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Abstract

The Standard Model (SM) is a very successful theory of particle physics, since most
of experimental results can be explained within its framework. In spite of this, there
are fundamental questions that remain to be answered, such as the related with the
flavour sector. Several New Physics (NP) models state contributions that would involve
changes in the flavour structure, leading to deviations from the expected behaviour of the
processes. The LHCDb experiment at CERN was primarily designed to measure parameters
of Charge-Parity (CP) violation in the decays of b-hadrons produced in pp collisions at
the LHC. In the last years, the detector has extended its physics program, proving to be
a powerful tool to test NP effects. However, the high-precision measurements performed
by LHCb remain statistically limited, motivating an upgrade of the detector.

The LHCD foresees a new era of high luminosity, with values scaling up 2x10%3 ecm=2s71.
As a direct consequence, LHCb sub-detectors will face increased occupancies and rates.
Therefore, in order to access these conditions, the entire LHCb experiment has to be up-
graded. It is of particular relevance the VErtex LOcator (VELO) upgrade project, since
it plays a significant role in the LHCb detector, allowing the reconstruction of displaced
vertices, which are a distinctive characteristic of heavy flavoured particles. The VELO
upgrade implies the installation of a detector based on hybrid pixel sensors, capable of
40 MHz readout. The first part of this thesis is committed to the study of the perfor-
mance of the new VELO sensors. A specific testing setup built to test the high voltage
tolerance is presented. Moreover, it is reported the work done towards the characteriza-
tion of the effect that different irradiation profiles have on the sensors. The structure of
this first part of the work is organised as follows: the introduction is presented through
Chap. 1, Chap. 3 and Sec. 4.1. Then, Chap. 4 addresses the core of this topic of thesis,
arranged so that general objectives for the sensors are mentioned in Sec. 4.2 and Sec. 4.3;
while the hypotheses, methodology and results are discussed in Sec. 4.4. Finally, the
conclusions of the studies are provided in Sec. 4.5.

The second and most important part of this thesis is dedicated to proving Lepton
Flavour Universality (LFU), a fundamental property of the Standard Model that predicts
that the electroweak couplings are independent of the lepton flavour. Currently, the
combined measurements of R(D) and R(D*) and the SM prediction are in tension at the
level of 3.4 standard deviations. The analysis presented in this work documents the first

+_,p™O_+
measurement, of R(D™)°) = B(B _)waoT r)
B(B+—>D K+Vg)

DP reconstructed in its K mode. The work is performed with Run 2 data recorded by
LHCDb during the years 2016, 2017 and 2018. The measurement is done through a binned,

three-dimensional, templates-based fit to selected candidates with the visible final state

, with the 3-prong hadronic tau decays and



of 4r* K. Even though the final result is blinded and the systematics uncertainties need
to be computed, the signal branching fractions are obtained with a precision competitive
with the world average. Moreover, the R(D™)) ratios are computed to be:

R(D") = xx40.093 (stat.) £ 0.034 (ext.),
R(D*) = zx+0.026 (stat.) +0.029 (ext.),

whose precision is competitive with previous experimental measurements. The results
hint that the analysis documented here will mean a sensitive test of Lepton Flavour
Universality. This work will have a significant impact on the R(D™) world average,
providing insight into the flavour puzzle.

This part of the thesis has the following structure: the introduction is presented
through Chap. 1 and Chap. 3. The hypotheses are developed in detail in Chap. 2.
The objectives are tackled in Chap. 5. The methodology of the analysis is addressed
throughout several chapters. The main strategy is presented in Chap. 5. Then, Chap. 6
provides the selection and preparation of datasets, together with to the correction to
simulation applied. Chap. 7 documents specific control samples studies. Afterwards,
Chap. 8 dives into the core of this thesis, where the description of the techniques applied
to extract the signal yields are given in detail, together with the first results. The
discussion of the results continue in Chap. 9, while the systematic treatment is presented
in Chap. 10. Finally, the conclusions and future prospects are given in Sec. 11. A
summary in Galician is provided in Ap. C, and the bibliography closes the document.

Key Words: Experimental High Energy Physics, LHC, LHCb, Lepton Flavour
Universality, Semileptonic B Decays, Physics Beyond the Standard Model
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Resumo

O Modelo Estandar (ME) é unha teorfa de fisica de particulas que é capaz de explicar,
dentro do seu marco tedrico, a meirande parte dos resultados experimentais, demostrando
asi a sua amplia validez. Porén, deixa cuestions sen resposta, algunhas relacionadas co
sector do sabor. Isto ¢ interesante, xa que varios modelos de Nova Fisica (NF) predin
contribucions que cambiarian a estrutura do sabor, o que implicaria novos procesos nas
transiciéns deste sector. Dentro deste contexto de ampliacion do ME, desenouse o expe-
rimento LHCb, no CERN, que na sta orixe tina como obxectivo medir paramétros da
violacién Carga-Paridade (CP) nas desintegraciéns de hadréns de tipo b producidas nas
colisiéns de protons do LHC. Nos tultimos anos de operaciéon, o experimento estendeu
notablemente o horizonte da fisica das sias andlises, asentandose como unha potente fe-
rramenta para levar a cabo procuras de NF. Sen embargo, as medidas de alta precision
efectuadas por LHCb atépanse limitadas estadisticamente, o que motiva levar a cabo unha
actualizacion do detector.

O LHCb inauguraréa a mediados de 2022 unha nova era de alta luminosidade, onde
se prevee que se acaden valores de ata 2 x 1033 cm=2s~!. Para poder facer fronte 4s novas
condiciéns de ocupacions dos sub-detectores e as correspondentes taxas de lecturas de
datos, o experimento LHCb precisa someterse a unha actualizacién completa. Resulta de
especial relevancia o proxecto previsto para o LOcalizador de VErtices (VErtex LOcator,
VELO), xa que este xoga un papel fundamental na reconstrucién dos vértices onde se pro-
ducen e desintegran os hadréons. A actualizacién deste detector consiste en sustituilo por
un detector de silicio baseado na tecnoloxia pixel, con unha lectura a 40 MHz. A primeira
parte da tese presentada aqui esta relacionada co estudo do rendemento dos novos sensores
do VELO. En primeiro lugar, preséntase un procedemento desenado e implantado para
someter a proba a tolerancia dos sensores a alta voltaxe. Aplicando este procedemento,
documéntase o traballo levado a cabo para caracterizar o efecto que diferentes perfiles de
irradiacion tenen nos sensores. Esta parte estrutirase da seguinte forma: a introducién
desenvolvese nos Cap. 1, Cap. 3 e Sec. 4.1. A continuacién, o Cap. 4 aborda o niicleo desta
primeira parte da tese, distribuido de xeito que os obxectivos preséntanse na Sec. 4.2 e
Sec. 4.3; mentres que as hipéteses, metodoloxia e resultados disciutense na Sec. 4.4.
Finalmente, as conclusiéons dos estudos proporciénanse na Sec. 4.5.

A segunda e principal parte desta tese adicase a poner a proba a Universalidade
Lepténica de Sabor (ULS), unha propiedade fundamental do ME que predi que os acopla-
mientos electrofebles son independientes do sabor do leptén. Actualmente, a combinacion
dos resultados experimentais de R(D) e R(D*) e a predicién do ME atopanse a un nivel
de tensién que escala ata as 3,4 desviacions estandar. A analise presentada aqui documen-



o . + M0+ . .
ta a primeira medida de R(D®)?) = BBT=D oL v2) co tau desintegrandose nos modos
B(B+—)D _Z+l/g)

Tt st atv, e vt = 7t ata%%, e o DY reconstruido na forma Kn. Para a in-
vestigacién, usase unha mostra de datos do Run 2, recollidos polo experimento LHCb
nos anos 2016, 2017 e 2018. A medida lévase a cabo mediante un axuste de histogramas
tri-dimensionais, baseadas en padrdns, a eventos seleccionados que tefien o estado final
visible de 47t K. A pesar de que o resultado é cego, de xeito que se atopa camuflado, e
ademais falta calcular as incertidumes sistematicas, neste traballo determinase a fraccién
de ramificaciéon das sinais cunha precision equiparable 4 do promedio mundial. Ademais,
compiitanse os R(D™), obtendo:

R(D") = xx40,093 (stat.) £ 0,034 (ext.),
R(D*) = zx+0,026 (stat.) + 0,029 (ext.),

que é comparable as anteriores medidas experimentais. Estos resultados revelan que a
analise que se documenta aqui constitie unha proba precisa da Universalidade Lepténica
do Sabor. A medida provocard un impacto significativo na media mundial de R(D™),
contribuindo & comprensién do puzzle do sabor.
Esta parte da tese organizase de acordo coa seguinte estrutura: a introducion presénta-

se ao longo dos Cap. 1 e Cap. 3. As hipoteses desenvélvense ampliamente no Cap. 2.
Os obxectivos plantéxanse no Cap. 5. A metodoloxia da andlise abdérdase ao longo de
varios capitulos. A estratexia seguida no traballo preséntase en Cap. 5. A continuacién, o
Cap. 6 documenta a seleccién e preparacién das mostras de datos, asi como as correcciéns
que foron aplicadas & simulacién. No Cap. 7 expdénense estudos especificos de mostras de
control. Seguidamente, o Cap. 8 supén o ntcleo do traballo desta parte da tese, onde se
recolle unha descricién detallada das técnicas aplicadas para extraer o niimero de even-
tos de sinal, asi como os primeiros resultados. A discusion dos resultados continia no
Cap. 9, mentras que o tratamento dos sistematicos preséntase no Cap. 10. Finalmente,
as conclusiones e perspectivas de futuro proporciénanse no Cap. 11. Un resumo en
galego da tese incliese no Ap. C, e a bibliografia pecha o documento.
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Resumen

El Modelo Estdandar (ME) es una teoria de fisica de particulas que es capaz de explicar,
dentro de su marco tedrico, la mayor parte de los resultados experimentales, demostrando
asi su amplia validez. Sin embargo, deja cuestiones sin respuesta, algunas relacionadas
con el sector del sabor. Esto es interesante, ya que varios modelos de Nueva Fisica (NF)
predicen contribuciones que cambiarian la estructura del sabor, lo que implicaria nuevos
procesos en las transiciones de este sector. Dentro deste contexto de ampliar el conoci-
miento del ME;, se disend el experimento LHCb, en el CERN, que en su origen tenia como
objetivo medir parametros de la violacién Carga-Paridad (CP) en las desintegraciones de
hadrones de tipo b producidos en las colisiones de protones del LHC. En los tltimos anos
de operacién, el experimento ha extendido notablemente el horizonte de la fisica de sus
analisis, asentandose como una potente herramienta para llevar a cabo busquedas de NF.
Sin embargo, las medidas de alta precisién efectuadas por LHCb se encuentran limitadas
estadisticamente, lo que motiva llevar a cabo un proyecto para actualizar el detector.

El LHCb inaugurara a mediados de 2022 una nueva era de alta luminosidad, donde se
espera alcanzar valores de hasta 2 x 1033 cm~2s~!. Para hacer frente a las nuevas condi-
ciones de ocupacién de los sub-detectores y las tasas de lectura de datos correspondientes,
el experimento LHCb debe actualizarse por completo. Resulta de especial relevancia el
proyecto previsto para el LOcalizar de Vértices (VErtez LOcator, VELO), ya que este
juega un papel clave en la reconstruccion de los vértices donde se producen y decaen los
hadrones. La actualizacién de este detector implica reemplazarlo por un detector de silicio
basado en pixeles, con una lectura a 40 MHz. La primera parte de la tesis que se presenta
aqui esta relacionada con el estudio de las prestaciones de los nuevos sensores del VELO.
Primero, se expone un procedimiento disenado e implementado para someter a prueba la
tolerancia de los sensores al alto voltaje. Aplicando este procedimiento, se documenta el
trabajo realizado para caracterizar el efecto que tienen los diferentes perfiles de irradia-
cion sobre los sensores. Esta primera parte de la tesis estd estructurada de la siguiente
manera: la introduccién se desenvuelve en los Cap. 1, Cap. 3y Sec. 4.1. A continuacion,
el Cap. 4 aborda el nicleo de esta tematica de la tesis, distribuido de forma que los ob-
jetivos se presentan en la Sec. 4.2 y Sec. 4.3; mientras que las hipétesis, metodologia
y resultados en discuten en la Sec. 4.4. Finalmente, las conclusiones de los estudios se
proporcionan en la Sec. 4.5.

La segunda y principal parte de esta tesis estd dedicada a poner a prueba la Univer-
salidad Lepténica de Sabor (ULS), una propiedad fundamental del ME que predice que
los acoplamientos electrodébiles son independientes del sabor del lepton. Actualmente, la
combinacién de los resultados experimentales de R(D) y R(D*) y la prediccién del ME



se encuentran a un nivel de tensién que escala hasta las 3,4 desviaciones estandar. El
BB+ D" r+y.)
B(B+—D"t+1y)
con el tau desintegrandose en los modos 77 — 7fr 7 TU, v 77 — 7wt a1, v el
D reconstruido en la forma K. Para la investigacion, se usa una muestra de datos del
Run 2, recogidos por el experimento LHCD en los anos 2016, 2017 y 2018. La medida se
lleva a cabo mediante un ajuste de histogramas tri-dimensionales, basados en plantillas,
a eventos seleccionados que tienen el estado final visible de 47T K. A pesar de que el
resultado es ciego, de forma que se encuentra camuflado, y es necesario calcular las in-
certidumbres sistematicas, en este trabajo se determina la fraccién de ramificacion de las
senales con una precision equiparable a la del promedio mundial. Ademas, se computan
R(D™Y), obteniendo:

analisis presentado aqui documenta la primeira medida de R(D®*)°) =

9

R(D%) = xx 40,093 (stat.) 0,034 (ext.),
R(D™) = zx+0,026 (stat.) + 0,029 (ext.),

que es comparable a las anteriores medidas experimentales. Estos resultados revelan que
el analisis que se documenta aqui constituye una prueba precisa de la Universalidad
Lepténica da Sabor. La medida provocard un impacto significativo en la media mundial
de R(D™), contribuyendo a la comprensién del puzzle del sabor.

Esta parte de la tesis se organiza de acuerdo con la siguiente estructura: la intro-
duccidén se presenta a lo largo de los Cap. 1 y Cap. 3. Las hipdtesis se desenvuelven
ampliamente en el Chap. 2. Los objetivos se plantean en el Cap. 5. La metodologia
del analisis se aborda a lo largo de varios capitulos. La estrategia seguida en el trabajo
se presenta en el Cap. 5. A continuacion, el Cap. 6 documenta la seleccion y preparacion
de las muestras de datos, asi como las correcciones que fueron aplicadas a la simulacion.
En el Cap. 7, se exponen estudios especificos de muestras de control. Seguidamente, el
Cap. 8 supone el nicleo de trabajo de esta parte de la tesis, donde se encuentra una des-
cripcion detallada de las técnicas aplicadas para extraer el nimero de eventos de senal,
asi como los primeros resultados. La discusion de los resultados continta en el Cap. 9,
mientras que el tratamiento de los sisteméaticos se presentan en el Cap. 10. Finalmente,
las conclusiones y perspectivas de futuro se proporcionan en el Cap. 11. Un resumen
en gallego de la tesis se incluye en el Ap. C, y la bibliografia cierra el documento.
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Introduction

The 1970s went down in the history of science as some of the most transcendental
years in the study of particle physics, and therefore in the development of our understan-
ding of the basic interactions of nature. This decade witnessed a series of experimental
and theoretical breakthroughs that crystallized into a theoretical framework, entailing a
remarkable insight into the fundamental structure of nature. The Standard Model (SM)
of particle physics describes the basic building blocks of matter, called particles, and
their interactions. Over the years, it has been extensively tested by experiments, success-
fully explaining most of the experimental results obtained at hadron colliders, such as
the Tevatron or the LHC, or measurements from e™e™ colliders, such as Belle or BaBar
collaborations. Moreover, it has precisely predicted a great variety of phenomena. The
discovery of the Higgs boson by ATLAS [1] and CMS [2] in 2012 was the last missing
piece of the particle physics puzzle. Nevertheless, there are several open questions that
remain unanswered, motivating the search for New Physics (NP) beyond the SM. Both
the theoretical principles of the SM and its limitations are discussed in Chap. 2.

The LHCb experiment at CERN was designed primarily to measure the parameters
of CP violation in the decays of b-hadrons. A description of the detector is provided in
Chap. 3. In the last years, the detector has extended its physics program, proving to be
a powerful tool to test Beyond the Standard Model (BSM) Physics.

High-precision measurements performed by LHCb remain statistically limited, which
motivated a major upgrade of the detector that started in 2019. One fundamental part of
the upgrade is the replacement of the existing VErtex LOcator, VELO, based on silicon
strip sensors, with a hybrid pixel detector. Chap. 4 covers the main changes that the LHCb
upgrade will undergo, in particular the upgraded VELO is described in detail, along with
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my direct contributions. I worked directly on the study of the performances of the sensor
prototypes. On one hand, on the study of the current-voltage (IV) characteristic curves
for a non-irradiated sensor, in order to ensure a correct and safe behaviour. On the
other hand, it was also relevant my contribution on the study of the dependence of the
temperature breakdown with the irradiation profile, since I was the main responsible for
the characterisation of the sensors that I am presenting here. A specific testing setup was
built, in order to test the high voltage tolerance of the sensors up to 1000 V. I contributed
directly to this testing, and I also worked on the study of the understanding the nature
of the breakdown voltage that appears in some of the sensors.

Changing the topic, the main work of this thesis is focused on testing one of the
fundamental assumptions of the SM: Lepton Flavour Universality (LFU). Chap. 2 presents
an overview on how to test LF'U, together with the state of the art from both theoretical
and experimental points of view. Lepton Flavour Universality has been intensely tested,
resulting in a pattern of anomalies measured by LHCb and other experiments worldwide
over the past two decades. It is therefore crucial to clarify the potential existence of New
Physics (NP) effects. This work focus on semileptonic decays of b-hadrons which provides
a sensitive probe to such NP effects. In particular, ratios between branching fractions of
semitauonic and semimuonic decays cancel out hadronic effects to a large extent, resulting

in a clean observable.

B(B+ D™ )
B(B+—D™0+1y)
with Run-2 data recorded by LHCb during the years 2016, 2017 and 2018. The method-

ology followed for the first observation of these observables with the 3-prong hadronic
tau decays is presented in Chap. 5. The selection and preparation of data and Monte
Carlo samples is detailed in Chap. 6. My direct contributions to this step of the analysis
are the preliminary studies and preparation of the dec-files that determine the Monte
Carlo contributions, and the build up of the multivariate algorithm, necessary to sup-
press doubly-charmed decays, and is used as input for the final signal extraction 3D fit.
The control samples are presented in Chap. 7. The core of my thesis is found to be in
the Chap. 8, where the determination of the signal branching fractions is detailed, fo-
cusing on my main contribution to this analysis: the 3-dimensional (3D) fit to extract
the signal yield, which implies a thorough and optimized fit model and the study of its
performance using pseudo-data samples (toys). Chap. 9 presents the preliminary result
of R(D®)°). Systematic uncertainties are discussed in Chap. 10. The impact of this novel
result, together with the conclusions of the thesis presented here closes this document, in
Chap. 11.

This thesis documents the measurement of R(D®*)°) = , performed
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2.1 The Standard Model

The Standard Model (SM) of particle physics is a unified description of the funda-
mental constituents of matter, the elementary particles, and the interactions among them,

the forces.
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The particles of the SM are separated into two categories, according to their spin
value: fermions and bosons. Fermions are the matter particles, which have spin 1/2, and
are further divided into leptons and quarks. Bosons are the force carriers, with spin 1,
with the exception of the Higgs boson, which has spin 0.

2.1.1 Symmetries
The SM is a Gauge theory based on the local symmetry groups
SU@B)e x SU(2), x U(1)y,

where C' is the colour charge of the strong interaction, L is the left chirality of the weak
interactions and Y stands for the hypercharge of the electromagnetic group. The approach
to the model can be divided into two sectors:

i SU(2)r x U(1)y subgroup:

It is referred to as Glashow-Salam-Weinberg Theory, or Electro-Weak Theory. It
describes electromagnetic and weak interactions via the exchange of the massless
photon gauge field for the electromagnetic interaction and three massive bosons W+
and Z for the weak interaction.

The gauge symmetry is broken by the vacuum, which triggers the Spontaneous
Symmetry Breaking (SSB), namely the Higgs Mechanism, of the electroweak group
to the electromagnetic group:

SSB
SU(2)L x U(l)y —= U(1)gep,

and introduces the Higgs boson in the model as a consequence. It also induces the
masses of the W+ and Z° bosons, as well as the fermions.

ii SU(3)¢ subgroup:

This term corresponds to Quantum Chromodynamics (QCD), which describes the
strong interaction between quarks and gluons, via the exchange of eight massless
gluon gauge fields. Because of the nature of QCD, quarks are never observed as free
particles but confined in bound states, known as hadrons. The hadronic states that
have been observed consist of mesons (¢q) and baryons (gqq). Other exotic combi-

nations as tetraquarks (ggqq) and pentaquarks (gqqqq) have also been discovered at
LHCb [3,4].

Putting all pieces together, the symmetry group SU(3)c x U(1)grp describes strong,
weak and electromagnetic interactions, via the exchange of the gauge fields. The fermionic
matter content is given by leptons and quarks, as shown in Fig. 2.1 and are organised in
three-fold family structure as:

[ N R o
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Figure 2.1: Fundamental particles in the Standard Model and the graviton. Leptons and quarks
are the fermionic constituents of matter, organised in three-folds structure. The fourth columns
represent the gauge bosons, which are gauge carriers. The Higgs boson is showed in the fifth
column. Extracted from [6].

where,
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|:l_ qd:| (l—>L ) (qd . y 'y QuRs 4dR ( )

plus the corresponding antiparticles. Therefore, The left-handed fields are SU(2); dou-
blets, while their right-handed partners transform as SU(2); weak isospin singlets. The
three fermionic families appear to have identical properties (gauge interactions), and they
differ only by their mass and flavour quantum number [5].

2.1.2 Flavour Physics

In the SM with SU(2)1, x U(1)y, the strenght of flavour-changing weak interaction is
described by the Cabibbo-Kobayashi-Maskawa (CKM) unitary matrix [7,8]. Historically,
the CKM matrix is the generalisation of the Cabibbo formalism for two families of quarks,
extended for three families by Kobayashi and Maskawa. Formally, it relates the weak
eigenstates of quarks to their mass eigenstates, parameterised as:

d/ Vud Vus Vub d
s’ =V Vs Va S . (2-3)
'U,/ weak ‘/td %S V;b u mass

The magnitude of each matrix element, | Vj; |, represents the amplitude of transition of ¢;

5



BEATRIZ GARCIA PLANA

quark into ¢; quark, and therefore | V;; |* gives the probability that a ¢; quark turns into a
g; quark, i.e. the probability of transition ¢; — ¢;. When considering the Charge-Parity
(CP) conjugate process ¢; — q;, the CKM-matrix element to consider is the complex
conjugate V;:

There are some arbitrariness in the conventions used to define this matrix. Abso-
lute phases are not physical, and therefore 5 phases in the matrix can be reabsorbed by
redefinition. By imposing unitarity conditions on top of that, the number of real param-
eters needed to describe the CKM-matrix is reduced from three moduli and six phases
to three moduli and one phase. The resulting standard parameterisation consists of four
free elements that are the three quark mixing angles ¢;; and one complex phase 9.

The measurements of the CKM parameters are consistent with the unitary conditions,
and can be interpreted, as gathered in [9], as:

Vil [Vs| V| 0.974 0.227 0.004
Val Vel [Vl | ~ | 0.226 0.973 0.041 ] . (2.4)
Vil [Vis| [Vl 0.009 0.040 0.999

Therefore, according to the experimental evidence showed in Eq. 2.4, the weak interac-
tions of quarks of different generation are suppressed with respect to that of the same
generation. In particular, transitions within the same generation are characterized by V;;
elements of O(1). Those between the first and second generations are suppressed by a
factor O(1071); those between the second and third generation by a factor O(1072); and
those between the first and the third generation by a factor O(107%) [10].

Because of the nearly diagonal shape of the CKM matrix, it is convenient to express
it as an expansion of a small parameter, \', that shows the CKM mixing hierarchy. A
natural parameterisation that shows the strength of mixing angles of the CKM matrix
was introduced by Wolfenstein [11]:

1= X%/2 A AN(p—in)
- L-A%/2 AN +0(107%), (2.5)
AN (1 —p—id) —AN 1
where: Vo y
= us ’ A)\Z =\ cb : A)\?) p_|_zn _ J 926
V] Vaa 2+ | Vs |2 Vis ( ) b (2.6)

The non-zero off-diagonal elements allow for quark mixing between generations, such
as the process in flavour-changing charged currents (FCCC), like b — ¢/, transitions?,
that occur at tree level. Processes of flavour-changing neutral currents (FCNC), such as
b — st~ transitions® are forbidden at tree level by the GIM mechanism [12], and require
a loop process involving a virtual W# exchange.

I\ = 0.2265 + 0.0004 [9].
2For more details, see Sec. 2.2.2.2.
3For more details, see Sec. 2.2.2.1.



2 Theoretical principles

2.1.3 Limitations of the Standard Model

The SM has successfully explained a wide range of precise experimental results. Des-
pite this remarkable achievement, there are many unanswered questions that evidences
that it is not the ultimate theory.

There are fundamental observed phenomena in nature that the SM is unable to ex-
plain, such as the existence of dark matter, which has been inferred through the galaxies
dynamics; or the presence of dark energy, that is inferred from the speed of the expansion
of the universe.

Within the SM, there are also some issues to be solved. First, the SM has 26 free
parameters that are fitted experimentally: masses of the 12 fermions, the 3 coupling
constants, 2 parameters that describe the Higgs potential and 8 mixing angles of the
PMNS* and CKM matrices. The relatively large number of parameters hints that the
SM would be an effective theory. Also, patterns that are not understood emerge between
different parameters, suggesting a possible not-known symmetry. Moreover, gravity is not
included in the SM and neutrinos are massless particles. Current neutrino experiments
have shown that they actually have a mass, rising to the physical phenomena of neutrino
oscillations. Also it is not clear why neutrinos masses are so tiny.

Related to the flavour sector, there are a number of fundamental questions. A tran-
scendental issue is the observed matter-antimatter asymmetry in the universe. In the early
universe, the scientific consensus is that after inflation there was a symmetric universe,
i.e. equal abundances of matter and antimatter. Then, the excess of matter developed
dynamically through a process called baryogenesis. This mechanism generates the asym-
metry we observe today, which cannot be explained through the CP violation in the SM.
Therefore, new sources of CP violation are required.

As it was motivated, physics Beyond the Standard Model is needed to explain unan-
swered questions in particle physics. Several searches for new particles are ongoing, that
can be categorised on whether decays of new particles are studied, direct searches, or new
physics processes are pursued through loops or additional Feynman diagrams, indirect
searches, such as Lepton Flavour Universality tests.

2.2 Theory of semileptonic decays

The SM has been consolidated as a robust model capable of passing an enormous
amount of demanding experimental tests. Its expansion through direct searches of NP in
pp collision of the LHC has not yielded to any successful results, at the time of writing
this document.

There is a second method for searching BSM physics, exploiting the presence of
virtual states in the decay of SM particles. Semileptonic decays that involve leptons of
different generations, consist of potential tests to look for NP contributions. In particular,

4Pontecorvo-Maki-Nakagawa—Sakata matrix [13]
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semileptonic decays of a b-hadron, such as B — D7v, are processes caused by the weak
force in which one lepton, with each corresponding neutrino, are produced in addition
to one (or more) hadron. Therefore, since leptons of different generations but with the
same quark transition are involved, these decays are preferred to test the fundamental
property of the SM that states that the three families of fermions are identical, except for
the different mass, turning into powerful indirect searches for NP.

2.2.1 Lepton Flavour Universality

The main features of Lepton Flavour Universality (LFU) related to the SM will be
discussed in the following since tests of this property constitute the main focus of this
thesis.

In order to probe that the strength of the weak interaction is the same for all lepton
flavours, the assumption that the coupling at each W/ly,, where ¢ = e, u, 7 is given by a
non universal Fermi constant G&%, is taken. Decays of charge leptons of Fig. 2.2, will be
considered throughout the demonstration.

(a) p — eveyy, (b) 7 — everr (c) T = uvuvy

Figure 2.2: Feynman diagrams of the leptonic decays of the charged leptons.

The muon decay 1 — ev.v,, Fig. 2.2(a), involves two weak-interaction vertices. Al-
lowing the coupling of theses two vertices to be different, the decay rate can be written,
to the next-to-leading order precision, as:

e (Y005
GrGrmy,

I'(p — ever,) = 1993

x f (m(e)*/m(p)?) , (2.7)
where f(z) =1— 8z + 82% — 2* — 1222 log x is the phase-space correction factor [14,15].
Moreover, Eq. 2.7 can be expressed in therms of the muon lifetime, since p — ev.v,, is
almost the sole decay of the muon, according to [9]. Therefore:

I'(p = ever,) =T(p— X) = Ti (2.8)
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The same calculation for the decay rate 7 — ev,.v,, Fig. 2.2(b), leads to:

Ge T m5
g X f(mle)/m(r)?). (2.9)
Note that in some theoretical perspectives, as [15], it is included an extra term in Eq. 2.7,
rew, that accounts for radiative corrections not included in the Fermi coupling constant.
This contribution was already introduced in [16], and recently studies [17,18] have shown
that the term was underestimated, and it may cause a bias in R(D) as high as 7%.
However, this bias depends on individual analysis, and therefore it is required future high
precision measurements from QED.

The tauon is sufficiently massive, so it can decays into a muon, 7 — uv,v,, as it is
illustrated in the diagram of Fig. 2.2(c), or to mesons formed from light quarks. Therefore,
the 7 lifetime can be expressed as:

D(r — ever,) =

Lorgox) =Y, (2.10)

Tr

being I'; the partial decay rates for the individual decay modes. The branching fraction,
in terms of the partial and total decay rate, is of the form:

I'(1 — ev.v;)

B(r — ev.v,) = —T = D(1 — every) X Tr. (2.11)
From Eqgs. 2.7 and 2.9, the 7 lifetime can be written as:
19273 _
Tr = WB(T — 61/37/7). (212)

Now, comparing the expressions for muon and tauon lifetimes, equations Eqgs. 2.12 and 2.8,
the ratio of non-universal Fermi constants gives:

Gn  moT, _
G_‘} = mgﬂ B(t — ev.v,). (2.13)

The ratio of the coupling can be obtained by measuring the ratio of the branching frac-
tions. Tab. 2.1 gathers the values of the observables needed for the computation of the
charged-current coupling strength, exploiting data from [9]. From these measured val-
ues and the relation of Eq. 2.13, the ratio of the muon and tauon weak charged-current
coupling strength is determined to be:

GT
G—g = 1.002 = 0.003. (2.14)

Similarly, by comparing the branching fraction of tauon to the electronic and muonic
decay modes, and taking into account the expected small difference due to phase space,
it leads to:

Ge
& = 0.997 £ 0.003. (2.15)
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Therefore, with high experimental accuracy, it can be concluded that G = G% = GF,
providing strong experimental evidence for the lepton universality of the weak charged
currents [19].

Quantity Value

m(e) (0.5109989461 + 0.0000000031) MeV/c
m(u) (105.6583745 + 0.0000024) MeV/c
m(r) (1776.86 = 0.12) MeV/c
(1) (2.1969811 = 0.0000022) x 10~ °s
7(T) (2.903 + 0.005) x 10~

B(t — ev.v,) (17.82 £0.04)%

B(t — pv,v;) (17.39 + 0.04)%

Table 2.1: Input values obtained from [9] used for LFU derivation in leptonic decay of
charged leptons.

