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Abstract

The LHCD experiment at the Large Hadron Collider is tailored to search for indirect evidences of
physics beyond the Standard Model, mainly by studying CP violation and rare decays of charm
and bottom hadrons. Despite the great success of LHCb, several key measurements will be limited
by statistical uncertainties even after seven years of data taking. In order to increase the annual
event yields, the LHCDb detector will undergo a major upgrade during the Long Shutdown II, which
will require the replacement of several subdetectors. The tracking system, in particular, will be
completely redesigned in order to deal with the higher instantaneous luminosity and guarantee a full
read out at the proton-proton collision rate of 40 MHz.

The first part of this thesis describes the design and testing of a new tracking detector, the
Upstream Tracker. As its predecessor, the Upstream Tracker consists of silicon microstrip sensors.
Its design involves two key elements that require dedicated measurements on prototype sensors
before production: the adoption of an embedded pitch adapter to connect the silicon microstrips to
the readout electronics and the configuration of the biasing scheme. Tests on prototype sensors were
performed with beams of particles at the Super Proton Synchrotron in the past years and allowed to
characterise the long-term performances of the sensors in terms of charge collection efficiency, cross
talk, and radiation hardness. These studies resulted in the final design of the outermost sensors of
the Upstream Tracker.

One of the most promising areas of research of flavour physics is the study of rare decays of
bottom hadrons and, in particular, of those proceeding through a b— s¢™¢~ transition, with £ = e, u.
These decays are particularly powerful tools to probe New Physics contributions, since the latter can
result in sizeable deviations from the Standard Model predictions. In recent years, hints of deviations
were observed in the angular distribution of B® — K*Ou*pu~ decays, e.g. the P! anomaly, as well as
in branching fraction ratios between muons and electrons, like Rx and Rg+. These observations
strongly increased the interest toward New Physics models in which lepton flavour universality is
violated. Breaking of lepton flavour universality through New Physics effects can be measured by
comparing the values of the Apg, S, and P’ observables of B — K*Ou*pu~ and B® — K*%c¢te~
decays.

The second part of this thesis describes the first measurement of the AApg = Afy — Al and
AS; = 8¢ — S! observables, with i = 4,5,7,8, using the dataset collected by LHCb from 2010 to
2012. These observables are expected to be compatible with zero in the Standard Model, but can
significantly deviate from this value in the event of New Physics. The analysis described in this
thesis is performed using a counting method procedure, which is based on the symmetry properties
of the CP-average differential decay width of the B® —K*® ¢*¢~ decay. This approach is very
robust, even with limited statistics, and is independent of the angular distribution of background
contributions. The measurement is performed in two bins of ¢ (that is, of the dilepton invariant
mass squared), in the low ¢? region from 0.1 GeV?/c?* to 1.1 GeV?/c?, and in the central ¢ region
from 1.1 GeV?/c* to 7.0 GeV?/ct. The results are compatible with the Standard Model predictions
and are dominated by statistical uncertainties. The analysis presented here shows the capabilities of
the LHCb experiment in measuring the angular observables of B® —K*0 ¢*+¢~ decays and provides

a baseline for upcoming measurements, which will include the dataset collected since 2012.






Zusammenfassung

Das LHCb-Experiment am Large Hadron Collider ist auf die Suche nach indirekten Hinweisen
auf Physik jenseits des Standardmodells spezialisiert, hauptséchlich durch die Untersuchung von
CP-Verletzung und seltenen Zerféllen von Charm und Bottom Hadronen. Trotz des grossen Erfolges
von LHCb werden einige Schliisselmessungen auch nach eine Messperiode von 7 Jahren immer noch
durch statistische Unsicherheiten eingeschrankt sein. Um die jéhrliche Ereignisausbeute zu erhéhen,
wird der LHCb-Detektor wiahrend des Long Shutdown II verbessert und erweitert, was den Austausch
mehrerer Subdetektoren erfordert. Insbesondere die Spurkammern werden komplett {iberarbeitet,
um der héheren momentanen Leuchtkraft gerecht zu werden und ein vollstandiges Auslesen des
Detektors bei der Proton-Proton-Kollisionsrate von 40 MHz zu gewahrleisten.

Der erste Teil dieser Arbeit beschreibt das Design und die Untersuchung eines neuen Spur-
Detektors, des Upstream Tracker. Der Upstream Tracker besteht wie sein Vorgénger aus Silizium-
Mikrostreifen-Sensoren. Sein Design beinhaltet zwei Schliisselelemente, die spezielle Messungen an
Prototypen-Sensoren vor der Produktion erfordern: die Einfithrung eines Embedded Pitch Adapters
zur Verbindung der Silizium-Mikrostreifen mit der Ausleseelektronik und die Konfiguration des
Biasingsschemas. Dedizierte Messungen an Prototyp-Sensoren wurden in den letzten Jahren mit
Teilchenstrahlen am Super Proton Synchrotron durchgefiihrt. Diese Messungen zielten darauf ab,
die Langzeitleistungen der Sensoren hinsichtlich Effizienz der Ladungserfassung, Ubersprechen und
Strahlungshérte zu charakterisieren und fiihrten zum endgiiltigen Design der Sensoren.

Eines der vielversprechendsten Forschungsgebiete der Physik mit schwere Quarks ist die Er-
forschung der seltenen Zerfélle von Bottom Hadronen und insbesondere derjenigen, die durch einen
b — slt¢~-Ubergang stattfinden (¢ = e,u). Diese Zerfille sind besonders wichtig, um Beitriige
von Neuer Physik zu untersuchen, da letztere zu erheblichen Abweichungen von den Vorhersagen
des Standardmodells fiihren kénnen. In den letzten Jahren wurden Hinweise auf Abweichungen in
der Winkelverteilung von B?— K*Out =~ -Zerfillen beobachtet, z.B. in der P.-Anomalie, sowie in
Quotienten von Verzweigungsverhéltnissen zwischen Myonen und Elektronen, wie Rx und Rg~.
Diese Beobachtungen haben das Interesse an Modellen der Neuen Physik, in denen die Universalitét
des Lepton-Flavour verletzt wird, stark erhoht. Eine Verletzung der Universalitdt des Lepton-Flavour
durch Beitrage Neuer Physik kann gemessen werden, indem man die Werte der Apgp-, S- und
P’-Beobachtungen der Zerfille B — K*°u* ;= und B® — K*%ete™ vergleicht.

Der zweite Teil dieser Arbeit beschreibt die erste Messung des AApg = Ay — App und
AS; = S¢ — S¥ Observabeln, mit ¢ = 4,5, 7,8, unter Verwendung des Datensatzes, der von LHCb
2010-2012 gesammelt wurde. Diese Observabeln sind im Standardmodell mit Null kompatibel, kénnen
aber im Falle Neuer Physik deutlich von diesem Wert abweichen. Die in dieser Arbeit beschriebene
Analyse wird mit Hilfe einer Zahlmethode durchgefiihrt, die auf den Symmetrieeigenschaften der iiber
CP-gemittelten differentiellen Zerfallsbreite des B® —K*0 ¢+¢~ Zerfalls basiert. Dieser Ansatz ist
auch bei kleine Statistik sehr stabil und unabhéngig von der Winkelverteilung der Untergrundbeitréige.
Die Messung wird in zwei Regionen von ¢?, der quadratischen invarianten Masse des Leptonpaares,
durchgefiihrt, in der unteren ¢2-Region von 0.1 GeV?/c* bis 1.1 GeV?/c?, und in der zentralen ¢>-
Region von 1.1 GeV?/c* bis 7.0 GeV?/c*. Die Ergebnisse sind kompatibel mit den Vorhersagen des
Standardmodells und werden nach wie vor von der statistischen Unsicherheit dominiert. Die hier
vorgestellte Analyse zeigt das Potential des LHCb-Experiments fiir Messungen der Winkelverteilung

von BYK*0 ¢+¢~-Zerfillen und liefert eine Grundlage fiir zukiinftige Messungen.
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Introduction

“The Standard Model of particle physics says that the universe consists of a very small number of
particles, 12, and a very small number of forces, four. If we’re correct about those 12 particles and
those four forces and understand how they interact, properly, we have the recipe for baking up a

universe.” — Robert J. Sawyer

Despite the simplicity of this sentence, unveiling the laws that govern the interactions among
elementary particles has kept several generations of physicists busy for decades. The Standard Model
has been extensively tested by experiments, which confirmed all its predictions up to the O(1) TeV
scale. However, some open questions still remain, which suggest the need for a more fundamental
theory involving new particles and interactions at higher energies than probed so far. The theoretical
framework of the Standard Model and some of its potential New Physics extensions are discussed in
Chapter 1. After a general introduction, the chapter focuses on rare decays proceeding through a
b—s s¢t ¢~ transition. Two different approaches to search for New Physics effects in this transition
are presented by briefly reviewing some of the key measurements previously performed at LHCb.
The phenomenological interpretation of the current experimental results is also discussed. The last
part of the chapter is devoted to introduce the angular asymmetries between decays to electrons and
muons, referred to as AS;, @;, and D; observables, which can provide fundamental insights on the
existence of lepton flavour universality breaking.

The LHCb experiment at the Large Hadron Collider is leading the exploration of indirect searches
of New Physics in rare decays of charm and bottom hadrons. These decays have typical branching
fractions of the order of 107¢ and are still partially unexplored. Only recently, experiments started
to accumulate samples large enough to probe them with sufficient sensitivity. In order to further
improve its data taking capabilities, the LHCb detector will undergo a major upgrade during the
Long Shutdown II. Most of the subdetectors will be replaced in order to allow a higher instantaneous
luminosity of 2 x 10%* cm™2s~! and an increased readout rate of 40 MHz. The first part of this thesis
focuses on the upgrade and, in particular, on the design and testing of the Upstream Tracker, the
silicon microstrip detector that will replace the Tracker Turicensis. In order to finalise the design of
the detector, several test beam measurements were performed on prototype sensors in the past years.

These measurements aimed at assessing the long-term performances of the silicon sensors of the



Upstream Tracker in terms of charge collection efficiency, cross talk, and radiation hardness. Two
main aspects of the sensor design were investigated. The first was the adoption of an embedded pitch
adapter to connect the silicon microstrips to the readout electronics; the second was the design of
the biasing scheme and its potential impact on the sensor performances. A description of the LHCb
detector and its performance can be found in Chapter 2, while Chapter 8 gives an overview of the
upgrade programme, with a particular focus directed to the Upstream Tracker. Chapter 4 contains
a brief description of the working principle of silicon detectors and introduces the key concepts that
will be used extensively in the following chapter, while the test beam measurements performed on
the prototype sensors are described in detail in Chapter 5.

The second part of this thesis describes the first measurement of the Agg, S4, S5, S7, and Sg
angular observables of the B® — K*Yete~ decay, as well as the measurement of the differences
of these observables between electrons and muons. The measurement is based on the full Run I
dataset collected by LHCb and is performed in two bins of ¢ (that is, of the dilepton invariant mass
squared): in the low ¢? region from 0.1 GeV?/c* to 1.1 GeV?/c* and in the central ¢? region from
1.1GeV?/ct to 7.0 GeV?/ct. Compared to previous measurements in similar decay modes performed
at LHCb, the contamination from B® —K*0.J/i) (—ete™) decays leaking into the central ¢ region
is strongly suppressed by selecting on a novel variable, the constrained ¢2. This allows to widen
the central ¢ bin up to 7.0 GeV?/c* instead of 6.0 GeV?/c*, which significantly increases the signal
yield in data. The analysis is based on a counting method procedure, which is derived from the
symmetry properties of the CP-averaged differential decay width of the B® —K*? ¢*/~ decay. This
approach has the advantage of being very robust and independent of the angular distribution of
background contributions. In addition, the measurement involves a novel approach to correct the
mismodelling of the kinematics of the decays and the particle identification response of the detector
between simulation and data. Machine learning techniques based on the scikit-learn [1], REP [2,3|,
and hep_ml [4] python packages are used to suppress the background due to random combinations
of particles from the same proton-proton collision. The analysis strategy, the description of the
samples, the selection requirements, the corrections applied to the simulated candidates, and the
efficiency calculation can be found in Chapter 6. The mass fits, the cross checks, the systematic
uncertainties, and the results are described in Chapter 7.

A brief summary of the thesis and a discussion of the future prospects for the upgrade and for

the measurement of the angular observables are reported in the Conclusions.



CHAPTER 1

Theory

This chapter introduces the theoretical framework of the Standard Model, the theory that attempts
to describe Nature at its most fundamental level, and discusses some of its potential New Physics
extensions. Focus is mainly directed to rare decays and, in particular, to the b— s€T~ transition,
which is the main subject of the studies described in Chapters[6 and[7

1.1 The Standard Model

The Standard Model (SM) is a quantum field theory that describes the fundamental constituents
of matter and the interactions among them [5-7]. The model is defined by the symmetries of the
Lagrangian and by the representations of the particles under these symmetries. The Lagrangian of

the SM is based on the gauge symmetry
Gsm = SU(3)e x SU(2), x U(1)y,

where the SU(3)¢ and the SU(2)r, x U(1)y groups describe strong and electroweak interactions, re-
spectively. Strong interactions are the subject of the Quantum ChromoDynamics (QCD), electroweak
interactions are the subject of the electroweak theory.

A schematic representation of the SM building blocks is shown in Fig. [[LI} Quarks and leptons
are fermions and appear in three replicas, usually called families or generations: (u,d), (¢, s), and
(t,b) are the three generations of quarks, while (e, ve), (1, v,), and (7, ;) are the three generations of
leptons. Gauge bosons are the mediators of the interactions of quarks and leptons: strong interactions
are mediated by eight gluons, electromagnetic interactions are mediated by the photon, and weak
interactions are mediated by the Z and W bosons. The model is completed by the Higgs boson,
which is a scalar particle related to the spontaneous breaking of the electroweak symmmetry and the
origin of particle masses. In a notation that makes the representations and the quantum numbers of

the fields manifest, the SM contains three fermion generations, each consisting of five representations

3
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Figure 1.1: Schematic representation of the SM building blocks [§].
of G SM

Qii(3a2)+1/6’ u{%i(371)+2/37 df%i(?”l)—l/?ﬂ Lii(172)—1/27 e%i(lal)*l’

and a single scalar representation, the complex Higgs field,

(b(lv 2)+1/2~

Left-handed quarks, Q1 , are triplets of SU(3)¢, doublets of SU(2)y,, and carry hypercharge Y = +1/6;
right-handed up-type quarks, uk,, are triplets of SU(3)c, singlets of SU(2)y,, and carry hypercharge
Y = +2/3; right-handed down-type quarks, dk, are triplets of SU(3)c, singlets of SU(2)y, and
carry hypercharge Y = —1/3. Leptons are singlets of SU(3)c and are classified according to
the transformation properties of their fields with respect to SU(2)1,. Left-handed leptons, L{, are
doublets of SU(2)y,; right-handed leptons, ¢4, are singlets of SU(2)r,. The index I denotes interaction
eigenstates. The index i = 1,2, 3 identifies the flavour (or generation) and corresponds to (u,c,t)
for up-type quarks, (d, s,b) for down-type quarks, (e, 1, 7) for charged leptons, and (v.,v,,v,) for

neutral leptons. The complex Higgs field has a vacuum expectation value

that depends on a real free parameter v and generates the spontaneous symmetry breaking of Gy

according to the following pattern:

Gsm — SU(3)C X U(I)EM. (1.1)

The Z and W+ bosons acquire mass through the Brout-Englert-Higgs mechanism [9}/11], while the

photon is massless.

Once the gauge symmetry, the particle content, and the pattern of spontaneous symmetry

breaking are defined, the Lagrangian of the SM is derived as a renormalisable Lagrangian satisfying

4
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these requirements. It can be divided in three contributions,
['SM = »Ckinetic + ['Higgs + »CYukawau

The first part, Lyinetic, contains the kinetic terms involving covariant derivatives to preserve gauge
invariance,
" — DM = 0" 4igsGH Ly + igW/' Sy + ig' B"Y,

where

e G* are the eight gluon fields, W}" are the three weak-interaction fields, and B* is the single
hypercharge field;

e L, are the SU(3)c generators (the 3 x 3 Gell-Mann matrices A\, /2 for triplets, 0 for singlets),
Y are the SU(2);, generators (the 2 x 2 Pauli matrices 03,/2 for doublets, 0 for singlets), and
Y is the U(1)y charge;

® gs, g, and ¢’ are the coupling constants of SU(3)¢c, SU(2)L, and U(1)y, respectively.

For example, the kinetic term corresponding to left-handed quarks, Q% , is written as

Ekinetic(QIL) = ZQL‘%L (al + §gsGé¢)‘a + §9W1§L7'b + gg/Bl ) Qim (1.2)

while the kinetic term corresponding to right-handed up-type quarks, u{%, is written as
. 1 2.
‘CkinetiC(uf%) = W{%z‘%b (8M + §gng)‘a + 329/BH> uéi, (1~3)

since the latter are singlets of SU(2)y.

Due to the asymptotic freedom of the strong interactions, quarks can only be observed in color singlet
combinations, which are called hadrons. These can be pairs of a quark and an antiquark, called
mesons, triplets of quarks, called baryons, or, as observed recently, more exotic states consisting of
four or five quarks [12].

The second part, Lpiges, contains the Higgs potential and describes the complex Higgs field self-

interactions,

‘CHiggs = M2¢T¢ - )‘(¢T¢)2'
The parameter p? is required to be negative to satisfy the spontaneous symmetry-breaking pattern
of Eq. (L.1)), the parameter X is required to be positive to satisfy vacuum stability.

The third part, Lyukawa, contains the Yukawa terms and describes the interactions of quarks and

leptons with the complex Higgs field,
— Lyukawa = Y1Q1:0dh; + YQT duk; + Y5LT 0tk +h.c., (1.4)

where ¢ = io2¢*. This part constitutes the flavour sector of the SM, that is, the sector that
distinguishes among different generations of quarks and leptons, and is described in detail in the

following.
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1.1.1 Flavour dynamics

The Yukawa terms of Eq. (1.4) generate quarks and charged leptons masses. This is made explicit

by rewriting them in a more convenient form. The complex Higgs field is rewritten as

—if, () % 0
¢ —e 9(1( ) 2 <'U+H0> s (1.5)
V2

where HY is a real scalar field, called the “physical Higgs field”. The quark and lepton SU(2)r,

doublets can be decomposed into their components as

uIi Z/Ii
QL:(df Li;= ; : (1.6)
Li Li

When substituting Eqgs. (1.5) and (1.6 into the Yukawa terms of Eq. (1.4), one obtains the

interaction terms with the physical Higgs field and the mass terms for quarks and charged leptons,
— L = (My)ijtigup; + (Ma)ijdpdy; + (Me)iil1 0, + hec., (1.7)

where My = %Yf and f = u,d,f. For quarks, mass matrices are not diagonal in this basis and
“mix” fields of different generations. This is related to the difference between interaction eigenstates

and mass eigenstates. In terms of mass eigenstates, Eq. (1.7) becomes
—Ly = ’[LLMSiaguR + CZLMgiang + ZLM?iang + h.c.,

where mass matrices are real and diagonal. Interaction eigenstates and mass eigenstates are related
by a transformation from the interaction basis, where interactions are diagonal, to the mass basis,
where masses are diagonal. This transformation is realised by two unitary matrices V¢, and Vg
such that
ai
Vi MV = MJ™e,

with M}iiag diagonal and real. The mass eigenstates are then identified as

dri = (Var)ijdr;,  dri = (Var)ijdgy, (1.8)
uLi = (Var)ijuty, uri = (Vur)ijuk;, (1.9)
Cri = (Ver)ijln;s  Cri = (Ver)ijlhjs  vii = (Vor)igviy, (1.10)

where matrices are required to be unitary to preserve the norm of each state.

The charged-current weak interactions, that is, the interactions of the charged SU(2)1, gauge
bosons Wf = (Wﬁ F zWi)/\/i) for quarks, which are described by Egs. 1} and 1] in the

interaction basis, have the following form in the mass basis:

—Lw = LV Viy)iyd Wi+,

V2
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where the unitary 3 x 3 matrix

Vud Vus Vub
Vors = Vaur Vi, = | Ve Ve Vi (1.11)
Vie Vie Vw

is the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [13,/14]. This matrix describes the
quark transition from one flavour to another through a Flavour Changing Charged Current (FCCC)
mediated by the W boson. In the SM, FCCCs are the only source of flavour changing interactions.
Processes proceeding through Flavour Changing Neutral Currents (FCNCs) can only occur at loop
level and are hence suppressed in the SM. The CKM matrix of Eq. has three real parameters,
the mixing angles, and one imaginary parameter, the CP-violating phase. The latter is the gateway
for CP violation in the SM.

Since the SM neutrinos are massless, V,, in Eq. is arbitrary. Nevertheless, experiments
with solar, atmospheric, and reactor neutrinos conducted in recent years established that neutrinos
are massive and oscillate among different flavours [15]. This can call for an extension of the SM
through either an extension of its Higgs and/or fermion content or an extension of its gauge group
(which also requires extended particle content) [16]. One possibility to accommodate neutrino masses

and oscillations is described in the next section.

1.1.2 Lepton flavour conservation and universality

Three lepton-flavour quantum numbers corresponding to the three generations of leptons can be
defined. These quantum numbers, referred to as Q)., @, and @,, can have values of 41, —1, or 0,
depending on the flavour and charge of the particle fields. For example, the electron quantum number
Q. has a value of +1 for the e~ field, a value of —1 for the e field, and a value of 0 for all remaining
fields. Similar considerations apply to (), and @,. Since the Lagrangian of the SM is invariant under
global rotations of the lepton fields of the type U(1). x U(1), x U(1)., individual lepton-flavour
quantum numbers are conserved. This conservation law is known as Lepton Flavour Conservation
(LFC). As a consequence, also the total lepton-flavour quantum number Qp = Q. + Q. + Q-,
corresponding to global rotations of the type U(1)y, is conserved. However, neutrino oscillations
are a clear experimental evidence of Neutral Lepton Flavour Violation (NLFV) [15]|. This can be
accommodated in the SM by requiring at least two neutrinos to be massive and to have distinct mass
values and by introducing a 3 x 3 unitary neutrino-mixing matrix, the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [17,/18|, similar to the quark-mixing matrix described in the previous section.

This is achieved by adding three right-handed neutrino fields N II% with the following Lagrangian:
AL = iN}~, D" Np; — Y L1,6Nk; +hee.,

so that quarks and leptons have an analogous flavour structure. In addition to NLFV, many
extensions of the SM foresee the possibility to have Charged Lepton Flavour Violation (CLFV) [15],
that is, lepton-flavour quantum number violation in the transition between two charged leptons.
The main experimental efforts in this direction are the searches for the forbidden decays p — ey |19],
u— eee [20], and uN — eN [21H23].

Apart from the Yukawa terms, the Lagrangian of the SM is lepton-flavour universal. In particular,
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Lepton Flavour Universality (LFU) states that the electroweak couplings of the three generations of
leptons are the same (i.e., electrons couple to photons, Z and W* bosons the same way muons and
taus do). However, recent measurements have shown hints of deviations from the SM predictions
that could point to models in which LFU is violated. The experimental status of these searches,

which is central for the topics described in this thesis, is described in more detail in Section [1.6

1.2 Beyond the Standard Model

Although the SM provides a satisfactory explanation of interactions among elementary particles,
some open questions still remain. The SM does not provide an explanation on why there are three
fermion generations, nor why their masses have values spreading over more than twelve orders of
magnitude. Moreover, it does not describe the dark-matter content of the Universe and does not
include gravity. These and other unanswered questions suggest that a more fundamental theory,
generically referred to as New Physics (NP), is likely to exist. In this scenario, the SM is interpreted
as an effective theory corresponding to the low-energy approximation of such a more fundamental
theory.

Several extensions of the SM have been proposed, differing in both their particle content and
interactions: they are all designed to reduce to the SM at relatively low energies, but offer solutions
to its shortcomings and predict new physical phenomena at higher energies, where the effects of the
added degrees of freedom would become detectable. Two NP models that are especially relevant for
the measurements described in this thesis are described in Section [[.5l

Experimentally, the efforts toward identifying and characterising the possible extensions of the SM
can be broadly classified in two complementary approaches. Direct searches aim at directly producing
and observing new particles. This approach has the advantage of allowing a direct observation of
new particles, but its reach is limited by the highest energies that can be achieved. Indirect searches
play an important and complementary role, exploiting the possibility that contributions from NP
may arise in virtual loops of amplitudes involving new particles or interactions. This may induce
differences between experimentally observed results and corresponding SM predictions, possibly
evidencing the presence of NP. Thus, indirect searches are sensitive also to NP at energy scales
far beyond those accessible to present particle accelerators. In the framework of indirect searches,
independent measurements of a large number of processes can be performed and then compared with
one another seeking any inconsistency that could hint at NP. The study of rare decays of hadrons
containing a b quark, in particular, is one of the most promising approaches to search for NP effects

and is described in more detail in the next section.

1.3 Rare decays of beauty hadrons

Processes in which a quark of a given generation transforms into one of a different generation can
happen through charged or neutral currents. In the SM, the exchange of a W boson represents a
FCCC, which can therefore occur at tree level. Conversely, processes proceeding through FCNCs
can only occur at loop level and are predicted to be rare. However, NP contributions can result in
sizeable deviations from the SM predictions, which makes FCNC processes a particularly powerful

tool to probe flavour structures beyond the SM. The main issue is to connect quantitatively and
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precisely the predictions from a quark-based theory with hadron-based measurements. Theoretically,
the main source of uncertainty originates from low-energy strong interactions, which modify the
purely electroweak amplitudes in ways that are challenging to calculate. Depending on the kinematic
region of the process, however, several approximations can be used to quantity these QCD effects.
Among FCNC processes, rare decays of beauty hadrons are particularly interesting since the large
mass of the b quark with respect to the energy scale of QCD (my > Aqcp) allows to separate strong
and electroweak contributions and predict decay rates and other properties with small theoretical
uncertainty. Typical branching ratios for these decays are below 1076, which explains why they are
still partially unexplored. The rest of the chapter will focus on one specific type of rare decays of

beauty hadrons, namely those proceeding through a b— s¢*¢~ transition.

1.4 Effective field theory

From the phenomenological point of view, experimental results can be interpreted by following a
model-independent approach in the framework of a low-energy effective field theory. The latter is
obtained by integrating out the degrees of freedom of the particles that are much heavier than the
b quark, namely the ¢ quark and the W+ and Z bosons. In a similar fashion to Fermi’s theory of
weak decays, the Hamiltonian of the full theory describing the b — s transition is hence replaced by
an effective Hamiltonian |24] of the form

4G

Hog = —WthVt’; Z (Ci(ps) Oi(ps) + C;(/U'S)O;(:U'S)) )

(2

where G is the Fermi constant, V3, and V;, are the elements of the CKM matrix, C; and C; are the
Wilson coefficients describing the short-range contribution, and O; and O; are the local operators
encoding the long-range contribution. Although particles heavier than the b quark are removed
from the theory as dynamical degrees of freedom, the effect of their existence is implicitly taken
into account in the Wilson coefficients. Doubly Cabibbo-suppressed contributions to the effective
Hamiltonian of the type Vi, V), are neglected in the calculation.

The Wilson coefficients and the local operators are evaluated at the renormalisation scale ps. All
particles contributing to the b — s transition and having a mass larger than the renormalisation
scale affect the value of at least one Wilson coefficient. The values of the Wilson coeflicients
at the electroweak scale are obtained by matching the decay amplitudes of the full theory with
those of the effective theory. Renormalisation group equations are then used to evolve the Wilson
coefficients from the electroweak to the renormalisation scale [25,/26]. Assuming SM dynamics,
the non-vanishing Wilson coefficients have the following values at pus = my, as obtained from a
Next-to-Next-to-Leading-Logarithm (NNLL) calculation [27,[28]:

CEM = 0.3, CSM = +42, M =—42
Contributions of NP appear in the Wilson coefficients as additive factors:
Ci=CM+CNr.
The amplitude of a given process can be computed as the expectation value of the effective

9
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E,.[GeV]

broad cc
resonances

NN RN NN

Cly- Co

R R RN

ISSSOANNNNNNNANNNNNNNNNNNNG

C7-C% <« harrow cc
interference resonances
\ 7, ! |
0 5 10 15 20
G2 [GeV? ¢

Figure 1.2: Qualitative dependence of the B® — K*°¢*¢~ differential decay width on ¢*>. The two narrow
peaks correspond to the J/v¢ and 1(2S5) resonances, while the wide peaks on the right side correspond to
the broad charmonia resonances. Figure modified from Ref. [29].

Hamiltonian between the initial and final states:

4G
AU = F) = (FIHelD) = == VoVl 37 (CUFIONT) + CUFION))

K

where I and F' denote respectively the initial and final states. The hadronic matrix elements (F|O;|I)
and (F|O;|I) contain information about the form factors, which represent the dominant source of

uncertainty in the predictions.

The local operators differ in their Lorentz structure. The following dimension-six local operators

are relevant to describe the b— s¢+ ¢~ transition:

O, = ™[50 Pgb|F,,, O = " [50MPLb|F,,,
Oy = [5v.Prd] [v*] Oy = [s9.Prb [(4"(] , (1.12)
0y = [§WPLb] [E’V“’YSE]a o = [E’YMPRb] [67“755]-

In the formulas above, m;, is the mass of the b quark, e is the charge of the electron, s and b are the
fields associated to the s and b quarks, respectively, £ is the field associated to the lepton ¢, F},,
is the electromagnetic tensor, and Pr/r = (1 F 75)/2 are the left/right handed chiral projectors.
Chirality-flipped operators O are obtained by interchanging Pr, and Pg in the quark currents. The
O7 operator, which is referred to as electromagnetic operator, is the dominant contribution to the
radiative b —sy transition. The Oy and Oy operators, which are called semileptonic operators,
receive contributions from penguin and box diagrams mediated by Z and W* bosons. In addition
to the operators in Eq. , the following scalar and pseudoscalar operators can be defined:

Oy = [sPpb[0], Oy = [sPb)[ef],

Op = [8Prb][tysl], Op = [sPpb] [fvst]. (1.13)

These are highly suppressed in the SM due to the small mass of the leptons |30]. Contributions from
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Figure 1.3: Feynman diagrams contributing to the b — s(d)¢" £~ transition at the lowest order of perturbation
theory in the SM (top) and in NP models violating LFU, such as models involving Z’ bosons (bottom left)
or leptoquarks (bottom right).

NP models can also originate from the following tensor operators:
Op = [soub] [to"l], Orps = [s0,b] [lo"vsl], (1.14)

which are all negligibly small in the SM [30]. Due to the left-handed nature of the weak interactions,
the C} right-handed Wilson coefficient is suppressed in the SM, while the C§ and C}, right-handed
Wilson coefficients are zero. Therefore, C%, Cj, and Cj, can receive non-negligible contributions from
NP models involving a different helicity structure [31}/32].

Radiative decays of the type B® — K*%~ receive contributions from Cél) only, leptonic decays of
the type B® — £/~ receive contributions from C;g, while semileptonic decays of the type B® —K*0

{0~ receive contributions from C;')

, Cé/), and Cﬂ)). Different measurements are hence sensitive
to different combinations of local operators and can be compared with one another to provide
consistency checks and classify NP contributions that are compatible with the observations. The
distribution in Fig. describes the qualitative dependence of the B® — K*9¢+¢~ differential decay
width on ¢2, where ¢2 is the dilepton invariant mass squared. Two differerent kinematic regimes are
visible: the low ¢? region, where the emitted hadron is energetic, and the high ¢ region, where the
emitted hadron has low recoil energy. For low values of ¢, up to 1 GeV?/c?, the main contribution
originates from the O7; and O operators, which are related to the b — s transition. For values of

q? between 1 and 6 GeV?2/c* the interference among 05’), Og(,/), and (958 plays a major role.

1.5 The b— s¢T/~ transition

As mentioned in the previous section, the decays proceeding through a b— s¢T¢~ transition are
suppressed in the SM due to the absence of FCNCs at tree level. The contribution at the lowest order
of perturbation theory originates from one-loop processes consisting of box and penguin diagrams,
of which one example is shown in Fig. (top). Proceeding through loop processes, these decays
are highly sensitive to the possible presence of virtual particles and interactions predicted in many
extensions of the SM, like those in which leptoquarks |15] and Z’ bosons |15] mediate the transition
from the b quark to the s quark, as shown in Fig. E (bottom). A Z’ boson is a neutral particle

11
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of spin 1 that originates from an extra U(1) gauge symmetry, for example U(1)g_r,, where B and
L are the baryon and lepton quantum numbers. If the coupling of the Z’ boson to the leptons is
not universal for the three generations, LFU breaking occurs. A leptoquark is a boson (typically of
spin 0, although NP models with leptoquarks of spin 1 exist) that carries both quark and lepton
quantum numbers. A tree level exchange of a leptoquark may occur in processes such as b — sfT¢~
and can therefore enhance the decay rates of such processes with respect to their SM predictions.

Leptoquarks would also provide a natural source of LF'U violation.

The extensions of the SM that foresee a LFU violation can be probed by comparing decays with

muons and electrons in the final state.

This comparison can be achieved by measuring ratios of the type

dU(B—Hu p™) ; 2
f dq2H H© dq

dT(B—Hete— ’
f ( —>dq2€ e )dqQ

Ry =

where I is the decay width, ¢2 is the dilepton invariant mass squared, and H is a hadron, such as a
K or K* meson. The advantage of this approach is that very precise SM predictions are available.
Two of these measurements, referred to as R and R+ in literature, were performed recently at
LHCb [33}34] and are briefly described in Section

A different approach, complementary to the measurement of ratios like R and R~, consists in
studying the angular distribution of the particles in the final state for decays to leptons of different
generations. Due to the presence of a vector meson in the final state, B —K*0 ¢+¢~ decays, with
the K*0 reconstructed in the K7~ final state, offer a particularly rich phenomenology and are the
main topic of the rest of the section. The angular distribution of the particles in the final state can
be expressed in terms of ¢ and three decay angles € = (cos By, cos Ok, @) [35]. The definition of the
decay angles is shown in Fig. The angle 6, is the angle between the direction of the £ (£7)
and the direction opposite to that of the B® (BY) in the dilepton reference frame. The angle fx is
the angle between the direction of the K™ (K ~) and the direction of the B® (B) in the K* (K*?)
reference frame. The angle ¢ is the angle between the plane of the dilepton pair and the plane of
the K and r originated from the K** (K*9) decay in the B® (B°) reference frame.

The differential decay widths of the B® — K*%¢*¢~ and B° — K*°¢t¢~ decays in terms of ¢>
and Q) are given by

dg? A0 327
d'T[B*— K*te] 9
dg2 A% 327

HT[B = B0+0-] 9 S

’ (1.15)
> L) ()

%

where T' (T') refers to decays involving a b (b) quark and hence a B® (B°) meson, the terms f;(€) are
combinations of spherical harmonics and the terms I; (I;) are ¢>-dependent angular observables. In
the limit of massless leptons, corresponding to m?+ - > 4m§, the latter can be expressed as bilinear
combinations of six complex decay amplitudes, .AIO“;‘? |, which correspond to the three different
transversity states of the K** meson (one longitudinal polarisation and two transverse polarisations)
and two different chiralities (left-handed or right-handed) of the dilepton system. It should be noted

here that the timelike amplitude 4; is not considered since it vanishes in the limit of massless leptons.

12
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(c¢) ¢ definition for the B decay

Figure 1.4: Definition of the decay angles 6, 0k, and ¢ describing the angular distribution of the decay
products of the B® —K*° ¢*¢~ decay.

An additional suffix s or ¢ is usually added to some of the angular observables to indicate that they
have a dependence on sin? fx or cos? O. The list of the I;(¢2) and f;(€) terms that remain in the
limit of massless leptons is reported in Table [I.1]

The differential decay widths of Eq. can be combined to form CP averages S; and CP

asymmetries A; observables, according to the following:

dr  dr

- dr dr
a=-0) /(G + 5p)

Two S; observables, S, and Sgs, have a simple physical interpretation. The S, observable corre-

(1.16)

sponds to the fraction of longitudinal polarisation of the K*° meson and is therefore more commonly

referred to as Fy,, with

[AGI* + |AG 2

=5 = .
BT LGP AT AP + AP+ AL + AT
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The Sgs observable is related to the forward-backward asymmetry of the dilepton system and is
conventionally replaced by Apg, with Apg = %565~
After substituting Fy, and App in Eq. , the CP-averaged differential decay width of the B°
—K*0 g+¢~ decay can be written as
d(F+%)/dq2 dz(ﬁrdzg) = 375 (1 = Fp) sin® Oy, + F cos® O

—|—%(1 — Fp) sin? ), cos 20, — Fr, cos? 0, cos 20,
+85 sin? 6y, sin? 0, cos 2¢ + 5., sin 20y, sin 260, cos ¢
455 sin 26}, sin 0, cos ¢ + %AFU sin? 0y, cos b,
457 sin 260, sin 6, sin ¢ + S sin 260, sin 26, sin ¢
4S9 sin? 0y, sin? 0 sin 24,

(1.17)

where the highlighted parameters are the angular observables measured in Chapters [6] and [7] The
angular observables are combinations of the K*° decay amplitudes and are sensitive to the Wilson
coefficients Cgl), Cé/), and Cﬁ)) described in Section These angular observables can potentially have
large theoretical uncertainties due to the limited knowledge of the hadronic form factors. However,
optimised variables with reduced theoretical uncertainties can be defined. These are combinations of

the F1, and S3 — Sy observables, for example

Ss

R —
Fr,(1-Fyp)

which gives the name to the so-called P! anomaly discussed in the next section. Additional optimised
variables are the transverse asymmetry A(T2 ) [36], where A(T2 ) =28, /(1 — FL), and the Pi(') series of
angular observables described in Ref. [37]. Experimentally, the angular observables can be computed

by performing a maximum likelihood fit of the angular distribution of the final state particles or by

Table 1.1: Non-negligible I;(¢*) and fz(ﬁ) in the massless limit. The terms arising from the S-wave
contribution to the K7~ ¢T¢~ final state are not shown.

(3 Ii fz

1s | 2 [|Aﬁ|2 + AL + AR + |A§|2} sin? O

le | JAF]? + |AR? cos? O

2s | & {|A|I“|2 + AL 2 + |Ah)‘ 24 \AEP} sin? Oy cos 26,

2¢ | —|A5? — | AR cos? O cos 20,

3| 3 [JAL P — A2 4 JAT[2 — JAR2] | sin? 0 sin? 6 cos 26
4 | \/ARe(AB AL + AFAT) sin 20 sin 26; cos ¢
5 | V2Re(AF AL — ARAT) sin 20 sin 6, cos ¢
6s 2Re(A‘I|JAIi* - Aﬁ{AE*) sin” O¢ cos 0

7 \/Elm(A]O“A‘]IJ* — AORAﬁ{*) sin 20k sin 6; sin ¢

8 \/glm(.A%AIi* + AFAT) sin 20k sin 26; sin ¢
9 Im(AﬁJ*AIi + Aﬁ{*Ai) sin? O sin? 6; sin 2¢
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Figure 1.5: Values of P; measured by LHCb (black points) compared to SM predictions (orange bands).
Overlaid, values of P§ measured by Belle in the individual measurements with only muons (green points) or
electrons (blue points) in the final state [38].

applying the method of moments. Both approaches are described in detail in Chapter [0}

In addition to the resonant P-wave contribution from K*° to the KTn~¢*¢~ final state, the
KT~ system can also be in an S-wave configuration. The addition of the S-wave component
introduces two new complex amplitudes, AI§’R, and results in additional angular terms in the
differential decay width. The addition of the S-wave component causes a change of nearly 5% in the
differential decay width. This contribution can be taken into account when computing the angular
observables of muon decay modes, while electron decay modes do not have at the moment sufficient
statistics to include this contribution in the measurements.

According to LFU, no difference is expected between angular observables of muon and electron
decay modes. A deviation from the SM predictions would hence be a clear hint of NP effects related
to LFU violation.

1.6 Experimental results

As described above, there are two main approaches to search for NP effects and, in particular, for
LFU violation in the b— sf™¢~ transition. The first approach consists in measuring LFU ratios
like Rx and Rgi~«. The second investigates the angular dependence of the differential decay width
of b— s¢*¢~ decays to muons and electrons. In recent years, several measurements based on both
approaches have shown hints of tension with respect to the SM predictions.

One of the most interesting measurements is the Pf anomaly observed by LHCb and then
confirmed by Belle. The measurement of the angular distribution of the decay products of the
BY — K*Ou*u~ decay was performed by LHCD in 8 bins of ¢? from 0.1 GeV?/¢* to 19.0 GeV?/c*. A
deviation was observed in the angular distribution and, in particular, in the P; observable, which
is particularly sensitive to the Cg Wilson coefficient [35]. Incidentally, a compatible deviation was
observed by Belle, which performed a measurement in 4 bins of ¢ in the same kinematic region of
LHCb. The plot in Fig. shows the results obtained by LHCb and Belle, with the latter given
separately for decay modes with muons and, respectively, electrons in the final state. The excess is
observed in two bins of ¢2, respectively from 4.0 GeV?/c* to 6.0 GeV?/c* (at a level of 2.8 standard
deviations) and from 6.0 GeV?/c* to 8.0 GeV?/c? (at a level of 3.0 standard deviations).

