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Abstract

The LHCb detector is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < n < 5, designed to search for indirect evidence of New Physics in
CP violation and rare decays of beauty and charm hadrons. The unique geometry
takes advantage of the large b and ¢ quark production in the forward region at
the LHC. The detector includes a high granularity silicon-strip vertex detector,
a silicon-strip detector upstream of the magnet and three stations of silicon-strip
detectors and straw drift tubes downstream of the magnet.

This thesis is divided into two main parts. The first part details the devel-
opment of improved algorithms to perform track reconstruction using the sub-
detectors upstream of the LHCb magnet. A novel idea to perform upstream
tracking as an intermediate step of the track reconstruction sequence was inves-
tigated. The vast gains in tracking performance obtained when using upstream
tracks led to the algorithm being adopted into the default reconstruction sequence
for the LHCDb Upgrade. It will play an important role in allowing LHCb to become
the first hadron collider experiment to operate a software-only trigger at the full
event rate. Following the success of upstream tracking for the Upgrade scenario,
a similar strategy was developed for LHCb Run 2. The resulting algorithm was
included in the tracking sequence in the first stage of the software trigger, greatly
improving the signal efficiency for charm physics and allowing lifetime unbiased
triggers for hadronic final states for the first time.

The second part of this thesis describes the measurements of the differential
branching fraction and angular moments of the decay B® — K*7~u*u~ in the
K 5(1430)° region. Proton-proton collision data are used, corresponding to an
integrated luminosity of 3fb™" collected by the LHCb experiment. Differential
branching fraction measurements are reported in five bins of the invariant mass
squared of the dimuon system, ¢*, between 0.1 and 8.0 GeV?/¢*. For the first time,
an angular analysis that is sensitive to the S-, P- and D-wave contributions of this
rare decay is performed. The set of 40 normalised angular moments describing
the decay is presented for the ¢? range 1.1-6.0 GeV?/¢*.



Zusammenfassung

Der LHCb Detektor ist ein einarmiges Magnetspektrometer, welches den Pseudo-
rapiditatsbereich 2 < n < 5 abdeckt und fiir die Suche nach indirekten Anzeichen
neuer Physik in CP verletzenden und seltenen Zerféllen optimiert ist. Die beson-
dere Geometrie des Detektors nutzt den groflen Wirkungsquerschnitt fiir die Pro-
duktion von b und ¢ Quarks in der Vorwértsrichtung am LHC besonders gut aus.
Ein wichtiger Teil des Detektors dient der Rekonstruktion der Spuren und Im-
pulse geladener Teilchen und besteht aus einem hochauflosenden Siliziumstreifen-
Vertexdetektor, einem Siliziumstreifen-Spurdetektor vor dem Spektrometermag-
neten und drei Spurdetektoren aus Siliziumstreifen und Driftréhrchen hinter dem
Magneten.

Diese Arbeit besteht aus zwei Hauptteilen. Der erste Teil der Arbeit be-
handelt die Entwicklung verbesserter Algorithmen zur Rekonstruktion der Tra-
jektorien geladener Teilchen in den Spurdetektoren vor dem Magneten. Ein
neuartiger Ansatz wurde entwickelt, der die Rekonstruktion von Spursegmenten
vor dem Magneten als Zwischenschritt in der Spurrekonstruktion benutzt. Es
wurde demonstriert, dass dieser Ansatz eine deutliche Verbesserung in der Leis-
tungsstarke der Spurrekonstruktion ermoglicht, und dieser Ansatz wurde da-
raufthin als fester Bestandteil in die Rekonstruktionssequenz fiir den LHCb Up-
grade integriert. Er wird einen wichtigen Beitrag dazu leisten, dass LHCb als
erstes Experiment an einem Hadronen-Beschleunigerring in der Lage sein wird,
die Datenselektion ausschliesslich auf Softwarealgorithmen beruhen zu lassen,
welche die Daten mit der vollen Ereignisrate des Beschleunigers verarbeiten wer-
den konnen. Aufbauend auf der erfolgreichen Entwicklung dieses Algorithmus
fiir den LHCb Upgrade wurde eine analoge Strategie fiir die momentan laufende
zweite Datennahmeperiode des LHCb Experiments entwickelt. Der resultierende
Algorithmus wurde erfolreich in die Rekonstruktionssequenz im ersten Niveau der
Software-Triggerselektion integriert, was zu einer signifikanten Verbesserung der
Signaleffizienz fiir Charmphysik gefiihrt hat und es zum ersten Mal ermdglicht hat,
Selektionen fiir Zerfalle in rein hadronische Endzustidnde zu entwickeln, welche
keine Verzerrung der Verteilung der Zerfallszeiten verursachen.

Der zweite Teil dieser Arbeit beschreibt die Messung des differenziellen
Verzweigungsverhaltnisses und der Momente der Winkelverteilungen fiir den Zer-
fall B — K+~ p"p~ in der Region der K ,(1430)°-Resonanzen. Die Analyse



basiert auf den Daten von Proton-Proton Kollisionen im Umfang einer integri-
erten Luminositit von 3fb~!, welche vom LHCb Experiment gesammelt wurden.
Differenzielle Verzweigungsverhaltnisse wurden in fiinf Intervallen der quadrierten
invarianten Masse ¢* des Zwei-Miionen-Systems zwischen 0.1 and 8.0 GeV?/c? bes-
timmt. Zum ersten Mal wurde eine Analyse der Winkelverteilungen in diesem sel-
ten Zerfall durchgefiihrt, welche auf Beitrage von S-, P- and D-Wellen sensitiv ist.
Der komplette Satz der 40 normalisierten Momente, welche die Winkelverteilung in
diesem Zerfall beschreiben, wurde fiir den ¢*-Bereich 1.1-6.0 GeV?/¢* bestimmt.
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1 Introduction

Particle physics is the study of the basic constituents of matter and their inter-
actions, and aims to describe the fundamental laws governing the nature of the
physical universe. It is a vast, diverse field encompassing both theoretical and
experimental communities.

This thesis will focus on the LHCb experiment, situated at the Large Hadron
Collider (LHC) at CERN. The LHC is the world’s largest and most powerful
particle accelerator and represents the forefront of experimental particle physics
research. LHCD is one of several detector experiments designed to study the debris
produced by the colliding beams of particles.

Chapter 2 provides a theoretical motivation for the experimental studies pre-
sented in later chapters. A brief introduction to the framework of modern particle
physics is given, followed by a description of the properties of the decays of rare
B mesons.

Chapter 3 describes the LHCDb experiment, both current and future, with em-
phasis given to the tracking sub-detectors and trigger system.

Chapter 4 introduces track reconstruction in LHCb. A description of each of
the tracking algorithms employed during LHCb Run 1 is provided, along with an
explanation of how tracking performance is characterised.

Chapter 5 details the development of an improved upstream tracking algorithm
for use in the reconstruction sequence of the LHCb Upgrade trigger. The motiva-
tion and initial performance are given, followed by a comprehensive description of
the improvements made to the algorithm and the subsequent gains in performance.

Chapter 6 describes how the upstream tracking algorithm was subsequently
adapted for use in the reconstruction sequence of the LHCb Run 2 trigger and the
improvements in performance achieved.

Chapter 7 describes the measurements of the differential branching fraction
and angular moments of the decay B — K*r~u*pu~ in the KS’2(1430)0 region.
The dataset used has been collected by the LHCb experiment in pp collisions at
centre of mass energies of 7 and 8 TeV, corresponding to an integrated luminosity
of 3fb™".

10



2 Theoretical overview

2.1 The Standard Model of particle physics

The Standard Model (SM) of particle physics incorporates the Glashow-Weinberg-
Salam theory of the electroweak interaction and quantum chromodynamics. It
describes our current understanding of elementary particles and their interactions.
While this chapter briefly describes the most relevant aspects of the SM for this
thesis, a more complete description can be found in e.g. Refs. [1, 2, 3].

Elementary particles can be divided into two categories: fermions, with half
integer spin, and bosons, with integer spin. The SM fermions consist of quarks
and leptons and are often referred to as matter. The properties of the twelve
SM fermions are shown in Table 1. The SM bosons mediate the fundamental
interactions between the fermions and amongst themselves. The properties of the
SM bosons are shown in Table 2.

The SM is formulated within the framework of Quantum Field Theory (QFT)
where the fermions and bosons are represented by quantum fields. The dynamics

of the SM particles are described by the SM Lagrangian,

Lsy = Lew + Locp + Liiggs (2.1)

which is invariant under local transformations of the gauge group SU(3)s X

SU(2)r x U(1l)y. The requirement of local gauge symmetry gives rise to gauge

Table 1: Properties of the quarks and leptons in the SM. The particle masses are
taken from Ref. [4].

Quarks Leptons
Flavour Mass [MeV/c?] Charge Flavour Mass [MeV/c?]  Charge
u 2.3191 +2/3 Ve <2x107° 0
d 4.870% ~1/3 e 0.510998928(11)  —1
c 1275 £ 25 +2/3 v, < 0.19 0
s 95+ 5 —1/3 i 105.6583715(35) -1
t (16079) x 103> +2/3 v, <182 0
b 4180 + 30 ~1/3 T 1776.86(12) ~1

11



Table 2: Properties of the bosons in the SM. The particle masses are taken from

Ref. [4].

Boson Mass [GeV/c?)] Charge Spin

g 0 0 1
w#* 80.385 £ 0.015 +1 1
Z 91.187 £+ 0.0021 0 1
vy 0 0 1
H 125.09 £ 0.24 0 0

bosons corresponding to each of the symmetry groups. The SU(3)s group intro-
duces eight gluons, g, and represents the symmetry group of the strong interac-
tion, resulting in the conservation of color charge, C. The SU(2), x U(1)y group
introduces the W+, Z and v bosons, and represents the symmetry group of the
electroweak interaction, resulting in the conservation of weak isospin, 7', and weak
hypercharge, Y.

The SU(2), x U(1)y symmetry is spontaneously broken by the Higgs field into
the electromagnetic and weak interactions. This mechanism also generates the
masses for the W* and Z bosons. The quarks and leptons obtain their masses
via Yukawa couplings to the Higgs field. The fact that the Yukawa couplings are
not diagonal generates the quark mixing described in Sec. 2.2. The Higgs boson,
H° was the final particle of the SM to be discovered when it was confirmed in
2012 [5, 6].

2.2 Flavour violation in the SM

When only the three lightest quarks (u, d, s) were known, Cabibbo [7] proposed a
mechanism to explain the observed rates of semileptonic processes. Vertices of the
type d— u 4+ W™ were given a factor cos ¢, while those of the type s— u+ W~
were given a factor sin f¢, where - ~ 13° is the Cabibbo angle. This mechanism
was found to be very successful in describing many decay rates but there was a
problem: it allowed the K° meson to decay into a utpu~ pair. The amplitude of
this process should be proportional to sinfs cos 6 but the calculated rate was
much greater than the experimental limit.

A solution was proposed by Glashow, Iliopoulos and Maini (GIM) [8] who

12
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Figure 1: Feynman diagrams contributing to the decay K°— p*pu~. The ampli-
tude for each diagram is proportional to the product of the coupling at each vertex:
(a) sinf¢ cosbc, (b) —sin O cosfc. The total amplitude is found by summing the
two contributions.

introduced the fourth quark, ¢, with vertex couplings of —sinf¢ and cosf¢ for
d— ¢+ W~ and s — ¢+ W~ transitions respectively. This was several years
before the ¢ quark was observed experimentally [9, 10]. According to the GIM
mechanism, the diagram for the decay K° — utu~ in Fig. la is almost exactly
cancelled by the corresponding diagram in Fig. 1b with a virtual ¢ quark replacing
the u. The small rate that remains is due to the differences in the masses of the
u quark and the ¢ quark.

In the Cabibbo-GIM scheme, it can be intepreted that the W does not couple
to the mass eigenstates d and s but instead to the weak eigenstates d’ and s', given

by

d =dcosOc + ssinfo, s = —dsinfc + scoslc (2.2)

or in ‘Cabibbo matrix’ form

(d’) _ cqs O sinfo (d) (2.3)
s —sinfo cosfc ) \s

Even before the discovery of the ¢ quark, Kobayaski and Maskawa [11] had
generalised the Cabibbo-GIM scheme to incorporate three generations of quarks.
This was motivated by the desire to explain CP violation within the Cabibbo-GIM
scheme, which was not possible with only two generations. The weak eigenstates

are related to the mass eigenstates through the CKM matrix

13
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where each matrix element, V;;, specifies the coupling of ¢ to j. The additional
generation of quarks increases the number of free parameters from one (6¢) to
four: three ‘generalised Cabibbo angles’ (612, 023, 013) and a complex phase 0.

This complex phase generates CP violation in the quark sector.

2.3 Beyond the SM

Despite its considerable success in predicting cross-sections of interaction processes
with great accuracy, the SM is not without its limitations, some of which are

outlined below

4 Gravity, the fourth fundamental force, is not incorporated in the SM. How-
ever, this is not specific to the SM as there is no consensus on how to include

gravity in a QFT.

4 The SM has 19 free parameters: the 9 fermion masses, the 4 parameters of
the CKM matrix, 3 gauge coupling constants, the Higgs vacuum expectation

value v, the Higgs quartic coupling A and the QCD 6 parameter.

4 Dark matter, which is believed to be five times as abundant as ordinary
matter, is not accounted for in the SM [12, 13].

4 The amount of CP violation predicted by the SM is ten orders of magnitude
lower than what is needed to account for the observed matter-antimatter
asymmetry in the Universe, assuming matter and antimatter were created

in equal amounts in the Big Bang [14].

4 The measured mass of the Higgs boson implies a large cancellation between
the bare mass and quantum corrections. The nature of a mechanism that

could provide a natural cancellation of these corrections is unknown.

These limitations have led physicists to look for extensions to the SM in the form
of New Physics (NP) models. Such NP models often predict new particles that

may contribute to, and therefore modify, flavour-changing processes in the SM.

14
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Figure 2: Feynman diagrams for the FCNC transition b— s¢*¢~: in the SM (a,b)
and in possible NP scenarios [15, 16, 17] (c,d).

2.4 Rare decays of B mesons

Flavour-changing neutral current (FCNC) transitions are forbidden at tree level
in the SM. They are rare processes that occur via loop and box diagrams, making
them an ideal place to perform a search for NP. Rare decays of B mesons, such as
those containing a b— s¢*¢~ transition, can have sizeable NP contributions that
are not swamped by the competing SM process.