Once LFU has been proved for purely leptonic decays of charged leptons, the impor-
tance of LF'U tests can be highlighted by mentioning three features of the SM. Firstly, as
it was presented, fermions are organized in three-fold families with the same gauge charge
assignment, which lead to the same structure of coupling in all three generations, that is
called universality. Secondly, this universality of the gauge couplings is not affected by the
breakdown of the gauge coupling by the Higgs mechanism. Finally, the only difference
between the three families comes from the Yukawa interaction between the Higgs field
and the fermion field. The fermion mixing is described in the weak basis, where the mass
matrix is diagonal, so that the mixing matrix relates weak and mass eigenstates. Then,
the only source of difference between the three generations comes from the parameters
of the mixing matrix: CKM matrix for the quark sector, and PMNS matrix for leptons.
This last aspect is a key point in order to consider observables that test LE'U, since for a
given decays, quark and lepton transition depends on a different basis. [20].

2.2.2 Tests of Lepton Flavour Universality

Semileptonic decays of heavy hadrons are an excellent laboratory to test LFU, as
the three generations can be accessed and compared. Since a violation of LFU symmetry
would indicate the presence of NP, this symmetry can be tested by comparing observables
that involve the same process differing only in the lepton flavours entering in the decay,
such as the ratio of branching fraction for two decays. From the theoretical point of view,
ratios provide the advantage that most of the hadronic uncertainties cancel out in the
numerator and denominator. From an experimental point of view, the use of ratios is
beneficial since many of the systematic uncertainties are cancelled. Two interesting sets
of measurements that can be carried out to probe violation of LFU:

10
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e Flavour Changing Neutral Currents (FCNC), in particular b — s¢*¢~ transitions,
which can only occur through loop diagrams in the SM.

e Flavour Changing Charged Currents (FCCC), specifically b — ¢/~ 7, which consist
of tree level processes in the SM.

2.2.2.1 b — sft¢ transitions

In the SM, decays of B hadrons (hadrons with a b-quark) involving a loop-level
transition, like b — s¢™¢~, provide a good laboratory to test LFU. Since the CKM is close
to diagonal, these FCNC decays are highly suppressed in the SM, and therefore provide
an increased sensitivity to NP contributions. The leading-order Feynman diagrams for
b — s{T{~ transitions proceed through the exchange of either a Z/v penguin (Fig. 2.3
left) , or a W* /W~ box (Fig. 2.3 right).

Figure 2.3: Illustration of a penguin (left) and box (right) processes of the b — s¢*¢~
seen at the hadronic level, for the case of a B meson decaying in a H meson. Figures
taken from [20].

Sensitive probes of particular interest to study b — s¢™¢~ transitions are the ratios
defined as: ,
G T (Hy — Hoptpo)

d 2
2. dq? I
Ry, = S , (2.16)
s 2
Imax " (H, — HgeTe™)
dg? dq
2 q

Gmin

being Hp a hadron containing a b-quark, H, a hadron containing a s-quark, and ¢? the in-
variant mass squared of the dilepton system, integrated in the range between ¢2. and ¢2 . .
Several measurements of R, have been performed for experiments operating at both the
B-factories and the LHC, for the particular cases of H, = KT, K*, Ko, K** pK ™+, K**
with H, = B*, B A,.

11
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Theoretical predictions of the SM for R and R+ are extremely accurate [21,22] due
to a large cancellation of hadronic uncertainties in the ratios. In Tab. 2.2, some relevant
theoretical SM predictions for R and Rk« observables are presented, where it is shown
that the expectations of such ratios are very precise and found to be close to unity, with
up to a per mile uncertainty.

Observable g® range Ref. [23] Ref. [24] Ref. [25]  Ref. [26]
Ry 1.0 - 6.0GeVZ/ct  1.00 £ 0.01 - 1.000470000%  1.00 £ 0.01
Ric 0.045 — 1.1GeV¥ct  0.096 +0.028 0.9259 £0.0041  0.92075:55%  0.92 +0.02
R 1.1 -6.0GeV%ct  1.00+£0.01  0.9965#+0.0006  0.99670:00%  1.00 4+ 0.01

Table 2.2: SM predictions for R .

2.2.2.1.1 Current experimental status

The first probes of LFU in b — s¢T¢~ decays were perfomed in B-factories®. In
particular, Belle and BaBar collaborations exploit the advantage of cleanliness in collision
events at the YT (4S5) resonance to make the first measurements of Rx and R~ ratios [27,
28], studying two different ¢? bins in the case of BaBar and one region for Belle. All of the
results have a relative precision of 20 to 50%, dominated by the statistical uncertainty, and
they agree with the SM prediction within 1. In 2019, Belle [29] performed a measurement
of the R~ in several ¢? bins, including the high ¢? region, up to 19 GeV%¢*. The results
obtained are all consistent with the SM, being the largest deviation in the lowest ¢* bin.
The last analysis performed with B-factories data was published in 2021, when a new
measurement of R was presented by Belle [30], obtaining a result consistent with SM.

At a hadron collider, where the collisions are produced at high energy, measure-
ments involving electrons are a great challenge, due to the complications that the high
bremsstrahlung rate add to the reconstruction. Moreover, the high occupancy of the de-
tector carry as a consequence low efficiency in the trigger. Specific procedures are needed
in order to deal with the particular complexities, such as dedicated bremsstrahlung re-
covery or a trigger specifically aimed at mitigating signal loss due to low efficiency of
the calorimeter hardware trigger. In 2014, the first measurement of the Ry ratio [31]
at a hadron collider was performed by the LHCb experiment, using data from Run 1.
The observable R was successfully measured in one bin with a precision of 12%, being
compatible with the SM at 2.5¢ level. Later, in 2017 the R+ ratio [32] was obtained in
two ¢? bins at 17% precision each, with a SM compatibility at the 2.2 — 2.50.

Recently last year (2021), LHCb collaboration updated the result of Ry [33] using
the together Run 1 and Run 2 data. The new result have the same central value as the
previous one presented in 2017 [34], while the statistical uncertainty has been reduced by

5See more details about B-factories production in Sec. 2.2.2.2.1.

12



2 Theoretical principles

a 30%. As a consequence, the tension between the experimental measurement and the
SM prediction has increased from 2.50 to 3.10.

From all the previous measurements listed above, it is clear that R () ratios present
a intriguing behaviour showing some tension with the SM that could be explained by NP
contributions. Fig. 2.4(a) shows a comparison of the last R x measurements of LHCD [33]
together with B-factories results [28,30], while in Fig. 2.4(b) it is shown the LHCb R o
measurement [32] with previous experimental results of B-factories [27,28]. After the
last improvements in the R ) results, the measurements became statistical uncertainty
dominated, and therefore more data is needed in order to solve the persistent tension.

Experiment (year) H, type ¢° range [GeV?/c?| Value Ref.
Belle (2009) K 0.0— kin. endpoint  1.03+0.194+0.06  [27]
Belle (2009) K* 0.0— kin. endpoint ~ 0.8340.1740.08  [27]

BaBar (2012) K 0.10 — 8.12 0.741539 + 4+0.06  [28]
BaBar (2012) K* > 10.11 1.43%85, +0.12 [28]
BaBar (2012) K* 0.10 — 8.12 1.067035 £0.08  [28]
BaBar (2012) K* > 10.11 1187955 + 011 [28]
LHCb (2014) K+ 1.0 - 6.0 0.745509° +0.036  [31]
LHCD (2017) K 0.045 — 1.1 0.667048+£0.05  [32]
LHCD (2019) K 1.1—6.0 0.846 000 001s  [34]
Belle (2019) K* 0.1 —8.0 0.90%27%, +£0.10  [29]
Belle (2019) K* 15.0 — 19.0 118122, £0.10  [29]
Belle (2019) K* 0.1 —8.0 0.90%27, +£0.10  [29]
LHCb (2021) K 1.1-6.0 0.846 005 0015 [33]
Belle (2021) K 1.0 - 6.0 1.037922 +0.01  [30]

Table 2.3: Summary of the R measurements performed at the B-factories and by the
LHCb experiment. The first uncertainty contribution is the statistical source and the
second represents the systematic uncertainty.

2.2.2.2 b — cf i, transitions

In Sec. 2.2.1, it was shown that the electroweak coupling of the gauge bosons to the
leptons is independent of the lepton family. Semileptonic b — ¢/~ 7, processes are FCCC
that occur through tree-level diagrams, as shown in Fig. 2.5, and differ through the mass
of the lepton (¢ = e, p, 7).

All NP models adding coupling to the leptons proportional to their mass would couple
preferentially to the tauon (17 and 3500 times heavier than the muon and the electron,
respectively), thus semileptonic decays to the third-generation, namely semitauonic B
decays, would be more sensitive to the presence of NP effects. Measurements of ratios
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Figure 2.4: (a) Comparison between Ry measurements of LHCD full Run 1 and Run 2
data [33] together with B-factories results [28,30], extracted from [33]. (b) Comparison
of the LHCb R+ measurement [32] with previous experimental results of B-factories
[27,28], extracted from [32].

of branching fractions between lepton generations have been performed in order to test
LFU:

. B(Hb — HCT+VT)

where ¢ stands for an electron or a muon in the B-factories measurements, but only
for a muon at the LHCb detector, due to experimental considerations®. There have
been performed LFU tests for the cases H, = D**, D% DT, D(*)Jr,/\((;*)Jr7 J/, with H, =
B, B(t),Ag, B?. The inclusion of charge-conjugate modes is implied throughout. The
definition of this kind of observables cancels large part of theoretical (|V| and form
factors) and experimental (branching fractions and reconstruction efficiencies) uncertain-
ties [20]. In R(H.) measurements, the 7 lepton can be reconstructed through different
decay modes. In Tab. 2.4, the 7 final states with the largest branching fractions used to

perform measurements in semitauonic H, decays are gathered.

2.2.2.2.1 Results from the B-factories

In measurements coming from B-factories, the analysis strategy is built exploiting
the fact that the YT (45) resonance decays exclusively into a pair of two B mesons, either

a BB’ or a BtB~ pair. Tagging techniques are used to reconstruct both mesons. One

In the case of LHCb measurements with 7 — 37y, it is not performed the direct measurement of
R(H.). Rather the value of B(H, — H.{'v) is taken from [9], and thus the R(H.) coefficient can be
obtained for the case where ¢ is a muon, an electron or a combination of both.

14



2 Theoretical principles

Figure 2.5: Illustration of a tree level process of the b — ¢fT, seen at the hadronic level,
for the case of a B meson decaying into a H meson. Figure taken from [20].

Decay B [%]
T — U Uuls 17.39 £ 0.04
e vw.  17.82+0.04
7~ = 7 1, 25.49 £ 0.09
T =T, 10.82 £ 0.05
TT sty 9.02 + 0.05
7~ = atr %, 4.4940.05

Table 2.4: Branching fractions of 7 decays that have been used to perform measurements
of R(H.) observables, extracted from [35]. The 3-prong hadronic modes does not contain
the K° contributions.

of the mesons, By, is fully reconstructed through hadronic or partially reconstructed
semileptonic B decays, where the second approach provides higher efficiency but lower
kinematic constraints. Then, all the remaining particles in the rest of the event are due to
signal decays coming from the other B meson, Bg;gnqa. At the B-factories, pure leptonic
as well as hadronic decays of the 7 are considered. In these decays, neutrinos that are
undetected are present, and therefore there is some missing information that has to be
compensated by the reconstruction of the Byq,.

Both BaBar and Belle collaborations have performed measurements of the R(H.)
observables of Eq. 2.17, for the cases H, = D, D*, where D indicates D° or D and D*
stands for D*~ or D*® mesons. Covering the most recent semitauonic results involving
hadronic B tags, BaBar experiment published the first high-precision measurement of
R (D(*)) with the full dataset obtained in 2012 [36,37] , composed by 471 x 10°BB
pairs. The Belle experiment, following a similar strategy, performed an analysis of their
772 x 105 BB pair dataset [38]. In both cases, the signal 7 decays are 7 — (vD, where the
light lepton ¢ = e or pu. These just presented results from BaBar and Belle analyses are
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compatible within uncertainties.

An additional measurement of B — D™ 7v decays involving hadronic tags was per-
formed by Belle [39]. This analysis obtained the 7 polarisation fraction P,(D*) by recon-
structing the tau lepton in the hadronic 7 — 7v and 7 — pr modes. The result is in
good agreement with the SM expectations.

Focusing now in B-factories measurements with semileptonic tags and 7 — (vv de-
cays, the first result of R(D*) was performed by Belle [40] in 2016, followed by a recent
update that includes the combined measurement of R(D) and R(D*) [41]. The last pub-
lished results are in agreement with the SM prediction within 0.20 and 1.10 respectively,
while the combined measurement agrees with the SM prediction within 0.8¢.

A summary of the reported results of R(D) and R(D*) ratios [36-41] obtained by
the B-factories experiments is shown in Tab. 2.5.

Experiment (year) B-tag T decay R(D) R(D*) Correlation P.(D*) Ref.
BaBar (2012) Had. 77 = {¢"7yr, 0.440+£0.058 £0.042 0.032 £0.024 +0.018 —0.27 - [36,37]
Belle (2015) Had. T — E,’P/ vy 0.375+£0.064 £0.026 0.293 +0.038 £ 0.015 —0.49 - [38]
Belle (2016) SL 1 = (T, - 0.302 £ 0.030 £ 0.011 - - [40]
Belle (2017) Had. 7= — 7 (7%, - 0.270 + 0.035 *3028 - —0.38+0.51 ¥02  [39]
Belle (2019) SL 1 =0 pyr, 0307400370016 0283+ 0.018 + 0.014 —0.47 - [41]

Table 2.5: Measurements of R(D(*)) and 7 polarisation performed by BaBar and Belle
collaborations. The tagging algorithm employed in the analysis is indicated with Had.
(hadronic) or SL (semileptonic). The first uncertainty contribution is the statistical source
and the second one represents the systematic uncertainty.

2.2.2.2.2 Results from the LHC

At a pp collider, such as the LHC, bb pairs are produced with a broad energy spectrum,
and therefore the technique developed at B-factories cannot be applied. By taking advan-
tage of the precise decay vertex reconstruction capabilities of the LHCb detector”, the H,
momentum can be determined up to a discrete ambiguity in the hadronic reconstruction
of the 7, i.e. 7T = 7rn 7whw.

The 7 can be also reconstructed through its muonic mode, 7.e. 7 — prv. In this case,
the 7 decay vertex cannot be reconstructed and therefore the momentum of the b-hadron
is obtained via the rest frame approximation, which assumes that the momentum of the
H, along the beam axis is equal to the momentum of the final visible state.

The LHCDb experiment has performed measurements of the ratios R(D*), R(J/)
and R(A}) using the leptonic decay 7~ — p 7,v,, and R(D*) measurements with the
hadronic 3-prong decay 7= — 7 77 (7°)r,. The results [42-46] were obtained using
LHCb Run 1 data collected at energies of 7 and 8 TeV, corresponding to an integrated
luminosity of 3fb~!, summarised in Tab. 2.6.

“See Sec. 3.2.1.1 for more details on the LHCb vertex resolution capabilities.
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Observable (year) T decay Value Ref.
R(D*) (2015) T = WUyl 0.336 £ 0.027 £ 0.030 [42]
R(D*) (2018) 7 =t (7). 0.280 £0.018 £ 0.029 [43,44]
R(J/v) (2017) T — WVl 0.71 £0.17£0.18 [45]

R(AH) (2022) 7 = a atr (7%)r,  0.24240.026 £ 0.040 £ 0.059  [46]

Table 2.6: LHCb measurements of the ratios R(D*), R(J/¢) and R(A}). The first
uncertainty contribution is statistical source and the second one represents the system-
atic uncertainty; the third one in the R(AJ) case corresponds to the external branching
fraction uncertainty.

In order to make a comparison between experimental measurements and the SM
prediction, the theoretical calculations are assumed to be the average performed by the
HFLAV group [47], i.e. R(D)sy = 0.299 + 0.003 and R(D*)sm = 0.258 £ 0.005. In
Sec. 2.2.2.2.3, the theoretical computation of R(D*) and R(D) is derived. Fig. 2.6 sum-
marises the experimental measurements, together with the SM prediction. The R(D)
figure (left) shows an experimental-theoretical tension of 1.40, while the one correspon-
ding to R(D*) exhibits tension at the level of 2.90. Finally, plotting R(D*) with respect
to R(D), Fig. 2.7, shows a remarkable tension of 3.40 with respect to the SM. This result
motivates further analyses that could clarify the disagreement between theoretical and
experimental results.

2.2.2.2.3 Effective Field Theory Computation of R(D®)

The electroweak regime involves a large variety of energy scales, and therefore seems
natural a theoretical approach that allow to separate out effects coming from different
energy scales. The basic premise of an Effective Field Theory (EFT) [48,49] is that the
dynamics at low energies (large distances) does not depend of dynamics at high energies
(short distances). As a result, low-energy physics can be described by means of an effective
Lagrangian that contains only a few degrees of freedom, while not taking into account
additional degrees that are just present at higher energies. The process of integrating the
relevant degrees of freedom is performed using renormalisation group (RG) equations [50].

In the case where a hadron contains one heavy quark (such as the b-quark), the Heavy-
Quark Effective Theory (HQET) essence, discussed in detail in [51], is the construction
of an effective field theory starting from the QCD Lagrangian and performing a 1/mg
expansion, where mg = my, m. is the mass of the heavy quark. This expansion is useful
if the maximum momentum scale, k, of the process under consideration satisfies the
condition k/mg < 1.

Following [52], the effective Hamiltonian approach can be applied to FCNC. For the
b — ¢/~ 7, transition, considering the V' —A structure of the weak interaction in the SM,
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Figure 2.6: R(D) and R(D*) world measurements, average in green, together with the
SM prediction in red, by HFLAV [47].

it can be written:

AGpVy
V2

where G is the Fermi Constant, Gp = 1.662787 x 107> GeV 2, V,;, stands for the CKM
matrix element, P, p = (1 F5)/2 are the projectors on the left- (right-) handed chirality
and h.c. denotes the Hermitian conjugate.

The EFT ignores the W boson, and assumes a four-fermion operator O;. Energetic
modes and massive fields that probe short distances, are encoded in the Wilson coefficients,
C; [20]. In Fig. 2.8, it can be seen an illustration of the b — ¢~ 7, process in the effective
Hamiltonian approach. The Effective Hamiltonian can be expressed in terms of the local
two-quark two-lepton operator, thus Eq. 2.18 can be written as:

Hepr = (¢v,PLb) (ZV“PLW) + h.c., (2.18)

AGpV,
Hepp = \% 2y cio;. (2.19)

Due to LFU, the SM Wilson coefficients have the same values for the three lepton
families. Thus, the four-vector operator contains the dominant operator in the SM:

Ove = (¢, Prb) (v Priy) (2.20)
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Figure 2.7: Overview of combined measurements of R(D™), together with the SM pre-
diction displayed in the red ellipse, by HFLAV [47].

where the index ¢ = V/ indicates the vector nature of the four-fermion operator, and /¢
takes account of the lepton flavour involved. The normalisation of Eq. 2.19 is chosen to
have Cy, of order of the unity in the SM.

In [52], the detailed computation of the differential decay rate can be found. The main
steps are reported in the following. Starting from the effective Hamiltonian of Eq. 2.18,
the differential decay rate of B® — D*~¢*y, can be expressed as:

P _GRVaPlpPe (b
dg*dcosf — 256m3m3 q>

[(1 —c0s0)’ |Hyy|? + (14 cos0)® |H__|> + 2sin? 0] Hyo|*+ (2.21)

2
m—2£<sin2 0 <|H++’2 + ‘H__P) + 2|H0t — HOD COSs 9’2>:| s
q

where |p| is the 3 momentum of D* in the B rest frame, given by: |p| = %W,
with A(a, b, ¢) = a>+b?+c2—2(ab+bc+-ca); ¢* corresponds to the four momentum transfer
to the lepton system, expressed as ¢*> = (pg — pp+)?; 0 stands for the angle between the
D* and the lepton in the {—uv; rest frame and H,,, are the relevant (¢*> dependent) helicity

amplitudes.
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Figure 2.8: Illustration of the b — ¢/~ v, process in the effective Hamiltonian approach.
The red dot represents a four-fermion local operator. Extracted from [20].

Performing integration over dcosf in Eq. 2.21 gives:

dl'y  G%lplg® mj ’ 2 2 2 mj 3mj 2

e H H__|>+|H 1+ —L ) + 225 Hy 2

i = O6rdm? p (|Hy+* + [H-—*+|Hoo|?) 2 +2q2\ ot
(2.22)

The helicity amplitudes can be expressed in terms of hadronic form factors, which
depends on the spin of the decaying hadron and on the kind of quark bilinears from the
effective Hamiltonian operator, like ¢I'b of Eq. 2.20, being I" the 4 x 4 matrix result of the
product of the Dirac y-matrices. The relevant form factors for B — H transitions, for H
pseudoscalar or vector, for a given bilinear qI'b are gathered in Tab. 2.7.

Then, the helicity amplitudes presented in Eq. 2.21 can be defined in terms of the
three axial (Ag, A, A2) and one vector (V) hadronic form factors depending on of ¢? as:

2m
HSM 2y _ DA (2 b V(g2
x(07) = (mp +mp ) Au(q) F == [PV (),
HN () = —— /P (m% —mb. = ¢*) (my +mp-) Ai(¢°) — A |l As(q%)
00 2mD* mB_l_mD* ’

(2.23)

In order to make a prediction of the value of the R(D®™)) observable, the form factors
need to be computed within the HQET framework. In this context, the form factors
presented above are further expressed in terms of the universal form factor hy, (w) and
the ratios Ry 1 2(w), which in turn are functions of the recoil variable w:

w=uvpg-vp: = Gy , (2.24)
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JP(H) ~  Form factors
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Table 2.7: Form factors relevant for B — H transitions as a function of the spin of the
H hadron for a given bilinear gI'b.

where M is defined as:
2\ /TN BT D+
= (2.25)
(mB —+ mD*)
With the above definitions, the form factors are given by:

1 2

ha, (w) = Au@”) 7 = (2.26)
Ao(q?) = R(}\(;U)hAl(w); (2.27)
As(q) = RQJ\(;U) ha, (w), (2.28)
V(g*) = %hm(w). (2.29)

The minimum value w = 1 corresponds to zero recoil of the D* meson in the B rest frame,
i.e. the largest kinematically allowed value of ¢2.

CLN parameterisation

In the heavy quark limit, it is possible to establish approximate relations between the
slope and the higher power coefficients of the reference form factors. This approximation
is called Caprini-Lellouch-Neubert (CLN) parameterisation [53], and it provides simplified
formulas valid within ~ 2%, taking into account 1/mg (where @ stands for b or ¢ quark)
corrections near zero recoil (w = 1) [54]. Thus, the variation of the form factors of
Eqgs. 2.26, 2.27, 2.28 and 2.29 can be written as:

hayw) = ha, (1) [1 = 8p°z + (53p — 15)2* — (231p* — 91)z°] (2.30)
Ro(w) = Ry(1) — 0.11(w — 1) + 0.01(w — 1), (2.31)
Ry(w) = Ry(1) — 0,12(w — 1) + 0.05(w — 1)?, (2.32)
Ro(w) = Ro(1) — 0.11(w — 1) + 0.01(w — 1), (2.33)
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BGL parameterisation

Another approach to the form factors is the Boyd-Grinstein-Lebed (BGL) parameterisa-
tion, which was proposed in [55] and further developed in [56,57]. In semileptonic decays,
the form factors can be parameterised as a product of known functions representing reso-
nant poles and other nonanalytic structures, times a Taylor series in a conformal variable
that tracks the momentum transfer. Therefore, the BGL parameterisations of B — D*{v
decays relies on the Taylor expansion of the form factors around z = 0, and depend on
three functions, f(w), g(w) and Fu(w):

a f(w)

ha, (w) = i L+ w)’ (2.35)

1+w Fe

Ro(w) = mp- (W) E (2.36)

Rl(w) = (U) + 1)mBmD* %7 (237)
L w—r Fi(w)

Ro(w) = w—1 mglw—1)f(w)’ (2.38)

resulting the convergent power series of the form factor as:
_ 1 S fon
1) = B 2" (239

g(z) = _ Zagz”, (2.40)
= —— Zaflz”, (2.41)

) al?. (2.42)

where P4 (z) are Blaschke factors and ¢, 7 (.) phase space factors. Note that Ry(w) is
neglected for decays with light leptons, and it only affects 7 decays.

The BGL parameterisation using the unitarity bound allows us to extend our knowl-
edge of the form factors to other momentum transfers, and to do so in such a way that
the errors can be quantified.

The world average of the form factor parameters reported by HFLAV [47] are gathered
in Tab. 2.8 for CLN. As it was mentioned, the Ry(1) was not measured in decays to light
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leptons since they are not sensitive to this parameter, and it only contributes to the
helicity suppressed amplitude Hy,. Within HQET, it value was estimated later on, as it
is reported in Tab. 2.8.

Parameter Value Reference
p? 1.122 £ 0.015 (stat) £0.019 (syst) HFLAV world average [47]
Ry (1) 1.270 £ 0.026 HFLAV world average [47]
Ry (1) 0.852 + 0.018 HFLAV world average [47]
newha, |[Va|  35.27 £0.11 (stat) +£0.36 (syst) FLAG average of [58] Lattice QCD results
Ro(1) 1.14 4+ 0.11 HQET [52]
Ro(1) 1.17 £ 0.02 HQET [59]

Table 2.8: World average of the CLN form factors, as updated in Spring 2021 [47].

Coming back to Eq. 2.22; the ratio of decay rates for both 7 and ¢, being ¢ either
or e, can be expressed in terms of the hadronic helicity amplitudes, giving for R(D*) the
expression:

dl',/dq? ( mz) [( m2) 3m? | Hoy |
R(D*) = =(1—-— 14+ —< | 4+ =— , (243
(%) dl'y/dg? ¢ 2¢*)  2¢° |Hyy P+ [H— > + [Hool? (249)

where the terms with m?/q¢?, being £ = i, e in Eq. 2.22 have been neglected.

Several computations of R(D*) were performed, all in agreement with the approach
followed in this document, based in [52]. The most relevant inputs to the new predictions
are obtained fitting with the BGL parameterisation derived from Belle data [60].

The calculations present differences in the evaluation of the theoretical uncertainties,
which will be untangled with the Lattice QCD calculations of the B — D* form factors
beyond the zero recoil limit. The theoretical value is assumed to be an average performed
by HFLAV [47] between all the R(D*) predictions presented in Tab. 2.9, resulting in:

R(D*)sy = 0.258 & 0.005. (2.44)

The same logic followed in the derivation of the R(D*) calculation is applied for the
R(D) computation. The relevant inputs in this case are the form factor measurements
from BaBar [61] and Belle [62], together with Lattice results inputs [63,64]. The different
calculations can be found in Tab. 2.9, and the value obtained from HFLAV [47] average
is:

R(D)sy = 0.299 =+ 0.003 (2.45)
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Reference R(D*) R (D)
D.Bigi, P.Gambino [54] 0.299 4+ 0.003
F.Bernlochner, Z.Ligeti, M.Papucci, D.Robinson [59] 0.257 4+ 0.003 0.299 + 0.003
D.Bigi, P.Gambino, S.Schacht [65] 0.260 4+ 0.008

S.Jaiswal, S.Nandi, S.K.Patra [66] 0.257 4+ 0.005 0.299 + 0.004
Average 0.258 4+ 0.005 0.299 + 0.003

Table 2.9: Theoretical inputs for R(D*) average performed by HFLAV.

2.2.3 New Physics models

The Effective Field Theory formalism allows to accommodate potential NP effects

by adding extra operators to the SM effective Hamiltonian. Focusing in b — c77 7,
transitions, there are mainly three different NP contributions that could explain the data:

e W’ boson: the NP would appears as a new charge-current mediated by a general W'

gauge boson. The solution most often proposed involves a Right-Handed (RH) W,
along with a RH neutrino. [67-70]. In [71], a complete recent study can be found.

Leptoquarks: many extensions of the SM contemplate unified descriptions of quarks
and leptons, predicting the existence of new scalar and vector bosons, leptoquarks.
A relevant paper that examines leptoquarks models was [72], followed by [73-75],
among others.

Charged Higgs boson: a new tree-level exchange of a charged Higgs boson would
be a possible explanation for the B anomalies. Numerous two-Higgs-doublet model
have been proposed, [76-79], to cite some of them.

A more comprehensive review of the theoretical status of B flavour anomalies can

be found in [80]. The aim here is to point out the effort being made to explain the
experimental results, and the inherent need to obtain precise measurements that could
clarify the road to NP.
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3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [81] is a two-ring superconducting proton accel-
erator and collider that is located at CERN (from the French Conseil FEuropéen pour la
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Recherche Nucléaire, European Organisation for Nuclear Research) complex, based near
Geneva, in the border between France and Switzerland. The LHC is the world’s most
powerful particle accelerator ever built, installed in a 26.7 km tunnel, that was constructed
at a mean depth of 100 m due to geological considerations, ranging between 175 m (under
the Jura) and 50 m (towards Lake Geneva). The tunnel was excavated firstly for hosting
the LEP (Large Electron Positron) machine, whose first beam circulated on 1989. LEP
was shutdown in the early 2000’s, so that the LHC construction could started, leading to
its first run in the period 2010-2013.

At the LHC, both proton beams and heavy ions can be accelerated, but in the fol-
lowing, only proton collisions will be studied and described throughout the thesis.

The physics runs are characterised by the energy of the proton-proton collisions at
the centre-of-mass. During Run 1, the delivered beam energy was /s = 7TeV during a
short period in 2010, and /s = 8 TeV in 2011. In Run 2 the energy was increased up to
/s = 13TeV, from the period between early 2015 to late 2018. Consequently, with an
increase in energy comes an increase in production cross-sections, and therefore higher
rate of events. The two presented data-taking periods will be followed by Run 3, that is
scheduled to start after the Long Shutdown 2 (LS2) in Summer 2022. More information
about the LS2, and the LHCb upgrade that was carried out during this period can be
found in Chap. 4.

The total luminosity collected at the end of Run 2 is nearly 6fb™', twice the sam-
ple corresponding to Run 1 of 3fb™*. More details about the luminosity definition and
information about the recorded luminosity over the years can be found in Appx. A.

The accelerator complex at CERN is comprised of a succession of machines that are
displayed in Fig. 3.1, where the LHC is the last element of the chain, which successively
accelerate particles to increasingly higher energies. Firstly, applying an electric field to a
hydrogen bottle, hydrogen atoms are stripped off their electrons, giving protons. Protons
are immediately injected into a linear accelerator (LINAC2 in the past, which has been
replaced in the Upgrade by LINAC4 in 2020), which creates bunches of protons of 50 MeV.
The beam is then injected into a chain of three circular accelerators: Proton Synchrotron
Booster (PSB), the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS),
that push their energy up to 1.4 GeV, 25GeV and 450 GeV, respectively. Protons are
finally injected into the two beam pipes of the LHC, clockwise and counter-clockwise.

The mechanism that allow for proton acceleration in the LHC relies on 16 radio-
frequency (RF) cavities that contain an electric field. Protons injected into the field
receive and electric impulse that accelerate them up to 6.5 TeV. At the same time, the
trajectory of protons is driven by superconducting dipole magnets, operating at a maxi-
mum field of 8.33'T, that bend the protons within the orbit. The magnets are enclosed in
a helium vessel, and are cooled via cryogenic plants, allowing to reach 1.9 K at operation
condition. The cryostat, shown in Fig. 3.2, has been designed for stabilization against
thermal disturbances and for heat transport. The two LHC beams are arranged into
bunches, separated at a minimum time of 25ns, which leads to a bunch-crossing rate of
40 MHz. The beams cross each other in four different locations, called Interaction Points
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Figure 3.1: Scheme of CERN accelerator complex in 2019, with the main experiments.
Extracted from [82].

Figure 3.2: Transverse cross section of cryostat housing LHC twin dipole magnet. Ex-
tracted from [83].

27



BEATRIZ GARCIA PLANA

(IP), where quadrupole magnets are required to act in order to focus the beams and pro-
vide stabilisation. At the IP, four main detectors are located: ATLAS (A Toroidal LHC
Apparatus), CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment)
and LHCDb (Large Hadron Collider beauty).

