(p) > 5

Table 5.3 — Cuts used in the stripping selection.
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5.3.3 Event topology
5.3.3.1 Topology of a signal event

In order to remove the background coming from prompt A 37 X decays, the most useful
tool is the event topology. As the three pions are coming directly from the AY, the 37
vertex should be closer from the A) one with respect to a signal event where the 7 is able
to transport them.

Two cuts can be define to take advantage of the event topology:

« detachment cut: the 37 vertex has to be downstream with respect to the A) one
with a significance of at least 40

e inversion cut: the 37 vertex is required to be downstream of the AT one with a
significance of at least 5o

The significance is defined as

\/vtxZ(AX)eW @ vtx,(37)epr

with Ax referring to A9 for the detachment cut and A} for the inversion one. The event
topology for a signal decay is shown in Fig. 5.2 with the two cuts.

PV

Figure 5.2 — Topology of a signal decay. The detachment cut is shown in blue and the inversion
one in red.

5.3.3.2 Choice of vertex cut
In the R(D*) analysis, the detachment cut was used as its selection efficiency on signal
was roughly twice higher than the inversion one and was then used for the event selec-

tion. However, the downside of this cut is a more prominent contribution due to prompt
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37 events in the dataset after the event selection and a very large inclusive production of
such events is required to account for this background in the final fit.

Due to the shorter lifetime of the A, the relative efficiency of the inversion cut with
respect to the detachment one is higher, 63% for signal in MC 2012 sample to be compared
with the one for the R(D*) analysis, which was roughly 50%.

To validate the use of the inversion cut in the event selection instead of the detachment
one, in addition to the higher signal efficiency, one can study the rejection of prompt A}
37 X events using the exclusive A) — AF37 peak. Using the full selection described in
Tab. 5.4, 8396 + 101 events in the A} 37 peak are found in the 2012 dataset as shown in
Fig. 5.4a, 77 £ 19 with the detachment cut added and only 8 + 13 with the inversion one
as seen respectively in Fig. 5.4b and Fig. 5.4c.

This validates the use of the inversion cut with its extra rejection of AT 37w events,
which completely removes the need of a 37 prompt template in the final fit.

M(AZ 3r) without Ds component
200

cleaning cuts only
m detachment cut at 40
1754 [ inversion cut at 50
150
125 A
100
75 -
50 4 il — = m
) D o d L

5000 5200 5400 5600 5800
M(AZ 3m) [MeV/c?]

Figure 5.3 — M(AF 37) with only cleaning cuts (blue), detachment cut added (orange) and
inversion cut (green).

5.3.4 Additional cuts

In addition to the event topology requirement, other cuts are also used to remove back-
ground coming from the PV, interactions with the material and combinatorics. They are
denoted as the A) selection in Tab. 5.4.

In addition to this first set of cuts, additional cuts are required to better select the AF
and the three pions from the 7—. The same logic applies for both particles with the need
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(a) Fit of the AY — AF3m peak with the D component removed
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(b) M(A} 37) distribution with detachment cut.
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(c) M(A} 37) distribution with inversion cut. 121

Figure 5.4 — Fit of the AT 37 peak with cleaning cuts (a) and detachment (b) or inversion (c)
added.
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of a good quality vertex and PID requirements for these six tracks. They are labelled as
At and 7 selections in Tab. 5.4. As a naming convention of the rest of the document,
if these additional cuts are considered without any topological cut, this set of cuts is
designed as cleaning cuts. The selection of the AT and the reduction of the background
over its mass peak is further discussed in Sec. 5.3.6.

Among these cuts, some are designed to reject double charm background with the use of
tools discussed in the following sections of this document, such as:

 the square root of the momentum transferred to the 7-v system, y/¢?, which can
be seen as the mass of the virtual W, is required to be positive

« the pion with an opposite charge with respect to the 77 is required to have ProbNNk
< 0.1 to suppress D~ events where this pion candidate is actually a misidentified
kaon coming from a D~ decay

» the output of the BDT discussed in Sec. 5.4, labelled as isoBDT needs to be greater
than 0.6

Distributions of the variables used in the event selection are shown for signal, both 37 and
3rmY, and exclusive A} 37 simulated samples with 2012 conditions in Fig. 5.5, Fig. 5.6

and Fig. 5.7.

Variable Cut
AY selection
[vtz,(AT) — vtx,(77)]/error < —5
BPVVDR(7~) € [0.25,5.2] mm
PV(Af) =PV(r)
number of A candidates =1
AT selection
’lvtz(AT)] < 15
X[IPpy(AL)] > 15
ProbNNpi of 7 from A7 > 0.6
ProbNNk of K from AT > 0.3
ProbNNp of p from A7 > 0.35
ProbNNk of p from A} < 0.5
7~ selection
utz(t7)] < 10
[vtz,(77) — vtz (PV)]|/error > 10
X*[I Ppy(7)], © from 7= > 15
ProbNNpi of each 7 from 7= > 0.6

m(3)
AYDX background rejection

< 1600 MeV /c?

ProbNNk of 7+ from 7= < 0.1
Vi >0 Sec. 5.5
Isolation BDT;,, > 0.6 Sec. 5.4

Table 5.4 — The cuts used in the event selection, this set of cuts is denoted as final in the

following.
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Figure 5.6 — Distributions of variables included in the event selection for signal (in blue), signal with additional 7% (in orange) and exclusive
A} 37 2012 (in green) MC samples.
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Figure 5.7 — Distributions of variables included in the event selection for signal (in blue), signal
with additional 7° (in orange) and exclusive A} 37 2012 (in green) MC samples.

125




CHAPTER 5. MEASUREMENTS OF B(A% — Af77,) AND R(A})

5.3.5 Selection of the normalisation events

In order to select the AF 37 events of the normalisation channel, a so-called normal
topology is required where the A} vertex must be downstream with respect to the 37
one with a significance of a least 40. The selection for normalisation events, called
normal final, requires this topology cut and the full set of additional cuts described in
Tab. 5.4

5.3.6 Af background removed using sideband subtraction

With the selection described in Sec. 5.3.4 and a previous definition of the PID requirement
on the proton only asking for the ProbNNp of the proton to be higher than 0.2, the
background under the AF mass peak is still noticeable and must be taken into account.
In this section, a study of this background and its rejection is presented. For reference,
the distribution of the M(AF) for data in Runl using the selection described above is
shown in Fig. 5.8.

14000 ~

I
- =ll.
6000 4 'J

12000

N
— || -
i &

2000 4

2260 2270 2280 2290 2300 2310
M(A) [MeVv/c?]

Figure 5.8 — M(A}) distribution is shown for Runl data after final selection but old PID
requirement on the proton of the AF.

The removal of this background relies on the sideband subtraction, with the sidebands
defined as follows:

M(A}) € [2256.5,2270] or M(A}) € [2300,2316.5] (5.14)
with the mass expressed in MeV/c?.

126



5.3. SELECTION OF THE EVENTS

Unfortunately, the level of background to subtract is high enough with this selection to
increase noticeably the statistical uncertainty on the number of signal events in the fit.
It is then required to reduce the level of background below the A mass peak without
significant drop of the signal efficiency. The following PID requirement:

e ProbNNp of the proton: > 0.35
o ProbNNk of the proton: < 0.5

reduce the background level by a factor 3 with a signal efficiency of 83% with respect to
the selection where the only requirement on the PID of the proton is ProbNNp > 0.2.
The comparison of these two PID requirements can be seen in Fig. 5.9.
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Figure 5.9 — M(A) distribution is shown for Runl data after final selection and tighter A}
selection.

As the available mass range for the A given by the stripping is only of 60 MeV/c?, a
signal contamination in sidebands has also to be taken into account. This contamination
of real A in the sidebands can be seen in Fig. 5.10 where the A 37 mass is shown for
both the lower and upper A} sidebands. In both plots, a clear peak of A) — AF3x is
visible which motivates the study of this effect.

To do so, one can use the exclusive A) — AT37 peak. It is indeed possible to count the
number of events in the exclusive peak per bin of AT mass, throughout the whole A}
mass range. The outcome of this analysis allows to draw the AT mass distribution with
only real A as seen in Fig. 5.11. The number of events in the sidebands in this plot is

then a measure of the signal contamination which is evaluated to be 5.6%, even if it will
cancel in both IC(AF) and R(A.) ratios.
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Figure 5.11 — Distribution of the A} mass with events in the exclusive peak of A) — A} 3.

5.3.7 A’ feed-down

A? contribution arises from AT — Afr~7T and AT — AF707Y decays. As the neutral
decay is not detected, the reconstruction of A% in its decay into two charged pions is used
in the following to estimate the total feed-down.

The feed-down in data from both A.(2625) and A.(2593) is of 2100 events which corre-
sponds to ~ 10% of the number of events in the A) — AF37 exclusive peak and is shown
in Fig. 5.12 with the difference of A¥*7~ 7" and A} mass distributions.

The estimation of the ratio of the yields N(A*37)/N(Af3n) is presented here with A*37
being the sum of A.(2593)37 and A.(2625)37 contributions. Due to the current lack
of A’37m simulation sample produced with either 2011 or 2012 conditions, this ratio is
measured using 2016 data and simulation samples. This ratio is measured in 2016 data

to be 0.138.

The selection for this study is slightly different in order to maximise the A’37 efficiency.
The selection efficiency (without the acceptance part) is 1.35 x 1072 for the A} 37 yield
and 0.475x 1073 for the A*3m one. Thus, the ratio of the yields corrected by the efficiencies
is 0.588.

Finally, to extract the A’ feed-down in A.7v events, one needs to estimate the efficiency
of AlTv events to pass the selection used to create the templates for the fit.

This cannot be measured precisely as no simulation sample for AX7v is available yet.
Efficiency already measured on the A*37 sample are then used for this purpose.

If we take 0.9 as an estimate for the drop of efficiency due to the emission of the two
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Figure 5.12 — Distribution of M(AF7~7+)-M(A) in 2012 data. The two peaks correspond to
Ac(2593) and A.(2625) resonances.

pions of the A%, we then have: for the charged case:

N(A*3

‘N<(A§377:')) X €ngan X €igy X W X 0.9 = 2.07%
for the neutral one:

N(A*3 %

N((11§377Tr)) X €px3m X E(i)so xul x 0.9 =10.7%

with the efficiencies of the isolation selection estimated for charged (eif,) and neutral (¢?,)

decays modes of the A* estimated to be respectively 0.1 and 0.5. The two weights, w*

and w', are introduced in the computation to take into account the relative branching
2

fractions of the charged and neutral modes with w® = 3 and v’ = 2.