By studying the properties of FCNC processes it is possible to perform model
independent searches sensitive to a wide range of NP models. Feyman diagrams for
the b— s¢T¢~ transition, both in the SM and in possible NP scenarios [15, 16, 17],
are shown Fig. 2. New particles can modify the dynamics of a decay: changing
the branching fraction or the kinematic distribution of the final state particles.
By comparing the SM prediction of observables with experimental measurements,
the flavour structure of NP models can be probed. The theoretical framework
used to interpret flavour physics measurements in a model independent way is the
so-called Operator Product Expansion (OPE) [18].

15
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Figure 3: Feynman diagrams for S-decay in the (a) effective theory and (b) full
theory.

In the OPE approach, all degrees of freedom above a given energy scale, A,
are integrated out. This is valid as long as A is much larger than the energy scale
of the decay, p, which for the study of B mesons is O(m;). This formalism is
analogous to Fermi’s effective theory of weak decay in which the full theory is
reduced to a four point interaction, as shown in Fig. 3 for S-decay.

In the SM, the effective Hamiltonian describing b — s¢*¢~ decays can be

written as

He = —%thmz S IGO0 1) + €O} (2.5)

where G is the Fermi constant and V;; are CKM matrix elements. The complex
Wilson coefficients, C;, incorporate the short distance (high energy) contributions.
For each Wilson coefficient, there is a local operator O; which incorporates the
long distance (low energy) contributions. The primed operators represent the
right-handed currents, which are highly suppressed in the SM. The advantage of
the OPE approach is that the Wilson coefficients are independent of the underlying
process and can include contributions from NP.

For b — s¢*¢~ decays, the dominant contributions in the SM arise from the

following operators [19]

16
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where Ppr = (1 F v5)/2 are the left- and right-handed projection operators.

The operator O is the electromagnetic operator corresponding to the emission

of a photon. The vector and axial-vector operators, Oy and O;q, describe the Z

penguin and W box diagrams. The operators Og and Op represent scalar and

pseudoscalar operators.
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3 The LHCb experiment

3.1 LHC

The Large Hadron Collider (LHC) at the European Organization for Nuclear Re-
search (CERN) is a particle accelerator designed to collide protons at a center-of-
mass energy (y/s) of 14 TeV [20]. It has a peak design (instantaneous) luminosity
of £ =103 ecm~2s~! for proton operation. It is also used to accelerate heavy ions.
The accelerator complex at CERN is shown in Fig. 4. The four main experiments
on the LHC are ATLAS, CMS, LHCb and ALICE. ATLAS and CMS are both
multipurpose experiments, while ALICE is used for the study of heavy ion colli-
sions. The present thesis concerns the LHCb experiment, of which an overview of

the goals and design of the experiment is given below.

LHC

LHCD

SPS

neutrinos
TI2

ATLAS CNGLS

ERlEE Gran Sasso

TT60

AD

el  EESEREEm

BOOSTER

ISOLDE

East Area

n-ToF
2007 |

LINAC 2

neutrons

Leir

LINAC 3
lons

» ion » neutrons » P (antiproton) —— /antiproton conversion  » neutrinos  » electron

LHC Large Hadron Collider SPS  Super Proton Synchrotron PSS Proton Synchrotron

AD Antiproton Decelerator CTF=3 Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  ISOLDE  Isotope Separator OnLine DEvice
LEIR Low Energylon Ring LINAC LINear ACcelerator n-TorF Neutrons Time Of Flight

Figure 4: Schematic view of the CERN accelerator complex.

18



3.2 LHCDb

The LHCb experiment is a dedicated heavy flavour experiment with the primary
goal of searching for indirect evidence of NP in CP violation and rare decays
of beauty and charm hadrons [21]. During Run 1 of the LHC (2010-2013), the
LHCb experiment took data at center-of-mass energies of /s = 7-8 TeV. Due
to the large beauty and charm production cross-sections provided by the LHC,
the LHCDb experiment was able to collect ~10? heavy flavour decays during data
taking in 2011 and 2012 [22].

The data used for physics analysis in Chapter 7 was collected in 2011 and 2012.
In 2011, the center-of-mass energy was 7TeV and the majority of the data was
taken at a instantaneous luminosity of 3.5 x 1032cm~2s!. In 2012, the center-
of-mass energy was increased to 8 TeV and the data was taken at a instantaneous

2571, This corresponds to an integrated luminosity of

luminosity of 4 x 1032 cm™
1fb~" in 2011 and 2fb~" in 2012.

The LHCb detector is a single arm forward spectrometer that covers a pseudo-
rapidity range of 2 < 1 < 5. The layout of the LHCb detector, shown schematically
in Fig. 5, is motivated by the physics of b quark production at the LHC. The
leading-order production processes for bb pairs in pp collisions are gluon-gluon
fusion and quark-antiquark annihilation, as illustrated in Fig. 6. In the high
energy collisions present at the LHC, the bb pairs tend to be produced in the same
forward or backward cone, shown in Fig. 7. Therefore, due to its unique geometry,
LHCb is able to detect ~ 40% of the heavy quark pairs despite covering only ~ 4%
of the total solid angle.

The following requirements are crucial in order to fulfil the LHCb physics pro-
gramme: efficient, robust and flexible triggering on a variety of different final
states, excellent tracking (momentum, impact parameter (IP) and primary vertex
(PV) resolution), precise decay time resolution and excellent particle identifica-
tion. The importance of each of these requirements are discussed in detail in the

following sections.

3.2.1 Dipole magnet

A warm dipole magnet [24] is used in order to allow a measurement of the mo-
mentum of charged particles in the forward acceptance of +250 mrad vertically

and +300 mrad horizontally. It provides an integrated magnetic field of 4 Tm for

19



"1039999P qOH'T 9Y3 JO MOIA DIJRWRDS ¢ 2In3I1]

sn YN

IL

€L
= N IN  zHOI™Y 1pudeN

2\ Sd/dds
VoA

TVOH

20



(a) (b)

Figure 6: Feynman diagrams of the leading-order production processes for bb
pairs in proton-proton collisions. These are (a) gluon-gluon fusion and (b) quark-
antiquark annihilation [23].

LHCb MC

Vs =8 TeV

0, [rad] ™2

T 0, [rad]

Figure 7: The angular distribution of bb pairs in terms of the polar angle from the
beam axis. The red area shows the acceptance of the LHCb detector.

tracks of 10 m in length. The g-component of the magnetic field, B,, as a function
of z is shown in Fig. 8. The location of the tracking sub-detectors, described in
Sec. 3.2.2, are also shown. The polarity of the magnetic field is changed regularly

in order to be able to control possible detection asymmetries.

3.2.2 Tracking system

The trajectories of charged particles traversing the LHCb detector are recon-
structed using a dedicated tracking system. The tracking system consists of a

high granularity vertex detector surrounding the pp interaction region, a large

21
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Figure 8: The strength of the main component of the magnetic field, B,, as a
function of z. The location of the tracking sub-detectors are shown.

area silicon-strip detector located upstream of the magnet, and three stations of
silicon-strip detectors and straw drift tubes placed downstream of the magnet. By
determining the deflection of the charged particles that have passed through the
magnetic field their momentum can be measured.

The Vertex Locator (VELO) [25, 26] is a silicon microstrip detector that pro-
vides measurements of track coordinates close to the pp interaction region. These
precision measurements are used to identify both the primary interaction vertices
and the displaced secondary vertices of the decays of b and ¢ hadrons. The detector
consists of 42 silicon micro-strip stations with r-¢ geometry, shown schematically
in Fig. 9. It has two retractable halves which are opened and closed during each
LHC fill. When closed, the sensors are positioned only 7 mm from the LHC beam.
This is essential in achieving precise IP measurements.

The Silicon Tracker (ST) consists of two silicon microstrip detectors: the
Tracker Turicensis' (TT) [27] and the Inner Tracker (IT) [28]. The TT is lo-
cated upstream of the magnet and covers the full acceptance of the experiment.
The IT is located downstream of the magnet and covers a cross-shaped region at
the center of the three tracking stations. Each ST station contains four layers with
a r-u-v-x layout such that the u and v layers are tilted by £ 5° with respect to the

vertical. The inclined layers allow stereo measurements to be made. A schematic

'Formerly known as the Trigger Tracker.
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Figure 9: Schematic view of the VELO detector.

view of the T'T sub-detector is shown in Fig. 10. As the beampipe passes through
the TT there is a square hole at the center of the detector which reduces its ac-
ceptance. The square hole has a width of 7.7 cm at the first TT sub-station (TTa)
and 8.0 cm at the second (TTh).

The Outer Tracker (OT) [29, 30, 22] is a drift-time detector made up of arrays
of individual straw-tube modules. The modules each contain two staggered layers
of drift-tubes of 4.9mm in diameter. They are filled with a mixture of Argon
(70%), COy (28.5%) and O (1.5%), which provides both fast drift times and
sufficient drift-coordinate resolution. The detector consists of three stations each
with four layers arranged with a z-u-v-x layout such that the u and v layers are
tilted by 4 5° with respect to the vertical.

The track reconstruction efficiency can be defined as the probability that the
trajectory of a charged particle that has passed through the full tracking system
is reconstructed. This can be measured in data using a tag-and-probe method

with J/ — pp~ decays [31]. One of the daughters is fully reconstructed (tag),
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Figure 10: Schematic view of the T'T sub-detector geometry. The different colours
indicate the number of sensors that are wire bonded together in the y direction.

while the other is only partially (probe). The efficiency can then be measured by
matching the probe track to a fully reconstructed track. The average efficiency is
found to be over 95% and is only slightly affected in high multiplicity events [31].

The momentum resolution for tracks passing through the full tracking system
can be measured in data using J/p — ptp~ decays. The relative momentum
resolution, dp/p, is found to be between 0.4% - 0.6% for tracks up to 100 GeV/c [22].
The mass resolution is determined from data by studying the J/i, 1(2S), T and
Z resonances. The relative mass resolution, o,,/m, is found to be about 5 per
mille up to the T masses [22].

Precise vertex resolution is important to allow the separation of primary and
secondary decay vertices. The primary vertex resolution depends strongly on the
number of tracks used to form it. It can be measured in data in an event-by-event
manner by randomly splitting the track sample in two and reconstructing the PV
using each independent set of tracks. In 2011 data, a 25-track vertex was found

to have a resolution of 13 um in z and y and 71 um in z [22].
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While the reconstructed decay time of charm and beauty hadrons is used in
offline selections and for precise measurements of lifetimes, the most stringent
requirement on the decay time resolution originates from the need to resolve the
fast B%-BY oscillations in mixing. The decay time resolution is topology dependent
and is calibrated in data for each final state using prompt combinations that
fake the signal candidates. The shape of the prompt decay time distribution is
determined only by the resolution function. The typical decay time resolution is
45 fs for a 4-track vertex [22].

3.2.3 Particle identification

Excellent particle identification (PID) is a crucial requirement for LHCb. Charged
particle identfication is important to be able to distinguish specific final states
from those with otherwise identical topologies and to perform b quark flavour
tagging. Detecting photons is essential to allow the reconstruction of rare radiative
decays. As muons are present in the final state of many CP-sensitive decays,
such as BY — JAp ¢, and rare decays, such as BY — pp~, their triggering and
identification are of fundamental importance.

The LHCb detector has several specific systems in order to perform the various
particle identification tasks. The primary goal of the RICH system [27, 32] is the
identification of charged hadrons (m, K, p). This is achieved by exploiting the
Cherenkov effect by which a charged particle travelling in a medium will emit
Cherenkov radiation whenever the velocity of the particle exceeds the velocity of
light in that medium. The cone of light will be emitted at a particular angle (6.)
relative to the particle path. RICH detectors use a combination of spherical and
flat mirrors to focus the cone of light into a ring. This ring is then projected onto
an array of photodetectors. The Cherenkov angle (.) can be determined from
the radius of the ring. The velocity of the particle is found from 6..> Combining
this velocity with the momentum measured by the tracking systems allows the
determination of the particle mass and, therefore, the type of particle.

In the forward region covered by the LHCb experiment, there is a strong an-
ticorrelation between polar angle and momentum. Due to this, the RICH system
consists of two detectors. The detector upstream of the magnet, RICH1, covers

the low and intermediate momentum region 2-40 GeV/c for the full angular accep-

2cos 6, = n—lﬁ where 8 = ¢ and n is the refractive index of the medium.
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Figure 11: Cherenkov angle versus particle momentum for the three gas radiators
used in the RICH system.

tance 15-300 mrad. The downstream detector, RICH2, covers the high momentum
region 15-100 GeV/c over a reduced angular acceptance 15-120 mrad. During Run
1, RICH1 contained aerogel and C,F;, as gas radiators while RICH2 contained
CF,.? The relationship between Cherekov angle and particle momentum is shown
in Fig. 11 for each of the three radiators.

The calorimeter system [33] is used both to identify and to measure the posi-
tion and energy of photons, electrons and hadrons. It consists of a Scintillating
Pad Detector (SPD), a Preshower (PS), an electromagnetic calorimeter (ECAL)
and a hadronic calorimeter (HCAL). The ECAL is a scintillator/lead sampling
calorimeter with an energy resolution of op/vE = 1% + 10%/vE. The HCAL is
a scintillator /iron sampling calorimeter with an energy resolution of approximately
op/VE ~70%/VE.

The muon system [34, 35, 36, 37] is used to identify muons and consists of
five stations. The first station, M1, is located upstream of the calorimeters and
uses triple Gas Electron Multiplier (GEM) detectors. The remaining four sta-
tions, M2-M5, located downstream of the calorimeters use Multiwire Proportional
Chambers (MWPC) which are interleaved with 80 cm thick iron absorbers to select
penetrating muons.

For a given particle hypothesis (K, m, u, p), a combined, overall likelihood

is obtained using information from the RICH detectors, the calorimeters and the

3The aerogel was removed during Long Shutdown 1 (2013-2015).
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muon system. The variable commonly used for PID selection requirements is the
delta log likelihood (DLL), for example,

DLLg, = log(Lk) — log(Ly) (3.1)

where L is the likelihood that the particle is a kaon and L, is the likelihood that

the particle is a pion.

3.2.4 'Trigger system

The LHCD trigger system [38, 39] plays an important role in selecting signal events
and reducing the data rate to disk. T'wo key signatures of the decays of beauty and
charm hadrons are large invariant masses and large lifetimes with respect to light
unflavoured particles. The large invariant masses result in the daughter particles
having significant transverse momentum with respect to the beam axis (pr). The
large lifetimes lead to the daughter particles having a large IP with respect to the
primary vertex. Several key channels also contain muons in the final state.

The trigger system consists of two stages: a hardware trigger (L0) followed
by a high-level trigger implemented in software (HLT). The trigger scheme used
in 2012 data taking is shown in Fig. 12a. The LO trigger reduces the event rate
from the rate of visible interactions at ~13MHz to 1 MHz at which the LHCb
detector can be read out. Therefore, a decision based on information from the
muon systems and calorimeters needs to be reached in less than 4 us. Events that
contain high pr muons or large transverse energy deposits in either calorimeter
are selected by LO.