ATLAS [84] and CMS [85] are the two general-purpose detectors (GPD) of the LHC.
Both investigate a wide range of physics, covering the broad SM physics and beyond.
The Higgs boson discovery motivated the technical design of both experiments, lying the
difference between the distinct magnet-system designs, which leads to the application of
different technical solutions. The remarkable discovery of the Higgs goal was achieved
in 2012 [1,2]. Since then, their physics programs have been extended to study the BSM
landscape. These NP programs includes extra dimensions and new particles, the Higgs
sector, Supersymmetry, dark matter candidates and long-live particles.

The ALICE [86] detector has been designed to study the collisions of nuclei at the
ultra-relativistic energy scale. At the LHC running conditions, the energy density is so
high that it provides an excellent laboratory for studying the so called quark-gluon plasma,
and therefore physics of strongly interacting matter.

The LHCD [87] detector was engineered to study B physics and it will be characterised
in more detail in the following section, Sec. 3.2.

3.2 The LHCb detector

The LHCD detector [88] is a single-arm forward spectrometer that was primarily de-
signed to perform precise measurement of the CKM matrix and its Unitary Triangle, in
particular the angle v is of special relevance. The CKM angles are related with potential
CP-violation in processes containing either a b or a c-quark. Many models of NP consider
contributions that would change the CP-violating phases and rare-decays branching frac-
tions, such as heavy mesons decays highly suppressed in the SM. Thus, the core of the
LHCb program also includes dedicated studies to such processes. In the last years, the
LHCb detector has extended its physics reach, covering extreme energy densities, indirect
searches for BSM particles, top physics or remarkable electroweak measurements, such as
the W mass [89].

The detector geometry is designed based on the direction of the production of pairs
bb, predominately in a forward or backward cone around the collision point, as shown in
Fig. 3.4(a). A comparison between LHCDb acceptance with GPD is displayed in Fig. 3.4(b).
The forward angular coverage range from approximately 10 mrad to 300 (250) mrad in the
bending (non-bending) plane. The equivalence in units of pseudorapidity 7 can be derived

by means of the expression:
n=—In {tan <g>} , (3.1)

being 6 the angle between the particle momentum and the beam axis. Then, it is obtained
that the LHCb detector acceptance is in the 2 < n < 5 region.
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Figure 3.3: Schemas of the four main detectors at CERN (not at the same scale), extracted
from [90]. (a) ATLAS, (b) CMS, (c¢) ALICE and (d) LHCb.

In addition to its particular acceptance, the luminosity of LHCb experiment needs
to be tuned to meet the criteria that, on average, around one visible pp interaction is
produced per bunch crossing (namely p!), which would mean that the pile-up (average
number of pp interactions in visible events) is around 1.5. This is essential for data quality,
since flavour precision physics relies on resolving vertexes with extremely high resolution.
Moreover, the trigger hardware could not be able to run on higher rates. It should be
taken into account that at higher pile-up, it also increases the occupancy of the detector,
condition that significantly complicates the reconstruction and increases the background.
Another advantage when running at lower luminosity is that radiation damage at the
detector is also reduced.

The optimal luminosity for LHCD is two orders of magnitude less than the nominal
one at LHC, corresponding to 4 x 1032 cm~2s7!, so that a beam defocusing at the IP is

1See [92] for more information.
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Figure 3.4: (a) Distribution of bb pairs production at /s = 14 TeV, as function of their
polar angles, obtained from PYTHIA. In red it is shown the LHCb acceptance. (b)
Comparison between LHCb (red square) and GPD acceptance (yellow square), in the
pseudorapidity plane at /s = 14 TeV. Images obtained from [91].

required. In addition to that, LHCb needs to operate at a constant pile-up. The luminosity
control is guaranteed by applying the luminosity levelling procedure [93] during the fill,
which is based on the adjustment of the two beams transversal overlap at the IP.

In Fig. 3.5 the scheme of the spectrometer and its sub-detectors are displayed. The
LHCb components can be categorized in two different types: tracking stations and parti-
cle identification detectors. The tracking system, described in Sec. 3.2.1, is composed by
the VErtex LOcator system (VELO) placed before the magnet and four planar tracking
stations: the Tracker Turicensis (TT) upstream of the dipole magnet, and T1-T3 down-
stream of the magnet. Particle identification information, see Sec. 3.2.2, is provided by
the following major components: two Ring-Imaging Cherenkov (RICH) detectors, elec-
tromagnetic and hadronic calorimeters and the muon chambers.

The trigger system is of crucial importance when discriminating events of interest
against the dominant background. An overview of the trigger syatem can be found in
Sec. 3.2.3.

The LHCb detector face many computational challenges, related how data are col-
lected, recorded or processed efficiently, among other tasks. The specific software devel-
oped for the experiment is presented in Sec. 3.2.4.
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3.2.1 Tracking

3.2.1.1 The Vertex Detector

Vertex reconstruction is a crucial requirement of the LHCb experiment, since most of
its physics program scope relies on the spectrometer capability to resolve production and
decay vertices, which are in fact a distinctive feature of b and c-hadron decays.

Aiming for precise measurements of the primary vertices (PV), the VELO [87,95] is
located close to the interaction region. The proximity of the detector to the beam line at
~ 7mm constrains its design. The sensors are positioned at closer distance than the aper-
ture of the LHC during injection, and therefore the adopted layout is to mount the VELO
into two retractable halves arranged perpendicular to the beam line. Both halves are not
aligned, rather 1.5 cm displacement is set in order to allow them to overlap, providing full
geometrical coverage around the interaction region. The two modules arrangement can
be seen in Fig. 3.6 (top), with the detector in the fully closed position.

Rsensors | 1m ‘
¢ sensors ‘
cross section at y=0 &2
o
60 mrad
JER I 11T
i : 7,:4*'777:' T 15 mrad
<L IINGHIEE 1 T
piléup \‘\ _ " interaction region
VETO “\ view of s=53cm
stationis | most upstream
| VELO station
8.4 cm
X
6cm
VELO fU”y closed VELO fU"y open

(stable beam)

Figure 3.6: (top) Cross section of the silicon modules arrangement along the beam-
direction, with the detector in the fully closed position. (bottom) Strip layout of R
and ¢ sensors, in both closed and open positions. The R-measuring sensor is displayed in
red, and the ¢-measuring sensor corresponds to the blue color. Extracted from [94].
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The two halves of a series of silicon modules that composed the VELO are equipped
each one with 21 silicon modules that are mainly n-on-n type (except one module with
n-on-p sensors placed the most upstream). Each circular-shape module consists of two
300 um thick, and it is patterned with strips (2048) that provide R and ¢ information.
The R coordinate is measured by azimuthal strips arranged in 4(2) sections in the inner
(outer) regions of the sensor. The strips in the ¢-sensor are split in an inner and an outer
circular crown, in a way that the occupancy of both regions is equalized. The concept of
the strip layout is illustrated in Fig. 3.6 (bottom).

The sensors must be kept at a temperature of about —7°C, and so it is required
a sophisticated cooling system based on CO,. VELO sensors are mounted in a vessel
that maintains them in a secondary vacuum at 2 x 10~7 mb, separated from the primary
vaccum one of the LHC by a thin aluminum sheet, referred to as RF-foil. This surface
face the beam, and is only 3mm thick, to minimise the degradation of the momentum
measurement due to multiple scattering.

The intense exposure to a radiation environment strongly non-uniform leads to dam-
age in the silicon sensors. Therefore, a dedicated prototype process was carried out in
order to check that the expected performance is maintained after irradiation [88]. The
main cause of bulk radiation damage is that the silicon atoms may displace from their
lattice positions, leading to an increase of leakage current. Since this parameter in turn
depends on the fluence, Intensity-Voltage (IV) scans provide a good quantity to measure
the radiation damage. The measured leakage currents over time for the VELO are shown
in Fig. 3.7, where each of the blue curves represents one VELO sensor placed at a differ-
ent distance with respect to the interaction point. The green curve corresponds to the
average, which is in good agreement with the predictions done with simulation, illustrated
with the pink band [96]. Regarding the performance of the VELO, it has operated stably
and reliably throughout the Run 1 and Run 2 of the LHC. As it was just highlighted,
prototyping accurately is a fundamental part in order to ensure the correct subsequent
operation of the detector. This thesis documents my contribution to the study of the
upgraded VELO sensors performance, required for the new VELO silicon-pixel detector
that is a crucial part of the LHCb upgrade. Both the LHCb upgrade project and the
contribution to the VELO upgrade documented in this work will be presented in Chap. 4.

As mentioned above, the precise primary vertex and its subsequent decays reconstruc-
tion is a fundamental requirement of LHCb analyses. Fig. 3.8(a) shows the resolution of
the reconstructed primary vertex along the beam axis versus the number of tracks asso-
ciated to that PV. This leads to a PV resolution of 13 um in the transverse plane and
71 um along the beam-axis direction for vertices with 25 tracks.
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Figure 3.7: Leakage current of VELO sensors evolution with time. Above, information
about the sensor temperatures and delivered luminosity. Extracted from [96].
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Figure 3.8: (a) Resolution of the reconstructed primary vertex along the beam axis versus
the number of tracks used in the reconstruction, fitted in terms of track multiplicity N
as: opy = A/NB +C. Obtained from [97].(b) VELO tracking efficiency for the 2011 data
and simulation as function of the momentum, p. Extracted from [96].
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Other relevant VELO performance parameters is the signal-to-noise ratio, of about
20, leading to a best hit resolution of 4 um at the optimal track angle. The track re-
construction efficiency is typically above 98%. Its distribution with respect to the track
momentum is shown in Fig. 3.8(b). Another relevant parameter that provides a measure-
ment of the tracking performance is the number of poor quality tracks that are produced.
This kind of track is namely ghost, and it is defined as one in which less than 70% of the
VELO clusters on the track are from the same particle. The frequency of these tracks
rises with the detector occupancy, corresponding to 0.5% for randomly triggered events
and 1% for HLT triggered events.

A fully characterisation of the VELO system performance can be found in [96]. A
detailed description of the VELO radiation damage is given in [97], with information about
methods to monitor it or the possible impact that could have on the track reconstruction
performance.

3.2.1.2 The magnet

The LHCD detector includes a warm magnet [87] that deflects charged particles in the
horizontal plane, allowing for its momentum measurement. In order to cover a forward
acceptance of 250 mrad vertically and 4300 mrad horizontally, the design of the magnet
consists of two saddle-shaped coils placed mirror-symmetrically to each other in a magnet
yoke [87,98]. The magnet design is illustrated in Fig. 3.10.

Overall, the magnet provides an integrated magnetic field of 4 Tm, which allows the
tracking detectors that are located in the field to measure the momentum of charged
particles with a precision of about 0.4% for momenta up to 200 GeV/c [88]. In Fig. 3.9,
it is shown the relative momentum resolution with respect to the momentum, for long
tracks from data. Long tracks are the highest quality tracks, reconstructed with hits from
at least the VELO and T-stations, additionally they can have hits in TT.

I J.I 3
i E
+
4.4»**++ E
I l(I)O — 2(I)O — 360
p [GeV/c]

Figure 3.9: Relative momentum resolution versus momentum for long tracks in data
obtained using J/v decays. Figure from [88].
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In order to achieve the target momentum resolution, the precision of the magnetic
field integral, i.e. [ Bdl, is of 107, while the position of the B-field peak is known with
a precision of few millimeters. These quantities are measured by means of an array of
Hall probes (see [99] for more details).

The systematic effects of the detector are controlled by changing periodically the
direction of the magnetic field, thus each year of data taking consists of two roughly
equal size datasets labelled as MagUp and MagDown. This procedure leads to a precise
measurement of the magnetic field in all LHCb regions that is reproducible for both
polarities.

8010

Figure 3.10: Layout of the LHCb magnet, where the interaction point lies behind it.
Extracted from [94].

3.2.1.3 Tracking stations

The tracking stations consist of four planar tracking stations: the Tracker Turicensis
(TT) that is located upstream of the magnet, and T1, T2 and T3, placed downstream of
the magnet [87]. The stations can be categorized in two types, according to the technolo-
gies in which are based. On one hand, the Silicon Tracker (Sec. 3.2.1.3.1), composed of
the TT and inner part (Inner Tracker) of the T1-T3, which uses silicon microstrip sensors.
On the other hand, the outer part (Outer Tracker) of the T1-T3 (Sec. 3.2.1.3.2), which is
designed as an array of drift-tubes.
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3.2.1.3.1 Silicon Tracker: Tracker Turicensis and Inner Tracker

The Silicon Tracker (ST) comprises two detectors, both based on silicon microstrips:
the Tracker Turicensis (TT) and the Inner Tracker (IT). The layout of the ST is displayed

in Fig. 3.11 in the colour violet.

T2 T3

T1

Figure 3.11: The main tracking system of LHCb: TT, IT and OT. Obtained from [100].
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Figure 3.12: (a) Layout of the TT station. (b) Scheme of an IT layer. Figures from [101].
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The TT station [102] is located in front of the entrance of the magnet, covering the
full acceptance of the experiment. The TT is composed of four planar detection layers
arranged in two pairs, with a total size of 150 cm wide and 130 ¢cm high. The layout of T'T
layers is shown in Fig. 3.12(a). The IT [103] is located downstream the magnet, and it
consist of four individual detector boxes that are arranged around the beampipe, covering
the inner region of the T1, T2 and T3 stations. Each detector box contains four detection
layers, as the ones illustrated in Fig. 3.12(b), arranged in a way that the two internal
layers have strips oriented £5°C with respect to the external layers, with vertical strips.
The overall area of the TT station is of 120 cm wide and 40 cm high.

Both the TT and IT detectors are housed in single boxes that provide electrical and
thermal insulation. In order to reduce radiation damages and noise, a cooling system
maintains the stations at a temperature of 5°C.

3.2.1.3.2 Outer Tracker

The Outer Tracker (OT) is a drift-time detector [104], that aims for tracking of
charged particles and the measurement of their momentum in a large acceptance area [94].
It is shown in cyan in Fig. 3.11. It covers the outer part of the T1, T2 and T3 stations,
that complete the I'T and provides fully angular coverage. The OT is composed of layers
of drift-tubes with an inner (outer) diameter of 4.9mm (5mm). The gas that fills the
tubes is chosen so that the OT timing requirement is met, which means that all signals
should arrive within 50 ns (two bunch crossing intervals). Taking into account also safety
criteria, the final fast gas mixture is based on CF4, Argon and CO,.

3.2.2 Particle identification

In a flavour physics experiment, like LHCb, many of the b and c-hadron decays
involve hadronic multi-body final states, which makes the correct hadron identification
a fundamental requirement of the detector. This feature also contributes to significantly
reduce the combinatorial background component.

Focusing on hadron colliders conditions, like the LHC, the b-hadrons decays studied
typically contain a considerable number of pions, kaons and protons. The excellent Parti-
cle IDentification (PID) performance of LHCD relies on the RICH detectors (Sec. 3.2.2.1),
two calorimeters (Sec. 3.2.2.2) and the muon chambers (Sec. 3.2.2.3) [87].

3.2.2.1 RICH detectors

The primary role of the RICH system [105] is to identify charged hadrons (7, K, p)
in the full momentum range. To achieve this goal, two RICH detectors are needed: the
RICHL1 is placed before the magnet and it covers the low-intermediate momentum range,
while the RICH2 is located after the magnet and it is design to cover the high momentum
range. Both RICH, Ring Imaging Cherenkov, designs are based on Cherenkov effect.

38



3 The LHCD experiment

6. max
250 [ | S 242 mrad
Aerogel
200 |
-’§ 150 -
E
(&)
@ 100 |-
50 | 53 mrad
I 32 mrad
I 1
O L L

Momentum (GeV/c)

Figure 3.13: Cherenkov angle dependence with track momentum. Also the radiators that
match the region are indicated. Figure from [94].

The principle of this effect can be stated as follows: when a charged particle that is
propagating through a material, referred in the following as a radiator with a refractive
index n, travels faster than the speed of light in this medium, its passage causes an
electromagnetic radiation. This Cherenkov light that is emitted are photons distributed
in a cone of angle # around the direction of propagation of the particle. The value of the
angle is directly related to the velocity of the particle, 8, through the expression:

cosf = (3.2)

1
E.
Combining the momentum estimation of the particle provided by the tracking system with
the velocity information that is obtained from the # measurement, it can be obtained the
mass of the particle. Fig. 3.13 displays the dependence of the Cherenkov angle with the
momentum. Also the radiators that match this region is indicated (aerogel, C4F19 or CFy
gas).

The Cherenkov photons emitted by charged particles that are passing through the
RICH detectors need to be focused, aiming for reflecting the light out of the detector
acceptance and collect it in Hybrid Photon Detectors (HPDs). To carry out this process,
a combination of spherical and flat mirrors is installed. In the following sections, it will
be presented the different optical designs that are used in RICH1 and RICH2, together
with the different radiators used based on the momentum range target.
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3.2.2.1.1 RICH 1

The RICH1 detector is located immediately after the VELO, and upstream the mag-
net. It has a wide acceptance, covering the full LHCb acceptance, which ranges from
+25mrad to £300 mrad horizontal and £250 mrad vertical. In order to obtain the PID
of particles with the target of 1 — 60 GeV/c momenta, the RICH1 detector is filled with
two different radiators. Silica aerogel is used for the measurement of lowest momentum
tracks, whilst for the intermediate momentum region the gaseous C,Fq is suitable.

As it was mentioned above, the focusing of Cherenkov light is accomplished using
spherical mirrors. To bring the image out of the detector acceptance, they are tilted, and
therefore the photodetectors material does not degrade the tracking. The total size of the
detector results in a vessel of 2.4 x 2.4 x 1m?, out of which there is a 5cm thick aerogel
radiator and 85 cm long C4F g gas radiator. A special effort was made in order to minimise
the RICH1 physical size, and therefore the material within the detector acceptance, since
the spherical mirrors are in the path of travelling charged particles and RICH1 is required
to cover the full acceptance. Fig. 3.14(a) shows a side view of a scheme of the RICH1
detector.
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Figure 3.14: (a) Side view of the schematic layout of the RICH1 detector. (b) Top view
schematic of RICH2 detector. Figures from [106].
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3.2.2.1.2 RICH 2

The RICH2 detector is located right after the last tracking station and before the first
muon station, downstream the magnet. It has limited angular acceptance, from 4+15 mrad
to £120 mrad horizontal and 100 mrad vertical, that is enough to cover the region where
high-momentum particles are produced. The RICH2 has a CF, radiator, to analyse the
high-momentum tracks that traverse the magnet [106]. It provides PID of particles in the
range 15 — 100 GeV /c.

It is worth mentioning the difficulty to separate pions from kaons at high energies,
which required a gas with lower refactive index, and thus a reduced yield of Cherenkov
photons. The overall size of the detector is 7 x 7 x 2m3, where the CF, radiator has a
length of 170 cm. The overall length of the detector is reduced by reflecting the image
from a tilted spherical mirror by a flat secondary mirror into the detector planes [106].
The top view of the optical design is shown in Fig. 3.14(b).

3.2.2.2 Calorimeters

The main purpose of the calorimeter system [87,107,108] is the correct identification
of hadrons, electrons and photons, which includes the measurement of their energies and
positions. This information sets the basis of the first trigger level (LO0), which will be
described in detail in Sec. 3.2.3.

The structure of the calorimeter system is composed of an Electromagnetic CALorime-
ter (ECAL) followed by a Hadronic CALorimeter (HCAL). In order to cover the whole
angular acceptance, also a Scintillator Pad Detector (SPD) and a PreShower (PS) de-
tector are added to the system. In the illustration of Fig. 3.15, it is shown the showers
profile that is deposited in each calorimeter layer, and how the different parts of the sys-
tem complement each other. Charged particles deposit some energy in the SPD, then the
electromagnetic shower start in the lead layer that is placed between the SPD and the
PS. The full electromagnetic shower development happens in the ECAL. In the hadrons
case, even some energy is deposited in the SPD, PS and ECAL, the main electromag-
netic shower is produced in the HCAL. In the following, the different components of the
calorimeter system will be described in more detail.

3.2.2.2.1 SPD and PS

SPD and the PS detector consists of detection planes of 14 mm thick scintillator pads.
These detection elements are placed just before (SPD) and right after (PS) a 12 mm thick
lead wall.

The lead layer is equivalent to 2.5 times the electromagnetic interaction length, co-
rresponding to 0.06 times the hadronic one. In such configuration, incoming particles
interact with the lead, creating a shower of new particles. Then, this shower interact with
plastic tiles where its energy is transformed into scintillating light that is transmitted to
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Figure 3.15: Schematic side view of the sub-detectors of the calorimeter system. Typical
electromagnetic and hadronic showers are displayed.

a Photomultiplier (PMT) by wavelenght-shifting (WLS) fibres. This structure enables a
clean separation between electron and hadron showers.

3.2.2.2.2 ECAL and HCAL

Both ECAL and HCAL structures consist of alternating scintillating tiles with an
absorber. In the case of the ECAL, lead tiles crossed by WLS fibres are installed; while
for the HCAL, iron plates are inter-spaced.

The ECAL size is 7.76 m wide and 6.30 m high, and it is placed at 12.5m from the
interaction point, covering an acceptance from 25 mrad to 300(250) mrad in the horizontal
(vertical) plane. The total thickness of the ECAL is of 25 radiation lenghts, which is a
compromise between containing the full electromagnetic shower while keeping an optimal
energy resolution. Three different hit density regions have been defined, according to the

interaction point distance, and thus three different cell size are used. An example of a
ECAL cell is illustrated in Fig. 3.16(a).

The HCAL is positioned behind the ECAL, at 13.3 m from the interaction point, with
dimensions 8.4m X 6.8 m and thickness 5.6 interaction lenghts due to space limitations.
Given the dimensions of the hadron showers, HCAL is segmented in an inner an outer
parts with different cell size, according to the hit density. Fig. 3.16(b) shows an illustration

of a HCAL cell.
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Figure 3.16: (a) ECAL cell. (b) HCAL cell. Figures from [108].

3.2.2.3 Muon system

Muons are present in many of the final state decays studied in the LHCb experiment,
and thus a muon system [87,109] providing measurements of high transverse momentum
muons is required. The muon system information contributes to the L0 trigger level, and
also it is used in the offline reconstruction to identify muons.

The muon system is composed of five rectangular shape stations, M1-Mb, place along
the beam axis. Overall, the angular acceptance of the system covers 20(16) mrad and
306(258) mrad in the bending (non-bending) plane. The first station, the M1, is located
upstream of the calorimeter system, it aims for the improvement of the transverse momen-
tum measurement in the LO trigger. The other stations, M2-M5, are placed downstream
the calorimeters, and they are interspersed with each other by sheets of iron of 80 cm, that
allow to select penetrating muons. The muon system together with the iron absorbers
layout along the beam-axis is illustrated in Fig. 3.17. The total interaction length, in-
cluding the calorimeter system, is 20 times the hadronic interaction length, which means
that, in order to cross all the stations, a muon require a momentum above 6 GeV/c.

To discriminate muons against the abundant hadronic background, a muon candidate
is reconstructed by aligning hits in each of the five stations. Almost the whole system
is equipped with multi-wire proportional chambers (MWPC), filled with a gas that is a
mixture of Ar, C0; and CFy, in proportion 40 : 55 : 5. Overall, the system provides an
efficiency for muons larger than 99%.

3.2.3 The Trigger system

The extensive program of the LHCb experiment is possible in part due to a versatile
real-time reconstruction and trigger system [110]. By exploiting the fact that b-hadrons
are relatively heavy and long lived, the trigger makes possible the reduction in three orders
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Figure 3.17: Side view of the muon system. Extracted from [109].

of magnitude of the saved collision rate needed for the offline analysis.

During the LHC Run 1, the trigger executed a simplified version of the full offline
reconstruction, that lacked low-momentum charged particles and did not aim for the full
particles identification. Therefore, the trigger was redesigned for the Run 2 to enable the
full offline detector reconstruction to be performed in real time.

The LHCb trigger uses information from all sub-detectors, and it is based on a two
level system: the first level trigger (LO) and the High Level Trigger (HLT). The trigger
architecture overview is displayed in Fig. 3.18.

The first level trigger, the L0, is implemented at hardware level. It is subsequently
divided in three independent triggers that use information from the calorimeters, the
muon system and the PileUp system of the VELO. It aims for selecting high transverse
momentum pr muons and large transverse energy FEr deposition in the calorimeters,
leading to an enormously significant reduction from the 40 MHz bunch crossing rate to
below 1.1 MHz, rate at which the whole LHCb detector can be read out.

The second and last step of the LHCb trigger system is the High Level Trigger.
It consists on a C++ application that runs on an Event Filter Farm (EFF), which is
composed of several thousands of multi-CPU nodes. The HLT is in turn divided in two
stages: HLT1 and HLT2. The former, HLT1, performs a partial event reconstruction that
optimise computing time, reducing the rate to 110 kHz. The later, HLT2, performs a full
event reconstruction for all tracks, operating in a similar way to the offline reconstruction
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Figure 3.18: Overview of the LHCD trigger system. Figure from [110].

sequence. It reduces the event rate to 12.5 kHz, which is written to permanent storage.

The triggered events can be classified according to whether the trigger decision was
due to the signal candidate (Trigger On Signal, TOS), due to other objects that are not
associated with the signal (Trigger Independent of Signal, TIS) or a combination of both.

Regarding the storage, every event in the raw data is saved with its associated Trigger
Configuration Key (TCK), that contains all the parameters that configure the trigger lines
of the HLT. A more detailed description on the LHCDb software is given in Sec. 3.2.4.

It is worth mentioning that in the last years of Run 2 it was implemented a new
streaming strategy so-called Turbo stream [111], which allows to perform physics analyses
with candidates reconstructed in the trigger. If a line is configured as Turbo line, only
the information that is needed to perform the analysis is be stored in the raw event. The
advantage of this method is that it allows for an increased output rate and thus higher
average efficiencies. This trigger strategy is part of the evolution process towards real-time
analysis, which will be fully adopted in Run 3 and later.
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3.2.4 LHCD software and data flow

It is straightforward from the information given up to now that the data that reach the
LHCb detector are very complex and should be processed in a specific way that optimises
the data-taking efficiency and data quality. Moreover, the data must be handled very
quickly, since new events information is reaching the detector immediately. The data flow
is designed so that it consists of several steps, each one controlled by one application
that processes the data event-by-event. The steps, which are described in [112], are the
following;:

1. Trigger: the data from the detector are filtered through the trigger, using a software
package implemented in MOORE. A more detailed explanation can be found in
Sec. 3.2.3.

2. Reconstruction: once triggered, the raw data is reconstructed so that the detector
hits information are transformed into objects, such as tracks or clusters. BRUNEL is
the software designed to reconstruct the objects and store them in a Data Summary
Tape (“DST”) format?.

3. Stripping: data are filtered further through a set of selections (streams) that share
similar requirements. The information about this step is gathered in a stripping
line. This step is controlled by the DAVINCI application.

Simulated events will pass through a similar process, but in this case proton-proton
collisions are replaced by a two simulation steps:

i Simulation: the simulation of the collision and the hadronisations are controlled by
the GAuss [113] application, which in turn also depends on external libraries. The
tools required in the event generation are processed in the following order:

e PyrHIA [114]: it is the standard tool to generate hadron collisions. It is used
to generate pp collisions with a customised configuration for LHCb.

e EVTGEN [115]: it is an event generator that simulates the decay and time
evolution of a particle, once it was generated in the previous step. The PHOTOS
[116] package is interleaved with EVTGEN in order to take into account final-
state radiation in the simulated sample.

e GEANT4 [117]: it is a toolkit that simulates the passage of particles through
matter, and therefore is able to simulate the LHCb detector response.

ii Digitisation: in order to convert the simulated samples in a way that they are as
similar as possible to real data, BOOLE application digitise the virtual detector
response, so that it enters the data processing chain described above.

2ROo0T file that contains the full event information.
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The data flow scheme with the associated applications for both real data and simu-
lation is displayed in Fig. 3.19.
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4.1 Overview of the LHCb upgrade

At the end of 2018, the LHC ’s second run (Run 2) came to an end, after three years
of successful data acquisition. Many analyses were carried out during this period, and
the really precise results published have contributed to extending our knowledge of the
SM. Despite achieving remarkable benchmarks, many of the LHCb measurements remain
statistically dominated.

By early 2019, the Second Long Shutdown started (LS2), which was a period of three
years! that aimed for the upgrade of the LHC, together with the main experiments at
CERN. At the time of writing, the CERN Management announced the new schedule for
the Second Long Shutdown, which scheduled the beginning of physics operations with
stable beans of LHC Run 3 on 5th July 2022.

In the Run 3, the beam energy will reach 7TeV, and the luminosity at LHCb will
scale up to values of 2 x 103 cm~2s7!, which means multiplying a factor of five the values
of the last years of operation. As a consequence, all the LHCb sub-detectors will face
increased occupancies and rates. In order to address these conditions, the entire LHCb
experiment has to be upgraded, and these major changes are scheduled in two different
stages. Firstly, in the Upgrade Phase I [118,119], some sub-detectors will be replaced in
order to deal with the higher granularity and radiation tolerance. Secondly, the Upgrade
Phase II [120], will consist on re-designing the sub-detectors so that they can operate at
higher luminosity than that of the Phase-I Upgrade detector.

The current changes are part of the LHCb Upgrade Phase I [119], that is schematised
on the side view of the LHCb upgraded detector displayed in Fig. 4.2. This major up-
grade will make the detector feasible to collect at least 50fb~* of data by 2031, allowing
measurements to achieve values as precise as the theoretical predictions. In the following,
the foreseen physics program and the main changes in the detector are covered.

In 2029 it will start the so-called High-Luminosity LHC (HL-LHC) phase. A LHCb
upgrade Phase II is proposed in order to take full advantage of the the HL-LHC condi-
tions, when the peak of instantaneous luminosity is expected to be ten times that of the
Phase-I Upgrade detector. Its implementation will take place during Long Shutdown 4
(2033-2034), in order to prepare the detector to operate at the beginning of Run 5. The
expected luminosity projection with time is shown in Fig. 4.12. More information about
the project can be consulted [120,121], where the physics case is detailed in [122]. From
here on, only the LHCb upgrade Phase I will be treated, and will be referred simply as
LHCb upgrade.

IThis period was extended from the original plan, due to the delay caused by the COVID-19 pandemic.
2In the context of the official LHC schedule of 2021.

50



4 The LHCb VELO Upgrade

— 18 350 —
2 o Run 5 Run 6 T
E16 =
§°F 300 2
~ - . 73
g 14 . 2
= F - o —{250 E
120 ? 9 1 3
7] - = -
g0l J20 %
£ - n 5
3 8 —{ 150 £
§of 1 7
- — 100
41— .
2 FRun 1 Run 2 E 50
0 :’ L2 ] n o PR P I .: 0
2010 2015 2020 2025 2030 2035
Year

Figure 4.1: Luminosity projection for the original LHCb, Upgrade Phase I and Phase II
as a function of time. The red points indicate the anticipated instantaneous luminosity
during each period, while the blue line stands for the integrated luminosity accumulated.
Figure from [120].
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Figure 4.2: Side view of the LHCb upgrade detector, to be compared with Fig. 3.5. Figure
from [123].
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Physics program

The aim of the LHCb upgrade is to perform measurements that are highly sensitive
to NP effects. The effectiveness of these probes depends directly on the sensitivity of the
measurements [119], and therefore it is crucial to push these limits. In particular, LHCb is
expected to be a fundamental piece in the flavour sector, both studying FCNC and FCCC
transitions. The upgrade will also improve substantially measurements of the weak mixing
phase, ¢,. The physics program includes as well the precise measurements of the angle
7 in tree decays, the very rare decay B? — uu~, or the even rarer B — p*pu~, among
other analyses that are key to many extensions beyond the SM. The detailed physics case
can be found in [124].

