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Abstract: The production cross-sections of beauty hadrons in proton-proton collisions
at centre-of-mass energies of /s = 7TeV and /s = 13 TeV are determined with semileptonic
b-hadron decays in the first part of this thesis. Using the collected data samples that
correspond to integrated luminosities of £ = 284 pb™! and £ = 4.60 pb™?, the cross-sections
in the LHCb acceptance, the range in pseudorapidity n from 2 to 5, are determined to be
69.0 £+ 0.3(stat) + 6.1(syst) ub and 137.5 + 1.1(stat) £ 12.8(syst) ub at /s = 7TeV and
Vs = 13 TeV, respectively. A good agreement of the n-dependent cross-sections and their
ratios is found between the data and theoretical fixed-order next-to-leading log (FONLL)
calculations. The production rate of b hadrons allows for precision measurements of physics
parameters in rare b-hadron decays that offer a great sensitivity to test the quantum
corrections predicted by the Standard Model and to probe possible contributions from
physics beyond the Standard Model. Time-dependent CP violation in BY — ¢¢ decays is a
sensitive observable which could be influenced by new heavy degrees of freedom contributing
to the loop-induced BY mixing and decay processes. The measurement of CP violation in
this decay mode is performed in the second part of this thesis with the LHC Run I dataset
corresponding to an integrated luminosity of 3fb™!. The CP-violating phase is determined to
be ¢s(BY— ¢¢) = —0.17 £0.15 (stat) £0.03 (syst) rad which is compatible with Standard-
Model predictions of zero. No evidence for physics beyond the Standard Model is found.
Most of LHCDb’s current measurements are limited by statistical uncertainties. To overcome
this shortcoming, LHCb plans to upgrade the detector after 2018. Starting in 2021, the
detector can be operated at a higher instantaneous luminosity with a triggerless 40 MHz
readout system. Amongst others, the current main tracking detector will be replaced by
a scintillating fibre detector. The third part of this thesis presents the measurement of
the performance of prototype modules of this tracking detector. The spatial resolution is
determined to be 77.2 + 1.3 um and the single-hit detection efficiency is measured as 98.8
+ 0.1%, which meets the requirements of the new tracking detector.






Kurzfassung: Im ersten Teil der vorliegenden Arbeit wird der Produktionswirkungs-
querschnitt von b Hadronen in Proton-Proton Kollisionen bei Schwerpunktsenergien von
Vs = 7TeV und /s = 13 TeV mit Hilfe semileptonischer b Hadronzerfillen gemessen.
Mit Datensétzen, die integrierten Luminosititen von £ = 284pb~! bzw. £ = 4.60 pb~!
entsprechen, werden die Wirkungsquerschnitte fiir einen Pseudorapiditatsbereich 1 von
2 bis 5, zu 69.0 = 0.3 (stat) £ 6.1 (syst) ub bzw. 137.5 £ 1.1 (stat) & 12.8 (syst) ub fiir
Vs = 7TeV bzw. /s = 13 TeV bestimmt. Die n-Abhéngigkeit der beiden Wirkungsquer-
schnitte und deren Verhéltnis stimmen mit theoretischen fixed-order next-to-leading log
(FONLL) Berechnungen tberein. Diese hohe Produktionsrate von b Hadronen ermoglicht
Prézisionsmessungen von physikalischen Parametern in sehr seltenen Zerfallen von b Hadro-
nen. Viele dieser Zerfille sind im Standardmodell nur aufgrund von Quantenkorrekturen
moglich. Mogliche Beitrége neuer Physik jenseits des Standardmodells modifizieren die
Quantenkorrekturen und fithren zu messbaren Abweichungen in den Observablen. Die
zeitabhiingige CP Verletzung in BY — ¢¢ Zerfillen ist eine Observable, die eine hohe Sensi-
tivitat fiir Beitrédge neuer Physik aufweist. Die Messung der zeitabhidngigen CP Verletzung
flir diesen Zerfall wird im zweiten Teil dieser Arbeit anhand des Datensatzes des LHC
Run I mit einer integrierten Luminositit von 3fb™! vorgestellt. Die CP-verletzende Phase
wird zu ¢s(BY— ¢¢) = —0.17 £ 0.15 (stat) £ 0.03 (syst) rad bestimmt, was im Einklang
mit der Standardmodellvorhersage von Null steht. Es werden somit keine Hinweise auf
Beitrage neuer Physik gefunden. Die meisten derzeitigen LHCb Messungen sind durch
statistische Unsicherheiten limitiert. Um dieses Defizit zu iiberwinden, wird der LHCb
Detektor bis Anfang 2021 umgebaut, damit er bei einer héheren Luminositdt und einer
Datenausleserate von 40 MHz betrieben werden kann. Unter anderem wird der Haupt-
spurrekonstruktionsdetektor durch einen Detektor mit szintillierenden Fasern ersetzt. Der
dritte Teil dieser Arbeit préasentiert die Messung der Eigenschaften von Prototypen eines
solchen Detektors. Die Ortsaufléosung wird zu 77.2 4+ 1.3 um und die Detektionseffizienz
eines einzelnen Teilchens zu 98.8 + 0.1% bestimmt. Damit erfiillt er die Anforderungen,
die an den neuen Detektor gestellt werden.
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Preface