The first estimation of A*7v feed-down is then respectively 2.07% and 10.4% for charged
and neutral decays of the A%. The total feed-down is then estimated to be of 12.5% which
is very similar to the D** one in the hadronic R(D*) analysis.

5.4 Isolation tools

The event selection discussed in Sec. 5.3 is efficient to discriminate between signal events
and events with 37 coming from the AY vertex or with particles misidentified as pions.
The remaining background is mostly composed of double charm decays where the three
pions are produced by a D meson — D, D~ or D% often produced in association with
other charged or neutral particles.
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It is possible to remove this background searching for these additional particles produced
in addition with the reconstructed candidate, in the following, they will be referred as
non-isolated events. Two types of isolation algorithms are used in this analysis to reject
this background, charged particle isolation is described in Sec. 5.4.1 and isolation against
neutral particles is shown in Sec. 5.4.2.

5.4.1 Charged particles isolation using a BDT

To identify and reject non-isolated events, a two-stage Boosted Decision Tree (BDT)
approach is chosen. In the context of this analysis, BDT are used as classifiers, meaning
that labelled samples of both signal and background events are provided for the training
of such algorithm to adjust its internal parameters. The output of the classifier is a score
comprised between 0 and 1, with 0 meaning a background like event and 1 a signal-like
one.

Applied on a sample with unknown content, such algorithms are then able to identify
both background and signal events based on the information present in the training set.
Such algorithms will be further discussed in Sec. 5.7.

To perform charged isolation, two different BDT need to be used, the first one for tracks,
the second at the event level. They will be further referred as track-BDT and isoBDT in
the following.

The track-BDT was first designed, developed and used in the measurement of the mixing
frequency Am, using semileptonic B decays [119].

After the reconstruction of the signal candidate, remaining tracks of the event are divided
in two categories:

« isolated tracks: these tracks cannot be attached to one of the vertices of the signal
candidate decay chain. In Fig. 5.13, they are coloured in grey.

« non-isolated tracks: denoted in red in Fig. 5.13, they are the ones to be identified
in order to veto background events

In a BDT-based algorithm, one wants to detect a signal, non-isolated tracks, from a
background composed of isolated ones. Several MC samples were used for the training,
such as inclusive bb and c¢é samples, and the output of each BDT can be computed for
each track of a signal candidate.

At this point, the isolation is only provided at the track level, one needs to provide a
method able to aggregate all the information available for each track of the event to
decide whether or not the event should be vetoed. This is the work to be performed by
the isoBDT.

The training of the isoBDT is performed using signal 7 — 37v, simulation samples as
the isolated sample. Using the truth matching information available in simulation, the
non-isolated background sample is defined as follows:
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Figure 5.13 — Schema of the event where the tracks used to create the signal candidate are
shown in green, isolated tracks in grey and non-isolated tracks in red.

o AT D; events where two additional charged pions are found in the decay chain, this
background sub-sample is labelled as 5-tracks Dj .

o ATD° X events with two extra charged kaons identified in the event. This subset
is then called 2K-D°.

The M (A} 3m) distribution of the 5-tracks D, component is shown in Fig. 5.14.

For each tracks of the signal candidate, three pions from the 7 and pion, kaon and proton
from the A}, the variables used are:

e IsoSumBDT
e IsoMinBDT
e PATIR M

The first two variables are output of two track-BDT trained with different configurations
and the third is the mass of the combination of the particle considered with the non-
isolated track having the lowest track-BDT value. The ratio of the pr of the A) to the
sum of the pr of the A and the pr, denoted as Conelso is also used.

The training and testing distributions of the BDT output for both signal and background
are shown in Fig. 5.15, the list of variables with their importance score in Fig. 5.16 and
the ROC curve, showing the background rejection over the signal efficiency, is presented
in Fig. 5.17.

Requiring events used in the analysis to have an output of the isoBDT greater than 0.6
is able to greatly reject the non-isolated events as shown in Tab. 5.5. For instance, the
isoBDT is able to have an efficiency on D° events with two K, a source of background
very similar to the signal if no isolation is used, at the level of ~ 7%.
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Figure 5.14 — Distribution of M(AJ 3) for the A} D; 2012 MC sample (in blue) and its 5-tracks
D7 component (in orange).
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Figure 5.15 — Distributions for both signal (red) and background (blue) for testing and training
samples.
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Figure 5.17 — Background rejection as a function of signal efficiency for the isolation BDT.
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Dataset ‘ €isoppT (70)
Signal 79
5-tracks D 29
2K-D° 7

Table 5.5 — Efficiencies on both signal and background simulation samples used to train the
isoBDT.
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Figure 5.18 — Invariant mass of the system composed of the three pions and additional track
compatible either with a pion (red) or a Kaon (blue).

5.4.1.1 Charged isolation control samples

The method based on counting tracks at either AT or 37 vertices can be used to build
control samples of non-isolated samples. In Fig. 5.18, the mass distribution of 37h is
shown when an additional track compatible with pion or kaon hypothesis is found. Clear
peaks corresponding to D° — 7#t7 7T K~ and D° — nmF7~7"7~ can be seen. A control
sample is then built by requiring a mass window of 420 MeV/c? around the D° mass.

5.4.2 Neutrals isolation

Background candidates often decay to extra neutral particles (v, 7%, ..) and they can
be vetoed using information provided by the calorimeter system. The neutral isolation

algorithm looks for neutral energy in a cone, which radius AR = /An? + A¢? can be

tuned between 0.1 and 0.5, around the 37 direction.

A data-MC comparison of the P, of the neutral particles selected by the algorithm is
shown in Fig. 5.19, using the exclusive decay A) — AF3m with 2012 samples. Its dis-
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tribution is also shown in Fig. 5.20 for both signal and A7 D° X events, with a much
higher peak at zero for the signal distribution, where all events are isolated, with respect
to ATDY X events, which are non-isolated events, with a distribution featuring a long
tail at high values. Another test is shown in Fig. 5.21, where the distribution of the A}
31 mass is shown without neutral isolation requirement and with a requirement of 8 GeV
of neutral energy to be found in a cone around the 37 axis with a drop of efficiency
much more important on the exclusive A) — AF371 peak where all the events are isolated
with respect to the broad component where the 37 are often associated with at least one
neutral particle.

The neutral isolation variables are used in the training of the BDT described in Sec. 5.7.
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Figure 5.19 — Comparison of the P, of the neutral particles selected by the neutral isolation.
The exclusive A7 37 sample (in blue) is compared with the data sample (in orange) for cone
sizes of 0.3 and 0.4.
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Figure 5.20 — Normalised distribution of the P, of neutral particles with AR = 0.4 for both
signal and A} D° X simulation datasets.
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Figure 5.21 — AT 37 mass distribution in the 2012 simulation sample with no neutral isolation
requirement (blue) and with a requirement of 8 GeV of neutral energy in a cone around the 37
axis.
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5.5 Reconstruction techniques

The full reconstruction of A} — AF7"v,(— 37(7°)r,) events using a missing energy
technique is not directly possible due to the two missing neutrinos. However, if one
adds constraints on both 7 and A) masses, it becomes possible to reconstruct A and 7
momenta but also the 7 decay time. This section presents two reconstruction methods
used in the analysis, one to fully reconstruct an event under the hypothesis of it being a
signal one and a partial reconstruction method useful to reconstruct AY — AT D_ events
and thus, strengthening its rejection.

5.5.1 Reconstructing A) — Af777, events
To fully reconstruct A) — AF7-7, events, the direction of the 7 is needed, given by the
line joining both the 3 pions vertex and the AY one.

The 7 momentum can be estimated, using the constraint that the 3 pions come from the
7 decay, up to a two-fold ambiguity, as follows:

(M2, + m2)|Psr|cos O £ \/(m2 — m3,) — 4m2|fis,[sin? 0

1
2EZ. — [y Po0s? 0) (5.15)

prl=

In Eq. 5.15, 6 is the angle between the directions of the 7 and the three pions. ms,, Fs,
and |p3.| are respectively the invariant mass, energy and 3-momentum of the 37 system,
with m, being the mass of the 7 lepton.

To resolve the two-fold ambiguity, one can tune 6 in order for both solutions to become

only one using;:
m2 — m3n?

0nax = arcsin <T—> (5.16)

2m7’ |ﬁ37r |

Using Eq. 5.16, |p;| becomes |p(fmax)| and the same method can be reused to estimate
the A momentum using the formula:

(mis, + mig)|ﬁ3Ac+ﬂ\cos 0 + \/(mf12 —miy ) - 4mig |94+, |sin® 6"

Dag|= 5.17

|pA2| 2(E315+T — [Py, [Pcos? ) (5.17)
Here, p,+, is defined as:

ﬁ/le = ﬁAj + ﬁT(Qmax) (518)

One then only needs to reconstruct |p A2| to use the 6’ value leading to a single solution:

2 2
m 0o m +
0 .. = arcsin (M) (5.19)

max Qm/lg |ﬁ/1j7- |
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Having both momenta of 7 and AY reconstructed, one can then compute the mass of the
virtual W boson (My/) and the momentum transferred to the 7-v system defined as:

¢ =iy = (pag — Pz’ (5.20)

This variable is used in the final fit described in Sec. 5.10 to extract the signal yield. The
shape of its distribution could also be the subject of further studies to test several New
Physics scenarios.

Finally, the extraction of the 7 decay time can be obtained using the reconstructed p, by
first recovering the Lorentz factors:

A
= 5.21
o= (5.21)

1

Uiy iy

where F, is the energy of the 7. Using both A) and 7 vertices and their coordinates

(5.22)

denoted as Agx’yJ and 7, ., one can then compute the distance of flight of the 7 and its
decay time:
L= \f(ra = A0, + (= M, + (. — A.)? (5.23)
L
t, = — (5.24)
By

5.5.2 Signal reconstruction results using simulation samples
5.5.2.1 Signal A)— AF7(— 37v,)v, simulation samples

Results using the 2012 signal, A) — A7~ (— 37w, )v,, sample are presented. Events need
to pass the final selection described in Sec. 5.3. The resolution on the A momentum
can be seen on Fig. 5.22, the ¢® one is shown in Fig. 5.23, both resolutions show no
significant bias. Finally, the 7 decay time is also presented in Fig. 5.24.

5.5.2.2 A) AT D; simulation samples

Results using the 2012 AFD; background sample, A) — AFD;(— 37N), sample are
presented. The resolution on the AY momentum can be seen on Fig. 5.25, the ¢* one is
shown in Fig. 5.27. Finally, the 7 decay time is also presented in Fig. 5.28.