In the first stage of the software trigger (HLT1), a partial event reconstruction
is performed due to the limitations of the available computing power. The HLT is
implemented in a online computing farm containing around 29 000 logical cores,
giving it approximately 30 ms to process each event [40]. In order to reduce the
execution time of the reconstruction sequence, only VELO track segments that
either have a large IP with respect to the primary vertex or are matched to hits
in the muon stations are extrapolated into the main tracking system.* The event
is selected if a good quality track with a large pr is found, further reducing the
event rate to 70 kHz.

41t should be noted that the IP requirements bias the observable lifetime distributions for
fully hadronic b hadron decays.
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Figure 12: The trigger schemes used for (a) 2012 and (b) 2015 data taking.

Events selected by HLT1 are passed to the second stage of the software trigger
(HLT2). In this stage, all tracks with a minimum pr greater than 300 MeV/c are
reconstructed without any requirement on IP or matched muon hits. A combi-
nation of exclusive and inclusive selections are used to reduce the event rate to
5kHz, which is written to disk. The inclusive selection of heavy flavour decays
with hadrons in the final state is performed by a “topological” algorithm contain-
ing a multivariate classifier that identifies b hadron decays with two-, three- and

four-track vertices [41, 42].

3.3 LHCb Run 2

During Run 2 of the LHC (2015-2018), the LHCb experiment has been taking
data at an increased center-of-mass energy of /s = 13TeV. The bunch spacing
has also changed from 50 ns to the design value of 25 ns. With these conditions the

2

same instantaneous luminosity of 4 x 1032 cm=2s7! as for 2012 data taking can be

achieved with a lower pile-up. The online computing farm will also be upgraded

28



to include a 5 PB disk buffer.

The software trigger used in Run 1 contained only a simplified track reconstruc-
tion sequence with respect to the one used in the full offline event reconstruction.
Furthermore, only a preliminary alignment and calibration of the detector was
available and no information from the RICH system was used. For Run 2, the
trigger system was redesigned with two key objectives: to enable the full offline
event reconstruction to be performed within the trigger and to achieve the same
alignment and calibration quality at the trigger level as could be achieved offline
during Run 1 [43]. These two features allow physics analyses to be performed
directly on the output of the software trigger [44].

The trigger scheme used in 2015 data taking is shown in Fig. 12b. Following the
hardware stage and a partial event reconstruction, selected events are buffered to
disk. The automatic alignment and calibration procedure is then performed [45].
Once the detector is aligned and calibrated, the full offline-like event reconstruction
is performed. With the full information available, including PID from the RICH
system, a wide range of inclusive and exclusive selections can be performed in
order to trigger the event.

With the offline quality event reconstruction achieved in the new trigger
scheme, it is also possible to only write out the information of the signal can-
didates [44]. This leads to a large saving in storage space (~ 90%) and is ideal for
the analysis of channels with high yields that would previously have been heavily
pre-scaled. It also allows rapid turn-around from data taking to analysis on the
order of a few weeks [46, 47]. However, this trigger scheme requires careful plan-
ning of the selection criteria in order to not leave out potential interesting physics

cases.

3.4 LHCDb Upgrade

The LHCb experiment will undergo an upgrade during Long Shutdown 2 (2018-
2019) to allow data taking at /s = 14 TeV with an instantaneous luminosity of
2 x 10%3em~2s7! [48, 49]. The upgraded detector will collect at least 5fb™" a year
over 10 years of operation.

Two key features of the LHCb Upgrade are the following: a trigger-less readout
system and a full software trigger [50]. With the current experiment the collision

rate must be reduced to the readout rate of 1 MHz. This is achieved using basic in-
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Figure 13: The trigger yield as a function of instantaneous luminosity for different
decays of B mesons [48].

formation from the calorimeters and muon system as described in Sec. 3.2.4. The
largest inefficiencies in the trigger chain, especially for purely hadronic decays,
occur at this stage. Furthermore, this constraint inhibits the operation of the de-
tector at higher instantaneous luminosities as trigger yields for hadronic channels
would saturate, as shown in Fig. 13. Removing this bottleneck by implementing
a trigger-less readout system will allow the full rate of visible interactions to be
processed by a purely software trigger. This trigger will offer great flexibility and
improve the trigger efficiency significantly for a number of physics channels.

In order to incorporate a trigger-less readout, all the front-end electronics need
to be replaced as many sub-detectors cannot currently be read out at 40 MHz.
Futhermore, the upgraded detector will need to be able to cope with the factor
five increase in instantaneous luminosity. Therefore, many of the existing sub-
detectors will be replaced. The current VELO will be replaced by the VELO Pixel
(VP) detector [51]. The VP will contain 41 million 55 x 55 pm pixel sensors with
micro-channel CO5 cooling. When closed, the innermost pixel will be located just
5.1mm from the LHC beam. The TT will be replaced by the Upstream Tracker
(UT) [52], shown schematically in Fig. 14. The UT will be a high granularity
silicon microstrip detector with improved coverage of the LHCb acceptance. The
IT and OT will be replaced by the Scintillating Fibre Tracker (SciFi) [52]. This
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single, fast detector will contain 2.5 m long multilayer ribbons of 250 pm diameter

scintillating fibres with silicon photomultiplier readout.
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4 Track reconstruction in Run 1

4.1 Introduction

The track reconstruction in LHCb is performed by several different algorithms [53].
In order to describe the process, it is first necessary to introduce the notion of track
types and track states which are described in Sec. 4.2 and Sec. 4.3 respectively.
Each of the tracking algorithms used in Run 1 are described in detail in Sec. 4.4
with special emphasis given to the upstream tracking algorithm. The duplicate
track removal and track fit procedures are described in Sec. 4.5 and Sec. 4.6 re-
spectively. Finally, the methods used to determine the performance of the track

reconstruction using simulation are detailed in Sec. 4.7.

4.2 Track types

The tracks reconstructed in the LHCb detector are divided into types depend-
ing on the sub-detectors in which they are reconstructed, as shown in Fig. 15.
VELO tracks are defined as those which have measurements only in the VELO
sub-detector. These tracks can be either forward or backward. Upstream tracks
are defined as those which have measurements only in the VELO and TT (UT)
sub-detectors. Upstream tracks are also referred to as VeloTT (VeloUT) tracks.
T tracks are defined as those which have measurements solely in the T stations.
Downstream tracks have measurements in the TT (UT) sub-detector and T sta-
tions. Long tracks have measurements in the VELO sub-detector and T stations
and may also have measurements in the TT (UT) sub-detector. These tracks pro-
vide the best momentum resolution for particles which traverse the full tracking

detector and are used in the majority of LHCDb analyses.

4.3 Track states

In LHCb, a track is modelled as a series of straight line segments called track

states. A track state is defined by a state vector of the form
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and a corresponding 5 x 5 state covariance matrix at a given position in z. Here,

¢ and p are the charge and momentum of the track respectively.

4.4 'Track reconstruction algorithms

In order to reconstruct the different track types, several tracking algorithms are
employed. The two stand-alone algorithms, VELO tracking and track seeding, are
described in Sec. 4.4.1 and Sec. 4.4.3 respectively. The other algorithms use input

from these two algorithms in order to perform a further track reconstruction.
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Figure 16: Quadruplets of hits are searched for in the VELO starting from the
most downstream layer. Starting with a hit in that layer, a search window is
opened in the fourth most downstream layer. From hits found within the window,
the expected position of hits in the intermediate layers can be predicted assuming
the track is a straight line in the r-z projection. If hits fall within a tolerance of
the expected positions, quadruplets are formed and a track is created.

4.4.1 VELO tracking

The VELO tracking algorithm [54] is used to find tracks in the VELO. As there
is a neglible magnetic field in the VELO, tracks are expected to be approximately
straight lines. The track search begins in the most downstream layer of the VELO.
Quadruplets of hits are searched for in the r-sensors as shown in Fig. 16. If they
are found, they are extended back to smaller z adding hits that are consistent with
coming from the same track. Next, the same quadruplet search is performed for
backward-going tracks. Triplets are then searched for, first backward-going and
then forward-going, requiring that the hits have not been used in the quadruplet
search.

Starting from the longest -z track, ¢ hits are searched for that are consistent
with coming from the same track. These 3D tracks are then fitted with a y?

minimisation.

4.4.2 Forward tracking

The Forward tracking algorithm [55] is used to find long tracks. A Hough trans-
form is utilised to associate hits in the T-stations to each VELO track. The VELO
track is linearly extrapolated to the T-stations and a symmetric search window
is opened in each z layer. The VELO track state and knowledge of the B field
are used to project each selected hit to the z position of a reference plane. Hits

from the same particle are expected to be projected to the same x position while
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Figure 17: A Hough transform is used to associate hits in the T-stations to a
VELO track. Each hit within a search window around the extrapolated track
is projected to the z position of a reference plane. Hits from the same particle
are expected to be projected to the same x position while random hits should be
uniformly distributed.

random hits should be uniformly distributed. This procedure is shown schemat-
ically in Fig. 17. The resulting clusters are fitted and outliers are removed using
a x? criterium. An additional cluster search is used to add stereo hits that are
consistent with the xz-z track. This 3D track is then fitted, outliers are removed

and the best track candidate is chosen based on its x?/dof.

4.4.3 T seeding

The T seeding algorithm [56] is used to find T tracks. Track candidates are first
searched for in the z-z projection. A straight line is formed between suitable pairs
of hits in T1 and T3. A compatible hit in T2 is added to form a parabola. Further
hits in x layers consistent with this parabola are added to the track candidate. A
Hough transform is used to add stereo hits. A weighted least-squares fit is then

applied to each candidate.

4.4.4 Track matching

The track matching algorithm [57] is also used to form long tracks. It takes both
VELO and T tracks as input (seeds). The difference in = and y of the two seeds
are calculated by extrapolating them both to the magnet bending plane (Az) and
the end of the T-stations (Ay) respectively. A matching criterion x? is formed
using Az, Ay, At, and At,. If the track passes this criterion it is fitted and an
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estimate is made of its ¢/p.

4.4.5 Downstream tracking

The downstream tracking algorithm [58, 59] forms tracks containing hits in the TT
(UT) sub-detector and T stations. Each T track is extrapolated back to find the
corresponding (x, y) point at the center of the magnet. A track estimate is formed
using this point and the nominal interaction point. Hits in the TT consistent with
the track estimate are selected. For each TT hit, a new track estimate is formed
and consistent x hits are collected. The collection of z hits is fitted in the z-z
projection and outliers are removed. Stereo hits are added, the track is refitted and
further outliers are removed. Finally, the best track candidate is chosen according

to the number of hits it contains and the value of the x? from the fit.

4.4.6 Upstream tracking

The upstream tracking algorithm [60] forms tracks containing hits in the VELO
and TT (UT) sub-detectors. These are generally low momentum tracks that will
be bent out of acceptance by the magnet. It is executed at the end of the tracking
sequence using VELO tracks which have not been upgraded to long tracks by any
of the preceeding algorithms.

Each VELO track is linearly extrapolated to the TT. Search windows are
opened in each layer and the distance Az between the track and each hit is cal-
culated. These Az values are scaled to a reference plane at the center of the TT.
A Hough transform is utilised to associate the selected hits to the VELO track.
Hits from the same particle are expected to be projected to the same x position
in the reference plane while random hits should be uniformly distributed. This
procedure is shown schematically in Fig. 18. An explicit assumption is made that
every associated hit should lie on the same side of the extrapolated VELO track
in the x-z plane.

Each track candidate is fitted with a simplified y? minimisation and the ¢/p
of the track is estimated. Due to the fringe B field between the VELO and the
TT a momentum estimate of dp/p ~ 15% is possible. The best track candidate
is chosen based on the number of TT layers containing hits and the x? of the
simplified fit. Each of the VeloTT tracks is subsequently fitted with a Kalman

filter, described in Sec. 4.6, in order to obtain the most accurate estimates of
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Figure 18: A Hough transform is utilised to associate the selected TT hits to
the VELO track. Hits from the same particle are expected to be projected to
the same z position in the reference plane while random hits should be uniformly
distributed.

track parameters along with their corresponding covariance matrices.

4.5 Clone removal

As there are two independent algorithms to produce long tracks and several track
types are subtracks of other types, it is necessary to avoid or remove duplicate
tracks found by multiple algorithms. This is accounted for in two different ways.
Some algorithms are only allowed to use tracks or hits that have not been pre-
viously used. When there is a significant overlap of hits between two tracks, the

track with the smaller number of hits is discarded.

4.6 Track fit

The purpose of the track fit is to obtain the most accurate estimates of track
parameters along with their corresponding covariances. Track parameters are
used to calculate the kinematics and invariant masses of particle combinations,
match to particle identification objects (e.g. Cherenkov rings) and find primary
and secondary vertices. The track x? is used to select good quality tracks.

A Kalman filter is used to fit the tracks. With this approach, multiple scat-
tering is taken into account as process noise and corrections due to energy losses
are applied [61]. The transport through the magnetic field is evaluated using a
Runge-Kutta method. The propagation and projection functions are linearised

around a reference track state using a Taylor expansion [62].
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Figure 19: A schematic diagram of the Kalman filter showing the prediction of
a state zp given a state at zp_;. The state is at z; is subsequently updated with
information of the measurement at this position. This process is repeated until
all measurements have been added.

Table 3: The simulated samples used in the following sections to benchmark the
performance of the upstream tracking algorithms for both the LHCb Upgrade and
LHCb Run 2.

Decay Mode | /s [TeV ]| v | Bunch spacing [ns]
Run 2 BY— ¢¢, min. bias 13 1.9 25
Upgrade | B— K*%u™p~, min. bias 14 7.6 25

Track candidates can be considered as a collection of track states (initially pro-
vided by the individual tracking algorithms) and measurements (tracking station
hits). The Kalman filter can be divided into two steps, shown schematically in
Fig. 19. Firstly, the parameters of a state at z;, are predicted given a state at
zr—1. Next, the state at z, is updated with information of the measurement at
this position. These two steps are repeated until all the measurements have been
added. In LHCDb, the filter is run in both the forward and the backward directions

and the average is taken for smoothing.

4.7 Tracking performance

The figures of merit used to evaluate the performance of tracking algorithms are
the reconstruction efficiency, ghost rate and execution time, which are determined
using simulated events. The simulated samples used in the following chapters
to benchmark the performance of the upstream tracking algorithms for both the
LHCb Upgrade and LHCb Run 2 are shown in Table 3.
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4.7.1 Reconstruction efficiency

The reconstruction efficiency is measured by comparing the number of correctly
reconstructed tracks with the number of tracks defined to be reconstructible. This
is made possible using truth information available in simulated samples. Within

the LHCD framework the following definitions are used

4+ A particle is reconstructible as a VELO track if there are hits associated to
it in at least three r and three ¢ VELO sensors.