Trigger upgrade

The trigger upgrade [125] will be invaluable in improving the selection efficiency for
hadronic final states in B and D decays. As part of the LHCb upgrade, all the sub-
detectors Front-End electronics will be replaced in order to cope with up to 40 MHz
bunch crossing rate (to be compared with the 1 MHz limit of the L0 trigger). The reason
for this change is that at luminosity running conditions for Run 3 (around five times the
Run 2 luminosity) the old trigger readout becomes a bottleneck.

With this trigger upgrade, it will conclude the project of removal the LO hardware
trigger that already started in Run 2, and the LHCb detector will become the first hadron
collider experiment to apply exclusively a software trigger. The LHCb events will be then
recorded and transmitted from the Front-End electronics to the readout network at the
LHC bunch crossing rate. The detector operation will rely on an expanded version of the
software algorithms running on the EFF that the HLT was applying, in order to select
and categorise events. As a consequence, the signal efficiencies will be maximised at high
event rates.

Sub-detectors upgrade

The VELO will be replaced by a new silicon-pixel detector [126], that will ensure
better hit resolution and simpler track reconstruction while having higher radiation hard-
ness. In Sec. 4.2, the VELO upgrade is presented in detail, together with the contribution
of this thesis to the project.

The entire tracking system will be entirely upgraded as well. For the upstream sta-
tions, a new Upstream Tracker (UT) [123] is being installed, composed of 4 tracking
layers based on silicon micro-strips, covering an area of approximately 1.5 x 1.3m?2. It
will present finer granularity and full coverage of the detector acceptance, while reducing
thickness. The UT will aim for the reconstruction of long particles decaying after the
VELO, and therefore the trigger timing and momentum resolution will be significantly
improved.
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The downstream tracking stations will be replaced by a Scintillating Fibre Tracker
(SciFi) [123], which is structured in 12 detector modules of 5 m long. The detector aims for
track reconstruction, covering the scintillating fibers the full acceptance after the magnet.

The particle identification system will be upgraded as well [127]. The optical layout
of the RICH1 will be modified in order to cope with the higher particle rate conditions.
A second major consequence of the upgrade strategy for the RICH system is that the
readout will be replaced by Multianode PMTs [128]. The calorimeters and the muon
system will replace the Front-End electronics, to be compatible with the fully triggerless
readout architecture. Besides, the detectors SPD/PS detectors, which were used in the
LO trigger, will be removed.

4.2 The VELO upgrade

One fundamental part of the LHCb upgrade is the substitution of the existing Vertex
Locator, VELO, based on silicon micro-strip sensors, by a hybrid pixel detector capable
of 40 MHz readout at a luminosity of 2 x 103 cm=2s7!.

As it has been emphasized throughout the present document, the VELO plays a
major role in the reconstruction of displaced vertices, which are a distinctive characteristic
of heavy flavoured particles. Moreover, it provides crucial information in the trigger
and tracking system. To fully exploit its functionality, the VELO must cover the full
momentum and angular range of the LHCb detector. The low transverse momentum range
is decisive in the decay products of beauty and charm hadrons, therefore the minimisation
of material in the VELO is a fundamental requirement [126].

The expected operation of the upgraded Vertex Locator is to improve the physics
performance of the previous one, while operating at increased occupancies, data rates
and radiation damage. The just listed requirements can only be achieved by a complete
replacement of the VELO’s silicon detectors together with all the electronics.

After an arduous research and a process of externally refereed review, it was decided
to install a detector based on hybrid pixel sensors. In order to cope with the data rates, a
new radiation hard ASIC, dubbed VeloPix, was developed. Given these new advances in
the detector and the data taking conditions, it was also necessary to redesign the cooling
system. The upgrade cooling will use CO, as coolant (as it was the case for the previous
detector), but in the upgrade the gas will circulate through micro-channels in a silicon
substrate. The design was made in order to protect the tip of the silicon from thermal
runaway effects and to cope with the high-speed pixel ASIC power dissipation.

In the following, some VELO specific terms are defined, which are used throughout
this document [126]:

e Tiles is the name that receives the assembly of three VeloPix ASICs in a row bump-
bonded to a common silicon sensor.

e Hybrids are referred to as the printed boards which are mounted on both sides of
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the modules and provide electronic support for the front-end ASICs and the bias
voltage for the sensors.

e The VELO consists of an array of modules which comprise the tiles, cooling and
readout inside the vacuum. Each modules comprises two hybrids.

e A pair of modules, left and right, make up a station.

4.3 Physics performance constraints and VELO de-
sign

The upgraded VELO was designed so that it matches a set of performance criteria.
The physics performance constrains benchmarks are presented in this section, together
with a description of the VELO detector design. Fig. 4.3 shows a comparison of the
resolution on the impact parameter with respect to the PV for the previous and the
upgraded VELO.

It is estimated that the upgraded sensors will receive during their lifetime a highly
non-uniform irradiation dose up to 8 x 10*1 MeV n,, cm™2, equivalent to an integrated
luminosity of 50 fb™'. At this dose, the sensors are expected to retain a 99% hit efficiency
at up to 1000V bias voltage without suffering breakdown® [129]. This document presents
a contribution to the characterisation of the VELO prototypes performance, regarding the
high voltage tolerance temperature dependence and the breakdown voltage issue, detailed
in Sec. 4.4.3.

The expected integrated radiation damage at the upgrade is shown in Fig. 4.4, where
contours in the R — z plane are displayed, where R stands for ratio with respect to the
pp collision point and the vertical lines in z mark the positions where the modules will
be mounted. The method used for the estimation follows the same strategy than in the
previous VELO case, since it has so far given a very reliable prediction.

One of the most challenging requirement on the VELO upgrade is derived from the
demanding data rate constraint. The mean visible interaction rate is around 27 MHz,
however it may reach a peak of 40 MHz. To meet this requirement, the readout in the
VELO upgrade is done by the VeloPix ASICs, a pixel sensor which consists of a matrix of
256 x 256 pixels of 55 x 55 um? each. The hit information is time-stamped, addressed and
read out as pixels packets. Arranging the data in this way reduces the output bandwidth
by ~ 30% [129].

The upgraded detector will be closer to the beam than in the current VELO, specifi-
cally at 5.1 mm (from 8.2mm) in its closed position. Overall, the VELO upgrade consists
of 52 modules that are divided into two retractable halves kept in vacuum along the
beamline. The modules surrounds the interaction point. By placing them perpendicular

3For more information about the breakdown mechanism, see Chap. 4.4.3.2.
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Figure 4.3: 3D Impact Parameter resolution dependence with particle inverse transverse
momentum for VELO long tracks with 2 < n < 5 from a primary vertex. Made with
LHCb software simulation. In red the resolution is displayed for the upgrade, and in
black for the current VELO [126].

to each other, gaps in the acceptance are minimised. In Fig. 4.5 (top), it can be seen one
half of the detector, while Fig. 4.5 (bottom) represents two modules in the closed position.
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Figure 4.4: Estimated integrated radiation dose in the R — z plane per fb™! at upgrade
conditions, expressed in units of 1MeVn,,/cm™2. The vertical axis is logarithmic, in

order to highlight the behaviour around the interaction region [126].

- A

Figure 4.5: (top) Schematic of one half of the VELO upgrade detector. 26 modules are
aligned along the beam direction. (bottom) Two modules in the closed position. The
modules are placed in perpendicular position along the beam line, to minimise gaps in
the acceptance, and there is a slight overlap between two halves, which helps detector
alignment. [129].
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4.4 Performance of the Prototypes

The performance of a silicon sensor can be characterized through several parameters.
Firstly, in order to determine a safe operational voltage of the VeloPix sensors in the
laboratory setup, the current—voltage (IV) curve is obtained in Sec. 4.4.2. Secondly,
this thesis studies the radiation damage effect that the upgraded VELO is expected to
face. In Sec. 4.4.3 it is documented the leakage current increase with fluence, applying
the IV method presented to the sensors. Finally, in Sec. 4.4.4, research towards the
characterisation of the breakdown mechanism is documented, together with a study on
the modelling of this effect.

4.4.1 Testing Setup

As part of the testing procedure of the VELO sensors, it is required to study the
performance of the sensors in a similar environment to the one in which the VELO will
operate. All tests that enable to extract the sensor performance results were carried out in
the VELO laboratory, at CERN facilities, which allows for operation under the required
vacuum conditions.

On one hand, operating at low temperatures is crucial in order to prevent thermal
runaway and potential sparkling that can break the sensor. On the other hand, the
vacuum conditions avoid condensation forming on a cooled sensor. To meet the above
requirements, tests were performed inside of a vacuum chamber, Fig. 4.6, equipped with
scroll and turbo pumps. This installation allow to reach vacuum conditions of 107* to
107° mbar, similar to the operation one. The vacuum chamber is assembled inside a
copper block, as it can be seen in Fig. 4.7, that made use of a water and glycol solution
providing cooling conditions. Adding a Peltier element, which is mounted on top of the
copper block, allows the setup to reach temperatures much colder than what would be
possible just with the water cooling. Finally, sensors were mounted on top of the Peltier
device.

In typical running conditions, the cold water temperature is —15°C, while the cold
side of the Peltier could reach up to ~ —32°C. With the aim of expanding the research on
sensors behaviour with respect to temperature, eventually a better chiller was installed
on the VELO laboratory at CERN. Then, the overall running setup allows the cold side
of the Peltier to reach about —44°C.

Regarding the prototype sensor design, it was selected based on simulations presented
in the VELO TDR [126]. After a selection process from two vendors, it was chosen
to go ahead with Hamamatsu (HPK) sensors. In all the studies documented in this
work, VeloPix sensor n-on-p triples of HPK were employed, meaning that each sensor is
connected to three independent VeloPix chips, as it is schematised in Fig. 4.8(a). Implant
size of 200 um thick on a n-on-p sensor HPK with an implant size of 39 um and a guard
ring of 450 um, were employed, as displayed in Fig. 4.8(b). Overall, the format size of the
triples are a matrix a 768 x 256 pixels.
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A dedicated readout chain that allows to read the VeloPix chip is necessary. It is
controlled using the Speedy Pixel Detector Readout (SPIDR) [130,131] system, that was
connected to a PC where data acquisition could be controlled, and data is stored.

Apart from the readout, it was needed an extra connection to provide the bias voltage.
The high-voltage supply Keithley was employed, which was controlled remotely with
LabView software [132].

Figure 4.7: Cooling block inside the vacuum chamber.
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Figure 4.8: Prototype assembly.

4.4.2 Intensity-Voltage scans

The characterisation of current versus voltage behaviour, curve IV, is a powerful tool
to qualify the electrical stability and power dissipation of silicon sensors. IV scans allow
tracking leakage current while looking for unusual slopes or temperature shifts, deviations
that would derive in most of the problems that are seen in the production process. This
step is also fundamental to guarantee the safe operational voltages of the sensors.

To avoid sparks damaging the assembly, the IV scans are performed in vacuum. The
IV scan was taken in 5V steps, with a delay of 2s between steps to allow the current
to settle. The current was measured in a range between 0 and 1000V, corresponding
to the range in which the sensors are expected to operate. In Fig. 4.9, an IV curve for
a non-irradiated sensor is shown, displaying a correct behaviour in all the scan range.
For low voltages, the current increases until a point where the full width of the sensor is
depleted, which occurs at &~ 100 V.

In Sec. 4.4.3, an IV scan procedure will be applied to determine the dependence of the
tolerance of the high voltage concerning the temperature for different irradiation profiles.

4.4.3 High Voltage Tolerance Temperature Dependence

One of the biggest challenges that the upgrade VELO will face is radiation damage,
that also affects the sensors in non-uniform way. Therefore, the second part of the work
was organized with the aim of understanding the effect that different types of irradiation
can have, uniform and non-uniform, and to characterize the response of the sensors once
subjected to this process.

In this section it is documented the behaviour of sensors irradiated with both uniform
and non-uniform fluence, in order to study the relevance of this condition. With this goal,
IV scans were repeated in two different sets of tiles, which consist on HPK n-on-p sensors
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Figure 4.9: IV scan for a 200 pum thick HPK non-irradiated sensor.

bump-bonded to VeloPix ASICs. Two irradiation profiles were employed:
e IRRAD Gaussian-type for TILE 0, TILE 1, TILE 2 and TILE 3.
e Birmingham non-uniform irradiation for TILE 4, TILE 5, TILE 6 and TILE 7.

All of the sensors are them non-Parylene coated.

4.4.3.1 Leakage current

Irradiated sensors need to operate at very high bias voltages in order to collect suffi-
cient charge. In the laboratory, a bias voltage is applied to the sensors in order to create
a depleted region free of charge carriers. However, thermal excitation allows electrons to
cross the band gap, even in the absence of a charged particle. The probability of thermal
excitation of electrons increases strongly with the presence of impurities in the lattice.
This can be explained because the impurities introduce additional energy states in the
band gap. The flow of current that is produced then is called the leakage current, and it
largely depends on the temperature as:

Eq

I(T) & T2 exp™ (31 (4.1)

Y

where 7' is the temperature in Kelvin, £ is the band gap energy and £ is the Boltzmann
constant. Since the leakage current increases the noise, the sensors are often operated at
low temperatures to decrease the probability of thermal excitations.
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4.4.3.2 Breakdown mechanism

When operating with a p-on-n diode, there is a maximum reverse bias voltage that
can be applied. At this point, the junction breaks down and then a rapid (exponential)
increase in the current occurs. In other words, it means that the electrical field is high
enough to initiate avalanche multiplications, and this avalanche process depends on both
the temperature and the defects [133]. The corresponding applied voltage is referred to as
the breakdown voltage. This voltage is a key parameter of power devices since operating
at higher values may damage the junction.

There are mainly three breakdown mechanisms: thermal breakdown, tunneling and
avalanche multiplication [134]:

(i) Thermal breakdown (thermal runaway) is the process through which, due to the
heat dissipation caused by the reverse current at high reverse voltage, the junction
temperature rises. This temperature increase causes, in turn, the increment of the
reverse current, activating a positive feedback loop.

(ii) Tunneling breakdown takes place in diodes beyond at certain high reverse bias
voltage*, when the probability of the charge carriers of tunnelling the bandgap is
almost negligible. Therefore, at some high voltage values, a significant current
begins to flow by means of this tunneling process.

(iii) Avalanche multiplication happens when the field inside the junction is such that the
primary current generates more free charge carriers by impact ionisation [135].

It was noticed that, during the test beam campaign of early 2017, non-uniformly irra-
diated sensors were having a breakdown of much lower voltage values than was expected.
Further research showed that the sensors were operating at higher temperatures than the
ones that the setup was expected to provide. A new cold box with a more powerful chiller
was installed in the laboratory at CERN facilities, to perform a systematical study on the
temperature behaviour for the VELO sensors.

4.4.3.3 IRRAD irradiated sensors

A set of sensors TILES were irradiated at the IRRAD proton facility, at CERN.
This irradiation facility is located in the T8 beam-line of the FEast Area at the Proton
Synchrotron accelerator®. At IRRAD, a Gaussian 24 GeV proton beam with transverse
full-width half maximum of 12mm? was used to irradiate the sensors to the full fluence
of 8 x (10" MeV n,, cm™2). Fig. 4.10(a) shows the IRRAD reconstructed fluence profile
for full fluence sample [137]. This profile is obtained employing sensor activation and
dosimetry information.

“Values of 10° ~ 10° V /cm.
®More information about the facility can be found in [136].
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Figure 4.10: (a) IRRAD fluence profile for full fluence samples, in units of
101 MeV n, cm™2 [137]. (b) Birmingham non-uniform radiation profile for triple as-
semblies.

The sensors irradiated at IRRAD were the TILE 0, TILE 1, TILE 2 and TILE 3.
These TILES consist of 200 wm 3 x 1 n-on-p HPK sensors bump-bonded to VeloPix ASICs,
and glued onto a ceramic substrate. The size of the guard-ring is 450 pum and the size of
the n-type implant is 39 um. All the information about the radiation campaign for each
specific sensor is displayed in Tab. 4.1.

. Implant Size Fluence
Hybrid Type (um) | (101 MeVn,, cm™2)
TILE 0 | HPK n-on-p + VeloPix ASIC 39 8
TILE 1 | HPK n-on-p + VeloPix ASIC 39 8
TILE 2 | HPK n-on-p + VeloPix ASIC 39 8
TILE 3 | HPK n-on-p + VeloPix ASIC 39 8

Table 4.1: Sensors irradiated with 24 GeV protons at IRRAD facility.

To study the dependence of high voltage tolerance with temperature, the same pre-
sented method of IV scan was repeated after the sensors have been sent to the irradiation
facilities, working again in vacuum conditions. The IV curves were documented for dif-
ferent sensor temperature conditions. A Peltier element allows to control and change the
temperature in the cooling block just by changing the different Peltier voltages.

The IV curves for the Gaussian irradiated triplets are shown in Fig. 4.11. The IRRAD
facility has a hardness factor similar to the VELO operation conditions, and therefore
these tests allow us to understand the behaviour of the TILES under realistic data-taking
conditions. The curves were performed for three different Peltier voltages: 1V,3V and
5V, which corresponds to a sensor temperature of —23°C, —34°C and —42°C, respectively.
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In particular, it was found that when operating at —42°C and —34°C, the sensors ranged
from 0 to 1000V without showing breakdown, as it is required. When the temperature
increases to —23°C, the sensors present a rapid increase of the current at a given voltage,
namely breakdown voltage, below 1000 V. Since the test beam temperature conditions
are expected to be ~ —30°C, the conclusion drawn from these studies was that the TILES
irradiated at IRRAD were behaving as it was expected.

4.4.3.4 Birmingham irradiated sensors

The non-uniform irradiated profiles were done with a high-intensity proton beam
coming from the MC40 cyclotron in Birmingham facilities [138], with an energy of 27 MeV.
The irradiation profile is represented in Fig. 4.10(b). A more detailed description of the
irradiation campaign can be found in Appx. B.

At Birmingham, the triplets TILE 4, TILE 5, TILE 6 and TILE 7 were irradiated.
These TILES consist of 3 x 1 n-on-p HPK sensors of 200 um thick with an implant size
of 39 um and a guard-ring of 450 um, bump-bounded to VeloPix ASICs, and glued onto
a ceramic substrate.

In Tab. 4.2 the irradiation characteristics for each sensor are collected. The results of
the IV curves for Birmingham irradiated sensors are displayed in Fig. 4.12. All of them
show a very early breakdown voltage, at values that range between 100 V when operating
at high temperatures, until 700 V at normal running conditions. It was needed further
research in order to understand the nature and origin of this behaviour, and this extra
effort is documented in Sec. 4.4.4.

Hybrid Type (3 1 foplat Sze [ Average fuence |
TILE 4 | HPK n-on-p 4+ VeloPix ASICs 39 1.87
TILE 5 | HPK n-on-p 4+ VeloPix ASICs 39 1.48
TILE 6 | HPK n-on-p + VeloPix ASICs 39 2.50
TILE 7 | HPK n-on-p + VeloPix ASICs 39 1.40

Table 4.2: Sensors irradiated with 27 MeV protons at Birmingham.

4.4.3.5 Comparison of irradiated sensors

In Fig. 4.13, a comparison was done for both sets of triple assemblies. It was chosen
a similar temperature range, from —34 to —37°C, to allow us to make an assessment of
the different effects that may have each irradiation type on the sensors. While the sensors
irradiated uniformly at IRRAD do not show breakdown up to 1000V, Fig. 4.13(a), in
sensors that were irradiated at Birmingham, the breakdown voltage appears before the
end of the scan, Fig. 4.13(b). It was accepted in the VELO laboratory that the variance
in the breakdown voltage behaviour could be due to the different types of defects that
one would get from a distinct proton energy. Although both proton energy are scaled to
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1 MeV neutron equivalent through the NIEL scaling [139], the types of defects generated
are not necessarily the same. Still, since the early breakdown was found in VELO TILES
prototypes, more research was made in order to understand the breakdown effect, which
is a crucial point in the LHCb upgrade operation. It will be described in the following
section.
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Figure 4.13: Comparison at similar temperatures of IV curves of triple assemblies irradi-
ated at (a) IRRAD and (b) Birmingham.

4.4.4 Breakdown behaviour

From Fig. 4.12, it was found that, for all the IV curves, the breakdown mechanism
presented a clear temperature dependence in the breakdown point. The most plausible
hypothesis that would explain this behaviour was that the heating of the sensor itself
was causing the increase of the leakage current, and vice-versa, ¢.e. thermal runaway
mechanism. If this would be the case, the heat generated in the most irradiated area of
the sensor would not be dissipating properly, which would impact the measurements to a
great extent. Therefore, further research was done in order to test this premise.
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4.4.4.1 Check of sensor temperature

In all previous measurements, the temperature was recorded in the cold and warm
sides of the Peltier element, assuming that it was stable during the data-taking. In order
to understand the temperature spectrum along the sensor during the voltage increase, a
PT100 readout module was placed directly on the sensor TILE 5 with thermal paste. In
this way, the temperature could be recorded during the IV curve scan, and it could be
checked if the breakdown voltage change. The IV scan was made attaching the PT100 in
the region of the sensor on top of each of the three ASICs that compose the TILE, namely
chip 0, chip 1 and chip 2, being the chip 2 the one that had received more irradiation.

Fig. 4.14 shows the results of the three IV scans at —38°C. It can be seen that the
curve in which the breakdown occurred before is the case in which the PT100 is placed in
the chip with less radiation damage. Then, the effect of attaching the PT100 in the chip
that received more irradiation is that the breakdown voltage is displaced towards higher
values. The breakdown voltage for the case without PT100 paste on it remains in the
middle of the previous cases.

It was found that the temperature was the same in all chips during the data taking,
between —28°C and —29°C. However, even if the temperature was the same, placing the
PT100 on the chips had a remarkable impact in the IV curve. A hypothesis that would
explained this situation is that the PT100 was provoking the current to leak. If this was
the case, the decrease of current in the overall sensor would be higher when the PT100 is
pasted in the point in which the current is higher, i.e. chip 2. This is consistent with the

measurements observed in Fig. 4.14.
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Figure 4.14: IV curves with PT100 attached in different chips of the TILE 5 at —38°C.
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4.4.4.2 Breakdown parameterisation

Modelling the breakdown behaviour would help to understand the different com-
ponents that contribute to this effect. Hence, with the objective of analysing the IV
behaviour as a function of the temperature, the following functional form for the IV curve
is employed:

Lear (V) = L(1 — eV 4 gV + gV =Ven), (4.2)

where the first term of the equation is the Shockley diode equation for bias voltage,
I, stands for the diode saturation current and « is a parameter that controls how fast
it reaches saturation value. The second term of the Eq. 4.2 is a linear increase due to
irradiation effect, that has been identified as result of avalanche generation [140,141]. The
last term models the Breakdown contribution, in which 3 has been set to 107%, in order
to guarantee that no contributions from this term affect the non-breakdown components
of the IV curve, the 0 term takes into account the breakdown steepness and Vy, is the
breakdown threshold voltage. For sensors that do not show breakdown, the Eq. 4.2 is
simplified as:

Lea(V) = L(1 — V) 4 V. (4.3)

The fit to expression Eq. 4.2 was already tested in the T25 sensor, and documented
in [135]. The T25 sensor is a HPK n-on-p that was irradiated at KIT cyclotron®, with
low energy proton of 23 MeV. The irradiation fluence was 8 x 101 MeV n., cm~2. The
fit is shown in Fig. 4.15.

While the behaviour of the IV curve was parameterised and tested for sensors that
showed breakdown, the Eq. 4.3 was not yet tested in sensors that reached 1000V without
breakdown. Therefore, this document aims for the first fit of the IV curve for a sensor
without breakdown, in particular the TILE 0 with a temperature of —42°C. In Fig. 4.16
it is shown the fit to Eq. 4.3, while the fit results are gathered in Tab. 4.3.

Parameter value
1 4.0824 + 0.0050
o 0.043855 4+ 0.000022
K 0.034310671 4+ 0.000000014

Table 4.3: Fit result of the IV curve of the TILE 0 at —42°C to the Eq. 4.3.

By the time that the Eq. 4.3 model was fitted, in the VELO laboratory there was an
interest in checking if the curve could also accommodate another term due to avalanche
generation. This could mean that there was more than one component due to irradiation
effects, obtaining from Eq. 4.3, the following expression:

Teak (V) = L(1 — ")) 4 5,V + oV, (4.4)

SIn the Karlsruhe Institute of Technology, more information about the cyclotron can be found in [142].

69



BEATRIZ GARCIA PLANA

— 60
<
=
=~ 50
5
S 40
O

30

20

10

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

2.489%0.016
0.01624 £ 0.000328
0.00565 +2.661e-05
0.08277 £0.001009
852.4+1.493
0.001357 £ 4.379¢-05

Saturation Current
Depletion Coeficient
Avalanche Slope
Breakdown Steepness
Breakdown Threshold
Breakdown Constant

11.|1||1|||1|||1||[1|11

0
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Obtained from [135].

This hypothesis can be found in the fit that is shown in Fig. 4.17, while the results
are presented in Tab. 4.4. Both parameterisations results compatible among them, as it
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can be extracted from the values of the parameters of Tabs. 4.3 and 4.4.

Parameter value
1 4.0824 4+ 0.0050
o 0.043855 % 0.000022
K1 0.0079877911 £ 0.0000000034

Ko 0.0263228799 £ 0.0000000034

Table 4.4: Fit result of the IV curve of the TILE 0 at —42°C to the Eq. 4.4.
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4.5 Conclusions

As a fundamental part of the LHCb upgrade, the VELO detector is being replaced
by a new silicon pixel detector, which will allow the experiment to operate at higher lumi-
nosities. It is therefore of crucial importance systematize and evaluate the performance of
the sensor prototypes. As part of this work, VeloPix sensor performance of n-on-p triples
HPK of 200 um thick, 55 x 55 um? pixels and 39 um implant size were characterised.

Firstly, the IV behaviour was documented for a non-irradiated sensor, in running
conditions that simulate the operational ones. The behaviour of the sensor in the range
0 — 1000 V was documented, showing no breakdown voltage and proving to be safe oper-
ational voltages for the sensors.

Secondly, the dependence of the high-voltage tolerance with the temperature has been
studied, by documenting the behaviour of sensors irradiated with different fluence profiles.

On one hand, sensors with uniform fluence were irradiated at the IRRAD facilities.
Then, the IV procedure was applied to obtain the dependence of the curves with temper-
ature. For all the measurements taken, the sensors were behaving as expecting, showing
no breakdown behaviour.

On the other hand, a different set of triples were irradiated at Birmingham with a non-
uniform fluence profile. The IV curves showed, in all cases, early breakdown voltage before
the end of the scan, behaviour that motivated further research. In order to understand the
nature of this phenomena, it was proceeded with a check on the sensor temperature that
would clarify if the breakdown voltage was an effect of the thermal runaway of the sensor.
A PT100 was pasted on a single sensor in different positions, that correspond to areas with
a different irradiated fluence. The effect of attaching the PT100 was noticeable, since it
would provoke the current to leak. This procedure could not finally explain the breakdown
voltage, since the temperature read by the PT100 would not justify the increase of the
leakage current as an effect of thermal runaway of the sensor.

In the VELO laboratory, several hypothesis raised to explain the early breakdown
voltage appearance. It could happened that the sensors surface were damage, as it oc-
curred previously with the observed Parylene damage” in some sensors irradiated at KIT.
Also, due to the difficulty of maintaining the cold chain, it could be that the sensors were
at room temperature for too long, causing irreversible damage. It was also accepted that
the breakdown was due to the different type of defects that one would get from a not
well documented proton energy. However, even if this effect was not fully understood, it
is absolutely necessary to remark that the breakdown voltage issue was not observed in
further IV curves done in different set of sensors, not even in the ones irradiated with the
same fluence characteristics of the Birmingham ones. Moreover, IV tests were performed
in all the sensors that will be part of the VELO upgrade detector, showing all of them
the expected behaviour.

As a final contribution to the VELO upgrade project, the leakage current was pa-

"See [135] for more details.
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rameterised, in order to complete the research that was started in the VELO laboratory.
The modelling was done with two different functions, finding no relevant difference among
them, since the parameters obtained from both fits are compatible.

To sum up, relevant contributions are documented regarding the procedure to test
the new VELO triples. Most of the work was developed to, firstly, correct reproduce the
expected IV behaviour of VELO sensors; and secondly, try to understand the breakdown
voltage effect, as a disturbing issue found in the VELO laboratory by the time that 1 was
working there. The fact that the breakdown effect was no later seen in any sensor closed
the issue, categorising it as a bug at some manufacturing stage.
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Methodology of the R(D(*)O)
measurement

After expounding on the contribution of this thesis to the characterisation of the
upgraded VELO prototypes (Chap. 4), I switch to a totally different topic, the analysis
of data. In particular Lepton Flavour Universality tests are presented.

Contents
5.1 Imtroduction . . . . . . . . .. 75
5.2  Analysis workflow . . . . .. ... ... 78

5.1 Introduction

As it was discussed in Sec. 2.2, the current combination of experimental measurements
of R(D) and R(D*) is in tension with the SM prediction at the remarkable level of 3.40
[47]. This strongly motivates new precise measurements that could clarify the tension,
paving the road to NP.

In this document, a new hadronic measurement of the lepton universality ratios':

B(B* — D°rtu,)

R(D®) = —
(D7) B(B+ — D+y,)’

(5.1)

!The inclusion of charge-conjugate modes is implied throughout.
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B(Bt — D*rty,
rR(D*) = B D7), (5.2)
B(B*t — D*0l+ty)
is presented, where ¢ represents either an electron or a muon. In this analysis, the decay
chain of each involved particle is chosen of the form:

e The 7 lepton is reconstructed using the 7% — 7¥ 7 777, and 77 — 7Fr 77y,

decay modes.
e DV is chosen in its K*7~ decay channel.

e The D*° decays either into D°7° (64.740.9% [9] of the cases) or D%y (35.34:0.9% [9]),
where the additional neutral particle is not reconstructed.

Furthermore, neutrinos are not detected, and therefore a specific strategy must be applied
in order to reconstruct the B and 7 four-momenta. Overall, the visible final state of the
signal consists of 47% and one K. In Fig. 5.1, the topologies of both signals are gathered.
The measurements are performed using Run 2 dataset collected by the LHCb detector.

Kt 0 Kt

o,y _
— T
Eo s DO
/ VT VT
/// _ / _
Vr —*0 Vr
| + D +
el — LT | A T
B o @ §} s By "
t ot
p PV p p PV p

Figure 5.1: Topology of signal decays corresponding to the D° decay chain (left) and D*°
(right).

The observable R(D™)°) can be divided into two differentiated parts, the numerator
and the denominator. The methods to obtain them are presented in the following.

The denominator of Eqs. 5.1 and 5.2, B(B* — D™%*y,), are obtained from external
inputs that have been measured by CLEO, BaBar and Belle with good precision, as it
can be seen from Tab. 5.1. Therefore, no further work is required towards this direction.

Regarding the numerator of Eqs. 5.1 and 5.2, B(B* — D®°7%1.), a normalisation
mode that share the same visible final states than the signal, four pions and one kaon, is
introduced, so that systematics due to reconstruction effects are partially cancel out in the
ratio. It is chosen the B* — D°D¥, with Df — 37%. The branching fraction value for
the B* — D°D{ if found to be (9.940.1) x 103 [9], which corresponds to a precision of
10%; while for the D — 37%, the measured branching fraction value is (1.084:0.04)% [9],

i.e a precision of about 4%. This strategy differs from the previous LHCb measurements
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5 Methodology of the R(D™)°) measurement

Decay Experiment B (rescaled) Reference
CLEO 2.13+0.13 £ 0.17 [143]
_ BaBar 2.16 + 0.08 + 0.12 [61]
+ 0
BT = Dty Belle 2.46 + 0.04 + 0.12 62)
HFLAV average 2.30+0.03 £ 0.08 [9]
CLEO 6.20 £ 0.20 £ 0.26 [144]
= BaBar tagged  5.30 £0.15 4+ 0.33 [145]
+ *0
BT = D7 B Bar untagged  5.00 + 0.08 + 0.31 [146]
HFLAV average 5.58 +0.07 4+ 0.21 9]

Table 5.1: Measurements from exclusive Bt — D%v and BT — D**fv braching fractions,
and HFLAV average.

of hadronic R(D*~), where the B® — D*~37% was used. In this analysis, the similar
Bt — D%3r decay was discarded since its branching fraction is measured with very poor
precision, with an uncertainty of almost 40% [9].