As for the results on the signal samples, no clear sign of bias is visible on the resolution
plots for both the reconstructed AY momentum and the ¢>. As both D~ and D}*~ events
in addition to D ones are present in the simulation sample, one can compare the result
of the partial reconstruction for each sub-component as shown for the ¢ in Fig. 5.26,
again no clear bias is visible.

140



5.5. RECONSTRUCTION TECHNIQUES

300 H

250 4

200 A

150 A

100 +

50 4

n

= T T T
—200000-150000-100000 —50000 0 50000 100000 150000 200000
[Pag| - |pag(true)| [Mev/c?]

0

Figure 5.22 — Resolution on the reconstructed AY momentum (|p A0 |—|p A0 (true)| using the signal
reconstruction technique.)

5.5.3 Partial reconstruction of A)— ATD_; events

One can write the momentum conservation equation for events coming from AY — AT D7
decays as follows:

|ﬁAg|ﬁA2 = p/Tj + |p5;|u[_)’; (5.25)

In Eq. 5.25, p;{g, pp- and py+ are the momenta of the particles involved in the decay
and u}{g,ufj; are their unit vectors. Using simple vectorial algebra, two methods are
available to compute the values of ng and pp-, they will be referred as vectorial and
scalar approaches in the rest of the section and denote with respectively a subscript v or
s. AY and D; momenta can be expressed as:

X Up-
_ M—i’s’ (5.26)

Pyo, = =
X Uy
’UAg D;

bV

U/_fj CUAY (p/_fj UB;)(UZQ 'UD;)

1 - (UZg : UB;)Q

PAS,S - (527)

Ipar x ]

- lup: % UZgI

(5.28)

Dg v

_»+-u_»0 u_’o-u - ) — _)+-’LL_)—
P, - (pAC Ab)( A9 DS) Paf - Up; (5.29)

o 1 — (ujo - up-)?

To reconstruct A and D, momenta, one thus uses:
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Figure 5.23 — Reconstructed ¢? (blue) to be compared with the true ¢ (red) distribution for

signal AY — A7~ (— 37y, )7, simulation sample (a) and the associated resolution on ¢?: (¢ —

¢*(true)) (b).
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Figure 5.24 — Reconstructed 7 decay time (blue) to be compared with the true one (orange)
for signal A) — AF7~(— 3mv, )V, simulation sample (a) and the associated resolution on the 7
decay time (b).
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Figure 5.25 — Resolution on the reconstructed A momentum (|p A0 |—|p A0 (true)|) using the signal
reconstruction technique.
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Figure 5.26 — Reconstructed ¢* (blue) to be compared with the true ¢ (red) distribution for

A)— AF D7 (— 37 N) background simulation sample. The ¢* distribution is also splitted in Dj
(green), D¥ (red) and D¥* (purple) contributions.
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Figure 5.27 — Reconstructed ¢? (blue) to be compared with the true ¢ (red) distribution for

AY — AFD; (= 37N) background simulation sample (a) and the corresponding resolution on
the ¢ (¢® — ¢*(true)) (b).
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Figure 5.28 — Reconstructed 7 decay time (blue) to be compared with the true one (orange) for
AY— AF D7 (— 3nN) background simulation sample (a) and its resolution (b).

Figure 5.29 — Scheme of the decay A) — AF D (— 7—nt7x~N).
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* p,+ which is fully reconstructed
o U A0 giving the direction of the line joining A and primary vertices

s Up- which is the direction of the D neglecting potential neutral particles, denoted
as N in Fig. 5.29

To take into account the neutral component of the D, momentum, one can extend this
method by applying a correction to the A9 vertex position. This correction is obtained as
a function of the mass of the three charged pions (m(3n)), using a AY — A D simulation

sample, with D selected to decay into 3mnP.

Fig. 5.30 presents the profile of the correction to add to the A) vertex position along the
z-axis: —d, (—d, = vtz (A)) — vtx,(A))"¢) as a function of m(3m).

A parabolic function is chosen to fit this profile, and the dependence of —d, can be
expressed as:

—d, = 0.578 + (5.823 x 107%) x m(37) + (1.489 x 1077) x m(3)? (5.30)

with d, expressed in mm and m(37) in MeV/c?.

The effect of this correction on the resolution of the A vertex is shown in Fig. 5.31.
Although the effect is fairly small, the A9 vertex resolution gets smaller after the correction
is applied

Using this correction, it is then possible to recompute the AY vertex position and compute
new unit vectors called up- and u a0 Using equations 5.26 to 5.29, new momentum values
can be expressed for both AY and D by plugging in these new vector units. These new

momentum variables are then called PAg’m, PAgM, Pp- on and Pp- o D masses in

2

these various schemes can also be computed and are denoted m7_ .
S Y99y b
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Figure 5.30 — The profile of the correction —d, as a function of m(37). A parabola is chosen as
the fit model.
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Figure 5.31 — Resolution on the AY vertex (z component) on A) — AFD_ simulation sample,
before and after the correction —d, is applied.
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5.6 Estimation of the efficiencies

Efficiencies need to be precisely known for both normalisation and signal modes. The
main goal is to know for each step of the selection the ratio of signal and normalisation
efficiencies and the associated uncertainties as precisely as possible as the efficiency ratio
is used to compute IC(A) and thus R(A.).

As they are estimated using simulation samples, in addition to the computation of the
efficiencies, this section also presents several studies for data and simulation disagreement,
performed using the exclusive peak AY — A 3r.

Efficiencies for both modes need to be split according to the various selection steps of the
analysis, such as:

€analysis — Esel X Estripping X €trigger X €ace (531)
The acceptance efficiency (€,..) is taken from the simulation procedure. The trigger

efficiency is evaluated using the TISTOS method which estimates the trigger efficiency
by using the events belonging to both TIS and TOS trigger categories.

5.6.1 Trigger efficiencies

Trigger efficiencies are computed for both LO and HLT2 trigger levels and MC/Data
disagreement are studied and correction factors are defined.

5.6.1.1 LO trigger efficiencies

To study the LOHadron effects in this analysis, the TISTOS method described in [94], is
used.

LO trigger efficiencies are then defined as:

Nevents(LOHadron_TOS & LOGlobal _TIS)
Nevents(LOGLobal TIS)

(5.32)

€LOHadron_T0S —

NeyentsLOHadron TO0S&&LOGlobal TIS
NeyentsLOHadron TOS

(5.33)

€L0Global_TIS —

LOHadron properties are sensitive to any neutral energy produced with the A} 37 system.
As no additional energy is present in the main component of the signal channel A} 7,
exclusive channels are selected to perform the study in both MC and data samples. Two
channels can be considered, A) — AF3m and A) — A} D (— 3m). The first one benefits
from large statistics but only covers the normal topology case whether the second one is
well suited for both normal and inverted topologies® but the statistics is limited.

3Event topology is discussed in depth in Sec. 5.3.
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The selection for this study consists in the cuts presented in Tab. 5.4 with the isolation
requirements described in Sec. 5.3 and the trigger requirement defined at the beginning
of this section.

Tab. 5.6 presents the efficiencies of each available sample.

Table 5.6 — LOHadron efficiencies computed for several exclusive samples in data and simulation
for 2012 conditions.

Sample | Data/MC | Nb of events | Vertex topology | Efficiency (%)
Ar 3m | Data 4326 Normal 33.6
At 3r | MC 1206 Normal 56.0
Afrv, | MC 471 Normal 53.1
Arrtv, | MC 917 Inverted 39.8

The LOHadron efficiency is strongly correlated to the 37 transverse momentum. Fig. 5.32,
show the efficiency of the LOHadron trigger as a function of the transverse momentum of
the 37 for A — AT 37 in both simulation and data samples in 2012 conditions for normal
event topology.

1.0 + —— A 3nData ——
A3 MC
0.9 1
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Figure 5.32 — Efficiency of the LOHadron trigger as a function of pp(37) measured using
/18 — AT3m in normal topology. Blue and orange curves are respectively data and simula-
tion efficiencies in 2012 conditions.

The ratio of these two distributions shown in Fig. 5.33 is fitted using a polynomial function
to compute the weights used to correct the overestimate of the LOHadron efficiency in
simulation samples. There is a strong overestimate of the L0 efficiency in the simulation
at low pr(3m) and the ratio still leaves a 10% correction to take into account.
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Figure 5.33 — Distribution of the efficiency correction as a function of pr(37) to be applied on
simulation samples to match the data LOHadron trigger efficiency.
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Figure 5.34 — Normalised distributions of pp(37) for both signal and normalisation 2012 simu-
lation samples.
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5.6.1.2 Effects of the SPD multiplicity

The LO trigger efficiency for both LOHadron_T0S and LOGlobal TIS events is dependent
on the number of hits in the SPD detector. This study is performed on the exclusive
peak of A?— AT37 in both data and simulation samples.

First, the agreement on the distribution of hits in the SPD is performed between simu-
lation and data samples. Thus, the number of hits in the SPD in simulation needs to be
scaled by a factor 1.4 to reproduce the distribution in data. This is presented in Fig. 5.35.

hle
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C Mean 338.8
300— RMS 129.2
250 —
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150(— m
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= +, L.
U_ -'_-0——0—-—0--0-—0—_._—0—_.1:
o1 I | T § | | - | | I T I | | | | T | ] T T I ) N T | | - | ) I
0 100 200 300 400 500 600 700 800 900 1000

Figure 5.35 — Comparison between the number of hits in the SPD for data (blue) and simulation
(red) for events in the exclusive peak of A) — AT 3.
The distribution for simulation is scaled by a factor 1.4 in order to match the data one.
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Figure 5.36 — LOTIS efficiency as a function of the number of hits in the SPD for events in the
exclusive peak of A) — AF3r in data.

5.6.1.3 HLT?2 efficiencies

Simulation samples used in this analysis are filtered at the stripping level requiring events
to pass a topological HIt2 trigger line or one of the CharmHadron ones. This preselection
of trigger-lines is tighten using the lines specified in Sec. 5.3.1 and can be divided in two
categories, HIt2 trigger topological trigger lines which will be referred as trigger Topo
and a set of lines dedicated for the A} candidate which defines a Lec trigger.