This thesis has been prepared using data of the LHCb experiment, a collaboration of about
800 scientists and engineers. It would have been impossible to perform the analyses without
the implicit help of many.

The determination of the b-hadron production cross-section presented in Part [I| has
been performed within the corresponding working group. The major analysis work was
performed by three students including the author. The author has contributed to all
analysis steps documented in this thesis. The measurements were published in Phys. Rev.
Lett. 118, 052002 [1] and documented in detail in the internal note [2] with the author as
one of the main contributors.

The measurement of CP violation in BY — ¢¢ decays presented in Part [lI|is the work of
four main proponents including the author. The main contributions of the author were
the determination of the decay-time resolution, the implementation of the fit procedure to
extract the results and some particular evaluations of the systematic uncertainties. The
fit procedure was implemented separately by two students including the author. The fit
procedure used by the author had been developed for the measurement of CP violation in
BY— Jhp ¢, documented in Refs. [3] and [4]. It was modified by the author to be applied
to BY— ¢¢ decays. The selection of the BY — ¢¢ signal candidates and the determination
of the decay-time acceptance is the joint work, amongst others, of a master student and
the author. It is documented in Ref. [5]. The measurement of CP violation in BY — ¢¢
decays was published in Phys. Rev. D 90, 052011 [6] and documented in detail in the
internal note |7] with the author as one of the main contributors.

The measurement of the Scintillating Fibre Tracker performance described in Part [[T]] is
based on work of the LHCb Scintillating Fibre Tracker Collaboration. The data has been
collected by a large group of people taking shifts during the test-beam campaign including
the author. The author is one of the main contributors to the software that processed and
analysed the test-beam data. The analysis presented in this thesis was solely performed by
the author. The results of the test-beam campaign were documented in the public note [8]
with the author as one of the main contributors.
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1 Introduction

For the last decades, the Standard Model of particle physics has been very successful in
explaining the fundamental physics at the quantum scale and predicting the observations of
particle-physics experiments. However, it is not a complete theory that explains all observed
phenomena in nature and is insufficient to describe, amongst others, the existence of dark
matter and dark energy, the masses of neutrinos and the magnitude of the asymmetry of
matter over anti-matter in the universe. Mathematically, it exhibits inconsistencies such as
the hierarchy problem and the fine-tuning of parameters.

The Large Hadron Collider (LHC) in Geneva, the world’s largest proton accelerator, is
designed to reach energy scales that might reveal the limits of the Standard Model. New
theories can be tested that may answer open questions of particle physics and cosmology.
During the LHC Run I in the years 2011 and 2012, the exploration of the regimes at
centre-of-mass energies of 7 TeV and 8 TeV provided numerous exciting results, including
the confirmation of the existence of a Higgs-like particle [9,(10]. In 2015, the LHC began to
collide protons at the energy of 13 TeV which opens a new era of physics to explore.

The LHCb experiment, one of the four major experiments at the LHC, is designed
to study the decays of charm and beauty hadrons that are produced at a high rate of
about 10! bb pairs per fb~! of integrated luminosity. The cross-section for the production
of heavy-flavour hadrons, the process that the LHCb detector has been built for, is not
only useful to estimate the expected amount of decays of interest and ascertain future
sensitivities to SM parameters. It is also of great interest to the theory community as the
production through gluon-fusion processes provides a test of the knowledge of Quantum
Chromodynamics (QCD) [11]. The LHCb detector, with its unique forward design, probes
gluons that have highly asymmetric momentum fractions. In part [I] of this thesis, the
b-hadron production cross-section is measured with semileptonic b-hadron decays at centre-
of-mass energies of 7 TeV and 13 TeV. In the ratio of cross-sections, the large theoretical
uncertainties partially cancel which allows for a precise comparison of the data with theory
predictions using fixed-order plus next-to-leading log (FONLL) calculations [12].