A similar measurement for the B — K*%¢*e~ decay was performed by the LHCb experiment
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in the low ¢? region, from 0.0020 & 0.0008 GeV?/c* to 1.120 + 0.060 GeV?/c* |39]. This region
is dominated by the b — sy transition and is hence particularly suitable to measure the photon
polarisation and the C7; and C, Wilson coefficients. The angular observables were obtained by
fitting the B° invariant mass distribution and the three decay angles. The results are dominated by

statistical uncertainties and are compatible with the SM predictions [40}41].

Hints of deviations from the SM predictions were observed also in the measurements of the
LFU ratios Rx and Ry« performed at LHCb. Both were previously measured by BaBar and
Belle, which found them compatible with the SM predictions, although within a large statistical
uncertainty [42,43]. The first measurement, Ry, is the ratio of the branching fractions of the
BT »K*tutp~ and BT —KTete™ decays. This is predicted to be unity within an uncertainty
of O(1072) in the SM [30144]. However, discrepancies from this prediction are expected in several
NP scenarios, involving new scalar or pseudoscalar interactions [30] or the existence of a Z’ boson
coupling differently to electrons and muons [45H47]. The value of Rx was measured by LHCb
in the ¢* region between 1GeV?/c* and 6 GeV?/c? [33]. This region is both experimentally and
theoretically favoured, since it allows to veto decays occurring through a J/v resonance and to profit

from accurate predictions. This resulted in
0.090
Ry = 0.7457007) £ 0.036,

where the first uncertainty is statistical and the second systematic. This result, which corresponds
to the most precise measurement to date, is compatible with the SM prediction at 2.6 standard
deviations. The second measurement, Rx~, is analogous to the first, but is obtained by studying
the B — K*Ou*pu~ and B® — K*%%te™ decays. The main difference is the presence of a vector
meson in the final state. As for Rg, the SM prediction is known at the percent level and differs
from unity mainly because of phase-space effects. The R+ measurement can probe models with
leptoquarks or Z’ bosons. At LHCb, Ry was measured in two different regions of ¢2, a low ¢ bin
between 0.045 GeV?/c* and 1.1 GeV?/¢?, where the measurement is mostly sensitive to C; and C%,
and a central ¢? bin between 1.1 GeV?/c* and 6 GeV?/c*, where a large sensitivity is expected to Cé/)

and C%). The measured values are

or (stat) £ 0.03 (syst) for 0.045 < ¢® < 1.1 GeV?/c?
ov (stat) £0.05 (syst) for 1.1 < ¢? < 6.0 GeV?/c?
and correspond to the most precise measurement of Ry« to date. The results are compatible with

the SM predictions at 2.1 — 2.3 and 2.4 — 2.5 standard deviations in the low and in the central ¢

bin, respectively.

In addition to these measurements, discrepancies with respect to the SM predictions were observed

in several branching ratios of b —su™ ™ transitions [48].

The b— s¢T¢~ measurements described in this section show an interesting and coherent pattern
of deviations with respect to the SM predictions. A brief discussion about how to interpret these

results is given below.
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Figure 1.6: Allowed regions in the (C,Ci) (left) and (Ch,C§) (right) planes of Wilson coefficients, assuming
the remaining Wilson coefficients to be SM-like [47],/49].

1.7 Phenomenological interpretation

The anomaly observed in the angular distribution of the decay products of the B® — K*Ouu~ decay
might be the result of the underestimation of the theoretical uncertainty or the poor theoretical
knowledge of the contribution of the ¢ resonances to the differential decay width of the B® —
K*Ou* 1~ decay. While this might explain the excess observed in the P; observable of the B® —
K*Out = decay, a different explanation is required to explain the deviations observed in the Ry

and Ry~ measurements.

If, on the other hand, one assumes that the deviations are the result of NP, the effective field
theory described in Section [[.4] can help in clarifying what kind of NP models might be consistent

with the experimental observations.

Several global fits were performed, using as experimental input the Rx and Ry~ measurements,
as well as the b — su™ ™ measurements. In the global fits, NP contributions that might explain
the experimental anomalies were searched for among the dimension-six operators of Eqgs. ,
(1.13), and , that is, the vector and axial-vector operators Og and Oq¢ (where vector and
axial-vector refer to the lepton current), the scalar and pseudoscalar operators Og and Op, and the
tensor operators O and Ors. Two examples of these global fits are shown as a reference in Fig. [I.6]
The plot on the left shows the results of the global fit when two Wilson coefficients, C{ and Cfj), are
allowed to receive NP contributions. The constraints coming from Rx and Ry~ are shown by the
solid lines in blue, those coming from b — su™ ™ are shown by the dotted lines in grey, while the
combination of both is shown in red, where the different red shades represent the 1o, 20, and 3o
confidence levels. According to the fit, the data are in favour of a reduced Cy and an unchanged
C10 or a reduced Cy and an enhanced Cyg. If one allows LFU violation, the Wilson coefficients can
assume different values in the electron and muon sectors. The plot on the right shows the results
of the global fit when both C§ and C4 are allowed to receive NP contributions. According to LFU,
the two couplings should be identical. However, this is not the favoured scenario according to the
experimental results, which suggest a suppression in the muon coupling, which is compatible with
the suppression observed in the Rx and Rg- measurements. There is instead no clear indication of

a NP contribution in the electron sector, given the compatibility of C§ with zero.
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Figure 1.7: Values of Rk (left) and Rx= (right) predicted by the SM (blue line) and by several NP benchmark
models (orange, green, and red lines) as a function of ¢*, compared to the values measured by LHCb (black
points with error bars) .

A comparison between the values of R and Rg+ measured by LHCb and the predictions of
the SM and of several NP benchmark models is shown in Fig. as a function of ¢?. In the SM,
Ry and Ry~ are to an excellent approximation independent of ¢2. For R, this is still valid in the
presence of NP, although the predicted value of R is suppressed with respect to the SM prediction.
For Rg~, the ¢?> dependence is not trivial and varies with the specific NP model. The drop to zero
at the dimuon threshold ¢ ~ 4mi is due to phase-space effects.

It is worth noticing that some of the NP models that have been proposed can also explain the
deviation observed in the Rp+ measurement . These models assume the existence of W' and
7' bosons with non-universal couplings to charged leptons. In this models, NP couples predominantly
to the third generation of quarks and leptons, with a small non-negligible mixing between second
and third generations [53].

1.8 LFU angular asymmetries

The breaking of LFU through NP effects in rare b— s¢*¢~ transitions can be measured by computing
the S; and P/ observables for decays to electrons and muons.

The simplest possibility is to compute the angular observables
AS; =S¢ — S,

i.e., the differences between the S; observables of the same decay to electrons and muons. A more
detailed discussion about the expected sensitivity of these observables can be found in [6.1.2}
Another appealing possibility is to compute the angular observables
Qi =P 1‘/# - P 1/ e’
with ¢ = 4,5,6,8. These angular observables have a limited sensitivity to hadronic uncertainties
and long-distance charm-loop contributions in the SM and can hence be considered a clean probe of

LFU violation between the first and the second generation. Any deviation from zero in @); would be

a direct hint of NP. A pioneering measurement of these angular observables was performed recently
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Figure 1.8: Values of P measured by Belle in the electron mode (green), in the muon mode (red), and in the
combined mode (black), compared to the SM predictions (blue bands) for different bins of ¢* (left). Values
of @5 measured by Belle (black points) compared to the SM predictions (blue bands) and to the predictions
of a NP benchmark model (orange bands) for the same bins of ¢ (right) |54].

by Belle and is shown in Fig. The plot on the left shows the values of P} measured by Belle in
the electron and muon modes, while the plot on the right shows the corresponding values of Q5. In
order to increase the statistics available, both B —K*° ¢*¢= and Bt —K** (*{~ decays, with
¢ = e, i1, were included in the measurement. The K*° was reconstructed in the K+t7~ final state,
while the K** was reconstructed in both K*7° and K7™ final states. The analysis was performed
in four independent bins of ¢?.

In order to improve the sensitivity to the difference between the Wilson coefficients C{ and C!
for decays to electrons and muons, additional angular observables were proposed recently. One
possibility consists in measuring weighted differences (with respect to the lepton flavour of the final
state) of angular observables:

dB*
S; (QQ) - T(fsf(q2),

where B¢ and B* are the branching ratios of the B —K*%ete™ and B® —K*utpu~ decays,
respectively [55].

1.9 Summary and future prospects

Rare decays proceeding through a b— s/~ transition are a powerful tool to search for NP effects
and have shown several hints of tension with respect to the SM predictions in recent years. Tensions
have been observed in the LHCb measurements of the LFU ratios Rx and Ry, the branching ratios
of several b —su™p~ decays, and the P! observable of the B® — K*9u* = decay. The latter has
been confirmed by an independent measurement performed by Belle in a very different experimental
setting.

This could suggest a coherent pattern of NP effects contributing predominantly to b —su™p~ and
to a lesser extent to b —sete™ transitions. The experimental results might be explained consistently
within an effective field theory by assuming NP contributions to one or more Wilson coefficients.
Based on current measurements, one of the favoured option would be a NP contribution to C§ or to

both C and C}). This would imply LFU violation between electrons and muons. On the other hand,
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Figure 1.9: Predictions for the ratios Rk, Rx+, and Ry (left) and for the angular observables Ql, Qg, Q4,
Qs, Bs, and B (right) in the low, central, and high ¢ bins for the SM (black) and five NP benchmark
models. The latter correspond to Cé\LP = —1.1 (green), Cé\LP = fc{%fj = —0.61 (blue), Cé\,’ip = —Cy, = —1.01
(yellow), Cé\LP = —3C3Y = —1.06 (orange), and the best fit point in a six-dimensional fit of the Wilson
coefficients CN*, C&'F, Clok, C4, Cb,., and Cio, (grey). The experimental results, if available, are shown by
the dashed red bars .

some of the observed tensions might be due to the underestimation of the theoretical uncertainties.

Experimentally, most measurements are dominated by statistical uncertainties. The LHCb
measurements, in particular, are based on proton-proton collision data corresponding to an integrated
luminosity of 3.0 fb~!, recorded at centre-of-mass energies of 7 and 8 TeV. This corresponds to the
full statistics of the LHC Run I. However, due to the increase of the centre-of-mass energy during the
LHC Run II, nearly twice this integrated luminosity is expected by the end of the current data-taking
period. Therefore, it will be a matter of utmost importance to provide updates based on the full
LHC Run I and Run II statistics. In addition, new measurements must be performed to further
exploit the potential of the rare decays proceeding through a b— s¢*¢~ transition. Besides Ry and
R, additional LFU ratios that can be meaured at LHCb are Rx and Ry, which refer to the decays
B — X t¢~ and B? — ¢ (T~ respectively. A complementary test of LFU consists in studying
the angular distribution of the final-state particles of the BY — K*%u*pu~ and B? — K*0ete~
decays. This can be achieved by measuring the S; and P/ observables of such decays, as well as their
differences AS; and @Q; and weighted differences D; with respect to the flavour of the leptons in the
final state.

In order to investigate the potential of these measurements in discovering NP, LFU ratios
and angular observables are predicted within several NP benchmark models and compared to the
SM predictions and to the measurements (when available). This is shown in Fig. where
five NP benchmark models are taken into account: in the first, Cé\LP = —1.1; in the second,
Col = —Cy, = —0.61; in the third, C§/” = —C§, = —1.01; in the fourth, C§}” = —3C{” = —1.06;
in the fifth, the Wilson coefficients have the values corresponding to the best fit point in a six-
dimensional fit of CN¥, C5/F, Cfol, C3, Cg,,, and Cig,.

At LHCb, the D; observables can be measured by performing likelihood fits of the mass and
angular distributions of the B® —K*? ¢*¢~ decays or by using the method of moments. However,
obtaining an evidence of NP effects at the level of three standard deviations would require more
than 1000 B® —K*%¢Te~ decays, which is beyond the reach of LHC Run II. The statistics available
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is also the limiting factor of the measurement of the @; observables. Due to this limiting factor, a
first milestone in the LHCb physics programme is the measurement of the AS; observables. The
first measurement of these observables, obtained by a counting method procedure, is described in
detail in Chapter [0}
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CHAPTER 2

The LHCb experiment at the LHC

This chapter provides some generalities about the Large Hadron Collider and a more detailed
description of the LHCb detector.

2.1 The LHC

The Large Hadron Collider (LHC) is a proton-proton (pp) and heavy ion collider located at the
European Organization for Nuclear Research (CERN) laboratory, on the French-Swiss border just
outside Geneva. The LHC is housed in a 27 km long, nearly circular tunnel about 100 m underground,
the same tunnel that previously housed the Large Electron Positron (LEP) collider.

Before circulating into the LHC, protons are extracted from hydrogen gas and accelerated by a
succession of accelerators. Each accelerator increases their energy and injects them into the next
accelerator in the sequence, as shown in Fig. 2.1] The Linac 2 linearly accelerates protons up to the
energy of 50 MeV. Protons are then transferred to the Booster, where they are accelerated up to
1.4 GeV, and subsequently to the Proton Synchrotron (PS), where they reach the energy of 25 GeV.
They are then injected into the Super Proton Synchrotron (SPS), and finally transferred into the
LHC at an average energy of 450 GeV.

Proton and ion beams are bent around the circumference of the LHC using NbTi superconducting
dipole magnets which, maintained at a temperature of 1.9 K by a liquid helium cooling system,
produce a field of 8.3 T. Proton beams are not continuous, but spaced in bunches of about 10!
protons each. The time separation between two adjacent bunches is a multiple of 25 ns, which
corresponds to a bunch-crossing rate of 40 MHz. This is referred to as the “nominal” bunch-crossing
rate. The LHC was designed to collide protons with a peak instantaneous luminosity of 103* cm=2s~!
at a centre-of-mass energy of 14 TeV. However, the energy was limited to 7 TeV during the 2010 and
2011 operations and to 8 TeV during 2012. This first data-taking period, which is referred to as Run
I, was followed by an upgrade of the machine and the detectors which took place from 2012 to 2015
(the Long Shutdown I). The changes applied to the accelerator during the Long Shutdown I allowed

to further increase the energy to 13 TeV. A second data-taking period, which is referred to as Run
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Figure 2.1: Schematic view of the accelerator complex at CERN .

II, started in 2015 and is still ongoing. A summary of the main LHC parameters during the 2010,
2011, and 2012 pp runs is shown in Table 2.1} while the corresponding summary for the 2015, 2016,
and 2017 pp runs is shown in Table

Collisions between the two beams occur in four distinct points along the ring, where the detectors
of the four major LHC experiments (ATLAS, CMS, ALICE, and LHCD) are installed. Among them,
ATLAS and CMS are general-purpose experiments, while ALICE and LHCDb are specifically designed
to study heavy ion and heavy flavour physics, respectively. Two smaller special-purpose experiments,
TOTEM and LHCf, complete the picture: the first aims at measuring the total pp cross-section, the
second aims at studying some aspects of astroparticle physics.

LHC is a copious source of b and ¢ hadrons. At current energies, the total pp cross-section is
about 100 mb, with the inelastic component amounting to 70 mb . Heavy quark production
is dominated by bb and cc quark-pair production through strong interactions, with cross

sections of

o(pp — ceX) = (6.10 £ 0.93) mb,
o(pp — bbX) = (284 + 20 + 49) ub,

at 7TeV centre-of-mass energy. An approximately linear increase of the cross sections is expected
by raising the energy from 7 to 14 TeV, which will result in nearly 10° bb and 10° cé quark-pairs
produced every second at 14 TeV centre-of-mass energy. This is consistent with the cross section

measurement performed at LHCb at a centre-of-mass energy of 13 TeV .
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Parameter Design 2010 2011 2012
Peak luminosity (em~2s7!) 1 x 103 2.1 x10%? 3.7x10% 7.7 x10%
Protons energy (TeV) 7 3.5 3.5 4
Max bunches per beam 2808 368 1380 1380
Bunch separation (ns) 25 150 50 25 — 50

Table 2.1: Main LHC parameters during the 2010, 2011, and 2012 pp runs compared with the corresponding
design values.

Parameter Design 2015 2016 2017
Peak luminosity (em™2s7!) 1 x10%* 5.0 x 10%® 13.8 x 103  17.4 x 103
Protons energy (TeV) 7 6.5 6.5 6.5
Max bunches per beam 2808 2220 2220 2556
Bunch separation (ns) 25 25 25 25

Table 2.2: Main LHC parameters during the 2015, 2016, and 2017 pp runs compared with the corresponding
design values.

The inclusive bb quark-pair production cross-section depends on the rapidities of the b quark and
the b antiquark and on the transverse mass of the bb system . The cross section decreases if
either the rapidity difference between the b quark and the b antiquark or the transverse mass of the
bb system increase. This results in bb pairs predominantly produced with both partons collinear, as
shown in Fig. 2.2] This motivates the design of the LHCDb detector, as discussed in the next section.

LHCb MC
Vs =7TeV

8, [rad] ™2

T2
6, [rad]

Figure 2.2: Angular correlation between the b quark and the b antiquark in bb quark-pair production
processes , as simulated by the PYTHIAS event generator with the CTEQ6 NLO parton distribution
functions.
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Figure 2.3: Layout of the LHCb detector . The beam is along the z axis.

2.2 The LHCDb detector

The primary goal of the Large Hadron Collider beauty (LHCb) experiment is to search for indirect
evidences of NP, mainly by studying CP violation and rare decays of charm and bottom hadrons.

The LHCb detector is a single-arm spectrometer with a forward angular coverage from
15mrad to 300 (250) mrad in the bending (non-bending) plane, corresponding to a pseudorapidity
interval of 1.8 < n < 4.9, where n = —In [tan(6/2)], with 6 being the polar angle with respect to
the beam direction. The forward angular coverage is motivated by the fact that, at the LHC
centre-of-mass energies, the b and b hadrons that originate from the pp collisions are mostly produced
at small polar angles and, once one b quark is in the detector acceptance, probability is high that
the corresponding b antiquark will be nearby in pseudorapidity. For beam energies of 7 and 8 TeV,
the probability that either the b quark or the b antiquark are inside the LHCb acceptance is 27%,
while the probability for the bb pair to be inside the LHCb acceptance is 25%. The corresponding
probabilities at 14 TeV are 27% and 24%, respectively . The impact of the acceptance on the
bb and cé quark-pair production cross-sections can be evaluated by comparing the cross-sections
quoted in the previous section with the analogous cross-sections for decay products within the LHCb
acceptance, which are o(pp — cX) = (1419 & 134) ub and o(pp — bbX) = (75 & 14) ub.

The LHCb detector consists of a charged-particle tracking system and a particle-identification
system. The tracking system includes a magnet and three different detectors: the VErtex LOcator
(VELO) and the Tracker Turicensis (TT), both upstream of the magnet, and three tracking stations

(T1-T3), downstream of the magnet. The particle-identification system includes several detectors,
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Figure 2.4: Comparison between the instantaneous luminosities at LHCb and at general-purpose detectors
for a typical fill duration during the 2010-2012 data taking illustrating the effect of luminosity leveling [67].

each one exploiting a different technology: two Ring Imaging CHerenkov (RICH) detectors, the
calorimeters, and the muon detectors. The layout of the LHCb detector is shown in Fig. 2:3] The
right-handed coordinate system has the x axis pointing toward the centre of the LHC ring, the y
axis pointing upwards, and the z axis pointing along the beam direction.

The LHCb detector guarantees a good coverage of the high pseudorapidity region. However, high
particle densities challenge the detectors near the beam axis with high occupancy. This is partially
alleviated by using a light-weight beampipe that includes four conical sections that pass through the
whole detector. The first three sections, from the interaction point to the calorimeters, are made of
beryllium, while the last section, from the calorimeters to the muon detectors, is made of stainless

steel.

2.2.1 The collision

The two proton beams, which run parallel to each other along the LHC tunnel, are bent to intersect
in the VELO. Primary pp interactions occur in the overlap area, which is referred to as the luminous
region. The position and size of the luminous region are inferred from the spatial distribution of the
Primary Vertices (PV), which are the space-points in which primary pp interactions occur. The size
of the luminous region is inferred as the per-run spread of the reconstructed primary vertices x, ,
and z coordinates and is approximately 40 pm along = and y and 5 cm along z.

When the beams intersect, multiple primary pp interactions may occur. This challenges the
detector with high occupancy and must be limited due to hardware limitations in order to keep
the data acquisition efficiency optimal. For this reason, the luminosity at the intersection point
was reduced to nearly 3.5 x 1032 em~2s7! in 2011 and to nearly 4 x 1032 cm~ 25! since 2012.
This was achieved by a luminosity leveling technique |66], which allows the LHCb detector to meet
occupancy requirements and to operate at the same time as ATLAS and CMS. The transverse
overlap of the beams at LHCD is minimum at the beginning of a fill and is then gradually increased
to compensate for the beam current degradation, so that the instantaneous luminosity can be kept
stable to within nearly 5% during the entire fill. The effect of this procedure is shown in Fig.

where the instantaneous luminosities at LHCb and at the general-purpose detectors ATLAS and
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Figure 2.6: LHCD integrated luminosity during pp runs as a function of time for 2010 (yellow), 2011 (green),
2012 (blue), 2015 (cyan), 2016 (magenta), and 2017 (red) [69].

CMS are compared for a typical fill duration during the 2010-2012 data taking. The luminosity
leveling guarantees similar data-taking conditions during the fill and allows to reduce systematic
uncertainties originating from changes in the detector occupancy. The transverse beam size at the
intersection point is around 160 pm and the distance between beam centres varies from 100 pm at
the beginning of the fill to 40 um at the end of it. In these conditions, the average number of visible
primary pp interactions per bunch crossing, called u, almost reduces to one E| The values of
and peak luminosity during Run I are shown in Fig. The LHCb integrated luminosity during
pp runs as a function of time for 2010, 2011, 2012, 2015, 2016, and 2017 is shown in Fig. and
sums up to 3fb~! for Run I and 2.6 fb~" for Run II.

Particles that originate from a primary vertex and have significant lifetime and sufficient momen-

tum may travel a measurable distance before decaying. The space-points in which such decays occur

1An interaction is “visible” if at least two charged particles with sufficient hits in the tracking system to allow
reconstruction are produced.
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are referred to as Secondary Vertices (SV). Typical ¢ and b hadrons in LHCb have momenta of O
(100) GeV/c and decay lengths of O (1) cm.

Due to the forward geometry of the LHCb detector, only particles moving in the forward direction
may be detected in both tracking and particle-identification detectors. Backward-moving particles
may traverse only the most upstream section of the VELO. They are used in the trigger to determine

the number and the longitudinal positions of the primary vertices.

2.2.2 Tracking

The tracking system provides accurate spatial measurements of charged-particles’ trajectories, in
order to determine quantities such as charge, momentum, vertex locations, flight distance, and
impact parameter (described in more detail below). Moreover, reconstructed tracks are matched
to calorimeter clusters, Cherenkov rings, and tracks in the muon detectors (muon stubs), hence
providing useful information to discriminate among different species of particles.

The warm dipole magnet allows the measurement of charged-particles’ momentum by bending the

charged particles in the horizontal plane. The dominant component of the magnetic field is aligned

— ———1

”N/

[l =

il
il ==
I
T |1 o
-
R | T
1
e
R
I | p
L | [ @
VA | |
il I

Ul (Y

0 q

0

n
o
i
i | i
i | i @
I | Vi
M |
it i
al
I
| { e

o .
(-3

By/T
[

8010

i
i
|

T
!
[\ il '
| \ -
\ 1
: !
— 1
I = i
‘\;‘,“(‘ ¥ - o :
T -0.75 :

_—
T e |
S :
]
!
!

Figure 2.7: Perspective view of the magnet, with dimensions in millimeters and interaction point behind the
magnet (left) . Measured on-axis magnetic field, for both “up” and “down” polarities (right) |65].

along the vertical direction and corresponds to 4 T m integrated along 10 m for tracks originating
from the interaction point. This guarantees a relative momentum resolution that varies from 0.5%
at low momentum to 1.0% at 200 GeV/c. To cover the full acceptance of the LHCb detector, the
magnet has an aperture of £300 (250) mrad in the bending (non-bending) plane. It consists of two
identical conical saddle-shape non-superconducting coils, mounted symmetrically inside an iron yoke.
Each coil is made of 15 pancakes, while the iron yoke is made from 100 mm thick steel sheets. The
magnet is 11 m wide, 8 m high, and 5 m thick, and has a total weight of 1600 tons. Its electric power
dissipation amounts to 4.2 MW and corresponds to a nominal current of 5.85 kA and a maximum
current of 6.6 kA in the conductor. The magnet perspective view is shown in Fig. The current
in the magnet is periodically inverted and similar amounts of experimental data are collected with

each polarity configuration. This reduces the impact of systematic effects in precision measurements
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of CP asymmetries. The measured on-axis magnetic field is shown in Fig. for both “up” and
“down” polarities.

The VELO and the TT, upstream of the magnet, are silicon microstrip detectors. The T1-T3
stations, downstream of the magnet, consist of two separated detectors, one closer and one further
from the beam axis, that employ a different technology: the Inner Tracker (IT) is a silicon microstrip
detector, the Outer Tracker (OT) is a straw tube detector.

VELO

The VELO |[70] measures charged-particles’ trajectories in the region closest to the interaction
point. It is used to reconstruct primary vertices and displaced secondary vertices with a very high
spatial resolution. In addition, it allows to precisely measure the Impact Parameter (IP) of charged
particles’ trajectories. The impact parameter is the distance of closest approach of the particle’s
trajectory to the primary vertex. Particles originating from the primary pp interaction have impact
parameter values compatible with zero, while decay products of long-lived heavy particles have
higher mean-valued impact parameters. Selections based on impact parameter are extensively used
to reduce the contamination from light-quark backgrounds in many measurements at LHCb, so an
optimal impact parameter resolution is crucial for the performance of the experiment. The impact
parameter of a decay product can be written as

pIT

1P = |fsv - fpv‘ sinf = — sin@,
m

where |Zpy — Zsy| is the Flight Distance (FD) of the decaying particle, which corresponds to

the displacement between the primary and secondary vertices, and 6 is the opening angle, in the

laboratory frame, of the decay product’s trajectory with respect to the decaying particle’s trajectory.

The opening angle is defined as .
cosf = L P

|qllp1’

where ¢ and P’ are the decay-product’s and decaying particle’s momenta, respectively, both measured

in the laboratory frame. A schematic view of a typical impact parameter is shown in Fig.

PV

Figure 2.8: Dependence of the impact parameter of a decay product on the flight distance of the decaying
particle and the opening angle of the decay product’s trajectory with respect to the decaying particle’s
trajectory.
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Figure 2.9: Geometry of the VELO r and ¢ sensors [65]. For the ¢ sensor, strips belonging to two adjacent
modules are represented in order to show the stereo angle.

The VELO consists of 21 disk-shaped tracking stations positioned along the beam axis, both
upstream and downstream of the nominal interaction point. The former aim at identifying primary
vertices and providing a precise measurement of their position. Each tracking station is divided
in two retractile halves, referred to as modules, each consisting of two silicon microstrip sensors,
one with radial and one with azimuthal segmentation. Both r and ¢ sensors are centred around
the beam position and have a sensitive area covering the region from r = 8.2 to r = 42 mm. The
r sensor consists of concentric semicircular strips, which are subdivided in four 45° sectors each,
to reduce occupancy. The pitch increases linearly from 38 um at the innermost radius to 102 um
at the outermost radius. The ¢ sensor is subdivided in two concentric regions: the inner region
at r = 8.2 — 17.25 mm, the outer region at r = 17.25 — 42 mm. The pitch increases linearly from
the centre, with a discontinuity in passing from the inner to the outer region. In order to improve
pattern recognition, ¢ sensors are designed with an angular tilt of +10° in the inner region and —20°
in the outer region, both with respect to the radial direction. The tilt is reversed for adiacent sensors.
The detailed geometry of r and ¢ sensors is shown in Fig. The single-hit resolution for tracks of
optimal incidence (up to 100 mrad) is measured to be better than 4 um for a strip pitch of 40 pm.
To maximize the impact parameter resolution, r sensors should approach the beam axis as much
as possible. Nevertheless, beam dimensions vary considerably between injection and data-taking
phases. For detector safety, the two halves are retracted of 29 mm during injection to reach a safe
distance from the beam axis. Once stable beam conditions are achieved, the two halves are moved
again toward the beam axis until they reach the distance of 5 mm from it, with the sensitive area
starting at a distance of 8 mm. Sensors are centred in z and y around the interaction region with
an accuracy of 10 um. The arrangement of the tracking stations is such that a particle originating
from the interaction region and emitted in the LHCDb acceptance and at a polar angle of less than
390 mrad to the beam axis traverses at least four different layers. Two additional tracking stations,
referred to as wveto stations, are located at the upstream end of the VELO and are assigned to veto
pile-up. They are also used to detect interactions between protons and residual gas molecules in the

beampipe. The veto stations differ from the other tracking stations because they only use radial
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Figure 2.10: Layout of the VELO and sketch of one tracking station in both open and closed configurations .

sensors. The layout of the VELO, together with a sketch of one tracking station in both open and
closed configurations, is shown in Fig. 2.10]

To minimize the amount of material encountered by particles traversing the detector, all VELO
sensors operate in vacuum. This detector vacuum is separated from the beam vacuum through a thin
aluminium layer, referred to as the RF foil. This layer protects the beam vacuum from outgassing
of the modules, provides a shield against Radio Frequency (RF) pickup from the LHC beams, and
suppress wake fields that would otherwise affect the LHC beams. The VELO corresponds to 17.5%

of a radiation length, the largest contribution to that coming from the RF foil.

The primary-vertex resolution has been measured to be nearly 13 um in the transverse plane and
nearly 71 um along the z axis for 25 tracks used in the primary-vertex fit . The dependence on
the number of tracks, as obtained from 2012 calibration data, is shown in Fig. The impact-
parameter resolution, which depends on multiple scattering, single-hit resolution, and primary-vertex

resolution, can be approximated as

_ /2 2 2
orp = \/UMS + Ohit + Tpv;

where the multiple scattering term depends on the inverse of the transverse momentum pp and

the single-hit and primary-vertex resolution terms are constants. The typical resolution on impact

— (154 —22
o= pr[GeV/(] i

parameter at LHCb is

as obtained from calibration data for events with only one primary vertex [71].
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Figure 2.11: Primary-vertex resolution as a function of the track multiplicity, as obtained from 2012
calibration data with only one reconstructed primary vertex in the event [67].

Silicon tracker

The silicon tracker 72| consists of two detectors based on the same technology and sharing the
same readout: the TT, upstream of the magnet, and the IT, downstream of it. The TT aims at
reconstructing low-momentum tracks that are swept out of the detector acceptance by the magnet
and tracks that come from the decay of long-lived particles. The IT reconstructs tracks with
momentum larger than 1.5 GeV/c that passed through the magnetic field region and lie near the
beam axis. The TT covers the full detector acceptance, the IT covers approximately 2% of the
detector acceptance, although it is estimated from simulation that almost 20% of tracks pass through
it.

Both detectors are equipped with pT-on-n silicon microstrip sensors to cope with the high
occupancy of the region close to the beam axis. The strip pitch is 183 um for the TT and 198 um
for the IT, yielding a single-hit resolution of nearly 50 pm. The TT sensors are 9.64 cm wide,
9.44 cm long, and 500 wm thick, while those of the IT are 7.6 cm wide, 11 cm long, and either 320
or 410 um thick. The TT consists of a single tracking station that has a 150 cm wide and 130 cm
high rectangular shape and a nearly 8 m? active area, the IT consists of three tracking stations that
have a 120 cm wide and 40 cm high cross shape and a nearly 4 m? active area, staggered along the
beam direction. Each of the four tracking stations is made of four layers, according to a (z,u,v,z)
configuration: the outer layers measure the x coordinate with vertical strips, while the second and
the third ones have strips rotated +5° (u) and —5° (v) with respect to the vertical direction, to
allow a coarse determination of the y coordinate. The distance between two adjacent layers is
approximately 4 cm, except for the v and v layers of the TT, which are separated by approximately
27cm. The layout of both TT and IT layers is shown in Fig. 2.12] Each TT layer consists of
half-modules, which have half the T'T height and are made of seven silicon sensors each. Depending
on the proximity to the beam axis, half-modules are divided in two or three readout sectors, each
sector being connected to a readout hybrid. A sector can consists of one, two, three, or four sensors
bonded together, which are read out by the same readout hybrid. The IT layer consists of four
rectangular units positioned around the beampipe. Each unit is made of seven modules, with each
module connected to a readout hybrid: the modules above and below the beampipe contain only
one silicon sensor (with a thickness of 320 pum), the modules on the left and on the right contain two
silicon sensors (with a thickness of 410 um) bonded together. In total, the TT and the IT consist of
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Figure 2.12: Layout of one TT (top) and one IT (bottom) layer .

280 readout sectors with 512 strips and 336 readout sectors with 384 strips, respectively.

During Run I, the fraction of working channels was determined to be 99.7% for the TT and
98.6% for the IT. Another key parameter in evaluating the performances of the silicon tracker is the
hit efficiency, that is, the ratio between the number of hits found and the number of hits expected in
a given sector. During Run I, this was evaluated to be 99.7% for the TT and 99.8% for the IT. The
hit resolution is another crucial parameter to take into account. This is determined from the spread
of the residuals between the measured hit position and the extrapolated track position. In order to
obtain unbiased residuals, the hit is removed from the track before performing the track fit. The hit
resolution in 2011 was measured to be 52.6 um for the TT and 50.3 um for the IT . For 2012,
the hit resolution was measured to be 53.4 um for the TT and 54.9 um for the IT . The average
occupancy depends on the distance from the beam axis and varies from 1.9% to 0.2% for both TT
and IT.

oT

The OT completes the LHCb tracking system, providing a coverage of the detector acceptance
up to 300 (250) mrad in the bending (non-bending) plane. The OT uses gas-tight straw tubes to
reconstruct tracks with a spatial resolution of 200 pm. Charged particles traversing the detector
ionise the gas along their trajectory. By measuring the drift time of the ionisation electrons to the
anode wire located at the centre of a straw tube with respect to the bunch crossing signal it is
possible to determine the distance between the charged particle’s trajectory and the wire.

The OT has the same layout as the IT, as shown in Fig. 2.13] It consists of three tracking
stations positioned along the beam axis, each being made of four layers according to the (z,u,v,z)
configuration. The total active area of a station is 597 cm x485cm. A single layer consists of an

array of modules, each containing two planes of 64 straw tubes. The straw tubes of one plane are
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Figure 2.13: Design of an OT module (left) and schematic view of the OT stations along the beam axis
(right) [74].

staggered with respect to those of the other plane in order to guarantee overlap between the two
adjacent planes. The cathode has a radius of 2.45 mm, the gold-plated tungsten anode wire has a
radius of 12.7 um. Straw tubes are filled with a 70:28.5:1.5 mixture of Ar, CO2, and Og that ensures

a drift time across the tube below 50 ns, corresponding to two bunch crossings.

2.2.3 Particle identification

Particle identification plays a crucial role in the analysis of a large fraction of heavy flavour decays
studied at LHCb. The variety of charged and neutral particles produced in the collisions, spreading
over a wide momentum range, makes an extensive particle-identification system necessary. In
particular, efficiency in reducing background often relies on how well the particle-identification
system is able to separate kaons from pions, a task that can be accomplished by the RICH detectors.
On the other hand, the calorimeters permit identification of electrons, photons, and hadrons, while
muons are best identified by the muon detectors. By combining the information of the RICH,

calorimeter, and muon detectors, the following particle identification performances are achieved:

e for electrons, 90% identification efficiency for a nearly 5% electron-to-hadron misidentification

probability;
e for kaons, 95% identification efficiency for a nearly 5% pion-to-kaon misidentification probability;

e for muons, 97% identification efficiency for a pion-to-muon misidentification probability between
1 and 3%.

More details on the single detectors of the particle-identification system are reported in the following
paragraphs.
RICH detectors

Two detectors, RICH1 and RICH2 [75], identify charged particles over a momentum range from 2
to 100 GeV/c. In particular, RICH1 aims to identify low-momentum particles, included those that
are swept out of the detector acceptance downstream of the magnet, while RICH2 is optimized to

identify high-momentum particles. The low-momentum RICH detector is located upstream of the
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Figure 2.14: Cherenkov angle as a function of momentum for different particles and radiators, as obtained
from simulation [65].

magnet, between the VELO and the TT. The high-momentum RICH detector is located downstream
of the magnet, just beyond the last tracking station. The relation between Cherenkov angle and
momentum vary for each particle and each radiator, as shown in Fig. 2.14] Being designed to
cover different momentum ranges, the two detectors differ in the radiators they are filled with. The
low-momentum RICH detector covers the range from 2 to 60 GeV/c and uses separate aerogel (in
Run I only) and C4F; radiators. The aerogel has a refractive index of 1.030 at A = 400 nm and
consists of 5cm thick tiles placed around the beampipe. The C4F1¢ has a refractive index of 1.0014
at A = 400 nm and fills a 1 m thick area beyond the aerogel. The higher refractive index provides
coverage for low-momentum particles. The high-momentum RICH detector covers the range from 15
to 100 GeV/c and uses a CF, radiator, which has a refractive index of 1.0005 at A = 400 nm. The
geometry of both RICH detectors is shown in Fig. RICHI1 has a wide acceptance, from 25 mrad
to 300 (250) mrad in the bending (non-bending) plane, while RICH2 only covers the acceptance
from 15mrad to 120 (100) mrad in the bending (non-bending) plane. Each detector has two kinds of
mirrors: a spherical mirror needed for ring-imaging and a set of flat mirrors needed to guide photons
onto the Hybrid Photon Detectors (HPDs) located outside the detector acceptance. This minimizes
the amount of material traversed by the particles and accommodates the magnetic shield necessary
for a proper operation of the hybrid photon detectors. These are used by both RICH detectors and
detect Cherenkov photons with wavelengths between 200 and 600 nm.

Calorimeters

The calorimeters provide fast information for the low-level trigger and offer identification of electrons,
photons, and hadrons, together with a measurement of their energies and positions.

The calorimeters consist of an Electromagnetic CALorimeter (ECAL) [76], followed by a Hadron
CALorimeter (HCAL) |77]. Both are placed between the first and the second muon station and
cover the angular acceptance from 25 to 300 (250) mrad in the bending (non-bending) plane. The
inner angular acceptance is limited by the high particle density of the region close to the beam axis.
The ECAL is equipped with two additional detectors, placed in front of it and separated by a thin
lead converter: a PreShower detector (PS) and a Scintillator Pad Detector (SPD). The PS and the

SPD are used by the low-level electron trigger to distinguish electrons from photons and pions |78§].
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Figure 2.15: Geometry of low-momentum (left) and high-momentum (right) RICH detectors . The
optical layout is vertical for the former and horizontal for the latter.

The SPD is also used to measure the number of tracks per event, which is used to veto online too
crowded events. The calorimeters have a tower-projective geometry with respect to the nominal
interaction point and are subdivided in four quadrants that surround the beampipe. Each quadrant
has a lateral segmentation in cells of different sizes, depending on the distance from the beam axis.
The lateral segmentation takes into account the variation in hit density of nearly two orders of
magnitude over the surface of the calorimeters and is finer in the PS, SPD, and ECAL and coarser
in the HCAL, as shown in Fig. 2.16] The PS, SPD, and ECAL consist of three sections, referred to
as inner, middle, and outer, while the HCAL consists of two sections, referred to as inner and outer.
The thickness of the ECAL corresponds to 25 radiation lengths, to guarantee a nearly complete
electromagnetic shower containment and a good energy resolution. The thickness of the HCAL is
limited to 5.6 interaction lengths due to space constraints. The readout is common to all detectors:
scintillation light is transmitted to photo-multipliers using wavelength-shifting fibers. The front-end
electronics, and the PS and SPD photo-multipliers, are located outside the detector acceptance,
while the ECAL and HCAL photo-multipliers are placed directly on the detector modules. Both
ECAL and HCAL are sampling calorimeters. The ECAL consists of alternate 4 mm thick scintillator
tiles and 2 mm thick lead plates. This structure offers a fast response for the low-level trigger and an
energy resolution of o /E = 10%/vE ® 1%, where the energy is expressed in GeV . The HCAL
is structured in 4 mm thick scintillator tiles sandwiched between 16 mm iron sheets. Scintillator
tiles run parallel to the beam axis and have a depth that corresponds to one interaction length in
iron. Adjacent layers consists of iron sheets alone or paired with scintillator tiles, leading to a ratio
of active to passive material of 0.18. This design allows the HCAL to provide a fast response for the
low-level trigger, although with a limited energy resolution of o /E = (69 4+ 5)%/VE ® (9+£2)% (E
expressed in GeV), as determined from test-beam data |65].
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Figure 2.16: Lateral segmentation of PS, SPD, and ECAL (left) and of HCAL (right) . Only one quadrant
of the detector is shown. The black area represents the gap for the beampipe.

Muon detectors

Muons in the final state are a typical signature for some of the most interesting heavy flavour decays
such as B — K*%utu=, B — J/¢(utpu=)é, B — ptp~, and B® — ptpu~. Moreover, muons
play an important role in measurements of B® and B? meson oscillations, where they are used as an

efficient tag of the initial flavour of the neutral meson.