As the trigger study is performed on samples after the stripping processing, one can

measure:

Neyents(not (Le or Topo))

€not OR — N
events
Nevents(LC & TOpO)
€Lc|Topo =
L ‘T P Nevents<T0p0)
_ Nevents(Topo & Le)
ETOPO‘LC B Nevents<LC)

(5.34)

(5.35)

(5.36)

The number of events which does not pass our trigger selection, is measured to be 1156
events out of 17684 in 2012 data and 264 out of 5282 for AT 37 events. This means that

€not OR 18 6.5% in

2012 in data and 4.9% in simulation.
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Table 5.7 — Efficiencies on AT 37 events for both MC and data after stripping and selection

cuts.
Year Trigger line | HIt2 efficiency (%)
2012 (data) Topo 92.6
Lc 324
2012 (MC) Topo 97.7
Lc 45.1

The efficiency of the Lc trigger part is overestimated in simulation but this effect is limited
due to the fact that the Topo trigger part accounts for the majority of triggered events
and benefits from a better estimation in simulation.

I Topo trigger

160 ju A trigger
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Figure 5.37 — pKm mass distribution for both Topo (blue) and Lc (orange) trigger configurations
for 2012 conditions.

HIt2 efficiencies are studied as defined in Eq. 5.34, Eq. 5.35 and Eq. 5.36 as a function of
the square momentum transferred to the 7-v, system ¢*. Efficiencies for both Topo, Lc
trigger configurations and their union, denoted as OR is shown in Fig. 5.38.

5.6.2 Stripping efficiencies
The stripping efficiency is evaluated for both signal (37 and 377°) and normalisation for
each year of data taking in Tab. 5.8. The signal efficiency is the average of efficiencies for

each signal mode weighted by its branching fraction.
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Figure 5.38 — Efficiency for the Topo trigger measured on events triggered by the Al trigger as
a function of ¢? for 2012 signal MC sample.

Year ‘ €r3m (%) ‘ €30 (%) ‘ 6sig (%) ‘ €norm (%> ‘ 6sig/enorm
2011 0.40 0.35 0.38 0.67 0.572
2012 0.36 0.33 0.35 0.59 0.593

Table 5.8 — Stripping efficiencies for both signal and normalisation channels for each year of
data taking.
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5.6.3 Selection efficiencies

To check any discrepancy between data and simulation samples concerning selection
efficiencies, a detailed comparison of the efficiency of each cut applied performed on the
exclusive peak of A) — AF3r is performed and shown in Tab. 5.9. It shows that each cut
is well described by the simulation with a typical error of 1.5%.

Table 5.9 — Detailed comparison of selection efficiencies on the A) — AF3m exclusive peak in
both data and simulation samples for 2012 conditions.

cut Data | MC
BPVVDR(7)€ [0.25,5.2]mun | 100 £0.03 | 944

vtz (AF)] < 15 93.8 | 93.5

X2 Ppy(A)] > 15 99.6 | 99.1

*[vtz(7)] < 10 88.8 | 87.4
ProbNNp(p)> 0.2 89.5 | 90.7
ProbNNp(K)> 0.3 89.8 | 91.8
PV, =PV, 95.3 | 94.2
number of /10 candidates = 1 79.2 | 79.6
ProbNNp(m )> 0.6 73.3 | 73.9
all cuts 36.9 | 35.3

The Tab. 5.10 presents a summary of the efficiencies for each part of the selection of
events for both signal and normalisation channels.

Category AY— AF37 Signal
T— 37 7— 3nm?

Acceptance (%) 15.61 16.15 15.57
Filter (%) 0.607 0.375 0.334
Reduction (%) 32.5 32.6 26.8
Cleaning (%) 65.3 65.8 68.1
Charged isolation (%) 72.6 71.6 65.0
M(W) cut (%) - 85.3 87.3
Vertex selection (%) - 31.4 29.6

m(37) cut (%) - 98.7 100
ProbNNpi from A (%) 95.6 95.8 94.1
Trigger (%) 96.8 89.0 90.0
AF" feed-down removal (%) 91.9 - -
AT mass window (%) 96.8 96.3 96.3
AT side band subtraction (%) 96.6 96.2 96.2
AT Gaussian Fit (%) 96.5 - -
Overall efficiency 10.44 x 107 | 1.63 x 10~°> 0.999 x 10—°

Table 5.10 — Detailed description of the efficiencies of the different selections applied for both
signal and normalisation channels.
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5.7 Description and performances of the BDT

As described before, the main background to be rejected after applying the event selection,
especially the vertex detachment requirement, is coming from double charm decays with
the major contribution being A) — A D7 events.

This analysis is relying on the XGBoost library [120] to create the Boosted Decision Tree
(BDT) which will be used to distinguish signal from A D} events. scikit-learn [121]
and matplotlib [122] libraries are also used for the tuning of the hyperparameters and
the visualisation of the performances of the BDT.

5.7.1 Introduction on Boosted Decision Trees for event classifi-
cation

5.7.1.1 Classification using Machine Learning techniques

Boosted Decision Trees (BDT) are a subclass of Machine Learning (ML) algorithms. The
common features of this wide category of algorithms is the possibility to detect statistical
patterns in a provided dataset, "learning” information from the data, and apply this
knowledge on a different dataset.

These algorithms are now widely spread in a wide variety of fields such as computer
vision, spam emails filtering or handwriting recognition. In High Energy Physics, these
algorithms are also very helpful for particle identification, tracking and event classifica-
tion, which is the main subject of this section.

An ML algorithm dedicated for event classification, also referred as classifier, is de-
signed to compute as an output a score for a given event, measuring how signal-like
or background-like the event is. For the rest of this section, a score of 0 means a perfect
background-like event whereas a score of 1 indicates a pure signal-like event.

Such algorithm needs to be provided a dataset of labelled data, meaning that background
and signal are identified as such, to be able to apply the learned classification on a given
dataset. The following steps can be identified to tune such algorithm:

o a subset of the labelled dataset is first provided to the algorithm. This is the
training step: the internal parameters of the algorithm are tuned depending on the
statistical patterns present in the dataset, also known as training sample.

« the other part of the labelled dataset is used to apply the algorithm on it, this is the
test step. This step is crucial for the algorithm generalisation capability preventing
it to be too sensible to the training sample features.

o the algorithm is then applied to the dataset of interest provided for each event a
score on how likely it is to belong either to the background or signal category.

Several classification ML algorithms are available such as Support Vector Machines
(SVC), Neural Networks (NN) or Boosted Decision Trees (BDTs) which will be further
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discussed.

5.7.2 Definition of a Boosted Decision Tree algorithm

A Boosted Decision Tree can be described as an aggregate of Decision Trees (DT). Such
Decision Trees, as illustrated in Fig. 5.39, are composed of nodes and decisions, i.e.
rectangular cuts on the variables of the training dataset, linking them. The initial node,
the root node with all the available training sample is split iteratively in new nodes. The
cut chosen for each splitting is set to optimize the purity of the splitted dataset.

When the algorithm cannot further optimise the purity, it stops at the terminal nodes,
the leaves, with the each subset being labelled either as a signal or background category
depending on its content.

Relying only on decision trees to classify events is often not satisfying as they have the
tendency to be overly sensitive to the training sample features and poorly perform on a
new dataset.

The method to give satisfactory results using Decision Trees relies on two techniques:

» using an ensemble of DT instead of a single one, the score considered is then the
average of the outputs of all the DTs.

« differentiate the training for each DT using a method called boosting. The misclas-
sified events by the i-th DT are weighted higher than the ones classified correctly
and the ¢ + 1-th DT is trained on this weighted sample. In that way, DTs are only
targeting on the events misclassified, they are ‘specialized’ in a sense. Boosting
algorithms differ on the method to weight the dataset from one DT to another.

The first implementation of a boosting algorithm was designed in 1995 and is called the
Adaptive Boosting (AdaBoost) [123]. In this analysis, the boosting algorithm is called
Gradient Boosting and its implementation is presented in depth in [120].

5.7.3 Description of the BDT

This section describes the variables used to define the BDT, the simulation samples used
to perform its training and performances.

5.7.3.1 The variables used in the BDT

To train the classifier, a set of 15 variables is chosen, they are related to partial recon-
struction, isolation techniques, the three 7 system internal dynamics and kinematics.

Partial reconstruction (6 variables) As described in Sec. 5.5, two methods to re-
construct events are applied in two scenarios:

158



5.7. DESCRIPTION AND PERFORMANCES OF THE BDT

o

PB-PTAU-Lambda_c_P<10054.5

T

tau_0.40_nc_P7Z<14156.9

leaf=-0.00571557

leaf=0.0112968

leaf=-0.000424171

log(abs(PBv/Lambda_b0_F))<-0.118308

leaf=-0.0149934

Figure 5.39 — A schematic view of one of the decision trees used in the BDT described in the
following of this section. The initial node at the left is called the root node. Within each node
is shown the particular variable used to split the dataset and the related cut value. On the
extreme right are the external nodes, with their associated score. The score is related to the
probability of being a signal-like event (psig) by psig =

1+e—ssore .
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» Reconstruction as a signal event:
One variable is coming from the reconstruction of the event under the signal hy-
pothesis combining both A and 7 reconstructed momenta (see Sec. 5.5.1):

L |pao|—|p7|=[Pz]: the energy of the neutrino emitted at the AY vertex com-

puted using the reconstructed momenta of both A) and 7 as described in
Sec. 5.5.1

o Reconstruction as a background event:
Events are reconstructed under the assumption of a AY — AFD; decay (See

Sec. 5.5.3). From this reconstruction method, six variables are included in the
BDT.

2. PBsn: the A) momentum reconstructed using the scalar product method after
applying a correction to the A9 vertex position

3. log(abs(PBv/Lambda_b0_P: the ratio between the reconstructed A) momen-
tum and the visible one

4. log(abs((PBsn-PBvn)/PBvn)): the normalized difference between both esti-
mators of the A) momentum

5. mN2v: the squared mass of the reconstructed neutral vector

*%)

6. sqrt(abs(mDs2vn)): the reconstructed mass of the DE:) system

Neutral and charged isolation (4 variables) In most cases, the 37 coming from a
D7 decay are accompanied by a neutral energy component. This neutral energy can be
looked for in cones around the 37 system with various aperture as described in Sec. 5.4.2.
Three variables carrying information about isolation of neutral particles are included in
the BDT.