The large number of produced b hadrons allows for the study of decay modes that happen
rarely, up to branching fractions of ~ 1079, but offer sensitivity to physics phenomena
beyond the description of the Standard Model. One of these interesting decays is the
channel BY — ¢¢ in which time-dependent CP violation can arise from the interference
between the direct decay and the decay after mixing of the b meson. In the Standard
Model, CP violation is expected to be small as the contributions to the loop-induced BY
mixing and penguin decay diagrams almost exactly cancel. However, since only virtual
particles are exchanged in the loops, they are very sensitive to new heavy degrees of freedom
whose mass scale can be much higher than the actual accessible energy scale. Due to the
different loop structure, these unknown contributions can be different in the mixing and
the decay amplitudes. Any non-trivial CP violation would be a hint for New Physics. The
measurement of CP violation in BY — ¢¢ decays is presented in part [[I] of this thesis.
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1 Introduction

Among the many interesting results of the LHC Run I, none of them showed clear
evidence for a breakdown of the Standard-Model description in the observed energy range
within the current uncertainty. It is the goal of the coming years to further improve the
statistical sensitivity of the key results and put more stringent limits on possible new effects.
The heavy-flavour production rate at 13 TeV is about twice as high, but the readout rate of
the LHCb front-end electronics is limited to 1 MHz and the proton-proton interaction rate
is kept low because the detector cannot cope with higher particle occupancies. Therefore,
the LHCDb detector will undergo a major upgrade after Run II during the Long Shutdown 2,
from the end of 2018 until the end of 2020. This will allow for an operation at a five times
higher instantaneous luminosity of £ = 2 - 1033 ecm~2s~!. Additionally, the data will be
recorded without a hardware trigger system at the full collision rate of 40 MHz. Especially
the trigger system to select hadrons suffers from large inefficiencies such that the triggerless
readout will largely improve the reconstruction and selection efficiency of the four-hadronic
final state of the B? — ¢¢(— KK~ K™K ™) decay mode. The upgrade will significantly
extend the statistical precision of the experiment. The current main tracking detector
consists of a silicon-based Inner Tracker and an Outer Tracker built with 5 mm straw tubes.
It will be replaced by a single technology using low-mass scintillating fibres with high
granularity. Part [[T] of this thesis presents performance results, namely light yield, spatial
resolution and single-hit efficiency measurements, of prototypes of this Scintillating Fibre
(SciFi) Tracker, obtained during a test-beam campaign at the SPS accelerator at CERN in
May 2015.

This thesis is organised as follows: Chapter [2| describes the Standard Model, the theoret-
ical framework of particle physics. The LHCb experiment and its detector components are
presented in Chap. [3] followed by a review of commonly used methods to extract physics
parameters in Chap. [l The actual measurements are covered in Parts [[] to [[TI} Part [I]
presents the determination of the b-hadron production cross-section at centre-of-mass
energies of 13 TeV and 7 TeV and their ratio. The measurement of CP violation in the
b-hadron decay BY — ¢¢ is performed in Part The last Part shows the results of
performance test of the upgrade SciFi tracking detector, followed by some concluding
remarks.

20



2 Description of the theoretical framework

This chapter presents a short overview of the Standard Model, the theory framework
for particle physics, which was developed in Refs. [13515]. As the research at the LHCb
experiment is focused on the decays of heavy-flavour hadrons, this introduction will be
restricted to the CKM mechanism which is responsible for transitions between quarks.
Further specific details needed for the analyses will be presented in the individual Parts []]

and [1

2.1 The Standard Model of Particle Physics

The Standard Model is a relativistic renormalisable quantum field theory that forms the
basis of particle physics. It comprises all elementary particles, the building blocks of nature,
and three of the four fundamental interactions between them: the strong interaction
which is described by the theory of quantum chromodynamic (QCD) [11] and the weak
and the electromagnetic interactions that are combined to the Glashow-Salam-Weinberg
electroweak theory |13H15]. The following brief overview is based on review articles taken
from Refs. [16-18].

2.1.1 Elementary Particles

The elementary particles of the Standard Model can be divided into two groups, the
fermions with spin 1/2 that make up matter and the integer-spin bosons of which the gauge
bosons mediate the fundamental forces between them. Each fermion has an antiparticle
with the same physical properties except for the opposite charge. Depending on how they
interact, the fermions are classified as quarks and leptons and further grouped into three
generations as shown in Table Whereas leptons only interact via the electromagnetic
and the weak interaction, quarks also carry colour charge and interact via the strong
interaction. Each generation contains two fermions, an up-type and a down-type quark
with electric charges of +2/3e and —1/3e, respectively, and a charged and a neutral lepton.
The charged leptons are the electrons, muons and taus and the neutral leptons are the
corresponding neutrinos. The properties stated are taken from the PDG [19] and the quark
masses refer to the current masses of the quarks themselves in contrast to the constituent
masses when they are in bound states. The masses of the fermions increase with the
generation, thus the fermions of the first generation do not decay and form atoms.