The muon detectors provide identification and transverse momentum measurement of
penetrating muons for both low-level and high-level triggers, as well as for offline reconstruction.
They consist of five stations of rectangular shape, referred to as M1-M5, placed along the beam axis
and covering the angular acceptance from 20 (16) to 306 (258) mrad in the bending (non-bending)
plane (Fig. [2.17). The station M1, installed between the high-momentum RICH detector and the
calorimeters, improves transverse momentum measurements for muons that are also detected in the
M2-M5 stations. These stations are placed downstream of the calorimeters. They are interleaved
with 80 cm thick iron absorbers that select penetrating muons and result in a total thickness of about
20 interaction lengths. In order to traverse the whole detector, a muon is typically required to have
at minimum momentum of 6 GeV/c. The geometrical arrangement of the stations is projective and
pointing to the nominal interaction point. The stations are subdivided in four quadrants, arranged
around the beampipe. As shown in Fig. 2.17] each quadrant comprises four regions, labelled with
R1-R4 and installed at increasing radii from the beampipe. Each region is segmented in pads, whose
size depends on the station and on their location within the station. The linear dimensions of the R1,
R2, R3, and R4 regions scale according to the ratio 1:2:4:8, so that each region has approximately the
same occupancy as the others. The muon detectors rely on two technologies to detect muons: triple
gas electron multiplier and multi-wire proportional chamber detectors. The former are used in the
innermost region (R1) of the first station (M1), where the high particle density requires a radiation
tolerant detector; the latter are used in the rest of detectors. The gas mixture consists of Ar, COs, and
CF4 for both detectors, although in different proportions. The first three stations (M1-M3) contribute
to transverse momentum measurements, while the last two stations (M4-M5) achieve the simpler task
of detecting particles that pass through the absorber material. An average transverse momentum

resolution of 20% is achieved in stand-alone muon reconstruction, which is used in the trigger.
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Figure 2.17: Side view of the muon detectors (left) and geometry of a quadrant, with each rectangle
representing one chamber (right) . Linear dimensions and segmentations of R1, R2, R3, and R4 scale in
the ratio 1:2:4:8.

2.2.4 'Trigger

The LHCD trigger [80] is designed to efficiently select heavy flavour decays from the copious light-
quark background. The trigger must sustain the 40 MHz bunch-crossing rate, of which nearly
11 MHz consist of crossings where at least one visible primary pp interaction occurs. Only a small
fraction of approximately 15 kHz contains a b hadron decay for which all the final-state particles
are emitted in the detector acceptance. The subset of interesting b hadron decays is even smaller,
corresponding to only few Hertz . The maximum rate at which events can be stored at LHCb
varies from 3.5 to 12.5 kHz. It is then crucial for the trigger to reject background as early as possible
in the data flow. This is achieved by using fast, coarse measurements of transverse momentum,
transverse energy, track displacement, muon identification, and topological properties which are

distinctive of some specific decays.

The trigger is organized in two levels: the Level-0 trigger (LO) and the High-Level Trigger (HLT).
This two-level structure allows coping with timing and selection requirements, with a fast and partial
reconstruction at low level, followed by a more accurate and complex reconstruction at high level.
The hardware-based L0 trigger operates synchronously with the bunch crossing. It uses information
from calorimeters and muon detectors to reduce the 40 MHz bunch-crossing rate to below 1.1 MHz,
which is the maximum value at which the detector can be read out by design. After that, the
asynchronous software-based HLT trigger performs a finer selection based on information from all

detectors and reduces the rate to an output of up to 12.5 kHz.
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The LO trigger

The LO trigger consists of three independent trigger decisions: the L0 pileup, the LO muon, and the
L0 calorimeter. Each decision is combined with the others through a logic “or” in the L0 decision
unit, reducing the 40 MHz bunch-crossing rate to below 1.1 MHz. The LO decision unit provides the
global L0 trigger decision, which is transferred to the readout supervisor board and, subsequently, to
the front-end boards. This is necessary since the full detector information for a given bunch crossing
is not read out from the front-end boards until the LO decision unit has accepted it. Data from all
detectors are stored in memory buffers consisting in an analogue pipeline that is read out with a
fixed latency of 4 us, within which time a trigger decision must be available. To accomplish this task,
the LO trigger is entirely based on custom-built electronic boards. At this stage, trigger requests can
only involve simple and immediately available quantities, like those provided by calorimeters and
muon detectors.

The LO pileup trigger contributes to luminosity measurements [81].

The LO muon trigger [82] uses the information from the five muon stations to identify the most
energetic muons. It employs four independent processors, each of them associated to a quadrant of
the muon detectors. Muons traversing more than one quadrant are not used for triggering. Each
processor looks for hits defining a straight line projecting from the nominal centre of the interaction
region and traversing all the stations in the y projection. The search is limited to muons with
pr > 0.5 GeV/c in the z projection. The first and second stations are then used to coarsely estimate
the transverse momentum of the muon candidate. Once the two highest-transverse-momentum muon
candidates per quadrant are identified, the trigger decision is set depending on two thresholds: one on
the highest transverse momentum and one on the product of the two highest transverse momenta (L0
muon and LO dimuon, respectively). Typical thresholds in 2011 (2012) were 1.48 GeV/c (1.76 GeV/¢)
on the highest transverse momentum and (1.30 GeV/c)? ((1.60 GeV/c)?) on the product of the two
highest transverse momenta. The number of hits in the SPD is used to veto events with high
charged-particle multiplicity. These events are discarded since they would occupy a disproportionate
fraction of the HLT processing time. The threshold on the maximum number of hits in the SPD is
fixed to 600 (900) for the LO muon (LO dimuon).

The LO calorimeter trigger [83] uses the information from the ECAL, the HCAL, the PS, and the
SPD. It calculates the transverse energy deposited in a cluster of 2 x 2 cells of the same size, for
both the ECAL and the HCAL. The transverse energy is defined as

4
Er = Z E; sin#;,
i=1
where E; is the energy deposited in cell 7 and 6; is the angle between the beam axis and the direction
of the particle, assumed to originate from the centre of the interaction region and to hit the centre of
cell 4. This quantity is combined with information on the number of hits in the PS and SPD to define
three types of trigger candidates, photon, electron, and hadron. The photon candidate (LO photon)
is associated with the highest transverse-energy cluster in the ECAL, provided that hits are present
in the PS and absent in the SPD, as expected for neutral particles. The definition of a photon
candidate differs if the cluster is identified in the inner region of the ECAL. In this case, a cluster
accompanied by a suitable number of hits in the PS is sufficient. Electron candidates (LO electron)

are defined similarly to photon candidates, the only difference being the additional requirement of
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hits in the SPD. The hadron candidate (LO hadron) is associated with the highest transverse-energy
cluster in the HCAL. If the highest transverse-energy cluster in the ECAL is geometrically matched
to it, the two transverse energies are summed to get the total transverse energy of the hadron
candidate. The transverse energy of each candidate is compared to a predefined threshold and a
positive trigger decision is set for events containing at least one transverse-energy deposit exceeding
the threshold. Typical thresholds in 2011 (2012) were 3.5 GeV (3.7 GeV) for hadron candidates and
2.5GeV (3.0 GeV) for photon and electron candidates. The threshold on the number of hits in the
SPD is fixed to 600.

The LO electron and hadron triggers have a lower efficiency with respect to the LO muon trigger.
This is due to the fact that they both rely on the measurement of transverse energy in the calorimeters,
while the LO muon trigger uses the transverse momentum measured by the muon detectors. The
correlation between the measured transverse energy and the transverse momentum of the particle
triggering the event is limited in several ways. First of all, the magnetic field kick changes the
transverse momentum of charged particles prior to their detection in the calorimeter in a way that
depends on their trajectory and charge. Another factor that spoils the Er — pr correlation is the
calorimeter granularity. The transverse energy measured in a given calorimeter cell is not necessarily
deposited by a single charged particle. Cell acceptance is such that transverse energy observed in a
cell is the sum of transverse energies released in that cell by all particles traversing it. Especially for
central cells, where the particle density is high and low-momentum particles from the beam halo
may interfere, several particles contribute to the transverse energy measured in a cell, mimicking
the passage of a single energetic particle. The current performance of the hadron trigger is driven
by the need to lower the rate of L0 triggered events to 1.1 MHz, which is the maximum rate at
which the detector can be read out. This is achieved by requiring a high transverse energy threshold.
Such a restrictive requirement is successful in reducing the event-accept rate but causes a loss of
a substantial fraction of signal events too. For electrons, an additional complication arises from
the emission of bremsstrahlung photons, which may or may not hit the same calorimeter cell of the

emitting particle. This is discussed in more detail in Chapter [6]

The HLT

Events accepted at LO are transferred to the Event Filter Farm (EFF), an array of computers
consisting in 29000 cores during Run I and more than 50000 cores during Run II.

The HLT consists of several trigger selections designed to collect specific events (e.g., ¢ or b hadron
decays). Every trigger selection is specified by reconstruction algorithms and selection criteria that
exploit the kinematic features of charged and neutral particles, the decay topology, and the particle
identities. Since trigger selections may vary from run to run, a hexadecimal trigger configuration
key, which is a list of active trigger selections and associated requirements, is associated to every
event, to keep track of trigger biases in subsequent analysis.

The HLT consists of two different levels: the first stage (HLT1) and the second stage (HLT?2).
The main differences are the complexity of the information these stages are able to process and the
available time they have to do so. A partial event reconstruction is done in the first stage in order
to significantly reduce the event-accept rate and a more complete event reconstruction follows in the
second stage.

At the first level, tracks are reconstructed in the VELO and selected based on their probability
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Figure 2.18: Trigger flow of the LHCb experiment during 2011 (top left), 2012 (top right), and 2015 (bottom),
illustrating trigger selections and typical event-accept rates after each stage .

to originate from heavy flavour decays. This is achieved by determining their impact parameter
with respect to the closest primary vertex and their quality, or by identifying the subset of tracks
that geometrically match to muon candidates for events triggered by L0 muon or LO dimuon.
Selected tracks are then associated with track segments in the tracking stations (forward tracking),
thus allowing measurement of the transverse momentum of the corresponding charged particles.
Remaining tracks are ignored by the online pattern recognition algorithm in order to speed up the
decision process. This differs from what happens offline, where forward tracking is applied to all
tracks in the event reconstructed in the VELO. Once forward tracking has been performed, events
are selected by looking at tracks with high momentum and transverse momentum and by selecting
on track x? and impact parameter x? [85]. The latter, referred to as x7p, is similar to the impact

parameter, but takes the uncertainty on the charged-particle’s trajectory into account.

At the second level, a complete forward tracking of all tracks reconstructed in the VELO is
performed. While two tracking algorithms are available offline, only one of them (which is based on
seeding the search with VELO tracks) is implemented online. Then, tracks are associated with muon
and electron candidates, using the offline muon identification algorithm and matching tracks with
clusters in the ECAL, respectively. Secondary vertex reconstruction is performed and requirements
on decay length and mass are applied. Several trigger selections, either inclusive or exclusive, are
available at this stage. Inclusive trigger selections, usually referred to as topological lines, trigger
on partially-reconstructed b hadron decays. They aim at collecting all b hadron decays with a
displaced secondary vertex and at least two charged particles in the final state, thus allowing the
selection of events in which only a subset of the decay products is reconstructed. This leads to high
signal efficiencies but also to high event-accept rates, which are reduced by imposing additional
requirements. To reduce the background due to false tracks that originate from the combination of
random hits, all tracks are required to have a track y? per degree of freedom smaller than five, where
the number of degrees of freedom depends on the track and corresponds to the difference between
the number of track measurements contributing to the track fit and the number of parameters

necessary to parametrize the track (four, for a straight-line track, or five, if the curvature due to the
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magnetic field is taken into account). To reduce the background due to prompt particles, all tracks
are required to have an impact parameter x? greater than 16. All particles are assigned the kaon
mass and used to form multibody candidates: two input particles are combined to form a two-body
object; another input particle is added to the two-body object to form a three-body object, and so
on. At each step, the distance of closest approach between the (n — 1)-body object and the input

particle is required not to exceed 0.15 mm. The multibody candidates are then required to have

4 < Meorr = V m?2 + |meiss|2 + |meiss| < 7G6V/62,

where Mo 18 a “corrected” mass that includes the contribution of potentially missing decay products.
This is achieved by adding the missing momentum transverse to the direction of flight prmiss (as
determined by primary and secondary vertex positions) to the multibody candidate mass m. Further
requirements involve the transverse momentum and the impact parameter x? of decay products and
the quality of their tracks. Other trigger selections exploit tracks that are identified as muons. They
require single muons to have high transverse momentum (and eventually large impact parameter x?).
They also use dimuon candidates and require them to have large flight distance and high transverse
momentum. Exclusive trigger selections aim at specific b hadron decays. They require all decay
products to be reconstructed and impose stringent requirements on quantities such as the candidate
mass. Their event-accept rates are usually modest but the associated event samples can hardly be

used for channels different from those they target.

Accepted events at the first and second level are finally written to storage. All stored events are
then processed offline, using more sophisticated algorithms and adding the latest alignment and
calibration information. Offline reconstructed events are divided into separate streams targeted at
studying subsets of interesting physics channels, such as the b or ¢ hadron streams, which are the

starting point of the physics analysis.

To make a more efficient use of the computing power of the event filter farm, a deferral procedure
has been adopted starting from 2012. This consists in deferring a fraction of the HLT processing
to the time between two consecutive fills, which is typically several hours. With this procedure,
nearly 20% of the events accepted by the L0 trigger are temporarily stored on the nodes of the
event filter farm and are further processed by the HLT at a later stage, thus allowing to increase the
statistics of the samples used for physics measurements. In addition to the deferred trigger, the HLT
workflow has undergone major changes during the Long Shutdown I, due to several improvements in
the computing infrastructure. From 2015, the two levels of the HLT have become two independent
asynchronous processes running on the same node of the event filter farm. All events passing the
first-level trigger are now buffered on the local disk and then processed by the second-level trigger
according to a priority system that allows to make a better use of the available resources. During
the data taking, the first-level trigger has a high priority, so that more events can pass its selection
and be ready to be processed by the second-level trigger, whose priority is increased only when no
pp collisions are taking place. The separation between the two levels allows to add the alignment
and calibration information before the events are selected by the second-level trigger, thus providing
a way to select events with an offline-quality reconstruction already in the trigger. These changes
allowed to obtain signal candidates for physics measurements only few hours after the data taking.
Additional improvements include lowering the minimum momentum for which a particle can be
reconstructed. Typical HLT event-accept rates were 3.5 kHz in 2011 and 5 kHz in 2012, after the

43



2.2. THE LHCB DETECTOR CHAPTER 2

Detector
m [veol{ sT }{ ot Hrich]{ Ecal | Heal [{Muon]
Trigger

i1LO trlgger FE FE FE [Z FE FE FE —_
------ - |Electronics| |Electronis |Electronics] |Electronics| [Electronis Electronics||Electronic: m
- - LHC clock ;| TFC 9
stem - _:l Readwl Readou! ReadoutH Readoul Readout Readw!H Readou!l ~
sy Board anni Board Board Board Board Board E
[
4 Frol »
i )
! MEP Request 35
READOUT NETWORK 3==
8
Evenf buildjng =
)
E
[ swirch {switchl{ switch | switch § switcH { switch =
o
g

/ c|c|c|c||c|c|c|c| |c|c|c|c| |c|c|c|c| |c|c|clc| |c|c|c|c

clcld]c] ple|rlr||rP|r|r|r||r|r|P|P| |P|P|P|P| |P|P|P|P| |P|P|P|P

pplPlP uju|u|ul |uju|u|uf {u]u|u|u| |u]u|u|u] |u]ulufu| |u|u|u|u

MON farm HLT farm
——  Event data

= == Timing and Fast Control Signals
Control and Monitoring data

Figure 2.19: Architecture of the online system [65].

deferred trigger had been introduced [80]. In 2015, after the major changes implemented during
the Long Shutdown I, rates of up to 12.5 kHz have been achieved. An overview of the trigger flow
during 2011, 2012, and 2015 is shown in Fig. .18

2.2.5 Online system

The online system [86] includes all the processes necessary to transfer data from the front-end boards
to permanent storage. It consists of three main components: the Data AcQuisition system (DAQ),
the Timing and Fast Control system (TFC), and the Experiment Control System (ECS), which are
schematically shown in Fig. While some information from calorimeter and muon detectors
is processed by the LO trigger, the full detector information is stored in pipelines of the front-end
boards, which are detector-specific and custom-made electronic boards. If a positive decision is
returned by the LO trigger, data are moved from the front-end boards to the readout boards, where
zero-suppression is performed. The transfer is triggered by the readout supervisor board inside the
timing and fast control system. The timing and fast control system, which is synchronous with the
LHC clock and the LO trigger, specifies a destination address for the data produced by every readout
board. The destination address identifies one of the computers of the farm, which receives and
processes the data from that particular readout board. All fragments of the same event are sent to
the same node in the farm for event building and subsequent processing. To reduce readout network
overhead, fragments of several consecutive events are packed together in multi-event packets prior to
transmission to the readout network. Once the processing is completed, data are sent to storage and
an event request (that specifies that the farm is ready to process a new packet of events) is sent
to the timing and fast control system. Every step is controlled and supervised by the experiment
control system, that monitors the whole online system, the trigger, as well as operation parameters
like temperature, pressure, high and low voltages. More details about the readout architecture can
be found in Ref. [87].
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CHAPTER 3

The LHCb upgrade

This chapter provides an overview of the LHCb upgrade and a more detailed description of the

Upstream Tracker, which will substitute the Tracker Turicensis after the Long Shutdown II.

3.1 Motivation

The data collected at LHCb during Run I and those that are being collected during Run II allow to
perform precision measurements of rare decays of b and ¢ hadrons in order to test the SM and set new
limits on models involving NP contributions. Despite the great success of LHCb, however, several
precision measurements will still be limited by statistical uncertainties even at the end of Run II.
With the current configuration, several years of data taking would be needed to significantly improve
the precision of some key measurements and to approach the uncertainties of the corresponding
theoretical predictions. In order to increase the annual event yields, the LHCDb detector will undergo
a major upgrade during the Long Shutdown II [88,89]. The changes will allow the detector to take
data at an increased instantaneous luminosity of 2 x 1033 cm™2s~! (that is, five times higher than in
the current configuration) and to read out the full detector at the bunch-crossing rate of 40 MHz. At
the instantaneous luminosities foreseen after the Long Shutdown II, the average number of primary
pp interactions per bunch crossing will be between 3.8 and 7.6 compared to nearly one in Run II.
The integrated luminosity collected by LHCb during Run I and Run II will be nearly 8 fb~!, while
the changes planned for the Long Shutdown II will allow LHCb to record 5fb™" per year.

3.2 Overview of the LHCb upgrade

The layout of the upgraded LHCb detector is shown in Fig.
As discussed in the previous chapter, one of the limitations of the current detector is the low
efficiency of the L0 hadron trigger. This is due to the fact that a high Er threshold is needed in

order to limit the event-accept rate of the L0 trigger to below 1.1 MHz, which is the maximum rate
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Tracker

Figure 3.1: Layout of the upgraded LHCb detector . The beam is along the z axis.

at which most subdetectors can be read out. These subdetectors will be redesigned so that the full

detector can be read out at the bunch-crossing rate of 40 MHz.

The upgraded VELO detector [91] will adopt pixels instead of microstrips, will have a finer
granularity, and will be positioned closer to the beam, with its sensitive area starting at a distance
of 5.1 mm from the beam axis. This will allow to improve the reconstruction of vertices and impact
parameters and cope with the high occupancy expected in the region closest to the beam. The
expected improvement in impact parameter resolution and efficiency with respect to the current
VELO detector is shown in Fig. The upgraded VELO detector will consist of 41 million
55 um wide and 55 pum high pixels, which will be read out at the 40 MHz bunch-crossing rate by
the custom-built VeloPix front end ASIC . In order to cool the sensors and decrease radiation
damage, cope with the power dissipation of the ASIC, and respect the material budget constraints
of the detector, the cooling system will be embedded in the modules, by means of evaporative
COq circulating through miniature channels into silicon substrates. The layout of a module of the
upgraded VELO detector is shown in Fig. 3.3

The IT and OT will be replaced by the Scintillating Fibre Tracker (SciFi) , which will
cover the full acceptance downstream of the magnet and guarantee a spatial resolution of nearly
80 pm. The SciFi will consist of three stations of four detection planes according to the (x,u,v,r)
configuration. Each detection plane will have five staggered layers of scintillating fibres to ensure a
hit efficiency above 99%. The modules will consist of scintillating fibres with a radius of 125 um and
a length of 2.5 m, which will be read out by Silicon PhotoMultipliers (SiPMs) located at the top
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Figure 3.2: Three-dimensional impact parameter resolution as a function of inverse of transverse momentum
(left) and efficiency as a function of transverse momentum (right) for tracks reconstructed by the upgraded
(red) and current (black) VELO detector .
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Figure 3.3: Layout of a module of the upgraded VELO detector .

and bottom of the detector. The detection mechanism of the SciFi is shown in Fig. 3.4 When a
particle traverses the detector, the photons emitted along its trajectory are propagated through the
fibres and reach the pixels located at the fibres’ end. A signal proportional to the number of fired
pixels within a given SiPM channel (each SiPM channel consisting of nearly 100 pixels) is used to
determine the position of the particle.

The RICH detectors are currently read out by HPDs that have an embedded 1 MHz readout
electronics. For the upgrade, the HPDs will be replaced by commercial multianode PMTs with
external readout electronics. In addition, the optics of the RICH1 detector will be optimised to cope
with the high occupancy in the innermost region.

The PS and SPD detectors are currently used in the LO trigger. Given the change in the readout
strategy, both detectors will be removed. The front end and back end electronics of the calorimeters
will be redesigned according to the new requirements.

The first station of the muon detectors will be removed and additional shielding will be inserted
around the beam pipe upstream of the second station. Additionally, the back end electronics of the
muon detectors will be replaced since it currenlty provides hit information at 1.1 MHz.

Further details on the upgrade program for the particle identification system can be found in
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Figure 3.4: Detection mechanism of the SciFi . The circles show the cross section of the scintillating fibres,
while the squares show the pixels located at the fibres’ end. The rectangle highlighted in blue corresponds to
one SiPM channel.

Ref. .

The upgraded trigger will consist of two steps: a Low Level Trigger (LLT), which will apply
a first selection based on high Et and pr, and a High Level Trigger (HLT), which will apply an
offline-quality selection. A real time calibration of the detector will take place at the beginning of
each run and the calibrated data will be used to form the trigger decision. The LLT will provide an
event-accept rate of 15—30 MHz, while the HLT will guarantee a 20 kHz output rate. An overview
of the trigger flow planned for the upgrade is shown in Fig. [3.5

3.3 The Upstream Tracker

3.3.1 Goals

The Upstream Tracker (UT) will replace the TT . It will play an important role in the HLT
tracking, providing a fast estimate of the momentum of charged particles and allowing rejection of
low-momentum tracks . Compared to the TT, it will guarantee a higher trigger efficiency,
mostly due to its improved acceptance coverage at small polar angles. This will be achieved by
reducing the beampipe clearance and insulating material and designing the innermost sensors to
have a circular opening around the beampipe, as shown in Fig. The UT will also have a finer
granularity, improved radiation hardness, and new front-end electronics that will allow a full 40 MHz

readout.
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Figure 3.5: Trigger flow planned for the upgrade .

3.3.2 Irradiation constraints

The UT is expected to withstand the radiation damage with an integrated luminosity of 50 fb~*
for 10 years of operation. The resulting fluence and radiation dose profiles, obtained by a FLUKA
simulation , are shown in Fig. as a function of the y-coordinate (that is, the vertical
coordinate), for a slice of the detector that is positioned at = 0. The z-coordinate defines, together
with the y-coordinate, the plane transverse to the beam, with x = 0 corresponding to the centre of
the beampipe.

The readout chips closest to the beampipe will receive a radiation dose of up to 40 MRad,
including a safety factor of 4, while the readout electronics located on the detector frames, at a
distance of approximately 70 cm, will be irradiated with up to 100 kRad, including a safety factor of
2.

The innermost sensors will receive a 1- MeV equivalent neutron fluence of up to 3 x 104 Neq/cm?
and will be kept at or below a temperature of about —5°C, in order to mitigate the effects of radiation
damage and limit the full depletion voltage to below 500 V after irradiation, as demonstrated by

studies on prototypes with similar sensors.

3.3.3 Geometry

Similar to the TT, the UT will consist of four detection planes, divided into two sets of two planes
each, as is schematically shown in Fig. [3.8| (left). The four planes will be put inside a common light
tight box that is flushed with nitrogen or dry air in order to avoid condensation on cold surfaces and
that also acts as a Faraday cage.

Each plane will be equipped with single-sided silicon microstrip sensors, having different strip
pitches and lengths according to the expected occupancy and read out by 4 or 8 ASICs, depending
on the number of strips, as summarised in Table Strips will run vertically on the first and last
plane and will be tilted by 4+5° with respect to the vertical direction on the second and third plane.

The functional unit of each plane will be the stave, shown in Fig. [3.8| (right) viewed from the
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Figure 3.6: Spatial distribution of the charged particles originated from b hadron decays and detected by the
VELO and T stations but not by the TT (left) or UT (right). The planes shown in the plots are located
in the middle of the TT and UT. The inefficiency of the TT is due to the rectangular opening around the
beampipe and to the gaps among adjacent sensors.
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Figure 3.7: Fluence profile (left) and radiation dose profile (right) as a function of y-coordinate, for a slice of
the detector that is positioned at z = 0 [90]. The red and blue curves refers to the z-coordinates of the two
stations of the UT.

front and in Fig. viewed from the side. There will be 68 staves in total. Staves within a plane
will be staggered in z in order to provide overlap in x and ensure complete acceptance coverage.
FEach stave will have a width of 10cm and a length of 134 cm. It will consist of 14 or 16 sensors
(depending on its position within the detection plane) mounted on both faces and overlapping in y.
Data, control signals, and power will be carried by flex cables running on both faces of the stave from
the top and bottom to the centre. Signals will be processed close to the sensor in a newly developed
front-end ASIC called SALT [90]. Each ASIC will have 128 channels of front-end amplifiers and will
reduce the data volume by performing digitisation, zero suppression, and serialisation output via up
to 5 e-ports at a data transmission speed of 320 MBit/s each [100]. Due to the power dissipation in
the ASICs, active cooling will be needed inside each stave. A bi-phase COs cooling system with thin

cooling pipes embedded in the staves will be used to minimize the impact on the material budget.

The UT will have shorter strips than the TT. Good signal over noise ratio will hence be

obtained with thinner sensors, 320 pm instead of 500 um thick (as in the TT). The increase in the
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Type Pitch (pm) Nominal length (mm) Strips ASICs
Outermost 190 97.28 512 4
Intermediate 95 97.28 1024 8
Innermost 95 48.64 1024 8

Table 3.1: Properties of the different types of sensors.

UT Stave

1719 mm

1338 mm

1528 mm

Figure 3.8: Arrangement of the four planes of the UT [90]. Outermost, intermediate, and innermost sensors
are shown in green, yellow, and red, respectively (left). Layout of the stave . Sensors are shown in green,
flex cables are shown in orange, and ASICs are shown in yellow (right). Sensors, flex cables, and ASICs are
also on the other side of the stave.

material budget due to the front-end hybrids and active cooling will therefore be compensated
by a corresponding decrease due to the thinner sensors, thus leading to a total material budget
comparable to that of the TT.

From the mechanical point of view, the stave will consist of a central support/cooling layer, made
of Carbon Fibre Reinforced Polymer (CFRP) facing sheets surrounding a foam core interior in which
the cooling pipes are embedded. This central layer of the stave will support the flex cables and

detector modules with sensors and ASICs.

3.3.4 Mechanics and cooling

The cooling system will keep the temperature of the sensors below —5°C, to suppress reverse
annealing, reduce leakage current, and prevent possible thermal runaway due to radiation damage.
The maximum temperature difference across the sensor will be kept below 5°C to limit the mechanical
stress. The sensors will be kept cold also during shutdown periods, thus minimising reverse annealing.
A bi-phase COs cooling system, using thin-walled titanium cooling tubes embedded in the stave,
is being designed. The heat load will be mainly due to the ASICs, which is expected to dissipate
nearly 500 mW /chip. Therefore, their position is taken into account when designing the path of the
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Figure 3.9: Side view of the stave, showing two detector modules, one on each side of the stave (left), and
detail of arrangement of support/cooling, flex cables, sensors, and ASICs (right) .
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Figure 3.10: Snake pipe design, showing the cooling tubes and the mechanical structure of the stave .

cooling tubes. This “snake pipe" design of the cooling tubes, which run directly underneath each
row of ASICs, is shown in Fig.

3.3.5 Sensors

There will be five different types of sensors, whose properties are summarised in Table [3.1}] The
innermost sensors will be of two different types, with and without the circular cut out. Two different
technologies will be adopted depending on the expected radiation damage: n™-on-p for sensors in
the innermost and intermediate region and pT-on-n for sensors in the outermost region. However,
in order to adopt only one technology within a given stave, the outermost sensors of the central
staves are foreseen to be nt-on-p instead of pT-on-n. The input capacitance seen by the front-end
electronics is expected to be between 3 and 11 pF.

There are three technological challenges involved in the sensor design: the circular cut out of the

innermost sensors, a top-side biasing, and an embedded pitch adapter, that is, a second metallisation
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Figure 3.11: Fan-In (left) and Fan-Up (right) geometry of the embedded pitch adapter. A more detailed
description of the two geometries is reported in Chapter @

Figure 3.12: Layout of the module. The sensor, in green, and the ASICs, in yellow, are connected through
wirebonds, in black. The hybrid flex is shown in orange, the stiffener is shown in shaded grey, and the
different types of glue are shown in dark green and grey.

layer, that will allow transitions from the strip pitch of 190 um on the outermost sensors to the
input pad pitch of the ASICs of approximately 80 um. The embedded pitch adapter presents two
main advantages with respect to the conventional solution using an external pitch adapter: reducing
the number of wirebonds, thus decreasing the probability of wirebond failures, and reducing the
material budget. The top-side biasing and the embedded pitch adapter were tested on prototype
sensors, as described in Chapter [5] In particular, two different geometries of the embedded pitch
adapter (shown in Fig. were tested and resulted in the final design, which is a compromise

between the two initial options.

3.3.6 Modules

The design of the modules is shown in Fig. A kapton hybrid flex will host the ASICs and
will provide electrical connection to the data/power flex cable, to which it will be wirebonded. The
ASICs will be glued to the hybrid flex using an electrically conductive epoxy. The hybrid flex will
have copper thermal vias to optimize the thermal path from the ASICs to the cooling system. The
hybrid flex and the sensor will be glued to a thin support structure, referred to as the stiffener, using
two different types of glue, differing in their thermal conductivity. This design feature is important

to limit the heat transfer from the ASICs to the sensor. The stiffener will extend under the sensor
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Figure 3.13: Block diagram of the SALT ASIC readout chip .

along one of its edges and will consist of Pyrolytic Boron Nitride (PBN), since it has a coefficient of
thermal expansion that is very similar to that of the silicon and it is both thermally conductive and

electrically insulating. The module will be fixed to the stave using a thin layer of epoxy.

3.3.7 SALT ASIC

The SALT chip, whose block diagram is shown in Fig. [3.13] reads out 128 channels at 40 MHz,
is manufactured in radiation-hard TSMC CMOS 130 nm technology, and has an input pad pitch
of approximately 80 um. It has an analogue block, consisting of a preamplifier and a shaper, to
guarantee a fast signal, with a peaking time of less than 25 ns and a remainder 25 ns after the peaking
time of no more than 5% of the peak value. This design reduces spill over between consecutive LHC
bunch crossings. It is optimised for load capacitances of up to 15 pF and has a power consumption of
0.4 — 0.6 mW /channel. The SALT chip is able to read out both pT™-on-n and n*-on-p sensors. The
shaper is followed by a SAR ADC with 6 bit resolution operating at 40 Ms/s. Once digitized, the data
is fed to the digital signal processing block, that allows to mask bad or noisy channels and perform
pedestal subtraction, mean common mode subtraction, zero suppression, and data compression. The
last block creates and transmits the data frames to the peripheral electronics located on the outer
frame of the detector box. Data frames are transmitted through e-links using the SLVS standard
at 320 MBit/s data rate. Each ASIC is equipped with 5 e-links, but only some of them are active,
depending on the expected hit occupancy on the sensor. The total power consumption of the ASIC

is expected to be below 1 W at room temperature.

3.3.8 Flex cable

The flex cable will connect the hybrids to the peripheral electronics on the detector frames, trans-
mitting data, control signals, and power. It will run along the stave, from the top and bottom to the
centre, and will have an average length of 0.7 m. The main requirements on the flex cable design are
low material budget, low voltage drop, with a maximum round trip drop of 0.5 V, and good signal
integrity. The latest prototype design is shown in Fig. [3.14] It consists of three layers of copper
traces, with signal traces in the top and bottom layers and power traces in the intermediate layer.
All traces are terminated with bond pads that will be connected to the hybrids. On the outer end,
the flex cable will be connected to the peripheral electronics through an appropriate connector and

pigtail cables.
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Figure 3.15: Block diagram of the electronics in the cavern and in the counting room . The peripheral
electronics are shown in blue.

3.3.9 Peripheral electronics

The peripheral electronics are located at the top and bottom of the detector frames and perform
further digital signal processing that cannot be included in the front-end electronics, since it would
imply a significant heat load and amount of material in the sensitive area of the detector. They consist
of several boards, shown in Fig. [3.15] each with a specific function: electrical to optical transition
(Data Concentrator Boards), distribution of fast timing and slow control signals (TFC/ECS), and
low /high voltage power conditioning and distribution. After the electrical to optical transition, the
data are sent to the TELL40 readout boards located in the counting room, at a distance of 300 m

from the detector.
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CHAPTER 4

Silicon detectors in particle physics

This chapter describes the working principle of silicon detectors and gives an overview of the main

properties relevant to their application in high-energy-physics experiments.

4.1 Working principle of silicon detectors

A silicon detector [101,/102] is a solid-state ionisation counter consisting of a p — n junction to which
an external reverse bias voltage is applied. This creates a depletion region that is free from charge
carriers — electron-hole pairs — and has an electric field directed from the n-doped to the p-doped
side of the p — n junction. The thickness of the depletion region d increases with the bias voltage

Vbias according to

)

d ~ 266O Vbias + ‘/intr
q Tleft

where €eq is the silicon dielectric constant, ¢ is the electron charge, Vin, is the intrinsic voltage, and
neg 1S the effective doping concentration. The intrinsic voltage is the voltage across the depletion
region when no bias voltage is applied and is typically about 0.5 V. The effective doping concentration
depends on the concentration of donor and acceptor atoms in the silicon detector and has typical
values of the order of 102 cm ~2. If the bias voltage is large enough, the depletion region extends to
the full sensor and the sensor is said to be fully depleted. The voltage needed for full depletion is

called full depletion voltage and is approximately

Via = go—nei D%,
€€o
where D is the thickness of the sensor, usually ranging from 200 to 500 um. Typical values of
full depletion voltage range between 100 and 250 V. From the experimental point of view, a good
estimate of the full depletion voltage of a sensor can be obtained by measuring its capacitance as
a function of bias voltage. The capacitance C' depends on the area of the sensor A and on the

thickness of the depletion region d and is approximately eegA/d if the sensor is not fully depleted
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and eegA/D otherwise. This means that C'~2 is proportional to Vijas if Viias < Via and constant
if Vihias > Via. The full depletion voltage is hence the bias voltage corresponding to the transition
between linear and constant behaviour. Typical values of the capacitance are about 1 pF/mm? for
a 100 um thick silicon detector. The capacitance described above takes the whole surface of the
sensor into account. However, for most microstrip silicon detectors the interstrip capacitance is the
dominant one, although the exact behaviour depends on the geometry. The interstrip capacitance
depends on the ratio of the width and pitch of the implants (described below) and is typically of the
order of 1 pF/cm.

Depending on the doping structure, silicon detectors can be divided into p*-on-n, n™-on-p, and
nT-on-n. The typical structure of a pT-on-n silicon detector is shown in Fig. and consists of
three layers: a thin highly p-doped layer at the top, referred to as p*, usually segmented in order to
provide spatial information, a high-resistivity layer which can be either p- or n-doped in the middle,
referred to as the bulk, and a thin highly n-doped layer at the bottom, referred to as n™, which allows
an ohmic contact to the backside of the sensor. The nT-on-p and n*-on-n silicon detectors consists
of three layers too but have a n-doped layer at the top and a p-doped or n-doped bulk, respectively.
For p*-on-n and n™-on-p silicon detectors, the depletion of the p — n junction starts from the top
layer and goes into the bulk, while for the n-on-n type it starts from the backplane. The charge
carriers collected on the readout strips or pixels are holes for p*-on-n silicon detectors and electrons
for the other types. The main advantages in using n*-on-p and n*-on-n silicon detectors are related
to radiation hardness and are briefly discussed in the next paragraph.

A metallisation layer, usually made of aluminium, is deposited on the silicon surface in order to
provide electrical contact to the bias voltage and the readout electronics. Apart from the regions
where electrical contact is important, a passivation layer of silicon oxide (SiOs) is used to protect
the silicon surface and provide a well-defined interface to the silicon lattice. The elements of the
segmented layer at the top of the p — n junction, called implants, are capacitively coupled to the
readout strips, which are made of aluminium and are located on top of the silicon oxide layer. In
addition to the elements described above, silicon detectors have usually other structures, such as
bias and guard rings, surrounding the p — n junction. The bias ring provides the bias voltage to the
implants, usually through a polysilicon resistor. This is characterised by a resistance of about 1 M¢2,
which allows to reduce electronic noise and keep all implants at the same potential. The guard ring,
which is also kept at the same potential of the implants, isolates the p — n junction from the edge of
the silicon wafer and guarantees a well-defined electrical boundary for the sensor.

A particle traversing the depleted region produces a number of electron-hole pairs that is
proportional to the energy released in the material. The electron-hole pairs are accelerated by the
electric field in the bulk and drift toward the surface of the silicon. In the case of a p*-on-n silicon
detector, electrons drift toward the n-doped electrode, that is, toward the backplane, while holes
drift toward the p-doped implants. Moving electric charges induce a signal in the implants. Since
the latter are capacitively coupled to the readout strips by means of the thin silicon oxide layer, an
electric signal is induced in the readout strips and can hence be used to provide spatial information
on the particle traversing the detector. The capacitive coupling allows to disentangle the leakage
current from the current induced by the incoming particles. For a typical thickness d = 300 um, a
typical electric field E = 10® V/cm, and a typical charge carrier mobility x4 = 103 cm?/(V's) for
electrons, the charge collection time is t = d/(uFE) ~ 3 - 10~8s. Mobility is typically 2 — 3 times

larger for electrons than holes.
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Figure 4.1: Working principle of a silicon detector.

On average, a minimum ionising particle produces 80 electron-hole pairs per 1 um of path length
within silicon. For a typical thickness of 300 pm and assuming that all charge is collected, this results
in a signal of 3.84 x 10715 C. This signal is rather small and is usually processed by a low-noise
charge-sensitive amplifier and by a shaper. The amplifier acts as an integrator and converts the
narrow current pulse into a step pulse. The shaper, which can be schematically described as the
succession of a CR high-pass filter and a RC low-pass filter, limits the pulse width by adding a
decay time and increases the rise time by limiting the bandwidth, so that the pulse shape of the
output voltage signal has a smooth peak. If the pulse shape is fixed, the output voltage signal has an
amplitude that is proportional to the energy lost by the incoming particle and can provide accurate
information on the particle’s trajectory. The spatial resolution depends mostly on the pitch, that is,
the distance between two adjacent readout strips. As a first approximation, the dependence of the

spatial resolution ¢ on the pitch p can be written as

p

Nk

Typical values for the pitch are between 40 and 200 pm, which correspond to a spatial resolution

from 10 to 60 um. An improvement of the spatial resolution with respect to these values can be
achieved by performing a weighted average of the charge distribution over adjacent readout strips (if
charge sharing occurs).

The detector performances described here and others described in detail in Chapter [5] depend
on the pitch and width of the readout strips and implants, the properties of the silicon oxide layer,
the thickness of the bulk, and the effective doping concentration. In addition, they depend on the
readout amplifier and vary over time depending on the radiation damage induced in the silicon

detector, as shortly described below.

4.2 Radiation damage

Silicon detectors are affected by two main types of radiation damage: displacement damage, due to

incident radiation causing a displacement of silicon atoms from their lattice sites, and ionisation
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damage, due to production of charge carriers and subsequent drift or diffusion toward the silicon
oxide interface or other insulating layers, where they can be trapped. Displacement damage, which
depends on non-ionising energy loss (NIEL), is considered the main mechanism of radiation damage
in silicon detectors, since it alters the properties of the bulk and hence the electric characteristics of
the sensors. The displacement damage depends on the type and energy of the incident particles. In
order to compare the effects of radiation induced by different types of particles having different values
of energy, the radiation damage is usually normalised to a reference particle flux, which consists of

neutrons with a kinetic energy of 1 MeV and is referred to as 1 MeV neutron equivalent fluence.

In silicon detectors, the main changes induced by radiation are an increase of the bulk leakage

current, a change of the full depletion voltage, and a decrease of the charge collection efficiency [103].