4 A particle is reconstructible as a long track if it fulfils the requirements to
be reconstructible in both the VELO sub-detector and the T stations.

4+ A particle is considered reconstructed if at least 70% of both the VELO and
T station hits on a track are associated to it and the track has no more than
1 wrongly associated TT (UT) hit.

The reconstruction efficiency is defined as

Nreconstruetible and reconstructed (4 2)

67"6() -

Nreconstructible

When calculating the efficiency of the VeloTT (VeloUT) algorithm itself, par-
ticles are required to be reconstructible as a long track, have been correctly recon-
structed in the VELO and have a matched TT (UT) hit in at least 3 TT (UT)
layers.

When considering the effect of using VeloTT (VeloUT) tracks as input to the
Forward algorithm, no requirement is made that the particle has associated TT
(UT) hits or has been correctly reconstructed in the VELO. Therefore, any ineffi-
ciency contains contributions from both the VeloTT (VeloUT) algorithm and the
acceptance of the TT (UT) detector.

Further requirements are made to both the numerator and the denominator

4 The particle is required not to be an electron.
4 The pseudorapidity of the particle must lie between 2 and 5.
4 The particle is required to be b hadron daughter.

4 The particle must have pp > 0.5 GeV/c.
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These requirements are chosen as b hadrons with a large pr that decay within the
LHCDb acceptance are of foremost interest within the context of the LHCb software
trigger. Electrons are neglected when studying track reconstruction efficiencies,

as they are more challenging to reconstruct due to Bremsstrahlung.

4.7.2 Ghost rate and clone tracks

A ghost track is a track that has no matching simulated particle. The ghost rate

is defined as

N (0)S} racks
Ghost rate = —8host tradks (4.3)
N,
tracks

In all cases the following requirements are applied to both the numerator and

denominator

4 The pseudorapidity of the track must lie between 2 and 5.

4 Tracks are required to have pr > 0.5 GeV/e.

A track matched to a simulated particle with at least one other associated

track is said to be a clone.

4.7.3 Execution time

The execution times of the individual algorithms are measured by the LHCb event
reconstruction application, BRUNEL. As the timing is machine dependent, the
same machine is used for each measurement to facilitate direct comparisons. A
simulated “minimum bias” sample is used in order to not give undue weight to a

certain kind of event.
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5 Upstream tracking for the LHCb upgrade

5.1 Motivation

The LHCb upgrade will feature a trigger-less readout system allowing the full rate
of visible interactions to be processed by a purely software trigger. Such a software
trigger allows great flexibility in designing selections and efficient triggering of low
momentum tracks normally beyond the scope of a hadron collider. It also places
strict requirements on the execution time of the pattern recognition algorithms
that run within it.

The existing reconstruction sequence was not able to achieve the required tim-
ing performance due to the vast combinatorics present in upgrade conditions.
Therefore, a novel idea was proposed to reduce the execution time by using up-
stream tracks as an intermediate step within the reconstruction sequence [63].

The advantages of using upstream tracks rather than VELO tracks as input to
the Forward tracking algorithm arise from the extra information obtained concern-
ing the momentum and charge of the track. Using the momentum information,
a preselection on the pr of the track can be performed. Subsequently, for tracks
passing the pr requirement, the charge can be used to open smaller search win-
dows downstream of the magnet. This leads to a greatly reduced execution time
and ghost rate of the tracking sequence.

In order to achieve the desired improvements within the reconstruction se-
quence, the upstream algorithm itself must perform with a high reconstruction
efficiency, low ghost rate and minimal execution time. Any loss of efficiency will

be propagated to the next step of the sequence.

5.2 Initial peformance

The inital version of the VeloUT algorithm for the LHCb upgrade was a replication
of the VeloTT algorithm used during Run I, described in Sec. 4.4.6. The aim of
this VeloTT algorithm was to reconstruct low momentum tracks that are bent out
of acceptance by the magnet. As such, it was executed at the end of the tracking
sequence only using VELO tracks which had not been upgraded to long tracks by
any of the preceeding algorithms.

The reconstruction efficiency, ghost rate and execution time for the initial

version (vir2) of the VeloUT algorithm are shown in Table 4. The reconstruction
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Table 4: Reconstruction efficiency, ghost rate and execution time for the initial

version (vir2) of the VeloUT algorithm.

VeloUT | Efficiency [%] | Ghost rate [%] | Timing [ms]

vir2 | 9394 | 7.21 | 2720
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Figure 20: The reconstruction efficiency as a function of p and pt for the initial
version (v1r2) of the VeloUT algorithm. There is a clear drop in the reconstruction
efficiency as a function of p.

efficiency as a function of p and pr are shown in Fig. 20. The ghost rate as a
function of p and pr are shown in Fig. 21.

The execution time of 27.20 ms is too slow for the algorithm to be used in the
context of a software trigger. For reference, the track reconstruction in the VELO
takes ~1.8ms. In order to be included, the VeloUT algorithm should perform
with a comparable or reduced execution time.

The reconstruction efficiency is also too low for the algorithm to be used in the
context of a software trigger as any inefficiency will be propagated to the next step
of the sequence. Furthermore, the efficiency is observed to decrease as a function
of p. This is unusual as higher p tracks should bend less in the fringe magnetic

field and be simpler to reconstruct.
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Figure 21: The ghost rate as a function of p and pr for the initial version (v1ir2)
of the VeloUT algorithm.

5.3 Improvements

In order to meet the requirements of the software trigger a number of improvements
were made to the VeloUT algorithm. This involved numerous C++ optimisations
as well as changes to the logic. The three changes which had the largest effect are

described in detail below.

5.3.1 Binary searches

Previously, the UT hits in each layer were sorted into 12 distinct detector regions.
This meant that for each layer, each detector region was looped over and if it
was compatible with the extrapolated VELO track each hit within that region
was looped over. In the new version, the hits in each layer are sorted by their x
position at y = 0. For each layer, a binary search is performed to find the first
hit which is within the search window. The hits are then looped over until that
requirement is no longer satisfied. The new method greatly reduces the execution

time.

5.3.2 Hit clustering

The inital version of the VeloUT algorithm used a Hough transform based on the
distance of the hit from the linear extrapolation of the VELO track to find cluster

candidates. It required that all hits were located on one side of the extrapolated
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Figure 22: The fraction of truth matched tracks with at least one hit on the
opposite side of the linearly extrapolated VELO track in the z-z plane as a function
of p.

VELO track in the z-z plane. While this is a good assumption for low p tracks,
it is not the case for high p tracks. For high p tracks, a significant number have
at least one hit on the opposite side of the linearly extrapolated VELO track, as
shown in Fig. 22. This causes the fall in the track reconstruction efficiency with
increasing p.

A new method for clustering UT hits was developed in order to remedy this
flaw and is shown schematically in Fig. 23. In this new method, UT hits are
clustered by first forming doublets (two hits in the same station but in different
layers), and then extending those doublets to the opposite station and searching
for compatible hits to form triplets or quadruplets.

A doublet is formed by taking one hit in the first layer and another in the second
layer. The z-slope of the doublet is calculated and if it is below a given threshold
the doublet is linearly extrapolated to the third layer where a tolerance window is
opened. If there are compatible hits within this window, triplets are formed. For
each triplet, the doublet is linearly extrapolated to the fourth layer. A reduced
tolerance window is opened and compatible hits are used to form quadruplets. If
no quadruplets are formed from any of the triplets, triplets are also searched for
with the original doublet and hits in the fourth layer. This process is repeated for
every doublet combination.

In order to account for missing hits in the UT detector, if no quadruplets have

been formed the clustering sequence is run in reverse starting with a doublet in
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Figure 23: A schematic view of the clustering of UT hit candidates. Doublets in
the first two layers are formed and then linearly extrapolated to the third and
fourth layers to form triplets and quadruplets.

the third and fourth layers.

The tolerance window in z around the extrapolated x position of the doublet
was tuned in simulation. Using simulated particles and their associated UT hits
the difference, Az, between the linearly extrapolated x position of a doublet and
the x position of an associated hit in a given layer can be found. The distributions

used for the tuning are shown in Fig. 24.

5.3.3 Track fit

The initial version of the VeloUT algorithm fitted each of the VeloUT tracks
with a Kalman filter, described in Sec. 4.6, in order to obtain the most accurate
estimates of track parameters along with their corresponding covariances. This

was very costly in terms of execution time and did not provided any significant
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Figure 24: The difference Az between the linearly extrapolated z position of
a doublet and the x position of an associated hit in a given layer where a and b
denote the two layers from which the slope has been calculated and ¢ denotes the
layer to which the extrapolation is being performed.

improvement to the momentum or charge estimation. The Kalman filter was
removed and the momentum and charge information taken from the simplified fit

described in Sec. 4.4.6, leading to a vast improvement in the execution time.

5.4 Upgrading to long tracks

VeloUT tracks rather than VELO tracks will be used as input to the Forward
tracking algorithm in the LHCb Upgrade. Using the charge and momentum infor-
mation of the VeloUT track it is possible to make smarter selections on the input
tracks and T-station hits considered by the Forward algorithm [52, 63].

A preselection of pr > 400 MeV/c reduces the number of input tracks passed
to the Forward tracking by a factor three compared to using VELO tracks. The
charge information allows smaller, asymmetric search windows to be opened in the
T-stations, reducing the hit multiplicity by a factor two. A small window is also
opened on the ‘wrong’ side of the linear extrapolation for high pr track candidates

as they are more likely to have been assigned the incorrect charge. The optimised
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Figure 25: The search windows opened by the Forward algorithm with and without
the charge and momentum information of the VeloUT candidates. The charge
information allows smaller, asymmetric search windows to be opened. A small
window is also opened on the ‘wrong’ side of the linear extrapolation for high pr
candidates as they are more likely to have been assigned the incorrect charge.

search windows are shown schematically in Fig. 25. These two advancements lead
to a greatly reduced execution time and ghost rate of the Forward algorithm. In
order to prevent a loss in efficiency due to the central acceptance of the UT, any
VELO tracks that are linearly extrapolated within the central hole are passed
directly to the Forward tracking algorithm.

5.5 Performance
5.5.1 VeloUT

The track reconstruction efficiency, ghost rate and execution time of the VeloUT
algorithm for both the initial version (vir2) and the optimised version (v2r2) are
shown in Table 5. The track reconstruction efficiency as a function of p and pr are
shown in Fig. 26. The ghost rate as a function of p and pr are shown in Fig. 27.
The optimised version shows large improvements in terms of track reconstruction
efficiency and execution time. The increase in reconstruction efficiency is most
evident at high p where the initial version shows a negative trend for increasing
p. There is also a slight increase in the ghost rate. However, this is of lesser

importance as the ghost rate can be further reduced during offline analysis.
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Table 5: The performances of both the initial version (vir2) and the optimised
version (v2r2) of the VeloUT algorithm in terms of track reconstruction efficiency,
ghost rate and execution time.

VeloUT | Efficiency [%] | Ghost rate [%] | Timing [ms]

vir2 93.94 7.21 27.20
v2r2 98.69 8.00 0.81
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Figure 26: The reconstruction efficiency as a function of p and pr for both the
initial version (vir2) and the optimised version (v2r2) of the VeloUT algorithm.
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Figure 27: The ghost rate as a function of p and pr for both the initial version
(vir2) and the optimised version (v2r2) of the VeloUT algorithm.
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Table 6: The performances of the Forward algorithm using VELO or VeloUT
tracks as input in terms of track reconstruction efficiency, ghost rate and execution

time.

| Efficiency [%)] | Ghost rate [%)] | VeloUT [ms] | Forward [ms]

Velo-Forward 94.10 41.55 - 18.28
VeloUT-Forward 93.37 14.08 0.81 3.45
S\, 1;_' 'I"'I"'I"'I"; S, 1-_'|""|""|"" .
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Figure 28: The track reconstruction efficiency of the Forward algorithm using
VELO or VeloUT tracks as a function of p and pr.

5.5.2 Forward

The track reconstruction efficiency, ghost rate and execution time of the Forward
algorithm using VELO or VeloUT tracks as input are shown in Table 6. The
track reconstruction efficiency as a function of p and pr are shown in Fig. 28. The
ghost rate as a function of p and pr are shown in Fig. 29. The use of VeloUT
tracks as input to the Forward algorithm drastically reduces the ghost rate and
execution time. This comes at a small cost in the track reconstruction efficiency.

This efficiency can be recovered by the Matching algorithm

5.6 Summary

The majority of LHCb analyses use long tracks, which traverse the full tracking
detector. These tracks will be reconstructed by the Forward tracking algorithm
at the software trigger level in the LHCb upgrade. Previously, VELO tracks were

used as input to the Forward algorithm. However, a novel method was investigated
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Figure 29: The ghost rate of the Forward algorithm using VELO or VeloUT tracks

as a function of p and pr.

to use upstream tracks, reconstructed by the VeloUT algorithm, as input. The

vast improvements in the performance of the VeloUT algorithm and the subsequent

improvement to the overall tracking sequence led to the algorithm being adopted
into the default tracking sequence for the LHCb Upgrade [50, 52]. It will play an

important role in allowing LHCb to become the first hadron collider experiment

to operate a software-only trigger at the full event rate.

50



6 Upstream tracking for LHCb Run 2

6.1 Motivation

Following the improved performance achieved using VeloUT tracks within the
tracking sequence of the LHCb Upgrade, outlined in Chapter 5, a similar strategy
was proposed for LHCb Run 2. This strategy involved using VeloTT tracks as
input for the Forward tracking at the first stage of the software trigger. A new
VeloTT algorithm for Run 2 [64] was created based on the optimised VeloUT
algorithm, taking into account the slight differences in geometry between the two
sub-detectors. In the following chapter, the improved performance of the VeloTT
algorithm for Run 2 compared to Run 1 will be shown along with the improved
performance achieved when using VeloT'T tracks rather than VELO tracks as input

to the Forward tracking algorithm.

6.2 Performance
6.2.1 VeloTT

The track reconstruction efficiency, ghost rate and execution time of the VeloTT
algorithm for Run 1 and Run 2 are shown in Table 7. The track reconstruction
efficiency as a function of p and pr are shown in Fig. 30. The ghost rate as a
function of p and pr are shown in Fig. 31. The Run 2 implementation shows large
improvements in terms of track reconstruction efficiency and execution time. The
increased track reconstruction efficiency is most evident at high p as the Run 1
implementation shows a negative trend for increasing p. There is also a slight
increase in the ghost rate. However, this is of lesser importance as the ghost rate

can be further reduced during offline analysis.