The gauge bosons of the Standard model are the photon «, the gluon, the W+ /W~
bosons and the Z boson which have spin 1. The massless photon couples to the electric
charge but has no charge itself. The weak interaction is mediated by massive bosons, the
charged W+ /W~ and the neutral Z, that couple to the weak charge, the flavour. The
massless gluons mediate the strong interaction and couple to the colour charge of the
quarks, red, green and blue. Having a colour charge themselves, gluons couple to other

21



2 Description of the theoretical framework

Table 2.1: The fermions of the Standard Model with properties taken from [19].

Quarks Leptons
generation type chargele] mass type chargele] mass
I u +2/3 1.8 - 2.8 MeV/c? e -1 511 keV/c?
d -1/3 4.3 - 5.2 MeV/c? Ve 0 < 2eV/c?
I c +2/3 1.27 £ 0.03 GeV/c? w -1 105.7 MeV/c?
—-1/3 967§ MeV/ 2 v 0 < 26V/c?
11 t +2/3 173.21 £ 0.87GeV/c? T -1 1777 MeV/ 2
b -1/3 4.15 - 4.70 GeV/c? vr 0 < 2eV/c?

gluons. Since free particles are found in a colour-neutral state, gluons carry a combination
of colour and anti-colour charges in a colour-octet state. Table lists the bosons of the
Standard Model. The recently discovered Higgs boson, H? [9./10], is a scalar boson and
generates the particle masses through its couplings.

Table 2.2: Bosons of the Standard Model with properties taken from [19]. The gauge
bosons, the photon 7, the gluon, the W /W~ bosons and the Z boson mediate
the fundamental forces and the scalar Higgs boson generates the masses of the
leptons and quarks.

type mass interaction
~(photon) 0 electomagnetic
gluon 0 strong
W+ 80.39 GeV/c? el
Z 91.19 GeV/c?
H° 125.09 4 0.24 GeV/c? —

The gauge symmetry group of the Standard Model is SU(3)c ® SU(2);, ® U(1)y. Each
symmetry is related to a quantum number that is conserved in the corresponding interaction.
The strong force describes interactions between particles with the color quantum number
C, the quarks and gluons, and the theory is therefore called quantum chromodynamics
(QCD). It is defined by the local symmetry group SU(3)c. As a result of the structure
of the gauge group, quarks do not appear as free particles, but only in bound states of
so-called hadrons. The energy needed to pull quarks apart is so large that a pair of new
quarks is created before quarks become free. This property is referred to as confinement.
Bound states of a quark and an anti-quark are called mesons and baryons are composites
of three quarks.

The electromagnetic and the weak interactions are unified to the electroweak interaction
under an SU(2);, ® U(1)y gauge group. The SU(2);, symmetry is called the weak isospin
group with the weak isospin, I, and its third component I5. Left-handed (L) fermions have
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2.1 The Standard Model of Particle Physics

I = 1/2 whereas right-handed fermions have I = 0. The U(1)y group is related to the weak
hypercharge Y. The symmetries introduce three W bosons, W1, Wy and W3, associated to
SU(2)1, and the B boson from U(1)y. Due to the Higgs mechanism, the gauge symmetry
is spontaneously broken down into U(1)em with the electromagnetic charge @ = Y/2 + I.
Linear combinations of the massless W and W> bosons form the massive W /W~ bosons
which are responsible for charged-current weak interactions of left-handed fermions. The
uncharged photon and the Z bosons are formed by linear combinations of the W3 and B
bosons, of which the Z boson mediates neutral-current weak interactions of left-handed
and right-handed fermions. The photon is the massless gauge boson of the unbroken
electromagnetic symmetry group. The Higgs boson is the quantum excitation of the Higgs
field.

2.1.2 Introduction to flavour physics

Similar to the gauge bosons, the quarks acquire mass through the interaction with the Higgs
field. After electroweak symmetry breaking, so-called Yukawa terms in the Lagrangian
give rise to quark masses [18|:

v

V2

where the quark fields, uf /R and dj /R refer to the electroweak eigenstates of the left-

Ly = (drYadg + g Yaug ) + hec, (2.1)

handed and right-handed up-type and down-type quarks, respectively, and (j£ /R denotes
the corresponding anti-quark field. The Yukawa matrices, Yy and Yy, are three-by-three
complex matrices. Since their off-diagonal elements are non-zero, the mass eigenstates,
qL/Rr, of the quarks are not equal to the electroweak eigenstates, qr. /R and they are obtained
from unitary transformations, ur /g = Vi,/r w1, g and dpr = Wi, /R,ady, /> With unitary
matrices Vg, and Vi, /gr 4. The unitary matrices also appear in transitions between
up-type and down-type quarks via charged-current interactions. Defining the Cabbibo-
Kobayashi-Maskawa [20] matrix as Voxy = VL,uVLT 4> the Lagrangian of the charged current
is written as g
2 [ - _

b=~ (B Wi Voradr, + iy W, Vi) - (2.2)
The non-trivial off-diagonal elements of the CKM matrix allow for transitions between
quarks of different generations and the notation is