The leakage current is the residual current across the bulk. It is due to thermally-produced

electron-hole pairs and depends on temperature according to

h_ (T)p [E (1 _ 1)} | (4.)
I TS 2kp \ 15 Ty
where I; and I are the leakage currents at temperatures 77 and 75, respectively, Fy, is the energy
gap of silicon (1.12 €V at 300 K), and kp is the Boltzmann constant. Given the strong dependence on
temperature, the leakage current can be reduced by lowering the temperature at which the detector
is operated. A factor of 15 is expected between the leakage current at room temperature and the
leakage current at —10°C. The leakage current depends also on impurities and defects in the crystal
lattice, which manifest themselves as mid-gap states, that is, intermediate energy levels between
the valence and conduction bands. Displacement damage is due to additional defects originated
from radiation. The presence of intermediate energy levels facilitates the transition of electrons from
valence to conduction band and causes an increase in the leakage current that can be parametrised
as
Al = a®.4V, (4.2)

where @ is the equivalent fluence, V' is the sensitive volume of the detector, and « is a constant
of proportionality that is referred to as damage parameter. The damage parameter is obtained by
phenomenological models and depends on both temperature and time. This allows to take into
account two opposed mechanisms that contribute to further change the leakage current of a detector
that has been irradiated: a so-called beneficial annealing, which causes a decrease in the leakage
current and acts on a time scale of few days at room temperature, and a reverse annealing, which
has the opposite effect and acts on a longer time scale, of the order of one year at room temperature.
In the long term, the reverse annealing has a stronger impact on the detector, so the leakage current
increases with time. However, both mechanisms are strongly dependent on temperature and can be

reduced by storing and operating the detector at —10°C.

The change of the full depletion voltage induced by radiation originates from a change of the
effective doping concentration of the silicon bulk. The latter is described by the so-called Hamburg
model, which is introduced in Ref. |103|. According to the model, the effective doping concentration
of an irradiated sensor is the result of a stable damage to the crystal lattice, a beneficial annealing,
and a reverse annealing. The stable damage does not depend on temperature and consists of a
combination of removal of donors and addition of acceptors, as a consequence of the spatial defects

created by the irradiation. For pT-on-n silicon detectors, effective doping concentration and full
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depletion voltage decrease with time, until the silicon bulk becomes p-type and the so-called type
inversion is reached. This happens for fluences of nearly 2 x 10'3 n.,/cm?. After type inversion, the
depletion of the bulk starts from the backplane, which means that full depletion of the sensor is
required to have charge collection. With time, the silicon bulk becomes more and more p-type, thus
causing an increase of the full depletion voltage with time. The full depletion voltage after type
inversion eventually reaches the breakdown voltage of the p — n junction, at which point the detector
cannot be operated anymore. This limits the lifetime of the detector and is the main reason for
relying on n*-on-p and nT-on-n silicon detectors when radiation hardness is crucial. The situation,
in fact, is different for nT-on-n silicon detectors, which behave like n*-on-p after type inversion.
Since the depletion of the bulk after type inversion starts from the side of the readout strips, these
detectors can guarantee a partial charge collection even without full depletion [104]. This allows to
operate the detector with a gradually decreasing efficiency, until the signal-over-noise ratio (described
in Chapter [5)) drops below the detection capabilities of the readout electronics. No type inversion
occurs for nT-on-p silicon detectors, for which the effective doping concentration keeps increasing
with time [105].

The charge collection efficiency, which is the fraction of charge carriers collected on the implants,
decreases with increasing levels of radiation due to the trapping of the charge carriers at the defects
induced in the crystal lattice. An efficiency loss appears if the shaping time of the readout electronics
is shorter than the time it takes to the trapped charge carriers to be re-emitted and then collected

by the electrodes. This aspect is investigated in more detail in Chapter
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CHAPTER D

Test beam measurements

This chapter provides a description of the test beam measurements performed on prototype silicon
microstrip sensors of the Upstream Tracker. Two main aspects are investigated: the effect of the
embedded pitch adapter on the performances of the sensors and the radiation hardness and long-term

performances of the top-side and back-side biasing schemes.

5.1 Motivation

As described in Section [3:3.5] most of the UT is made of 320 pm thick, AC coupled sensors with 512
strips and 190 um pitch. The sensors are coupled to the readout ASICs of 80 wm pitch through an
embedded pitch adapter built into the sensors. During fabrication, a second metallisation layer of
traces with bond pads matching the readout ASICs pitch is placed on top of the silicon oxide layer,
with a direct connection through metal vias to the readout strips below. The readout strips have a
width of 123 um and are separated by a gap of 67 um. Two different designs of the embedded pitch
adapter were investigated between 2014 and 2017. Both types have 64 traces connecting the readout
strips to the bond pads of the second metallisation layer. The first type, referred to as Fan-In, is
shown in Fig. [5.1] Its traces have a width of 10 um and a minimum separation of 10—20 um in the
densest region, while the bond pads have a width of 65 um (perpendicular to the readout strips) and
a length of 210 um (parallel to the readout strips). Both traces and bond pads are located in the
active area of the sensor and are separated from the readout strips below by a 2 pm thick insulating
silicon oxide layer. The advantage of this design is that the presence of the embedded pitch adapter
does not increase the inactive area of the sensor. However, nearly 1 mm of active length along the
readout strips has the routing of the embedded pitch adapter on top. This might have an impact on
the electrical properties of the silicon detector, especially where the second metallisation layer covers
a larger area of the sensor, that is, where the bond pads are located. The second type, referred
to as Fan-Up, is shown in Fig. and has a similar geometry of the bond pads, but a different
routing scheme, with most of the traces and the bond pads located outside the active area of the

sensor. Since the second metallisation layer is outside the active area of the sensor, no change in the
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Figure 5.1: Schematic view of one-half of the Fan-In pitch adapter m Blue vertical bands correspond to
the readout strips in the first metallisation layer, while red lines and bands correspond to the structure of
the second metallisation layer. The bond pads to which the readout ASICs are connected are shown by the
red rectangles in the middle. The other one-half of the Fan-In pitch adapter is a mirrored version of this one.

Figure 5.2: Schematic view of one-half of the Fan-Up pitch adapter. Blue vertical bands correspond to the
readout strips in the first metallisation layer, red vertical bands correspond to the bias resistors, while green
lines and bands correspond to the structure of the second metallisation layer. The bond pads to which the
readout ASICs are connected are shown by the yellow bands at the top. The other one-half of the Fan-Up
pitch adapter is a mirrored version of this one.

electrical properties of the silicon detector is expected. However, the routing of the pitch adapter

adds an inactive length of nearly 500 um to the sensors.

The biasing scheme of the detector was also investigated. In particular, the possibility to have
a top-side biasing instead of the more common back-side biasing was evaluated. In the back-side
biasing a part of the backplane is not passivated, so that the high voltage can be applied directly
to it by means of a conducting contact. Due to the design of the UT modules, however, routing
a conducting contact to the backplane is rather difficult. On the contrary, in the top-side biasing
the bias voltage is applied to the top of the sensor. The top-side biasing is achieved by bringing
the high voltage to a contact pad located on top of a high voltage ring, which corresponds to the
outermost ring shown in Fig. The high voltage is then propagated to the backplane through
the low resistivity of the peripheral region of the bulk, that is, the region below the high voltage
ring. This choice allows to simplify the routing of the high voltage to the sensor. In addition, it
allows to completely passivate the backplane, thus decreasing the risk to damage it during handling
and preventing accidental short circuits in the high voltage system. However, a degradation in the
signal performance could occur with respect to the direct connection to the backplane, due to the

resistance of the bulk and the consequent voltage drop, especially after irradiation.

The embedded pitch adapter and the biasing scheme were hence two key elements of the detector

design that required dedicated measurements on prototype sensors before production. The first aspect

64



CHAPTER 5 5.2. SILICON SENSORS

Bias ring HV

Figure 5.3: Top-side biasing scheme, in which the bias ring connects the strips to ground, while the
high-voltage pad, shown on the right, biases the backplane.

that needed to be investigated was the impact of the embedded pitch adapter on the performances
of the sensors in terms of charge collection efficiency, cross talk, and radiation hardness. Charge
collection efficiency (CCE) is the fraction of charge carriers generated by a particle traversing
the depletion region that is successfully collected by the electrodes within the readout time. The
embedded pitch adapter modifies the electric field in the region close to the readout strips and,
especially for the Fan-In, might result in part of the charge being collected on the second metallisation
layer or in a slower signal formation, which would hence cause a loss of part of the signal. Cross talk
is the coupling between two or more readout strips through mutual capacitance or inductance. If a
particle traversing the detector generates a signal on a given readout strip, an induced signal with a
smaller Signal-over-Noise Ratio (SNR) is detected by the neighbouring readout strips too. However,
the presence of a double metallisation layer that runs across most of the readout strips of the sensor
might induce a non-negligible cross talk not only in the neighbouring readout strips, but also in
those placed far away from the signal. In addition, the effect might vary with irradiation. Due to the
fact that the embedded pitch adapter occupies only a small region of the active area of the sensor,
inefficiency in the charge collection and cross talk are expected to be relevant only for a small fraction
of the detected signals. Nevertheless, their impact on the performances of the detector required some
specific investigations on both unirradiated and irradiated prototype sensors. The second aspect to
be studied in detail was the stability, radiation hardness, and long-term performances of the top-side

biasing scheme, compared to the back-side one.

5.2 Silicon sensors

Six mini sensors and one half size sensor produced by Hamamatsu Photonics [107] were tested at
the SPS at CERN in May 2016. All sensors are pT-on-n and have a thickness of 320 um and a pitch
of 190 um. The mini sensors are 1.4 cm wide and 1.8 cm long and consist of 64 strips each. The half
size sensor is approximately 5cm wide and 10 cm long and consists of 256 strips, of which 106 are
wirebonded to the readout electronics described in Section The mini sensors have either the
Fan-In or the Fan-Up pitch adapter, while the half size sensor has the Fan-Up pitch adapter at one
side of the readout strips and the Fan-In pitch adapter at the opposite side, with only the Fan-Up

connected to the readout electronics. The backplane of the sensors has no passivation layer in order
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Figure 5.4: Layout of the half size sensor, showing the different regions used in the test beam measurements
with respect to the sensor and readout chips (left) and in the local coordinate system of the sensor (right).

to study the performances of the two different biasing schemes.

The measurements were performed at three different irradiation levels, that is, on unirradiated
sensors, on sensors irradiated to the nominal fluence of 0.2 x 1014 1 MeV Neq/ cm? , and on sensors
irradiated to twice this value. These values correspond to the expected fluence after 50 fb~" of data
taking in the region where these sensors are located, with a safety factor of two, the first, and with
a safety factor of four, the second. The sensors were irradiated at the IRRAD facility at CERN
using 24 GeV /c protons from the PS. The irradiation profile is Gaussian in two dimensions and has
a full width at half maximum (FWHM) of 12mm x12mm. This allows to have a nearly uniform
irradiation of the mini sensors, while the irradiation of the half size sensor is performed with the
proton beam parallel to the readout strips and is hence uniform along the readout strips but not in
the orthogonal direction. Based on this irradiation profile, seven regions were taken into account
when characterising the half size sensor, as illustrated in Fig. 5.4l The sketch on the left shows the
location of these regions with respect to the sensor and the readout chips, while the plot on the right
shows the same regions in the local coordinate system of the sensor, as described in the following.
The number of the corresponding readout strips is also shown. Regions 1, 2, and 3 correspond to
descreasing fluences in the region of the embedded pitch adapter and were used to study the effects
induced by the embedded pitch adapter. Regions 4, 5, and 6 correspond to the same decreasing
fluences but in the central region of the sensor and were hence used as control regions. Region 7
corresponds to the intermediate radiation dose on the opposite side of the sensor with respect to the
embedded pitch adapter. The latter was used for cross checks and is not discussed further here. The
sensors are glued to aluminium carrier boards (shown in Fig. that provide support, cooling, and
connection to the high voltage system and the readout electronics. The sensors are cooled by two
Peltier devices glued to the carrier boards through a thin layer of thermal grease. Condensation
was avoided by placing the detectors in a light-tight box flushed with nitrogen. Relative humidity,
temperature, and dew point were constantly measured by Resistance Temperature Detection (RTD)
sensors. The readout electronics consisted of a T'T hybrid hosting 4 Beetle chips, connected to the

MAMBA board described in the next sections. A summary of the sensor properties is shown in
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Figure 5.5: Photo of the sensor carrier board for the mini sensors (left) and for the half size sensor (right).
The readout electronics is shown at the top and consists of four readout chips, while the location of the
sensors is highlighted in pink.

Board Pitch adapter Fluence (1 MeV neq/cm?)

M1 Fan-In 0.0 x 104
M1 Fan-Up 0.0 x 104
M3 Fan-In 0.2 x 1014
M3 Fan-Up 0.2 x 1014
M4 Fan-In 0.4 x 1014
M4 Fan-Up 0.4 x 104
F1 Fan-Up 0.2 x 104

Table 5.1: Properties of the mini sensors, mounted on the M boards, and of the half size sensor, mounted on
the F board.

Table Additional details on the setup can be found in Ref. [108], which describes analogous

measurements performed in the past on nT-on-p sensors with similar properties.

5.3 Beam properties

The beam consisted of secondary particles produced by the interaction of a high intensity 450 GeV /¢
primary proton beam with a fixed target made of berillium and lead. The average composition was
67% of protons, 30% of pions, 3% of kaons, and a small fraction of muons. The beam was delivered
in spills of nearly 10 s, interspersed with 40 s with no beam. The average energy was 180 GeV and
the intensity varied between 10* and 107 particles per spill.

The spread of the beam was nearly 3mm along the x axis and 8 mm along the y axis. The
beam profile, as reconstructed during a typical data acquisition, is shown in Fig. [5.6] The plots
are obtained from the data recorded by the telescope described in Section The position of the
tracks is evaluated in the local coordinate system of the silicon sensors under test. In this coordinate

system, x and y are the direction perpendicular and parallel to the readout strips, respectively. The
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Tracks: M1,Fanin Tracks: F1,FanUp

Xtrk' mm X1rk’ mm

Figure 5.6: Beam profile, as reconstructed by the telescope during the data taking for the M1 sensor (left)
and for the F1 sensor (right). Only tracks with a corresponding signal in the silicon sensor under test are
shown.

z coordinate corresponds to the position along the beam where the silicon sensors under test are

located.

5.4 Readout electronics

The sensors are read out by the Beetle chip, which is the ASIC used in the TT. The Beetle chip
processes the signal of up to 128 readout channels using a low-noise charge-sensitive amplifier and a
shaper. The resulting analogue pulse has a semi-Gaussian shape that rises to a peak with a peaking
time of 25ns and then falls off with a remainder of the peak voltage after 25 ns of less than 30%. An
example of the analogue pulse obtained from laser measurements is shown in Fig. The analogue
pulse is sampled into an analogue pipeline according to a 40 MHz clock. The analogue pipeline has a
depth of 160 samplings, which allows to store the sampled amplitude of the analogue pulse for 4 ps,
which is the latency of the L0 trigger of the LHCb detector. A more detailed description of the Beetle
chip can be found in Ref. . The sampled amplitude is then processed using the MAMBA board,
which has been developed by the INFN in Milan and produced by Nuclear Instruments and is
described in detail in Ref. . The MAMBA board digitises the analogue output of the Beetle
chip at a fixed time that can be moved in 25ns increments. The MAMBA board allows to read out
one or two TT hybrids, corresponding to up to 8 Beetle chips, for a total of 1024 channels. The
readout, which has a maximum rate of 1 MHz, can be triggered by an external signal. In addition,
an external clock can be used to timestamp each event, in order to guarantee the offline matching of
events recorded by the MAMBA board and by the telescope described below.

The delay between the sampling time of the analogue pulse of the Beetle chip (set by the 40 MHz
clock) and the arrival time of the trigger signal formed by the two scintillators described in Section
[£.5] can be selected by the DAQ system so that the sampling occurs at the peak of the analogue pulse
of the Beetle chip. This is achieved by dividing the 25 ns readout window of the MAMBA board in
ten bins of 2.5ns each, corresponding to different trigger arrival times relative to the 40 MHz clock.
The analogue pulse produced by the Beetle chip can hence be sampled at ten different times. This

allows to reconstruct the pulse shape inside the 25 ns readout window and to tune the latency of the
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Figure 5.7: Example of the analogue pulse of the Beetle chip, obtained from laser measurements.
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Figure 5.8: Average ADC value of the reconstructed clusters as a function of the TDC time recorded by
the MAMBA board, obtained during a calibration data taking for the M1 Fan-In sensor. The vertical lines
highlight the peak of the analogue pulse of the Beetle chip.

DAQ system in order to sample the pulse shape at the right time. An example of the calibration is
shown in Fig. 5.8 The plot shows the average ADC value of the reconstructed clusters as a function
of the TDC (Time to Digital Converter) time recorded by the MAMBA board. The latter is defined
as the time shift between the trigger signal and the rising edge of the 40 MHz clock of the Beetle

chip. The TDC time is measured in the window between 0 and 25 ns in steps of 2.5 ns.

5.5 Telescope

The Timepix3 telescope [112}[113] has been developed in the context of the LHCb upgrade and
subsequently extended to provide a flexible and generic tool for testing the performances of tracking
detectors in both high energy and medical physics applications.

Its layout is shown in Fig. where the coordinate system is defined such that the z axis
corresponds to the beam direction, the x axis is horizontal, and the y axis is vertical. The telescope
is made of two separate arms, located downstream and upstream of a Device Under Test (DUT).
Each arm has four planes, which are separated by 25 mm and rotated of 9° around the x and y axes
in order to improve the single hit resolution. The planes are equipped with a matrix of 256 x 256

hybrid pixel detector readout chips, the Timepix3 ASICs, bump bonded to p*-on-n silicon sensors
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Figure 5.9: Layout of the Timepix3 telescope \\

of 300 um thickness and 55 um pitch along both = and y axes, resulting in a total active area of
14.080 mm x 14.080 mm per plane. Each plane has a material budget in units of radiation length of
2/ Xy = 2.6%. The whole telescope can be shifted along the x and y axes, in order to move it out of
the beam without the need to physically access the experimental area. Each arm can be shifted
along the y and z axes, thus allowing the separation between the two arms to be adapted to the size
of the DUT. The latter is mounted on an automatic stage, which allows shifts along the  and y
axes with a precision of 1 um, as well as rotations around the y axis with a precision of 0.01°. In
addition, each plane can be shifted independently of the others along the z axis.

Each telescope plane is read out by half a Speedy PIxel Detector Readout (SPIDR) board , a
readout system developed at NIKHEF, implemented in FPGA and connected to a 10 GBit Ethernet
link. The telescope can cope with a rate of 40 million hits / cm~2 s~! and provides a pointing
precision at the DUT of 1.54 + 0.11 pm and a timing resolution of 1.56 ns .

Two scintillators 1.2 mm high and 1.2 mm wide are positioned upstream and downstream of
the telescope and allow to trigger the data acquisition of the DUT. No trigger signal is required
to start the data acquisition of the telescope planes, since the Timepix3 ASIC has a data driven
readout mode, which sends out a data packet with hit coordinates, Time over Threshold (ToT), and
Time of Arrival (ToA). The ToT is related to the charge deposited by the incoming particle, while
the ToA allows to match clusters on different planes and hence reconstruct tracks, as well as to
associate the reconstructed tracks with the corresponding clusters on the DUT. In order to facilitate
the synchronisation between telescope and DUT, the information related to the trigger signal was
added to the data recorded by the telescope. In addition, a busy signal was sent from the DUT
to the logic forming the trigger signal, in order to inhibit the generation of further trigger signals
while the readout electronics connected to the DUT was reading out an event. This ensured that
the readout systems of the DUT and of the telescope recorded exactly the same number of trigger
signals. Both the Beetle and Timepix3 ASICs have a clock of 40 MHz. The time difference between
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these clocks and the trigger signal was measured by a TDC. The TDC time distribution is expected
to be uniform for events triggered by incoming particles, since the latter traverse the detector at

random times with respect to the clock.

A clustering algorithm was applied to reconstruct clusters out of neighbouring hits on each
telescope plane. The cluster position was calculated as the centre of gravity of the hit positions,
weighted by the corresponding ToTs. The alignment of the telescope planes and the track fit were
performed in two steps, with increasingly stringent requirements. A least squares fit based on
Minuit [115] was used in the first iteration, while the Millipede algorithm [116] was used in the
second. The least squares fit based on Minuit aligned the telescope planes with respect to the third
plane of the upstream arm, allowing translations along the x and y axes and rotations around the
z axis. The Millipede algorithm aligned the telescope planes, determining for each of them the
corrections corresponding to three translations and three rotations with respect to their nominal
position, and simultaneously determined the track parameters. At least one cluster per plane was
required to form a track and a cut on the x? per degree of freedom of the reconstructed track was

then applied to remove tracks with poor quality. Further details can be found in Ref. [112].

5.6 Measurements

Data acquisitions of up to one million events were taken at bias voltages ranging from 50 V to 450 V
for the mini sensors and from 50 V to 210 V for the half size sensor. In the case of the mini sensors,
measurements at different angles of rotation around the y axis, in the range between —10° and 20°,
were also taken, while only the nominal angle of 0° was considered in the case of the half size sensor.
For the mini sensors, the measurements were repeated in two different sectors of the sensor, one with
the DUT stage positioned at y = 0 or y = 2mm, corresponding to the beam illuminating the top
edge of the sensor, where the pitch adapter is located, and another with the DUT stage positioned
at y = 10 or y = 18 mm, corresponding to the beam illuminating the central region of the sensor.
Since the position of the beam changed from one data acquisition to another, two different positions
along the y axis were taken into account for each sector. For the half size sensor, seven sectors were
considered, as depicted in Fig. This allowed to inspect different regions of the pitch adapter
and to check if the performances varied as a function of the hit position along the strips. The
unirradiated sensors were kept at a temperature between 8°C and 10°C during the measurements,

while the irradiated sensors were cooled down to a temperature from —0.5°C to —3.5°C.

The raw data, which corresponds to the ADC values measured by each readout channel of the
MAMBA board, was processed offline and analysed as described in the next sections. First of all,
pedestals and common mode noise, both described below, were evaluated and subtracted from the
raw data to obtain the processed data. After that, the ADC values measured by adjacent strips
were combined together to form clusters, corresponding to the position of the particle(s) impinging
the detector. Clusters were then used for the high-level analysis, in which some properties of the

detector (full depletion voltage, efficiency, charge sharing, cross talk, and resolution) were studied.

Further details on the analysis steps can be found in Ref. [108}[117], which describe similar

measurements conducted in 2014 and 2015 on the previous iteration of the UT prototype sensors.
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5.6.1 Pedestal calculation

The pedestal is the ADC value measured by a given readout channel in the absence of any signal
and noise. This value varies from channel to channel and depends on environmental conditions, like
temperature and relative humidity, as well as operating conditions, like the applied bias voltage. For
this reason, specific data acquisitions without signal, referred to as pedestal runs, were taken right
before each measurement, to ensure the proper pedestals were subtracted from the raw data.

The pedestals can be calculated by averaging the ADC values measured by each readout channel
during an entire pedestal run. If IV is the number of events in a pedestal run and ADCj; is the ADC

value measured by the readout channel 7 in the event j,
1 N
pi= z; ADC;; (5.1)
J:

gives the pedestal that has to be subtracted from the raw ADC value measured by the readout
channel . An improved version of this algorithm consists in first removing some potential outliers
that might bias the calculation of the average. This was achieved by fitting the distribution of the
ADC values of the readout channel ¢ with a Gaussian function

_(e—up)?

Ni(w; iy 07) = Noge >t (5.2)

and by excluding from Eq. (5.1)) all events j for which |[ADC;; — u;| > ao;, with « set to three. The

standard error of the mean was taken as uncertainty of the pedestal:

N,
SADC; _ \/Zj:if (ADCZJ _pi)2
Neyy Neyy 7

where s4pc, is the sample standard deviation and the number of effective entries N7 is used.

If not stated otherwise, the pedestal subtracted ADC values are used everywhere.

5.6.2 Noise calculation

Each measurement is affected by a certain level of noise, which originates from both the sensor and
the readout electronics. The total noise depends on the properties of the system (for example, the
length of the readout strips) and consists of two components, one affecting each readout channel
independently of the others and another common to several readout channels.

The average total noise of single readout channels was obtained from the same pedestal runs

described in the previous section. In particular, the average total noise of the readout channel ¢ is

N \/Zjv_ﬂADCij —pi)?

~ , (5.4)
which has an uncertainty of
N
i ADCZ — Di 2
AN, = \/Zf—l( e p:) , (5.5)

corresponding to the standard error of the standard deviation.
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Figure 5.10: Noise as a function of the Beetle channel, obtained for the M1 Fan-In sensor before the CMN
subtraction is applied. The vertical axis shows the values of the ADC counts.
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Figure 5.11: Distribution of the cluster size, obtained for the M1 Fan-In sensor above the full depletion
voltage. The cluster size of a given bin is shown on the left edge of the bin. The vertical axis shows the
number of entries in each bin.

Part of noise affects several neighboring readout channels in a coherent way and is hence called
common mode noise (CMN). This kind of noise may originate from several causes, including ground
loops in the power supplies or readout strips acting like antennas and picking up some environmental
noise. It was observed that usually all readout channels of a given chip were affected by the same
CMN, although some finer structures were present in some circumstances, depending for example on
the number of ports through which the output was transferred out of the readout chip. For this
reason, the CMN calculation was performed separately for each Beetle chip. The CMN subtraction
is not compulsory when averaging over a large number of events, since the CMN is expected to have
a distribution with average zero after pedestal subtraction, but is of crucial importance in all the
measurements involving single-event properties, as is the case when calculating the cross talk. A
description of how the CMN was calculated and subtracted on an event-by-event basis is reported in
the following.

It was observed that the first channels from each readout port of the Beetle chip experience a
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Board Pitch adapter Connected channels Masked channels

M1 Fan-In 407 — 470 415, 447, 466 — 468

M1 Fan-Up 151 — 214 159, 191

M3 Fan-In 407 — 470 —

M3 Fan-Up 151 — 214 168, 182, 184, 187 — 190, 210
M4 Fan-In 407 — 470 415, 447

M4 Fan-Up 151 — 214 159

F1 Fan-Up 129 — 234 —

Table 5.2: Details of connected and masked Beetle channels.

non-negligible cross talk due to the header of the data sent by the chip. These channels, together
with those that were not wirebonded to the sensor (and that would hence be affected by a different
CMN), were masked in the CMN calculation.

Since the CMN has to be calculated from the same events used in the measurements, two
algorithms excluding the signal were developed. One algorithm consists in ignoring the readout
channels for which |[ADC;;| > ADC}y,, where ADC;; is the ADC value of channel ¢ in event j and
ADCYy, is a fixed threshold that was optimised separately for each sensor. Another way to exclude
the signal consisted in ignoring the readout channels for which |[ADC;; — uj| > aoj, where p; and
o; are the mean and the standard deviation of the ADC} distribution (that is, the ADC distribution
for the event j) and « is a tunable parameter that specifies the separation between signal and noise.
This algorithm is expected to perform better than the other, since a variable threshold allows to deal
with both clean and noisy events. Since the mean and standard deviation of the ADC distribution
are computed on an event-by-event basis, the resulting threshold is higher for events with a large
CMN and lower for events with a small CMN. The performances of the two algorithms were studied
on specific data acquisitions and the second algorithm was then chosen for the analysis of the test
beam data. In order to further clean the sample from a potential signal, a second iteration was

performed.

5.6.3 Masking of noisy or dead channels

The noise as a function of the Beetle channel is shown in Fig. [5.10] for the M1 Fan-In sensor. This
distribution is obtained before the CMN subtraction is applied. The gaps correspond to noisy and
dead channels, which were masked when analysing the data. The list of connected and masked

channels of all sensors is reported in Table [5.2]

5.6.4 Signal-over-noise ratio

The amplifier gain varies from one readout chip to another, which makes it difficult to compare
results obtained with different setups. A way to overcome this difficulty is to use the SNR instead of
the ADC value. The SNR of a given readout channel i is computed by taking the mean pedestal
subtracted ADC value

N
1
Si = N ;(ADCU — pi) (5.6)

74



CHAPTER 5 5.6. MEASUREMENTS

N

(]
N
o F
§ L
® L
=
O |
++
1.5— *
L A
+ +
L R -,
t'-v"’m"'»’"" A aaas s RNy
1_
e b e e b e e
0.5 -04 -0.2 0 0.2 0.4

Interstrip Pos

Figure 5.12: Average cluster size as a function of the cluster interstrip position, obtained for the M1 Fan-In
sensor above the full depletion voltage. The central values on the y axis correspond to the mean of the
distribution of the cluster size in a given bin of the cluster interstrip position, while the error bars correspond
to the uncertainty on the mean.
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Figure 5.13: Average cluster size of different seed strips of the M1 Fan-In (left), M3 Fan-In (centre), and M4
Fan-In (right) mini sensors, obtained for particles traversing the pitch adapter region (top) or the central
region (bottom). The central values on the y axis correspond to the mean of the distribution of the cluster
size for a given seed strip, while the error bars correspond to the uncertainty on the mean.

as signal (where the sum is performed over all the events j in a given run) and by dividing it by the
raw noise of Eq. (5.4). The uncertainty on the SNR is computed as

A(S/N): = (S/N); (A&)Q ; (ANZ‘)Z 57

Si N;
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Figure 5.14: Distribution of the ADC values of the reconstructed clusters, obtained during a calibration
data taking for the M1 Fan-In sensor, together with a fit of the signal.

since signal and noise can be treated as independent variables. The uncertainty on the signal and
the noise is obtained from the standard error of the mean. When considering a cluster of several

adjacent readout strips, the sum of the SNR measured by each strip is used:

Nstrips

(S/N)tot = Z (S/N); (5.8)

i=1

with the uncertainty given by the sum in quadrature of the individual uncertainties.

5.6.5 Clustering

Clusters were built starting from a seed strip with a SNR above 3, to which neighbouring strips were
added if their SNR was larger than 2.5. These thresholds are the result of an optimisation procedure
based on data with and without signal and depend on the specific properties of the sensors under
test. To ensure the results were not biased by the choice of the clustering strategy, several other
algorithms were implemented and their performances were compared with those obtained with the
default algorithm. The position of the reconstructed clusters was computed as the charge weighted
average of the position of the readout strips forming the cluster.

Most of the clusters consisted of one strip only, as can be seen in the distribution of the cluster
size shown in Fig. for the M1 Fan-In sensor above the full depletion voltage. The cluster
size does not depend on the position of the cluster but has a dependence on the cluster interstrip
position. The latter is defined as the distance of the cluster from the point in between its two nearest
readout strips, in units of pitch. According to this definition, the cluster interstrip position has
values between —0.5 and 0.5. The maximum cluster size is expected for particles traversing the DUT
in between two adjacent readout strips, since the charge sharing is maximised in this situation. The
cluster size as a function of the cluster interstrip position is shown in Fig. [5.12] for the M1 Fan-In
sensor above the full depletion voltage. A similar behaviour is observed for the other sensors.

The average cluster size might change with the radiation dose. This effect was studied on the mini
sensors by comparing the average cluster size of different seed strips for different levels of irradiation.

The study was performed for both pitch adapters and no difference was observed between the two.
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Figure 5.15: SNR of each readout channel of the M1 Fan-In (left), M3 Fan-In (centre), and M4 Fan-In (right)
mini sensors obtained for particles traversing the pitch adapter region.
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Figure 5.16: SNR of each readout channel of the M1 Fan-In (left), M3 Fan-In (centre), and M4 Fan-In (right)
mini sensors obtained for particles traversing the central region.
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Figure 5.17: Average SNR of each readout channel of the M3 Fan-In (left) and M4 Fan-In (right) mini

Sensors.

The results are shown in Fig. for particles traversing the detector in the pitch adapter region,
at the top, and for particels traversing the detector in the central region, at the bottom. The first
channel of the M1 and M4 sensors is located next to one of the masked channels and should not be
taken into account. The large uncertainties in some bins are due to the low statistics associated
to the seed strips that are far away from the beam. The average cluster size is nearly 1.2 for all
distributions in Fig. [5.13] that is, it is independent of the position of the incoming particle and does
not change significantly with increasing fluences.

An example of the distribution of the ADC values of the reconstructed clusters is shown in Fig.

(.14} This distribution consists of a noise component, characterised by low ADC values, and a signal
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Figure 5.18: Most probable SNR of each readout channel of the half size sensor obtained for particles
traversing the regions 4 (left), 5 (centre), and 6 (right).
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Figure 5.19: Average SNR of each readout channel of the half size sensor obtained for particles traversing
the regions 4 (left), 5 (centre), and 6 (right).

component, characterised by a clearly visible peak. The noise component, which peaks at ADC values
below 10, corresponds to reconstructed clusters that are not associated to any incoming particle and
can be reduced by choosing a more stringent clustering algorithm. However, no attempt was made
in this direction since the noise clusters are well separated from the signal clusters. The distribution
of Fig. was fitted with the convolution of a Landau and a Gaussian distribution. The Landau
distribution describes the statistical fluctuations of the ionisation energy loss of a charged particle
in a thin layer of matter. The Gaussian distribution describes detector resolution effects. In the
fit, all parameters were allowed to float. Namely, these were the mean and width of the Gaussian
distribution and the Most Probable Value (MPV) and Full Width at Half Maximum (FWHM) of
the Landau distribution. The MPV values obtained from the fit were then used to compute the most

probable SNR of the plots shown in Figs. [5.17}, [5.18} [5.19} and [5.20
The distribution of the SNR of each readout channel of the mini sensors with the Fan-In pitch

adapter is shown in Figs. [5.15 and [5.16] respectively for particles traversing the pitch adapter region
or the central region. White vertical bands correspond to masked readout channels. The profile
of these distributions was used to obtain the average value of the SNR of the mini sensors. An
example of the profiles is shown in Fig. for the M3 and M4 Fan-In sensors. The most probable
SNR of the mini sensors was found to be between 25 and 28 before irradiation, between 25 and 27
after irradiation at the nominal dose, and between 23 and 26 after irradiation at twice the nominal
dose. No dependence on the position of the beam with respect to the pitch adapter nor on the pitch
adapter design was observed. In addition, compatible results were observed when biasing the sensors

from the top or from the back. Similar plots for the half size sensor are shown in Fig. [5.18] which
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Figure 5.20: SNR as a function of the applied bias voltage for the mini sensors with the Fan-In (top) and
Fan-Up (bottom) pitch adapter and with the back-side (left) and top-side (right) biasing scheme. The three
curves refer to different radiation doses: no irradiation (solid blue line), nominal dose (dotted violet line),
and twice the nominal dose (dashed red line).

displays the map of the most probable SNR as a function of the z and y position of the charged
particles. One bin along x corresponds to 200 um and is hence comparable to the strip pitch of
190 um. One bin along y corresponds to 250 wm, which is larger than the bond pads of the Fan-In
pitch adapter, whose length is 210 um. Therefore, a possible reduction in the SNR caused by the
pitch adapter structures when a particle traverses the pitch adapter region would be diluted due
to the other entries in the same bin. The corresponding profiles are shown in Fig. It should
be noted that the low values in region 6 are due to the fact that the corresponding readout strips
are not illuminated by the beam. For the half size sensor the most probable SNR was measured to
be between 12 and 15 before irradiation, between 12 and 14 after irradiation at the nominal dose,
and between 12 and 13 after irradiation at twice the nominal dose. As for the mini sensors, the
results do not show any dependence on whether the beam illuminates the pitch adapter region or

the central region. Similar results were obtained for both top-side and back-side biasing schemes.

5.6.6 Full depletion voltage

The bias voltage corresponding to full depletion was determined by studying the most probable
value (MPV) of the Landau distribution as a function of the applied bias voltage. In the plots, the
SNR values correspond to the MPV of the Landau distribution, as returned by the fit described in
Section [5.6.5] The SNR as a function of the applied bias voltage for the mini sensors at different
levels of irradiation is shown in Fig. [5.20]
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Figure 5.21: Two-dimensional efficiency of the mini sensors in the pitch adapter region, calculated at a bias
voltage of 300 V. The distributions refer to the M1 Fan-In (top left), M3 Fan-In (top centre), M4 Fan-In
(top right), M1 Fan-Up (bottom left), M3 Fan-Up (bottom centre), and M4 Fan-Up (bottom right) sensors.

For the mini sensors, the full depletion voltage decreases with increasing radiation doses for both
pitch adapters and for both biasing schemes. This is the expected behaviour of irradiated p*-on-n
sensors that have undergone a certain radiation damage but have not reached type inversion yet. As
expected, no difference was observed for different biasing schemes nor for different pitch adapters.

In order to guarantee a full depletion of the sensors during the measurements, a bias voltage
of 300 V was applied to the mini sensors, while a lower bias voltage of 210 V' was applied to the
half size sensor. At these values of the bias voltage, the leakage current during the data taking
was between 30 and 40 pA for the M3 sensor, between 60 and 70 pA or between 230 and 250 pA
for the M4 sensor, and between 110 and 120 pA for the F1 sensor. For the M4 sensor, different
values of the leakage current were measured depending on the biasing scheme, with the larger values
corresponding to the back-side biasing scheme. The same behaviour was observed for both pitch
adapters. Since the two M4 sensors are mounted on the same board, these measurements might
indicate a problem in the routing of the power lines on the board. In order to understand if the
problem appeared with the top-side or back-side biasing scheme, the measured values of the leakage
current of the M4 sensors were compared to the expectations based on radiation damage. The
expected value of the leakage current was computed by using Eqgs. [f.1] and [£:2] The first equation
was used to convert the measured leakage current of the M3 sensors (at an average temperature
of —1.55°C) to the corresponding value at the temperature of the M4 sensors, which was of nearly
—3.15°C. The second equation was used to obtain the expected increase of the leakage current due
to irradiation at the nominal dose and at twice the nominal dose. Based on this calculation, the
leakage current at twice the nominal dose is expected to be nearly twice the leakage current at the
nominal dose, which is compatible with the values measured with the top-side biasing scheme. The

reason of the higher leakage current has not been understood yet.
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Figure 5.22: Two-dimensional efficiency of the mini sensors in the central region, calculated at a bias voltage
of 300 V. The distributions refer to the M1 Fan-In (top left), M3 Fan-In (top centre), M4 Fan-In (top right),
M1 Fan-Up (bottom left), M3 Fan-Up (bottom centre), and M4 Fan-Up (bottom right) sensors.

5.6.7 Efficiency above the full depletion voltage

The efficiency was defined as the fraction of tracks reconstructed by the telescope and falling within
the DUT acceptance that had an associated cluster reconstructed by the DUT. A cluster was
associated to a track if it had a reconstructed z position within 250 um from the reconstructed x
position of the track. The efficiency, which was evaluated above the full depletion voltage of the
sensors, was studied as a function of the position of the track on the DUT plane.

The two-dimensional efficiency of the mini sensors, calculated at a bias voltage of 300 V, is shown
in Fig. for particles traversing the pitch adapter region and in Fig. [5.22] for particles traversing
the central region. Increasing fluences are shown from left to right, while the two pitch adapters are
shown at the top and at the bottom. The corresponding plot for the half size sensor is shown in Fig.
[(:23] The x and y axes show respectively the z and y coordinates of the reconstructed track. One
bin corresponds to 100 pm along = and 120 um along y.

The efficiency of the mini sensors is above 99% for most of the sensor area and no difference
based on the fluence nor on the pitch adapter type is observed based on the distributions in Figs.
and The efficiency of the half size sensor slightly decreases with increasing fluences and is
lower for particles traversing the pitch adapter region.

The efficiency as a function of the x position of the tracks is shown in Figs. and
respectively for the mini sensors and the half size sensor. For the mini sensors, the efficiency is nearly
99.5% and very stable across the sensor for all irradiation levels, if the particles pass through the
central region of the sensor (plots at the top of Fig. [5.24). However, an efficiency loss is visible if
the particles pass through the pitch adapter region (plots at the bottom of Fig. . The efliciency

loss is localised in a region of 1 — 2mm along x, which is comparable to the width of the bond pads
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Figure 5.23: Two-dimensional efficiency of the half size sensor, calculated at a bias voltage of 210 V, for
charged particles passing through region 1 (top left), 2 (top right), 4 (bottom left), and 5 (bottom right).

of the pitch adapter. The effect is more pronounced for the M3 Fan-In sensor. For the half size
sensor, the efficiency is uniform and above 98% for particles traversing the central region of the
sensor (plots at the bottom of Fig. , with a small decrease with increasing fluences. A drop in
efficiency of less than 1% is observed when the beam illuminates the pitch adapter region (plots at
the top of Fig. . The effect is reduced, but not totally eliminated, with irradiation.

5.6.8 Charge sharing

In this section, the charge sharing 7 is defined as

QL —Qr

= QL+ Qr’

that is, as the left-right asymmetry of the signals on the two readout strips on the left and on the
right of a reconstructed cluster. The signal is given by the SNR. In the following, the readout channel
is the one connected to the seed strip.

The n distribution of each readout channel of the half size sensor is shown in Fig. [5.26] The
distribution was obtained from a measurement in which the beam illuminated the region 5 of the
sensor, which corresponds to the nominal fluence and to the maximum distance from the pitch
adapter.