Table 7: The performances of the VeloTT algorithms for Run 1 and Run 2 in
terms of track reconstruction efficiency, ghost rate and execution time.

VeloTT | Efficiency [%] | Ghost rate [%] | Timing [ms]
Run 1 92.74 7.21 32.50
Run 2 97.77 11.60 0.50
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Figure 30: The track reconstruction efficiency of the VeloTT algorithms for Run
1 and Run 2 as a function of p and pr.
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Figure 31: The ghost rate of the VeloTT algorithms for Run 1 and Run 2 as a
function of p and pr.

6.2.2 Forward

The track reconstruction efficiency, ghost rate and execution time of the Forward
algorithm taking VELO or VeloTT tracks as input are shown in Table 8. The track
reconstruction efficiency as a function of p and pr are shown in Fig. 32. The ghost
rate as a function of p and pr are shown in Fig. 33. The use of VeloTT tracks
as input drastically reduces the ghost rate and execution time of the Forward

algorithm. This comes at a small cost in the track reconstruction efficiency. This
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Table 8: The performances of the Forward algorithm using VELO or VeloTT
tracks as input in terms of track reconstruction efficiency, ghost rate and execution

time.

| Efficiency [%] | Ghost rate [%]

VeloTT [ms] | Forward [ms]
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using

efficiency is retrieved at the second stage of the software trigger [43].

6.3 Summary

The enhanced performance achieved when using VeloTT tracks as input to the

Forward tracking led to the algorithm being included in the reconstruction se-

quence at the first stage of the software trigger for Run 2. The reduction in the

execution time by a factor three makes it possible to remove any IP requirement

on VELO tracks and to loosen the pr threshold of the Forward tracking from
1.2GeV/c to 0.5GeV/c in the first stage of the software trigger. This greatly im-

proves the signal efficiency for charm physics and allows lifetime unbiased triggers

for hadronic final states for the first time [43]. It also plays an important role in

allowing physics analyses to be performed directly on the output of the software

trigger, as described in Sec 3.3.
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Figure 33: The ghost rate of the Forward algorithm using Velo or VeloTT tracks
as a function of p and pr.
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7 Study of the decay B - KT™n~puTu~ in the
KS,2(1430)° region

7.1 Introduction

The decay B° — K*n~p*p~ is a flavour-changing neutral-current process that
proceeds via a b — sutpu~ transition. In the SM, the leading order transition
amplitudes are described by electroweak penguin or box diagrams, as shown in
Figs 2a and 2b. In extensions to the SM, new heavy particles can contribute
to loop diagrams and modify observables such as branching fractions and angu-
lar distributions. In this chapter, the study of B® — K*m~u*u~ decays in the
K ,(1430)° region, published in Ref. [65], is presented.

7.1.1 Previous b— sutpu~ measurements

The previous angular analyses of B® — K7~ ™~ performed by the LHCb col-
laboration [66, 67, 68, 69] focused on the K™n~ invariant mass range 796 <
m(KTm™) < 996 MeV/c? where the decay proceeds predominantly via the P-wave
process K*(892)°— K*7~. A global analysis of the CP-averaged angular observ-
ables measured in the LHCb Run 1 data sample indicated differences with SM
predictions at the level of 3.4 standard deviations [69]. The results of the mea-
surement of the observable P} [70], which exhibits a local deviation from the SM
predictions, is shown in Fig. 34.

This set of measurements is part of a pattern of discrepancies with respect to
SM predictions that have been observed in b— syt pu~ transitions. For example,
the measured differential branching fractions of the decays B? — o¢utu~ [72],
AY — ApTp~ [73] and BY — KTptu~ [74] all lie below their corresponding SM
predictions at low ¢?. Furthermore, the ratio Ry = B(B™— K utu~)/B(BT—
KTete™), which is a test of lepton flavour universality, was also measured to be
2.6 standard deviations from its SM prediction of unity [75].

This pattern of discrepancies can be intepreted by performing global model-
independent fits to b — syt~ measurements [76].° In the framework of OPE,
described in Sec 2.4, these fits can be used to constrain the values of the Wil-

son coefficients C7, Cy and Cjp. In Ref. [76], a x? function which quantifies the

®The global fit in Ref. [76] takes into account 88 measurements of 76 observables by the
ATLAS, BaBar, Belle, CDF, CMS and LHCb experiments.
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compatibility of the model with the data, for a given set of values of the Wilson
coefficients, is minimised in different scenarios. The NP dependencies are encoded
as NP contributions to the Wilson coefficients, CN? = C; — C?™. The best fit is
obtained when allowing NP in Cy only, yielding a value of C¥ = —1.07 which
correponds to a pull of 3.7 standard deviations from the SM. Figure 35 shows the
result of the fit when allowing for NP effects in both Cy and Cyg. These results are
in good agreement with Ref. [77], which also finds that a negative contribution to
Cy plays a central role in explaining the observed discrepancies.

Many NP models have been proposed to explain this observed tension from the
SM in Cy. Such models contain new interactions mediated by a Z' boson [15, 16, 17]
or leptoquarks [78, 79, 80]. These interactions can also introduce a violation of
lepton flavour universality.

However, it has also been suggested that the contribution of so-called charm-
loop effects could be responsible for the observed deviations [81]. As these hadronic
effects are mediated via virtual photon exchange, leading to a vector-like coupling
to leptons, it is possible they could mimic NP effects in C,.

Since short distance effects are universal and should appear coherently in all
b— suTp~ transitions, measuring other b — sutpu~ transitions can help to shed
light on this situation. To this end, the current chapter describes the study of the

decay B — KTm~p*pu~ in a previously unexplored region of m (K 7™).
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Figure 34: Results of the measurement of the observable Pé by the LHCD collab-
oration. The SM predictions are taken from Ref. [71].
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Figure 35: Allowed region in the Re(C)T)-Re(CLY) plane. The blue contours
correspond to the 1o and 20 best fit regions from the global fit. The red and
green contours represent the 1o and 20 regions if only the BY — K*(892)%u™u~
angular observables or only the differential branching fraction measurements are
taken into account, respectively. Taken from Ref. [76].

7.1.2 Analysis overview

As the dominant structures in the K 'z~ invariant mass spectrum of B® —
KT~ pTu~ above the P-wave K*(892)° are resonances in the 1430 MeV/c? region,
this is a natural region to study. The relevant K*° states above the K*(892)° mass
range are listed in Table 9. Throughout this thesis, the symbol K** denotes any
neutral strange meson in an excited state that decays to a K7~ final state. In
the 1430 MeV/c? region, contributions are expected from the S-wave K (1430)°,
P-wave K*(1410)° and D-wave K;(1430)° states, as well as the broad P-wave
K*(1680)° state.

The m(KTn~) distribution for B® — K*7~u*u~ decays in the range 1.1 <
* < 6.0GeV?¥ct and 630 < m(KTn~) < 1630 MeV/c* is shown in Fig. 36,
where ¢ = m?(u* ™). The candidates are obtained using the selection described
in Sec. 7.3 and the background component is subtracted using the sPlot tech-
nique [83]. The main structures are observed around the mass of the K*(892)°
resonance and in the 1430 MeV/c? region.

This chapter describes the first measurements of the differential branching frac-
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Table 9: Expected resonant contributions above the K*(892)° mass range. For
each, the spin-parity, J¥, and branching fraction to K7, B(K), are given. Taken
from Ref. [82].

Resonance | JZ | Mass [MeV/c?] | Full width [MeV/c?] | B(Kr) [%]
K*(1410)° | 17 1414 £ 15 232 £ 21 6.6+ 1.3
K;(1430)° | 0 1425 4+ 50 270 £ 80 93 £10
K3(1430)° | 27 | 1432.44+1.3 109 £ 5 499+ 1.2
K*(1680)° | 1~ 1717 £ 27 322 £ 110 38.7+£2.5
K3(1780)° | 3= | 177647 159 + 21 18.8+ 1.0
K;(2045)° | 4% 2045+9 198 £+ 30 99+1.2
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Figure 36: Background-subtracted m(K™n~) distribution for B® — K*m~putpu~
decays in the range 1.1 < ¢* < 6.0 GeV?/c?. The region 1330 < m(K*tr~) <
1530 MeV/c? is indicated by the blue hatched area.

tion and angular moments of B’ — K7~ p™ in the region 1330 < m(K+71™) <
1530 MeV/c?. The values of the differential branching fraction are reported in five
bins of ¢? between 0.1 and 8.0 GeV?/¢?, and in the range 1.1 < ¢ < 6.0 GeV?/c* for
which the angular moments are also measured. The measurements are based on
samples of pp collisions collected by the LHCb experiment in Run 1, corresponding
to integrated luminosities of 1fb™" at a centre-of-mass energy of 7 TeV and 2fb™*
at 8 TeV.

7.2 Angular distribution and observables

The final state of the decay B®— K+n~u*u~ is fully described by five kinematic
variables: three decay angles (0, 0, ¢), m(KTn~), and ¢*. Figure 37a shows
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Figure 37: Angle conventions for the (a) B® — K7 u~pu* (b) B = KTn—putpu~
as described in Ref. [84]. The leptonic and hadronic frames are back-to-back with
a common g axis. For the dihedral angle ¢ between the leptonic and hadronic
decay planes, there is an additional sign flip ¢ — —¢ compared to previous LHCb
analyses [66, 67, 68, 69].

the angle conventions for the B decay (containing a b quark): the back-to-back
leptonic and hadronic systems share a common ¢ axis and have opposite £ and 2
axes. The negatively charged lepton is used to define the leptonic helicity angle
g, for the B°. The quadrant of the dihedral angle ¢ between the dimuon and the
K* — K~7t decay planes is determined by requiring the azimuthal angle of the
1~ to be zero in the leptonic helicity frame. The azimuthal angle of the K~ in
the hadronic helicity frame is then equal to ¢. Compared to the dihedral angle
used in the previous LHCb analyses [66, 67, 68, 69], there is a sign flip, ¢ — —¢,
in the convention used here. For the B° decay (containing a b quark), the charge
conjugation is performed explicitly, and the angles are shown in Fig. 37a, where
for the B?, the ™ and K™ directions are used to define the angles. An additional
minus sign is added to the dihedral angle when performing the CP conjugation,
in order to keep the measured angular observables the same between B° and B°
in the absence of direct CP violation.

In the limit where ¢? is large compared to the square of the muon mass, the
CP-averaged differential decay rate of B — K7~ T~ with the K*r~ system
in a S-; P-, or D-wave configuration can be expanded in an orthonormal basis of

angular functions f;(2) as

dr
dg2da >

Z fiTi(¢?) with  Ty(¢®) =TH () + 0/ 7 T (), (7.1)
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where dQ? = dcos 6y dcos 0 d¢, and L and R denote the (left- and right-handed)
chirality of the lepton system [84]. The sign nf~# = 41 depends on whether f;
changes sign under 6, — 7 + 6,. The orthonormal angular basis is constructed
out of spherical harmonics, Y, = Y;"™(0,, ), and reduced spherical harmonics,
P =\/271Y"(0k,0).

The transversity-basis moments of the 41 orthonormal angular functions are
given in Appendix A. The convention is that the amplitudes correspond to the
B decay. The S-, P- and D-wave transversity amplitudes are denoted as St&1
H{{OL’ HR L}} and Dr{{g’ ’Iﬁ}, respectively.

The measured angular observables are averaged over the range 1330 <
m(K+tr™) < 1530 MeV/c? and 1.1 < ¢* < 6.0 GeV?/ . This ¢° range is part of the
large-recoil regime where the recoiling K*° has a relatively large energy, Eg-o, as
measured in the rest frame of the parent B® meson. In the limit Aqcep/Ex-0 — 0,
the uncertainties arising from hadronic effects in the relevant form-factors are re-
duced at leading order, resulting in more reliable theory predictions [85]. The
high-¢? region above the 1)(2S) resonance is polluted by broad charmonium reso-
nances and is also phase space suppressed for higher m (K7~ ) masses. Therefore,
that region is not considered in this study.

In the present analysis, the first moment, I';(¢?), corresponds to the total decay

rate. From this, 40 normalised moments for i € {2,...,41} are defined as

E(q2) == : (7.2)

These form the set of observables that are measured in the angular moments

analysis described in Sec. 7.8.

7.3 Candidate selection

The selection of BY — K7~ pu*pu~ candidates comprises several steps. Firstly,
candidates are required to have ‘fired” at least one of the specified trigger lines
at each of the three stages of the trigger. Subsequently, candidates must pass
two sets of requirements: the first is a common selection known as ‘stripping’ and
the second is a loose preselection. Next, combinatorial background candidates are
reduced using a multivariate classifier. Finally, exclusive backgrounds, such as

misidentified A} — pK ™t~ decays, are removed with specific vetoes.
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7.3.1 Data samples

The Run 1 data sample collected by the LHCb experiment is used for this analysis,
corresponding to an integrated luminosity of 3fb~!. The data were recorded in pp
collisions at centre-of-mass energies of 7 and 8 TeV during 2011 and 2012, respec-
tively. In addition, a number of simulated samples are used to evaluate possible
peaking background contributions and to determine the effect of the reconstruction

and selection on the angular distribution of the signal candidates.

7.3.2 Trigger requirements

At the first stage of the trigger, L0, the event must have been triggered by a
single muon from the B® — K*7~pu*pu~ decay. At the second level of the trigger,
HLT1, at least one of two possible trigger lines must have been triggered by a
single daughter particle from the B® — K*7~u*pu~ decay. At the final level of
the trigger, HLT2, at least one of several trigger lines must have been triggered
by the daughters of the B® — K7~ u*u~ decay: these include both topological

and muon triggers [39].

7.3.3 Stripping and preselection

The stripping is a set of common, cut-based requirements used to loosely select
candidates of interest for similar analyses. The stripping line used in this analysis
selects candidates of the form B— X pu*pu~, where X is one or more hadrons. The
full set of stripping requirements are shown in Table 10. The boolean variable
IsMuon is used to select muons and requires the particle to have left hits in a
given number of muon stations depending on its measured momentum. A global
event cut (GEC) is applied on the number of hits in the SPD to reject very high
multiplicity events. The number of SPD hits is an approximation of the number
of charged particles in the detector.

A loose preselection of candidates is performed to remove pathological events.
The full set of preselection requirements are shown in Table 11. The boolean vari-
able hasRich requires the particle to have information from the RICH detectors.
The angles 6 and 6,,;, represent the opening angle of a track from the beam and
the opening angle between a track pair, respectively. The variables (X), (Y') and

(Z) denote the mean primary vertex position.
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Table 10: Stripping requirements applied to B — K7~ pu*u~ candidates.