Vud Vus Vub
Vekm =1 Vea Ves Vo |- (2.3)
Vie Vis Vi

The diagonal elements are close to 1 and the off-diagonals are small so that transitions
within the same generation are strongly preferred. As a product of unitary matrices, the
CKM matrix is unitary itself, VCKMVCTKM = 1, and the number of parameters is nine: three
angles and six complex phases of which five can be absorbed as unobservable relative quark
phases. This results in 4 parameters, the three mixing angles, 612, #13 and 023, and the
phase §. A parameterisation of the CKM matrix that reflects the hierarchy of the matrix
elements was proposed by Lincoln Wolfenstein in Ref. [21] that expresses the parameters
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according to their absolute values in expansions of a small parameter A:

sin 912 = A
sin 923 = A)\2
sinfze™™® = AN (p —in),

where A, A, p and 7 are the four Wolfenstein parameters. The CKM matrix takes the form

-y -x oA AN} (p — in)
Vokm = -2 — 4 — (1 + 44?) AN?
AN (1—p—in) —AN+ AN (1-2 (p+in) 1-—1A4* X

With the measured values of A and A of approximately 0.23 and 0.82 |19|, the diagonal
elements are close to 1 and the small off-diagonal elements are on the order of A\? and A3,
respectively.

Unitarity of the CKM matrix results in six equations for the off-diagonal elements that
represent so-called unitarity triangles in the complex plane, for example

VudVap + VeaVe, + ViaVip, = 0, (2.4)

which is referred to as the ”Bg” triangle because its elements can be obtained from
measurements of Bdo decays. It is drawn in Fig. where the sides are normalised to
VeaV,- The generalised parameters, p and 7, are defined by the location of the apex of the
triangle and can be approximated by p(1 — 1/2A2%) and n(1 — 1/2)?), respectively.

Im %
77] ________
Via Vi
Vuqub | th‘/tf
VCdVCb | ¢ cb
|
|
1
1
¥ | B
o ; e

Figure 2.1: "B;” unitarity triangle, defined by Eq. with normalising the side length to
‘/;d (;;)'

The three angles of the triangle are defined as

ViaVy, VeaVy VudVp
= - = - - = - w ) 2.
a=arg ( VaaV: ) B =arg ViVt ) v =arg (2.5)
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The corresponding angle (3, in the "BY” triangle is given by

Bs = arg <— VgV;g) : (2.6)

VesVi

Using these angles and the flavour representation, the CKM matrix can be approximated
by
|Vual | Vs| [Vap| €™
Vokm = | —[Vedl |Ves| \Z] +O(\), (2.7)
Viale™ = [Vis e |V
where in this order only, the elements V3, Vg and V;s have non-trivial imaginary parts.
The CP transformation is defined as the consecutive application of the charge (C)
transformation, which converts particles into anti-particles, and the parity (P) transforma-
tion, that inverts the spatial coordinates. When the Lagrangian of the charged current
interaction in Equation is CP-transformed,

2 7 — — *
ESZP = —% (dL’}/MWM VgKMUL + uLfYMW/j_VCKMdL) s (28)
one can see that CP symmetry is violated if Voxn # Vi, i-e. the phase is not zero.
Hence, CP violation is introduced by a non-trivial complex phase of the CKM matrix.