7. tau_0_40_nc_mult: the multiplicity of neutral particles in a cone with an aperture
of 0.4, meaning that AR = /A¢? + An? between the considered neutral energy
deposit and the 7 direction has to be below 0.4

8. tau_0_40_nc_PZ: the sum of the neutral energy contained in the cone of aperture
0.4

Even if a veto of non-isolated events using charged isolation at both A and 7 is included
in the event selection, two variables are nevertheless used in the BDT:

9. tau_0_20_cc_mult: the multiplicity of charged particles in a cone of aperture 0.2

10. tau_0_20_cc_PZ: the energy located in a cone of aperture 0.2 centred around the
3m vector

The 37 system dynamics (2 variables) The dynamics of the 37 system does not
involve the same intermediate resonances for signal and background. If the 37 system for
the signal comes from a a; decay, there are important contributions from n — 77 7°
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and ' — nrtn~ for D] background events. As a; — pm, the maximum of the two 7~ 7"
pairs will peak at the p mass for signal events whereas the 7~ 7" mass distribution for
D7 events is bound to be between 278 MeV/c? and 400 MeV/c?, meaning that m(7~ 7 ")

will have a stronger component at low mass for D events.
11. min[m(z™*,77)]

12. max[m(r*, 77)]

Kinematics (3 variables) Finally, kinematics variables are included in the BDT to
reject other types of background events. Lambda_b0_M is especially useful to reject events
where the D decays into 7~ and events where the 3 pions do not all come from the same
vertex.

13. Lambda_bO_LOKI_BPVVDR: the p-distance between the primary vertex and the AY
one

14. tau_PE: the energy of the 37 system
15. Lambda_bO_M: the mass of the six tracks system

The BDT is trained on a simulation signal sample, combining both 2011 and 2012 data
taking conditions, where the 7 decays in three charged pions.

The background sample is composed of all the available A) — A D7 X events from 2011
and 2012 simulation productions and a fraction of the A) — A¥D~X and A} — A+ D°X
productions. A first implementation only using A} D} events as background for the
training showed that a significant amount of AF D and A} D events ended up in the
high BDT region, where the signal lies. The comparison between this first BDT and the
one presented in this document is shown in Fig. 5.42. The BDT shapes for both signal
and A7 D, samples are very similar but the peak at high BDT, indicating signal-like
events, is removed in both ATD® and A}Y D~ samples. This means that at the cost of
a small degradation of the performances of the BDT for signal and A} D; events, both
AT D" and A7 D~ are much more distinguishable from signal ones which is crucial for the
fit described in Sec. 5.10 to give optimal results.

Events in both samples are asked to pass the event selection described in Sec. 5.3, two
additional cuts (M (AF37) < 5600 MeV/c* and M (37) < 1800 MeV/c?). They are then
randomly splitted in half for training and testing of the BDT.

Distributions of variables included in the BDT for both signal and background are shown

in Fig. 5.40 and the correlation matrices for both signal and background are presented in
Fig. 5.41.

5.7.3.2 Performances and tuning of the parameters

To ensure that the BDT is not overtrained, distributions of its output for signal and
background for both testing and training samples are shown in Fig. 5.43.
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Figure 5.41 — Correlation Matrices for the input variables for both signal and background
samples.
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Figure 5.42 — Comparison of the output distributions of the first implementation of the BDT
and the current one. The difference is the introduction of A D; and A} D° simulation events
in the background dataset for the training.

The list of parameters used in the XGBoost implementation of a BDT and their tuning
is a follows:

e learning rate: 0.01

e n_estimators: 1000

e max_depth: 2

e min_ child weight: 4

« subsample: 0.8

e colsample bytree: 0.8

e scale pos_ weight: 24.71

The learning rate corresponds to a weight added to each new decision tree during the
training of the BDT. A low value of the learning rate, below 1, reduces the impor-
tance of an individual tree. n_ estimators is the number of trees considered in the BDT,
max__depth corresponds to the maximal number of layer of nodes in each decision tree.
As max_ depth is set to 2, only two different cuts are considered per decision tree. These
settings are meant to give robust results and to reduce the possibilities of overtraining.
The same applies for the value of min_ child_ weight, which states the minimum of entries
to have in an external node.

subsample and colsample_bytree are parameters enabling the possibility to perform sub-
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sampling in the construction of the decision trees, each decision tree is built using a
randomly chosen subsample of the training dataset. By doing so, the final BDT is more
robust.

The parameter scale_pos_ weight is the balance between signal and background samples
and is set to the ratio of number of events in signal and background training samples.

The ROC* curve is shown in Fig. 5.44, an area under the ROC curve of 0.92 is found
which means that the BDT is performing well, and the importance score of each variable
of the BDT is presented in Fig. 5.45.

74 [ Signal (train)

I Background (train)
& Signal (test)
& Background (test)

Arbitrary units

0.0 0.2 0.4 0.6 0.8 1.0
BDT output

Figure 5.43 — The BDT output for both signal and background in training and testing samples.

With the parameters mentioned above, the signal efficiency estimated on a 2012 MC
sample is 88% and 8% for the AT D sample with a cut on the BDT output at 0.5.

5.7.4 Validation of the BDT

To check the validity of the BDT implementation, especially any simulation/data dis-
crepancies that could bias its output, the normalised distribution of the output of the
BDT for the events found in the AY — AT 37 peak is shown in Fig. 5.46 using the normal-
final selection. For the data distribution, the AT background has been removed using the
sideband subtraction method described in Sec. 5.3.6, both distributions agree reasonably
well with each other.

4ROC stands for Receiver Operating Characteristic, which is a standard method to estimate the
performances of a binary classifier.
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Figure 5.44 — The BDT rejection vs signal efficiency.
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Figure 5.45 — Importance score for each variable of the BDT.
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Figure 5.46 — Distribution of the output of the BDT for events in the A} 37 mass peak for both
Runl data (blue) and simulation sample (red).
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5.8 Determination of the normalisation yield

This sections presents the work needed to measure the normalisation yield and the rele-
vant ratios required to compute R(A.).

_|_

5.8.1 Normalisation using the A) — Af7 77~ exclusive peak

The normalisation mode for this analysis is A) — Af7~7"7~ and the determination of
its yield in Runl data is crucial for both the measurement of the B of A) — Af7~ 7, and
the computation of R(A.), even if additional factors, discussed in the next parts of this
section are also needed.

The selection used for the normalisation mode, as described in Sec. 5.3, consists in a cut
on the event topology where the AT is asked to be upstream from the 7 with a significance
of 40 and the additional cleaning cuts, which is referred as the normal final selection.

5.8.1.1 Normalisation yield extraction

The precise determination of the normalisation yield is performed using a fit in the
(5500 MeV/c?, 5800 MeV/c? | range on the M(AF 3r) distribution. The A) — AF3w
peak is described by a Gaussian and the combinatorial background is modelled using an
exponential function. The fit on the Runl dataset is shown in Fig. 5.47.

:G_" T T L] L] L] I L] T T T
© = -
2 1600 — o2 / ndf = 345.7 / 46 ]
5 E po 8960 + 22.7 E
51400 — pl 5623 + 0.1 [}
E N p2 1332+ 0.11 |
w1200 [— —
h=l B pa ~0.01182 + 0.00088 | —
2 C 3
S 1000 |- —
800 — —
600 [— —
400 |~ =
200 —
0 .
5500 5700 5800

m(A.3m) [MeV/c?

—

Figure 5.47 — Fit to the A} 37 mass distribution using the Runl dataset after the normal_final
selection.
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5.8. DETERMINATION OF THE NORMALISATION YIELD

The normalisation yield extracted from the fit is measured to be in the Runl dataset:

Noorm = 9520 + 120 (stat)

A contribution from A) — AT D7 (— 37) can also clearly be seen in Fig. 5.48, where the 37
mass distribution is shown with the same normal-final selection used in the normalisation
fit. Another contribution comes from Y. 7 decays, the normalisation yield will soon be
subtracted from these contributions.

600
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400

Candidates / (60 MeV/c?)

300
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100

1000 2000 3000
m(3x) [MeV/c?]

Figure 5.48 — The 37 mass distribution in the Runl dataset with the normal-final selection.

5.8.1.2 Data simulation study on the event topology cut for normalisation
events

Normalisation events are selected using the normal final selection discussed in Sec. 5.3.
The extraction of the normalisation yield is still lacking some elements but the agreement
on the event topology cut is discussed in this section.

In Fig. 5.49, the AF 37 peak is fitted using a selection without the cut on the event
topology. The fit is done again after applying the complete normal final selection as
presented in Fig. 5.50. This allows to compute the efficiency of the cut on the event
topology, the results are presented in Tab. 5.11 and the effect of the discrepancy between
data and simulation is ~ 10%.
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Figure 5.49 — AT 37 mass distribution for 2011 (top) and 2012 (bottom) data samples without

the cut on the event topology.

Table 5.11 — Number of events and efficiency after the event topology cut on the events in the

A} 37 peak.
2011 2012
Number of events (without the event topology cut) 7762 +£66 17684 + 106
Number of events (with the complete normal_final selection) 1756 + 31 3853 £ 51
Data efficiency (%) 22.6 21.8
Simulation efficiency (%) - 25.1%
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Figure 5.50 — AT 37w mass distribution for 2011 (top) and 2012 (bottom) data samples with the
normal_final selection applied.
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5.8.1.3 ratio of A)— AFr 7T7~ and B’— D* ntr nt yields
To be able to use the same external branching fractions used in the hadronic R(D*)

analysis, one needs to precisely know the ratio:

B(A)— Af3n)
B(BY— D*3m)

(5.37)

where the 37 come from a a; resonance.

To extract directly this ratio from data, samples of both simulation and data taking in
2012 conditions are used and the selection of events is as follows:

« events need to be TOS at the L0 trigger level and pass one of the topological trigger
line at the HIt2 trigger level (referred as Topo in Sec. 5.3.1)

e ProbNNpi of each 7 from 7= > 0.6
o X*vtz(r7)] < 10

The efficiency of this selection, estimated on dedicated simulation samples is respectively
57.5% for D* 3w events and 63.1% for AF 37 ones.

hle
— Entries 10663
= Mean 1699
500 — RMS 549.8
400—
300|—
200—
100—
D | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 |
500 1000 1500 2000 2500 3000 3500

Figure 5.51 — Comparison of M(3r) distribution for AT 37 (blue) and D* 37 (red) channels.

Although this selection is able to select both channels, one can see a bump around
2GeV/c? in the M(37) distribution of AT 37 events in Fig. 5.51 which indicates the
presence of events coming from A* — At7nw decays.