Taking into account the introduced measurement method, the target of the analysis
become the coefficients:

B(B* — D@07y,

K(DH0) = aS ,
( ) B(Bt — DD}) x B(Df — ntn—nt)

(5.3)

that can be expressed in terms of the signal and normalisation yields. These are obtained
by performing separate fits to data, and further corrected by the relative efficiencies,
considering as well the sum of the branching fractions of the 77 decay modes. This
equivalence leads to:

N(BT — DWor+y)

(x0y  _
KD = N(B+ — DOD#+)
€B+—>50D§L (5 4)
T ey, B(T = 370) + sgjﬁg‘zgowﬁﬁ — 3rmoy)’

where B(t — 37v) and B(r — 377’v) are external inputs taken from [9].

Different strategies are followed in order to obtain the number of signal and nor-
malisation candidates. On one hand, the signal candidates, N(BT — D(*)OT+VT), are
extracted from a three dimensional template fit, and represents one of my fundamental
contribution to the analysis. On the other hand, the number of normalisation candidates,
N(BT — D°DY), is obtained from a one-dimensional unbinned fit to the D°D{ invariant
mass, m(D°DY).

Once the required yields are obtained, the R(D™)?) ratios can be determined as:

B(B* — D°D}) x B(DF — 37%)
B(Bt — D®0f+y,) ot

R(D™0) = k(D) ( (5.5)
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where the branching fractions label with ezt., are taken from external inputs [9,47].

In the succeeding, the structure in a nutshell of the present work is introduced. The
methodology followed in this work is presented in Chap. 5. The selection and preparation
of the real data and Monte Carlo samples used and its preparation are described in
Chap. 6, where the events selection and and the corrections applied to the Monte Carlo
samples are discussed. The studies of control samples are detailed in Chap. 7. Chap. 8
represents the main bulk of this work. It is presented the determination of the yield
for the normalisation mode, the signal yield determination together with the fit model
used for the extraction of the signal yields and the measurements of the signal branching
fractions. Finally, R(D) and R(D*) ratios, and therefore the main results, are given in
Chap. 9. Systematic uncertainties are discussed in Chap. 10 and the final remarks and
conclusions are summarised in Chap. 11.

5.2 Analysis workflow

The main strategy steps followed in the analysis are schematised in the workflow of
Fig. 5.2. A description of the sequence is given in the following:

e Selection (Sec. 6.2). Inclusive B — D°rfn~ 7t X events, with D° — K¥7n~,
are selected using the StrippingBu2DOTauNuForB2XTauNuAllLines stripping line.
In this line, three charged pions are required to form a good vertex (the 7 ver-
tex). It is also required a good vertex quality of the 3 pions and the D°, forming
the B vertex. On top of that, two off-line selections are applied: a signal selec-
tion and a normalisation selection, optimised to select signal (Bt — D°rtv, with
77 — 7t7 77D,) and normalisation events, respectively. For normalisation, the
Bt — D°Df(— ntn~7t) is chosen. As it was already introduced, this B* decay
mode shares the same topology as the signal (both 7 and D° have a non-negligible
lifetime) and its branching fraction is measured with much better precision than the
other possible candidate, the B* — Drtr—7t decay mode:

~ B(B* — D"DY) = 0.0090 % 0.0009 [9]
~ B(D} = 77~ 7)) = 0.0108 4 0.0004 [9]
~ B(B* — Dztr~7") = 0.0056 £ 0.0021 [9]
e Monte Carlo optimisation (Sec. 6.3). After processing the Monte Carlo samples,
and with the goal of describing the data as accurate as possible, some corrections
need to be applied to the simulation. These include the re-weighting of PID, a cor-

rection on the resolution of the B and 3w vertices, B kinematics, event multiplicity,
trigger efficiency and B — D™ form factors.

e Computation of signal and normalisation efficiencies (Sec. 6.4). The signal
and normalisation efficiencies are computed using Monte Carlo simulation.

78



5 Methodology of the R(D™)°) measurement

Study of control samples (Chap. 7). Samples enriched in background events are
produced by applying dedicated selections. These control samples are used to im-
plement corrections to the simulation to improve the description of the data. More-
over, the correct understanding of the different components provide important help
in constraining the final fits. In particular, control samples for the B— DD} (X),
and prompt B — Drtrn— 7t X events are studied, where X stands for possible
unreconstructed particles.

Determination of the normalisation yield (Sec. 8.1). The normalisation
BT — DD} yield is obtained from a fit to the M (D"D}) invariant mass.

Determination of the signal yields (Sec. 8.2). The B* — D%y, and Bt —
D*7% . yields are determined from a 3-dimensional template fit on the ¢2, tau
decay time and the output of a multivariate algorithm distributions. The fit model
is described in Sec. 8.2.1. This step is my main constribution to the analysis.

Measurement of signals branching fractions (Sec. 8.3). Once the signals and
normalisation yields are extracted, the B(BT — D *v,) and B(B* — D*°r%u,)
branching fractions can be determined. In order to obtain them, it is necessary to
introduce the B(7* — nrn~7ntw,),

B(rt = ntr 7t 7%p,), B(B* — D°D¥) and B(D} — nrn~7t) as external inputs.

Measurement of R(D°) and R(D*°) (Chap. 9). The measured signals branch-
ing fractions are used to compute the LFU ratios R(D") and R(D*) using the
B(B* — D°"v,) and B(B*T — D**¢*1,) branching fractions as external inputs.

Systematics (Chap. 10). The main systematic uncertainties of this analysis are
studied.
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6.1 Data and MC samples

This section describes the data and Monte Carlo samples used in this analysis.

6.1.1 Data samples

The analysis presented in this thesis makes use of a LHC Run 2 data sample of
proton-proton collisions collected by the LHCb detector, during the years 2016, 2017 and
2018, at a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of
54"

6.1.2 Monte Carlo samples

A large number of MC samples are needed in order to understand and model correctly
the background composition present in the final sample (the one passing all selection
requirements). Moreover, simulated events are used to compute efficiencies, or as input
for MultiVariate Analysis (MVA) algorithms.

In order to produce the large number of events required, several simulation options
were applied depending on the amount of events needed and the type of simulated decay
(signal, background...). On one hand, filtered Monte Carlo decay productions save disk
space by only writing out events that pass particular trigger/stripping decisions. On the
other hand, in some large productions the ReDecay algorithm [147] is used. It speeds up
the simulation by re-using the underlying event that does not participate in the simulated
decay.

It took several years to gather all simulated samples needed to carry out analysis
documented here. The full list of simulation samples is given in Tab. 6.1.

6.2 Selection of events

The selection of signal and normalisation events is divided in several stages:
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6 Selection and preparation of data and Monte Carlo samples

1. Events are obtained from a specific stripping line.
2. Cleaning pre-selection and trigger requirements are applied.
3. Events are required to pass either the signal or the normalisation selection criteria.

In the following, the cuts applied at the different selection stages are detailed.
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6 Selection and preparation of data and Monte Carlo samples

6.2.1 Stripping selection

The first offline selection requirement that data and simulated events are forced
to pass is comprised in a stripping line. In particular, this analysis emoployes the
StrippingBu2DOTauNuForB2XTauNuAllLines stripping line, versions 28r2, 29r2 and 34,
for the years 2016, 2017 and 2018, respectively. The stripping cuts are applied in the
DAVINCI framework, with the goal of forming a B+ candidate by combining a D — K+7~
and 77 — 7T 7", candidates. The complete set of cuts applied in this line is shown
in Tab. 6.2, where:

e DOCA (particle;, particle;): the distance of closest approach between the tracks
associated to particle; and particle;.

e DIRA (particle, PV): the cosine of the angle between the particle momentum and
the direction given by the position of the best PV and the particle decay vertex.
This quantity is illustrated in Fig. 6.1.

e Vertex x?/DOF: the x? per degrees of freedom of the fit combining the tracks to
form the vertex.

e PV distance x?: the x? separation between the particle vertex considered and the
PV.

e y2impact parameter: the y? distance of a given particle to the PV.

e Ghost Probability: probability of a track to be reconstructed by a random combi-
nation of hits, not corresponding to a real particle passage.

e Track PROB. x?: the x? probability of the track fit.

e Track x?/DOF: the x? per degrees of freedom of the fit to the long track to which
the particle is associated.

e PID,(x): this quantity, which was introduced in Sec. 3.2.2, is given by:
PID,(z) = log L(«) —log L(). It corresponds to a measurement of the compatibil-
ity of a given track, x, to be identified as a particle «;, where « is any of the particles
K, p,por e.

e min[m(777)]: the minimum of the mass of the two pions with opposite sign from
the 37 of the 7.
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Pparticle

Figure 6.1: Hlustration of DIRA.

Cut Value
B
m(D3r) 2.7-5.6 GeV/c?
DOCA < 0.15 mm
DIRA > 0.995
o
Im(K7) —m(D")ppe] < 40 MeV /c?
Vertex x?/DOF <10
DIRA > 0.995
PV distance x?2 > 36
pr > 1.2 GeV/c
Min. x%& pv > 10
DOCA, < 0.5 mm
DOCAk~ X2 <15
T
DIRA > 0.99
m(37) 0.4-3.5 GeV/c?
Max. DOCA < 0.15 mm
min[m(7 7] < 1.67 GeV/c?
At least two pions pr > 0.3 GeV/c?
Vertex x?2 < 25
At least two pions with PV x% >5
DY daughters
Track p >2 GeV/e
Track ghost Probability <04
Track PROB. x?2 > 1078
Min. xfppy > 10
pr(K) > 1.5 GeV/c
pr(m) > 0.25 GeV/c
K track x*/DOF < 30
7 track x2/DOF <3
K PIDK >3
m PIDK < 50
7 daughter pions
DT > 0.25 GeV/c
PV x4 >4
Track x?/DOF <4
PIDK <8
Ghost probability <04

Table 6.2: List of cuts included in the StrippingBu2D0TauNuForB2XTauNuAllLines strip-
ping line. m(D°)ppe corresponds to the best known value of the D° meson mass taken
from the Particle Data Group (PDG) [9].
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6 Selection and preparation of data and Monte Carlo samples

The D° daughters are selected by applying requirements related with the transverse

momentum, pr, of both particles, small track ghost probability, distance from the PV,
track quality and PID. Then, the K7~ system is formed by requirements related with
the vertex quality, distance to the PV, DIRA and DOCA. Finally, a D° candidate is
required to have a mass close to its best-known mass [9].
Regarding the 7 — 37%v system!, all the daughter pions are required to have a
minimum pr, large impact parameter with respect to the PV, track quality, low ghost
probability and PID requirements. Then, the 7 candidate is formed by selecting a range
on the reconstructed mass of the three pions, vertex quality, and applying DIRA and
DOCA cuts and a requirement on the mass of the opposite-sign pions with minimum
mass.

Finally, the Bt candidate is formed by combining the aforementioned D° and 7
candidates. Cuts on the mass of D°7 system, DIRA and DOCA are applied.

6.2.2 Preselection

After the stripping selection, a set of cleaning cuts are applied aiming for the sup-
pression of background events. The requirements can be summarised as follows:

e The B and 37 vertices are required to be displaced from the PV in the transverse
direction.

e The impact parameter x? of the pions forming the 7 vertex must be incompatible
with being produced at the PV.

e The PV of the D° and 7 candidates must be the same.

e A loose requirement on the momentum and pseudo-rapidity of the candidate tracks
is applied to synchronise the selection with the PIDCalib [148] requirements.

The complete list of the offline preselection cuts is shown in Tab. 6.3, where:
o ProbNNk: bayesian probability of the particle of being a kaon?
o ProbNNpi: bayesian probability of the particle of being a pion.

o nSPDHits: number of hits in the SPD detector.

IThe 37% stands for #* 7~ 7~ throughout, if nothing else is indicated.
2See Sec. 6.3.1 for more information about the PID variables considered in this analysis.
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Cut Value
37 vertex transverse distance to PV * > (0.2 mm
Xip(PV) of pions from 37 vertex * > 15
B vertex transverse distance to PV > 0.6 mm
T vertex 2 <16
tau_pions_ProbNNpi > 0.2
DO0_K_ProbNNk > 0.4
DO0_pi_ProbNNpi > 0.4
|va(D0) — va(37T)| < 0.0001 mm
All tracks momentum [2,200] GeV/c
All tracks 7 [1.5,5]
nSPDHits <450

Table 6.3: List of cuts applied in the preselection of events. The cuts marked with * have
been applied at the DAVINCI stage to highly reduce the size of the output ntuples.

6.2.3 Trigger selection

The trigger selection requires the event to be selected at the three trigger levels: the
hardware LO level and two different software High Level trigger, namely levels 1 and 2.
All the trigger requirements, which are gathered in Tab. 3.18, can be briefly introduced
as follows:

e L0 level : the event is required to be triggered on signal (TOS), with the LO hadronic
line, or independently of the signal part within the event signal (TIS).

e H1t1 level: the event is required to pass the B_H1t1TrackMVADecision _TOS line.

e H1t2 level: the event must pass one of the topological lines [149].

Trigger level Trigger lines
LO B_LOHadronDecision TOS

OR B_LOGlobal TIS
Hlt1 B_H1t1TrackMVADecision_TOS
Hlt2 B_H1t2Topo2BodyDecision_TOS

OR B_H1t2Topo3BodyDecision_TOS
OR B_H1t2Topo4BodyDecision_TOS

Table 6.4: Trigger requirements on the events used in this analysis. The total requirement
corresponds to the AND of the lines at the three trigger levels.
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6 Selection and preparation of data and Monte Carlo samples

6.2.4 The distance detachment criterion

As it was mentioned before, the reconstructed final state of the signals in this analysis
consists on a D? meson and three charged pions. Fig. 6.2 shows the topology for both
signals decays. By far, the largest background contribution is due to inclusive B decays
with the same signal final state is due to inclusive B — D7 T 77t X prompt decays,
being X any possible unreconstructed particle(s), where the three pions are produced at
the B vertex, i.e. no mediated by any particle with non-negligible lifetime (as for instance
D mesons). The topology of this kind of decays is displayed in Fig. 6.3, to be compared
with Fig. 6.2, where it can be intuited how convenient it will be to introduce the distance
detachment criterion.

/ - / N
W+VT E=»=0 / N T
p PV p p PV p

Figure 6.2: Topology of signal decays corresponding to the D° decay chain (left) and D*°
(right).

Figure 6.3: Topology of the most abundant background: the prompt decay, where X
corresponds to possible unreconstructed particles.
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This prompt background can be handled using information about the distance be-
tween the 7 and B vertices. In particular, the excellent resolution of the VELO allows to
apply a cut on this vertices distance divided by its uncertainty:

- 3
V03ﬂ+aB op*

being z the direction along the beam. The cut is used to highly suppress this prompt
contribution. In Eq. 6.1, 03, (0p) is the uncertainty of the z-component of the 37 (B)
vertex.

The distribution of Az /0, is shown in Fig. 6.4, for prompt inclusive BT — Dzt r—nt X
and signal Bt — D% *v,, with 7 — 7t7 777, decays. This detachment requirement
has been introduced in the Run 1 hadronic R(D*) measurement [43,44]. In this analysis,
the same criterion, Az/o, > 4 is applied.

0.1

0.08

0.06

0.04

0.02

/

1O
—_—
]
O
p—
]

20
Az/o

Figure 6.4: Distance between the 7 and B vertices along the beam direction (z) divided by
its uncertainty for inclusive prompt B~ — D7~ n+7~ X (black) and signal B* — D% v,,
with 77 — 7t7 77D, (red) decays. The blue vertical line indicates the Az/o, > 4
criterion applied in this analysis. The distributions are normalised to the same area.

Once the distance detachment cut is applied, the main background contribution comes
from doubly-charmed B — D°DX decays, being the inclusive B — D°DF X decays, by
far, the main source of background in the analysis, where the D} meson decays inclusively
into 3 pions. A specific control sample study will be performed in order to model this
component, in Sec. 7.1.
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6.2.5 Vertex Isolation

Charged particles different than the ones of a signal candidate can belong to the
decay. One common case is that these extra tracks point to one of the candidate vertices,
thus information on the track IP-x? with respect to the vertices is used to build a vertex-
isolation algorithm. Background events of this type are inclusive B — DYDX decays.
Here, the D symbol stands for either a Df, a DT or a D° meson. Then, D} and D*
mesons can further decay into a 5-prong final state, D} or D¥ — 7#f7~7"7~ 7" X. The
DP can decay into a 4-prong final state, as for instance K- n"r 7+t X or 7 ntr 7t X. A
characteristic feature of these events is that extra tracks in these candidates must point
to the 7 vertex. In other background events, the extra tracks point to the B vertex, this
is the case of B — D°DK®* or B — D°Dr* decays. These events can be identified
and suppressed by looking at the impact parameter x? of the track to the vertex, x%(7)
and x%(B) for the 7 and B vertices, respectively. For illustration, Fig. 6.5 shows the
distribution of x% of extra tracks for signal B¥ — D°7*v, and background B — D°D} X,
decays. Comparing the distributions for background and signal, it can be drawn the
conclusion that the y% parameter of the extra track provides enough information to
distinguish both kind of decays.

0.2
0.18
0.16
0.14
0.12

0.1

025F

: 0.08
0.1 a 006 F
005 0.04 &
: 002 F
0 30 0O 10 20 30
tau iso B iso

Figure 6.5: Distributions of the x% to the 7 (left) and B (right) vertices of extra tacks
for signal B* — D°r*v,, with 7+ — 7F7~7ntD,, (red) and background B® — D°D} X
(black) decays. On the left plot, the D meson decays exclusively into 57%. On the right
plot, there is an extra charged particle produced at the B vertex in the B® — D°D+ X
decay. The extra tracks have a pr larger than 250 MeV/c and a % with respect to
the candidate PV larger than 4. The distributions are normalised to the same area for
comparison.

A dedicated vertex isolation algorithm has been developed for the Run 1 hadronic
R(D*) analysis [43,44] that is applied in this analysis. The next two variables are in-
troduced aiming for the suppression of background events containing additional tracks
belonging to the candidate decay chain:

o N7 (pr > 250; x%(PV) > 4; x%(7) < 25): Number of additional tracks with pr >

180
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250 MeV /¢, an impact parameter y? with respect to the PV greater than 4 and an
impact parameter x? with respect to the 7 vertex smaller than 25.

o NB (pr > 250; x%(PV) > 4;x%(B) < 25): Number of additional tracks with pp >

180

250 MeV /c, an impact parameter x? with respect to the PV greater than 4 and an
impact parameter y? with respect to the B vertex smaller than 25.

The distribution of the isolation variables N7, (pr > 250; x%(PV) > 4; x% (1) < 25)

180

and NZ (pr > 250; X% (PV) > 4;x%(B) < 25) is shown in Fig. 6.6 for signal BT —

180

D%y, with 7+ — 7t7~7%7,, and background B° — DD} X events.
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Figure 6.6: Distributions of the isolation variables N7, (pr > 250; x3p(PV) > 4;x% (1) <

180

25) (left) and N2 (pr > 250; x%(PV) > 4; x%(B) < 25) (right) for signal B* — D% v,

180

with 7+ — 777~ 777, (red), and background B — DD X events (black).

From the signal distribution of Fig. 6.6, it follows that isolated events must fulfill the
requirements:

N7 (pr > 250; x7p(PV) > 4; x1p(7) < 25) = 0 and

180

NE (pr > 250, x%(PV) > 4;x%(B) < 25) = 0. (6.2)

180

However, an extra complication comes from the fact that, in this analysis, the D° can-
didate can come from a D*~ — D%~ decay, and the slow pion from the D*~ decay can
escape the requirements of Eq. 6.2. Events of this class are removed by looking for extra
tracks compatible with being a slow pion from a D*~ — D%r~ decay chain. Tracks with
impact parameter y? smaller than 25 with respect to the B vertex and without require-
ments on the x%(PV) and pr are selected. These tracks must have the correct charge.
Then, the distribution of the m (D7 ~) —m(D°) for extra tracks passing the requirements
of Eq. 6.2 is shown in Fig. 6.7. A D*~ veto is applied by requiring the invariant mass to
be out of the range [143,148] MeV/c?. In addition, this D*~ reconstruction can be used
to split the data into D° and D*~ samples, as it is done for the B— D°D#(X) control
sample study Sec. 7.1.
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6 Selection and preparation of data and Monte Carlo samples

The vertex isolation criteria just presented are gathered in Tab. 6.5, and signal can-
didates are required to pass them.

Variable Requirement

N7 (pr > 250; xip(PV) > 4; xip(7) < 25) =0

NS (pr > 250; xip(PV) > 4; xip(B) < 25) =0

D** veto: m(D°x ") — m(D?) out of range [143,148] MeV /c?

Table 6.5: Vertex isolation requirements applied to select signal candidates.

5000 ' !

4000
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1000

(
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M(D )-M(D")
Figure 6.7: Invariant mass distribution m(D°r~) —m(D°) from data obtained by adding
a track with the right charge to the D° candidate. The events shown have already passed

the isolation requirements of Eq. 6.2. The applied D*~ veto is shown by the two vertical
blue lines.

6.2.6 Reconstruction of signal events

In the signal decay chain two neutrinos are present but not reconstructed, leading to a
challenging signal event reconstruction. However, since the vertices of the Bt and the 7+
are measured, the flight direction together with the known masses make possible to obtain
the momenta, in the laboratory frame, up to two 2-fold ambiguities. An illustration of
the namely angles can be seen in Fig. 6.8.

Since both the 77 and the B have a neutrino in the decays chains that is invisible to
the detector, the momentum of the particle has to be reconstructed without the neutrino
information. If p, is the 4-momenta of the original particle, p, is the neutrino momentum
and p, is the sum of all the other products. Following the momentum conservation
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Figure 6.8: Illustration of the angles between the 3w system and the 7 directions (left)
and between the D7 system and the BT directions (right).

Py

Figure 6.9: Hlustration of the 7 — zv decay angles.

schematised in Fig. 6.9:

1D | =|pe|cos @ + |p,| cos

6.3
7l sin = [, | sin (6.3)

where 6 and v corresponds to the angles that |p| forms with the |p,| and [p,| vec-

tors. If now the invariant mass is introduced, together with the 4-moment equivalence
2
p? = (pa+1p)7:

m? = pi + p, + 2(pe - py) = mi + 2E,|py | —2|p.ps| cos(0 + ). (6.4)

Then, introducing the momenta relations of Eq. 6.3 in Eq. 6.4, the last term can be
written as:

1D ||7,| cos(0 + ) = |p,||p,| cos @ cosp — |p,||p,|sinfsiny) =

= |Flcos 0] (17| — 17| cos8) — |7 sin® 6 = |5 5| cos 0 — | .

(6.5)

Now, the Eq. 6.4 equivalence can be expressed as:
2 .2, 2 2 . ) -2
m2 = P2+ D2+ 2pa 1) = md 4 2,05 = 2(1B I leos 0 — ). (6.6)
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6 Selection and preparation of data and Monte Carlo samples

From relation p, = p, — p,, it is derived for the neutrino momenta:

15,17 = 1517 + |0 |* = 2|7, ||| cos 6. (6.7)

Now, the combination of the Eqgs. 6.6 and 6.7 leads to a quadratic equation without
information from the neutrino:

B B B B P
(B2 = [Pl cos® )| [*=(m? + ma) D] cos 01| + my|pef* — 7 (m7 —m3)* = 0. (6.8)

In the reconstruction of B* — D% *v decays, the B* line of flight is obtained by the
unit vector joining the BT vertex to the PV. Subsequently, 7 lepton line of flight direction
is given by the line joining the 3 prong pions vertex of the 7 decay and the BT vertex.
Then, the 7 momentum in the laboratory frame in obtained from Eq. 6.8, in units where
c=1 as:

(mgw + mf2r)|ﬁ3ﬂ'| cosf £ E371’\/(m72' — m%n)2 - 4m72—|ﬁ37r|2 sin” 6
2EE, — [onn |7 cox? ) ’

7l = (6.9)

where 6 is the angle between the 37 system and the 7 line of flight; ms,, |p;| and Es, are
the invariant mass, 3-momentum and energy of the 37 system, respectively; and m. is the
known 7 mass. The ambiguity is resolved by tuning the 6 value, so that the argument of
the square root of Eq. 6.9 is vanished. This single solution corresponds to the maximum
value for the opening angle between the 37 system and the direction of the 7 candidate,
leading to:

2 .52
6, — arcsin (u> (6.10)

2mT |ﬁ37r|

And subsequently, the value of the 7 momentum is estimated as || = |- (0maz)|:

(mgw + mf) |ﬁ37r| 08 Ormaz
2(E2 — |Dsr|? co8? Opmas)

(6.11)

.
P~

The distribution of the 7 momentum and its resolution is shown in Fig. 6.10 and
Fig. 6.11, respectively, for B* — D%rty, and BT — D*“7%v. decays, with 77 —
rtr o,
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Figure 6.10: Distribution of the 7 momentum estimated (black) and generated (red) for
BT — D% v, (left) and BT — D**r%w, (right) decays, with 7+ — 777~ 777,
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Figure 6.11: Distribution of the 7 momentum resolution p, —p#°" for B* — D% v, (left)
and BT — D*%7Fy, (right) decays, with 7+ — 7t 7",

Once the 7 momentum, |p,|, is estimated, the same procedure can be applied to
reconstruct the BT momentum |pg| = |ps(f.,..)|, and so:

B (m3y_ 4+ m%)|Ppos| cos + EDOT\/(mQB —m2,_)% — 4m%|Ppo,|? sin” & i1
’pB‘ - 2<E%)07. N ’ﬁgﬂ_‘g cos2 9/) ) ( . )

where ¢ is the angle between the D7 system and the B line of flight; mpo,, |ppo,| and
Epo, are the invariant mass, 3-momentum and energy of the D% system, respectively;
and mp is the known B mass. The 3-momentum and mass of the D7 system are cal-
culated using the 7 momentum estimated previously. Denoting by ppo and p;(fmax) the
4-momentum of the D° meson and the 7 lepton, respectively, it follows:

Ppor = Ppo + pT(emax)- (613)
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Again, when the argument of the square root in Eq. 6.12 vanishes, the quadratic
ambiguity disappears and the 6" angle reaches its maximum allowed value, given by

2 .2
E— <u> (614

max

and the value of the B momentum is estimated as |pp| = |pB(0),..)|, leading to

(m%o-r + mQB)‘ﬁDOTl COS einax

Q(E?)OT - |ﬁDOT’2 cos? einax) '

D] ~ (6.15)

The distribution of the B momentum and its resolution is shown in Figs. 6.12 and 6.13,
respectively, for BT — D7y, and BY — D*97%y, decays, with 7+ — 7#7n 710,

- T T T = =
0.025 :_ _: 0.025 :—
002 3 002F
0015F E 0.015F
0.01 f— —f 0.01 :—
0.005 3 0.005 |

0 E " " 1 " " " " 1 " " " " 1 " " " " 8 O : " " 1 " " " " 1 " " " " 1 " " " "
0 100 200 300 400 0 100 200 300 400
P, [GeV/c] P, [GeV/c]

Figure 6.12: Distribution of the B momentum estimated (black) and generated (red) for
BT — D% v, (left) and B* — D**rtu, (right) decays, with 77 — 7F 7 777,
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Figure 6.13: Distribution of the B~ momentum resolution pp — p" for B™ — DOy,
(left) and BT — D*°7%v, (right) decays, with 7+ — 7t r 71w,

Following these two approximations, the B and 7 4-momenta can be estimated:
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pr = (m.[pr|@,) and (6.16)
pp = (mp,|pslug) (6.17)

where @, (@p) is the unit vector pointing from the reconstructed B vertex (PV) to the 7
(B) vertex. Using the measured D° 4-momentum:

pDO - (mDO7ﬁDO)7 (618)

we can estimate the square of the invariant mass of (or momentum transfer to) the 77,
system, ¢*> = (pg — ppo)? and the 7 decay time, t,. The ¢* distribution and its resolution
are shown in Figs. 6.14 and 6.15, respectively. Note that, for BY — D*rtu. decays,
the ¢ is defined as (pg — ppo)? instead of (pgp — pp-0)®. The ¢, distributions and their
resolution are shown in Figs. 6.16 and 6.17, respectively.

T T = F T T

0025 h B 0.025F o -
Vo ] E ¢

002 .’ - r Kd ]
: & E 0.02 —
C ] C ]
0015 '. _: 0015 :_ -
001 ; n = 001 e =
K ~, ] o 'J' ]
0.005 S = 0.005F 12/ 3
" 1 " " " " 1 " : L 1 " " " " 1 " J

% 5 10 o 5 10

Figure 6.14: Distribution of the ¢* estimated (black) and generated (red) for BY —
D v, (left) and BT — D*°7%y,_ (right) decays, with 77 — ntr 77,
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Figure 6.15: Distribution of the ¢* resolution ¢*> — ¢2,, for Bt — D°7tw. (left) and
Bt — D*%r*y, (right) decays, with 7+ — 7t~ 77,
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Figure 6.16: Distribution of the 7 decay time, ¢, estimated (black) and generated (red)
for Bt — D7 "v, (left) and BT — D*°7F v, (right) decays, with 77 — 7#t7r 7D,
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Figure 6.17: Distribution of the 7 decay time resolution ¢, — t°" for B* — D% v, (left)
and BT — D*'r "y, (right) decays, with 7+ — 7tr 7",

The estimated ¢® and t, will be used, together with the output of a multivariate
algorithm consisting on a gradient-Boosted Decision Tree (BDT), to extract the signal
(Bt — D "v, and B* — D*°77v,) yields from a 3-dimensional template fit.

6.2.7 Signal and normalisation selections

Two specific set of cuts are applied, depending on whether the signal or normalisation
events are being selected. Both selections are shown in Tab. 6.6. In addition to the
trigger, the 37 detachment cut and the isolation criteria already presented, the ¢ must
be positive and the 7 decay time smaller than 2 nanoseconds. The D° mass must be in a
window of £20 MeV/c? around the known D° mass, and a PID cut is applied to suppress
Dt — #t K~ 7" X decays. An additional cut is needed to suppress events where one of
the tracks of the D° actually belongs to the 37 vertex. An example of these kind of decays
is the D° — 77~ 77, where the three pions form the 7 vertex and the remaining pion
is used to construct the D° candidate. The invariant mass of the 3 pions from the 7 vertex
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and the pion from the D° is shown in Fig. 6.18. Thus, requiring that the tracks forming
the D° do not point to the 7 vertex removes this background. This cut corresponds to

the entry “x%(7) D° daughters” in Tab. 6.6.
Variable Signal cuts Normalisation cuts
trigger true true
Az/o >4 >4
X3p(7) D° daughters >5 >5
D** veto true true
Nio(pr > 250; xip (PV) > 4; xfp(7) < 25) =0 =0
NEZ,(pr > 250; x3p (PV) > 45 x7p(B) < 25) =0 =0
¢ >0 GeV?/c? >0 GeV?/ct
t, < 2 nsec < 2 nsec
71 from 7= ProbNNk <0.1 < 0.1
|m(D°) — m(D®)ppg| < 20 MeV/c? < 20 MeV/c?
m(3m) < 1600 MeV/c? | £30 MeV/c? around D mass
BDT > —0.4

Table 6.6: Final selection cuts applied for signal and normalisation events. The BDT
variable is defined in Sec. 6.2.8.
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Figure 6.18: Invariant mass m(377~ 50) distribution for events in real data (black), where
T po is the pion from the D° — K*7~ candidate. Events where at least one of the tracks
from the D has in impact parameter x? with respect to the 7 vertex smaller than 5 is

shown in blue, where a peak at the D° mass is clearly visible. The rest of the events, that
are selected for the analysis, are shown in red.
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6.2.8 The BDT

By large, the dominant source of background after the final selection is due to doubly-
charmed B — D°D7(X) decays. Aiming for the best rejection of this contribution, the
TMVA toolkit [150] is used to train a Gradient Boosted Decision Tree (BDT). The BDT
output is used then as a discriminating variable in the 3-dimensional template fit from
which the desired signal yields are obtained.