2.1.3 Experimental status of the unitarity triangles

A large variety of flavour-physics measurements have been performed to determine the
CKM-matrix elements and over-constrain the unitarity triangles. Figure shows the
experimental status of the ”Bg” and the ”"BY” triangles, presented at ICHEP 2016. The
length of the left side depends on the CKM-matrix elements |V,;|? and |V,3|? that are
obtained from branching fraction measurements of semileptonic b-hadron decays, B — [vh,
where h refers to a hadron with a uw or a ¢ quark. The length of the right side of the
triangles is determined with measurements of the mixing frequencies, Amgs and Amyg, of
b-hadron mixing. The angles are obtained from CP-violation measurements in b-meson
decays. Neutral kaon-physics experiments are used to constrain the apex of the triangles.
All measurements are compatible with the Standard Model.
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Figure 2.2: Current experimental status of the unitarity triangles, (a) the "BY” triangle
and (b) the "BY” triangle. The red hashed region of the global combination
corresponds to 68% CL. Both figures are taken from Ref. ||
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Although it is known that the Standard Model is not a complete theory that describes all
phenomena in nature, its predictions have not been directly disproved in particle-physics
experiments. The Large Hadron Collider (LHC) is built to explore the never-reached
energy region where new phenomena may become relevant. The Large Hadron Collider
beauty (LHCb) experiment, one of the four major experiments at the LHC, is designed to
perform precision measurements of Standard-Model parameters in hadronic decays. This
chapter presents the LHCb detector with its subcomponents and describes how relevant
decays are reconstructed.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest particle accelerator that collides
protons at a maximum centre-of-mass energy of /s = 14 TeVE] at an instantaneous lumi-
nosity of £ =2-10% cm=2s~! [23]. Instead of protons, it can also collide heavy lead ions.
The LHC ring has a circumference of approximately 27 km which is built underground
below the Swiss-French border near the town of Geneva. The proton beams are bundled in
2808 bunches, each with approximately 10'! protons, with a bunch spacing of 25ns. This
results in a bunch-crossing rate of 40 MHz. Collisions take place at four interaction points
where the experiments, ATLAS, CMS, ALICE and LHCb, are located. ATLAS and CMS
are multi-purpose experiments and ALICE is designed to study heavy-ion collisions.

The LHCb experiment studies the decays of charm and beauty hadrons that are copiously
produced in proton-proton collisions. The production cross-section of b-hadrons was
measured to be 284 + 20 £+ 49 ub [24] at a centre-of-mass energy of 7 TeV. Heavy-flavour
hadrons are predominantly produced in gluon-fusion processes which are described in
detail in Part [} Due to the high centre-of-mass energy of the protons, the related gluons
have highly asymmetric momentum fractions such that the hadrons are boosted along the
beam direction, forward and backward, as it is shown for the simulated production of bb
quark pairs at a centre-of-mass energy of 14 TeV in Fig. This is the reason why the
LHCb detector is built as a single-arm forward spectrometer with an angular coverage of
10-300 mrad in the horizontal bending plane and 10-250 mrad in the vertical non-bending
plane [25]. This corresponds to a pseudorapidity, rﬂ of approximately 1.6 < n < 4.9.

'not yet reached
2The pseudorapidity is defined as n = — log(tan g), where 6 denotes the angle of the flight direction of the
particles relative to the beam axis.
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LHCb MC

Vs =14 TeV

0, [rad] *2

84 g, [rad]

Figure 3.1: Simulated two-dimensional polar angle distribution of produced bb quark pairs at
a centre-of-mass energy of 14 TeV. The red bars refers to the LHCb acceptance.
The figure is taken from Ref. [26]

3.2 The LHCb detector

Due to the longitudinal boost and the relatively long lifetime of charm and b hadrons of
about 1 ps, their flight distances from the proton-proton vertex to the decay vertices are of
the order of 1 cm. In order to resolve the displaced decay vertex, the LHCb detector has a
very good vertex resolution which is provided by the Vertex Locator (VELO), a silicon strip
detector that is mounted around the interaction region. Signal decays are identified via the
invariant mass of the final-state particles, thus the momenta are measured to high precision
using a dipole magnet and a tracking system. Furthermore, the LHCb detector profits
from a hadronic particle identification system, consisting of two Ring-Imaging Cherenkov
detectors, to separate kaons from pions and protons in order to properly identify the signal
decays.

In contrast to the larger experiments, ATLAS and CMS, LHCD is operated at a lower
instantaneous luminosity of £ = 2-10%? cm™2s~! by slightly separating the colliding beams
and focusing them less strongly compared to the other experimentaﬂ The average number
of proton-proton interactions per bunch crossing is about 1.4 which simplifies the association
of the primary and decay vertices. Additionally, the occupancy of the detector is lower
which reduces combinatorial background and allows for a more efficient isolation of the
decay of interest. Nevertheless, approximately 3 - 10! bb pairs are produced per year of
data-taking, of which about 24% within the LHCb acceptance. A schematic illustration of
the LHCD detector with all components is shown in Fig. [3.2] which is taken from Ref. [25].
Using a right-handed coordinate system, the z-axis is equal to the beam axis and the y-axis
is along the vertical of the cavern.