After vetoing these events and applying a sideband subtraction, the agreement is much
better as shown in Fig. 5.52. Yet, as shown in Fig. 5.53, ¥, contributions are found as

Z£*) — AFT decays are contributing. In both distributions, two clear peaks at 160 MeV/c?
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and 230 MeV/c? are contributions from ¥.(2455) 7 and .(2520)* " in the top plot shown
in Fig. 5.53 and ¥.(2455)° and 3.(2520)° in the bottom one.
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Figure 5.52 — Comparison of M(37) distribution for A 37 (blue) and D* 37 (red) channels
after A* component is removed from A} 37 distribution.

After removing these components, the comparison of A} 37 and D* 37 mass distributions
is in much better agreement as shown in Fig. 5.54

Before taking into account selection efficiencies, the ratio of AT 37 over D* 37 events is:

Nevents (ACJF?’TF)

=048 + tat) £+ t ‘
Novoe(D73m) A8 £ 3% (stat) £ 3% (syst) (5.38)

with a 3% statistical uncertainty and a uncertainty associated to the subtraction of A7~
events of 3%.
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Figure 5.53 — Distribution of M(A}7+)-M(A7) (top) and M(Af7~)-M(A}) (bottom).
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Figure 5.54 — Comparison of M(3r) distribution for A7 37 (blue) and D* 37 (red) channels
after the removal of A* and Y. contributions to the A7 37 mass distribution.

5.9 Double-charm backgrounds

5.9.1 Determination of the A) - A7D; X background composi-
tion on data

5.9.1.1 Determination of the D; decay model

The D; decay model described in this section comes from the work done for the R(D*)
analysis [107]. To achieve a better background modelling, an enriched sample of D}
decays was extracted directly from the data using a BDT dedicated to discriminate
double charm events from B — D*rv. Then a simultaneous fit to min(M (7 t77)),
max(M (7t7)), M(rm~n~) and M(n~7ntn) is performed using a model obtained from
simulation samples.

The fit model is taking into account three types of D decays:

o D_ decays with at least one pion coming from a n or 1’ which are then subdivided
into nm, n p, n’w and 1’ p final states.

o D; decays with at least one pion coming from an intermediate resonance (IS) other
than 1 or 17’. These events are then classified in two final states categories: IS7 and
ISp. These decays are dominated by IS being either w or ¢ resonances.

e D decays with no pion coming from an intermediate resonance (nolS). These
decays can be subdivided as follows: K° 37, n 3w, ' 37, w 37w, ¢ 37, 7(— 37)v,
and non-resonant 37. These contributions are denoted as « in Eq. 5.39
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The model used is described in the following with the dependence on the fit variables

omitted for clarity:

P = (1 - fbkg) fn[fnppnp + (1 - fmJ)Pmr) + fn’(fn/ppn’p(l - fn’ﬂ)Pn;]

+ (]- - fn - fn’)[(]- - fnoIS)(fISpPISp + (1 - fISp)PISW) + fnoIS Z fnoISaPnoISoz}

+ fokgPokg

(5.39)

In this parametrisation, fy;, takes into account background events not originating from
Ds_ deC&YS and fnoISKO + fnoISn + fnoISn’ + fno[Sw + fno[Sd) + fnoIST + fnoISnr =1L

As branching fractions for D, — n'm and D; — 7v are well measured, corresponding

parameters in the model are constrained.

The fit results can be translated in weights to apply to simulation samples in order
to match the D decay model obtained extracted from the data. Tab. 5.12 gives the
contribution of each category of D decays and the weights to be applied.

Table 5.12 — Results of the fit to the D, decay model. Relative contribution and weights to be
applied are reported for each category of decays.

parameter D_ decay Relative contribution Correction weight
I n— + X, 0.156+0.0097

oo np~ 0.7040.090 0.88+0.13
(1= "fa) 7 0.7540.23
T nr~ + X, 0.3168+0.015

Furp np~ 0.565+0.043 0.7140.063
(L= fwp) 0’7 0.808+088
f1sp (¢ +w)p~ 0.208840.106 0.2840.14
(1= frsp) (¢+w)m™ 1.58840.208
Jnors M3 0.607540.043

froTsy n3n 0.3299+0.0616 1.81+0.36
FroLswy n'3m 0.2617+0.0283 5.3940.66
JnorSew w3m 0.130640.0377 5.19+1.53
frorsio K% 1.025+0.7
JrnoIse 3T 0.0901 0.97
Jrolsr 7(— 31+ X,)v 0.0392 0.97
Frorsnr X, 37 0.1258+0.016 6.69+0.94
Jokg 0.2299+0.0153
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5.9.2 Data-driven control samples

5.9.2.1 AfD; X sample

A pure sample of A) — A D; X events can be selected using the events in the mass peak
of D; — n~ntn~. Three kinds of events are selected that way:

o AY)— AT D; present in the exclusive D, peak

e A9 AFXDI™™) events where at least one additional particle is missing. These
events have a ¢? shifted to higher values.

« D7 decays associated with an excited A*, i.e. 49— AF*Dy**)

c?

Fig. 5.56 presents the comparison between data and the AT D} simulation sample. To
test the data/MC agreement, a 1D fit is performed on M (Af37), with a model described
as:

Prodel = fwsPws + O——];fws) zl: 1iP; (5.40)

fws is the fraction of events passing the wrong-sign stripping line, used to describe the
combinatorial background events. This parameter is fixed in the fit. f;, where i = {D?~,
D;, DYy, Dy, Ax*D7, A** D= A*D** }, are the relative yields of A) — AXD;, A) —
AFDIS A= AXDT, A)— ATD) A — AT D and A) — AT D with respect to
the number of A) — ATD?~ candidates. These parameters are floating in the fit and
[pz- =1 by definition.

All templates are coming from a dedicated simulation samples except A’ contributions
directly extracted from data. This will be changed as soon as a simulation sample for
these modes is available.

The fit results are shown in Fig. 5.56 with projections to ¢2, 3w decay time and the output
of the BDT and in Tab. 5.13, with the correlation matrix shown in Tab. 5.14.

Table 5.13 — Fit results for the AT D; X control sample

Parameter Simulation Fit result Ratio Data/MC

Jws 0.011

fo- 0.51 0.736 & 0.100 1.4540.20
fors 0.08 0.564 + 0.140 7.46 + 1.85
fp- 0.44 0.539 +0.110 1.23+0.25
Fasps 0.15 0.0 £0.137 0.0 +£0.21
fasps 0.33 0.0 £0.137 0.0+0.13
Faspes 0.24 0.229 + 0.050 0.97 +0.21
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Figure 5.55 — Fit to the M(A} 37) distribution to extract the fractions of the D components.

Table 5.14 — Correlation between the fit parameters from a fit to the D*3x invariant mass
distribution of D — 3 events.

fD’,; fazpye fA;D; fD;; fazpz
Jp- 1.000 0.246 0.043 0.000 -0.259 -0.002
Ip- 0.246 1.000 0.309 0.000 0.394 0.000
farp= 0.043 0.309 1.000 0.000 0.321 0.000
fasp-  0.000 0.000 0.000 1.000 -0.002 0.000
e -0.259 0.394 0.321 -0.002 1.000 -0.000
fazp:  -0.002 0.000 0.000 0.000 -0.000 1.000

fp;

s

5.9.2.2 AFD"X sample

It is possible to select D° — K events using the isolation tools described in Sec. 5.4.
These events are selected using a signal candidate and an extra track with opposite
charge with respect to the 37 system pointing to the 37 vertex. Thus a control sample
of A — ATD°X can be extracted from both data and simulation.

Distributions of M(K3m), ¢, 7 decay time and output of the BDT are shown in Fig. 5.57
for both data and dedicated A7 D X cocktail simulation sample.

5.9.2.3 ATD~X sample

In the cuts listed in Sec. 5.3, the cut on the ProbNNk (< 0.1) of the opposite charged pion
with respect to the charge of the 37 system removes A) — ATD~X events. A control
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Figure 5.56 — Projections of the D control sample fit to the AT 37 mass on the variables used
in the fit to extract the signal yield.
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5.9. DOUBLE-CHARM BACKGROUNDS

sample of D~ events is then selected around the D™ — Knm exclusive peak by reversing
this PID requirement.

The same study performed for the D° control sample is used and M (AT K77), ¢* and
output of the BDT distributions are shown in Fig. 5.58.
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Figure 5.58 — ¢* (top left), M(A?) (top right), BDT (bottom left) and 7 decay time (bottom
right) for both data and simulation for the D~ control sample.
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5.10 Extraction of the signal yield

5.10.1 The fit model

The yield of signal mode, A} — AT777,, is extracted using a 3-dimensional template fit
in bins of ¢?, 3w decay time and output of the BDT distribution using the HistFactory
toolkit [124]. Templates for each signal and background modes are created using:

e 6 bins in ¢* with [0 < ¢® < 11] (GeV?*/c?)

e 6 bins in 37 decay time, [0.00 < 7 < 0.002] (ns), with the last bin taking into
account all events with a 7 lifetime higher than 0.002 ns.

e 6 bins in BDT, [0 < BDT < 1]

This bin scheme is the best compromise between a low number of bins with high statistics
and coarse description of the fit components and a high number of bins with detailed
description of the shapes of the different fit components but a large number of low-
populated bins which could lead to potential bias and instabilities.

Some parameters of the fit are constrained using the fit of the D; mass distribution
discussed in Sec. 5.9.1.1, which means that a Gaussian constraint of +1o¢ is applied
around their central values.

The components of the model used in the fit are presented in Tab. 5.15.

Table 5.15 — Description of the fit components and their corresponding normalisation parame-
ters.

Component Normalisation
A — Afr(— 3mv)v Niig X frossmy
A)— AF7(— 3nnv)v Nsig X (1 = froam)
A)— AT DX same vertex Nyre

A)— ATDX different vertices | fpy N
A AP DX Np-

Ay— ATD; Np,

/12-) /12_ D:_ NDS X fD;‘
Ay— AT Dy Np, x fpz,
Ag_> AL D;I Np, x fD;1
Combinatoric AY N, B,
Combinatoric A} Nféf

e Ngig is a parameter left free in the fit to account for the number of signal events.
It is multiplied by a random number in the range [0.2, 5.0] to keep the analysis
blinded. The blinding procedure of this analysis is described at the end of this
section.

o f. .35, is the relative B of 7— 37v, i.e. B(T— 3wv)/(B(t— 37v) + B(t — 377%))
and is fixed in the fit.
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« N3¢ is the number of A) — AF DX events where the three pions come from the

DO vertex. Its value is taken from the number of events with a kaon found by the
isolation tools, which allows to recover the D° — K3 exclusive peak as discussed
in Sec. 5.4. A 5% Gaussian constraint is applied to this parameter, to take into
account the uncertainties of B (DY — K3r) and B (D — K37X). More details
are given in Sec. 5.10.2.

o 5772 is the ratio of A) - A} D°X events where at least one pion comes from the

D° vertex and another pion from another vertex with respect to NFo"e

e Np- is the number of D~ events, which is left free in the fit.
e Np, is the number of D events, which is left free in the fit.