Since the final goal of the analysis is the unbiased observation of the signals, the
criteria for the input variables for the BDT is to choose those that are less correlated with
the rest of 3D fit variables, in particular with the ¢* (the two signal channels differ in
this distribution), while keeping those variables having the largest discriminating power
for signal and background. Therefore, this limits very strongly the type and number of
variables that can be uses in the BDT, leading to a BDT input composed by variables
related with the 37 system. The signal sample used is the Bt — D°r+v. Monte Carlo,
with 7% — 777~ 7+w,; while for the background, the B — D°D(X) Monte Carlo is
employed. The signal selection is applied to both samples.

Adding neutral isolation variables contribute in background rejection, since in events
where the 37 are coming from a D decays, often extra neutral particles are produced
in the decays. This neutral energy is searched for in the electromagnetic calorimeter in
a cone \/An?+ A¢? = 0.4 around the 37 direction, where An (A¢) is a variation of
pseudo-rapidity (azimuth angle) around the 37 direction.

The dynamics of the pions from the 71 decay is a powerful discriminator due to the
dominance of the 7+ — af (— p°(x 77 )n")v,, very different from the dynamics of D
decays. Thus, the invariant masses of 2-pions combinations are included in the training
set of variables.

Identifying the pions from the 7 decay as 77 — m
employed in the BDT training is:

7, Ty Ur, the set of variables

e Minimum mass of oppositely-charged pions: min[m(rj 7 ), m(my 7).

e Maximum mass of oppositely-charged pions: max [m(my 7wy ), m(mS 7 )],

e Mass of the same-sign pions: m(mg 7).

o tau040meVPT _ where tau_PT is the transverse momentum of the 37 system and
tau-PT+tau_0.40 nc_vPT’

tau_0.40_nc_vPT is the sum of the transverse momentum of the photons detected in
the electromagnetic calorimeter contained in the cone \/An? + A¢? = 0.4 around

the 37 direction.

e tau 0.40 nc mult: number of photons detected in the electromagnetic calorimeter
in the cone of 0.4.

The distribution of the variables used in the BDT training are shown in Fig. 6.19. The
correlation matrix between variables can be seen in Fig. 6.20 for signal and background,
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the signal efficiency versus the background rejection is shown in Fig. 6.21 and the BDT
response is displayed in Fig. 6.22.
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Figure 6.20: Correlation matrices for input variables used in BDT training for (a) signal
and (b) background.
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Figure 6.21: BDT background rejection vs signal efficiency.
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TMVA overtraining check for classifier: BDTG

4 17 Signal (test sample) ' | |'e Sigral (traifing sample) | = —
) Background (test sample) | | * Background (training sample) J

[ Kolmogorov-Smirnov test: signal (background) probability = 0.011 (0.017)

(1/N) dN / dx
w
o

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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Figure 6.22: Output of the BDT training for signal (blue) and background (red).

6.2.8.1 Figure of merit

Before the fit to data is performed, the BDT cut needs to be optimised. With this
goal, a figure of merit (FoM) is used. The FoM was firstly chosen as the statistical
significance:

FoM = —2 (6.19)

VS+ B’
where S and B are the yields for signal and background samples, taking into account
on the expected number of signal (20.000) and background (250.000). The significance
as a function of the BDT cut is shown in Fig. 6.23. The maximisation of this figure of
merit yields a BDT cut of 0.3 with a signal efficiency of 68% while rejecting 86% of the
background.

The signal efficiency obtained by the optimisation of the significance as figure of merit
provides an unacceptable low signal efficiency. In addition, the BDT output is included
as a variable in the 3-dimensional signal template fit. Thus, the significance is found to
be a non-optimal figure of merit for this analysis. By one hand, we want to keep a high
signal efficiency and, by the other hand, to keep enough background events in the signal
sample such that the fit can properly model these events with good precision. Applying
the criterion just mentioned, the figure of merit is chosen such as:

S
FoM = \/ﬁ X Esigy (620)
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with its optimisation shown in Fig. 6.24.

5 60F =
= F :
T OF E
o o ]
o =
5 F S
30k *
o e
20 =
- =
10 -
0 :_ L | L L L L | L L L L | L |..E
-1 -0.5 0 0.5 1
BDT cut

Figure 6.23: Significance as a function of the BDT cut.
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Figure 6.24: Figure of merit \/%73 X €gig as a function of the BDT cut.

The maximisation of this figure of merit yields a BDT cut of —0.4 with a signal
efficiency of 90% and a background rejection of 65%. Thus, for the signal selection, a cut
BDT> —0.4 is applied in this analysis.
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6.2.9 Multiple candidates

In the Run 1 hadronic R(D*) analysis [43,44], specific requirements were applied on
the number of candidates in a single event. At the pre-selection stage, only events with one
single candidate were kept for further analysis. In this analysis, the good performance
of the selection and, in particular, the vertex isolation, leads to that only the 1.0% of
events in data passing the signal selection contain multiple candidates. The percentage
of simulated signal events with multiple candidates is 0.5% and for simulated doubly-
charmed decays is 0.8%. Therefore, no further requirements on the event multiplicity are
applied.

6.3 Corrections to simulation

In this section, the corrections to Monte Carlo samples are briefly described. These
include corrections on the charged particles identification (PIDCalib) algorithms; vertex
resolution; B kinematics, event multiplicity and trigger category; and the form-factors
re-weighting for the signals B — D*r v, and B — D77v,.

6.3.1 Corrections on the charged particles identification

Requirements on Particle Identification (PID) variables are applied in this analysis to
select charged pions and kaons forming the signal and normalisation decay candidates (and
also control samples). In order to correct the Monte Carlo to match the PID performance
observed in data, the PIDCalib tool is used [148]. The PID efficiencies are estimated
following a data-driven method.

Firstly, PIDCalib generates calibration samples of pions and kaons, taking as input
a binning on track momentum, pseudo-rapidity and number of tracks in the event; to-
gether with the PID requirements applied in the selected events. The default binning
scheme was extended so that the sample can include tracks with momentum in the range
[2,200] MeV/e.

The PID variables considered in this analysis are of two types: DLLx is a likelihood
ratio of the X particle and pion hypothesis; and ProbNNy that is the bayesian probability
of the particle of being of type y. The PID requirements applied are summarized in
Tab. 6.7.
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Particle PID requirements

DO_K DLLK> 3 && ProbNNk> 0.4

DO_pi DLLK< 50 && ProbNNpi> 0.4
tau_pion0 DLLK< 8 && ProbNNpi> 0.2

tau pionl DLLK< 8 && ProbNNpi> 0.2 && ProbNNk< 0.1
tau_pion2 DLLK< 8 && ProbNNpi> 0.2

Table 6.7: PID requirements for each of the five tracks forming decay candidate.

Once the calibration histograms are produced, PIDCalib determines the efficiencies
of a given PID requirement in data and simulation for each individual track and a weight
is assigned to correct data/Monte Carlo differences. Finally, the total weight applied to
each decay candidate is computed as the product of the individual weights for each track.

6.3.2 Vertex resolution

As it was introduced, prompt B — D°37X events are the dominant contribution in
the data sample, before it is applied the detachment Az(3m — B)/\/03. + 0% > 4 cut
(see Sec. 6.2.4). In these events, the three pions are produced at the B vertex and, by
consequence, the widths of the Az(?m B) and Az(3w — B)/+/03, + 0% distributions are
due to vertex resolution effects.

Distributions for Az(37 — B) and Az(3w — B)/\/03, + 0% are shown in Fig. 6.25 for
exclusive BT — D%37 decays. There are ev1dent differences between data samples (years
of data taking) and simulation. Therefore, it is necessary to introduce a correction for
these discrepancies. A specific correction procedure is applied to the simulation to match
the data in the different data-taking periods. This is summarised as:

e Two scaling factors are applied to the o3, and op vertex uncertainties.

e A smearing factor is applied to the Az(31 — B)/\/03, + 0% distribution.

The 03, and op uncertainties depend on the m(37) and m(D°3r) invariant masses, re-
spectively. Fig. 6.26 shows the dependence of the mean of the o3, and o distributions for
data and simulation as a function of m(37) and m(D%37), and the corresponding ratios
2016/2017, 2016/2018 and 2016 /simulation. The simulation is corrected applying first
order polynomials to o3, and op:

03, = ()" + 3™ x m(37)) X 03y, (6.21)
op = (af +af xm(D%n)) x o5. (6.22)
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Figure 6.25: Az(3m — B) (left) and Az(37w — B)/+/03, + 0% (right) distributions for 2016
(black), 2017 (red), 2018 (green) data and simulation (blue) for exclusive B™ — D%3w
events. The width of the distributions is due vertex resolution effects. The resolution in

2016 data is worse than in 2017 and 2018.

0.

©

0.

=)

0.

N

0.1

)

o
5}

0.

IS

0.

©

o
o

0.8

(tau_ENDVERTEX_ZERR,) vs tau_M

R O H T T ===
1000 1500 2000 2500 3000
mean_2016

o +++
Y — ——

e T+

= I —— | 4‘* ‘ ‘
:‘ T T T T T T [ ‘
- ‘10\00‘ - ‘15\00‘ - ‘20\00‘ - ‘25\00‘ - ‘30\00‘ -

0.8

0.

o

{\\\‘\\\‘\\\‘\\\‘\\\

0.4

0.2
30

(B_LENDVERTEX_ZERR) vs B_M

il

S
S

n
3200 3400 3600 3800 4000 4200 4400 4600 4800 5000 5200 5400

mean_2016

ot

%

L

; i
|

4’7

L
00 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000 5200 5400
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Corrections are applied separately for 2016, 2017 and 2018 data. The result of this
correction is shown in Figs. 6.27, 6.28 and 6.29. An excellent agreement is observed
between simulation and the data corresponding to 2017 and 2018 periods. However,
to correctly describe 2016 data, an additional vertex resolution smearing is needed.The
additional resolution smearing is modelled by a double-Gaussian of the form:

(8 x Gaus(0, Aoy) + (1 — 8) x Gaus(0, Agy)). (6.23)

A simultaneous fit between 2016 and simulation is done to the Az(37m — B)/\/03, + 0%
distributions, using the probability density functions (pdf):

PDF(MC) = a; x Gaus(u,01) + (1 — 1) x ag x Gaus(p, 02)
+ (1 —aq) X (1 —ag) x Gaus(pu, 03), (6.24)
PDF(data) = PDF(MC) * (8 x Gaus(0, Acy) + (1 — ) x Gaus(u, Aos)), (6.25)

where u, aq, as, 01, 09, 03, B, Aoy and Aoy are free parameters in the fit. The symbol
* represents the convolution of two functions. The fit results are presented in Tab. 6.8
and the corresponding projections in Fig. 6.30. The overall resolution function is used to
smear the Az(3m — B)/\/03, + 0% variable. The simulation is corrected accounting for
the relative proportion of data: 31%/32%/37% in 2016,/2017/2018 conditions.

Finally, comparisons of the Az(31 — B) and Az(37m — B)/+/03, + 0% distributions
before and after the uncertainty scaling and vertex smearing corrections are shown in
Figs. 6.31, 6.32 and 6.33 for 2016, 2017 and 2018 runs., for 2016 run. The remarkable
agreement between data and simulation endorses the complexity of the full vertex correc-
tion procedure.

Parameter Value
o 0.41 +0.11
Qo 0.939 + 0.009
o1 0.81 £0.04
o9 1.19 4+ 0.06
o3 2.74 +0.25
i 0.023 £ 0.003
I6] 0.89 £0.03
Aoy 0.26 £ 0.05
Aoy 1.50+0.14

Table 6.8: Results of a simultaneous fit between 2016 data and simulation in the
Az(3m — B)/\/03, + 0% distributions. A triple-Gaussian model is used as model, with
an additional resolution model given by a double-Gaussian described by the parameters
B, Aoy and Aos.
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Figure 6.27: Top: ratio data(2016)/simulation for the mean of the o3, (left) and op (right)
as a function of m(37) and m(D°37) after the vertex uncertainties scaling correction.
Bottom: Az(3mw — B) (left) and Az(3w — B)/+\/03, + 0% (right) distributions for 2016
data (black) and simulation (blue) after the correction.
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Figure 6.28: Top: ratio data(2017)/simulation for the mean of the 037 (left) and ¢B
(right) as a function of m(37) and m(D3) after the vertex uncertainties scaling correc-
tion. Bottom: Az(3m — B) (left) and Az(3w — B)/+/03, + 0% (right) distributions for
2017 data (black) and simulation (blue) after the correction.
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Figure 6.29: Top: ratio data(2018)/simulation for the mean of the 37 (left) and oB
(right) as a function of m(37) and m(D3) after the vertex uncertainties scaling correc-
tion. Bottom: Az(3m — B) (left) and Az(3w — B)/\/03, + 0% (right) distributions for
2018 data (black) and simulation (blue) after the correction.
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Figure 6.30: Projections of the simultaneous fit between 2016 data (right) and simulation
(left) to the Az(3m — B)/+\/03, + 0% distributions using a triple-Gaussian model with
common parameters and an additional smearing factor.
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Figure 6.31: Comparison of the Az(3w — B) (left) and Az(37 — B)/\/03, + 0% (right) dis-
tributions before (top) and after (bottom) the uncertainties scaling correction and vertex
smearing. Black points correspond to 2016 data and the blue histogram to simulation.
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Figure 6.32: Comparison of the Az(3m — B) (left) and Az(37w — B)/\/03, + 0% (right)
distributions before (top) and after (bottom) the uncertainties scaling correction. Black
points correspond to 2017 data and the blue histogram to simulation.
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Figure 6.33: Comparison of the Az(37w — B) (left) and Az(37 — B)/+\/03, + 0% (right)
distributions before (top) and after (bottom) the uncertainties scaling correction. Black
points correspond to 2018 data and the blue histogram to simulation.
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6.3.3 Re-weighting on B kinematics, event multiplicity and trig-
ger category

A sequential 2D reweighting is performed using the exclusive B — Dz3m peak in order
to correct the B kinematics and event multiplicity. First, the reweighting is done on the
nTracks and B_OWNPV_NDOF variables and, after this step, the same procedure is applied
on the pr(B) and n(B) variables. Since the full B kinematics cannot be reconstructed
for signal decays, the corresponding Monte Carlo truth variables for pr(B) and n(B) are
used in this step.

This 2D re-weighting is done independently in 3 exclusive categories, which are:

e !B 1.OGlobal TIS
e !B_LLOHadronDecision_TOS

e B 1LOGlobal TIS & B_LOHadronDecision_TOS

After the 2D reweighting, a global reweighting in the trigger variables is performed
in order to make the TISTOS efficiencies in Monte Carlo and data match.

The final result of these steps is shown in Fig. 6.34, after reweighting of the kinematic
and occupancy variables in the full sample without dividing by trigger category.
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Figure 6.34: Comparison between Monte Carlo before reweighting (dashed blue), after
reweighting (red) and data (black) of the kinematic and occupancy variables in the full
sample (without dividing by trigger category).

For the computing of these weights, the B — D37 and B — D°37X Monte Carlo
samples are used together, to maximize the statistics in the exclusive peak. Prior to the 2D
reweighting, these samples are reweighted in the m(37) distribution, so their kinematics
match with the data. To review if the reweighting procedure is working properly, a check
is made by computing the weights using only the B — D%37 sample, and then applying
them to the B — D°37X sample. The result of this check is shown on Fig. 6.35.
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Figure 6.35: Comparison between Monte Carlo before reweighting (dashed blue), af-
ter reweighting (red) and data (black) of the kinematic and occupancy variables in the
B — D"37X sample (without dividing by trigger category). The weights used in this
reweighting were computed using only the B — D°371 sample.
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6.3.4 Form factors re-weighting

When working with MC templates in analyses of semileptonic decays, sizable biases
often arise in measurements of branching fractions, so several strategies are used in order to
reduce these effects. One possible approach is to completely transform the simulated data
from one theoretical framework to the desired model, so as to effectively avoid biases. This
type of transformation, or re-weighting, can be readily achieved with HAMMER (Helicity
Amplitude Module for Matrix Element Re-weighting) [151], a dedicated software for fast
and efficient transformations of large MC samples. This tool was primarily developed for
b — crv processes and might be used either for NP studies or different SM form-factor
(FF) parameterisations. In Sec. 2.2.2.2.3, it was presented some FF basis that encodes
the hadronic transitions for the B® — D*~¢*y, process, framed within in the EFT. In
the following, it will be covered the different FF parameterisations that were used in the
analysis for the B — D77v, and B — D*7"v,, which must be explicitly specified in the
code flow. We propose a z expansion for the definition of the BGL parameterisation
(see Sec. 2.2.2.2.3), which will be used for both processes. Weight computations were
performed with HAMMER v1.2.1, the latest available version (released in January 2022).

6.3.4.1 Form factors for B — D71v, decays

From the power of series presented in Egs. 2.39, 2.40, 2.41 and 2.42, truncated at
N = 3, this construction calls for 8 free parameters, which need to be estimated. This
construction calls for 8 free parameters, which need to be estimated. In Tab. 6.9 we show
our choice for those parameters as presented in [54]. For that particular computation, a
global fit was performed, using lattice QCD calculations from HPQCD and FNAL/MILC
collaborations, as well as recent experimental data from BaBar and Belle.

Parameter Value
al 0.07932 + 0.00058
al —0.21410:015
a3 0.17+0:34
al —0.958+1:960
ag 0.01565 = 0.00011
af —0.0353 + 0.0031
ag —0.04310 0%
al 0.1945010

Table 6.9: Best determination of BGL parameters and their uncertainties for B — D7tv,,
performed in [54] through a global fit to lattice and experimental data.
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6.3.4.2 Form factors for B — D*rtv, decays

In this particular case, the z expansion is truncated at order N = 2. This FF
construction has 12 natural parameters, but it can be easily reduced to 10 free parameters.
The constraints are established from relation enforced at zero recoil and in ¢* = 0 (see [65]
for more details). In Tab. 6.10 we present an estimation for those parameters and their
uncertainties, as computed in [65]. This computation includes Light Cone Sum Rules
(LCSR) constraints, a procedure that may be consulted in [152].

Parameter Value
al 0.029970 005z
al 0.0470:50
as —0.9758
al 0.01218 + 0.00016
al —0.02970:02
aé 0.5709
a}; —0.005175-5049
al? 0.06510 0%
al? 0.0595 & 0.0093
al® —0.318 4 0.170

Table 6.10: Best determination of BGL parameters and their uncertainties for
B — D*r"v,, performed in [65] through a global fit to lattice and experimental data
with LCSR constraints.

6.4 Efficiencies

Signal and MC efficiencies are computed using simulated events. All weights applied
to simulation are applied in the calculation. The efficiencies are shown in Tab. 6.11. Signal
(normalisation) efficiencies are computing applying the signal (normalisation) selection.

Decay Generation Eff. Up/Down Filtering Eff. | Total Eff. (x107°)
Bt — D'ttu,, 77 = ntr D, 0.04178 £ 0.00011,/0.04186 + 0.00011 0.0501 9.73
BY - Drty,, rt — ntr 7%, | 0.037156 £ 0.000099/0.037107 & 0.000097 0.0494 3.83
Bt - Dy, mt 5 nfrnty, 0.04004 + 0.00010/0.04032 £ 0.00011 0.0493 8.40
Bt — D Fy,, 77 — arrr %%, | 0.036045 4+ 0.000096,/0.036071 = 0.000096 0.0488 3.12
BY = D rtu, 7t = ntant, 0.1601 + 0.0022/0.1592 £ 0.0022 0.0227 1.78
B’ - D~ 1tu,, 77 = ntrntnlp; 0.1559 + 0.0021/0.1578 £ 0.0022 1.0 0.62
BY - D'Df, Df — nfrmt 0.05980 =+ 0.00015,/0.05992 =+ 0.00015 0.0614 38.09

Table 6.11: Generation, filtering and total efficiencies for all signals and the normalisation

mode. The signal (normalisation) efficiencies are requested to pass the signal (normalisa-
tion) selections.

121


http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#12562001
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#12562001
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#12562011
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#12562011
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#12562411
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#12562411
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#12562421
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#12562421
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#11160001
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#11160001
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#11563020
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#11563020
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagUp-Nu1.6-25ns-Pythia8.html#12195049
http://lhcbdoc.web.cern.ch/lhcbdoc/STATISTICS/SIM09STAT/SemiLep-WG/Generation_Sim09-Beam6500GeV-2016-MagDown-Nu1.6-25ns-Pythia8.html#12195049

BEATRIZ GARCIA PLANA

These efficiencies are needed to measure the signal branching fractions and the LFU
ratios. In addition, some other parameters are needed as input for the nominal fit model
in Sec. 8.2.1. These are:

. f:gro: fraction of BT — D°rtu,. events with 7% — 7tnr 71D, with respect to

the total number of B* — D *v, events (the sum of the 7+ — 77 777, and
7T — a7, events).

o f2°: fraction of BT — D*07Fy, events with 7+ — 77 71D, with respect to the
total number of BT — D*97% 1, events.

o fD™": fraction of B® — D*~rtu, events with 7+ — 7tn~ 777, with respect to the
total number of B — D*~7Fv, events.

e fpw+/pwo: ratio of B® — D*~7F v, events with respect to B* — D*7t v, events.

They are computed using the following relations:

3
Do B(T - 37T) X 87]-3::507‘*‘117
3r T 3 3mm? ’
B(T — 3m) X € 5orty, T B(t — 3m7m%) x €t Dor by,
3
D B<T — 37T) X ggjjﬁ*oﬁuf
3r B(r — 3m) x el 7%+ B(t = 3rn0) x 78
T3
D+ _ B(r — 3m) x €O D1ty and
3” B(r — 3m) X epn, L, + B(r = 3mm®) x el
L BDT D) gy B D)
b=+/p B(D* — D°X) ~ f.  B(Bt — D*rtu,)
B(r — 3m) x ep’n .+ B(r — 3n7°) x 8%?1’33_T+V (6.26)
X - ’ '
3 N
BT = 31) % 55 g0, + B0 3 BT X 2,

Here, the Bt and B° mesons productions are assumed to be the same, f, = fq.

Also, the branching fractions B(B* — D**7*v,) and B(B? — D*~7%v,) are assumed to
be equal, based on isospin assumptions. The ratio B(D**™ — D°X)/B(D*® — D'X) is
set to 0.677 from [9].

Parameter Value
D 0.836
D 0.844
Dt 0.853

fpet /Do 0.142

Table 6.12: Values of the parameters needed as input for the nominal fit model.
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Contents
71 The B— D°Df(X) decay model . . . . . . ... ... ......... 123
7.2 The prompt control sample . . . . . . ... ... ... ... ...... 130

In the previous chapter, Chap. 6, the selections for the signals and normalisation
modes have been described. However, before the fit to obtain the signal yields is per-
formed, it is convenient to create additional control data samples that help to constrain
the background contributions in the fit.

The data samples used for this end are referred to as the control samples, and by
studying them, it is possible to apply data-driven corrections to simulated background
samples. In this chapter, the two control samples used in this analysis are described.

7.1 The B— D°D}(X) decay model

By far, the main background contribution in the signal sample is due to inclusive
B — D°D}(X) decays. Hence, it is necessary to create a control sample that allows
to precisely model these decays. This control sample is produced by selecting exclusive
DF — 7tr at events withing a +30 MeV/c? mass window around the D nominal mass.
The first step then is to divide the sample into two sub-samples:

e D°D?} sub-sample. This sample is produced by applying the same cuts as in the
signal selection, except the requirement on the m(3m) invariant mass. In particular,
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the same vertex isolation requirements are applied. This highly suppresses events
where the D° comes from a D*~ —D%r~ decay. Thus, this sub-sample is composed
by events without a D*~ decay and with no extra charged particles coming from
the B or 7 vertices.

e D*"Df sub-sample. It is produced by requiring an additional track compatible
with being a pion from a D*~ —D%r~ decay. Events with m(D%r~) in the range
[143,148] MeV/c? are selected. In this sample, the pion from the D*~ decay is
not taken into account when computing the vertex isolation variables N7 (pr >

180

250; xip (PV) > 4;x3p(1) < 25) and NE,(pr > 250; x7p(PV) > 4;xfp(B) < 25).
This sub-sample is thus enriched in events with a D** candidate with no additional

charged particles coming from he B and 7 vertices.

Then, the Monte Carlo sample is divided into multiple components and a one-
dimensional simultaneous fit is performed to the m’;, bt distribution of the DD sub-
. DF distribution of the D*~ D sub-sample. Here, ms, - (m/,. Dj)
is the invariant mass obtained by adding the reconstructed momenta of the D° (D*~) and
of the D} candidates and then deconvoluting it by subtracting the reconstructed masses
of the D° (or D*7) and of the D mesons and adding their respective nominal masses

from [9]:

sample and the m

M0y = Mumeas. (D’ D) — Mumeas.(D°) — Mimeas. (D) + mppa (D) + mppa (D). (7.1)
M.+ = Mimeas. (D7 DY) =Mineas (D™7) = Mimeas. (D) +mepa (D*7) +mena (DY) (7.2)

The components used to describe the data are:

e Bt — DD},

e BT — DDt

e Bt — D'Drt,

e Bt — DDt

e BT — D°D,;(2460)%,

e BT — DD, (2460)*,

e BT|BY — D'Df X,

e B - D°Df X,
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B° — D*~ D,

B® — DD+,

B — D*~D,(2317)",

B® — D*~D,;(2460)",

background,

where BT|BY — D°D#(X) indicates the component which contains decays originated
from a B* or a BY that are not included in any of the other components, and B® — D°D#(X),
the same but for B° decays.

A specific fit procedure is developed, that involve the following parameters:

e The relative yield of a component i with respect to the B¥ — DD component in
the DYD} sample,
PO pH+
N(D°DY)
Fi= o 3
Bt—DODF
In what follows, the super-index indicates the sub-sample and the sub-index the
component.

e The relative yield of a component i with respect to the B — D*~ D} component
in the DD sample,

KEODj)
BO—D*—DF

By definition, these parameters are related to the first kind through the expression:
Fi= Fgo_pepr i (7.5)
e The relative efficiency of a component i between the two sub-samples,

Ni(D*_D:)

50+
For the free parameters in the fit, we will choose N g?rODS ), the total number of signal

events in the D°D7 sub-sample (events which are not background), and then either a F;
or a F}* parameter for each component. The F;* parameters are assigned only to three of
the main components in the D*~ D sub-sample (B® — D*~D** B — D*~ D% (2317)"
and B — D*~D,;(2460)"), while a F; free parameter is used for every other component.
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The probability density functions (PDF) used to fit the data are:

50 )+ DODF DODF DOpF D°Df
PDFP™P) (i, 1) = Nigg " PDFG ™ (mi, ) + > NP PIPDE 2 (il 1),
_ (7.7)
for the DYDY sub-sample, and
PDF®P" P () = (7.8)
=Ngx POPDEWs Pl o)+ SO NP TPOPDERT P (),

(7.9)
for the D*" D} sub-sample. In these expressions, PDF&,?SO Y )(m’5O o+) and
PDF$§7Dj)(mb*_D+) are the m'y, , and m/ . PDFs, taken from the wrong-sign
data sample, and PDFEDODJ)(m’EOD:r) and PDFZ(-D*_D:)(m’DPD:) are the mlﬁoD;L PDFs

for the i*" component, taken from Monte Carlo. The wrong-sign sample is composed of
D and D] combinations with the incorrect charge, i.e. DD instead of the right-sign
combination D° D7 and thus they are used to describe the background. The superscripts
indicate to which sub-sample these quantities are referring to. The yields of each compo-
nent in each sub-sample can be expressed uniquely in terms of the free parameters of the
fit and the relative efficiencies, by using:

0 H+ 0 H+ Fl
Nz’(D DY) _ ]\/-l()l:+ D3 )Z—F7 (710)
j L
and
NPT - NODD) e T (7.11)
bt =,

where the relative efficiencies are calculated from Eq. 7.6 using simulation and are fixed
parameters in the fit. The components of each PDF are shown in Tab. 7.1 and Tab. 7.2
for the D°DF and D*~ D} sub-samples, respectively. In those tables, the sum of the F;
parameters is defined as:

E Fz = FB+—>50Dj + FB+—>5*0Dj + FB+—>1§0D;‘+ + FB+—>5*0D;‘+
i

FB+—>50D51(2460)+ + FB+—>5*0D51(2460)+ + FB+|B‘S)H50D§LX

*
FBO—>50D5+X + FBO—>D**D;* + FB0—>D**D5+ X FBO—>D**D§+

+ o+

*
Fpo_p+—pt X Fpo_,p+-ps 2317+
*
+ Fpo_p—pt X Fpo_,pp,,(2160)+ (7.12)

where, by definition, Fp.  5op+ = 1.
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50+
A simultaneous fit is done using these two PDFs, where the background yields N\(AZ,DSODS )

and ]\f\(,\]?s*i)j ) are fixed to the number of events in the wrong-sign DD and D**D}
samples. The results are shown in Tab. 7.3 and Fig. 7.1. These results will be used to
model the B — DD} X component in the signal fit (see Sec. 8.2.1).
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Figure 7.1: DD} (left) and D*~ D7 (right) sub-samples invariant mass data and PDF

after fitting.

Parameter Fit result
N A‘f’cofj ) 21520 + 150
e o
b S0 008

Bt D*0pit ’ :

B oy | 0-332+0.038
é?;%};]; iy | 0710 0.040
AR 0.817 4 0.037

o e, | 0:0991 0.0092
ooy 01205+ 0.0041

FAPUP 1763 4 0.064

Frll 0D any | 01904 0.046

FiP 7)oy | 04434 0.053

Table 7.3: Free parameters of the simultaneous fit, with their values as they are before

and after the fit.
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7.2 The prompt control sample

A small fraction of decays of B hadrons into a D° meson and three pions produced
at the B vertex (without the presence of a hadron with non-negligible lifetime), referred
to as prompt, pass the distance-detachment cut and hence they are present in the signal-
selection sample. They sit at the low-lifetime region, as is the case of signal events.
Therefore, it is important to produce a control sample to improve the modelling of this
component.

To obtain the control sample for prompt B decays, a cut in the distance in the
z coordinate between the B and the 37 vertices divided by its uncertainty is applied.
Events in the range —3 < (z3, — 25)/0. < 0 are selected. The lower cut suppresses
combinatorial background, while the upper cut also suppresses contributions from decays
that have the 37 vertex displaced from the B vertex. This sample is further restricted by
using the decay vertex of the reconstructed D° meson, requiring zz0 — 25 > 0, to further
suppress combinatorial background.

As seen in Fig. 7.2, the Monte Carlo sample does not correctly reproduce the data. To
correct this, a 2D histogram in the BDT and ¢? variables is used, with the same binning
as the one used in the signal fit, and weights are applied to make the Monte Carlo sample
match the data.

< [ — ~ : :
1000 4 % :
= f----- b o
Z Z OF
& 800F 7 O 100f
= e} L
[=] — [
M 600 - . = 80F
8 ooF 3
400 =
g _____________
a3} 40:— —_
200 - 20:_ _:
0' PP B S B o~ v .,
-1 -0.5 0 0.5 1 0 5 10
BDT q? [GeV?cH

Figure 7.2: BDT output and ¢? distributions for the prompt control sample. The dashed
blue line represents the original Monte Carlo sample, while the red line is the Monte Carlo
sample after re-weighting in these variables. Data is shown in black. The distributions
are normalised to the number of events in data.
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8.1 Determination of the normalisation yield

In the following, the determination of the normalisation yield will be presented, ac-
cording to the method introduced in Chap. 5. As normalisation channel, the B¥ — D°DF
decay is used. Events are required to pass the normalisation selection. The normalisation
yield is obtained from a one-dimensional fit to the deconvoluted mass:

mlﬁoDj = mrneas.(DOD:> - mmeas.(ﬁo) - mmeas.(D:) + mPDG<EO) + mPDG(Dj)a (81)

in a window mass of 60 MeV/c? around the B best-known mass [9].