The main components of the detector are listed here briefly and are described in detail
in the following:

e The proton-proton collision takes place on the left within the Vertex Locator (VELO),
a silicon strip detector with excellent vertex resolution to resolve the proton-proton

3At LHCb, 8* = 3 compared to a 8* value less than 1 at the collision points of ATLAS and CMS.
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ECAL HCAL

SPD/PS

Figure 3.2: Schematic illustration of the side view of the LHCb detector: The proton-
proton collision takes place on the left in the Vertex Locator (VELO); RICH1
and RICH2 are Cherenkov detectors; TT is the Tracker Turicensis, T1 - T3
the main tracking system, SPD is the Scintillating Pad Detector and PS the
Preshower detector; ECAL is the electromagnetic calorimeter, HCAL the
hadronic calorimeter and M1 - M5 the muon chambers.

interaction point and the displaced decay vertices of charm and b hadrons.

e The Ring Imaging Cherenkov counters (RICH1 and RICH2) are used to identify
hadron species via the emittance of Cherenkov radiation.

e The dipole magnet provides an integrated field of 4 Tm which bends charged particles
in order to determine their momenta. The space within the magnet is almost com-
pletely empty to reduce material interactions that dilute the momentum resolution.

e The rest of the tracking system is essential to match the VELO tracks, measure
momenta and determine the decay time of a particle. It consists of the Tracker
Turicensis (TT), a silicon microstrip detector, in front of the magnet and three main
tracking stations behind (T1 - T3). Their inner parts, where the particle multiplicities
are higher, are formed by the Inner Tracker (IT), made of silicon microstrips, and
the outer parts consist of straw-tube gas detectors, the Outer Tracker (OT).

e The calorimeter system is used to measure the energy deposited by electromagnetic
and hadronic showers, but more important it also delivers trigger signals. It consists
of a Scintillating Pad (SPD) and a Preshower (PS) detector and an electromagnetic
calorimeter (ECAL) followed by a hadronic calorimeter (HCAL).

e The muon detection system (M1 - M5) is composed of multi-wire proportional
chambers (MWPC) and triple-gas electron multipliers (GEM) in the region with the
highest detection rate.
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3 The LHCb experiment

3.2.1 Track reconstruction detectors

The track reconstruction system of the LHCb detector is essential to reconstruct particle
trajectories, measure momenta and determine the decay time of a particle.

Vertex Locator

The Vertex Locator is a silicon strip detector consisting of 25 disk-shaped silicon modules
that immediately surround the proton-proton interaction point. Each module measures
the radial and azimuthal coordinates, R and ¢, of the particle with a minimal pitch of
38 um [27]. They are arranged along the beam pipe because the heavy-flavour hadrons
are produced, on average, with high longitudinal momenta. A sketch of one VELO disk is
given on the left-hand side of Fig. and the arrangement of the disks along the beam
pipe is shown on the right.
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Figure 3.3: Sketch of one (left) Vertex Locator (VELO) disk with R- and ¢-measuring
sensors and the (right) arrangement of the disks along the beam pipe, taken
from [27]. On the right, the blue disks refer to sensors measuring in R-direction
and the red disks refer to sensors that are sensitive in the ¢-direction.

During the injection of the proton bunches into the LHC or in phases of machine
development, the halves of one VELO module are separated from each other by 6 cm to
protect them from the beam. During the nominal run, the halves are moved together and
approach the nominal beam axis up to a distance of 5mm [25] with the sensitive area
starting at a radius of 8 mm.

Tracker Turicensis and main tracking stations

The Tracker Turicensis in front of the magnet and the Inner Tracker, the inner part of
the main tracking system behind the magnet, both consist of silicon microstrip sensors as
they have to cope with high particle multiplicities. To allow for a two-dimensional spatial
resolution, the four layers are arranged in a so-called x-u-v-x geometry, where two layers
are rotated by £5° with respect to the vertical axis. With pitches of 183 um and 198 um,
respectively, the spatial resolution along the x-direction of both trackers is approximately
50 um [25].

The Outer Tracker forms the outer part of the main tracking station behind the magnet
and covers the large area of 6m x 5m. It is built from straw-tube drift chamber modules
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with a mixture of Argon and COs that are as well arranged in a x-u-v-x geometry. The
lower particle occupancy allows for the operation of the coarsely granular straw tubes
that are 5mm wide. The tubes exhibit a maximum drift time of approximately 45ns
which enables to distinguish consecutive proton bunch collisions. A spatial resolution of
200 um [25] along the x-axis can be achieved for single cells.

Track reconstruction

After the pattern recognition that assigns hits to tracks, the tracks are fit using Kalman-
filter algorithms [28] which account for multiple scattering of the particle. The quality of
the track reconstruction is estimated from the track fit x? value divided by the number
of degrees of freedom, ngor. At LHCD, so-called long tracks are defined as tracks that are
reconstructed by the VELO and the main tracking stations. Their momenta are measured
to high precision thanks to the long lever arm with a momentum resolution of dp/p = 0.35%
for low-momentum tracks (p < 20 GeV/c) and dp/p = 0.55% [25] for high-momentum tracks
(p > 120 GeV/c). It can also occur that tracks are partially reconstructed by single detector
components which is the case for particles with very low momenta that are bent out of the
magnet and do not reach the main tracking stations or for decay products of long-lived
particles that may remain undetected in the VELO. Upstream tracks refer to tracks that
are only built from hits in the VELO and the TT whereas downstream tracks are only
reconstructed in the TT and the tracking stations. The number of tracks refers to the
number of all types of tracks. In the momentum region between 5 GeV/c and 200 GeV/c,
the track reconstruction efficiency is of the order of 95% [29].