Requirement
4600 < M < 7000 MeV/c?
vertex quality x?/ndf < 6
B vertex separation y? > 121
P 2 < 16
DIRA < 14 mrad
M < 6200 MeV/c?
K*0 vertex quality x?/ndf < 12
vertex separation y? > 9
M < 7100 MeV/c?

I Sertex quality 2 /ndf < 12
IsMuon
a DLL,, > -3
Ghost probability < 0.4
tracks IP 2 > 9

GEC SPD multiplicity < 600

Table 11: Preselection requirements applied to B®— K*7~p*p~ candidates.

Requirement
hasRich
K DLLg, > -5
hasRich
T DLLy, < 25
track 0 < 0 < 400 mrad
track pairs Opair > 1 mrad
|IX —(X)| < 5mm
PV Y — (V) < 5mm
|Z — (Z)| < 200 mm

7.3.4 Multivariate classifier

A multivariate classifier is used to reduce the level of combinatorial background.
A Boosted Decision Tree (BDT) classifier [86], with the Adaboost algorithm [87]
is employed. The BDT was originally developed for the angular analysis of B —
K*(892)°ut = [69].

The BDT uses a combination of kinematic and PID input variables: the B°
candidate lifetime, the B? p and pr, the BY DIRA, the B° vertex quality x?, the
DLL g~ of the kaon and pion, the DLL,, of the muons and the isolation of the four

final state particles. DIRA is the angle between the particle’s momentum vector
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and the vector connecting its decay vertex and the PV. The isolation exploits
the idea that the daughters of ‘true’ B® — K+t7n~u*u~ candidates should better
isolated from other tracks in the event than those from combinatorial candidates,
which originate from two distinct B mesons.

The training uses B — J/i KT7~ candidates as a proxy for the signal and
B® — K*r~p*p~ candidates from the upper mass sideband as a proxy for the
background. A k-folding approach [88] is employed to allow the full dataset to
be used for testing and training in an unbiased way. The dataset is randomly
divided into k£ = 10 samples of equal size. Ten classifiers are trained, each using
nine signal and nine background samples. Each classifier is then applied to the
remaining sample that was omitted during the training. This approach allows
90% of the dataset to be used when training each classifier, compared to only 50%

when taking the traditional approach of dividing the dataset in two.

7.3.5 Exclusive backgrounds

Several additional requirements are applied to remove contributions from decay
modes that will peak at, or near to, the signal peak in m(K "7~ ") and there-
fore distort the distributions of cosfy, cosfx and ¢. The full set of requirements
are presented in Table 12. These requirements reduce the expected contamination
from exclusive background candidates to the level of 2% of the signal yield,

A background from A) — pK~p*p~ decays arises when the p is reconstructed
as either of the hadron candidates. Candidates are rejected using PID information
and alternative mass hypotheses. For the case when the p is reconstructed as the
7, a new mass is constructed where the 7 is given the p mass hypothesis. Likewise
for the case when the p is reconstructed as the K, a new mass is constructed
where the K is given the p mass hypothesis, and the 7 the K mass hypothesis.
These new mass hypotheses are denoted as m(r—p)kpuu and MK _p) (s K)pp TEPEC-
tively. Candidates from AY — pK ~pu~ decays are expected have M (x—p)Kppu OT
MUK —p) (r— Ky CONSistent with the known /) mass.

A further peaking background contribution can be formed if a 7~ from else-
where in the event is added to a genuine B™ — KTt~ decay to form a four-track
final state. As BY — K*Tputu~ candidates will accumulate at the nominal B
mass, these candidates are expected to reside in the upper m(K 7~ pu*pu~) side-

band. They should also have a KT p*p~ invariant mass, my,,, consistent with
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Table 12: Requirements applied to veto exclusive backgrounds. All invariant
masses have the units MeV/c?.

Decay mode Mis-id Veto
— T 5575 < my, < 5665 and 7DLL,, > 0
A5 pK -yt p (m—p)Kpp p
p, K — K, 7 | 5575 < Mk p)(r—K)up < 5665 and m1DLLg, > 0
BT — Ktutu~ Random 7 MKrpu > 5380 and 5220 < my,, < 5340
T4 2996 < m(, < 3196 and (wIsMuon or 7DLL, . > 0
B~ JK*ta~ H (r—=p)p ( 10 )
K < p 2996 < Mk < 3196 and (K IsMuon or KDLL,, > 0)
T 3626 < m, < 3746 and (wIsMuon or 7DLL,, > 5
BY— ¢(2S)KTm : (rin ( pm > 5)
K+ 3626 < m(k—pu), < 3746 and (KIsMuon or KDLL,. > 5)
B Ktn—putuy~ | K& (KDLLg, — 7DLLg,) > 10

the nominal B* mass. Although these candidates do not accumulate in the signal
region, they have a different angular distribution to the combinatorial background
and could therefore bias the measurements of the angular moments, described in
Sec. 7.8.

Candidates from B — J/iy K7~ and B® — (2S) K7~ decays can contribute
a background if the 7= (K™) is misidentified as a = (p*) and the p= (u*) is
misidentified as a 7= (KT). For the case of u~ <> 7~ swaps, the invariant mass
of the 7~ and the p™, after assigning the 7~ the g mass hypothesis, should be
consistent with the known J/i) or ¢(25) masses. Likewise, for the case of K+ «» u*
swaps, the invariant mass of the K and the ;1 ~, after assigning the K* the p mass
hypothesis, should be consistent with the known J/i) or ¢(25) masses. These new
mass hypotheses are denoted m_ ), and mx_,,), respectively.

A background contribution from genuine B° — K7~ u* ™ decays can also be
formed when the two hadron hypotheses are swapped. This leads to B candidates
being incorrectly reconstructed as B° candidates and vice versa. These candidates

are vetoed using hadron identification criteria.

7.4 Agreement between data and simulation

Good agreement between data and simulated decays is necessary in order to be

able to accurately model the distortion of the angular distributions caused by the

64



trigger, reconstruction and selection. The acceptance correction, described in de-
tail in Sec. 7.5, is determined from simulated four-body B° — K*7~pu*pu~ decays
generated according to a phase space distribution. Data driven techniques are used
to improve the agreement between data and simulation. The PID distributions
in simulation are corrected using a method known as ‘resampling’. To take into
account remaining differences, simulated decays are reweighted to match specific

distributions in data.

7.4.1 PID resampling

Particle identification information is used in two places within the selection of
B°— K*m~pu*pu~: to veto peaking backgrounds and as input to the multivariate
classifier. The PID distributions are known to disagree between data and simu-
lation. In order to improve the agreement, the distribution of each PID variable
is resampled in a two stage process. Firstly, histograms of the PID variables are
produced in bins of the number of tracks in the event, pseudorapidity and pr us-
ing calibration samples in data. These samples include D** — D%(— K- 7")x™,
A — pr~ and Jip — ptp~ decays. Secondly, the PID variables for simulated
decay are updated using the corresponding histogram as a probability density
function to draw a new value. This sampled value replaces the PID variable for
the simulated candidate and is used in subsequent operations. The validation
of the method for the variables KDLLg, and n1DLLg, is shown in Fig. 38 using
background-subtracted® B® — J/ip K*° decays in data and simulated B® — J/i) K*°
decays. The distributions for the remaining PID variables used in the candidate

selection are shown in Appendix B.1.

7.4.2 Reweighting candidates to account for residual differences

The distribution of three variables that show differences between data and sim-
ulation are used to derive a candidate reweighting to improve agreement. These
three variables are the following: the number of tracks in the event, the pr of the
B? candidate and the B vertex quality x?/ndof.

The candidate weights are derived by comparing background-subtracted B® —
J/p K*0 decays in data and simulated B® — J/i) K*9 decays. The weights are deter-

mined sequentially, with the previous weight being applied before the subsequent

5The background component is subtracted using the sPlot technique [83].
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Figure 38: Data-simulation agreement for the PID variables KDLLg, and

mDLLg,. The black data points show the distributions for background-subtracted
B° — Jhp K*° decays in data. The red dashed histograms show the nominal dis-
tribution for simulated B® — Jip K*° decays. The blue histograms show the
distribution for simulated B — J/i) K** decays after the resampling procedure.

weight is derived. The candidate weights are then applied to all simulated samples.
The validation of the method is shown in Fig. 39. Figure 40 shows the agreement
for the BDT response before and after applying the candidate reweighting.

7.5 Acceptance correction

The triggering, reconstruction and selection of signal candidates distorts their kine-
matic distributions. The dominant acceptance effects are due to the requirements
on track momentum and impact parameter.

In order to take into account acceptance effects, a five dimensional efficiency
function is determined from simulated four-body B° — K*7~pu*pu~ decays gen-
erated according to a phase space distribution. If the distributions of ¢?, cos 6y,
cos O, ¢ and m(K 7~ ) were all generated flat, the distributions of the variables
after reconstruction and selection would give the shape of the efficiency. While this
is true for cos )y, cosfx and ¢, it is not the case for ¢* and m(K 7). Therefore,
the simulated candidates are reweighted in order to transform the reconstructed
distributions to the efficiency shape.

The efficiency is parameterised in terms of Legendre polynomials of order n,

L,(x), as

(g%, cos by, cos O, ¢, m/ (Kt n™)) =

Z chijit Ln(¢%") Li(cos 8;) Lj(cos 0k ) Li (¢ ) Ly(m! (K7 7)).

hijkl

(7.3)
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Figure 39: Data-simulation agreement for the variables used to determine the
candidate weights. The black data points show the distributions for background-
subtracted B® — J/i) K** decays in data. The blue dashed histograms show the
distribution for resampled, simulated B® — J/i) K*° decays. The green histograms
show the distribution for resampled, simulated B® — Jj) K*O decays with the
candidate weights applied.

As the polynomials are defined over the domain = € [—1,1], the variables ¢*’, ¢
and m/(KTn~) are used, which are obtained by linearly transforming ¢?, ¢ and
m(K*7~) to lie in this range.

The coefficients cy;ji; are determined using a moment analysis of simulated

four-body B — K*n~putpu~ phase space decays as

1 & 2h+1\ [(2i+1 2]+1 2k:+1 2l +1
Chijkl = an 5 9 9
> wy = (7.4)

x Li(¢%") Li(cos ) L;(cos 0 ) Li(¢)) Ly(m! (KT 7))

where w, is the per-candidate weight taking into account both the non-flat dis-
tributions of ¢? and m(K*7~), and the candidate weights described in Sec. 7.4.2.
The factors of (2a+1)/2 arise from the orthogonality of the Legendre polynomials,
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Figure 40: Data-simulation agreement of the BDT response. The black data
points show the distributions for background-subtracted B — J/p K*° decays in
data. The blue dashed histograms show the distribution for resampled, simulated
B°— Jhp K*9 decays. The green histograms show the distribution for resampled,
simulated BY — J/ K*° decays with the candidate weights applied.

+1 2
/_ L)L (o)de = 5 (7.5)

The sum in Eq. 7.3 encompasses L,(z) up to fourth order in cosf, and
m/(K*7~), sixth order in ¢/ and ¢%, and eighth order in cos 0. The order of poly-
nomial used in each case is the lowest order possible that gives good agreement
between the efficiency function and the simulated four-body B° — K+tn—utu~
phase space decays. The angular acceptance as a function of each of the kinematic
variables in the region 0.1 < ¢® < 10.0 GeV¥/¢ct, 795 < m(K*7~) < 1530 MeV/c?

is shown in Fig. 41.

7.6 The m(K*n~ putp~) invariant mass distribution

The m(K+tn~ ™) invariant mass is used to discriminate between signal and
combinatorial background. The signal distribution is modelled using the sum of
two Gaussian functions with a common mean, each with a power-law tail on the
low-mass side. The combinatorial background is modelled using an exponential
function. The parameters describing the shape of the mass distribution of the
signal are determined from a fit to the B® — J/ih K*(892)" decay in data, as
shown in Fig. 42, and are subsequently fixed when fitting the B® — K 7~ pu*pu~
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Figure 41: Relative efficiency in each of the kinematic variables in the region
0.1 < ¢® < 10.0GeV?%/ct, 795 < m(KTn~) < 1530 MeV/c? as determined from a
moment analysis of simulated B® — K*7~pu*pu~ decays, shown as a histogram.
The efficiency function is shown by the blue dashed line.

candidates. An additional component is included to model the contribution from
BY— Jip K* in the fit to the control mode.

A single scaling factor is used to correct the width of the Gaussian functions
to account for variations in the shape of the mass distribution of the signal ob-
served in simulation, due to the different regions of m(K*7~) and ¢* between
the control mode and signal mode. This factor is determined by first fitting the
m(KTm~ptp) distribution for simulated four-body B — K7~ u*p~ decays in
the B®— J/ip K*(892)° region. All the fit parameters are then fixed, except for s,
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Figure 42: Invariant mass m(K*n pu*p~) for the control decay B° —
Jip K*(892)°. The solid black line represents the total fitted function. The indi-
vidual components of the B® — J/i) K*° (blue shaded area), B — J/i K** (green
shaded area) and combinatorial background (red hatched area) are also shown.

which is allowed to float in the subsequent fits to the m(K* 7~ p* ™) distribution
in each of the ¢? bins in the B — K7~ u*u~ signal region. The distribution of
s, as a function of ¢* in the 1330 < m(K*7~) < 1530 MeV/c? region is shown in
Fig. 43.

In order to cross-check the method, the scaling factor is determined both
for simulated four-body B® — K*7~pu*p~ decays and for data in the region
9.22 < ¢% < 9.96 GeV?/c* and 1330 < m(K*7~) < 1530 MeV/c2. The value of s,
determined from simulation is in good agreement with that determined from data.

The fit to B'— KTn~u*pu~ candidates in the range 1.1 < ¢* < 6.0 GeV¥/¢! is
shown in Fig. 44. The individual fits to the B — K7~ u"u~ candidates in each
of the ¢? bins used for the differential branching fraction measurement are shown
in Appendix D. The signal and background yields in each of the ¢? bins, over the
range 5170 < m(KTn~pTp~) < 5700 MeV/c?, are given in Table 13.