In order to describe this shape, a Crystal Ball (C.B.) function is used to describe the
mass peak, and an exponential function to describe the background. First, a fit to the
Bt — DD Monte Carlo sample is performed using only the C.B. function. The result
of this first fit is used to extract the tail parameters of the C.B. function. Then, a fit to
the data sample is performed using the full model, with all parameters floating except the
C.B. tail parameters, which are fixed to the result of the first fit.

The obtained yield is 3047 £ 56 events, and the fit result is shown in Fig. 8.1.

Events / (2 MeV/c?)
o 8 s @
8 8 g 8

2
8

@
8

TTT | TTTT | TTTT I TTTT I TTTT | TTTT

Pulls

AbbLoavwwaso

|
5320

M(D%3n) [MeVic?]

|
5300

e | L |
%220 5240 5260 5260

Figure 8.1: Fit to the m;, . distribution after the selection of the BT — D'Df mass
peak. The shape is described by an exponential function and a C.B. function, with its

tail parameters fixed to those obtained in a fit to the Monte Carlo sample.
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8.2 Determination of the signal yields

8.2.1 Fit model

The yields of Bt — D°r*v; and Bt — D*0rty, are extracted from a 3-dimensional
template fit to the 7 decay time, squared dilepton mass, ¢?, and BDT distributions. The
templates for signals and backgrounds are produced from the corresponding Monte Carlo
samples. The binning is chosen such taht each bin of each variable contains approximately
the same number of events in data. The number of bins are 8 for the 7 decay time, 8
for the ¢® and 3 bins for the BDT. The templates used for the signals and the main
background components are shown in Figs. 8.2, 8.3, 8.4 and 8.5.
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Figure 8.2: Templates used in the signal fit model for B* — DYrv decays with 77 —
7t 'y, (red) and 77 — 7T T A%, (blue).
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Figure 8.3: Templates used in the signal fit model for BT — D**ry with 7+ — 7 Tn 777,
(red) and 77 — 7#rn~ 7 7%, (blue).
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Figure 8.4: Templates used in the signal fit model for B — D*~7v decays with 77 —
7t 'y, (red) and 77 — 7T T 7w, (blue).
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Figure 8.5: Templates used in the signal fit model for B — D°D} X (red), B — D°D°X
(green) and B — DD+ X (blue).
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8.2.2 Feed down from B — D**7~ U, decays

Contributions from semitauonic B decays into excited charmed mesons, which will
be generically referred as B — D**77v,, are a critical point in this analysis since their
branching fractions have not been measured. In this work, a total of ten decays of this
kind are taken into account:

e B~ — D;(2420)°

T Vg,

(=]

e B~ — D;(2300

T Vs,

(2420)

e B~ — D3(2460)°r v,

5(2300)

o B~ — D}(2430)°77 7,

o B° — D,(2420)*

5(2460) 77,

£(2300) 777,
)

A/\/\A

e B — D/ (2430)" 17,
e BY = D' (2536)"7 7, and
e BY — D5 (2573)T777,.

The procedure to determine their their branching fractions is based on theoretical
predictions of the LFU ratios:

B(B — D*177,)
B(B — D*(~7,;)’
together with experimental measurements of B(B — D**{~ ;). In particular, the recent

work [153](“Approximation C”) is followed, from which the R(D**) ratios are predicted
to be:

R(D™) = (8.2)

Rsm(D1) = 0.1040.01,
Rem(D3) = 0.07£0.01,
Rsu(D;) = 0.0840.03, (8.3)
Rsm(D}) = 0.06 4 0.02,
Rem(D.) = 0.09£0.02,
Rem(D:,) = 0.0740.01,

where the different symbols stand for:
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Dy = D;(2420)"/D;(2420)°, (8.4)
D = Dj;(2460)%/D;(2460)°,
D = Dy(2300)%/Dg(2300)°,
D, = D)(2430)"/D}(2430)°, (8.5)

Dgl = D21(25 )
D:, = D;‘2(2573)

Using these predictions and measurements of B(B — D**{~7,) [9], the branching fractions
B(B — D**777,) can be estimated.

On one hand, D}, Dy, D} and D{ mesons decay strongly into a charm meson and
pions. Their branching fractions have been estimated using experimental measurements
and isospin relations in [154] and are summarized in Tab. 8.1. On the other hand, for the
D' (D*}) meson, it is assumed that it decays 50% of the times into D**K* (D°K™)
and 50% into D*TK° (DTK?).

Final State
D*zt D*7% Drxt Dr® Y Drr
D; 026 0.13 040 0.20 —

Parent

D, 042 021 — — 036
D, 067 033 — — —
D; — 067 033

Table 8.1: Estimates for D** strong decay branching fractions to exclusive two-body
decays, and the sum of non-D*-resonant three-body decays, > Dnw. Table taken from
[154] (Table XVI) and based on the approach of [153] and measurements from [155].

The D; meson can decay through non-D*-resonant three-body decays, Y Dmw. Hence,
it is necessary to split these modes into Dr*7~, Dr%7® and Dn%7*. Approximate isospin
conservation by the strong interaction can be used to estimate the value of several ratios
of D* branching fractions. The branching fractions for D? and D mesons into three
particles have been computed, and the results are Tab. 8.2.

Final State

Parent D*nt D2 Drxt Dx° Drtn~ Dn%° Dna'zt
D? 0.42 0.21 — — 0.24 0.04 0.08
Df_ 0.42 0.21 — — 0.02 0.11 0.23

Table 8.2: Estimates for D; strong decay branching fractions to exclusive two body decays
and non-D*-resonant three-body decays using the isospin relations.
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Using the estimated D** decays branching fractions and the measurements of
B(B — D*(— DYWX){~p,) from [9], the B — D*7~ 7, and B — D*(— D°X)r 7,
branching fractions can be estimated. The results are shown in Tab. 8.4.

As a cross-check, in Tab. 8.3, the total branching fractions B(B~ — D**¢~7,) and
B(B® — D*{~7;) are compared to the experimental measurements from Ref. [9], finding
an excellent agreement.

Estimated B(B — D¥nwlv) (n > 1)
Parent —
B(B — D**¢v) from [9]
(%) (%)
B~ 1.88 +0.13 1.88 +£0.25
B° 1.86 4+ 0.24 23405

Table 8.3: Comparison between the estimated B(B~ — D*{~7,) and B(B® — D**(~7,)
branching fractions and the measurements from [9].

Once the branching fractions for B — D**7~ 7, decays are obtained, it is possible to
estimate their yields relative to the B* — D*97%y_ signal,

N(B — D*17v,)

fD**/D*O — — 3 (86)
N(B*t — D*07rtu,)
in the signal-selection sample. This can be done through the expression:

— = — €50 *ok

B(B~—D** 1~ 7,)x B==D** +B(BO—>D**7'7PT)><;—‘1X;BOHDM +B(BY— D7) x Lo x Bam D

f P € B——D*0 v fp—_p*0 v fp—_p*0
D**/D B(B——D*07— 1, )xB(D*9—D0X) )
(8.7)

where ep-_,p««/ep-_sp+0, Ego_, e /EB-—po and Egg%D**/EBfﬁD*O are the relative effi-
ciencies for B~ — D*7 7., B — D*77 7, and B? — D**777, decays with respect to
signal BY — D*%7%v, decays; fi/f. and f,/f. are the ratios of fragmentation fractions,
where fy/f, = 1 and f,/f, is taken from Ref. [156], and B(D*® — D°X) is taken to be
100%. This results in

e jpro = 0.043, (8.8)

which is set as a fixed parameter in the signal fit.
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8.2.3 Summary on the signal fit model

140

The model used in the signal fit to data is summarized in the Tab. 8.5. The meaning
of the parameters that appear in that table is the following:

N(BT — D *u.) is a free parameter accounting for the number of signal
BT — D% fu. events.

N(BT — D*7%y,) is a free parameter accounting for the number of signal
BT — D*%7%y, events.

fP is the fraction of 7+ — 377, decays with respect to the sum of 7+ — 377, and
7+ — 317D, for Bt — D% v, decays. Its value is fixed to 0.836.

f?{i"(’ is the fraction of 7 — 377, with respect to to the sum of 7% — 377, and
7t = 377D, for B® — D* 7ty decays. Its value is fixed to 0.844.

?5:_ is the fraction of 7% — 377, with respect to to the sum of 7+ — 377, and

7+ — 37177, in decays with a D*~. The value is fixed to 0.853.

fp+—p-o is the amount of B — D*~ 77, decays relative to B* — D*'7F v, decays.
The value is fixed to 0.142.

fpe+/pw0 is the amount of B — D**7tv, decays relative to BT — D**7v, decays.
It is fixed to 0.043.

N(B — D°D°X) is the number of B — D°D°X events. A Gaussian constraint of
15% is applied on this yield, based on the measurement of the yield of D° — K*3x*
decays.

N(B — D°D*X) is the number of B — D°D*X events. This is a free parameter.

N(B — D%nX) is the number of prompt events B — D37 X. This is a free
parameter.

Neomb—vkg s the number of combinatorial events where the D and the three pions
come from different decays. This is a fixed parameter, based on the number of
events with m(D"37) invariant mass above the B* best-known mass.

N, 5o is the number of combinatorial background events giving a fake DP. This

yield is fixed to the number of events observed in the D° sidebands.

Npy+ is the number of decays involving a Df. This is a free parameter. The DY
model is described in detail in Sec. 7.1.

F; is relative yield of a component i with respect to the B — D°D7 component,

so F; = N, (see Sec. 7.1). They are used as constraints.
NB+—>50Dj‘



8 Measurement of Bt — D% *v. and B* — D*97% v, branching fractions

e F is relative yield of a component 7 with respect to the B — D*~ D} component,

re. Fr = NN—1+ (see Sec. 7.1). These parameters are fixed.
BO—Dp*— D]

e The ¢; parameters correspond to the relative efficiencies of a component ¢ between
the BT — D°D}(X) control sample and the signal sample.

e ) .€F; is given by:

E &l = eppopt X Fprpopt +€prpeops X Fpepapt +€prpoprt X Fpe_,pop:+
i

+ g+ popr+ X Fpr props+ + €B+_5 DO D, (2460)+ ¥ FB*H50D31(2460)+

+ €510, 2460+ X Lt 0D, (2a60)+ T €B+|BoDoDE (x) X FptBoSDoDH (x)
+ €popoprx X Fpoypoptx + €gop—pr X Fpopp+

+ €poype-prt X Fpoype-pt X Fo_ pu pot

+ €go_,pr-pi X Fopepf X F§0—>D**D;‘O(2317)+

*
+ €80 D+~ D,y (2460)+ X Lpo_pe-pr X Fpo_,pe-p_, (2460)+

(8.9)

where iy 5op+ =1 and €5+, jopr = 1.
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| Component | Yield
Bt — Drtu., mt = 377, | N(B* — DrFv,) x f?ﬁ’ro
Bt = D7y, 7t = 377%, | N(BY — Drtu,) x (1 — f2)
Bt — Dttt — 377, N(BT = D*rFu,) x f2°
Bt = D1y, 7t = 317w, | N(BY — D*'rtu,) x (1 — f27)
B —» D1y, 1t = 377, N(B® = D" 77v,) X fpepwo X f2~
B = D* 1ty 7" = 317’0, | N(B™ — D*7%v,) X fpepo X (1 — f{27)
| B— D*1tu, | N(B* = D*%7"v;) X fpespeo
| B — DVDX | N(B — D°DX)
B— D'DVX N(B - D'D'X)
B — D%3nX N(B — D"371X)
Comb. background D°/3x Neomb—bkg
not D° N, .50 (D° sideband)
B* — DDy Npr X ept spopr X Fye spops/ D6 F:
B* — DD} Np: X €piprops X Fpi s popr/ D 6F:
BY = DD+ Npt X epepopet X Faeoppopet | S iF;
BT — DD+ Np+ X €gs_propr+ X Fpi  puope/ > 6F;
BT — §0D51(2460)+ Nps X €+, pop,, 260+ X Ft 00D, 2160/ 2oi € F
B* = D*D1(2460)" Nps X €+, p0p,2a60)* X Fpr 00D, 2060+ / 221 €i F
B*|B] — DD} (X) Np: X €ptip9spoptx) X Foripospopr o/ 2 6 F:
B° —» D'DI X Npr X epo,poprx X Fpopoprx/ 2. 6L
BY — D*_D:' Np+ X €go_ype—pt+ X FBO—>D**D+/Zi & F;
B® = DD Npy X €gope—pzt X Fpo,pepy X Flo_ o per/ 225 685
B° — D*" D} (2317)" Npy X €prope-pyy 311+ X Fo,pept X Fpo_,pe-pe a31n)+/ 22i 65
B — D*" D (2460) Npg X €Bosp+=p,(2160)+ X Fgo_pe-pt X FEUHD**D51(2460)+/21' &F;

Table 8.5: Components included in the signal fit and their corresponding yields.

8.2.4 The blinding strategy

The analysis is in a preliminary stage. Therefore, in order to minimize biases, the
number of signal events N(B* — D *v.) and N(B* — D**7%v.) are blinded. The
strategy followed is to add to each signal yield a random number, z, from a Gaussian
distribution, G(p,0), with values = 0 and ¢ = 20000:

Nig = Ny + . (8.10)

In this way, the uncertainty in the signal yield remains un-blinded and can be moni-
tored, while the relative uncertainty oy, /v,,, is unknown.

At this point, both signal yields are blinded. However, these values could be obtained
with the dataset size and all the background yields. In order to prevent this issue, also the
largest background component due to B — D°D7F(X) decays, M p=» is blinded, following
the same strategy. The blinded D°D7 yield is given by Ngéﬁld = Np+ —a'. The parameter
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8 Measurement of Bt — D% *v, and B* — D**r%v, branching fractions

x’ corresponds to a number from a Gaussian distribution with values ¢/ = 0 and o’ =
40000.

The last step of the blinding strategy has to do with the visualisation. We set the area
of the BT — D% *v, and Bt — D**7t v, components to 90000 and 110000, respectively.
Also, the area of the D} component is set to 100000.

8.2.5 Determination of the signal yields

The signal yields of Bt — D°rtv. and B* — D**rtu. are obtained from a
3-dimensional template fit to the 7 decay time, ¢ and BDT distributions using the
Beeston-Barlow Lite method [157]. The fit results are show in Tab. 8.6 and the fit projec-
tions in Fig. 8.6. The correlation between the B — D7ty and B — D*97t v, yields
provided by the fit is —0.94.
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Figure 8.6: Projections of the nominal 3D fit on the 7 decay time, ¢* and BDT distribu-
tions. The B* — D% "v, and BT — D**r v, signal components and the B — DD} (X)
background are blind in the fit and their normalisation is chosen arbitrarily.
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Parameter Fit result Constraint
N(B* — D7) xxx +1844 —
N(B* — D*r*y,)  xxx +1096 —
N(D}) xxx +1068 —
N(D) 7978 £ 613 6655 £ 998
N(DT) 8606 4 554 —
Nprompt 6223 + 306 —

N, oi— o 10902 10902
Ncomb.bkg. 3286 3286
FO s 0.944 +0.037  0.915 + 0.054
Fpi  popr+ 0.870 £0.043 0.935 £ 0.056
Fpi  pops+ 1.847 +£0.041 1.829 £ 0.047
Fpi . pop,, (2460)+ 0.266 +0.033 0.332 +0.038
Fpi_ pop,, (2460)+ 0.805 4+ 0.030 0.710 4 0.040
Fpi g0, pop# (x) 0.791 £ 0.034 0.817 +£0.037
JD#+ Do 0.043 0.043

Table 8.6: Results of the nominal 3D fit using the Beeston-Barlow Lite method.

8.2.6 Toys studies

The behaviour of the fit model is checked using toys studies. 1000 pseudo-experiments
are generated and fitted using the parameter values obtained from the nominal fit. The
pull distributions for the fit model parameters are shown in Fig. 8.7. The 100% of the fits
converge well.
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Figure 8.7: Pull distributions of fit parameters obtained from 1000 pseudo-experiments.

Since no significant biases are observed in any of the fit parameters, no corrections
are applied.
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8.3 Determination of BT — D%y, and Bt — D*%rtu.,
branching fractions

The signals (see Sec. 8.2.5) and normalisation (see Sec. 8.1) yields are used to measure
the Bt — D%y, and BY — D*r"v. branching fractions. From the expression for
KC(D™0) presented in the Sec. 5 (Eq. 5.3):

B(B* — DWOr+y.)

K(D™0) = aS ,
( ) B(Bt — DYD}) x B(Df — ntn—nt)

(8.11)

one can obtain, in terms of the signal and normalisation yields:

N(BT — D®Orty,)

(%)0
KD N(B* — DD¥)

55£34—44,i§01);¥ (Eg.liZ)

T3V 7310y 0
€B+4)D(*)OT+ZI7—B(T — 37V)ppa + €B+*>D(*)OT+V7—B<T — 317 )ppa

where the efficiencies have been determined in Sec. 6.4, and the branching fractions
B(B* — D°D})ppg = (9.0 £0.9) x 1073, B(Df — 777 7" )ppe = (1.08 £0.04) x 1072,
B(t — 3nv)ppg = 0.0902 & 0.0005 and B(t — 377°0)ppg = 0.0449 + 0.0005 are taken
from the PDG [9]. The results are:

K(D%) = xx+22 (stat.) +0.35 (ext.), (8.13)
K(D*) = zx+16 (stat.) £0.74 (ext.), (8.14)

where the correlation between the statistical uncertainties of (D) and K(D*) is —0.91
and between uncertainties due to external measurements is +1. The uncertainty from
external measurements is negligible in comparison with the statistical one.

Now, from Eqs. 8.11 and 8.12, the branching fractions of B* — D% *u, and
Bt — D*7ty_ can be obtained as:

B(BY = D7t un)=K(D™°) x B(B* — DD/ )epe x B(D — nta~7" )epc.

(8.15)

The measured branching fractions are:
B(BT — D°7tvy,) = xx40.21 (stat.) £ 0.07 (ext.) %, (8.16)
B(BT — D*rt%v,) = 2z +0.15 (stat.) £0.15 (ext.) %, (8.17)

where the first uncertainties are due to the statistical uncertainty of the signal and nor-
malisation yields, and the second is due to the external inputs. The correlation between
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the statistical uncertainties of both branching fractions measurements is —0.91 and be-
tween external uncertainties is +1. Adding both statistical and external uncertainties,
the branching fractions are:

B(BT — D tv,) = xx40.23 (stat. + ext.) %, (8.18)

B(BT — D*1%v,) = 2z +0.22 (stat. + ext.) %, (8.19)

with a correlation of —0.37.
These results can be compared with the world average measurements [9]:

B(BT — D7ty )ppe = 0.774+0.25 %, (8.20)
B(BT — D*7tv.)ppe = 1.88+0.20 %. (8.21)

These results, before including the systematic uncertainties, are competitive with the
world average precision.
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Determination of R(D") and
R(D*%) branching fractions

The LFU ratios:

B(B+ — Drtu,)
B(B+ — D+1,)’

R(D") =
and

B(B* — D*'r*v,)

B(B+ — D*0(+y,)’

are determined using the results of the signal branching fractions from Sec. 8 and the
branching fractions measurements B(B+ — D%*v,) = 2.3040.06 (stat.)+0.08 (syst.) %
and B(B* — D*0*y,) = 5.58 +£0.07 (stat.) £ 0.21 (syst.) % as external inputs [47]. The
results are:

R(D) =

R(D°) = wxx40.093 (stat.) £ 0.034 (ewt.),

R(D*) = zx+0.026 (stat.) & 0.029 (ext.).
The correlation between the R(D°) and R(D*?) statistical uncertainties is —0.91 and
between the external uncertainties is +1. The results are shown in Fig. 9.1. Being the
results still blinded, the ellipse is placed at the SM benchmark. The continuous cyan line

is due to the statistical uncertainty only and the dashed cyan line to both statistical and
external measurements uncertainties.
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Figure 9.1: R(D) and R(D*) measurements of this work, shown in cyan. Since the result
is blinded, the central values are placed at the SM prediction benchmark. The statistical
uncertainty is shown with a continuous line, while the total uncertainty, statistical plus
external, is shown with a dashed line. The world average is given by the red ellipse, while
the SM prediction corresponds to the gray ellipse. Other measurements performed by
different experiments are also indicated.
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Systematic uncertainties

Contents
10.1 Monte Carlo statistics . . . . . . . . . . . oo 151
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10.4 Background model uncertainties . . . . . . . ... ... ... 152
10.5 Other systematic effects . . . . . . . .. ..o 153

At the time of writing this thesis, the systematic uncertainties have not been com-
puted. In the following, a description of some of the most important systematic effects

are briefly described.

10.1 Monte Carlo statistics

In the previous LHCb measurements of R(D*) [42-44] the dominant systematic un-
certainty was due to the limited statistics in the simulation. In the nominal signal fit of
this work, the Beeston-Barlow [157] “Lite” method was applied. This method treats bin
statistical uncertainties introducing a single nuisance parameter per bin that accounts for
the overall statistical uncertainty. The strategy to determine the systematic uncertainty
due to the templates statistics consists in introducing the Beeston-Barlow method in the
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fit, so that each bin of the model is allowed to float. The fit is also repeated with Beeston-
Barlow method turned off. The quadrature difference of the signal precision between the
two fits is assumed to be due to the template statistics. In addition, a bootstrap technique
can be applied. In this technique, the data is fitted with varied templates. Each bin in
the templates are fluctuated according to a Poisson distribution and the fit is repeated a
sufficiently large number of times. The variation on the signal yields can be assumed to
be the systematic uncertainty.

10.2 B — D**71Tv, decays events

The feed-down from B — D**7 v, decays is estimated using approximate isospin con-
servation, together with theoretical calculations. Therefore, the systematic uncertainty
derived from this estimation is obtained using information coming from the corresponding
theoretical assumptions and experimental measurements of B — D**7v. Using a boot-
strap technique, introducing a large variation of the fraction of B — D**7Fv,, fp«,po,
will be sufficient to study the systematic effect due to the presence of these decays in the
signal sample.

10.3 Form-factors uncertainties

Another source of uncertainty comes from the knowledge of the signal hadronic form-
factors. In Sec. 6.3.4, it is shown the BGL parameterisation for the B — D71, and
B — D*t"v, decays. A theoretical determination of the BGL parameters is used in order
to correct the shape the signal decays. Pseudo-experiments are made varying the form-
factor parameters, so that it can be derived the systematic uncertainties arising form the
limited knowledge of these parameters.

10.4 Background model uncertainties

The main systematic uncertainties corresponding to the background modelling are
due to the double-charm B — D°D(X) and the inclusive Dy — at7~77(X) decay
models. In order to determine the effect of the model of these decays, in the final fit,
different parameters corresponding to each background model can be varied. Applying
the bootstrap technique, the systematic uncertainty due to these backgrounds can be
estimated.
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10 Systematic uncertainties

10.5 Other systematic effects

In addition to the dominant systematic effect, systematic uncertainties must be stud-
ied regarding the selection of signal and normalisation events, the trigger lines, the particle
identification performance, the decay kinematics and the event multiplicity.
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Conclusions and prospects

The LHCb detector has been demonstrated as an excellent tool for extending the
SM knowledge. However, the physics efforts towards BSM searches remain statistically
constrained, which highly motivates an upgrade of the detector during the LS2 of the
LHC. The LHCb Upgrade I will allow for an operation luminosity environment of 5 times
higher than the previous spectrometer, with a more efficient trigger. A key part of this
upgrade is the replacement of the VELO detector by hybrid pixel sensors, consisting of
two parts: a planar silicon sensor and a VeloPix readout ASIC. As part of this thesis, the
performance of the new VELO sensors was characterised. In particular, sensors consisting
of n-on-p triples HPK of 200 um thick, 55 x 55 um? pixels and 39 um implant size were
studied.

Firstly, the IV curve was characterised for a non-irradiated sensor. The scan was
carried out in a similar environment to the LHC running conditions, and the results
corroborated that the sensor was able to reach the 1000V required without showing
breakdown. Secondly, one of the biggest challenges that the upgraded VELO will face is
radiation damage. Therefore, a study was performed in order to determine the dependence
of the high-voltage tolerance with temperature for sensors irradiated with different fluence
profiles. Sensors irradiated with a uniform profile (at IRRAD facilities) showed a correct
behaviour in all the IV scan range. However, all non-uniform irradiated profile sensors
(at Birmingham) displayed a very early breakdown voltage. This behaviour drove further
research in order to understand the nature of this effect. Several hypotheses were tested at
the VELO laboratory, without obtaining a determining conclusion about the mechanism
that would trigger the breakdown. Finally, since the effect was not further found in none
of the subsequent sensors that were sent to irradiation facilities, it was generally accepted

155



BEATRIZ GARCIA PLANA

that some defects in either the cold chain, the manufacturing, the irradiation process or
the Parylene damage would cause the early breakdown. As an additional contribution to
the VELO upgrade project, two models for the IV curve were proposed for sensors that
did not show breakdown voltage. Both parameterisations worked well, being the results
compatible among them.

At the time of writing, the new VELO has already been installed in the upgraded
LHCb. The first stable beams have occurred, while the first high energy collisions are
scheduled for the fifth of July 2022. The work documented in this thesis was part of
the project that would ensure a safe operation of the LHCb, guaranteeing a correct and
reliable data acquisition.

With respect to data analysis, the second and main work of this thesis is dedicated
to Lepton Flavour Universality tests in semitauonic B decays. Several measurements of
this kind of observables present long-standing tensions with respect to the SM prediction.
In addition, they are sensitive to NP contributions. The measurements of the R(D")
and R(D*?) ratios using 2016, 2017 and 2018 data collected by the LHCb experiment
are reported in this thesis. The 7 lepton is reconstructed in its 3-prong hadronic decay,
(R A o € ) 7

The analysis is in an advanced state, and comprehensive documentation of it is re-
ported in this thesis. The steps completed so far consist of the selection and preparation
of data and Monte Carlo samples and the study of control samples. The normalisation
and signal yields have been determined. The former through an unbinned maximum like-
lihood fit, and the later by means of a 3D templates-based fit. The method followed for
the measurement allows to express the coefficient K(D™)), the target of the analysis, in
terms of the signal and normalisation yields. The results obtained are:

K(D%) = xx+22 (stat.) +0.35 (ext.),
K(D*) = zx+16 (stat.) £0.74 (ext.),

where the first uncertainties are due to the statistical uncertainty of the signal and nor-
malisation yields, and the second are due to the external inputs. Introducing these results,
the measured branching fractions are found to be:

B(BT — D°7tv,) = xx40.21 (stat.) & 0.07 (ext.) %,
B(BT — D*rt%v,) = zx+0.15 (stat.) £0.15 (ext.) %,

being the uncertainties analogous to the previous case. These results can be compared
to the world average measurements [9], showing competitive results in terms of precision.
Finally, the blinded R(D) and R(D*°) ratios are determined:

R(D%) = zz40.093 (stat.) & 0.034 (ext.),
R(D*) = 22 +0.026 (stat.) & 0.029 (ext.),

which are competitive with previous experimental measurements [47].
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11 Conclusions and prospects

Based on the work reported in this thesis, the analysis described will undergo an
internal LHCDb review, along with the subsequent publication. The result will mean a
sensitive test of Lepton Flavour Universality, having a significant impact on the R(D™)
world average. Aiming for clarifying if the open questions related to Lepton Flavour
Universality are due to NP effects, different strategies are proposed.

Firstly, the current dataset will be exploited by updating the completed analyses
up to now, and performing new analyses. This strategy foresees the measurement of
R(DY), R(D*), R(DY), R(D*"), R(D}), R(D:), R(AS), R(A*T) or R(J/4) ratios,
among others. Besides, decays involving b — ufv, transitions are also currently under
investigation, such as the ratios R(A) — pr~7,) or R(BT — pprv;).

Moreover, LFU tests will be performed in observables beyond decay rates. Angular
analyses, such as the measurement of the D* longitudinal polarisation fraction, provides
an interesting scenario to test NP models.

Finally, new datasets are going to be collected, as it was reported throughout this
document. In the near future, LHCb is expected to acquire data corresponding to an
integrated luminosity of 25fb~" by the end of LHC Run 3, which will scale up to 50 fb~*
after Run 4. With this data sample, it is estimated that the LHCb precision of LFU
observables will improve by about a factor of 2-4 [154]. The proposed LHCb upgrade
Phase II, would allow to further improve the precision of the presented ratios down to
the 0.5 — 2.0% level [154]. In the case of Belle II, the goal for the next decade is to
collect 50ab™!. This would imply that, for different LFU ratios, the precision would
range 0.5 — 4%, depending on the considered scenario. This means that both experiments
will achieve comparable precision.

To summarise, motivated by the intriguing long-standing anomalies in R(D™), this
thesis documents a new test of Lepton Flavour Universality using semitauonic decays,
at the LHCb experiment. This measurement, along with others currently ongoing and
planned from both LHCb and Belle II, will contribute to the understanding of the flavour
sector puzzle.
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Luminosity

One of the most important parameters of an accelerator is the luminosity, £, which
is a measurement of the collected data size. In the LHC, the number of events Neyents
produced in a collision depends of the event cross-section gevent and the luminosity as:

Nevents - Uevent//:dta (Al)

where the luminosity depends on the beam parameters as:

N2nbfrev’)/7"

being N, particles per bunch, n, bunches per beam, f., the revolution frequency, -,
the relativistic gamma factor, €, the normalised transverse beam emittance, 8* the beta
function at the collision point and F' the geometric luminosity reduction factor due to the
crossing angle of the beams at the interaction point.

Fig. A.1 shows a comparison of integrated luminosity recorded by LHCb during dif-
ferent years.
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Figure A.1: LHCb Integrated recorded luminosity over Run 1 and Run 2. Obtained
from [158].
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Non-uniform irradiation campaign

The irradiation campaign at Birmingham was carried out following a non-uniform
irradiation profile, as it was described in Chap. 4. In order to match different running
conditions and therefore study the effect that this difference may have in the sensor
response, different irradiation fluences were applied in different regions close to the sensor,
or foils. As a result, Birmingham irradiated TILES are a set of different combinations of

irradiation fluence in different regions. All the irradiation campaign details can be found
in Tabs. B.1, B.2, B.3 and B.4 and Figs. B.1, B.2, B.3 and B.4.
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Foil Fluence
(101 MeV n,, cm™2)
49 3.16
28 3.14
47 3.09
7 2.29
9 2.05
44 0.760
45 0.350
20 0.0926

Table B.1: Summary of irradiation characteristics to which TILE 4 was subjected.

50mm

50mm

5 30 25 -28

Figure B.1: Irradiation profile for the TILE 4.
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B Non-uniform irradiation campaign

Foil Fluence
(101 MeV n,, cm™2)
37 0.0867
1 0.0966
34 0.181
21 0.582
5 0.671
27 2.93
4 3.50
22W 4.02

Table B.2: Summary of irradiation characteristics to which TILE 5 was subjected.

50mm

Figure B.2: Irradiation profile for the TILE 5.
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Foil Fluence
(101 MeV n,, cm™2)
71 1.90
717 5.90
72 0.600
718 4.70
722 0.350
721 0.340
Z 5.90
723 0.312

Table B.3: Summary of irradiation characteristics to which TILE 6 was subjected.

Figure B.3: Irradiation profile for TILE 6.
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B Non-uniform irradiation campaign

Foil Fluence
(101 MeV n,, cm™2)
721 2.50
78 2.50
713 2.20
737 1.70
736 0.340
735 0.300
73 0.260

Table B.4: Summary of irradiation characteristics to which TILE 7 was subjected.

50mm

Figure B.4: Irradiation profile for TILE 7.