The 7 distribution integrated over all readout channels of the half size sensor is shown in Fig.
[5:27] for particles traversing the regions 4, 5, and 6 of the sensor. These regions correspond to
decreasing levels of irradiation and to the maximum distance from the pitch adapter. The charge
sharing decreases with increasing fluences and is slightly asymmetric for the unirradiated region of

the sensor. The same behaviour was observed for particles traversing the regions 1, 2, and 3 of the
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Figure 5.24: Efficiency of the M1 Fan-In (left), M3 Fan-In (centre), and M4 Fan-In (right) sensors as a
function of the x position of the tracks, calculated at a bias voltage of 300 V, for charged particles passing
through the central region (top) or through the PA region (bottom).

sensor, corresponding to the location of the pitch adapter. The reason behind the asymmetric charge
sharing is not understood yet, while the reduction in the charge sharing with increasing radiation
doses is consistent with previous observations [118] and might be due to a change in the diffusion
properties of the bulk after irradiation. In particular, the mobility of the charge carriers decrease
with irradiation. This change can have an impact on the diffusion constant D, which is

kT
D= — M,
e

where T is the temperature, e is the electron charge, and p is the mobility of the charge carriers.

5.6.9 Cross talk

In order to quantify the cross talk of the sensors, the following variable has been defined:
a(i,seed) =< SNR; /SNRgeea >,

where SNR; is the SNR associated to the i*" readout channel, SNRgeeq is the SNR associated to the
readout channel of the seed strip, and the average is performed over all events having the same seed
strip. According to this definition, a(i,seed) is 1 for i = seed and varies between 0 and 1 for the rest
of the readout channels. For a given seed strip, a SNR significantly different from zero is expected
on the neighbouring strips that contribute to the same cluster and, possibly, on their neighbours too.
A non-negligible value of (i, seed) in regions far from the seed strip would be an indication of cross
talk induced by the pitch adapter.

The two dimensional map of «(i, seed) is shown in Fig. for the mini sensors hit by the beam
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Figure 5.25: Efficiency of the half size sensor as a function of the x position of the tracks, calculated at a
bias voltage of 210 V, for charged particles passing through region 1 (top left), 2 (top centre), 3 (top right),
4 (bottom left), 5 (bottom centre), and 6 (bottom right).

in the central region. In the plots, one bin corresponds to one readout channel and the color scale
does not go above 0.3 in order to highlight a possible cross talk induced by the pitch adapter. The
white bands correspond to the readout channels that were masked during the analysis. It should be
noted that only some of the readout channels shown in the plots are associated to readout strips
illuminated by the beam. These readout channels are [444,458] for the M1 Fan-In sensor, [441, 457]
for the M3 Fan-In sensor, [442,459] for the M4 Fan-In sensor, [188,198,] for the M1 Fan-Up sensor,
[192,205] for the M3 Fan-Up sensor, and [187,203] for the M4 Fan-Up sensor. The cross talk does
not depend on the radiation dose nor on the pitch adapter type. A similar behaviour was observed
when the beam illuminated the pitch adapter region. The analogous distributions for the half size
sensor are shown in Fig. [5.29 and do not depend on the position of the beam with respect to the

pitch adapter. No cross talk above 5% was observed in any sensor.

5.7 Alignment

Several cross checks were performed in order to ensure that the telescope and the DUT were
correctly aligned. This is important when matching the reconstructed tracks of the telescope to the
reconstructed clusters of the DUT. The procedure to align the telescope is briefly described in Sec.
while the cross checks to verify the alignment between the telescope and the DUT are discussed
below. The results of the alignment studies were taken into account in the measurements described
in Section [5.6] However, a detailed description of the alignment procedure requires to know many

aspects of the measurements and is hence reported here for simplicity.
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Figure 5.26: Distribution of the charge sharing of each readout channel of the half size sensor, obtained for
particles traversing the region 5 of the sensor.
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Figure 5.27: Distribution of the charge sharing of the half size sensor, obtained for particles traversing the
regions 4 (left), 5 (centre), and 6 (right) of the sensor.

5.7.1 Rotations around the z axis

Potential rotations of the DUT around the z axis were studied by looking at the z residuals as
a function of the y position. If the DUT is properly aligned, the z residuals are expected to be
independent of the y position, while a rotation of the DUT around the z axis would manifest itself
as a linear dependence between the two variables. Two examples, corresponding to a good and a
bad alignment, are shown on the left and, respectively, on the right of Fig. [5.30] A straight line fit
was performed for each measurement taken at the nominal angle around the y axis. The mean of
the angular coefficient distribution was then used to correct for the misalignment when determining
the extrapolated position of the track on the DUT plane. The distributions of the intercept a¢ and
the angular coefficient a1, obtained for the M1 board with the Fan-In pitch adapter, are shown as

reference in Fig. Each entry in the two plots corresponds to a different data acquisition.

5.7.2 Rotations around the y axis

A misalignment of the DUT around the y axis was investigated by measuring the detected signal

as a function of the rotation angle around the y axis. The detected signal was defined as the Most

85



5.7. ALIGNMENT CHAPTER 5

: M4,Fanin

seed"

SNR / SNR

- M1,Fanin SNR,/ SNR

seed"

- M3,Fanin SNR,/ SNR

seed"

=3
w

FS
>
3
=3
w
N
>
3
T
=3
w

r—
SR
SNR;/ SNR,,
s
8
S

S
3
SNR;/ SNR,,

S
©

r—
SR
SNR;/ SNR_,

0.15 440~ 0.15 440—

420~ 420—

0.05
o 400; L L L o Ann; | L L o
280 400 420 240 260 280 400 420 440 260 280
Channel,,, Channel,,, Channel,,,,
SNR,/ SNR_,,; M1,FanUp SNR,/ SNR,,; M3,FanUp SNR,/ SNR_; M4,FanUp

=3
w

i
=3
w

220 220

Channel,
Channel,

ENAE "HIN | .

“T Eg!@ | li

0.15 L ———EmEE  — 0.15 L
o iﬂlm | . ! o
0.1 r 0.1 r
160— 160—
0.05 I 0.05 I

1] A R BRI IR S Y b IZ:10). S B A S I 1Y 140k 1
140 160 180 200 220 140 160 180 200 220 140

Channel,,, Channel,,, Channel,,

S
3
SNR,/ SNR_,,
S
3
SNR,/ SNR_,
S
3
SNR,/ SNR_,

S
o
S
o

200 200[—

180

160[—

Figure 5.28: Cross talk of the mini sensors for particles traversing the central region, calculated at a bias
voltage of 300 V.

Probable Value (MPV) of the Landau distribution in units of SNR. Its dependence on the rotation
angle around the y axis is shown in Fig. [5.32| for the M1 Fan-In (left) and M1 Fan-Up (right) sensors.
The MPYV is expected to be symmetric with respect to the angle for which the beam hits the DUT
at normal incidence. As the rotation angle around the y axis increases, the particles traverse more
material and consequently release more energy, which leads to a larger deposited charge and hence a
larger MPV. The increase in the material is proportional to the (cos#)~!, where 6 is the angle with
respect to the perpendicular to the DUT plane. The dependence between MPV and rotation angle

around the y axis is assumed to be
a

cos(f — )’ (5:9)
where « is the nominal zero angle and a is the corresponding MPV value. The nominal zero angle is
zero if the DUT is not rotated around the y axis. The dependence of the detected signal on the
rotation angle around the y axis is fitted with the function in Eq. . The curve corresponding to
the fit is overlaid to the experimental points in Fig. The nominal zero angle was found to be
compatible with zero for all sensors under test.

Studying the dependence of the fraction of one-strip and two-strip clusters on the rotation angle
around the y axis gives a similar cross check. Due to the properties of the beam, most of the clusters
consisted of one or two strips at normal incidence, with a negligible fraction of clusters with three or
more strips. However, as the DUT rotates around the y axis, the fraction of multiple-strip clusters is
expected to increase at the expenses of the fraction of single-strip clusters. By studying this effect, it
was possible to detect and correct potential misalignments of the DUT around the y axis. Similarly
to what discussed above, the distributions of the fractions of one-strip and two-strip clusters are
expected to be symmetric with respect to the nominal zero angle, which can be determined by

performing a fit with a second-order polynomial function. This is a very simple hypothesis and
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Figure 5.29: Cross talk of the half size sensor, calculated at a bias voltage of 210 V.

does not reproduce the real shape of the distribution for rotations larger than few degrees, but is
sufficient to determine the symmetry point. The data and fit results are shown in Fig. for the
M4 Fan-In (left) and M4 Fan-Up (right) sensors with top-side biasing. Since most of the clusters
consist of signal on either one or two strips, the fraction of two-strip clusters has the same angular

dependence of the fraction of one-strip clusters apart from a sign.

An alternative method to check the same kind of misalignment consisted in studying the charge
sharing as a function of the cluster interstrip position for different rotation angles around the y axis.

The rotation around the y axis, that is, the vertical axis, was obtained by rotating the stage where

; — 0.1
g0 g0
E [ E |
E | = |
30 4 |
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Figure 5.30: Examples of x residuals as a function of the y position for a DUT that is properly aligned (left)
and for a DUT that is rotated around the z axis (right).
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Figure 5.31: Distributions of the intercept ao (left) and the angular coefficient a; (right), obtained for the
M1 board with the Fan-In pitch adapter.
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Figure 5.32: SNR as a function of the rotation angle around the y axis for the M1 Fan-In with top-side
biasing (left) and for the M1 Fan-Up with back-side biasing (right) sensors.

the DUT was mounted. The charge sharing 7 is here defined as

Qr

= QL+ Qr’

that is, as the fraction of total charge deposited on the right strip. According to this definition, the
charge sharing varies between 0 and 1. The dependence of the charge sharing as a function of the
cluster interstrip position on the rotation around the y axis is shown in Fig. [5.34] for the M3 Fan-Up
sensor with top-side biasing. Similar plots are available for the other sensors. Each distribution in
Fig. was fitted with an error function of the form

f@)=a <1 —erf (‘iéf)) +b,

where a and b are constants, p corresponds to the mean interstrip position of the falling edge, and o

gives an indication of the width of the falling edge. If the DUT is not rotated around the y axis, the
effect of clockwise and anticlockwise rotations around the y axis is the same. The ¢ as a function
of the angle of rotation around the y axis is expected to have a minimum at zero degrees and to
be symmetrically distributed around the minimum. The effect of a rotation around the y axis is
to increase the charge sharing between neighbouring strips, that is, the value of o, as the angle of
rotation increases. The dependence of the parameter o on the rotation around the y axis is shown

in Fig. [5.35 and is consistent with a symmetric distribution around zero.
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Figure 5.33: Fraction of 1-strip (top) and 2-strip (bottom) clusters as a function of the rotation around the
y axis for the M4 fan-in (left) and fan-up (right) sensors, both with the top-side biasing.

5.8 Conclusions

The test beam measurements described in this chapter tested the performances of prototype silicon
microstrip sensors for the UT detector. Two main aspects were investigated: the design of the
embedded pitch adapter (Fan-In or Fan-Up) and the performances of the top-side biasing scheme.

Seven pT-on-n prototype sensors with a thickness of 320 um and a pitch of 190 pm were tested.
Six of them are mini sensors and differ in their embedded pitch adapter and fluence. The seventh is
a half size sensor with a non-uniform irradiation profile and only one of the two embedded pitch
adapters, the Fan-Up.

For the mini sensors, the SNR is measured to be between 25 and 28 before irradation and
decreases to between 25 and 27 at the nominal fluence and to between 23 and 26 at twice the nominal
fluence. The SNR of the half size sensor is smaller, between 12 and 15 for the unirradiated regions,
between 12 and 14 for the regions irradiated at the nominal fluence, and between 12 and 13 for those
irradiated at twice the nominal fluence. The same results were obtained when the beam illuminated
the pitch adapter region or the rest of the sensor area. In addition, no dependence on the pitch
adapter design was observed and compatible results were obtained when biasing the sensors from the
top or from the back. A lower SNR is expected for the half size sensor due to the larger capacitance
associated to longer strips.

The full depletion voltage varies from nearly 250 V before irradiation to nearly 200 V and 150 V
after irradiation at the nominal fluence and, respectively, at twice the nominal fluence. The decrease
of the full depletion voltage with increasing fluences is what one would expect for p*-on-n sensors
before type inversion is reached. The results show that it is possible to operate the sensors for the
expected run time of the UT detector.

The charge sharing decreases with increasing radiation fluences and does not show any dependence
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Figure 5.34: Charge sharing as a function of the cluster interstrip position for different rotation angles
around the y axis, as obtained for the M3 Fan-Up sensor with top-side biasing. The rotation angles around
the y axis are -10° (first row left), -5° (first row right), -2° (second row left), 0° (second row right), 2° (third
row left), 5° (third row right), 10° (fourth row left), 15° (fourth row right), and 20° (fifth row).
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Figure 5.35: Dependence of the parameter o on the rotation around the y axis, as obtained for the M3
Fan-Up sensor with top-side biasing.
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Figure 5.36: Electrostatic potential maps obtained from a simulation of the unirradiated mini sensors tested
in the test beam measurements, without (left) and with (right) the Fan-In pitch adapter [L06]. The boundary
of the depletion region is shown in white. The simulation is based on the TCAD Sentaurus package, which
is part of the Synopsys software m

on the pitch adapter nor on the biasing scheme.

The cross talk is below 5% for both pitch adapters and does not change significantly after

irradiation.

No significant difference was observed between the two biasing schemes in any of the performance
tests described above. However, further measurements have shown that the sensors with the Fan-Up
pitch adapter have bias voltage stability problems when the top-side biasing is used. The instability
consists in a rapid increase of the leakage current when applying a bias voltage between 200 and
300 V. A dedicated simulation was developed to investigate the reason of the instability. It was found
that this is related to the high electric field in the transition region between high-voltage ring and
bias ring, where the metal traces of the pitch adapter are located. For this reason, a new design was

proposed, in which the routing lines are located further from the metal traces of the pitch adapter.

A loss of efficiency localised in the pitch adapter region was observed for the mini sensors with the
Fan-In pitch adapter. Since this region is small compared to the active area of the sensor, this effect
is negligible (at the per mille level) when integrating over the whole sensor. The localised loss of
efficiency does not depend on the biasing scheme and is maximum for the unirradiated sensor. After
the test beam measurements discussed here, the effect was studied further on p*-on-n sensors having
the same properties of the mini sensors described in Section [5.2] and was confirmed by dedicated
studies on simulation . According to the simulation, the electric field lines in the silicon bulk
are modified by the presence of the pitch adapter. This is shown in Fig. [5.36] which compares the

electrostatic potential maps with and without the pitch adapter. For simplicity, only two adjacent
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readout strips and one bond pad of the pitch adapter were simulated. If the bond pad of the pitch
adapter is centred between two adjacent readout strips, the modification of the electric field lines
causes a drift of the charge carriers toward the silicon oxide surface, followed by a drift toward the
implants. This may result in a loss of signal on the nearest readout strips when a charged particle
passes underneath the second metallisation layer. Simultaneously, a signal-like pulse shape may be
found on the readout channel connected to the pitch adapter element. As the simulation suggests,
the effect has a strong dependence on the relative position between readout strips and bond pads
of the pitch adapter. Due to the saturation of the charge density close to the silicon oxide surface,
the effect is mitigated by irradiation, although it does not disappear completely [120]. For this
reason, the proposed geometry of the Fan-In pitch adapter of the UT sensors has been modified. In
particular, the thickness of the silicon oxide layer between readout strips and second metallisation
layer has been increased from 2 to 4 wum in order to lower the coupling between the two metal layers.

New prototype sensors with the modified geometry of the Fan-In and Fan-Up pitch adapters have
been produced and tested during 2017. No efficiency loss and no bias voltage instability have been
observed with the new geometry of the Fan-In and, respectively, Fan-Up pitch adapters. Consistent
results have been obtained between the SNR of the prototype sensors described in this chapter and
the SNR of the new prototype sensors. However, SNR measurements depend on the readout chip
and must hence be repeated using the SALT ASIC, which will be used for the readout of the UT
detector. The final geometry of the sensors in the outer region of the UT detector is a compromise
between the improved versions of the Fan-In and Fan-Up pitch adapters. The Fan-Up design was
preferred, since it allows to keep the embedded pitch adapter outside the active area of the sensor,
thus preventing any efficiency loss in the pitch adapter region. The larger inactive area of the sensor,
of approximately 500 um along the readout strips, is compensated by the vertical overlap of the
silicon sensors on the two faces of the staves. In the final design, the thickness of the silicon oxide
layer between the readout strips and the metal traces of the pitch adapter was increased from 2 to

4 um, based on the results of the Fan-In pitch adapter.
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Analysis strategy and selection of BY —K* ¢*¢~ decays

This chapter describes the analysis strategy adopted for the measurement of the AS; observables of
the B® = K*0 ¢+t¢~ decay, with ¢ = e, i, which is performed at LHCb using the full LHC Run I
dataset. The first part of the chapter introduces the counting method approach and its sensitivity to
New Physics. The second part discusses the selection of the B —K*° ¢{T0~ decays, the techniques
adopted to decrease the contamination from several background contributions, the corrections applied

to the simulation, and the efficiency calculation.

6.1 Measurement strategy

The measurement of the LFU angular asymmetry observables AS;, @;, and D; is of great interest
for the theory community in order to probe NP effects in the B® —K*® ¢*¢~ decays to electrons
and muons.

The measurement of the ); observables requires to perform a fit of the CP-averaged differential
decay width of both B® — K*9u*pu~ and BY — K*ete™ decays, as given in Eq. (1.17). While
LHCb has already performed this measurement for the muon mode [35], no attempt has been
made so far for the electron mode, partly due to the more challenging reconstruction of decays to
electrons than to muons. At LHCDb, decays with muons in the final state have a clear signature
and are reconstructed with high efficiency and good resolution. On the contrary, the reconstruction
of electrons is complicated by bremsstrahlung emission and other experimental issues which are
described in detail in Section [6.2] This results in a lower efficiency and a worse resolution, which
limit the possibility to perform a full angular maximum likelihood fit with the statistics collected in
the LHC Run I. In addition, the measurement of the ); observables requires a good knowledge of
the angular dependence of background contributions, since the latter have to be modelled in the fit,
and a precise determination of the acceptance as a function of ¢? and the three decay angles 6y, 0,
and ¢.

A simplified approach can be used to measure the AS; observables. This procedure has the

advantage of being more robust and less dependent on the statistics available. Therefore, it allows
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to measure the AS; observables using the LHC Run I dataset only. This is a first step toward the
systematic study of potential NP effects involving LFU violation in the B® —K*® ¢*¢~ decay and
is the main topic of this and the following chapter.

A similar approach can be used to measure the D; observables, which are however not discussed

further in this thesis.

6.1.1 Counting method approach

The App and S; observables, with i = 4,5,7,8, can be derived from the symmetry properties of the
CP-averaged differential decay width of Eq. (1.17)). This can be done by considering the following

integrations:
/2T 1 dYT +1)
Arg = — de, = = ,
oo </0 /ﬂ/z £> AT +1)/d? ~ dSidg?
/2 —7/2 T /2 g /2 T 4 T
so= ([ ([ ) ([ ) ([ ) D,
2 \Jon/2 —r /2 0 x/2 0 /2 d(T +T)/dg*> dQdq?
4 [ rm/2 —7/2 ™ ™ /2 ™ 1 d4(r'+ 1)
=t (L (L L)) ) ([ ) s
’ 3<Tr/2 <Tr 71'/2) ¢> o 0 w2 ) AT +T)/dg?  dfidg?
4 ™ 0 L /2 E 1 d4(1‘*+f‘)
S7=— — d de - do = = ,
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where a change of variables is needed, since the CP-averaged differential decay width is expressed in

terms of cos @y, cosf, and ¢ while the integration is performed with respect to the decay angles 6y,
O, and ¢. In order to compute the value of a given angular observable, the B® —K*0 ¢/~ decays
can be divided in two categories, one associated to the positive terms and the other associated to
the negative terms of the corresponding formula. The angular observable is then given by the yield

asymmetry between the two categories. As an example, the S5 observable can be computed as

48+ - S5
55:*ﬁ7
35+ 5;

where S5 (S5 ) is the yield of B® —K*° ¢/~ decays in the positive (negative) category. In particular,
S denotes the yield of B® —K*9 ¢+¢~ decays for which:

e Ok is in the range [0,7/2] and ¢ is in the range [—7/2,7/2];
e 0 is in the range [7/2, 7] and ¢ is either in the range [—7, —7/2] or in the range [7/2, 7].

The complementary subset of BY —K*9 ¢*¢~ decays gives S5 . A visualisation of this approach
is shown in Fig. which represents the distribution of simulated B® — K*Cete™ decays in the
(¢, 0 ) plane, with two different colors highlighting the decays in the two categories. The values of
the Sy, S7, Sg, and App observables can be computed in a similar way, according to the following

relations:

TSy — S, A4S -S7 7Sy — Sy AL - A

S, =124 7P g 2T T O7 App = 2EB— FB
DI U355+ S, 8 BT ALL Ay

255 +55]
In particular, Sz' denotes the yield of B —K*9 ¢+¢~ decays for which:
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BY 05 (rad)

Figure 6.1: Classification of simulated B° — K*%eTe™ decays in two categories, Si and S; , based on the
values of the decay angles ¢ and 6. The decays in the S§ category are shown in red, those in S5 are shown
in blue.

o if 6, is in the range [0,7/2], then fk is in the range [0,7/2] and ¢ is in the range [—7/2,7/2]

or O is in the range [7/2, 7] and ¢ is either in the range [—m, —7/2] or in the range [7/2, 7];

e if §y is in the range [7/2, 7], then Ok is in the range [0,7/2] and ¢ is either in the range
[-7,—7/2] or in the range [r/2,7] or Ok is in the range [r/2,7] and ¢ is in the range
[—m/2,7/2];

SF denotes the yield of B® —K*9 ¢+¢~ decays for which:

e O is in the range [0,7/2] and ¢ is in the range [0, 7|;

e Ok is in the range [7/2, 7] and ¢ is in the range [—, 0];
S¢ denotes the yield of B® —K*9 ¢+¢~ decays for which:

e if Oy is in the range [0, 7/2], then O is in the range [0, 7/2] and ¢ is in the range [0, 7] or Ok

is in the range [7/2, 7] and ¢ is in the range [—m,0];

e if 0y is in the range [7/2, 7], then 0k is in the range [0,7/2] and ¢ is in the range [—, 0] or

Ok is in the range [7/2, 7] and ¢ is in the range [0, 7];
and A;B denotes the yield of B = K*° ¢T¢~ decays for which:
o ¢, is in the range [0, 7/2].

One interesting property to note is that the classifications according to Sy and Sg can be obtained
by looking at those according to Apg and S, for the former, and at those according to App and Sy,
for the latter. In particular, a given decay belongs to the S category if it belongs to both Af; and
S or to none of the two, while it belongs to the S; category if it belongs to only one between AF+B
and S3. The same applies to Ss.

In the measurement described in this thesis, the S; observables are computed as follows:

St s/

Si - )
Srle+ ST/
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Figure 6.2: Predictions for the AApp and AS; (with i = 3,4,5,7,8,9) observables in the low ¢* bin between
0.1GeV?/c* and 1.1 GeV?/c* (left) and in the central ¢® bin between 1.1 GeV?/c* and 7.0 GeV?/c* (right).
The predictions are given for the SM (filled blue squares) and for NP scenarios with C§ = —1 (in green),
Clf = =14 (in red), and C§ = —Cf; = —0.64 (in orange). The predictions for different models are shifted
horizontally for displaying purposes.

where Sj' and S; are the signal yields in the Si"' and S; categories and ej‘ and €; are the
associated efliciencies. Experimentally, the signal yields in the two categories are obtained from
an unbinned extended maximum likelihood fit to the invariant mass distribution of the signal
candidates reconstructed in the K+tn~¢*¢~ final state, m(K 7~ £*{~), as described in Section
The efficiencies, which are not computed on an event-by-event basis but rather as the average over a
given region of ¢2, are obtained from simulation, as described in Section This approach is a
valid approximation if the efficiency does not have a strong dependence on ¢2. It is important to
emphasise here that, since only asymmetries are computed in this approach, the result is significantly
robust with respect to background and acceptance effects. In particular, efficiencies common to Sj'
and S; simplify in the asymmetry calculation, since the latter is invariant under transformations of
the type
SH—eSH,  S; —eS.

6.1.2 Sensitivity to Standard Model and New Physics

In several extensions of the SM, NP effects can modify the Wilson coefficients involved in the
b—s s¢* ¢~ transition and hence induce a change in the angular observables. In order to examine the
expected effect in the angular observables of interest, predictions based on the SM and on several NP
scenarios particularly favoured by the current experimental measurements are computed and gathered
together in Fig. The publicly available E0OS software |121] and the BSZ2015 form factors [122]
are used in the computation, which is based on QCD factorisation. Three NP scenarios are taken
into account: C§' = —1, C§ = —1.4, and C§f = —C};; = —0.64. The predictions for the AApp and AS;
(with i = 3,4,5,7,8,9) observables are computed for two different ¢? regions: from 0.1 GeV?/¢* to
1.1GeV?/c* (left) and from 1.1 GeV?/c?* to 7.0 GeV?/¢* (right). These regions correspond to the ¢>

intervals where the measurement described in this thesis is performed and are referred to as low
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¢® bin and respectively central ¢> bin in what follows. According to the predictions, no significant
discrepancy between SM and NP is expected in the ASs, AS7, ASg, and ASy observables in any of
the two ¢? regions, while the presence of NP can cause a substantial change in the values of the

ASy, ASs5, and AApg observables in at least one of the NP scenarios that have been investigated.

6.2 Differences between electrons and muons

The Apg and S; observables, with i = 4,5,7,8, are measured for both the BY — K*%ete™ and
B° — K*Ou*pu~ decays by following a similar procedure for electrons and muons. However, the
two particles differ greatly in the way they are detected and reconstructed in the LHCb detector.
The reconstruction of both particles relies on the information of the tracking system and the RICH
detectors. In addition, muons leave a clear signature in the muon detectors and are reconstructed
with high resolution. On the contrary, electrons are reconstructed using the calorimeters, which have
a lower resolution than the muon detectors, and must be corrected to account for bremsstrahlung
emission, which would otherwise worsen the mass resolution of the B® candidates.

If the bremsstrahlung photons are emitted downstream of the magnet, their energy ends up in
the same calorimeter cell as the electron and the energy of the electron is reconstructed correctly,
provided that no saturation of the calorimeter cell occurs. Conversely, if the photon emission happens
upstream of the magnet, the photon and the electron can be detected by two different cells of the
calorimeter and the reconstructed energy of the electron does not correspond to the total energy
that the particle had initially.

When reconstructing the BY candidates, a bremsstrahlung recovery algorithm is used to add
the energy of the emitted photons to the electron and positron candidates. The algorithm selects
any photon candidate with transverse energy larger than 75 MeV whose position on the ECAL is
compatible with the extrapolation of the lepton track from the first tracking station and adds its
energy to the energy of the lepton candidate. If the same photon candidate can be associated to both
the electron and positron candidates, its energy is added randomly to one of the two. The corrected
lepton tracks are then extrapolated backward in order to determine the dilepton vertex and a fit is
performed to reconstruct the corrected dilepton momentum. This allows to obtain a better estimate
of the momenta and energies of the reconstructed particles, with a corresponding improvement in the
mass resolution of the B? candidates. The improvement, however, is not sufficient to achieve the same
resolution as with decays to muons. This is due to the limitations of the bremsstrahlung recovery
algorithm, which arise from the acceptance and resolution of the calorimeters, from the requirement
on the minimum transverse energy of the photon candidates that can be associated to the electron
and positron candidates, and from the wrong interpretation of energy deposits in the calorimeters as
bremsstrahlung photons. As a result, the reconstructed B® candidates have a radiative tail at low
invariant mass, which is due to the partial recovery of bremsstrahlung photons, and a smaller tail
at high invariant mass, which is due to the overcorrection caused by the bremsstrahlung recovery
algorithm. These two aspects motivate the invariant mass model used in the measurement, as
discussed in Section [.1}

The worse mass resolution of the B% candidates is not the only aspect that makes decays to
electrons particularly challenging to investigate. In fact, decays to electrons are also detected with
a lower efficiency with respect to the analogous decays to muons. This originates from the lower
efficiency of the L0 electron trigger, as described in Section m For this reason, B? candidates
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triggered by the hadrons (kaons and pions) in the final state or by other activity in the same pp

collision are also taken into account in the measurement, as discussed in Section [6.5

6.3 Samples

This measurement is based on pp collision data, corresponding to an integrated luminosity of 3.0 fb~1,
recorded by the LHCb experiment at centre-of-mass energies of 7 and 8 TeV. For both BY — K*%ete~
and B — K*Out = decays, the K*V is reconstructed in the K T7~ final state. This choice is driven
by the fact that such a final state is abundant and offers a clear signature due to the presence of two
charged particles.

Several simulation samples are used to study the signal and background contributions in the
invariant mass, to optimise the selection of the signal candidates, to parametrise the efficiency as
a function of ¢2 and the decay angles 8y, 0k, and ¢, to validate the counting method approach,
and to perform cross-checks of the results obtained in data. In addition to the simulation samples
of B— K*%¢Te~ and B’ — K*°uT 1~ to model the rare modes and B® —K*0J/i) (—ete™) and

BY - K*9Jhp (—puTp~) to model the resonant modes, the following decays are simulated:
e Bt wKete;
e BT —K;(1430)tete;
o A) »pK~ (70—, with £ =e, y;
o A) —pK~JNhp, with Jhp — €70~ and £ =e, p;
o A —pr—Jhp, with Jip — €14~ and ¢ =e, p.

The first two simulation samples are used to estimate the background contribution due to partially
reconstructed decays (see Section . This background contribution must be taken into account
in the mass fit of the B — K*%e¢Te~ candidates, while it is negligible for the analogous decay to
muons. The last three simulation samples are used to evaluate the contamination from decays of the
AY baryon to final states that can be reconstructed as the rare or control modes (see Section [6.7.2)).

The B° -+ K*%ete~ simulation sample is generated according to the form factors reported
in Ref. [123], which are obtained using the technique of the Light Cone Sum Rule (LCSR). The
BT =K 1+ eTe™ simulation sample consists of two different modes. The first is a simulation sample
with a flat (K7r) invariant mass. The second is a combination of resonant (60%) and non-resonant
(40%) decays of the K" (1720) meson, where the resonant component is a mixture of K07+ (20%
of the total), KT p° (40% of the total), and K+ w (< 1% of the total). The BT —Kj(1430)tete™
simulation sample is similar to the second B* —K; ete™ mode but consists of K3(1430)* instead
of K;'(1720) decays.

6.4 Dilepton invariant mass

The signal candidates are divided in three exclusive ¢ regions corresponding to the low and
central ¢? bins of the rare mode B° —K*° (¢~ and a single ¢ bin of the resonant mode
BY - K*0Jh) (— £t¢7). The signal candidates of the rare mode are required to have a ¢ be-
tween 0.1 GeV?/c* and 1.1 GeV?/¢? in the low ¢? bin and between 1.1 GeV?/c* and 7.0 GeV?/c?* in
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the central ¢? bin. The signal candidates of the resonant mode are instead required to have a ¢
between 7.0 GeV?/c* and 11.0 GeV?/c?.

In addition to the requirement on g2, an equivalent selection is applied to the so-called constrained
q?, hereafter referred to as ¢2. The latter is computed by constraining the signal candidates to
originate from the PV and to have an invariant mass corresponding to the nominal mass of the B°
meson, as reported in Ref. [15]. This requirement is expected to be very efficient on signal, since the
normal and constrained ¢? should have similar values. On the other hand, a good rejection power
is expected on background contributions for which the assumption of invariant mass equal to the
nominal mass of the B® meson does not hold.

The lower bound at 0.1 GeV?/c? allows to easily compare the results of decays to electrons and
muons, since both leptons can be considered massless above this threshold. A difference between
electrons and muons would hence be a clear hint of LFU violation. The bound between low and
central ¢2 bins, which is set to 1.1 GeV?/c*, is such that the background contribution due to ¢ —
010~ decays is expected to populate the low g2 bin only. This choice is also consistent with previous
measurements at LHCD |34]. The bound between rare and resonant mode, set to 7.0 GeV?/¢?, is due
to the fact that the contamination from the radiative tail of the J/ resonance becomes too large
above this value. Previous measurements at LHCb considered a ¢ bound of 6.0 GeV?/c* between
rare and resonant mode [33}/34]. However, the introduction of the additional requirement on the
constrained ¢? allows to move this threshold up to 7.0 GeV?/c*, with a significant increase in the
statistics available in the rare mode. For the muon mode, the results are given also for the central ¢>
bin from 1.1 GeV?/c* to 6.0 GeV?/c?, in order to compare with previous measurements at LHCb [35].
For the electron mode, only the results in the nominal central ¢ bin from 1.1 GeV?/c* to 7.0 GeV?/c?

are given.

6.5 Trigger requirements

In the offline selection, trigger signals are associated to reconstructed particles. Selection requirements
can therefore be made on the trigger selection itself and on whether the decision was due to the
signal candidate, other particles produced in the pp collision, or a combination of both. In particular,

a signal candidate is classified as:

o trigger on signal (TOS), if the trigger signals associated to the signal candidate are sufficient
to trigger the event, that is, the event would be triggered even if all trigger signals associated

to the rest of the event would be ignored;

e trigger independent of signal (TIS), if the trigger signals not associated to the signal candidate
are sufficient to trigger the event, that is, the event would still be triggered if the trigger signals

associated to the signal candidate are ignored.

According to this definition, a signal candidate can be classified as TIS and TOS at the same time.

In the measurement described here, the signal candidates are required to satisfy the trigger
requirements shown in Table [6.1]} depending on the presence of muons or electrons in the final state.
The conditions for the different trigger levels (L0, HLT1, and HLT2) are combined in AND, while
those within each trigger level are combined in OR. For the electron mode the inclusion of signal

candidates triggered by other activity in the same pp collision, corresponding to the TIS requirements,
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Table 6.1: Trigger requirements for signal candidates with electrons (left) or muons (right) in the final state.

Trigger level Electron candidates Muon candidates

LO LOElectron TOS LOMuon TOS
LOHadron TOS
LOGlobal TIS

HLT1 H1t1TrackA1l1lLO TOS H1t1TrackA1l1lLO TOS
Hlt1TrackMuon TOS
HLT2 H1t2Topo2[3,4]1BodyBBDT TOS H1t2Topo2[3,4]1BodyBBDT TOS

H1t2TopoE2([3,4]1BodyBBDT TOS H1t2TopoMu2[3,4]BodyBBDT TOS
H1t2DiMuonDetached TOS

is needed to increase the statistics available. The requirements of the LOElectron, LOHadron, and
LOMuon trigger lines are described in Section The LOGlobal trigger line corresponds to the
global decision of the L0 trigger. The H1t1TrackA11L0 and Hlt1TrackMuon trigger lines require at
least one good-quality track with high momentum, transverse momentum, and impact parameter
x2. If the track is associated to hits in the muon detectors (Hlt1TrackMuon), the requirements on
momentum, transverse momentum, and impact parameter x? are relaxed [124]. The topological
lines H1t2Topo2[3,4]1BodyBBDT, H1t2TopoE2[3,4]1BodyBBDT, and H1t2TopoMu2[3,4]BodyBBDT are
described in Section [2:2.4 and differ in the number and type of charged particles reconstructed in
the final state. The H1t2DiMuonDetached trigger line selects dimuon resonances with masses below
the J/p mass. The two tracks associated to the muons are required to have large impact parameter
x?, while the dimuon candidate is required to have a mass larger than 1 GeV/c? and a transverse
momentum larger than 1.5 GeV/c [124].

Since the distribution of the signal candidates in the electron mode depends on the nature of the
particle that has triggered the event (lepton or hadron), three independent trigger categories are

taken into account. These are defined as follows:

e LO Electron (LOE) contains signal candidates that are TOS with respect to the LO Electron

trigger line;

e L0 Hadron (LOH) contains signal candidates that are TOS with respect to the LO Hadron trigger

line and do not belong to the above category;

e L0 TIS (LOTIS) contains signal candidates that are TIS with respect to the LO Global trigger
line (that is, the corresponding event has been triggered by other particles) and do not belong

to one of the two categories above.

The measurement of the S; observables of the resonant mode B® — K*9.J/)(— eTe™) is performed
separately in each of these categories, analogously to what described in Ref. [34]. A different approach
is adopted for the measurement of the S; observables of the rare mode B® — K*%ete™. Since the
statistics available does not allow to perform a mass fit separately for each trigger category, only one

fit is performed.
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6.6 Corrections to simulation

The simulation is corrected to account for some known discrepancies between simulation and data.
These discrepancies originate from a mismodelling of the kinematics of the event, as well as from a

mismodelling of the detector response in terms of particle identification and trigger efficiency.

The corrections consist of three steps: the first corrects the response of the particle identification
algorithm, the second corrects the modelling of the kinematics of the event, and the third corrects
the response of the trigger algorithm, i.e. the trigger efficiency. Each step is described in detail in the
next subsections. However, an outline of the corrections is anticipated here in order to provide the
reader with a general understanding of the procedure. In the first step, a data-driven approach is used
to resample the PID distributions of the simulated candidates, so that the resampled variables can
be used in the selection. In the second step, a multidimensional reweighting based on a multivariate
technique allows to assign event-by-event weights to the simulated candidates. These weights, wppT,
are normalised to the total number of simulated candidates. In the third step, the wgpT weights are
taken into account to assign a correction factor, wiig, to each simulated candidate. As a result of this
procedure, the weighted distributions of the simulation reproduce the behaviour observed in data.
This is needed since the simulation is used as a proxy of the signal and background contributions in

several parts of the analysis, for example in the multivariate analysis described in Section [6.7.5]

6.6.1 Particle identification

The particle identification algorithm used in LHCD is based on a multivariate classifier that takes
the response of the PID detectors into account. The latter depends on detector occupancy and
operating conditions of the detectors, which can often change within a given data taking period.
Both aspects are extremely difficult to model and cause a disagreement of the response of the particle

identification algorithm between simulation and data.

A common procedure that allows to mitigate this discrepancy is to follow a data-driven approach
to resample the PID distributions of the simulated candidates. In order to do so, high-purity
calibration samples are used to determine the distribution of a given PID variable z in both
simulation and data as a function of a set of key variables. For example, a common choice in LHCb
is to parametrise the distribution of the PID variable z as a function of the number of tracks in
the pp collision, ntracks, and two kinematic variables, e.g. the transverse momentum, pr, and the
pseudorapidity, 77, of the particle to which the PID variable x is referred. The probability density
function (PDF) observed in data can hence be written as pexp(Z|pr, 7, Nracks). The corresponding

cumulative distribution function (CDF) is

x

Pexp (I\pT, m, ntracks) = / DPexp (ylpT, m, ntracks) dy-

— 00

This formula can be used to associate a new PID variable z¢orr = Pej(%,(g |pT, 7, Ntracks) to the
simulated candidates. If the sampling variable ¢ is distributed uniformly between zero and unity,
the distribution of Zeorr 18 Pexp(Zcorr|PTs 7, Ntracks) and hence reproduces what observed in data. A

slightly different approach is followed in this measurement: the sampling variable & is not chosen
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A pexp(x) A pMC(x)
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Figure 6.3: Schematic view of the PDF obtained from data (left) and simulation (right). The transformation
of variables £mc — Toorr 1S Obtained by requiring Pexp(Zcorr) = Pymc(ZMmc)-

randomly but is obtained from the original PID variable x);c as follows:

TMC

5 = PMC(iUMC|PT7 m, ntracks) = / pMC(y|pTu m, ntracks) dya

—00

where pyvc(z|pT, 7, Ntracks) 1s the PDF observed in simulation. Therefore, the transformation of

variables xyic — Zcorr 1S Obtained by requiring

Lcorr = Pe:(; (PMC (xMC| pr,n, ntracks) ‘pT7 m, ntracks) .

This is shown schematically in Fig. This method has the advantage of preserving the correlation
between the original PID variable zyc and the new PID variable 2corr, at least if pexp(x) and payc()
do not differ too much from each other. As a consequence, the correlation between the PID variable
x and the other properties of the event not involved in the resampling procedure is also partially

preserved.

In this measurement, the distributions of the DLL and ProbNN variables associated to the
particles in the final state (see Section for a more detailed description of how these variables are
defined) are corrected using three classes of high-purity control samples: D** — D7+ A® — pr—,
and A} — pK 7~ decays are used to correct the PID distributions of hadrons, J/ip — u*u~ decays
are used to correct muons, and B* — K1 .J/i)(— ete™) are used to correct electrons. The functional
dependence of pexp (Z|PT, 7, Niracks) is obtained separately for 2011 and 2012 and for the two magnet
polarities by following the Meerkat method described in Ref. [125]. This method has been proposed
recently in LHCb and is based on a kernel density estimation (KDE) technique. Starting from a
calibration sample of data points y;, where y is a single variable or a vector of variables, the method
allows to estimate the PDF p(y) without the need to know the physical model behind the process

under study.

The following transformations of variables are applied to improve the uniformity of the distribu-

tions entering the KDE calculation:

/ /
pr = lina Niracks — In Ntracks
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for the variables used in the parametrisation of the PID distributions and
ProbNN,’' =1 — (1 — ProbNNy)?, ProbNN,’ = ProbNN,”, (6.2)

with v = 1/2, for the ProbNN variables. The first transformation of Eq. is used for the PID
variables referring to the correct PID hypothesis (e.g. the PID variable ProbNN, of the electron
candidate), while the second is used for those referring to the wrong PID hypothesis (e.g. the PID
variable ProbNN, of the kaon candidate). The different transformations of variables are due to the
fact that the corresponding distributions peak at unity and zero, respectively. No transformation of
variables is instead required for the DLL variables.