« fp.. oy, fpy are the ratios of A)— ATD_, A)— AT Dy and Ay — A¥ D’ events
with respect to A) — AT D!~ events. These ratios are constrained parameters
resulting from the D decay model discussed in Sec. 5.9.1.1 corrected by efficiency.

e Np,_ B, is the number of combinatorial events where the A7 and 37 come from

different decays. Its value is fixed using the number of wrong-sign events in the
region above the AY mass defined as M (A37) > 5700 MeV/c?.

. Nzlig is the number of background events under the AF mass peak.

The blinding of the analysis is done by multiplying the number of signal events by a
random number generated between 0.2 and 5. Plots are also only presenting the pulls of
the fit and the overall model to compare with data.

5.10.2 Computation of the constrained parameters of the fit

In addition to the D fractions taken from the fit discussed in Sec. 5.9, two other factors
are constrained, the D° yield and the number of combinatorial events.

The number of events in the AT D° simulation sample is scaled by the ratio of the number
of events in the D° — K37 mass peak found in Data and simulation samples. The mass is
reconstructed using charged isolation algorithms looking for extra tracks in the underlying
event. The K3 peak is fitted in data using a Gaussian after removing the A background
using sideband subtraction. Fig. 5.59a and Fig. 5.59b respectively present the fit to the
K37 mass distribution for both Runl data and simulation samples. The scaled factor is
found to be 0.226 and a 5% uncertainty is considered on the scale D yield in the fit to
account for its uncertainty.

The events passing both the Wrong-Sign (WS) stripping line and the event selection are
used to model the combinatorial background where the A7 and the 3 pions do not come
from the same B hadron. In the region above 5700 MeV/c? of the A} 37 mass distribution,
no event can come from a AJ decay, and thus, is only made of combinatorial background.
The number of events in the WS sample is then scale by the ratio of the number of events
with M (AF37) > 5700 MeV/c? found in data and WS samples which is measured to be

183



CHAPTER 5. MEASUREMENTS OF B(A% — Afr7,) AND R(Af)

80

70

60

50

40

30

20

10

1%30

(a) M(K3m) distribution in the A}

hDOm_Data_Lc_peak
C Entries 13075
- Mean 1865
- Std Dev 13.34
- X2 / ndf 138.5/96
— po 1096 + 35.5
C pl 1866 + 0.2
— p2 6.698 + 0.232
- p3 8.062 + 0.425

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1840 1850 1860 1870 1880 1890 1900

m(K3m) [Mev/c?]

mass region before sideband subtraction for Runl data.

hDOm_MC
= Entries 7583
60— _ 1 Mean 1865
B Std Dev 11.66
N X2/ ndf 101.4 /94
50— po 855.4 + 28,5
C J pl 1866 + 0.2
L _ o p2 6.809 + 0.223
- - p3 3.189 + 0.277
40—
30 —
20— i
i A
:r uﬂ s Tﬂﬂ'nun“-q:
1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1
1%30 1840 1850 1860 1870 1880 1890 1900

M(K3m) [MeV/c?]

(b) M(K3r) distribution for the Runl A D} simulation sample.

Figure 5.59 — The fit to the K37 mass for both Runl data in the A7 mass peak region (a) and

for simulation (b).
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0 which indicates how effective the rejection of the combinatorial background is through
the subtraction of the A} sidebands.
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5.10.3 Fit results

Results of the nominal HistFactory fit are shown in Tab. 5.16. The projections of the
fit results are respectively presented for ¢2, the 7 decay time and the output of the BDT
in Fig. 5.61, Fig 5.60 and Fig. 5.62.

Parameter Fit result | Constraint value
Jros3mv 0.78
Np- 641 + 64
Nxgme 62+ 3 109 +5
oo 2 5.40 £0.97
Np, 1596 + 62
fp. 0.632 £ 0.097 0.736 £ 0.100
Ipr, 0.295 £+ 0.081 0.564 4+ 0.140
fD;1 0.529 £+ 0.082 0.539 £0.110
NBl—Bz 0.
NZ’ZE’ 581
x> 212
reduced x? (ndof = 186) 1.14

Table 5.16 — Fit results with Ng;, blinded

error on Ny (precision) | Parameter status
168 (12.4%) | nominal fit
168 (12.2%) frho ** fixed
165 (12.0%) | Nygm™e fixed
145 (10.5%) | Np- fixed

Table 5.17 — Number of signal events and its uncertainty for the nominal fit and fit setup
iteratively fixing a parameter.

In Tab. 5.17 are reported the value of Ny;, and its uncertainty for various fit configurations
which is used to determine the statistical uncertainty on the signal yield.

The fit reduced x?, x?/nDOF, is also computed including the Monte-Carlo statistics,
with the nominal fit, its value is found to be x*/nDOF = 0.956, indicating a good
agreement between the fit model and the data.

5.10.3.1 Determination of the statistical uncertainty on the signal yield

The statistical uncertainty of the signal yield is determined by fixing the D~ and D°
decay model parameters to their fit values. The quadratic difference between the signal
yield uncertainty in the nominal fit and this fit with fixed parameters is then referred as
the systematic uncertainty coming from the knowledge of the D~ and D° decay model.
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The result of the fit with fixed D® and D~ parameters is Ny, = 1376 +145(10.5%) which
leads to a statistical uncertainty of 10.5% and a systematic uncertainty due to D~ and
D° decay model of 6.6%.

5.10.4 Evidence of the observation of A) — A7y, decay

Although the extraction of both B (A — Af77,) and R(A.) are the final results of this
analysis, it is also possible to state the observation of the AY — AT77, decay without
unblinding the fit results.

To do so, the fit is performed using with a fixed number of signal events set to zero. The
x? of this fit is measured to be 259 whereas the y? of the nominal fit is measured to be 212.
The x? difference (Ax?) allows to reject the hypothesis of no signal with a significance
of \/Ax? = 6.9 thus obtaining the evidence of the observation of the decayA) — Af 77,
with a statistical significance of 6.90 when considering only statistical effects.
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5.11 Systematics

The different systematics related to the measurement of both KAF and R(A.) are dis-
cussed in this section. Some systematics uncertainties have been mentioned earlier in this
document but this section is meant to provide a detailed summary of each systematic
uncertainty. All systematics are reported at the end of the section in Tab. 5.19.

As the analysis is still ongoing, a few sources of systematic have not been yet considered
such as the correction of the PID selection efficiencies as described in Sec. 3.2.2. These
studies will be performed in a near future and are nevertheless described in the following
of this section.

5.11.1 7 decay model
5.11.1.1 7 polarisation effects and hadronic contamination

As mentioned in Sec. 4.5.1, as the 7 decay does not depend on the B hadron decay,
the results on the 7 decay model concerning the effect of the 7 polarisation and the
contamination from other hadronic 7 decay, such as 7 — 377" are taken from the
R(D*) analysis.

Systematic uncertainties of 0.4% and 1.0% are thus respectively associated to the 7
polarisation and the hadronic contamination.

5.11.1.2 Signal composition systematic uncertainty

One parameter of the fit model is the fraction of 7 — 37v signal events with respect to
the total (71— 3mv +7— 377°v) which is fixed to 0.78. A uncertainty of 1% is assigned
to this fraction due to the knowledge of B (1 — 37v), B (1 — 377°) and their respective
efficiencies.

A fit is performed with this fraction using a Gaussian constraint of 0.78 +0.01. This fit is
then repeated with the fraction fixed at the value found by the previous fit. The squared
difference between the raw uncertainty from these two fits is taken as the systematic
uncertainty due to the signal composition, which is 3.0%.

5.11.2 Systematics related to the fitting procedure

The estimation of systematic and statistical uncertainties follows the same procedure
as the hadronic R(D*) analysis. As the fit model is constrained by the knowledge of
the Double charm background components provided by external measurements, these
parameters are fixed at their nominal fit values to extract the statistical uncertainty on
the fit. The systematic uncertainties are then computed as the difference between the
nominal fit result and the fit result with fixed parameters.
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5.11.2.1 D_; decay model systematic uncertainty

In Sec. 5.9.1.1, the D decay model is presented. The fit performed during the hadronic
R(D*) analysis gives weights according to each component of the internal composition
of Dy = m~ntn~ X decays.

These weights are then used to correct the composition of the AT D, simulation samples.
The uncertainties of the fit will then used to generate several alternative D_ templates
for each D component in the 3D fit by varying the baseline template using both uncer-
tainties and correlations between the D_ sub-components.

Using these new templates, the fit will be performed again and the distribution of the
difference in the signal yield with respect to the nominal fit, divided by the nominal fit

alternative nominal
Nsig - Nsig
nominal
Nsig

will be constructed, its standard deviation will be taken as the systematic uncertainty.

For now, a 2.5% systematic uncertainty is associated with the D} decay model to match
the uncertainty found in the R(D*) analysis.

5.11.2.2 Interpolation technique for template shape systematic uncertainties

The variables used in the fit, ¢?, 7 lifetime and BDT output, can have non negligible
correlation with other variables, mainly kinematics, which can affect the shape of the
templates and thus, the fit results.

Based on the work made for the hadronic R(D*) analysis, a set of 4 variables is chosen
to study their effects on the fit.

They are:

« the AT 37 mass as it is observed to be highly correlated with the ¢?, its variation
need then to be taken into account.

« the 37 mass which also affects the ¢? distribution resolution. Events with a low 37
mass tend to have a worse resolution and this affects directly the ¢ one.

e the minimum of the 777" mass. Both minimum and maximum of m(7~7 ") enter
the BDT as shown in Sec. 5.7 and thus, affect the shape of its output.

e the maximum of the 7=7 mass for the same reason as above.

To study the effects of these variables, sets of weighted alternate templates are created
for each background category of the model, i.e. D;, D°, D~ and combinatorial.

The distributions of each variable described above is varied using a quadratic interpolation
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method and (linear) weights are applied on the templates, which are described as follows:

i M(AF3m) — 2700 1

Wararsm = LTSz \ T 6000 — 2700 2

19 M(@3m) = 3m, 1

wiram = 1+ 20 -5

M(zn) MO 700 = 3m, 2 (5.41)

min(M (7~ 7")) = 2m, 1

Win(M (r—at)) = 1+ 204r11in(M(7r—7r+)) 1000 — 2m B 5
max(M (7~ 7t)) — 2m,

Wmax(M (r—nt)) = 1+ 2Olmax(M(rr*qﬁ)) ( 1400 — 2m B 5

Using Eq. 5.41, for each background component and for each variable studied, two alter-
nate templates are create with the «; taking the values +1.