7.7 Differential branching fraction

The differential branching fraction d3/dg?* of the decay B — K7~ puTp~ in an

interval (g2, ¢2..) is given by
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Figure 43: Scaling factor s, in bins of ¢* for candidates in the 1330 < m(K+7~) <
1530 MeV/c? region.
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Figure 44: Invariant mass m(KTn~puu~) for the signal decay B®— K n~putu~
in the range 1.1 < ¢* < 6.0GeV?/c?. The solid black line represents the total
fitted function. The individual components of the signal (blue shaded area) and
combinatorial background (red hatched area) are also shown.
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q* [GeV/c?] Signal yield Background yield

[0.10,0.98] 67 £ 10 93 + 11
[1.10,2.50] 80 + 12 160 + 15
[2.50,4.00] 75 + 12 213 + 17
[4.00,6.00] 75 + 13 334 + 21
[6.00,8.00] 60 + 14 476 + 25
[1.10,6.00] 229 + 21 708 £ 31

Table 13: Signal and background yields of the B® — K*n~u*pu~ candidates in
each of the ¢? bins.

where Ny, _ . and N }/ pIc+0 Are the acceptance-corrected yields of the BY —
Ktr=utp~ and BY— JA K*° decays, respectively. The BY — J/i K*° yield has
to be corrected for the S-wave fraction within the narrow m(K*7~) window of
B — Jhp K*Y decays, FSJ/M(*O. The value of FSJMK*O is obtained from Ref. [89]
and is recalculated for the m(K™n~) range 796 < m(K*7~) < 996 MeV/c?. The
branching fractions B(B® — J/ip K*(892)Y), B(J/ib — pTu~) and B(K*(892)° —
K*r~) are (1.1940.01+0.08) x 1072 [90], (5.961£0.033) x 10~2 [4] and 2/3, respec-
tively. The fraction fi(sgp is used to scale the value of B(B® — J/i K*(892)°)
to the appropriate m(K Tn~) range and is calculated by integrating the K*(892)°
line shape given in Ref. [90] over the range 796 < m(K*t7~) < 996 MeV/c?.

7.7.1 Acceptance corrected yields

To avoid making any assumptions about the unknown distributions of the B® —
K*n~u"p~ candidates, the event-by-event efficiencies described in Sec. 7.5 are
used to correct the measured yields by calculating the average acceptance weight,
where each weight is the reciprocal of the event-by-event efficiency.

For the case where there are only signal candidates present, the average weight

would simply be calculated as,

1 N

where w; is the event-by-event acceptance weight and N is the number of candi-

dates. An estimate for the error on the average weight is given by,
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N

1 )2
O = NN-T) z:(wZ —w)2. (7.8)

Due to the presence of background, the average weight calculated in the signal
region will be an admixture of the average weight for both signal candidates (s, )
and background candidates (W),

Nsigmsig + kagmbkg

= , 7.9
Nsig + kag ( )

Wi

where Ny, and Ny, are the number of signal and background events in the signal
region, respectively. This can be rearranged to give the average weight for the

signal candidates,

(Nsig + kag)wmix - kagwbk’g
Nsig '

However, what is needed for both B® — K7~ pu*u~ and B®— Jh) K*0 is the

acceptance corrected yield Wy Ny;q. This is given by,

Wsig =

(7.10)

WsigNsig = (Nsig + Nokg) Wiz — NokgWakg (7.11)

where the errors are propagated as,

O-%SigNsig = (Nsig + kag)Zo-%mi:c + (_kag)zaébkg (7 12)

+ (@mw)QUJstig + (Winiz — wbkg)QJJQkag'

The signal region is defined as 5230 < m(KTn~pTu~) < 5330 MeV/c? and the
background region as 5350 < m(K T~ puTu~) < 5700 MeV/c?. For the resonant
mode, the background region is altered to 5450 < m(K 7~ utp~) < 5700 MeV/c?
in order to prevent any potential pollution from B®— Ji) K** or B — Jjhp K*°

candidates.

7.7.2 Toy studies

Toy studies are performed for the extraction of ws;, Ny, with different numbers
of signal and background candidates. In each toy, Ny, and Ny, are Poisson

fluctuated. The nominal mass model, described in Sec. 7.6, is used to generate
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Figure 45: Pull plots for the extraction of Wiy /Nyig with different numbers of signal
and background candidates.

signal and background candidates. The weights for both signal and background
are sampled from two Gaussian functions with different means.

Pull studies are performed to check that the method is unbiased and correctly
estimates the uncertainty. The pull of the observable a is defined as (@meas —
Agen)/0 (@) meas [91]. If the method is unbiased and the coverage is correct, the
pull distribution should be a Gaussian centred at zero with unit width. The pulls
for the extraction of Wyy /Ny are shown in Fig. 45. No bias is observed and the

statistical error is correctly evaluated.

7.7.3 Results

The results for the differential branching fraction are given in Fig. 46. The un-
certainties shown are the quadratic sum of the statistical and systematic uncer-
tainties. The results are also presented in Table 14. The various sources of the

systematic uncertainties are described in Sec. 7.9.
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Figure 46: Differential branching fraction of B® — K*7~pu*pu~ in bins of ¢2
The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties.

Table 14: Differential branching fraction of B — K7~ pu*p~ in bins of ¢?. The
first uncertainty is statistical, the second systematic and the third due to the
uncertainty on the B®— J/iy K*(892)° and J/ip — u*pu~ branching fractions.

¢ [GeV?/ct]  dB/dg* x 1078 [t/ GeV?]
[0.10,0.98]  1.60 + 0.28 + 0.04 & 0.11
[1.10,2.50]  1.14 + 0.19 + 0.03 £ 0.08
[2.50,4.00]  0.91 + 0.16 & 0.03 & 0.06
[ |
[ ]
[ ]

4.00,6.00 0.56 £ 0.12 &£ 0.02 £ 0.04
6.00, 8.00 0.49 £ 0.11 £ 0.01 £ 0.03
1.10,6.00 0.82 £ 0.09 £ 0.02 £ 0.06

7.8 Angular moments analysis

The angular observables defined in Sec. 7.2 are determined using a moments anal-
ysis of the angular distribution, as outlined in Ref. [84]. This approach has the
advantage of producing stable measurements with well-defined uncertainties even
for small data samples.

The 41 background-subtracted and acceptance-corrected moments are esti-

mated as
Nsig Nbkg

I = Z wkfi(Qk) - Z wk:fi(Qk) (7-13)
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and the corresponding covariance matrix is estimated as

Cij = Y W fi( ) () + 2> wi fi(S%) £ (%) (7.14)
P P

Here ng, and npis correspond to the candidates in the signal and background re-
gions, respectively. The signal region is defined within +50 MeV/c? of the mean
B® mass, and the background region in the range 5350 < m(K n putu™) <
5700 MeV/c?. The scale factor z is the ratio of the estimated number of back-
ground candidates in the signal region over the number of candidates in the back-
ground region and is used to normalise the background subtraction. It has been
checked in data that the angular distribution of the background is independent of
m(K*Tn~ ptp~) within the precision of this measurement, and that the uncertainty
on x has negligible impact on the results. The weights, wy., are the reciprocals of
the candidates’ efficiencies and account for the acceptance, described in Sec. 7.5.

The covariance matrix describing the statistical uncertainties on the 40 nor-

malised moments is computed as

_ T, I,Ch+T;0u] 1
Cy = Ci‘—l——]Cn—# —

v T 5 i,j€{2,..,41}. (7.15)

7.8.1 Toy studies

In order to validate the moments analysis, toy studies are performed using sim-
ulated datasets. Signal decays are generated according to a realistic model
taking into account contributions from the K*(1410)° [92], K(1430)° [93] and
K3(1430)Y [94] states. The generated values for each of the moments are cal-
culated using a numeric integration. The specified m(KTn~) and ¢ range is
iterated over and the amplitudes at each point are calculated. The moments are
then derived from these amplitudes using the relations given in Appendix A.

The toy datasets are generated in the range 1330 < m (K n~) < 1530 MeV/c?
and 1.1 < ¢® < 6.0 GeV?%/¢!. Each dataset contains a realistic amount of signal and
background candidates, the numbers of which are both Poisson fluctuated. Back-
ground candidates are generated flat in ¢, cos @y, cosf, ¢, and m(KTn~), and
according to an exponential distribution in m(K 7~ utu™). Acceptance effects
are also included using the efficiency function described in Sec. 7.5.

The 40 normalised moments I's —'4; are measured for each of the toy datasets.
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Table 15: Results of the pull studies for toys datasets.

T, mean width T, mean width

Ty | —0.01 £ 0.02 | 0.99 + 0.01 To | 0.01 4+ 0.02 | 0.96 + 0.02
T, 0.01 £+ 0.02 | 0.96 + 0.02 Tos | —0.01 4+ 0.02 | 0.96 + 0.02
T, | —0.03 £ 0.02 | 0.95 + 0.02 Tsy | —0.05 £+ 0.02 | 0.98 £ 0.02
Ts | —0.03 £ 0.02 | 1.00 £ 0.02 Ty | —0.01 £+ 0.02 | 0.99 £ 0.02
T 0.01 £+ 0.02 | 1.01 £ 0.02 Ty | —0.05 £+ 0.02 | 0.96 £ 0.02
T 0.02 + 0.02 | 1.01 + 0.02 To; | —0.01 4+ 0.02 | 0.96 + 0.02
Ts | —0.01 + 0.02 | 0.97 £+ 0.02 Tss | —0.01 £ 0.02 | 0.99 £ 0.02
Ty | —0.01 + 0.02 | 0.99 + 0.02 Te | 0.03 4 0.02 ] 0.97 £ 0.02
Ty | —0.03 £ 0.02 | 0.97 £ 0.02 Ty | 0.02 4 0.02 ] 1.02 £ 0.02
Ty | 0.01 4002094+ 0.02 Ts, | —0.00 £+ 0.02 | 0.97 £+ 0.01
T2 | —0.03 £ 0.02 | 0.98 + 0.02 Ts | 0.00 £+ 0.02 | 1.01 £+ 0.02
T3 | 0.00 £ 0.02 ] 0.98 + 0.02 Ts3 | —0.03 £+ 0.02 | 0.98 £ 0.02
Tw| 0.03+0.02]0.95=+0.01 Ts4 | —0.00 & 0.02 | 0.98 £ 0.02
Ty5 | —0.01 £+ 0.02 | 0.97 £+ 0.01 Ts5 | —0.01 &+ 0.02 | 0.98 + 0.02
T | 0.00 £ 0.02|0.97 £+ 0.02 Ts6 | —0.00 &+ 0.02 | 0.96 + 0.01
Ti7 | 0.03+0.02|1.01 £+ 0.02 Ts7 | —0.01 £+ 0.02 | 0.97 £ 0.02
Ths | —0.00 £+ 0.02 | 0.97 £ 0.02 Tss | 0.02 4 0.02 | 0.95 + 0.02
T | —0.01 £+ 0.02 | 1.00 £ 0.02 Ty | 0.01 4+ 0.02]0.96 + 0.01
Ty | —0.00 £+ 0.02 | 0.97 £ 0.02 Tiw | 0.0240.02]0.99 + 0.02
Ty | 0.01 £+ 0.02 | 0.97 £+ 0.02 T4 | —0.01 £ 0.02 | 0.96 £+ 0.02

Pull studies are performed to check that the method is unbiased and correctly
estimates the uncertainty. The results of the pull studies are shown in Table 15
and in Appendix E. No bias is observed for any of the measured moments and the

statistical errors are correctly evaluated.

7.8.2 F-wave moments

The angular analysis assumes that the K7~ system is in a S-; P- or D-wave
configuration only. Contributions from F-wave states (or higher) are assumed to
be negligible. This assumption is cross-checked by measuring the 18 moments
corresponding to the K7~ in a F-wave configuration. The measured values are
shown in Fig. 47 and Table 16. All the measured moments are consistent with

zZero.
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Figure 47: Results of the cross-check of the F-wave contribution. All the measured

moments are consistent with zero.
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fi(2) Value
Ty PYYY —0.01 £ 0.14
Tus PYYY 0.09 4 0.13
Ty PYYY —0.18 & 0.17
Tys RYYY 0.20 £ 0.16
Ty | PAV2Re(Yy) | 0.03 +£0.14
Ty | PAV2Re(Yy) | 012 +0.14
Tus | PAV2Im(Yy) | —0.09 £ 0.15
Ty | PAV2Im(Y) | 0.02 £0.15
Tso | P92 Re(Y) | —0.05 £+ 0.11
Ts1 | POV2Re(Y$) | 0.08 +0.11
Tse | POV2Im(Y?) | 0.09 +0.11
Ts3 | POV21Im(Y?) | 0.03 £0.11
Ts4 PYY? 0.02 £+ 0.17
Tss PYY —0.06 & 0.17
Tss | PAV2Re(Y!) | 0.22 £0.12
Ts7 | PAV2Re(Yd) | —0.15 £ 0.12
Tss | PAvV2Im(Y)) | —0.11 £ 0.12
Tso | PAV21Im(YY) | 0.00 £ 0.12

Table 16: Results of the cross-check of the F-wave contribution. All the measured

moments are consistent with zero.
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7.8.3 Results

Figure 48: Measurement of the normalised moments, I';, of the decay B° —
K*n~pTp~ in the range 1.1 < ¢ < 6.0GeV¥c* and 1330 < m(KTn™) <
1530 MeV/c?. The uncertainties shown are the quadratic sum of the statistical
and systematic uncertainties.

The results for the normalised moments, I';, are given in Fig. 48. The uncertainties
shown are the sums in quadrature of the statistical and systematic uncertainties.
The results are also presented in Table 17. The various sources of the systematic
uncertainties are described in Sec. 7.9.

The distributions of each of the decay angles within the signal region are shown
in Fig. 49. The estimated signal distribution is derived from the moments model
by evaluating the sum in Eq. 7.1, which is found to provide a good representation

of the data for each of the decay angles.
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Table 17: Measurement of the normalised moments, I';, of the decay B° —
Ktr=ptp~ in the range 1.1 < ¢ < 6.0GeV?/c* and 1330 < m(Ktr™) <
1530 MeV/c?. The first uncertainty is statistical and the second systematic. The
0.00 values for the systematic uncertainty of certain moments is simply due to the

number of significant digits shown.