An example of the original and resampled PID distributions of some of the key variables used
in the analysis is shown in Fig. for the B —K*YJ/) (—ete™) simulated candidates. The
corresponding PID distributions observed in data are overlaid for comparison. A good agreement is
observed over the entire range of all the resampled PID variables. Any further residual differences

between simulation and data are accommodated as systematic uncertainties as discussed in Section

o

6.6.2 Kinematics of the event

The mismodelling of the kinematics of the event is corrected by performing a multidimensional
reweighting of the variables that show the largest deviation between simulation and data. The
multidimensional reweighting is based on the method described in Ref. [126] and is referred to as
Boosted Decision Tree (BDT) reweighting in the following. This method has several advantages
compared to the standard histogram reweighting. In the latter, the distributions of the reweighting
variables in simulation (original sample) and data (target sample) are split in bins and the bin-by-bin
ratio

target original
i Jw;

w; =w i

original
%

is used as weight of the simulated candidates. In the formula, w*#" and w represent the total
weight of the events in the i*" bin of the target and the original distribution, respectively. Despite
its simplicity, the histogram reweighting has some limitations. First of all, it cannot be used to
reweight many variables at the same time, since the statistics in each multidimensional bin would be
too low. In addition, even if the reweighted sample and the target sample are in perfect agreement
with each other, there is no guarantee that the procedure will work well on a different simulation
sample. In the BDT reweighting the first limitation is overcome by the fact that the space of the
reweighting variables is split in regions by using decision trees. The optimal regions are identified by

maximising the symmetrised binned x? defined as

2
reg _,.reg
2 (woriginal wtarget)
X = E reg + Teg )
reg original wtarget

¢ and wi. e . are the total weight of the events in the selected region of the target and

where w'°
original target

the original distribution, similarly to what discussed above.
The performance of the reweighting procedure is evaluated by training a multivariate classifier to

distinguish between simulation and data before and after the BDT reweighting is applied. If the
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Figure 6.4: Distributions of a representative set of PID variables used in the analysis obtained from
BY K™ Jhp (—eTe™) simulated candidates before (blue solid line) and after (red solid line) the PID
correction is applied. The corresponding PID distributions observed in sWeighted data are overlaid for
comparison (black points with error bars).

reweighter improves the agreement between simulation and data, in fact, the discrimination between
the two becomes harder when the correction is applied. The performance of this algorithm can be
checked by comparing two different trainings of the same multivariate classifier, one based on the

original sample and target sample and another based on the reweighted sample and target sample.

The BDT reweighting procedure adopted in this measurement consists of two subsequent steps:
a first BDT reweighting obtained from the muon sample and a second BDT reweighting obtained
from either the muon sample or the electron sample, after the latter are corrected with the weights
obtained in the first step. This allows to account for potential correlations among the features
(that is, the variables) used in the two steps. Eventually, a weight is assigned to each simulated
candidate, corresponding to the combined correction obtained from the two steps. The first BDT

reweighting allows to correct the mismodelling of the kinematics of the event independently of the

104



CHAPTER 6 6.6. CORRECTIONS TO SIMULATION

trigger selection, while the second allows to correct the residual discrepancies induced by the trigger
selection applied to the samples. For the first step, an inclusive trigger category, where electrons and
muons are expected to be selected in a similar matter, is considered. This is achieved by requiring
that the B° candidates are selected due to the activity of the rest of the event, which corresponds to

the following trigger requirement:
LO Global TISNH1t1 Phys TIS NH1t2 Phys TIS.

This guarantees that the corresponding sample is not biased by the trigger selection. For the second

step, the trigger selection described in Section [6.5]is applied.

The B® - K*°J/ip (—ptp~) and B® —K*0J/h) (—ete™) decay modes are used as input for the
multidimensional reweighting, since a clear signal is visible in data after the preselection described
in[6.7-1] and the requirements to decrease the contamination from exclusive backgrounds described
in are applied. In addition, the PV- and J/i)-constrained invariant mass of the BY candidates
(that is, the invariant mass computed by constraining the BY candidates to originate from the PV
and the J/ip candidates to have an invariant mass corresponding to the nominal mass of the J/i, as
reported in Ref. [15]) is required to be larger than 4800 MeV/c?. Only B candidates with successful
kinematic fit when the two constraints are taken into account are retained. For the muon mode, the
invariant mass of the J/i) candidates is required to be within 100 MeV/c? from the nominal value,

while a looser selection of g2 between 6.0 GeV?/c* and 11.0 GeV?/c* is applied to the electron mode.

The sPlot technique [127] is used to statistically subtract the background and determine the
distribution of the signal candidates in data. This is achieved by fitting the PV- and J/i)-constrained
invariant mass distribution of the B candidates. The fit is performed separately for 2011 and
2012. The model used in the fit to the data samples is partially obtained from simulation. The
BY - K*0Jh) (— £7¢7) simulated candidates are fitted with a Double Crystal Ball (DCB), which
consists of two Crystal Balls (CBs) with shared mean:

DCB = fCBCBl + (1 — fCB)CBQ.

Each CB consists of a Gaussian distribution with power-law tails and is parametrised as follows:

_emm? oo
e 202 if =£ > —a

A(B-=)" HEE < a

CB (z;a,n, u,0) :N{

where N, A, and B are normalisation constants defined as:

2

= S i = —n__-l% _ /T Jaf
N = vy With N = e and Ny = /3 (14 erf (1))

and
n lo|2
A= (L e

laf
B=%—|q
laf
The error function is approximated numerically as described in Ref. |[128|. The values of fcp, a1,
g, n1, and ng obtained from the fit to the simulation samples are used as constants in the fit to

the data samples. The sum of two DCBs and an exponential distribution is used for the unbinned
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extended maximum likelihood fit of the B® —K*0J/) (— ¢7¢7) data candidates:
PDF qata = NBO ]:)CBBO +NBQ DCBBE +Ncomb bkg EXPcomb bkg>

where the two DCBs model the B® —K*0J/i) (— ¢+¢~) and BY —K*°J/p (— £+£~) contributions
and the exponential distribution parametrises the combinatorial background. In order to decrease
the degrees of freedom of the total PDF and improve the stability of the fit, the two DCBs have all
parameters in common except for the mean. For the B? DCB, the latter is fixed to the mean of the
B® DCB plus the difference between the nominal masses of the B? and B° mesons, as reported in
Ref. . This allows to account for momentum scale effects of the detector, which might shift the
measured value of the masses, with a similar shift expected for the two particles. The yields of the
three components of the model, ANgo, N, Bo, and Neomb bke, are left free to vary in the fit, together
with the mean p, the widths o7 and o3, and the slope of the exponential distribution. The fit results
are shown in Figs. and [6.6] for the muon and the electron mode, respectively.
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Figure 6.5: Distribution of the B® —K*°Ji) (—u™pu~) candidates (black points with error bars) and
corresponding fit (solid blue line) for 2011 (top) and 2012 (bottom) simulation (left) and data (right). The
fit model uses a DCB for simulation and two DCBs and an exponential distribution for data. The residuals
are also shown.

The differences between the distributions of the s Weighted data candidates and the simulated
candidates are used to develop the BDT reweighting procedure. In the first step, the simulation
distributions of the number of tracks, number of SPD hits, B® pt, and B decay vertex x?/ndf are
reweighted to reproduce the distributions observed in data. In the second step, the BDT reweighting

is trained on the residual discrepancies in the minimum and maximum transverse momentum and
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Figure 6.6: Distribution of the B® —K*°Ji) (—ete™) candidates (black points with error bars) and
corresponding fit (solid blue line) for 2011 (top) and 2012 (bottom) simulation (left) and data (right). The
fit model uses a DCB for simulation and two DCBs and an exponential distribution for data. The residuals
are also shown.

pseudorapidity of the leptons and hadrons in the final state. This is done separately for muons and
electrons. Since the BDT reweighting is performed separately for 2011 and 2012, the differences in
the pr distributions caused by the different collision energy in the two years are correctly taken into
account.

The BDT reweighting is based on the raredecay package and uses two GBReweighter
reweighters, which share the same configuration apart from the number of estimators. In order to
make a better use of the statistics of the samples used for the training of the BDT reweighters,
a k-fold cross-validation approach is adopted, where 9/10 of the data are used to determine the
correction, which is then applied to the remaining 1/10. In order to increase the stability of the
results, the BDT reweighters are applied to each signal candidate 20 times and the average weight is
then used. The performance of the BDT reweighting is compared to that achievable using a standard
histogram reweighting with 30 bins in the first step and 10 bins in the second and is found to be
superior to it. All variables used in the multivariate analysis described in Section [6.7.5} as well as
the decay angles 6y, Ok, and ¢ and other variables relevant for the analysis are taken into account to
score the performance of the BDT reweighting. The score is computed using an XGBoost classifier.

In order to simpify the procedure, an alternative strategy in which the number of tracks is
not included in the subset of variables used in the first BDT reweighting is also investigated. It
is observed that the exclusion of the number of tracks causes an overcorrection of the remaining

variables. In particular, the distribution of the number of SPD hits after the correction is applied
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Figure 6.7: Distribution of the number of tracks (top left), number of SPD hits (top right), B pr (bottom
left), and B® decay vertex x?/ndf (bottom right) for B® —K*°Jkp (—pu*p™) sWeighted data (green) and
simulation before (blue) and after (violet) the correction is applied. The distributions are obtained from
2012 samples.

shows a better similarity between simulation and data compared to the case in which the number of
tracks is used in the training. However, the agreement between the simulation and data distributions
of the number of tracks after the correction is applied gets worse than the original. For this reason,
it is preferred to adopt the strategy including the number of tracks.

The improvement in the agreement between data and simulation can be seen in Figs. [6.7 and
[6.8] which show the comparison between data and simulation distributions before and after the
correction is applied. The distributions in Figs. and [6.8] are obtained from 2012 samples. Similar
results are observed for 2011. The distributions that undergo the major changes due to the BDT
reweighting are the number of tracks and the number of SPD hits, while the changes of the other
distributions are mostly marginal. The reweighted distributions do not match exactly the target
distributions since a stronger reweighting of the selected variables would induce a disagreement in

some other variables used in the analysis.

6.6.3 Trigger efficiency

The trigger efficiency, that is, the efficiency of triggering the signal candidates that were reconstructed
by the detector, is not well described in the simulation. Therefore, a correction factor is assigned to
each simulated candidate, so that the simulation distribution of the trigger efficiency reproduces the
trend observed in data. This is performed in two subsequent steps: a first correction factor is used

to correct the L0 trigger efficiency and a second correction factor, obtained after applying the first
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correction, is used to correct the HLT trigger efficiency. For each step, the correction factor used
to correct the simulated candidates corresponds to the ratio between data and simulation trigger
efficiencies:
- €data
w(m) = )
EMC

where the efficiencies are computed as a function of one or two selected variables, generically referred
to as Z. For the electron mode, this is done separately for the three trigger categories LOE, LOH,
and LOTIS in which the analysis is performed. The weights obtained in Section [6.6.2] are taken into

account when determining the trigger efficiency of the simulation samples.

The trigger efficiencies €4at, and eyc are computed by using a tag and probe method, referred
to as TISTOS in the following. This method uses a reference sample that is independent of the
trigger selection, the TIS sample, and counts how many signal candidates in this reference sample
are compatible with causing a positive trigger decision, that is, are TOS with respect to the relevant

trigger. Formally, this corresponds to computing the ratio

_ NrosaTis

NTIS ’

where Nig is the number of signal candidates in the reference sample and MtosaTis is how many

of these signal candidates are compatible with triggering.

The choice of the TIS and TOS samples depends on the specific correction under study. Similarly
to the correction of the kinematics of the event described in Section the resonant mode
BY - K*9Jhp (— ¢+¢7) (both simulation and data) is used as input to evaluate the trigger efficiency
correction. Instead of using the sPlot technique to obtain background-subtracted data samples,
BY - K*YJhp (— ¢T¢7) data candidates are required to have a PV- and J/1)-constrained B invariant
mass within £60 MeV/c? from the nominal value of the BY mass. As for the correction of the
kinematics of the event described in the invariant mass of the J/i candidates is required to
be within 100 MeV/c? from the nominal value, in the muon mode, and between 6.0 GeV?/c* and
11.0 GeV?/ct, in the electron mode. The correction factors are obtained separately for 2011 and

2012, since the trigger requirements were slightly different in the two years.

The corrections for the signal candidates in the LOM and LOE trigger categories obtained for
2012 samples are shown as an example in Fig. [6.9] For the LOM trigger category, the LO correction
factor wy is obtained as a function of the maximum transverse momentum of the leptons in the
final state, as shown in Fig. (top left), while the HLT correction factor w7 is obtained as a
function of the minimum transverse momentum of the particles in the final state, as shown in Fig.
(bottom left). The different choice of variables is due to the fact that the trigger selection of the
muon sample is based on the presence of high-momentum particles, at the L0 level, and on several
variables, including the presence of low-momentum particles, at the HLT level. For the LOE trigger
category, the L0 correction factor is obtained as a function of the maximum transverse energy of
the leptons in the final state and the region of the ECAL where the corresponding energy cluster is
located (inner, middle, or outer region). The correction corresponding to the outer region is shown
in Fig. (top right). The HLT correction factor is instead obtained following the same procedure
of the LOM trigger category. The L0 and HLT corrections for the signal candidates in the LOH and

LOTIS trigger categories are obtained in a similar way, but are not described further here.
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Figure 6.9: Ratio between data and simulation trigger efficiencies used to correct the LO (top) and HLT
(bottom) trigger efficiency of the LOM (left) and LOE (right) simulation samples. The plots showing the L0
trigger efficiency are obtained from leptons leaving an energy cluster in the outer region of the ECAL. Similar
plots are available for the inner and middle regions of the ECAL, as well as for the LOH and LOTIS trigger
categories. The three colors in the plots of the LO trigger efficiency refer to three alternative approaches that
are used to evaluate the trigger efficiency.

6.7 Selection

6.7.1 Preselection

A BY candidate is formed from a pair of well-reconstructed oppositely-charged particles identified as
either two muons or two electrons and a pair of well-reconstructed oppositely-charged particles, one

identified as a kaon and the other identified as a pion.

The complete list of preselection requirements applied to simulation and data samples is shown
in Table Candidates belonging to pp collisions without any reconstructed PV or with more than
600 hits in the SPD are removed from the samples. Particles in the final state are required to have
ghost probability smaller than 0.4, that is, low probability of originating from fake tracks, and track
x?/ndf smaller than 3, which allows to select good-quality tracks. The kaon, pion, electron, and
muon candidates are required to have associated hits in the RICH detectors. Electrons (muons)
are also required to have associated clusters in the calorimeters (hits in the muon detectors). The
particles in the final state are required to be compatible with their correct PID hypothesis. In order
to do so, two types of PID variables are used in the selection. Both types are based on a multivariate
classifier which takes the information of the PID detectors into account. The first type, referred to

as DLL,,, with a identifying a particle type other than m, corresponds to the difference between the
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log-likelihood of the particle to be a or to be 7:
DLL,, =log L, —log L.

The second type, referred to as ProbNNy, corresponds to the response of an Artificial Neural Network
(ANN) that uses the information of the tracking and particle identification systems as input. The
response of the ANN is normalised between zero and one and does not take the pion PID hypothesis
as reference. In the measurement described here, kaon candidates are required to have DLL g,
larger than —5, while electron candidates are required to have DLL., larger than 0. In addition, the

following ProbNN requirements are applied:
e for kaon candidates, ProbNNg - (1 — ProbNN,,) > 0.05;
e for pion candidates, ProbNN, - (1 — ProbNNg) - (1 — ProbNN,,) > 0.1;
e for electron candidates, ProbNN, > 0.2;
e for muon candidates, ProbNN, > 0.2.

A minimum pr of 250MeV/c is required for kaons and pions, while a threshold value of 500
(800) MeV/c is required for electrons (muons). All particles in the final state are required to have
large impact parameter y? with respect to the PV. In addition, quality requirements, like having a
good-quality vertex, are applied to the dilepton and K pairs, as well as to the BY candidate. The
BY candidate is required to be compatible with originating from the PV, while the dilepton and K
pairs are required to be significantly displaced from it, as expected given the long lifetime of the B°
from which they originate. The invariant mass of the dilepton pair is required to be smaller than
5500 MeV/c?, while the invariant masses of the K7 pair and of the B° candidate are required to be
respectively within 100 MeV/c? and 1000 MeV/c? from their nominal values. The requirement on the
invariant mass of the K7 pair is relaxed to 200 MeV/c? instead of 100 MeV/c? in some parts of the
analysis (see for example Section in order to increase the statistics available. A minimum pr
of 500 MeV/c is required for the K pair.

6.7.2 Exclusive backgrounds

In addition to the requirements described in the previous section, specific requirements are ap-
plied to lower the contamination from the exclusive decays BY — ¢ ¢T¢=, Bt —K* (T(~,
A) —=pK Iy (= 0707), A) -pK ¢+¢~, and B =D~ (—=K*%~v ,){Tv ,. Further requirements
are applied to remove another source of background, which originates from hadron-lepton and hadron-
hadron swaps, that is, from signal decays with K —¢, m —¢, K —m, or m —K misidentification. In
order to keep the selection of electron and muon decays as similar as possible, the same requirements
are applied to both. A selection to reduce the contamination from partially reconstructed decays is

also discussed.

B? — ¢£T¢~ background

If a kaon from the ¢ — K+ K~ decay is misidentified as pion, the ¢ of a B? — ¢¢*¢~ decay can

be reconstructed as K*° and end up in the selected K*° invariant mass window. This source of
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Table 6.2: Preselection requirements.

Object

Requirement

Event

Npv > 1
ngpp < 600

K

track x?/ndf < 3

track ghost probability < 0.4
hasRICH

DLLg, > =5

ProbNNg - (1 — ProbNN,) > 0.05
pr > 250 MeV/c

X% (primary) > 9

track x?/ndf < 3

track ghost probability < 0.4

hasRICH

ProbNN; - (1 — ProbNNg) - (1 — ProbNN,) > 0.1
pr > 250 MeV/c

X?p (primary) > 9

track x2/ndf < 3

track ghost probability < 0.4
hasRICH

hasCalo

DLL.; >0

ProbNN, > 0.2

pr > 500 MeV/c

X% (primary) > 9

track x?/ndf < 3

track ghost probability < 0.4
hasRICH

isMuon

ProbNN, > 0.2

pr > 800 MeV/c

X% (primary) > 9

12

m < 5500 MeV/c?
X\%tx/ndf <9
PV 2 separation > 16

K*O

Im — mERE| < 100 MeV/c?
pr > 500 MeV

X#p (primary) > 9
X2 /ndf < 25

BO

Im — mBRC| < 1000 MeV/c?
DIRA > 0.9995

X% (primary) < 25

X2, /ndf <9

PV x? separation > 100
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background is reduced by requiring the invariant mass of the K pair, calculated assigning the kaon
hypothesis to the pion, to be larger than 1040 MeV/c?:

M(K (rsc)) > 1040 MeV/c?.

BT — K1¢t¢~ background

The Bt — KT £7¢~ decay can be a source of background if a soft pion from the rest of the event is
associated to the kaon or if the kaon is misidentified as pion and a soft kaon from the rest of the event
is associated to it. In both cases, a fake K*© candidate is reconstructed. The invariant mass of such
BY candidates peaks at values above 5380 MeV/c? and hence contaminates the upper B? invariant
mass sideband used in the multivariate analysis described in Section [6.7.5] The contamination from
this decay is reduced by requiring the maximum between the three-body invariant masses m k)
and mgy(x—x)) to be smaller than 5100 MeV/c?, that is:

max(m(uK), m(gg(ﬂ_ﬂg))) < 5100 MeV/cZ.

A - pK—J/v(— £t£7) and AY — pK—£T¢~ backgrounds

The AY =pK~Jj) (— £7¢7) and A} —pK ~ £T¢~ decays can be a source of background if the proton
is misidentified as pion or if there is a double misidentification in which the proton is misidentified as
kaon and the kaon is misidentified as pion. This contribution is reduced by discarding B° candidates
for which:

5575 < MK (x—spyer) < 5665 MeV/c?

and DLL,, of the pion is larger than zero (that is, the pion is likely to be a proton), and candidates
for which:
5575 < M((K—sp)(n—s F)ee) < 5665 MeV/c?

and DLLg, of the pion is larger than zero (that is, the pion is likely to be a kaon).

The effectiveness of this veto is studied on the B® —K*°Ji) (— £T£7) control channels. The
contamination from A9 —pK~J/) (— T¢7) decays in the data sample after the full selection is
applied is estimated to be at the 0.1 —0.2% level. The number of expected A) —pK ~Jf)p (— £77)

decays is evaluated according to

_ A9
A pppe T4y BUAY = pE™JJ) gy
data data fd B(BO%K*OJ/d)) B0

€tot

where ./\/'Gﬁ:a is the yield of selected B —K*0.Ji) (— ¢+£~) data candidates in the B? invariant mass
window between 4500 and 5800 MeV/c?, fA(b)/fd is twice ng/(fu + fa), with the latter taken from
Ref. |130], and €, is the reconstruction, trigger, and selection efficiency obtained from simulation.
The geometric acceptance, whose values are shown in Table [6.4] is also taken into account in the

efficiency calculation.

B° — D= (— K*%~ )£t v, background

The B =D~ (=K*%~v ,){*v , decay has a branching ratio four orders of magnitude larger

than that of the signal and can be a source of background if the two neutrinos carry low energies.
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Figure 6.10: Distributions of the B® —+D~ (—K*°¢~7 ,)¢Tv , simulated candidates. The two colors refer to
two different models used in the generation of the decays.

In previous measurements performed at LHCb, two alternative strategies were used to veto this
contribution. The first, reported in Ref. [131], required the invariant mass of the K*%/~ pair to
be larger than 1900 MeV/c?, which is above the D~ mass. The second, reported in Refs. [341|39],
asked for |cos @] < 0.8. The first strategy is expected to introduce a bias in the angular distribution
of the particles in the final state and is hence not suitable for the measurement described in this
thesis. The second strategy does not have this problem since the selection in cos 6, is symmetric but
has the disadvantage of reducing the sensitivity to the angular observables. The rejection power
of the second strategy is investigated on two simulation samples of B® —D~ (—=K*/~v ,){Tv
¢ decays, generated according to two different models for the D~ decay. The plots in Fig. [6.10
show the K*%¢te~ invariant mass and cos, distributions of the simulated candidates before the
reconstruction in the LHCDb detector. It is interesting to note that the distributions can be quite
different depending on the model used in the generation. The contamination from this background
is evaluated by applying the reconstruction and selection requirements to the simulated candidates
and by studying how many background decays are expected in the B? invariant mass region where
the fit is performed.

In the low ¢? bin, the contamination from B® —D~ (=K*%~v ;){Tv ; decays is found to be
negligible and, therefore, no requirement on cos ), is applied. In the central ¢? bin, the rejection
power of the cos @, requirement is estimated to be between 60% and 80% after the full selection
is applied. Since a non-negligible contamination from this background remains even if the cos 6,
requirement is applied and given the fact that this background has an exponential distribution in
the B° invariant mass and can therefore be accommodated in the fit, it is preferred to not apply the
cos 6y requirement to this measurement. It is important to note that this is feasible in the counting
method approach but not in the full angular maximum likelihood fit, where the cos 6, distribution of

this background would have to be taken into account.

Hadron-lepton and hadron-hadron swaps

The hadron-lepton swaps are rejected by requiring that the invariant mass of the hadron-lepton
candidate is not compatible with the J/i) and ¢ (2S5) resonances if the mass of the hadron is replaced
by the mass of the lepton:

Im((hsye) — Mgy | > 60 MeV/
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and

M ((h—t)e) — Myp(25)| > 60 MeV/cQ.

The hadron-hadron swaps are instead vetoed by requiring the DLL g, of the kaon to be larger than
the DLLk, of the pion, that is, by requiring that the kaon candidate is more likely to be a kaon
than the pion candidate.

Partially reconstructed decays

Partially reconstructed decays are decays for which at least one particle in the final state has not been
reconstructed by the detector. These decays can contribute to the background if the reconstructed
particles in the final state are the same of the signal and if the resulting invariant mass is within the
region considered in the fit. In this measurement, the dominant contribution to this background
originates from Bt — K*(*)¢+¢= and BT — K*0*) Jj) (— £147) decays, where K*(**) represents
a generic kaon resonance heavier than K*°. Typical decays of such resonances consist of a K7 pair
together with one or more pions and can pass the selection requirements described in the previous
sections if one of the pions in the final state is not reconstructed. If the decay is reconstructed as
BY —K*0 ¢t¢= or BY -K*9Jh) (— £+¢7), the resulting B® invariant mass is smaller than the
nominal value and is expected to peak at nearly 5140 MeV/c? if one pion is missing.

For the B® —K*0J/) (— ¢14~) decay mode, this background contribution can be easily vetoed
by requiring the PV- and J/i-constrained invariant mass of the B candidates to be larger than
5150 MeV/c?. The residual contamination is estimated from Bt — K J/) simulated candidates,
with K —=K*7Tn~ and JAi) —eTe™. The ratio f,/fs is approximated to unity. The residual
contamination is found to be below the percent level and can hence be neglected in the model used in
the fit. For the B — K*Ou* 1~ decay mode, partially reconstructed decays are vetoed by requiring
the PV-constrained BY invariant mass of the signal candidates to be larger than 5150 MeV/c?. This
is not feasible for the B — K*%¢*e~ decay mode, so alternative approaches are investigated and
discussed in detail in Section

6.7.3 Calorimeter acceptance

As shown in Ref. [34], the cells in the innermost region of the electromagnetic calorimeter, corre-
sponding to the rectangle with |z| < 363.6 mm and |y| < 282.6 mm, are not read out during the data
taking. Since this might cause some differences between data and simulation, the B — K*%ete~
and BY —K*0Ji) (—ete™) candidates having at least one lepton track traversing this central
region are discarded from both data and simulation samples. The distribution on the (z,y) plane
of the electromagnetic calorimeter corresponding to the lepton tracks associated to the selected
B? — K*Y%¢*te~ data candidates is shown in Fig. [6.11

6.7.4 Charmonium resonances

Charmonium resonances, such as the B —K*°J/i) (— ¢£+¢7) decay, are a peaking background for
the B® —K*0 ¢+¢~ decay in the central ¢ region. This background is negligible for decays to muons
but not for decays to electrons, where the lower resolution and the effects induced by bremsstrahlung
emission are expected to play a role. Therefore, a study of the expected size of this background

in the electron mode is needed. A novel stragegy is pursued in this measurement, compared to
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Figure 6.11: Distribution on the (z,y) plane of the electromagnetic calorimeter corresponding to the lepton
tracks associated to the B®— K*Yete™ data candidates selected by the calorimeter acceptance requirement.
The two leptons in the final state are highlighted in red and blue.

previous measurements at LHCb. The contamination from B® —K*°Jj) (—ete™) decays leaking
into the central ¢° region is suppressed by selecting not only on the ¢2, but also on a novel variable,
the constrained ¢2. This can provide a significant increase in the statistics for the rare mode, as

discussed in the following.

The efficiency of the combined selection is investigated on simulation and data samples of
BY - K*0Jh) (—ete™) candidates, as well as on the simulation sample of the rare mode B® —
K*9%¢Te~. The gain in selecting on both normal and constrained ¢? can be seen in Fig. The
plots show the residual background due to the leakage of the radiative tail of the J/i) in the rare
mode for different selections of ¢2, separately for each trigger category. By selecting also on the
constrained ¢? it is possible to have a larger bin in the central ¢* region, up to 7.0 GeV?/c* instead
of 6.0 GeV?/c*, with even a smaller background contamination than when considering a maximum
q? of 6.0 GeV?/ct.

The distribution of the B® —K*? ¢+~ and BY —K*°J/) (— ¢T£~) data candidates as a func-
tion of PV-constrained B invariant mass m(K 7~ ¢+{~)py and ¢? is shown in Fig. for both
the muon mode (left) and the electron mode (right). The analogous distribution as a function of
the constrained ¢? is shown in Fig. The two horizontal bands in Fig. corrrespond to the
J/p and ¥(2S5) resonances, while the diagonal bands correspond to the radiative tails generated by
bremsstrahlung emission and are, as expected, more pronounced in the electron mode. Due to the
constraint on ¢2, the B® —K*Y ¢+~ and B® - K*J/i) (— ¢+£~) data candidates appear rotated
in Fig. [6.14] For the electron mode, only the B® —K*0Jj) (— £+¢~) data candidates are visible,
while both B® -K*0J/) (— ¢7¢7) and B® —K*9 (T/~ data candidates are visible in the case of

the muon mode.
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Figure 6.12: Distribution of the PV-constrained B° invariant mass of the background due to B® —K*°.J/
(—ete™) candidates leaking in the central ¢> bin for the LOE (top), LOH (middle), and LOTIS (bottom) trigger
categories, as obtained from simulation.

6.7.5 Multivariate classifier

Random combinations of particles from the same pp collision can be a source of background if
they have invariant masses compatible with those of the signal candidates. A large fraction of this
combinatorial background is removed by means of a multivariate classifier. To this purpose, machine
learning techniques implemented in the scikit-learn python package |1] and in the Reproducible
Experiment Platform (REP) [2}3] and High-Energy-Physics Machine Learning (hep_ml) [4] python
libraries are used. A multivariate classifier is first trained and tested on two samples labelled as
signal and background and then applied to the samples from which the combinatorial background has
to be rejected. The classifier response is set to be between zero and unity, with values close to zero
(unity) indicating a large probability of the reconstructed candidate to be background (signal). An

optimisation procedure allows to determine the threshold on the classifier response that guarantees
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the best compromise between signal efficiency and background rejection.

Signal and background samples

Two different classifiers are used to select signal decays to electrons and muons. Training and testing
are performed on combined samples of 2011 and 2012 and, for electrons, jointly for the three trigger
categories. This choice is driven by the observation that the statistics available is the limiting factor
in the classifier performance. An increase in the statistics is hence more beneficial than the use
of samples recorded under the same conditions (mainly the energy of the pp collisions) and with
the same kinematic properties. On the other hand, the optimisation of the classifiers is performed
separately for each trigger category. The low and central ¢2 bins are combined for the training but
considered separately in the optimisation.

The signal is obtained from B — K*%ete™ and B° — K*Ou*p~ simulation samples that are
corrected to account for differences between simulation and data, while the B® candidates populating

the upper sideband of the B° invariant mass distribution in data are used as background sample.
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Figure 6.15: Accuracy of each combination of variables as a function of the number of variables in the
combination. Each red dot in the plot corresponds to a specific combination.

For electrons, only candidates with mpo > 5600 MeV/c? are used in the background sample. For
muons, this requirement is loosened to mpo > 5400 MeV/c2. The tighter selection of the electron
mode is due to the worse resolution and to the fact that the mass region between 5400 MeV/c? and
5600 MeV/c? is populated by decay candidates with a bremsstrahlung overcorrection. Signal and
background candidates must satisfy the same requirements described in Section [6.7.1] apart from the
requirement on the K7 invariant mass. This requirement is in fact loosened to 200 MeV/c? around

the nominal value of the K*° mass to increase the statistics available for the training and testing.

Selection of discriminating variables

The variables that guarantee the best separation between signal and background are obtained from

the electron samples by considering all possible combinations of at least six of the following variables:

e pr, impact parameter y2, flight distance x2, decay vertex x?/ndf, DIRA, and x? of the kinematic
fit of the B? candidate;

e decay vertex x?/ndf of the K*¥ candidate;
e decay vertex x?/ndf of the dilepton pair;
e sum of the pr and sum of the impact parameter x? of the hadrons (leptons) in the final state;

e minimum and maximum pt and impact parameter x? of the hadrons (leptons) in the final

state;
e ProbNN variables of the four particles in the final state.

The DIRA variable corresponds to the cosine of the angle between the momentum of the BY candidate
and the vector from the PV to the decay vertex of the B® candidate. The variables related to the B°
candidate are included in all combinations since they are expected to provide the best discrimination
between signal and background. A gradient boosting classifier is trained using as input the variables
in each combination. The accuracy of the classifier, which corresponds to the fraction of candidates

in the testing sample that are labelled correctly as signal or background, is then used to quantity
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Figure 6.16: Correlation among the best discriminating variables for the signal (left) and background (right)
samples. The numbers on the axes refer to the variables reported in the legend.

the discriminating power of a given combination. The optimal set of variables to be used in the

classification is given by the combination associated to the highest accuracy.

Some considerations on this initial set of variables can be made. The PID variables do not seem
to provide a good discriminating power. Therefore, they are removed from this procedure in the first
iteration. The sum of the pr and the sum of the impact parameter x2 are highly correlated with the
minimum and maximum pr and impact parameter x2 and provide a worse discrimination, so they
are also ignored in the following. The results for the iterative procedure on the remaining variables
are summarised in Fig. which shows the accuracy of each combination as a function of the
number of variables in the combination. The accuracy does not have a strong dependence on the
number of variables taken into account, though a gradual improvement is visible when increasing
the number of variables from six to 14. The accuracy is maximum when 14 variables are used in the
training and decreases slightly if additional degrees of freedom have to be taken into account. This
is probably due to overfitting, that is, to the fact that, with the statistics available, the classifier is

not able to extract useful information when too many variables are provided as input.
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Figure 6.17: ROC curve of each configuration of the XGBoost classifier. Each color refers to a specific
configuration of the classifier. In total, 432 different configurations of XGBoost are tested.

For a given number of variables, the best accuracy is reached when including all B° variables.
These variables alone are able to provide almost the same discriminating power as the full set
of variables described above. The 14 variables resulting in the maximum accuracy are used to
discriminate between signal and background. These are the six variables related to the B° candidate,
the decay vertex x?/ndf of the K*V candidate, the decay vertex x?/ndf of the dilepton pair, the
minimum pr and impact parameter x? of the hadrons, and the minimum and maximum pr and
impact parameter x2 of the leptons. Their correlation matrices, as obtained from the signal and
background samples, are shown in Fig. As expected for the signal, the x2 of the kinematic
fit of the B® candidate is highly correlated with the impact parameter x? (63%) and decay vertex
x%/ndf (72%) of the candidate itself. This does not hold for the background, since the latter consists
of random combinations of particles. The K*° and BY decay vertex x?/ndf are also correlated with
each other (56%) in the signal sample, while no correlation appears in the background sample. The
pr of the B® candidate is highly correlated with the minimum and maximum pt of the leptons (56%
and 70%, respectively) and, to a lesser extent, to the minimum pr of the hadrons (54%). Two other
pairs of highly correlated variables are given by the flight distance x? of the B? candidate and the
maximum (67%) and minimum (54%) impact parameter x? of the leptons. Similar correlations are

observed in the muon mode.

Selection of classifier

After choosing the optimal set of variables, several classifiers are optimised and then tested against

each other. The following classifiers are considered:

e TMVA;

GradientBoosting;

XGBoost;

e DTC (Decay Tree Classifier);

EXC (Extra Trees Classifier).
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Figure 6.18: Comparison among the classifier responses to the training and testing samples of signal and
background, corresponding to the selected configuration of XGBoost.

The optimisation of a given classifier is achieved by performing a grid search in its parameter
space, that is, by evaluating the performance of the classifier for different settings of the available

parameters.

Different configurations of the same classifier are compared to each other by plotting their
Receiver Operating Characteristic (ROC) curves. These show the dependence between true positive
rate, corresponding to the fraction of signal candidates that are correctly labelled, and false positive
rate, corresponding to the fraction of background candidates that are wrongly labelled, for different
thresholds of the classifier response. The ideal classifier would have true positive rate equal to unity
and false positive rate equal to zero. In reality, the true positive rate is equal to unity only for a
threshold equal to zero, which corresponds to the maximum false positive rate, and goes from unity
to zero as the threshold increases. An example is shown in Fig. [6.17] The information carried by the
ROC curve can be condensed in one number by using the Receiver Operating Characteristic Area
Under the Curve (ROC AUC), which, as the name suggests, corresponds to the integral of the ROC
curve. The configuration associated to the largest ROC AUC is chosen as the optimal configuration

of the classifier. The improvement achievable by tuning the configuration of each classifier is shown

in Fig. for XGBoost.

The GradientBoosting and XGBoost algorithms provide the highest ROC AUC, with XGBoost
performing slightly better than GradientBoosting. The configuration corresponding to the best
ROC AUC of XGBoost is then used as the nominal multivariate classifier for this measurement.
The performance of this configuration is summarised in Figs. [6.18] [6.19] and [6.20l In particular,
the classifier response on the training and testing samples of signal and background is shown in
Fig. the feature importance is shown in Fig. and the efficiency as a function of the B
invariant mass and of the decay angles ¢, cos 6, and cos 6y is shown in Fig. [6.20] for both signal

and background samples and for several thresholds of the classifier response. The classifier is flat in
the three decay angles, but shows a linear dependence of the efficiency on the B° invariant mass for

both signal and background.
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Figure 6.19: Feature importance, corresponding to the selected configuration of XGBoost.

Uniform classifiers

The possibility to use a uniform classifier to discriminate between signal and background is also
investigated. A uniform classifier can be trained in a way that guarantees a uniform classifier response
over one or more variables. Such uniformity, in particular, can be required for either the signal or
background sample used in the training. One typical situation in which uniformity in the predictions
can be useful is when no prior information on the dynamics of a given phase-space is available. In
this case, a uniform classifier reduces potential risks of biasing the signal distribution of interest. A
typical example in particle physics is the search for a new particle. In this case, a classifier with
uniformity in the background predictions over the invariant mass of the signal candidates reduces the
risk to create a peaking background. In this measurement, the invariant mass of the B% candidates
and the decay angles 6, 0, and ¢ are the variables of interest. The S; observables are in fact
computed as the asymmetry between two categories of signal candidates, S;“ and S; , whose yields
are obtained from a fit to the invariant mass of the B? candidates, separated according to the values
of the decay angles 6y, Ok, and ¢. If the classifier response is not uniform in these variables, a bias
might appear in the measured asymmetry.

The performance of the XGBoost classifier obtained from the optimisation described above is

compared to that achievable by using the following uniform classifiers:
e uBoost;
e UGBknnAda;
e UGBFlatnessLoss.

For each classifier listed above, two configurations are tested, one with uniformity in the B° invariant
mass only and one with uniformity also in the decay angles 8, 0k, and ¢. The second configuration
is expected to provide lower discriminating power, since more constraints have to be accommodated.
It is found, however, that the performance of the uniform classifiers does not change significantly
when imposing uniformity over additional variables. Additional information on the performance of

the uniform classifiers can be found in Appendix [A]
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Figure 6.20: Efficiency as a function of the B® invariant mass (first row) and of the decay angles ¢ (second
row), cosfk (third row), and cos@, (fourth row) for the background (left) and signal (right) samples,
corresponding to the selected configuration of XGBoost. The different colors refer to several thresholds of the
classifier response and are chosen to cover uniformly the full efficiency range from zero to unity.

Since the overall performance of the uniform classifiers is worse than that achievable using
XGBoost, and given that the improvement in uniformity with respect to XGBoost is negligible, it is

preferred to use XGBoost, configured as described in the previous paragraphs.

k-folding

In order to make use of the full statistics of the signal and background samples in the training, a
k-folding approach is adopted. This strategy consists in splitting the input sample randomly in
k subsamples s;, with ¢ € {1...k}. After that, k different classifiers are trained. The classifier j is

trained on the union of the s; subsamples, with 7 # j, and then tested on the excluded subsample s;.
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This procedure is repeated k times, so that all combinations of k—1 subsamples out of k are used
in the training phase. The k classifiers are then combined together and used to classify candidates
that have not been used during the training and testing. This can be achieved by selecting one
classifier randomly and using its prediction or by averaging the predictions of all classifiers. For the
measurement described here, the former method has been preferred.

As k increases, more and more candidates are used in the training of each classifier. This is
expected to increase the stability of the classifier response and decrease the risk of overfitting. On
the other hand, the testing sample becomes smaller with increasing k, so the uncertainty on the
performance assessment increases. In addition, given two classifiers c¢; and ¢, the overlap between
the candidates used in the training of ¢; and in the training of ¢, increases with k. At the extreme
case in which all but one candidate out of N are used to train each of N classifiers, the overlap is
maximum. In order to find the optimal value of k, three different possibilities are tested: k= 2, k=5,
and k= 10. No difference in the results is observed when varying the value of k. The folding with

k=10 is chosen as default strategy since it is consistent with previous measurements at LHCb.

Optimisation of multivariate classifier threshold

In order to lower the contamination from combinatorial background, only signal candidates with
classifier response larger than a given threshold are retained. The value of the threshold is optimised
separately for electron and muon modes and for the low and central ¢? bins. For the electron mode,
in addition, the threshold is optimised independently for each trigger category.

The optimisation is performed by using the figure of merit S/v/S + B, with S and B being the
signal and background yields, respectively.