Then, the fit is performed with each «a; taken as a nuisance parameter allowing the
interpolation between nominal and alternative templates using a quadratic interpolation
method. All a; are allowed to float in the range [—1,+1] with a Gaussian constraint
o =1 included.

D;D° and D; templates uncertainty For the D] template, only the variation on
M(A} 3m) is taken into account as the effects of the other variables are already taken
into account in the systematic uncertainty associated with the D decay model.

Tab. 5.18 presents the signal yield, its error and relative uncertainty with alphas consid-
ered for each background component.

Background component Niig Relative uncertainty (%)
D7 1359 £ 168 12.4

D~ 1341 £+ 168 12.5

D0 1360 + 168 12.4

D 1366 4 161 12.4

Af e, 1390 & 190 13.7

By — B, 1359 + 168 12.4

D~ 1526 £ 172 11.5

Do 1404 £ 253 18.2

Dosme 1390 4 170 12.2

Table 5.18 — Signal yield and its uncertainty for each fit component its shape being varied using
the o parameters. For the D components only the o corresponding to the variation along
M (A7 3m) is considered.

The quadratic difference of the fit uncertainty with the shape varied of a particular
background component with respect to the nominal fit gives the uncertainty related to
the shape of this template. A fit is then performed with all shapes being allowed to vary,
in order to take properly into account all the correlations between these alpha parameters.

191



CHAPTER 5. MEASUREMENTS OF B(A% — Afr7,) AND R(Af)

The fit converges nicely, with a difference in log-likelihood, ALL, of -8 and a very good
x?. The difference in signal yield between this fit (1512) and the nominal one (1359),i.e.
a relative change of 11% is taken as the systematic uncertainty related to the shape
parameters.

5.11.3 Efficiencies, selection and trigger

As the measured quantity is K(A;), most of the selection efficiencies cancel in the ratio
and only the remaining uncertainty has to be taken into account.

The peak of the exclusive decay A) — Af7v, is also used to study and correct for any
disagreement between data and simulation samples.

5.11.3.1 Trigger efficiency

The trigger efficiency, especially the LOHadron part, is studied with respect to both the 7
lifetime and m(A} 37). Using the TISTOS method described in Sec. 5.6 to compute the
trigger efficiencies and the exclusive peak of A) — AT37, one can extract the correction
to account for data and simulation disagreement on the trigger efficiency. The correction
is been measured to +11.6 &+ 1% and must be applied to (70 £ 1) % of the events.

5.11.3.2 Systematic associated with T0S-nonT0S ratio

As shown in Sec. 5.6, the number of hits in the SPD sub-detector, nSPDHits is badly
reproduced in simulation. As the TIS trigger efficiency is very correlated with nSPDHits,
the ratio of TOS and nonTOS events has to be corrected. A systematic uncertainty of 1%
is associated with this procedure.

5.11.3.3 Other data/simulation adjustments

In addition to the trigger effects mentioned above, PID, the vertex requirement and
isolation discrepancies between data and simulation are studied. This lead to a systematic
uncertainty of 3.4%, excluding PID for the moment.

5.11.4 Normalisation channel

For the computation of K(A}), feed-down from the AX7r events was removed from AF
3w signal peak, as well as AT D} events where the D decayed to 3w. The attached
systematic uncertainty in this subtraction is estimated to be 3%, based on the agreement
between the 37 mass distribution of A7 37 and D* 37 events.
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5.11.5 A} feed-down

The nominal fit includes 12.5% of A} feed-down. This fraction was varied by £50%. As
a result, the fit yield changed by 2.5%, which is the value assigned to the uncertainty

regarding this feed-down.

5.11.6 Simulation statistics

The systematic due to the finite size of simulation samples used to extract the shapes of
the different background categories in the fit is computed using a bootstrapping proce-
dure. The fit is performed 200 times with resampled simulation samples and the width of
the signal yield distribution found with these resampled dataset is taken as the associated
systematic. As the width is found to be 100 and the nominal fit gives 1350 signal events,

the systematic is found to be 7.4%.

5.11.7 Systematics uncertainties summary

Tab. 5.19 presents a summary of all the uncertainty sources associated with the evaluation

of K(AF).
Contribution Value (%)
T polarization effects 0.4
Other 7 decays 1.0
3w /3w 1.6
AlTv contribution 2.5
Normalisation channel (feed-down subtraction) 3.0
D} — 37X decay model 2.5
DF, D% and D* templates shape 11.3
A)— ATD™X and A)— ATDX 6.6
Combinatorial background 0.5
LOHadron trigger efficiency 1.0
Stripping 2.0
Data/simulation agreement relative to vertex and isolation 2.5
Efficiencies (Simulation statistics) 1.5
Simulation statistics 7.4
Total internal error 16.2
Total External error 12.0

Table 5.19 — List of all the sources of systematic uncertainties with their values in % for the

R(A.) measurement. LHCb Unofficial.
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5.12 Results

5.12.1 Results regarding R(A,)

The KC(A]) observable, define in Eq. 5.2, in Sec. 5.1 is computed from the observed yields
of signal and normalisation, and from the relative efficiencies.

The central value of R(A.) is kept blinded due to the upcoming publication of the LHCb
publication based upon this work. The result can be therefore quoted as:

B(A)— Afm D)
B(A)—= Afp=7,)

R(AF) = = XXX x (140.105(stat) £0.162(syst) £0.12(ext)) (5.42)

where the first uncertainty is statistical, the second corresponds to the total internal
systematic uncertainty as described in Sec. 5.11 and the third takes into account the
uncertainty on the B of B®— D*~3r (4.3%) and the uncertainty coming from the ratio

x 14 . .
% (6.8%) as discussed in Sec. 5.1.

5.12.2 Observation of the decay A)— Afr 7,

The observation of the decay AY — Af77, is demonstrated with a purely statistical
significance of 6.9 o as shown in Sec. 5.10.4 through the difference in x? between the
nominal fit and a fit performed with the no signal hypothesis. This result takes into
account the limited statistics of the simulation sample.

To include the systematic uncertainties in the computation of the x? difference, a fit is
performed with both all alpha parameters and signal yield left free to float and another
with the signal yield forced to 0. This is a conservative method since it allows the
background shapes variation to be independent in the two fits, while they are of course
correlated. The Ax? is found to be 32, corresponding to a significance of 5.7 o once the
systematic uncertainties are taken into account.

Thanks to this computation of the Ay? taking into account the systematic effects using
the alpha parameters, the first observation of the decay A) — AF7~7, can be claimed
with a statistical significance of 5.7 o.

5.12.3 Prospects

The result of this analysis is based on the data collected during the Runl of the LHC,
which represent 3fb™'. During Run2, the LHCb detector collected 0.33fb™" in 2015,
1.67fb~" in 2016, 1.61fb~" in 2017 and 1.8fb~" in 2018 with a cross-section o (pp — bbX)
roughly two times higher with respect to Runl due to the increase of the energy in
the centre-of-mass frame from 8 TeV to 13 TeV. In addition, the trigger efficiency is also
roughly two times higher thanks to many improvements.
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This allow to expect a decrease of the statistical uncertainty by a factor 1.9 using the
data collected during Runl and in the first half of the Run2 (2015 & 2016) and 2.9
by performing the analysis on both Runl and the full Run2 dataset (2015-2018). This
results in an expected statistical uncertainty of 5.5% for the first case and 3.6% for the
latter with expected systematic uncertainty expected to be respectively 10% and 8% as
both constraints on the double charmed background using external inputs and the use of
additional simulation samples will help to decrease the total systematic uncertainty.
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Conclusion

Semitauonic decays have been demonstrated as excellent probes of potential Lepton
Flavour Universality violation and a novel technique for the 7 reconstruction was suc-
cessfully used to measure R(D*).

The measurement of R(D*) with the 7 reconstructed in its 37 decay modes, based on
the 3 fb~! sample of LHC data taken at 7 and 8 TeV centre-of-mass energy, is reported
in this thesis with a dedicated study of particle identification efficiencies and related
systematic uncertainty. Using the signal yield extracted from the 3D templates-based
fit and external measurements of B (B — D*"3x) and B (B° = D* pu*v,), R(D*) is
measured to be:

R(D*") = 0.291 & 0.019 (stat) & 0.026 (syst) =+ 0.013 (ext)

The LHCb combination of this result with the R(D*) muonic measurement reported in
Ref. [67] is found to be:

R(D*™) = 0.310 £ 0.0155 (stat) £ 0.0219 (syst)

This leads to a substantial improvement in the precision of the World Average value and
increases slightly its discrepancy with SM expectation.

The analysis of R(A.), the main work of this thesis, is reported in great detail. Using
the same Runl sample, the observation of the decay A) — AF77, has been demonstrated
for the first time, with a significance of 5.7 o, measured as the difference in y? between
the nominal fit and a fit performed with the no signal hypothesis. This significance takes
into account systematic uncertainties and the limited statistics of the simulation sample.

The statistical uncertainty related to R(A.) has been measured to be 10.5%. Given the
fact that a tighter signal selection has been applied here to Af7v, sample compared to
the D*~ channel due to a lack of a large prompt background sample, this demonstrates
that R(A.) can in the future be measured with the same statistical precision than R(D*),
a very encouraging result. The internal systematic uncertainties are presently dominated
by the limited knowledge of A) decays to AF D~ X decays at the global level of 16.2%.
A significant reduction can be expected in the future with the addition of more data and
external constraints on the D~ background. The systematic uncertainty due to external
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branching ratios can be brought down to 12% by the use of solid theoretical external
input which enables to bridge the absolute branching ratio of the decay A) —AF 37 to
the well measured decay rate of B® —D* 3.

The signal yield extracted from the fit is for the moment reported in a blinded way as
follows:

B(A)— Afrv,)

R(AT) =
)= By arum)

= XXX x (1£0.105(stat) £0.162(syst) £0.12(ext)) (5.43)

Based on the work reported in this thesis, the LHCb collaboration plans to publish soon
a measurement of R(A.) based using data collected during both Runl and Run2, where
both statistical and systematic uncertainties should be reduced by a significant amount.
This result will enable a very sensitive test of Lepton Universality in semitauonic decays.
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