T, Value T, Value

Ty | —0.42 £+ 0.13 £ 0.03 Ty | 0.21 £+ 0.12 £ 0.01
T3 | —0.38 &+ 0.15 + 0.01 Ty; | 0.03 £ 0.12 £ 0.01
Ty, | —0.02 £ 0.14 £ 0.01 Ty | —0.10 £+ 0.10 + 0.01
Ts 0.29 + 0.14 £ 0.02 Ty | 0.03 £ 0.10 £ 0.01
Ts | —0.05 + 0.14 + 0.04 Ty | 0.08 £ 0.11 £ 0.01
T, | —0.06 + 0.15 + 0.03 Tyr | 0.14 £ 0.11 £ 0.01
Ty 0.04 + 0.16 £ 0.01 Tos | —0.04 £+ 0.11 + 0.01
Ty 0.05 + 0.16 £ 0.02 Ty | 0.06 £ 0.15 + 0.04
Tyo| 0.24 +£0.17 £ 0.02 T3 | —0.21 £+ 0.15 + 0.04
Ty | 0.06 £ 0.13 £ 0.01 Ts | —0.07 £ 0.16 + 0.01
Ty5 | —0.01 £+ 0.13 + 0.02 T3 | —0.16 £ 0.17 &+ 0.02
T3 | —0.08 £ 0.12 £+ 0.01 Ts3 | —0.04 £ 0.17 £ 0.02
Ty | 0.09+0.13 + 0.01 Tsy | 0.15 £ 0.11 £+ 0.01
Ty | 0.11 £+ 0.13 £+ 0.00 T35 | —0.13 £ 0.11 £+ 0.01
Ty | —0.12 £+ 0.13 £+ 0.01 Ts6 | 0.05 £+ 0.11 £+ 0.01
Ty7 | —0.04 £+ 0.13 £+ 0.01 Ts7 | 0.05 £ 0.11 £+ 0.01
Tws| 0.03+0.14 + 0.01 Tss | 0.06 £ 0.11 £ 0.00
Ty | 0.114+0.11 4 0.01 Ts9 | —0.08 £ 0.11 £ 0.00
Ty | —0.00 £+ 0.11 £ 0.01 Ty | 0.15+0.11 £+ 0.01
Ty | 0.03+0.12 4+ 0.01 Ty | 0.124+0.11 4+ 0.01

The D-wave fraction, Fp, is estimated using the moments I's and T’y as

s _

Naively, one would expect a large D-wave contribution in this region, as was seen
in the amplitude analysis of B®— J/) K™n~ [90]. However, in B — K*r—utpu~
no significant D-wave contribution is seen and, with the limited statistics currently
available, it is only possible to set an upper limit of F, < 0.29 at 95% confidence
level. This might be an indication of a large breaking of QCD factorisation in this
decay mode. Additionally, the values of the moments I'y and T's imply the presence

of large interference effects between the S- and P- or D-wave contributions.
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Figure 49: The distributions of each of the decay angles within the signal region.
The acceptance-corrected data is represented by the points with error bars. The
estimated signal distribution is shown by the blue shaded histogram. The pro-
jected background from the upper mass sideband is shown by the red hatched
histogram, which is stacked onto the signal histogram.

7.9 Systematic uncertainties

The main sources of systematic uncertainty for the differential branching fraction
and the angular moments analysis are described in detail below and summarised in
Table 18. The systematic uncertainties are significantly smaller than the statistical
uncertainties.

The differential branching fraction and angular moments analysis share several
common systematic effects: the statistical uncertainty on the acceptance function
due to the size of the simulated sample from which it is determined, differences

between data candidates and the simulated candidates used for the determination
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Table 18: Summary of the main sources of systematic uncertainty for the differ-
ential branching fraction and the angular moments analysis. Typical ranges are
quoted for the different ¢? bins used in the differential branching fraction measure-
ment and the different moments measured in the angular moments analysis. The
systematic uncertainties are significantly smaller than the statistical uncertainties.

Source | dB/dg? x 1078 [¢*/ GeV?] T
Acceptance stat. uncertainty 0.006—0.030 0.003—0.013
Data-simulation differences 0.001—-0.014 0.001—-0.007
Peaking backgrounds 0.013—0.026 0.001—0.040
B(B — J/p K*(892)Y) 0.033—0.110 —

of the acceptance function and contributions from residual peaking background
candidates. The differential branching fraction also has a systematic uncertainty
due to the uncertainty on the branching fraction of the decay B — J/i K*(892)°.
This is the dominant systematic uncertainty for the differential branching fraction
and is shown separately in Table 14.

The size of the systematic uncertainties associated with the determination
of the acceptance correction and residual peaking background contributions are
evaluated using pseudo-experiments, where samples are generated varying one or
more parameters. The differential branching fraction and each of the moments are
evaluated using both the nominal model and the systematically varied model. In
general, the systematic uncertainty is then taken as the average of the difference
between the two models over a large number of pseudo-experiments. The exception
to this is the statistical uncertainty of the acceptance function. In order to account
for this statistical variation, the standard deviation of the difference between the
two models is used instead.

The effect of the statistical uncertainty on the acceptance function is evaluated
using pseudoexperiments where candidates are generated with an acceptance that
is varied according to the covariance matrix for the moments of the acceptance
function. The effect of differences between the data candidates and the simulated
candidates is evaluated using pseudoexperiments where candidates are generated
with an acceptance determined from simulated candidates without applying the
data-simulation corrections described in Sec. 7.4.

The effect of residual peaking background contributions is evaluated using

pseudoexperiments where peaking background components are generated in addi-
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tion to the signal and the combinatorial background. The angular distributions
of the peaking backgrounds are taken from data by isolating the decays using
specific selections. In Appendix F, the method is shown explicitly for the case of
B°— Jhp K*tn~ decays with a 7 <+ p swap.

All other sources of systematic uncertainties investigated, such as the choice of
the m(K+tn~ " ™) signal model and the resolution in the angular variables, are

found to have a negligible impact.

7.10 Summary

This thesis presents measurements of the differential branching fraction and an-
gular moments of the decay B — K*7~pu*p~ in the K ™7~ invariant mass range
1330 < m(K™n~) < 1530 MeV/c?. The data sample corresponds to an integrated
luminosity of 3fb™" of pp collision data collected by the LHCb experiment. The
differential branching fraction is reported in five narrow ¢? bins between 0.1 and
8.0GeV?/ct and in the range 1.1 < ¢* < 6.0 GeV?/ ¢!, where an angular moments
analysis is also performed.

The measured values of the angular observables I's and T's point towards the
presence of large interference effects between the S- and P- or D-wave contribu-
tions. Using only I's and Ty it is possible to estimate the D-wave fraction, Fp,
yielding an upper limit of Fp < 0.29 at 95% confidence level. This value is lower
than naively expected from amplitude analyses of B — J/i) K7~ decays [90].

The underlying Wilson coefficients may be extracted from the normalised mo-
ments and covariance matrix presented in this analysis, when combined with a
prediction for the form factors. While first estimates for the form factors are given
in Ref. [82], no interpretation of the results in terms of the Wilson coefficients is
made at this time. With additional input from theory, these results could provide
further contributions to understanding the pattern of deviations with respect to

SM predictions that has been observed in other b— su™pu~ transitions.
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Appendices

A Angular distribution

The transversity-basis moments of the 41 orthonormal angular functions defined
in Eq. 7.1 are shown in Table 19. The orthonormal angular basis is constructed
out of spherical harmonics, Y, = Y;"™(0,, ¢), and reduced spherical harmonics,
P = /271Y"(0k,0). The S-, P- and D-wave transversity amplitudes are denoted
as SIBRY [ {% "‘}1}} and ng ’Hjﬁ}’ respectively. The indices L and R denote the (left-
and right-handed) chirality of the lepton system.
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Table 19: The transversity-basis moments of the 41 orthonormal angular functions

fi(Q) in Eq. 7.1.

i £i(9) L () 0"
L RY [ HE? + |HEP + | HE? + |SH2 + [DEP + | DEP + | DE?] + (L= R)
2 PYY 2[% Re(HLDg*) + Re(S“HE") + /2 Re( H’Dﬁ* + HEDE)]
3 Py B (|IDF + |DEP) - J5 (|HE2 + |HEP) + 2 [HEP + 2% |DE? + 2 Re(S“D*)
4 Y o |- Re(HEDE + HEDY) 4+ V/3Re(HE D]
5By 2[-20DfF + IDEP) +31DEP]
6 RYy (ID}1? + [DY[?) + (1Hf |2+|HL|2)*QISLP*?\DL\Z*?\HL\Z]
7 PYY H B Re(H D + HEDY) = 2 Re(SHHE) — £ Re(HEDE)|
sy [L(DLE + 1Dt ) At~ \2+|Hﬂ2)f%HoLI“%Re(SLDé*)]
9 Yy [Re(H’D"‘* + HEDE) + 2v/3 Re(HEDE) |
0 Py 22 [IDEP + DL + 31 DE P
11 P2 Re(Y)) - {\/536 sL* f\/jRe HEDE) +\fRe DLHL*}
12 PIV2Re(Y)) -3 {Re HLHL* +\[Re DES™) + +3= Re(DF DY )}
13 PNV Re(Yy) o [2Re(DHLH§*)+fRe<HHLDg*)]
14 PI\V2 Re(Yy) —55 Re(DfD§*)
15 P2 Im(Yy) {\/%Im(HfSL*)Jr})Im(DfHOL*)—E“‘/glm(HfDé*)
16 Pyv2Im(Yy) %ﬁ]m(DLDL*)+iIm(HLHOL*)Jr\/%Im(DfSL*) 7
17 P}V2Im(Yy) ST [21m(DLHL*)+\/§1m(Hng*)}
18 PH2Im(Yy) 705 Im(DYDg)
19 PYV2Re(Y?) ~53% [(\H B2 )+ (DI — DY) )]
20 PY\2Re(Y2) -3 [Re(HLDL*) - Re(Dfo*)]
21 PIV2Re(Y?) L [H(DER - DER) + S HEP - |HEP)
22 PYV2Re(Y2) g\/;[Re(HHLD"r*)f Re(DLHf*)}
23 PYV2Re(Y?) 2\ /2DtP - D)
24 P03 Im(Yy) \/g [Im(HfHHL*)Jr Jm(DﬁDﬁ*)}
25 PX/2Im(YR) S Im(H!D{" + DY H[")
2 PYv/32 Im(Yy) ﬁ{%fm(DfDﬁ*)”lm(HLHL*)]
27 POVZ Im(V2) —3\/ Im(DL AP + HEDY)
28 PYVZIm(YP) 1,/ Im(DLDF)
29 POy - B[Re(HfHHL*)Jr Re(DLDL*)] (L R)
30 PoY? ~% Re(H'D}* + H{ DY)
31 PYY? — s {f Re(DEDI) — Re(HLHHL*)}
32 POY? S Re(H!D}* + HIDY)
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B Agreement between data and simulation

B.1 PID resampling
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Figure 50: Data-simulation agreement for the PID variables used in the selection of
B?— K™m~pu"pu~. The black data points show the distributions for background-
subtracted B® — J/i K*° decays in data. The red dashed histograms show the
nominal distribution for simulated B® — J/ip K*° decays. The blue histograms
show the distribution for simulated B® — Jip K*O decays after the resampling
procedure.
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Figure 51: Data-simulation agreement for the variables for each of the variables
used as input to the BDT. The black data points show the distributions for

normalised decays normalised decays normalised decays
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background-subtracted B® — J/i) K*° decays in data. The blue dashed histograms
show the distribution for resampled, simulated B® — J/i K*° decays. The green
histograms show the distribution for resampled, simulated B® — J/) K** decays
with the candidate weights applied.
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C Acceptance correction

In order to study the correlations between the kinematic variables used in the
acceptance correction it is useful to look at two dimensional distributions. Fig-
ures H2—55 show the two dimensional distributions for each of the pairs of vari-
ables. The plots on the left show the distributions for the simulated decays used
to determine the acceptance correction. The plots on the right show the distri-
butions for toy events generated flat in each of the variables and weighted by the
efficiency determined from the acceptance parameterisation. Good agreement is

found between the two distributions.
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Figure 52: Two dimensional distributions of the acceptance parameterisation.
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D The m(Ktn~putp™) invariant mass distribu-
tion

Figure 56 shows the fits to the m(K "7~ u*p~) distribution in each of the ¢* bins

used for the differential branching fraction measurement.

30T T

T
LHCb
1.1<¢q?<25GeV¥c*

T
LHCb i
0.1 < ¢?<0.98 GeV%c* 4
20 - r
- 20

10t

Candidates / (10 MeV/c?)
Candidates / (10 MeV/c?)

5200 5400 5600 0 5400 5600
m(K*z"u*u”) [MeV/c?] m(K*w" u*u”) [MeV/c?]

T
LHCb
40 < q?<6.0GeVYct

LHCb .

30
L 25<q?<40GeVYc* ]

30f
20[f

10F

Candidates / (10 MeV/c?)
Candidates / (10 MeV/c?)

1
5400 5600
m(K*w" utu”) [MeV/c?] m(K*w utu”) [MeV/c?]

1
5400

T
LHCb
1.1 < ¢2< 60 GeV¥/c*

T
LHCb b
6.0 < ¢q><80GeV¥c* ]

8o

o[-
6o
20
40

20F

Candidates / (10 MeV/c?)
Candidates / (10 MeV/c?)

1 1
5600 5200 5400 5600
m(K* " utu”) [MeV/c?] m(K*w"u*tu”) [MeV/c?]

1
5200 5400

Figure 56: Invariant mass m (K7~ u*u~) for the signal decay B®— Kta~utpu~
in each of the ¢ bins used for the differential branching fraction measurement. The
solid black line represents the total fitted function. The individual components of
the signal (blue shaded area) and combinatorial background (red hatched area)
are also shown.
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E Toy studies for the angular moments analysis

The results of the pull studies described in Sec. 7.8.1 are shown in Fig. 57 and
Fig. 58. No bias is observed for any of the measured moments and the statistical

errors are correctly evaluated.
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F Peaking background systematic

The effect of residual peaking background contributions is evaluated using pseudo-
experiments where peaking background components are generated in addition to
the signal and the combinatorial background. The peaking background candidates
are first selected from data by isolating the decays using specific selections. In the
following section, the method is shown explicity for the case of BY — Jh Kt~
decays with a m <> p swap.

As described in Sec. 7.3.5, candidates from B — J/i KTn~ decays can con-
tribute a background if the 7= (KT) is misidentified as a pu~ (p) and the p~
(u™) is misidentified as a 7~ (K™). For the case of = <> 7~ swaps, the invariant
mass of the 77 and the pu™, after assigning the 7~ the p mass hypothesis, should
be consistent with the known J/i) mass. This new mass hypothesis is denoted
M= p)p-

Candidates are selected from data by requiring the m(,_,,), invariant mass
to be within +200 MeV/c? of the known J/p mass. The m,_,,), distribution is
fitted using a Gaussian to model the B®— J/i) K7~ contribution and a second
order Chebyshev polynomial to model the non-resonant contribution, as shown in
Fig. 59. The sPlot technique [83] is used to isolate the B®— Ji) KTn~ contribu-
tion.

The distributions of the decay angles for B — J/iy K7~ decays with a 7 <+ p
swap are shown in Fig. 60. A kernel estimator [95] is used to model the distri-
butions, as shown by the blue histogram in Fig. 60. The resulting probability
density function is used to generate the peaking background contributions for the

pseudoexperiments.
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