The signal yield S is calculated as

Bs es (6.3)

No =N B e’

where N, is the yield of B -K*0J/ip (— £+47) obtained from a fit to the data, Bs and B,
are the braching fractions of the B® —K*? ¢t¢= and B® —K*0Ji) (— £7¢~) decays, and eg and
€y are their total efficiencies. In order to compute N. sy for each value of the threshold, the PV-
and J/ip-constrained invariant mass distribution of the B® —K*YJ/i) (— ¢7¢~) candidates is fitted
similarly to what described in Section In doing so, the B —K*0 i) (— ¢+¢~) simulated and
data candidates passing the selection described in Sections [6.5] [6.7.1} [6.7.2] and [6.7.3] are required

to have a ¢? and a constrained ¢* between 7.0 and 11.0 GeV?/c¢t. Only candidates with classifier

response larger than the threshold are taken into account. The results of the fit to the simulation
sample are used to partially constrain the model used to fit the data sample. The models used in
the fit are the same described in Section [6.6.2] except for an additional constraint on the yield of the
BY —K*0Jh) (— £t¢~) component when fitting the data sample. In order to improve the stability
of the fit, in fact, the yield of the B —K*YJi) (— £*¢~) component is constrained to that of the
BY - K*0Jhp (— £+1¢7) scaled by the fragmentation fraction ratio f,/fs and the branching fraction
ratio B (BY —Jip K*0, Jhp —eTe™)/B (BY— Ja K*°, Jjp —eTe™), as reported in Ref. [132] and
in Ref. [15], respectively. The fit to B® —K*YJ/i) (—eTe™) simulated and data candidates belonging
to the LOE trigger category prior to any cut on the classifier response is shown in Fig. [6.2]] as a

reference.
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Figure 6.21: Fit to the PV and J/)-constrained B invariant mass distribution of the B® —K*°J/i) (—ete™)
simulated (left) and data (right) candidates belonging to the LOE trigger category prior to any cut on the
classifier response.

The branching fraction of the B® —K*°J/p (— £t4~) decay, which corresponds to By, in Eq.

(6.3)), is set to
B(B— Jhp K*0 Jhp — £707) = (7.6 £ 0.3) x 1075,

where the values reported in Ref. [15] are used. For the rare mode, the branching fraction, which
corresponds to Bg in Eq. (6.3)), yields

B(BY— K*%¢Te™) = (1.03 4 0.19) x 1076,
B(B°— K*u*u~) = (1.03 £ 0.06) x 1076,

The efficiencies €5 and €/, in Eq. are calculated from the B® —K*0 (*¢~ and B® —K*0J/)
(— €7¢7) simulation samples as described in Section

The background yield B is obtained by counting the number of B® —K*? ¥/~ data candidates
with PV-constrained B? invariant mass larger than 5600 MeV/c?. The number of BY —K*0 ¢+¢~
simulated candidates above this value is negligible.

The thresholds that are chosen are summarised in Table for each decay mode, bin of ¢,
and trigger category. The figure of merit obtained for the muon mode in the low and central ¢
bins is shown as reference in Fig. while the corresponding plots for the electron mode and, in
particular, for the LOE trigger category, are given in Fig. [6.23] The signal and background yields as
a function of the threshold on the classifier response for the same samples are shown in Figs. [6.24]
and respectively.

A series of cross checks is performed to determine the robustness of the figure of merit. The
optimal cut on the classifier response is determined using a factor of two or a factor of one half to

scale the background yield B. In addition, the following figures of merit are evaluated:
e S/B;
o S/(S+ B);
e 52/(S+ B)5.
All these strategies provide a similar response, which results in a further validation of the nominal
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Figure 6.22: Figure of merit for the muon mode in the low (left) and central (right) ¢ bins.

5.0 8.5
el 8.0 R RE
45 ceeelt 5 7.5 :
o Y ° o Q7.0 e e e
+ 4.0 + 6.5 e
2. . 6.0 .
o 5.5
3.0 5.0
. LHCb Unofficial i; ‘ LHCb Unofficial
2.0 4.
-02 00 02 04 06 08 1.0 12 -0.2 00 02 04 06 08 1.0 1.2
classifier output classifier output

Figure 6.23: Figure of merit for the LOE trigger category of the electron mode in the low (left) and central
(right) ¢ bins.

approach.

6.7.6 Optimised selection against partially reconstructed decays

Partially reconstructed decays of the type BT — K*(*)¢+¢= and BT — K*0*) Jh) (= £+47) are
a background contribution to the B® — K*%ete™ decay, due to the limited mass resolution of the
latter. This background contribution is usually modelled in the mass fit (see Section . In the
measurement described in this thesis, however, a series of studies is performed in order to possibly
reduce the contamination from such background contribution. Two approaches are investigated: a
selection on the so-called HOP variable, aligned to Ref. [34], and a dedicated multivariate classifier.
The performance of the two methods is studied on simulated candidates of B — K eTe™ and BT
— K3(1430)TeTe™. The same-sign B - K*0uTu* and B - K*%uTet data samples are also used
for cross-checks. The B® —K*0u*tpu+ sample is used instead of the B® — K*%etet sample, since
the latter was not available when performing the study.

The distribution of the B* — K e*e™ simulated candidates as a function of the PV-constrained
BY invariant mass m(K*tn~ete”)py and ¢? is shown in Fig. [6.26] (left), while the analogous
distribution as a function of the PV-constrained BY invariant mass m(K+7~e*e™)py and constrained
q? is shown in Fig. |6.26| (right). These candidates are distributed across the whole ¢* region where

the analysis is performed and, although they are more abundant in the low mass region, can have
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Figure 6.24: Signal yield as a function of the threshold on the classifier response for the muon mode in the
low (left) and central (right) ¢ bins.
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Figure 6.25: Background yield as a function of the threshold on the classifier response for the muon mode in
the low (left) and central (right) ¢ bins.

B invariant mass compatible with that of the signal.

HOP approach

In the BY— K*%¢te™ decay, the vectorial sum of the final state particles is not expected to have a
component orthogonal to the flight direction of the B® meson. This property does not necessarily
hold for B — K*%eTe~ candidates that originate from partially reconstructed decays or, more in
general, from some kind of background. This different behaviour can hence be exploited to improve
the rejection power of the selection described above. To this extent, two new variables, agop and
Meorr, are defined. The flight direction of the B meson is determined from the position of its
primary and decay vertices. The momenta of the K*° meson and of the dilepton pair orthogonal to

the flight direction of the B® meson are used to compute the correction factor anop, according to:

QHOP = pr(K)
pT (E"'f_)

A sketch of the variables involved in the apop definition is shown in Fig. [6.27] For signal candidates,
agop is expected to be unity, with possible deviations from unity mainly due to energy loss in the

dilepton pair. The energy carried by the bremsstrahlung photons can be recovered by multiplying
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Table 6.3: Optimal cut on the classifier response, corresponding to the maximum of the figure of merit,
separately for each decay mode, ¢2 bin, and trigger category.

Decay mode Bin of ¢> Trigger category Threshold

muon mode low LOM 0.40
central LOM 0.45
electron mode low LOE, LOH, LOTIS 0.80

central LOE, LOH, LOTIS 0.90

N o « o
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8 : 8
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m(K*rte'e), [MeV/c?] m(K*rte'e), [MeV/c?]

Figure 6.26: Distribution of the BT — K ete™ simulated candidates as a function of the PV-constrained
B° invariant mass m(KTn~eTe™ )py and ¢* (left) or constrained ¢* (right), after the selection is applied.

the momentum of the dilepton pair orthogonal to the flight direction of the B meson by anop.
Since bremsstrahlung emission is, to a good approximation, collinear to the direction of flight of the

lepton, the same correction can be applied to the longitudinal component, giving
pcorr(z—i_g_) = Q’HOP p(Z+€_)

The B invariant mass can then be recalculated by using p.,,.(¢7¢~) instead of p(£*¢~). According
to the definition of anop, the same correction is applied to both leptons when recalculating the B°
invariant mass. This approximation neglects the fact that in general the two leptons lose a different
amount of energy via bremsstrahlung.

The two-dimensional distribution in meer and logarithm of the flight distance x? of the B® —

N

PdX)

R . P(B)
B Direction of Flight E
------T-IE- >
Primary B vertex
Vertex P(Y,)

Y

Figure 6.27: Sketch of the variables involved in the anop definition.
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Figure 6.28: Number of B® — K*%cTe™ (top left) and BT — K;feTe™ (top right) simulated candidates
as a function of Mmcorr and logarithm of the flight distance x?, after the selection is applied, compared to
the corresponding distribution of the B® — K*%eTe™ data candidates (bottom). The HOP requirement
corresponds to a nearly vertical straight line on the left side of the region where most of the signal is.

K*%te™ and BT — K ete™ simulated candidates after the selection is applied is shown at the
top of Fig. m The analogous distribution for the B® — K*%e*e~ data candidates is shown at the
bottom of Fig. m The distributions are obtained by combining the low and central ¢2 bins. The
difference between the distributions of the B® — K*%ete~ and B® — Kj ete™ simulated candidates

allows to reduce the contamination from partially reconstructed decays by requiring
Meorr > 5072 + In(FD x?)

for the low ¢ bin and
Meorr > 4926 + 10In(FD x?)

for the central ¢ bin. This selection, which is taken from Ref. , has a signal efficiency from
74% to 81% (from 73% to 80%) and a rejection power from 76% to 85% (from 68% to 70%) in the
low (central) ¢? bin. The range is due to the different values obtained for the LOE, LOH, and LOTIS
trigger categories. The signal efficiency and rejection power are evaluated after the full selection is

applied to the samples.

The invariant mass distribution of the candidates selected or discarded by the HOP requirement
is shown in Fig. for the BY — K*%¢te™ and B* — K ete™ simulated candidates in the low
and in the central g2 bins. The plots refer to simulated candidates in the LOE trigger category only,
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Figure 6.29: Invariant mass distribution of the B — K*%e*e™ (top) and BT — K; ete™ (bottom) simulated
candidates in the low ¢* bin (left) and in the central ¢ bin (right) selected (blue) and discarded (yellow) by
the HOP requirement.

but similar results are obtained for the other trigger categories. Only candidates passing the selection
are taken into account.

The benefit of adding the HOP requirement is evaluated by performing a mass fit of the
BY— K*%¢te~ data candidates and by computing the signal yield with and without such requirement.
The fitting procedure is described in detail in Section The fit results are shown in Fig.
for both the baseline (top) and HOP (middle) approaches. It is observed that, although the
absolute number of background decays is lower when the HOP requirement is applied, the statistical
uncertainty associated to the signal yield has a negligible improvement. This is due to the fact that
the HOP requirement is more efficient in removing background in the low mass region than in the
region where the B® — K*%ete™ signal is, as shown in Fig. m For this reason, it is preferred to

not include the HOP requirement in the selection.

Multivariate classifier approach

Another approach that is investigated in order to reduce the contamination from partially recon-
structed decays is based on a dedicated multivariate classifier. The latter is trained to distinguish
between signal decays and partially reconstructed decays. The B —K*°Ji) (—ete™) simulation
sample is used as signal, while the BT — K" J/i) (—ete™) simulation sample is used as background.
The choice of using the control mode instead of the rare mode in the training is driven by the fact

that these samples have a larger statistics and are expected to show the same discrepancies between
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Figure 6.30: Invariant mass distribution of the BY — K e*e™ simulated candidates (left) and B® — K*%eTe™
data candidates (right) in the central ¢* bin and in the LOE trigger category obtained when applying the
baseline selection (top) and, in addition, the HOP approach (middle) or the multivariate classifier approach
(bottom).

each other as the corresponding B —K*%ete™ and BT — K eTe™ rare modes. In addition, the
resonant modes have the advantage of allowing to determine the signal efficiency and rejection power
of the trained classifier directly from the data samples.

The separation between signal and background is achieved by looking at the isolation properties
of the B? candidates. In order to improve the rejection power of the classifier, the agop variable
defined in the previous section is also used as discriminating variable during the training. The Moy
variable is not used since it is largely correlated to the B invariant mass. In addition to these

variables, the following quantities are also considered:
e pr, impact parameter y?, flight distance 2, and x? of the kinematic fit of the BY candidate;

e impact parameter 2 of the leptons in the final state.
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As for the HOP approach, the benefit of this strategy is assessed by performing a mass fit of the
BY— K*%¢te~ data candidates with and without a requirement on the classifier response. The fit
results are shown at the bottom and at the top of Fig. [6.30] Since the classifier removes background
candidates mainly from the low mass region and given that the statistical uncertainty on the signal
yield does not improve when removing these candidates, no selection on the classifier response is
applied in the mass fit described in Section [7-1]

6.7.7 Multiple candidates

If multiple BY candidates are reconstructed in the same pp collision even after the full selection
is applied, only one B° candidate, chosen randomly, is retained, while the others are discarded.
In data, this happens for up to 2% of the B - K*%¢Te~ candidates and for up to 0.4% of the
B? — K*Ou*pu~ candidates, depending on the ¢ bin. The corresponding values for the resonant
modes are 0.3 — 0.5% for B® —K*0Jj) (—ete™) and 0.1% for B —K*0J/) (—utu~).

6.8 Efficiency calculation

6.8.1 Absolute efficiency

The absolute efficiency, that is, the efficiency that appears in Eq. for a given decay mode in
either the S;” or S; category is obtained from simulation as follows:
+ Nt

€ = €geom ° 2.+
gen

This formula corresponds to the ratio between selected and generated decays, where few considerations
are in order.

The factor €geom is the so-called geometric efficiency of the decay mode and is due to the fact
that the final-state particles of the simulated candidates are generated inside the LHCb detector
acceptance only, that is, with a polar angle between 10 and 400 mrad. This is done in order to save
disk space and computing time. The geometric efficiency for the relevant decay modes, which is
calculated using dedicated generator-level samples, is reported in Table [6.4] The displayed values
correspond to the weighted average of the geometric efficiencies for 2011 and 2012 and for the two
polarities of the magnetic field.

The term Ngjﬁi is the total number of simulated candidates that is generated in the S;™ or S
category and that has a true ¢2 in the desired range. The true ¢? is obtained from the momenta of
the BY and the K*° candidates according to

2 2
4 true = (p%() _pP[L(*O) .

This is needed in order to compare the measured values of the S; and AS; observables with the
predictions before the emission of final state radiation.

The term N%:* corresponds to how many generated candidates satisfy the reconstruction, trigger,
and selection requirements of the analysis and have reconstructed values of the decay angles so that
they belong to the S;L or S; category. This allows to take ¢? bin migration effects into account.

The selection requirements include also a requirement on the PV-constrained B° invariant mass,
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Table 6.4: Geometric efficiency for the decay modes used in the analysis, obtained by averaging the efficiencies
of different years and polarities of the magnetic field.

Geometric efficiency (%)

16.58 £ 0.04
16.282 £ 0.037

15.924 +0.038
16.001 £+ 0.023

16.656 +0.028
15.912 + 0.027

16.28 £ 0.04

Decay mode

B — K*Vete~
BO_>K*OM+M7

BY— Jhp K*O Jhh —ete”
BY— JWK*0, Jfp =t

AY —=pK=Jhp, Jhp —ete”
AY —pr=Jhp, Jhp —ete”

B —(29)K*0, (25) —eTe~

Table 6.5: Efficiencies for the B® — K*%eTe™ decay in the low and central ¢* bins, separately for the Sj
and S; categories.

S; et low ¢* (%) e low ¢ (%) €' central ¢*> (%) ¢ central ¢* (%)
Sy 0.1911 £ 0.0005 0.1878 £ 0.0005 0.2058 £ 0.0005 0.2212 + 0.0006
Ss 0.2090 £ 0.0006 0.1641 £ 0.0004 0.1961 +£ 0.0005 0.2293 +£ 0.0006
Sy 0.1877 £+ 0.0005 0.1916 £ 0.0005 0.2158 £ 0.0006 0.2126 £ 0.0006
Ss 0.1890 £ 0.0005 0.1903 £ 0.0005 0.2132 +£ 0.0006 0.2151 + 0.0006
Arp 0.1913 £ 0.0005 0.1881 +£ 0.0005 0.2209 +£ 0.0006 0.2073 £ 0.0006

which has to be in the range where the fit is performed. This corresponds to the mass window
from 4500 MeV/c? to 5800 MeV/c? for the rare mode B® — K*%ete™ and from 4800 MeV/c? to
5800 MeV/c? for the resonant mode B® —K*0J/) (—ete™). The corresponding ranges for muons
are from 5150 MeV/c? to 5800 MeV/c? and from 5150 MeV/c? to 5400 MeV/c?, respectively. In order
to take the corrections to the simulation into account (see Section , the sum of the weights is

used instead of the yield when computing N%:*.

For a given S; category, the efficiency uncertainty is computed as

e(l—c¢)

2
gen

O¢ —

o — \/e(l —26) _
q
gen

if the weights are taken into account.

if no weights are used, and as

> w?
(22 wi)?’

Since the simulation sample does not reflect the fact that the statistics collected in 2012 is nearly
twice that of 2011, the efficiency is evaluated separately for 2011 and 2012 and the weighted average
with the abundance observed in data is used as total efficiency. The computed efficiencies for the
BY— K*%¢te™, BY— K*0utpu=, BY -K*0J/) (—ete™), and B® - K*°J/p (—utp~) decays are
reported in Tables and respectively. The values are given separately for the S’j

and S, categories.
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Table 6.6: Efficiencies for the B — K*°uT 1~ decay in the low and central ¢ bins, separately for the S;"

and S; categories.

S; et low ¢% (%) e low ¢ (%) €' central ¢*> (%) ¢ central ¢* (%)
Sy 0.6201 £ 0.0016 0.5780 £ 0.0015 0.6611 £ 0.0016 0.6814 £ 0.0016
Ss 0.6417 £ 0.0016 0.5484 £ 0.0015 0.6374 £ 0.0015 0.7013 £ 0.0016
St 0.5739 £ 0.0015 0.6269 £ 0.0016 0.6904 £ 0.0016 0.6537 £ 0.0015
Ss 0.6083 £ 0.0016 0.5923 £ 0.0015 0.6734 £ 0.0016 0.6708 £ 0.0016

Arp 0.6195 £ 0.0016

0.5834 £ 0.0015

0.6892 £ 0.0016

0.6547 £ 0.0015

Table 6.7: Efficiencies for the B® —K*°Jap (—ete™) decay, separately for the S; and S categories.

s, e+ (%) e (%)

S4 0.2031 = 0.0005 0.2150 4 0.0005
S5 0.2103 = 0.0005 0.2095 4 0.0005
S 0.2087 = 0.0005 0.2111 4 0.0005
Sg 0.2099 £+ 0.0005 0.2099 4 0.0005

Arp 0.2101 £ 0.0005 0.2097 £ 0.0005

In the cross-checks discussed in Section the absolute efficiency is computed without distin-
guishing between the Sj' and S; categories. This is done by using the same formulas described
above, but without splitting the samples in the two categories. If the measurement is quoted in a
given bin of ¢2, the generation-level and reconstruction-level samples used to compute Ng‘ljﬁi and
N¥:F are required to have true ¢2, the first, and reconstructed ¢?, the second, in the quoted interval.
This is the case for the Ry~ measurement, which is quoted in either the low or the central ¢? bin.
The situation is different for the R j,, measurement, which is expected to be unity in the full q>

range.

6.8.2 Efficiency parametrisation

The reconstruction, trigger, and selection criteria described above modify the distribution of the
signal candidates in ¢2, cos 8, cos@x, and ¢. This efficiency has to be taken into account in the
measurement of the S; observables, since the latter are computed as yield asymmetries between two
categories of signal candidates, S?' and S; , whose separation is based on the reconstructed values of
the decay angles. In the measurement of the S; observables in data, this effect is taken into account
as reported in Eq. . An alternative approach is used in the method validation discussed in
Section [7.3.2 and is briefly described here.

Instead of assigning an efficiency to the Sj' and S, samples, an event-by-event correction is
applied. This correction is obtained from the parametrisation of the efficiency as a function of ¢2,
cos by, cosfk, and ¢, by comparing the distributions of the generated candidates to the resulting
distributions after the reconstruction, trigger, and selection requirements are applied. The correction
is tailored to candidates in different decay modes, ¢? bins, and trigger categories.

The four-dimensional distributions of the generated and selected candidates are parametrised
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Table 6.8: Efficiencies for the B® —K*°.J/ip (—pTp™) decay, separately for the S;" and S; categories.

S et (%) e (%)

Sy 0.8569 + 0.0013 0.9180 + 0.0014
Sx 0.8925 + 0.0014 0.8908 + 0.0014
S7 0.8902 + 0.0014 0.8930 + 0.0014
Ss 0.8905 + 0.0014 0.8928 + 0.0014
App 0.8908 + 0.0014 0.8925 + 0.0014
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Figure 6.31: Distribution of the ¢ (top left), cos 8, (top right), cosfx (bottom left), and ¢ (bottom right)
variables for generation-level B® — K*%e*e™ candidates in the low ¢ bin. The corresponding parametrisation

in terms of Legendre polynomials is shown by the blue solid line.

according to

e(q?, cos Oy, cos Oc, @) = Y chinLn(q¥ ) Li(cos 00)Lj(cos Ok ) Lin (),

where L,(x) is the Legendre polynomial of order a in the variable x, with  having values in the

range [—1,1]. In this range, the Legendre polynomials are orthogonal and satisfy the following

/.

relation:

hijk

Ly ()L (x)de =

2n+1

2

6mna

where 0,,,, is the Kronecker delta. The primed variables q2/ and ¢’ in the formula above highlight

the fact that, while cos 0y and cos 0k are already in the desired range, a change of variables is needed
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Figure 6.32: Distribution of the ¢ (top left), cosf, (top right), cos@x (bottom left), and ¢ (bottom
right) variables for generation-level B® — K*eTe™ candidates in the central ¢*> bin. The corresponding
parametrisation in terms of Legendre polynomials is shown by the blue solid line.

06 1 1 1 1 1 0.18 1 1 1 1 1 1 1
0.16 4 -
0.5
0.14 4 -
0.4 0.12 4 -
0.10 4 -
0.3
0.08 4 -
0.2 0.06 4 -
0.04 4 -
0.1
0.02 4 -
0.0 0.00 — -
—1.0 —-0.5 0.0 0.5 1.0 —1.0 —-0.5 0.0 0.5 1.0 -4 -3 -2 -1 0 1 2 3 4
cosOy cosOk ¢ (rad)

Figure 6.33: Distribution of the cosf, (left), cosfx (centre), and ¢ (right) variables for generation-level
B® - K*%Jhp (—ete™) candidates. The corresponding parametrisation in terms of Legendre polynomials is
shown by the blue solid line.

for g2 and ¢. The following change of variables is applied to ¢2:

q2' 2q2 - q2min _ qzmax

= 2 _ 2
4" max 9" min

)

where ¢2;, and ¢, are 0.1GeV?/c* and 1.1 GeV?/c?, for the low ¢* bin, and 1.1 GeV?/c* and

7.0 GeV?/c*, for the central ¢ bin. The values of ¢ are instead transformed according to
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Figure 6.34: Distribution of the ¢* (top left), cosf, (top right), cosfx (bottom left), and ¢ variables for
reconstruction-level B® — K*%e*e™ candidates in the central ¢? bin. The corresponding parametrisation in
terms of Legendre polynomials is shown by the blue solid line.

since ¢ is originally defined between —m and .

The coeflicients cp;;;, are computed by means of a principal moment analysis. The corrections
of the simulation discussed in Section [6.6.2] and are taken into account when computing the
coefficients. The maximum order of the Legendre polynomials in ¢2, cos 8y, cos 0, and ¢ corresponds
to the lowest order that allows a good description of the distributions of the simulated candidates.
The same orders are used for the B® — K*%ete™ and B? = K*%u+ 1~ modes. In particular, Legendre
polynomials of order up to the 10, 8, 4, and 10 (10, 4, 4, 10) are used to parametrise the g2, cos 6y,
cos O, and ¢ distributions of the generation-level samples in the low (central) g2 bin, while Legendre
polynomials of order up to the 5, 8, 6, and 5, are used to parametrise the distributions of the
reconstruction-level samples, using the same orders for the low and central ¢ bins. The different
choice for generation-level and reconstruction-level samples is due to the lower statistics in the latter,
which makes the parametrisation too sensitive to statistical fluctuations if higher orders are taken
into account. For simplicity, the same maximum orders are adopted in the parametrisation of the
reconstruction-level distributions of all decay modes, ¢? bins, and trigger categories.

As a cross-check, the coefficients cp;j, of the generation-level BY —» K*0¢te~ candidates in
the central ¢? bin and the generation-level B —K*0J/i) (—eTe™) candidates are recomputed by
requiring cos 8y and ¢’ to have distributions symmetric around zero. This allows to set to zero the
coefficients corresponding to an odd order of cosfy, ¢, or both. The non-vanishing coefficients are

then compared to those obtained without the symmetry requirement and are found to be compatible.

e

The efficiency is taken into account by weighting each simulated candidate by w® = g, /¢rec,

with €S, and €, being the efficiencies of the generated and selected distributions. The sum of these

gen sel

acceptance weights is then used in the method validation described in Section [7.3.2] The acceptance
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weights could be taken into account in the fit to the data candidates described in Section instead
of dividing the signal yields obtained from the fit by the absolute efficiency. However, it is preferred
to follow the approach described in Eq. , since the acceptance weights have a large uncertainty
due to the limited statistics of the reconstruction-level samples from which they are obtained.

The parametrisations of the ¢2, cosy, cosfk, and ¢ distributions of the generation-level B® —
K*9%¢Te~ candidates are shown in Figs. and respectively for the low and central ¢ bins.
The pararametrisation of the generation-level B —K*9Ji) (—ete™) candidates is shown in Fig.
The distributions after the reconstruction, trigger, and selection criteria are applied are shown
in Fig. for the BY — K*%¢*e~ candidates in the LOE trigger category. Similar plots are availabe

for the other two trigger categories.
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CHAPTER [

Mass fits and measurement of the S; and AS; observables

This chapter describes the fit to the invariant mass of the B® —K*0 (T¢~ candidates in simulation
and data and presents the results of the S; and AS; measurements for decays to electrons and
to muons in the low and central ¢* regions. The method validation and the cross-checks that are
performed are also discussed. The chapter ends with a discussion of the implications of the results

and an overview of the future prospects.

7.1 Mass fits

The measurement of the S; and AS; observables requires to determine the signal yields and the
efficiencies of Eq. (6.1). The strategy to compute the efficiencies is described in Section while

the procedure to determine the signal yields is discussed here.

The signal yields are obtained from an unbinned extended maximum likelihood fit to the invariant
mass of the B —K*? /¢~ candidates in data. In particular, the PV-constrained B invariant
mass is used in the fit. A fit of the full data sample, without distinguishing between the S;" and
S, categories, is performed in order to validate the choice of the model. The mass fit is performed
independently for the low and central ¢ bins. Some of the parameters of the model are obtained
from simulation and, for the decay to electrons, also from a fit of the PV-constrained B° invariant
mass distribution of the B® —K*0J/i) (—ete™) data candidates. Since some parameters of the
model are expected to be common between the rare and the resonant mode, this approach allows
to use the large statistics available in the resonant mode to compute the best-fit values of the rare
mode. For the decay to electrons, the three trigger categories LOE, LOH, and LOTIS are combined

together in the fit to the data.

The corrections of the simulation are included in the mass fit by weighting each simulated
candidate by the total weight resulting from the corrections described in Sections [6.6.2] and [6.6.3}
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The weights are included in the likelihood as follows:

N
L=— Zwe x log P(Qe, me),

e=1

where the sum runs over the number of signal candidates in the sample. The parameter uncertainties
are estimated using an approximate method that guarantees the correct coverage in the case of

weighted fits. The method consists in computing a corrected covariance matrix V' as follows:
V' =vCcTly,

where V' and C are the covariance matrices obtained from two different weighted fits, one using the

weights w, and the other using the squared weights w?.

7.1.1 Electron mode

The signal, which corresponds to B® — K*%ete™ decays, is described by the sum of a DCB and a

Gaussian distribution:

PDF.i, = focs - DCB(upce, 0peB; 11, no, a1, a2, f) + (1 — foos)G(ue, o),

where fpcp is the fraction of the DCB contribution with respect to the total PDF, upcs, opcs,
ni, N2, a1, ao, and f are the parameters of the DCB, as described in Section and pg and og
are the mean and width of the Gaussian distribution. The same model is used to parametrise the
mass distribution of the B —K*YJ/i) (—ete™) candidates. The DCB allows to parametrise the
radiative tail of the decays to electrons and the effect of the bremsstrahlung overcorrection, which is
visible in the high-mass sideband.

The results of the fit to the B® — K*%ete~ simulated candidates in the low and central ¢2
bins are shown in Fig. while the results obtained from the B® —K*0J/) (—ete™) simulated
candidates are shown in Fig. [7.2] In both cases, the fit is performed separately for the three trigger
categories.

When fitting the data, the tail parameters of the DCB (that is, nq, na, a1, and as), the mean
and width of the DCB and of the Gaussian distribution (that is, upcs, opes, i, and og), and the
relative fraction between the two CBs (that is, f) are fixed to the corresponding values obtained from
simulation, independently for each trigger category and separately for the low and central g% bins of
the rare mode and the single ¢2 bin of the resonant mode. In order to be less sensitive to detector
effects that are not well reproduced in the simulation, the values of the mean and width parameters
are allowed to shift and scale with respect to the values obtained from simulation, respectively. The
shift of the mean and the scale factor of the width, which are common to the DCB and the Gaussian
distribution, are obtained from the data fit of the resonant mode, since the statistics of the rare
mode does not allow to extract this information reliably. Finally, the relative fraction between the
DCB and the Gaussian distribution, fpcg, is also obtained from the data fit of the resonant mode.

In addition to the signal, the following contributions are modelled in the invariant mass of the

rare mode:
e combinatorial background, described by an exponential distribution;
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Figure 7.1: Distribution of the B® — K*%e*e™ simulated candidates (black points with error bars) and
corresponding weighted fit (solid blue line) for the low (left) and central (right) ¢* bins and for the LOE (top),
LOH (middle), and LOTIS (bottom) trigger categories. The residuals are also shown.

e background due to partially reconstructed decays, described by a non-parametric PDF based

on KDE;

e for the central ¢> bin only, background due to B —K*%J/i) (ete™) decays leaking in the

central ¢? region, described by a non-parametric PDF similar to the one above.

The template describing the background due to partially reconstructed decays is obtained from

simulation. This is done by using a sample consisting of a mixture of B %Kf‘e*e’ and Bt

—K3(1430)Tete™ decays. A weight is assigned to the candidates of each decay mode in order to

reproduce the proportion of K 1+ K T corresponding to 2 : 1, which is based on previous studies [34].

A weighted unbinned extended maximum likelihood fit is then performed using the non-parametric
PDF. The fit results are shown in Fig. separately for the low and central ¢2 bins and for the
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Figure 7.2: Distribution of the B® —K*°Jj) (—eTe™) simulated candidates (black points with error bars)
and corresponding weighted fit (solid blue line) for the LOE (top left), LOH (top right), and LOTIS (bottom)
trigger categories. The residuals are also shown.

three trigger categories. A second method is planned to be investigated during the evaluation of the
systematic uncertainty. In this second method, the Bt —K fr eTe” simulation sample with a flat
(Kmm) invariant mass is reweighted according to the K Tn+ 7~ invariant mass distribution observed

in data and the resulting distribution is fitted with the non-parametric PDF.

The template describing the background due to B® —K*YJi) (ete™) decays leaking in the central
q? region is obtained in a similar way by fitting the B® —K*0.J/) (—ete™) simulation sample with a
non-parametric PDF. The fit results are shown in Fig. [7.4] separately for the three trigger categories.

When fitting the data, the yield of this background contribution, N I/ leak, 1S constrained to
the yield of the B® —K*0J/) (—ete™) signal, Ny g, which is left free to vary in the fit of the

resonant mode. The constraint consists in requiring that

MC
N, I leak

MC
NJ/w sig

NJ/w leak = /\/J/w sig

where N %ﬂcak and N %Jcsig are the yields of B —K*0J/) (ete™) simulated decays leaking in the

central ¢2 region and falling in the ¢? region corresponding to the resonant mode, respectively.

As a result, the model for the B — K*%¢te~ candidates in the low ¢? bin can be written as

PDFIOW = A/sig . PDFsig + Ncomb . PDFcomb + Npart reco * PDFpart recos
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Figure 7.3: Distribution of the background due to partially reconstructed decays in the low (top) and central
(bottom) ¢* bin (black points with error bars) and corresponding weighted fit (solid blue line) for the LOE
(left), LOH (center), and LOTIS (right) trigger categories. The residuals are also shown.
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Figure 7.4: Distribution of the B® —K*°J/) (—e*e™) simulated candidates leaking in the central ¢* bin
(black points with error bars) and corresponding weighted fit (solid blue line) for the LOE (left), LOH (center),
and LOTIS (right) trigger categories. The residuals are also shown.

while the one for the BY — K*%¢eTe~ candidates in the central ¢ bin can be written as
PDF central = -/\[sig . PDFsig + Afcomb -PDF comp + Npart reco * PDFpart reco 1 NJ/w leak * PDFJ/?,/} leak-

Due to the low statistics available in the data sample of the rare mode, all components of the
formulas above except the combinatorial background consist of the weighted sum of the templates
of the three trigger categories. The relative abundance of each trigger category is obtained from
simulation. The impact of this choice on the results is taken into account as systematic uncertainty.

In the fit to the control mode, the following contributions are considered in addition to the signal:

o BY 5 K*Jh) (—ete™) decays, described by the same model of the signal, with a mass shift
corresponding to the difference between the B? and B® nominal masses, as reported in Ref. ;

e combinatorial background, described by an exponential distribution.

Three additional background contributions are investigated but not included in the model since

their yields are found to be negligible with respect to the total yield. These contributions are
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Table 7.1: Results of the fit to the B — K*%ete™ data candidates in the low and central ¢> bins.

Component Yield at low ¢ Yield at central ¢
BO— K*0ete~ 78716 188+27
combinatorial background 204f§8 12841'28

partially reconstructed decays 95f§g 276f?8

Table 7.2: Results of the fit to the B® —K*J/p (—eTe™) data candidates.

Component Yield in LOE  Yield in LOH Yield in LOTIS
BY SK*Jk) (—ete™) 349011190 2956770 91157 39°
combinatorial background —1473* 19785 L1t

the background due to partially reconstructed decays, which is vetoed by requiring the PV- and
J/ip-constrained BY invariant mass of the candidates to be larger than 5150 MeV/c?, the background
due to Ag decays, which is vetoed by the selection requirements in Section and the background
due to B® —K*%)(25) (—ete™) decays leaking in the ¢® region between 7.0 and 11.0 GeV?/c?.
Due to the much larger statistics, the combination of the three trigger categories is not needed when
fitting the data sample of the resonant mode.

In summary, the following parameters are left free to vary in the fit to the B —K*0J/i) (—ete™)
data candidates:

e fpcs, the shift of the mean, and the scale factor of the width (three parameters);
e the signal yield of the resonant mode (one parameter);
e the yield and slope of the combinatorial background (two parameters).

The following parameters are left free to vary in the fit to the B® — K*%ete™ data candidates,

independently for the low and central ¢? bins:
e the signal yields (two parameters);
e the yield and slope of the combinatorial background (four parameters);
e the yield of the background due to partially reconstructed decays (two parameters).

The results of the fit to the data are shown in Fig. [7.5 for the rare mode and in Fig. [7.6] for the
resonant mode. The signal and background yields obtained from the fit are shown in Table for

the rare mode and in Table [7.2] for the resonant mode.

7.1.2 Muon mode

The B® - K*Ou*pu~ data candidates are fitted with the sum of a DCB for the signal and an
exponential distribution for the combinatorial background. Due to the good mass resolution of the

muon mode, the contamination from B® —K*°J/p (—uT ™) decays leaking to the central ¢2 bin is
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Figure 7.5: Distribution of the B — K*®eTe™ data candidates (black points with error bars) and corre-
sponding fit of the combined LOE, LOH, and LOTIS trigger categories (solid blue line) for the low (top) and
central (bottom) g2 bins, in normal scale (left) and log scale (right). The residuals are also shown.

negligible and is hence not modelled in the fit. The background due to partially reconstructed decays
is not taken into account in the model since it is expected to be negligible in the mass window from
5150 to 5800 MeV/c? where the fit is performed.

The template for fitting the data is partially obtained from simulation, similarly to what discussed
in Section The parameters fixed from the fit to the B® — K*°u* i~ simulated candidates are
those corresponding to the tails of the DCB, namely a1, as, n1, ns, and the relative fraction of one
CB with respect to the other, that is, f. When fitting the data sample, the mean and width of the
DCB are allowed to respectively shift and scale with respect to the values obtained from simulation.
An unbinned extended maximum likelihood fit is performed to determine the signal and background
yields. The fit results are shown in Fig. [7.7] for simulation and in Fig. for data.

The resonant mode is fitted with the same template used to parametrise the mass distribution of
the B® - K*0J/) (—ete™) candidates. The fit results for the B® —K*°J/) (—p*p~) simulated
and data candidates are shown in Fig. [7.9]

The signal and background yields obtained from the fit are shown in Table for the rare mode
and in Table [Z4] for the resonant mode.
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Figure 7.6: Distribution of the B® —K*°J/) (—eTe™) data candidates (black points with error bars) and
corresponding fit (solid blue line) for the LOE (top), LOH (middle), and LOTIS (right) trigger categories with
normal (left) and log (right) scale. The residuals are also shown.

7.2 Cross-checks

Two cross-checks are performed. The first is a measurement of R, in the full ¢® spectrum and the

second is a measurement of Ry~ in the low and central ¢ bins. The results are compared to the

latest measurement by the LHCb collaboration [34].

7.2.1 Measurement of R,

The first cross-check consists in measuring the ratio between the B® —K*0J/) (—ptp~) and

BY - K*0Jh) (—ete™) branching fractions in the full spectrum of ¢2. This is expected to be equal

148



CHAPTER 7 7.2. CROSS-CHECKS
—~ T T T —~ 3000 — T T m
g 2oF 1 & F ]
3 1000 } deta 4 3 B0 { daa =
= F 1 = E ]
O 800 — curve — ] 20005_ — curve _E
3 600 - 3 % 1500 F- 3
S of 34 2 wf E
& %F ] i E E

200 3 500 - -
05200 ¢ 3300 5800 05200 00 500 5800
m(K ), (Mevic)) m(K* ), (Mevic)
5 ——T—————————— 5 ——T——————————
okt abos gads 1o bed biy. .8 o) T IR PF UL I L IOT FUUTR SOV SR 1
SN R S A RAREE B SRS ERAAEE LS PO
Y L ey A Sl R S Y Sl [l IS
5200 5400 5600 5800 5200 5400 5600 5800

Figure 7.7: Distribution of the B® — K*°u* ™ simulated candidates (black points with error bars) and
corresponding weighted fit (solid blue line) for the low (left) and central (right) ¢* bins. The residuals are

also shown.
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Figure 7.8: Distribution of the B® — K*°uTu~ data candidates (black
corresponding fit (solid blue line) for the low (left) and central (right) ¢* bins.

% 80000 - ' ' ' ' 4  L2mf ' ' ' + data 3
S E et 3 = 20000 E- —curve -
= vt E * : E 2 18000 - signal 3
o 60000 - e E 5 16000 F- combinatorial -3
50000 - - 4 —14000F BS E
> 40000 E E & 12000 E- LHCb Unofficia 3
S E E 5 10000 F- =
(g 30000 - 4 5 sof E
20000 E- 3 6000 E- E
E E 4000 E- 5
10000 E E 2000 - 3
1 1 ? = 1 1

S50 5200 5250 5300 5350 5400 150 5200 5250 5300 5350 5400
m(K W), (Mevic?) m(K* ), (Mevic)
55 e ] 5 e ]
0 f— sty SIS o4ttt & g bty g e 4 hiha
et T+'?.++T 'rl+ ++'r +++| +++I 4 ] }T 5 I+1- FHHY | ¥ | + 4 Tf Y
[ ] SRR PR PRI L T [ R PR ML PRI R

5200 5250 5300 5350 5200 5250 5300 5350

points with error bars) and
The residuals are also shown.

Figure 7.9: Distribution of the B® —K*°J/i) (—pTu~) candidates (black points with error bars) and
corresponding fit (solid blue line) for the simulated (left) and data (right) candidates in the LOM trigger
category. The residuals are also shown.

to unity. The value of R, is computed according to

B(B® — K*°J (= p*p))
B(BY — K*0Jj)(— ete™))

€Jph —ee

b
€I/ —pp

_N(B = KJpp (= ptuT))
T N(BY = KO0Jjp (= etem))

Ry =
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Table 7.3: Results of the fit to the B — K*°u* = data candidates in the low and central ¢* bins.

Component Yield at low ¢ Yield at central ¢
BY— K*0p+ - 211+}8 420122
combinatorial background 3273 162717

Table 7.4: Results of the fit to the B® —K*°Jj) (—utp™) data candidates.

Component Yield in LOM

BY K*0Jpp (—ptpT) 2066937 150°
combinatorial background 466f%§80

where N(BY — K*9J/(— ptp™)) and N(BY — K*9JA)(— ete™)) are the yields of the
B K*0J/) (—ptp~) and B —K*0J/) (—ete™) decays and €py e and €y, are the
absolute efficiencies of the two decay modes. It is important to note that this is a stringent test,
since some of the systematic uncertainties do not simplify in the ratio between muons and electrons,
as they do in the second cross-check.