167



BEATRIZ GARCIA PLANA

168



Resumo da tese en (zalego

C.1 Motivacion teorica e obxetivos

O Modelo Esténdar (ME) da Fisica de Particulas é a teoria que describe os consti-
tuintes fundamentais da materia, as particulas, e as interaccions entre elas, as forzas. Un
dos alicerces nos que se sostén é a chamada Universalidade Leptoénica de Sabor (ULS),
propiedade que predi que os acoplamentos dos leptons aos boséns son independentes da
familia leptonica. Dado que este é un dos ingredientes fundamentais da teoria, a sta
violacién poria en cuestiéon o ME, abrindo un interesante camino & Nova Fisica (NF).

A pesar do éxito de ME predicindo e explicando a meirande parte dos resultados ex-
perimentais, hai cuestions abertas que non encaixan no marco teérico, polo que é necesario
unha extension do mesmo. O experimento LHCDb foi desenado primeiramente para medir
parametros da violacion CP en desintegraciéns de hadréns cun quark b. Sen embargo, nos
ultimos anos estendeuse ampliamente o programa cientifico do detector, constituindose a
dia de hoxe como unha ferramenta moi potente de cara 4 NF. A pesar do éxito acadado
polo experimento LHCb, os seus resultados atépanse limitados estatisticamente.

Nas ultimas décadas a ULS foi minuciosamente medida e estudada, resultando, por
unha banda nun patron de anomalias experimentais; e por outra banda en novos mo-
delos tedricos que xustificarian as medidas obtidas experimentalmente. En concreto, a
ULS sométese a proba mediante a comparacién das fraccion de desintegracién (FD) de
desintegraciéns semitauénicas e semimuénicas. Os cocientes R(H,) definidos como:

Hb — HCT+VT

R HC - / Y
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onde H, (Hj) son hadréns cun quark ¢ (b) e £ un electrén ou un muon, son observables
particularmente interesantes, debido & que resultan limpos en virtude de que os efectos
hadroénicos cancélanse na fraccién, asi como as eficiencias e efectos sistematicos causados
polo dispositivo experimental.

As primeiras mediciéns da ULS levaronse a cabo nas chamadas fabricas de B (BaBar
e Belle), s que seguiron resultados de moi alta precisién do experimento LHCb [42-45].
A media global de todas as medidas experimentais de R(D*)°) sitiia a anomalia a 3,40 da
predicién do SM, o que motiva novas procuras neste eido que poidan esclarecer a presencia
de procesos de NF.

Nesta tese preséntase a primeira medida dos cocientes:

B(B* — D°r*u,)

B(B* = Dty)
B(BT — D*°r*v,)
B(B+ — D+1,)’

R(D°) =

R(D*) =

co tau reconstruido nos modos 7t — 7t 7t e 7t = 7t 1t 1%, 0 D en Ktn~
e o D** desintegrandose ou ben de xeito D°7° (no 64,7 4+ 0,9% [9] dos casos) ou en
D%y (35,3 +0,9% [9]). A analise levouse a cabo con datos do Run 2 recollidos polo
experimento LHCb, correspondentes aos anos 2016, 2017 e 2018. Os datos foron obtidos
de colisiéns proton-protén a unha enerxia no centro de masas de 13 TeV, resultando nunha
luminosidade total integrada de 5,4 fb™'.

C.2 Dispositivo experimental

O Gran Colisor de Hadréns, LHC (Large Hadron Collider), é o acelerador de particu-
las méis potente xamais construido. Sitiase no Laboratorio Europeo para a Fisica de
Particulas (CERN), ubicado en Xenebra. O LHC estd instalado nun tunel de case 27 km
de circunferencia e unha profundidade media de 100 m.

O proceso de aceleracién dos feixes de protons lévase a cabo mediante varios sub-
aceleradores que, sucesivamente, incrementan a enerxia das particulas. Finalmente, os
proténs son inxectados no ultimo acelerador, o LHC, polo que circulan a 6,5TeV en
dous sentidos opostos. Ao mesmo tempo, para curvar a traxectoria dos proténs, é preciso
a presencia dun campo magnético duns 8 T, que é creado por imans superconductores
operados a 1,9 K no interior dun criostato.

Os feixes de proténs fanse colidir en catro puntos diferentes do LHC, onde estén situa-
dos os grandes detectores: ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon
Solenoid), ALICE (A Large Ion Collider Experiment) e LHCb (Large Hadron Collider
beauty).

Nesta tese, traballouse con datos recollidos polo experimento LHCb. O detector con-
siste nun espectrometro dun sé brazo cuxa xeometria esté especificamente desenada para
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o rango de aceptacién de hadréns bb que, a altas enerxfas, prodiicense nun cono cara dian-
te (e cara atrds) dende o vértice principal. As diferentes componentes do detector durante
o periodo de funcionamento 2016-2018, atopanse esquematizadas na Fig. C.1. Listadas en
orde dende o punto de interacién, correspéndense con:

Localizador de Vértices (Vertex Locator, VELO) que resulta fundamental para re-
construir os vértices de produccién e desintegracion dos hadréns.

Imén que proporciona un campo magnético de 4 Tm entre as estacions de trazado
para a determinaciéon do momento das particulas cargadas producidas nas colisions.

Sistema de trazado que se compén dunha estacion de silicio situada antes do iman
(Tracker Turicensis, TT) e de tres estaciéns de trazado (T Stations, T1, T2 e T3) que
se atopan despois do iman. Encarganse da reconstruccién das trazas das particulas
cargadas que atravesan o detector.

Detectores de aneis de iméxenes Cherenkov (Ring Imaging Cherenkov) situados an-
tes (RICH1) e despois (RICH2) do imén, cuxa funcién é identificar hadréns cargados
nun amplio rango de momento.

Sistema de calorimetros (Scintillator Pad Detector, SPD; PreShower, PS; FElectro-
magnetic CALorimeter, ECAL e Hadronic CALorimeter, HCAL)) que ten como
propdsito a correcta idenficacién de hadréns, electréns e fotéons; mediante a medida
da sda enerxia.

Sistema de mudns para identificar muoéns.

Figura C.1: Representacion do detector LHCD, figura de [159] modificada pola autora.
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Malia que a anélise de datos foi levada a cabo co detector LHCb que se acaba de
presentar, no momento de redactar este documento, a nova actualizaciéon do LHCb atépase
practicamente finalizada. Na seguinte secciéon proporcionarase mais informacién sobre dito
proxecto.

C.3 A actualizacion do VELO do LHCb

Nos periodos que abarcan os anos 2010-2012 (Run 1) e 2015-2018 (Run 2), LHCb
levou a cabo analises que contribuiron notablemente a expandir o noso coniecemento do
ME. Partindo desta base, co obxectivo de realizar medidas altamente sensibles aos efectos
da NF, apostouse por unha actualizaciéon do detector, de xeito que puidera operar as altas
condiciéns de luminosidade do LHC (incremento que comezard no 2022).

A actualizacién do detector LHCD tera lugar en duas grandes fases, a primeira, que co-
mezou en 2019; e a segunda, que tera lugar a partir de 2033. Neste traballo, centrarémonos
na Fase I, que preparard o experimento para facer fronte a unha luminosidade un factor
cinco maior con respecto ao Run 2. O programa de fisica que se propén abrangue dende
resolver os problemas que plantexa o sector do sabor (onde se inclien as anomalias pre-
sentadas), ata medidas de desintegraciéns moi raras ou mesmo extensiéns do SM. Para
acadar estes obxectivos, o sistema de trigger sera remplazado por un que permita que
a seleccion se leve a cabo exclusivamente a través de software. Con respecto aos sub-
detectores, o VELO serd totalmente remplazado, asi como o sistema de trazado e o de
identificacién de particulas, ou ou deseno 6ptico do RICHI.

Unha das actualizacions fundamentais serd reemplazar o VELO por un detector de
silicio baseado na tecnoloxia de pixeles, o VeloPix. Os novos médulos do VELO estaran
formados por hidridos en forma de L (ver Fig. C.2) colocados perpendicularmente entre
eles, de xeito que maximicen o rango de aceptancia & vez que se sitian o mais preto do
feixe posible. Nos hibridos instdlanse os sensores, xunto co sistema de refrixeracién e a
electréonica. Como parte fundamental do proceso de testeado do VELO, é preciso com-
probar que cada sensor funciona correctamente replicando unhas condiciéns similares a
aquelas nas que operara. Esta tese documenta parte do traballo relativo as probas de labo-
ratorio que se levou a cabo como parte do proxecto de actualizacion do VELO. Unha das
técnicas mais empregadas para este traballo foi o estudo de curvas de voltaxe-intensidade
(IV), xa que proporcionan unha ferramenta eficaz para determinar o rendemento dos sen-
sores. En primeiro lugar, elaboraronse curvas IV dun sensor sen irradiar, atopando que
a resposta coincidia coa esperada. Por outra banda, un dos maiores retos aos que se ten
que enfrontar o VELO ¢é ao envellecemento por radiacion, xa que ao ser a parte do LHCb
que se atopa mais preto do feixe de protdns, esta alcanza valores elevadisimos, e ademais
incide sobre o VELO dun xeito non uniforme.

A segunda parte do traballo organizouse co obxectivo de estudar o efecto que poden
ter diferentes tipos de irradiacion, uniforme e non uniforme, e caracterizar a resposta dos
sensores unha vez sometidos a este proceso. Atopouse que, mentras que os sensores irradia-
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Figura C.2: Tlustracién do VELO actualizado, figura de [160].

dos dun xeito uniforme operaban segundo o esperado, aqueles sensores irradiados de xeito
non uniforme presentaban un incremento repentino da corrente breakdown. Procurando
comprender a natureza deste efecto, levaronse a cabo estudos para determinar a relacion
que poderia ter a aparicion deste fenémeno coa temperatura do sensor. Por ultimo, pro-
porcidnanse dias parametrizacions para modelar a resposta dos sensores. Ainda que os
estudos non foron determinantes, o feito de que o efecto de breakdown non se atopara en
posteriores sensores, 1évanos a conclusion de que durante o proceso de fabricacién ou de
irradiaciéon provocou algunha imperfeccién nos sensores.

C.4 Medida de R(D™?)

Centrandonos agora no traballo de andlise de datos, o obxectivo principal desta tese
¢ unha nova medida hadrénica dos cocientes de ULS:
B(B* — D*°r*v,)

(+)0) —
R(D™) = B(B+ — D*(+1,) (C1)

A andlise comeza por un proceso de selecciéon de candidatos, que sera aplicado tantos aos
datos como as contribuciéns xeradas por simulacion Monte Carlo. Este proceso, & sta vez,
dividese en distintas etapas:

e En primeiro lugar os eventos son obtidos a partir duns requerimentos xerais que
tenen como obxectivo formar candidatos a B+ combinando D° — K7 e 7 — 37*1:
cortes en distancia de voo, calidade das trazas, ou identificacion de particulas.

e A segunda etapa tratase dunha preseleccion de refinado, que procuran suprimir
eventos de fondo: cortes na distancia e calidade dos vértices do B e 3w, momento
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ou pseudo-rapidez’.

e Finalmente aplicanse criterios de seleccion especificos para os eventos de sinal ou de
normalizacion: corte na distancia entre vértices.

Unha das claves da analise presentada aqui ten que ver coa semellanza entre o estado
final reconstruido da sinal e a maior contribuciéon ao fondo. No primeiro caso, procurase
un meson D° e tres pions cargados, mentres que na contribucién de fondo os tres pions
cargados proctidense no mesmo vértice do B, é dicir, eventos do tipo B — D’rtrn— 7t X,
denominadas desintegracions inmediatas. Esto enténdese mellor reparando na topoloxias
semellantes entre as duas sinais da Fig. C.3 e o fondo predominante da Fig. C.4.

Polo tanto, para resolver esta cuestién, é preciso un corte entre os vértices (dividido
pola sta incertidume) do 7 e do B que permita discernir entre eventos de sinal e de fondo.

K+ K+
_ w0,y —
-0 e EO
Vr
7,
+ Qe ot
Bt S8y .§ o
7T+
p PV p P

Figura C.3: Topoloxia de eventos de sinal, correspondentes 4 cadea de desintegracion do
D? (esquerda) e do D** (dereita).

Figura C.4: Topoloxia do fondo mais abundante: a desintegracién inmediata.

ICoordenada espacial que describe o dngulo que forma o momento dunha particula con respecto
4 direccién do feixe
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Unha vez aplicado o corte na distancia dos vértices, o fondo predominante é o debido
a desintegraciéns con dous meséns encanto, do tipo B— DD} (X). Aplicase a técnica de
andlise multivariante para producir unha drbore de decisién (Gradient Boosted Decision
Tree, BDT) que permita diferenciar estas componentes. A saida da BDT é unha variable
con moita capacidade discriminadora entre fondo e sinal, e polo tanto empregase no axuste
tridimensional, a partir do cal obténse o niimero de eventos de sinal.

Para levar a cabo a medida proposta, € preciso describir a distribucion de datos coa
maior exactitude posible, o que require simular de xeito moi preciso as componentes de
fondo (todas aquelas que non son de sinal). Para isto, créanse plantillas simuladas de todas
as componentes que aparecen no noso espectro de datos, e aplicanse lixeiras correcciéns
para dar conta das mellores parametrizacions existentes para describir as diferentes com-
ponentes. Ademais, créanse mostras de control de eventos reais, enriquecidas en certas
compoiientes (por exemplo en desintegraciéns B — D°DF(X) ou inmediatas), que per-
mitirdan aplicar certas restriccions a un axuste final mediante o cal obteremos a medida
obxectivo desta tese.

O cociente R(D™) pédese dividir en duas partes diferenciadas: o numerador e o
denominador. A parte mais sinxela de obter é o denominador, B(B* — D™%*y,), xa
que se empréga unha combinacion de resultados externos de boa precisién, obtidos polos
experimentos CLEO, BaBar and Belle [47].

Con respecto ao numerador, B(B™ — D(*)OT+VT), aplicase a estratexia de introducir
unha normalizaciéon que comparta o mesmo estado final visible que a sinal, de xeito que
moitas das incertidumes sistematicas e de reconstruccion se cancelan no seu cociente. No
presente traballo, escoulleuse BY — D°D¥ co Df — 7F7~ 7+ como canle de normaliza-
ci6n. A FD para o BY — D°D? atépase medida cunha precision dun 10 % [9], mentres
que para o caso de D} — 37, a precisién de dita fraccién é do 4 % [9)].

Tendo en conta o método presentado, o obxectivo da analise é a medida de:

B(B* — DWOrty,.)
B(B+ — D'D#) x B(D} — nta—nt)’
que, & sua vez, pode ser expresado en termos do nimero total de sinal e normalizacion.
Este ntimero de eventos obtense axustando os datos as plantillas creadas, e correxindo

polas respectivas eficiencias, considerando a suma de ambas fraccions de ramificacion dos
modos de desintegraciéon do 7", é dicir:

N(B* — DX0r+y,)

K(D™0) = (C.2)

()0y
KD = N(B+ — D°D¢)
€B+-DOD} C.3)
€T oy, BT = 370)pDG + €gjfg?f)OT+VTB(T — 377%)ppa

onde as diferentes eficiencias, €, determinanse na andlise e as fracciéns de desintegracion
etiquetadas con PDG son factores externos obtidos de [9].

Séguense duas estratexias diferentes para determinar o nimero de eventos de sinal e
normalizacion. Por wunha banda, o nimero de candidatos de normalizacion,
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N(B* — D°D}), obtense dun axuste 4 masa do pico do BY — D°D} | resultando nun
total de 3047 £ 56 eventos.

Por outra banda, os eventos de sinal B* — D°rtu. e Bt — D*9r%y_ extrdense dun
axuste de histogramas en tres dimensiéns, nos que se empregan as plantillas predifinidas
para as diferentes componentes. As tres dimensiéns do axuste son o tempo de desintegra-
cién do sistema 37, a masa do sistema di-leptén ao cadrado, ¢, e a BDT. As variables
escollense de xeito que estén o menos relacionadas entre elas, & vez que se manten a
maxima capacidade discriminante entre as componentes das plantillas.

O modelo do axuste presenta alta complexidade, requirindo o desenvolvemento dun
modelo con 24 componentes e restricions previamente estudadas. O axuste final conta con
17 parametros libres; isto, xunto con todas as dificultades presentadas, implica que a sua
converxencia sexa un dos resultados principais do traballo presentado aqui. O resultado da
proxeccion do axuste en tres dimensions nas diferentes distribuciéns atépase en Fig. C.5.

Debido a que a analise non estd rematada, o axuste no momento de redaciéon deste
documento é cego, o que quere dicir que os resultados atopanse camuflados, co obxectivo
de evitar sesgos. Esta estratexia permite, sen embargo, acceder &s incertidumes, tanto
estatisticas como externas, xa que as sistematicas non se atopan calculadas. Polo tan-
to, introducindo na Eq. C.3 os resultados obtidos para o nimero de eventos de sinal e
normalizacion, séguese que:

K(D%) = xx+22 (stat.) £ 0,35 (ext.), .
K(D*) = zx+16 (stat.) £0,74 (ext.), (C.5)

onde a incertidume debido a medidas externas é despreciable comparado coa estatistica.

O seguinte paso na andlise consiste na obtencién das FD de BT — D% tu, e
Bt — D*%r*y,. Para isto, partese dos parametros (D™0), de forma que:

B(B+ — D(*)OT+VT):K(D(*)O) X B(B+ — EOD:)pDG X B(D: — 7T+7T_7T+)pD(},

(C.6)
onde as fracciéns de desintegracion etiquetadas con PDG son factores externos obtidos
de [9]. Introducindo os resultados previos, chégase ao seguinte resultados das fracciéns de
desintegracién:

B(Bt — D°rtv,) = xx 40,21 (stat.) & 0,07 (ext.) %, (C.7)
B(B" — D*r%v.) = xx 40,15 (stat.) £ 0,15 (ext.) %, (C.8)

que poden comparase coa media mundial [9], resultado nunha precisién competitiva.
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Figura C.5: Proxeccién do fit en 3D nas distribucions de tempo de desintegracién do T,
¢*> ¢ BDT. As componentes de sinal B¥ — D v, e BY* — D*r*y_ xunto co fondo
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Finalmente, os cocientes R(D™)?) obtéfiense a partir dos resultados presentados ata
agora, mediante a seguinte igualdade:
B(B* — D°D}) x B(Df — 3r%)
B(B*+ — D®0f+y,) ot

R(D™) = K(D™0) < (C.9)

sendo as FD etiquetadas, con ext., medidas externas obtidas de [9] e [47]. Deste xeito,
acadanse os seguintes resultados:

R(D") = xx 40,093 (stat.) 0,034 (ext.),
R(D*) = 2z +0,026 (stat.) = 0,029 (ext.).
Estos valores poden compararse coas anteriores medidas experimentais, como amosa a

Fig. C.6. Deste grafico obtense que a medida é comparable con resultados anteriores,
sendo asi un resultado moi competitivo.

0501 __ BaBar, PRL109, 101802 (2012) LHCb, PRL120, 171802 (2018)
Belle, PRD92, 072014 (2015) — Belle, PRL124, 161803 (2020)
0.454 = LHCb, PRL115, 111803 (2015) [ World average (HFLAV)
— Belle, PRL118, 211801 (2017) I standard Model
— This measurement (blind)
0.40
%
2 0.351
et
0.30 1
0.25 1
0.20

020 025 030 035 040 045 050 055 0.60
R(D)

Figura C.6: Medidas de R(D) e R(D*) do presente traballo, en turquesa. Debido a que os
resultados son cegos, os valores centrales estan situados no punto de referencia da predicion
do ME. A intertidume estatistica atopase representada cunha lifia continua, mentres que a
incertidume total, estatistica mais externa, méstrase cunha linea discontinua. O promedio
mundial ven dado pola elipse vermella, mentres que a predicién do ME correspéndese coa
elipse gris. Indicanse a maiores outras medidas realizadas por diferentes experimentos.
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C.5 Conclusions

Esta tese documenta parte do procedemento para verificar os prototipos dos sensores
do VELO actualizado, baseado en sensores hibridos de tecnoloxia pixel. Esto forma parte
do proxecto de actualizacion do LHCb. Neste documento, foi probado que os sensores
funcionaban correctamente, mediante o método de IV. Con este mesmo procedemento,
caracterizase o efecto que diferentes irradiaciéns tenen nos sensores. Despois de atopar
un fenémeno de breakdown a baixos voltaxes en certos sensores, e investigarse diferentes
posibilidades, chégase & conclusiéon de que un fallo na cadea de frio, na fabricacién ou no
proceso de irradiacién provocou danos nos sensores, que non foron atopados en posteriores
prototipos. Concliese que o traballo documentado aqui contribuiu a asegurar o correcto
funcionamento de LHCb, garantizando unha correcta adquisicion de datos a partir do
Run 8 do LHC, que prevee as primeiras colisions estables para o cinco de Xuno de 2022.

Con respecto & analise de datos, o segundo e principal traballo desta tese dedicase
4 medida de observables de ULS. En particular, os cocientes R(D®*)°) midense empregando
datos recollidos polo experimento LHCb nos anos 2016, 2017 e 2018. Nesta anélise, o lepton
tau reconstriese na stia forma hadrénica, que consiste nos modos 7+ — 77 7~ (7). A
analise atépase nun estado moi avanzado, onde a seleccion de datos e Monte Carlo, xunto
co estudo de datos de control permitiu a obtencién dos niimero de eventos de normaliza-
cién e sinal. O primeiro a través dun axuste nunha dimensién e o segundo mediante un
axuste en tres dimensions baseado en padréns. Con estos histogramas determinanse, en
primeiro lugar os coeficientes K(D®*)?). A partir deste resultado, calciilanse os cocientes
de ramificacién de BT — D°7tv. e Bt — D*r*y., cun resultado cuxa precisién é com-
petitiva co actual promedio mundial [9]. Finalmente, obtéense os cocientes R (D)),
cunha incertidume que prevee que o resultado serd relevante no promedio mundial [47]. A
presente tese contribuird asi & resolucion de cuestiéns ainda abertas no sector do sabor,
en particular as debidas & ULS, permitindo asi esclarecer a presencia de efectos de NF.
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Please see our Author Rights Policy
https://publishingsupport.iopscience.iop.org/author-rights-policies/

Please note: We do not provide signed permission forms as a separate attachment.
Please print this email and provide it to your publisher as proof of permission. Please
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Subject: Reuse figure from: The LHCb Collaboration et al 2008 JINST 3 SO08005
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The LHCb Detector at the LHC, The LHCb Collaboration et al 2008 JINST 3 S08005

The figures to be reused are:

-Figure 2.1

-Figure 4.1

-Figure 5.1

-Figure 6.1

Could you grant permission for being reused? The title of my thesis is “Tests of Lepton Flavour Universality using semitauonic B
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Beatriz
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From: Vinicius Franco Lima vinicius.franco.lima@cern.ch
Subject: Re: Reuse figure of CERN-THESIS-2019-28
Date: 4 May 2022 at 13:48
To: GARCIA PLANA BEATRIZ beatriz.garcia@usc.es

Hi Bea,
Of course you can use it!
Sorry, | completely forgot about this email, and | suspect it is a bit too late, but in an case!

Cheers,
Vinicius.

On 22 Mar 2022, at 10:13, LHCb Secretariat <Lhcb.Secretariat@cern.ch> wrote:

Dear Beatriz,

Thanks for your email, | copy here Vinicius, as this is his thesis you refer to and that he
should be the person letting know whether you can use this figure.

Best regards and have a good day,
Kévin Viel

LHCb Secretariat

EP Department - CERN
Mailbox J02010

CH-1211 Geneva 23
Switzerland

Phone: 0041 22 767 92 78
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Sent: Monday, March 21, 2022 9:04 PM

To: LHCb Secretariat <Lhcb.Secretariat@cern.ch>
Subject: Reuse figure of CERN-THESIS-2019-28

Dear Sir or Madam,

My name is Beatriz Garcia Plana, I am an experimental particle physics PhD student. I
am finishing writing the PhD thesis at the University of Santiago de Compostela
(Spain). I would like a figure from the publication CERN-THESIS-2019-288, LHCb
Vertex Locator Upgrade Development and Rare b-quark Decays in LHCb.

The figure that I would like to reuse is the figure 7.22 . Could you grant this
permission?

The title of my thesis is “Tests of Lepton Flavour Universality using semitauonic B
decays in the LHCD experiment at CERN”. Thank you in advance for your help.

King regards,

Beatriz

Beatriz Garcia Plana, PhD student

Instituto Galego de Fisica de Altas Enerxias (IGFAE) - Universidade
de Santiago de Compostela

Rua de Xoaquin Diaz de Rabago 2, Campus Vida, Universidade de
Santiago de Compostela, Santiago de Compostela, Galicia, 15705,
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From: Federico Alessio Federico.Alessio@cern.ch
Subject: Re: Reuse operation plot
Date: 20 April 2022 at 11:59
To: GARCIA PLANA BEATRIZ beatriz.garcia@usc.es
Cc: Richard Jacobsson Richard.Jacobsson@cern.ch, Renaud Le Gac legac@cppm.in2p3.fr

Dear Beatriz,
i’m sorry your mail must have been lost. Please go ahead, the plots are free for use.

Best,
Federico.

On 20 Apr 2022, at 11:25 AM, GARCIA PLANA BEATRIZ <beatriz.garcia@usc.es> wrote:
Dear all,
sorry for insisting, it is rather urgent that you grant me the permission below, since the deadline for my thesis is approaching.

Cheers,

Beatriz

Beatriz Garcia Plana, PhD student

Instituto Galego de Fisica de Altas Enerxias (IGFAE) - Universidade
de Santiago de Compostela

Rua de Xoaquin Diaz de Rabago 2, Campus Vida, Universidade de
Santiago de Compostela, Santiago de Compostela, Galicia, 15705,
Spain

IGFAE: beatriz.garcia@usc.es TIf: +34 8818 13983 (ext 13983)
CERN: beatriz.garcia.plana@cern.ch TIf: +41 22 76 76585

On 7 Apr 2022, at 14:57, GARCIA PLANA BEATRIZ <beatriz.garcia@usc.es> wrote:

Dear all,
| kindly remind to the request below.

King regards,

Beatriz

Beatriz Garcia Plana, PhD student

Instituto Galego de Fisica de Altas Enerxias (IGFAE) - Universidade
de Santiago de Compostela

Rua de Xoaquin Diaz de Rabago 2, Campus Vida, Universidade de
Santiago de Compostela, Santiago de Compostela, Galicia, 15705,
Spain

IGFAE: beatriz.garcia@usc.es TIf: +34 8818 13983 (ext 13983)
CERN: beatriz.garcia.plana@cern.ch TIf: +41 22 76 76585

On 26 Mar 2022, at 18:33, GARCIA PLANA BEATRIZ <beatriz.garcia@usc.es> wrote:

Dear Sir or Madam,

My name is Beatriz Garcia Plana, | am an experimental particle physics PhD student. | am finishing writing the PhD thesis
at the University of Santiago de Compostela (Spain). | would like a figure from the operation plots webpage:
https://Ibgroups.cern.ch/online/OperationsPlots/index.htm. The plot that | would like to reuse is the "Integrated Recorded
Luminosity” of the years 2010-2018. Could you grant this permission?

The title of my thesis is “Tests of Lepton Flavour Universality using semitauonic B decays in the LHCb experiment at



CERN?”. Thank you in advance for your help.

King regards,
Beatriz

Beatriz Garcia Plana, PhD student
Instituto Galego de Fisica de Altas Enerxias (IGFAE) - Universidade
de Santiago de Compostela

Rua de Xoaquin Diaz de Rabago 2, Campus Vida, Universidade de
Santiago de Compostela, Santiago de Compostela, Galicia, 15705,
Spain
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To: Federico Alessio federico.alessio@cern.ch, richard.jacobsson@cern.ch, legac@cppm.in2p3.fr

Dear Sir or Madam,

My name is Beatriz Garcia Plana, | am an experimental particle physics PhD student. | am finishing writing the PhD thesis at the
University of Santiago de Compostela (Spain). | would like a figure from the operation plots webpage:
https://Ibgroups.cern.ch/online/OperationsPlots/index.htm. The plot that | would like to reuse is the "Integrated Recorded
Luminosity” of the years 2010-2018. Could you grant this permission?

The title of my thesis is “Tests of Lepton Flavour Universality using semitauonic B decays in the LHCb experiment at CERN”.
Thank you in advance for your help.

King regards,
Beatriz

Beatriz Garcia Plana, PhD student
Instituto Galego de Fisica de Altas Enerxias (IGFAE) - Universidade
de Santiago de Compostela

Rula de Xoaquin Diaz de Rabago 2, Campus Vida, Universidade de
Santiago de Compostela, Santiago de Compostela, Galicia, 15705,
Spain
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: GARCIA PLANA BEATRIZ beatriz.garcia@usc.es
: jinst-eo jinst-eo@jinst.sissa.it

Dear Beatriz,

Thank you for your request to reproduce material published by IOP Publishing in your
thesis, “Tests of Lepton Flavour Universality using semitauonic B decays in the LHCb
experiment at CERN”

Regarding:
e Figure 2 from “The LHCb Vertex Locator (VELO) Pixel Detector Upgrade”

We are happy to grant permission for the use you request on the terms set out below.

License to pumis}hﬂ%ﬁ'&%ﬁiﬁl published by IOP

Please provide the below to your new publisher as proof of permission.
Conditions

Non-exclusive, non-transferrable, revocable, worldwide, permission to use the material
in print and electronic form will be granted subject to the following conditions:

e Permission will be cancelled without notice if you fail to fulfil any of the
conditions of this letter.

® You will make reasonable efforts to contact the author(s) to seek consent for your
intended use. Contacting one author acting expressly as authorised agent for
their co-authors is acceptable.

® You will reproduce the following prominently alongside the material:

o the source of the material, including author, article title, title of journal,
volume number, issue number (if relevant), page range (or first page if this
is the only information available) and date of first publication. This
information can be contained in a footnote or reference note; or

o alink back to the article (via DOI); and

o jf practical and IN ALL CASES for works published under any of the
Creative Commons licences the words “© IOP Publishing Ltd and Sissa
Medialab srl. Reproduced by permission of IOP Publishing. All rights
reserved”

® The material will not, without the express permission of the author(s), be used in
any way which, in the opinion of IOP Publishing, could distort or alter the
author(s)’ original intention(s) and meaning, be prejudicial to the honour or
reputation of the author(s) and/or imply endorsement by the author(s) and/or
IOP Publishing and/or Sissa Medialab srl.

e Payment of £0 is received in full by IOP Publishing prior to use.
This permission does not apply to any material/figure which is credited to another
source in our publication or has been obtained from a third party. Express permission
for such materials/figures must be obtained from the copyright owner.
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Copyright & Permissions Team

Sophie Brittain - Rights & Permissions Assistant
Cameron Wood - Legal & Rights Adviser
Contact Details

E-mail: permissions@ioppublishing.org

For further information about copyright and how to request permission:
https://publishingsupport.iopscience.iop.org/copyright-journals/

See also: https://publishingsupport.iopscience.iop.org/

Please see our Author Rights Policy
https://publishingsupport.iopscience.iop.org/author-rights-policies/

Please note: We do not provide signed permission forms as a separate attachment.
Please print this email and provide it to your publisher as proof of permission. Please
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The LHCb experiment foresees a new era of high luminosity,
aiming to clarify persistent tensions between experiments
and the SM predictions, such as those related to the flavour
sector. This thesis is devoted to the measurement of the LFU
ratios R(D0) and R(D*0), with the 3-prong hadronic tau decay
modes, using LHCb Run 2 data. Even though the final

result is blinded and the systematics uncertainties need to be
computed, the signal branching fraction are obtained with a
competitive precision. Moreover, the computation of the
statistical and external uncertainties of the R(D(*)0) ratios hints
that the analysis documented here will be a relevant
contribution to the LFU sector.

Furthermore, a contribution to the LHCb detector upgrade is
documented, based on testing the new hybrid pixel

VELO sensors' performance.
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