The yields are obtained similarly to what discussed in the previous section. The absolute
efficiencies are evaluated from the relevant simulation samples as described in Section without
any requirement on the true ¢ of the generated candidates. The results are shown in Table
and have to be compared with R, = 1.043 4 0.006 (stat.) 4= 0.045 (syst.) measured by LHCb [34].
One important consideration is that only the statistical uncertainty is taken into account in the
Ry cross-check. According to the LHCb measurement, this is expected to be a minor contribution
compared to the much larger systematic uncertainty. Therefore, the evaluation of the systematic
uncertainty is needed in order to properly compare the two results. In addition, a larger systematic
uncertainty is expected for the measurement in the LOTIS trigger category. This is due to the trigger
efficiency correction, that is obtained from a sample with limited statistics. Assuming the same
systematic uncertainty for this cross-check and the LHCb measurement, the obtained values show

that the mass fit procedure and the computation of the absolute efficiencies are sound.

7.2.2 Measurement of Ry

The value of Rg~ is computed according to the following double ratio:

N(B = Kutp™) e N(B = KOJf(=eter)) €xpoun

Ry~ = N(B0_> K*06+67) . € . N(BO - K*OJ/w (_> M‘F‘u*)) €T —see

In the formula, N(B®— K*°u*p~) and N (B®— K*%eTe™) are the yields of the B® — K*0u* =
and B? — K*%ete™ decays, €. and €y are the absolute efficiencies of the two decay modes, and
the remaining symbols are as described in Section [7.2.I] The double ratio approach helps to reduce
the systematic uncertainties that are common to rare and resonant modes.

The yield of each decay mode is obtained from an unbinned extended maximum likelihood fit of

the relevant data sample, with the templates described in this chapter. The absolute efficiencies are
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Table 7.5: Results of the R, cross-check. Only the statistical uncertainty is shown.

Trigger Ryp

LOE 1.073 £ 0.007
LOH 1.095 £ 0.031
LOTIS 0.794 + 0.009
Combined 0.972 4+ 0.005

Table 7.6: Results of the R+ cross-check in the low and central q2 bins.

Variable Low ¢>  Central ¢?
Niig 82+16  171+24
NEHCP (LOE) 5514 6715
NEICP (LoH) 1312 1978
NETCP (LOTIS) 2113 2517
Trel 0.20 0.15
oLch 0.17 0.16

rel

computed from the corrected simulation samples as detailed in Section [6.8] Since the Ry~ value
is measured in bins of ¢2, a selection on the true ¢? of the generated candidates is applied in the
efficiency calculation. The results are found to be compatible with those measured in Ref. [34] for
both bins of ¢2. It is important to note, however, that due to the different definition of the ¢ bins
between this analysis and the measurement in Ref. [34], the R+ values are not expected to be
exactly the same.

The relative uncertainties on the values measured in this cross-check are shown in Table [7.6]
where they are compared to the corresponding uncertainties of the measurement performed at
LHCb [34]. The table shows also the signal yields obtained from the fit to the B — K*Yete™ data
candidates in this cross-check and in the measurement in Ref. [34]. Since the Ry« measurement
performed in this thesis is a consistency check with respect to previous LHCD results, the measured
central value is not shown.

The different choice of the low ¢? bin, which starts at 0.1 GeV?/¢? instead of 0.045 GeV?/c? as
in the measurement of Ref. [34], reduces the statistics available but allows to compare muons and
electrons in a kinematic region in which their behaviour is expected to be universal [133]. The signal
yield in the central ¢* bin is significantly larger than in the measurement of Ref. |[34] due to the
choice of extending the bin up to 7.0 GeV?/c?* instead of 6.0 GeV?/c*. This is possible because of the
selection on the constrained ¢ discussed in Section m

7.3 Measurement of the S; and AS; observables

The S; observables are measured by simultaneously fitting the candidates in the S;t and S;~ categories.
The same models described in Section [7.I] are used in the fit. In particular, the data candidates in

the Si+ and S;” categories are fitted simultaneously with the same model, except for few parameters
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Table 7.7: Values of the S; observables used in the generation of the B® — K*°u*u~ pseudo-experiments in
the SM scenario, compared to the values measured with the counting method approach.

S; Low g2 Central g2
Generated Measured Generated Measured

Sy —0.065 —0.0940.11 0.137 0.1940.08

Sx 0.193 0.25+0.09 —0.186 —0.2740.07

S 0.000 0.01£0.09 0.000 0.0140.07

Ss 0.000 —0.0140.11 0.000 0.0040.08

Arp 0.111 0.12+0.06 —0.049 —0.0840.05

Table 7.8: Values of the S; observables used in the generation of the B® — K*%u™ ;1™ pseudo-experiments in
the NP scenario, compared to the values measured with the counting method approach.

Si Low ¢? Central ¢

Generated Measured Generated Measured
Sy —0.036 —0.06 £0.11 0.137 0.18 £0.08
S5 0.242 0.29 +0.09 —0.063 —0.09 £ 0.07
S7 0.000 0.00 £+ 0.09 0.000 0.01 £ 0.06
Sy 0.000 0.00 0.10 0.000 0.00 + 0.07
Arp 0.128 0.14 +£0.07 0.051 0.06 £ 0.05

that are allowed to vary independently for the S;” and S, categories. Namely, these are the yield of
the signal and the yield and slope of the combinatorial background, for the B® — K*Ou 1~ mode,
and the yield of the signal, the yield and slope of the combinatorial background, and the yield of the
partially reconstructed decays, for the B — K*%ete™ mode.

The expected sensitivity based on the statistics observed in data is estimated from signal-only
pseudo-experiments, as described in Section The counting method approach is validated using
both simulation and data (see Section and is then used to compute the values of the S; and
AS; observables of the B — K*%ete™ and B® — K*Ou*u~ decays, which are given in Section m

7.3.1 Sensitivity studies

The sensitivity of the Sy, S5, S7, Ss, and Arpp measurements is studied using several ensembles of
simulated pseudo-experiments of B® — K*°u* ;= and B® — K*%ete™ decays. The B — K*0utu~
decays are generated according to the SM and NP values of the angular observables shown in Tables
@ and@ The NP scenario corresponds to NP contributions to the Cy,, Wilson coefficient only, with
C’g’up = —1.4. This is one of the NP scenarios considered in Section The BY — K*%ete™ decays
are instead generated according to the SM values reported in Table It is important to note that
no uncertainty is associated to the values used in the generation of the pseudo-experiments. However,
this can be non-negligible even for SM predictions, as shown in Fig. [6.2] The B®— K*9u*pu~ and
B? — K*Y¢te~ decays are generated in two regions of ¢2, following the choice of the low and central
q? bins adopted in this analysis. A total of 500 pseudo-experiments are generated for each model,

decay mode, and ¢? bin. The signal yield of the pseudo-experiments is allowed to fluctuate according
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Table 7.9: Values of the S; observables used in the generation of the B® — K*%eTe™ pseudo-experiments,
compared to the values measured with the counting method approach.

S Low ¢> Central ¢?
Generated Measured Generated Measured

Sy —0.075 —0.11+0.17 0.138 0.19+0.12

S5 0.208 0.29 +£0.14 —0.188 —0.26 = 0.10

S 0.000 0.00 £0.15 0.000 0.00 +0.10

Sy 0.000 —0.01+£0.18 0.000 0.01+0.12

Argp 0.117 0.12+0.11 —0.050 —0.08 £ 0.08

Table 7.10: Values of the AS; observables used in the generation of the pseudo-experiments according to the
SM, compared to the values measured with the counting method approach.

AS; Low ¢ Central ¢?
Generated Measured Generated Measured
AS, —0.010 —0.02 £0.20 0.001 0.00 £0.14
ASs 0.015 0.03£0.17 —0.002 0.00 £0.13
AS7 0.000 —0.01 £0.18 0.000 —0.01 £0.12
ASg 0.000 —0.01 £0.20 0.000 0.00 +£0.14
AArp 0.006 0.01 £0.12 —0.001 0.00 £ 0.10

to a Poisson distribution with the mean corresponding to the signal yield observed in data.

Since the samples of the pseudo-experiments described in this section do not contain any
background contribution, it is possible to obtain the values of the S; observables by simply counting
the number of candidates in the S;” and S; categories. The distribution of the results is shown in
Figs. [7.10] and [7.12] for the muon and electron modes generated according to the SM and in Fig.
for the muon mode generated according to the NP scenario. The curve corresponding to the fit
with a Gaussian distribution is also shown in the plots. The pulls of these distributions with respect
to the generated values are also studied and found to be compatible with a Gaussian distribution of

mean equal to zero and width equal to unity.

The sensitivity of the ASy, AS5, AS7, ASg, and AApp measurements is studied analogously.
The results are shown in Figs. and together with the curve corresponding to the Gaussian
fit, for both the SM and NP scenarios. The mean and width values obtained from the Gaussian
fit are reported in Tables [7.10] and [7.11] and shown in Fig. [7.13] The presence of NP results in a
shift of the central values of the ASs and AArp observables in the central ¢ bin. The relative
uncertainty expected in this region is of nearly 71% for the AS5 measurement and of 64% for AApg.
This estimate is based on signal-only pseudo-experiments, while a more realistic estimate based on

both signal and background contributions is discussed in the following.
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Figure 7.10: Computed values of the S4 (first row), S5 (second row), S7 (third row), Sg (fourth row), and
App (fifth row) observables, obtained for the B® — K*°uT ™ pseudo-experiments generated according to
the SM in the low (left) and central (right) ¢® bins. The results of the fit with a Gaussian distribution are
shown by the dashed line in red.
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Table 7.11: Values of the AS; observables used in the generation of the pseudo-experiments according to the
NP, compared to the values measured with the counting method approach.

AS; Low g2 Central ¢2
Generated Measured Generated Measured
AS, —0.039 —0.05+0.20 0.001 0.01 £0.14
ASs —0.034 —0.01 +0.17 —0.125 —0.17 £ 0.12
AS, 0.000 0.00 £0.18 0.000 —0.014+0.12
ASg 0.000 0.00 £0.20 0.000 0.00 £0.15
AArp —0.011 —0.024+0.12 —0.101 —0.14 4+ 0.09
AS; —_———— ASL —
—_———— - SM —_— - SM
AS; - Gy =-14 AS; -~ O =-14
K '2 —
3 3
> A5 — > A5y —
9] — 5] —
2 2
O A8 —_— O AS —
AApg — AApp ——.
—~1.0 —0.5 0.0 0.5 1.0 —~1.0 —0.5 0.0 0.5 1.0
Observable value Observable value

Figure 7.13: Expected sensitivity of the ASy, ASs, AS7, ASs, and AArp measurements, as obtained from
pseudo-experiments of B® — K*°uT = and B® — K*%eTe™ decays in the low (left) and central (right) ¢
bins. The sensitivity to the SM is shown in blue, while the sensitivity to a NP scenario with CSLP =-—141is
shown in red.

7.3.2 Method validation
Validation with LHCb simulation

The values of the S; observables are computed using the official LHCb simulation of the rare
modes B® — K*%¢te™ and B® — K*%u*p~ and the resonant modes B —K*0J/i) (—eTe™) and
BY -K*0Ji) (—ptp). This is done at two different stages of the simulation, referred to as
generation-level and reconstruction-level. The first consists of a simple simulation of the decays
without taking the response of the LHCb detector into account, while the second consists of a
full simulation, which includes also the reconstruction, trigger, and selection criteria discussed in
Chapter [0} As described in Section [6.8:2] the acceptance of the detector generates an asymmetry in
the distribution of the decay angles, which can affect differently the S;" and S; categories. As a
consequence, the values of the S; observables might differ depending on whether they are computed
from generated or reconstructed candidates. If the reconstruction-level simulation is corrected for the
acceptance of the detector, however, the computation of the S; observables should held compatible
results between generated and reconstructed samples.

The values of the S; observables obtained for the BY —K*°J/i) (—ete™) simulated candidates
are shown in Table for both the generation-level and reconstruction-level samples. For the latter,

in particular, two different values are computed. The first is obtained by simply counting the number
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Figure 7.14: Computed values of the ASy (first row), AS5 (second row), AS7 (third row), ASs (fourth row),
and AApp (fifth row) observables, obtained for the B® — K*°u* ™ and B® — K*°ete™ pseudo-experiments
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Gaussian distribution are shown by the dashed line in red.
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Table 7.12: Comparison between generation-level and reconstruction-level S; observables, obtained from
the B® - K*°Jh) (—ete™) simulation sample. Two values are computed at reconstruction-level, with and
without the acceptance correction. The reconstruction-level values that show a deviation larger than two
standard deviations from the corresponding generation-level values are highlighted in red.

S; Trigger Gen Rec (without acc) Rec (with acc)

Sa LOE —0.2175 £ 0.0005 —0.26010.005 —0.22240.005
LOH —0.261+0.014 —0.2184+0.015
LOTIS —0.278+0.009 —0.21940.010

S5 LOE —0.004 £+ 0.007 0.005+0.004 —0.0014+0.004
LOH 0.002+0.012 0.005+0.013
LOTIS —0.004+0.007 —0.00240.009

S LOE 0.012 £+ 0.007 0.004+0.004 —0.00240.004
LOH —0.02440.012 —0.012+0.013
LOTIS 0.012+0.007 0.005+0.009

Sg LOE —0.011 4 0.009 0.001+£0.005 0.001+£0.005
LOH —0.011+0.014 —0.00940.015
LOTIS —0.0114+0.009 0.007+0.010

Arg LOE —0.001 £ 0.006 —0.0011+0.0029 —0.0016+0.0033
LOH —0.002+0.009 0.007+0.010
LOTIS —0.0011+0.006 —0.00240.007

of candidates belonging to the S; and S; categories. The second is evaluated after the simulation
sample is corrected for the acceptance effects described in Section and is computed using the
sum of the acceptance weights. The mismatch between generation-level and reconstruction-level
values is particularly strong in the case of the S; observable. If the acceptance correction is taken
into account, a good agreement between generation-level and reconstruction-level values is retrieved
for all S; observables under investigation. Similar results are observed for the other decay modes.
When measuring the S; and AS; observables in data, the effect of the acceptance is taken into

account in the efficiency terms.

Validation with data

The resonant mode B° —K*0J/i) (—ete™) is used to cross-check the measurement of the S;
observables in data.

The computed values of the S; observables of the B —K*°J/i) (—ete™) data candidates are
reported in Table For simplicity, only the results of the LOE trigger category of the electron
mode are shown in the table. Similar results are obtained for the other trigger categories. The

obtained values are compatible with previous measurements at LHCb [134].

Expected sensitivity and validation with pseudo-experiments

The expected sensitivity of the S; measurement in the electron mode is evaluated by generating
1000 pseudo-experiments of B? — K*%eTe~ decays in the low and central ¢? bins. When generating
the pseudo-experiments, the candidates are sampled from the distributions obtained from the

simultaneous fit to the Si+ and S; categories in data. Therefore, each pseudo-experiment is a
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Table 7.13: Results of the fit to the B® -K*°Ji) (—ete™) data candidates in the LOE trigger category.

S; Nt Noke Nig NMoke S; value

Sy 14 4324140 42460 20382+140 59+20 —0.234+0.019
S5 173531240 524280 17468+120 42+15 —0.009+£0.014
S7 17362+130 33£16  17457+£130 63125 0.012+0.014
Ss 17561£130 31£14  17233+£150 90£70 —0.012£0.017
App  17308£170 56+100 17505+130 46+17 —0.004£0.011

Table 7.14: Results of the Gaussian fit to the distribution of the S; observables computed from the 1000
B® — K*%Te~ pseudo-experiments with signal and background in the low and central ¢* bins.

Si Low ¢? Central g2

Sy 0.37+0.32 —0.06+0.24
Ss —0.034+0.27 —0.04+0.21
St 0.16+0.26 0.0440.20
Ss —0.3440.33 —0.10£0.24
App —0.16£0.20 0.08+0.15

mixture of signal and background. This allows to obtain a more realistic estimate of the sensitivity
compared to the signal-only scenario discussed in Section [7.3.1] The total yield of each pseudo-
experiment is allowed to fluctuate according to a Poisson distribution with the mean fixed to the
total yield measured in data. The candidates are then fitted using the same model of the fit to the
data. The fitted signal yields are used to compute the S; observables of each pseudo-experiment.
The resulting distributions and their fit with a Gaussian distribution are shown in Fig. [7.16] for both
low and central g2 bins. The mean and width of the Gaussian fit are summarised for completeness in
Table The statistical uncertainty reported in the table corresponds to the expected sensitivity
of the S; measurement in data. As expected, these values are larger compared to those of the

signal-only scenario.

The same pseudo-experiments described above are used to investigate the stability and unbiased-
ness of the mass fits. This is done by studying the distributions of the fit results and their pulls
The fit results for the
BY%— K*Y%¢te~ candidates in the low ¢? bin are shown in Fig. while those obtained for the
central ¢? bin are shown in Fig. m For each ¢? bin, the distributions of the fitted yields of signal
and background are shown. The pulls of the signal yields with respect to the values used in the
generation of the pseudo-experiments are shown in Fig. [7.I9] The distributions in Figs. [7.17] [7.1§
and refer to the Sy observable, but similar results are obtained for the other observables. The

fitted yields and their pulls are fitted with a Gaussian distribution in order to determine whether the

with respect to the values used in the generation of the pseudo-experiments.

fit is unbiased. As expected, the pulls are compatible with a standard normal distribution. For the
low ¢2 bin, where the statistics is rather limited, a small bias is observed in the background yields. It
would be useful to repeat the same study using Minos [135] in the fit of the pseudo-experiments, since
this is expected to provide a better estimate of the best-fit parameters. If no change is observed, one

possible way to address this issue would be to apply a selection based on the HOP variable to the
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Figure 7.16: Computed values of the Sy (first row), S5 (second row), S;7 (third row), Ss (fourth row),
and App (fifth row) observables, obtained for the B® — K*®eTe™ 1000 pseudo-experiments of signal and

background in the low (left) and central (right) ¢ bins. The results of the fit with a Gaussian distribution
are shown by the dashed line in red.
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Figure 7.17: Distribution of the fitted yields of signal (top), combinatorial background (middle), and partially
reconstructed background (bottom) obtained from the B® — K*%e™e™ 1000 pseudo-experiments of signal
and background, for the low ¢? bin. The curve corresponding to the Gaussian fit and the parameters of the
curve are also shown.

BY— K*%¢te~ candidates in the low ¢? bin and repeat the mass fit. This additional requirement is
expected to lower the contamination from partially reconstructed decays in the mass window where
the fit is performed.

7.3.3 Results

Measurement of the S; observables

The signal and background yields obtained from the fit to the B® — K*y*u~ candidates in data
are reported in Tables and for the low and the central ¢? bin, respectively. The results of
the measurement of the S; observables in the low ¢ bin are shown in Table while those in the
central ¢* bin are shown in Table Two different choices of the low ¢* bin are considered: the
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Figure 7.18: Distribution of the fitted yields of signal (top), combinatorial background (middle), and partially
reconstructed background (bottom) obtained from the B® — K*°e¢*e™ 1000 pseudo-experiments of signal
and background, for the central ¢® bin. The curve corresponding to the Gaussian fit and the parameters of
the curve are also shown.

baseline g2 bin of the measurement described in this thesis, from 0.1 GeV?/c* to 1.1 GeV?/c?, and
an alternative ¢> bin from 0.045 GeV?/c¢* to 1.1 GeV?/ct. The S; observables of the B® — K*0uTp~
decay are computed also in the ¢? bin from 1.1 GeV?/¢* to 6.0 GeV?/c*, in order to compare the
results of the counting method procedure with the results of the LHCb measurement from Ref. .
The results are summarised in Table [7.18] where they are compared to the values measured in
Ref. . The measured values are in agreement with those reported in Ref. for all angular

observables of interest.

The results in the nominal ¢ bins of this measurement are compared to the predictions of the SM
and the NP scenario described in Section The agreement between the measured values and the
predictions is displayed in Fig. where the error bars of the experimental results are statistical

only and the error bars of the predictions correspond to the signal-only expected sensitivity. It is
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Figure 7.19: Pulls of the fitted signal yields obtained from the B® — K*®e*e™ 1000 pseudo-experiments of
signal and background, for the low (top) and central (right) ¢* bins.

important to note that the sign of the predictions for the Sy and App observables is the opposite
with respect to what shown in Section [7.3.1] This is needed in order to correctly compare the
predictions and the experimental results , due to the different conventions adopted by LHCb
and the theory community in the definition of the decay angles. The results are dominated by the
statistical uncertainties and are compatible with both SM and NP predictions.

The impact of the combined selection in ¢? and constrained ¢? is evaluated by determining the
S; observables of the B®— K*°u* ;= decay with and without the requirement on the constrained
¢%. The results corresponding to the two selections in ¢ are compatible with each other within the
uncertainties for all S; observables.

The fit results for the B® — K*%ete™ decay are reported in Tables and for the low
and the central ¢ bin, respectively. The results of the S; measurement are reported in Table
for the low ¢ bin and in Table for the central ¢? bin. The statistical uncertainty of the S;
measurements is consistent with the sensitivity obtained from the realistic pseudo-experiments of
Section [7.3.2] The results are dominated by the statistical uncertainty and are compatible with the
SM predictions, as shown in Fig.

Measurement of the AS; observables

The results of the measurement of the AS; observables between the B® — K*°u* ;= and the
BY — K*%¢te~ decay are reported in Table for the low ¢ bin and in Table for the
central g2 bin. The expected sensitivity based on the studies of Section is also shown for

comparison. It is important to note that the uncertainty of the results is statistical only and is
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Table 7.15: Results of the fit to the B® — K*°u* ™ data candidates in the low ¢* bin from 0.1 GeV?/c* to
1.1 GeVz/cA‘, obtained from the samples with the selection on the constrained ¢?.

S, NL O N N e

sig sig
Sy 10611  21+£6  103£11 17+6
Ss 134+13  14+6 7710 22+6
Sy 103+11  11+£5  105£11  28%£7
Ss 10511  18+6  104+£11  20+£7
App  103+11 1346  108£11 2346

Table 7.16: Results of the fit to the B — K*°u™ ™ data candidates in the central ¢* bin from 1.1 GeV?/c*
to 7.0 GeV?/c?, obtained from the samples with the selection on the constrained ¢>.

sig S1g
Sy 181£15 7811 24117 85+12
Ss 179+15 82+11 244417 80+12
S~ 212+£16 88+12  210£16 75£11
Ss 219417 81+12  203+£16 81412
App 212416 83+12  210+16 80+12

Si NL ML, AL e

—_— ~ —
Sy — Sy ——
— -~ SM - - SM
S P - Oyl =-14 S = - Oyl =-14
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Figure 7.20: Results of the measurement of the S4, S5, S7, Ss, and Arp observables of the B°— K*OM+M7
decay in the low (left) and central (right) ¢* bins, compared to the expected sensitivity described in Fig.
The data points are shown in green.

larger than the expected sensitivity due to the fact that only the signal was taken into account
in the pseudo-experiments. The results are compatible with both SM and NP predictions within
the uncertainties for all angular observables of interest. The agreement with the results of the
pseudo-experiment studies discussed in Section is shown in Fig. where the measurement
is represented by the green error bars.
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Table 7.17: Results of the measurement of the S; observables of the B® — K*°u* ™ decay in the ¢* bin
from 0.045 GeV?/c* to 1.1 GeV?/c* and in the ¢* bin from 0.1 GeV?/c* to 1.1 GeV?¥/ct.

S; [0.045,1.1] GeV?/c*  [0.1,1.1] GeVZ/ct

Sy 0.03£0.10 —0.03+0.12
Ss 0.23£0.09 0.26%0.10
S+ 0.03+0.09 0.04£0.10
Ss —0.08£0.10 —0.02+0.12
App —0.07£0.07 —0.05£0.08

Table 7.18: Results of the measurement of the S; observables of the B — K*°; "~ decay in the ¢* bin
from 1.1 GeV?/c* to 7.0 GeV?/c* and in the ¢ bin from 1.1 GeV?/c* to 6.0 GeV?/c*, compared to the LHCb
measurement reported in Ref. [35].

S [1.1,7.0] GeV?/c*  [1.1,6.0] GeV?/c¢*  LHCb measurement

Sy —0.20+0.09 —0.24+0.10  —0.15570927 & 0.004
Ss —0.14£0.00 —0.04£0.08  —0.02315:0%9 + 0.005
Sy —0.0340.07 —0.05+0.08  —0.07710099 & 0.006
Ss 0.05+0.09 0.11£0.10  0.02879-02% +0.008
App 0.02+0.05 0.004£0.06  —0.07570 533 +0.007
Sy T Sy S
-~ SM -~ SM
S5 —_—— - data S e - data
% LHCb Unofficial _%;‘ LHCb Unofficial
% S7 — % St ——
& &
5 —— S —_
—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0
Observable value Observable value

Figure 7.21: Results of the measurement of the Sy, Ss, S7, Sg, and Arp observables of the B® — K*%ete™
decay in the low (left) and central (right) ¢ bins, compared to the expected sensitivity described in Fig.
@ The data points are shown in green.

7.4 Systematic uncertainties

The evaluation of the systematic uncertainties for the measurement of the S; and AS; observables is
still ongoing. This section describes the contributions that are being taken into account and the
strategy to assign a systematic uncertainty to the final measurement. Two classes of systematic
uncertainties are described in the following. The first addresses the systematic uncertainties associated
to parameters constrained in the fit to values obtained from simulation and to the model used for
the nominal fit. The second describes the systematic uncertainties related to the corrections applied

to the simulated candidates.

167



7.4. SYSTEMATIC UNCERTAINTIES

CHAPTER 7

Table 7.19: Results of the fit to the B’ — K*’eTe™ data candidates in the low ¢* bin from 0.1 GeV?/c* to

1.1 GeVz/cA‘, obtained from the samples with the selection on the constrained ¢?.

Si

N

+
Ncomb bkg

A/'+

N

N

e

sig part reco sig comb bkg part reco
Sy 46+11 94430 40+25 32411 106132 60127
Ss 37+11 107+£31 54426 42411 89134 49428
Sr 32410 118430 37425 48+11 74437 68132
Ss 48410 63+30 77428 29+11 135430 26+25
Arp 3449 108432 88+29 44412 89126 1621

Table 7.20: Results of the fit to the B® — K*°eTe™ data candidates in the central ¢ bin from 1.1 GeV?/c*
to 7.0 GeV?/c*, obtained from the samples with the selection on the constrained ¢2.

Si '/V:lrg N];E(g N;z;rt reco '/V;Tg l;l(g Np:art reco
Sy 82+18 555460 116450 1004+21  714+£70 217460
Ss 86420 582460 118450 95419 687470 214460
S 89419 646+70 178+50 93420 621460 156450
Sg 100+19 622+70 183+50 80+19  646+60 150450
Argp 94422 1016£80 228460 87+16 243450 114438
AS, S AS, s
— -~ SM — - SM
ASE -~ CF=-14 AS; — -~ CF=-14
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s s S
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Figure 7.22: Results of the measurement of the ASs, ASs, AS7, ASs, and AApp observables of the
B° - K*u* ™ and B® — K*%eTe™ decays in the low (left) and central (right) ¢ bins, compared to the

expected sensitivity described in Fig. The data points are shown in green.

7.4.1 Mass model and fit strategy

Systematic uncertainties are assigned according to one of the two procedures:

e An ensemble of pseudo-experiments is generated according to an alternative model and is then

fitted according to the nominal strategy;

e A different method is used to compute the observables of interest directly in data.

The first procedure can be used to probe different models for the signal and background

components in the mass fit, for example by replacing the DCB of the signal with a CB or the
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Table 7.21: Results of the S; measurement for the B® — K*%¢te™ decay in the low q2 bin. The relative
uncertainty of the measurement and the expected sensitivity based on pseudo-experiments are also shown.

S; Observable value Relative uncertainty Expected sensitivity
Sy 0.26+0.32 1.23 0.32
Ss —0.234+0.26 1.13 0.27
St —0.2440.26 1.08 0.26
Ss 0.38+0.31 0.82 0.33
Arp —0.1440.19 1.36 0.20

Table 7.22: Results of the S; measurement for the B® — K*Ce*e™ decay in the central ¢ bin. The relative
uncertainty of the measurement and the expected sensitivity based on pseudo-experiments are also shown.

S; Observable value Relative uncertainty Expected sensitivity
Sy —0.10+0.24 2.40 0.24
Ss 0.03£0.20 6.67 0.21
St —0.03£0.20 6.67 0.20
Ss 0.18%+0.24 1.33 0.24
App 0.01+0.15 15.00 0.15

exponential distribution of the combinatorial background with a linear distribution or a Chebyshev

polynomial.

In the mass fit to the B — K*%¢te~ data candidates, the shift of the mean and the scale factor
of the width of the mass template are obtained from a fit to the PV-constrained B° invariant mass
distribution of the B® —K*0.J/i) (—ete™) data candidates, under the implicit assumption that these
parameters have the same values for the rare and the resonant mode. A systematic uncertainty to
account for this choice can be determined by applying a Gaussian constraint on these two parameters
instead of fixing them in the mass fit. Another systematic uncertainty can be assigned to the fact
that the template for the partially reconstructed decays is obtained from simulation, in which a 2 : 1
combination of K;" and Kj(1430)* decays is used. Since the invariant mass differs from one K*
resonance to another, a systematic uncertainty can be assigned by considering different proportions
between K;~ and Kj(1430)". For each fraction, pseudo-experiments with the statistics observed in
data can be generated and then fitted using the default mass model. Alternatively, the template
for the partially reconstructed decays can be obtained directly from data, by applying the sPlot
technique |127] to the BT —K™nT 7=t~ sample. In addition, a systematic uncertainty due to
the mass template of the partially reconstructed decays and of the J/iy decays leaking to the central
q? region can be determined by modifying the kernel parameter of the non-parametric PDFs. In
the central ¢? bin, the yield of B® —K*0J/i) (—ete™) decays leaking to the central ¢ region is
partially obtained from simulation. A systematic uncertainty can be assigned by leaving this value

free to vary in the mass fit.

Another systematic uncertainty can be assigned due to the fact that in the fit to the data
some parameters are fixed to the values obtained from the simulation. One possible way to assign

a systematic uncertainty would be to generate pseudo-experiments with different values of these
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Table 7.23: Results of the measurement of the AS; observables in the low ¢ bin. The expected sensitivity
and the SM and NP predictions are also shown. The predictions for Sy and Arg have the opposite sign with
respect to the values reported in Section in order to correctly compare the experimental results to the
predicted values.

AS; Measurement SM NP Expected sensitivity
ASy 0.29 £0.34 0.010 0.039 0.20
ASs —0.49 +0.28 0.015 —0.034 0.17
ASr —0.29+0.27 0.000 0.000 0.18
ASs 0.40 £0.33 0.000 0.000 0.20
AArp —0.08 +0.20 —0.006 0.011 0.12

Table 7.24: Results of the measurement of the AS; observables in the central g> bin. The expected sensitivity
and the SM and NP predictions are also shown. The predictions for Ss and Apg have the opposite sign with
respect to the values reported in Section in order to correctly compare the experimental results to the
predicted values.

AS; Measurement SM NP Expected sensitivity
ASy 0.10+0.25 —0.001 —0.001 0.20
ASs 0.18+0.22 —0.002 —0.125 0.17
ASr —0.01+0.22 0.000 0.000 0.18
ASs 0.13£0.26 0.000 0.000 0.20
AApp 0.03 £0.16 0.001 0.101 0.12

parameters, generated according to their correlation matrix, and fit them with the default mass
template. The difference between results of the pseudo-experiments and nominal fit can be fitted
with a Gaussian function and a systematic uncertainty can be assigned as the linear sum of the
absolute value of the corresponding mean and width.

An additional source of systematic uncertainty comes from the fact that the double semileptonic
BY =D~ (=K*0~7,)¢{Tv, background is not taken into account in the mass fit and can be
determined by adding another component in the fit to the B — K*%ete~ data, based on the studies
in Section B.7.21

The A) —»pK~Jf)p (— €747) and A) —pK~ (70~ backgrounds are not included in the mass fit
to the B —K*0Jh) (— £T¢~) data candidates. This results in a systematic uncertainty that can
be evaluated by adding these components to the mass fit and by comparing the results with those of

the nominal fit.

7.4.2 Corrections to simulation

In addition to provide a template for the mass fit to the data samples, the simulation is used to
compute the efficiencies in Eq. and hence the values of the S; and AS; observables. Since the
simulation is corrected, a systematic uncertainty due to the applied corrections is assigned to the
measurement. The three corrections applied to the simulation are described in detail in Section
and consist in resampling the PID distributions of the simulated candidates and assigning a weight

and a correction factor to each event, the first to correct the modelling of the kinematics of the
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event and the second to correct the trigger efficiency. The PID correction affects which simulated
candidates pass the selection requirements, while the other two corrections modify the sum of the
weights that appears in the numerator of the efficiency.

Two systematic uncertainties can be assigned to the PID correction, one due to the limited size,
using bootstrapping [137], and another due to the modelling of the data calibration sample used to
determine the correction, using different kernel density estimations. The systematic uncertainty due
to the multidimensional reweighting can be evaluated by neglecting the corresponding weights in the
efficiency calculation. For the trigger efficiency correction, a systematic uncertainty can be assigned
by producing new weights based on the largest uncertainties seen in the correction tables and then
computing the corresponding efficiency.

It is important to note that, since the S; observables are computed from an asymmetry between
two mass fits, the only effects that are relevant in the evaluation of the systematic uncertainties
are those that are not symmetric in Sf and S; . The three corrections to the simulation samples
described here should modify in the same way the efficiency of the Si'" and S; categories. Therefore,
their systematic uncertainties are expected to be negligible compared to the statistical uncertainty

of the measurement.

7.5 Future prospects

The analysis described in this thesis is the first attempt at measuring the ASy, ASs, AS7, ASg, and
AApp observables of the B — K*%ete™ and B? — K*°ut i~ decays at LHCb. This measurement
opens the way to further measurements of angular observables, including the @; and D; angular
asymmetries, that will allow to probe NP effects involving LFU breaking between electrons and
muons.

The measurement shows that it is feasible to increase the upper bound of the central ¢? bin from
6.0 GeV?/c* to 7.0 GeV?/c* by adopting a novel selection based on the constrained ¢2. This allows
to increase the statistics available and to reduce the contamination from B® —K*0J/) (—ete™)
decays leaking in the central ¢ region.

As anticipated in Section [7-4] the evaluation of the systematic uncertainties of the S; and AS;
measurements is still ongoing and is expected to be completed in the next months. However, the
systematic uncertainties are expected to be small compared to the large statistical uncertainties. For
this reason, it would be advantageous to repeat the same measurement using the full LHC Run I
and Run II datasets collected by LHCb. With the increased statistics, a measurement of the angular
distribution of the decay products of the B — K*%ete™ decay similar to what was already done for
the muon mode [35] would also become realistic. This would allow to measure the P/ observables of
the electron mode and hence the @); angular asymmetries. The @); observables are expected to have
a larger sensitivity to NP effects compared to the AS; observables, as reported in Ref. [55]. Even if
the @Q; angular observables are not directly accessible using the counting method approach, the latter
would provide a strong cross-check of the full angular maximum likelihood fit, given its robustness
and stability. In addition, further measurements will greatly profit from this first measurement,
since the selection requirements, the corrections to the simulation, and the understanding of the
experimental challenges related to the reconstruction of electrons in LHCb can be addressed as

discussed in this work.
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Conclusions

“We do not know what the rules of the game are; all we are allowed to do is to watch the playing. Of
course, if we watch long enough, we may eventually catch on to a few of the rules. The rules of the

game are what we mean by fundamental physics.” — Richard P. Feynman

If one has to take the sentence above as reference, the measurements described in the first part of
this thesis focused on how physicists “watch the playing”, while the analysis presented in the second
part aimed at “catching on to a few of the rules”.

The first part of this work presented the test beam measurements performed in view of the
upgrade of the LHCb detector. These measurements aimed at characterising the performances of
prototype pT-on-n silicon microstrip sensors for the UT, the tracking detector that will replace
the TT after the Long Shutdown II. Irradiated and unirradiated sensors were tested at the SPS at
CERN and allowed to understand the performances of two key features of the proposed design. The
first feature is the presence of an embedded pitch adapter, that is, a second metallisation layer that
allows to adapt the 190 um pitch of the readout strips to the 80 um pitch of the input pads of the
readout electronics. Two different geometries of the embedded pitch adapter were compared to each
other in terms of radiation hardness, efficiency above the full depletion voltage, charge sharing, and
cross talk. An efficiency loss localised in the pitch adapter region was observed for the geometry
with metal traces and bond pads inside the active area of the sensor. Since this region is small
compared to the active area of the sensor, the inefficiency is negligible (at the per mille level) when
integrating over the whole sensor. Simulation studies confirmed this effect and showed that the
inefficiency can be significantly reduced by increasing the thickness of the silicon oxide layer between
readout strips and second metallisation layer. These changes were implemented in the final design
of the UT sensors. The second feature is the top-side biasing scheme, that is, the possibility to
propagate the high voltage to the backplane through the low-resistivity region of the bulk in the
periphery of the sensor. This choice simplifies the routing of the high voltage to the UT modules but
can induce a degradation in the signal performance, especially after irradiation. Since high voltage
instabilities were observed for the top-side biasing scheme, an improved design was proposed, in
which the routing lines are located further from the metal traces of the pitch adapter. The test

beam measurements allowed to finalise the design of the UT sensors and showed that the latter can

173



be operated for the expected run time of the UT.

The second part of this work presented the first measurement of the CP-averaged angular
observables Apg, S4, S5, S7, and Sg of the B — K*YeTe™ decay with the full LHC Run I dataset
collected by the LHCDb experiment. The differences between these observables and the corresponding
observables of the B — K*Ou% = decay were also measured. These differences are sensitive to
NP effects in the b— sfT¢~ transition and can deviate from zero if LFU breaking occurs. Their
measurement is particularly interesting given the tensions with respect to the SM predictions observed
in recent years in the P/ observable of the B — K*Ou* = decay |35] and in the branching fraction

ratios between muons and electrons, like R [33] and Rk~ [34]. In the measurement presented in
this thesis, a counting method approach derived from the symmetry properties of the CP-averaged
differential decay width of the BY —K*0 ¢/*¢~ decay was used to determine the values of the Apg,
Sy, S5, S7, and Sg observables. This procedure has the advantage of being robust even with limited
statistics and does not strongly rely on the knowledge of the angular distribution of the backgrounds.
The measurement required a good understanding of the reconstruction effects of electrons and muons
in the LHCDb detector, which is helpful in view of future measurements of the same type. The angular
observables were measured in two regions of ¢%: in the low ¢? region from 0.1 GeV?/c* to 1.1 GeV?/c?
and in the central ¢ region from 1.1 GeV?/c* to 7.0GeV?/ct. While previous measurements at
LHCb [34] considered an upper bound of the central ¢? region of 6.0 GeV?/c*, the adoption of a
novel selection in this measurement allowed to extend the central g2 region up to 7.0 GeV?/c?, with a
consequent significant increase in the statistics available. This was achieved by applying a combined
selection in the normal ¢ and in the constrained ¢2. The latter was obtained by constraining
the mass of the BY candidate to the nominal mass of the B® meson. This additional requirement
suppressed the contamination from B® —K*0J/i) (—ete™) decays leaking in the central ¢ region.
This study also showed that it is feasible to increase the lower bound of the low ¢? region from
0.045 GeV?/c*, as in previous LHCb measurements [34], to 0.1 GeV?/c*. This is preferred because it
allows to easily compare measurements with muons and electrons in the final state, since both leptons
can be considered massless above this threshold. The results of the measurement are compatible
with the SM predictions and are dominated by the statistical uncertainties. For this reason, it
would be advantageous to repeat the measurement including the LHC Run II data. The increased
statistics will also allow to perform a full angular maximum likelihood fit of the B® — K*Vete~
decay, similarly to what done in Ref. |35] for the muon mode. In view of this measurement, the
counting method approach would offer a strong cross-check, given its robustness. With the statistics
collected in the LHC Run I and Run II, a measurement of the @; and D; observables would become
feasible at LHCD, thus allowing to extend our knowledge on potential NP effects that violate LFU

and hopefully shading some light on the intriguing anomalies observed in recent years.
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APPENDIX A

Uniform classifiers

This appendix provides some additional details on the uniform classifiers described in Chapter [6} In
particular, the ROC curve of the uniform classifiers is shown in Fig. while Fig. shows the
classifier response for the training and testing samples of signal and background. The efficiency as a
function of the uniform variables is shown in Fig. [A73 for the classifiers with uniformity along the

B invariant mass only and in Fig. for the classifiers with uniformity along the B° invariant

mass and the decay angles 0,, 05, and ¢.
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Figure A.1: ROC curve of the uBoost (left), UGBknnAda (center), and UGBFlatnessLoss (right) uniform
classifiers with uniformity along the B° invariant mass only (top) and along the B® invariant mass and the

decay angles 0, 0k, and ¢ (bottom).
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Figure A.3: Efficiency as a function of the B° invariant mass on the background (left) and signal (right)
samples for the uBoost (top), UGBknnAda (middle), and UGBFlatnessLoss (bottom) uniform classifiers with

uniformity along the B° invariant mass.
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Figure A.4: Efficiency as a function of the B° invariant mass on the background (left) and signal (right)
samples for the uBoost (top), UGBknnAda (middle), and UGBFlatnessLoss (bottom) uniform classifiers with
uniformity along the B° invariant mass and the decay angles 0y, O, and ¢.
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