3.2.2 Calorimeter System

The calorimeters are built from thick metallic absorber materials in which all particles
except for neutrinos and muons produce a cascade of secondary particles, a so-called
shower. As these particles are mostly stopped in the calorimeters, their energy can be
obtained from the deposited energy. At LHCb, the main purpose of the calorimeter system
is to deliver trigger signals from photons, electrons and hadrons with large transverse
momenta. In the electromagnetic calorimeter (ECAL), charged particles and photons
produce electromagnetic showers via bremsstrahlung and e™e™-pair production. Electrons
and photons are absorbed whereas hadrons also cause a hadronic shower in the subsequent
hadronic calorimeter (HCAL). The response to different particle species is used to distinguish
hadrons from electrons and photons. The plates of the absorber are interleaved with plates of
plastic scintillator and the emitted photons are read out by photomultipliers. The absorber
materials are lead and iron for the electromagnetic and hadronic calorimeters, respectively.
To allow for a two-dimensional spatial resolution, the calorimeters are segmented into cells
whose granularities are higher in the inner sections of the calorimeters where occupancies
are higher. The energy resolutions are og/E = 10%/vVE © 1.5% (E in GeV) for the
electromagnetic calorimeter and og/E = (69 +5)%/VE @ (9+2)% (E in GeV) [25] for
the hadronic calorimeter.

The Scintillating Pad detector (SPD) and the Preshower detector (PS) are located
directly in front of the electromagnetic calorimeter and consist of scintillating pads that
detect charged particles. A 12mm thick lead absorber is placed between them that causes
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photons and electrons to shower. Since photons are not detected in the SPD, the system
allows to distinguish electrons from photons.

3.2.3 Muon chambers

The muon detector system is constructed to identify muons. It consists of five chambers,
of which M2-M5 are located behind the calorimeter system. Muons are the only particles,
except for neutrinos, that can traverse the thick absorber material and reach the muon
chambers. In order to stop the small fraction of other particles that may have traversed the
calorimeter system, the muon stations M2 to M5 are interleaved with additional 80 cm thick
iron absorbers. Due to the fast and distinct response, the signal of the muon chambers can
be used as a trigger signal for muons and the hits allow for a measurement of the muon
momentum. The first muon chamber, M1, is placed in front of the calorimeters to improve
the momentum resolution that suffers from multiple scattering in the absorber material.
The muon chambers are built from multi-wire proportional chambers, except for the inner
part of M1 where triple-GEM detectors are used due to the larger particle multiplicity.
The time to collect the signal is less than 20ns with an efficiency larger than 95% [25].
Despite the forward design of the detector, about 20% of all muons produced in the entire
solid angle in semileptonic b-hadron decays are detected in the muon chambers.

3.2.4 Particle ldentification

Particle identification of the final-state particles is essential to isolate the signal decays from
background decays and compute the correct invariant mass of the heavy-flavour hadrons.
As described before, muons are identified in the muon chambers. According to the number
of traversed muon chambers and matching hits within a field of interest around the track
extrapolation, the muon candidates are assigned a loose binary classification, denoted as
isMuon [30]. A more stringent variable based on a smaller defined field of interest is given
by the variable isMuonTight. Photons are distinguished from electrons with the SPD and
PS system and the calorimeters allow for a separation of hadrons and electrons, but the
hadron species leave very similar traces in the whole detector. Therefore, an additional
hadronic particle identification detector is needed.

Cherenkov radiation is emitted when charged particles traverse a dense medium with
the refractive index n. This happens when the velocity, v = (¢, is larger than the light
velocity in the medium, ¢ = ¢/n. The Cherenkov radiation is emitted on a cone of an
angle, 6, around the flight direction of the particle,

/

cosh =< = i

v nf
At LHCD, two Ring-Imaging Cherenkov counters are mounted in front of and behind the
magnet, RICH1 and RICH2. RICH1 uses C4F1( as radiator that covers the low-momentum
range from ~ 1GeV/c — 60 GeV/c and the upstream RICH2 covers the momentum range
from ~ 15 GeV/c — 100 GeV/c with CFy as radiator [25]. Figure shows the measured
Cherenkov angle at RICH1 as a function of the track momentum for different hadron species
which are well separated in the given momentum range. At a pion-as-kaon misidentification
rate of 5%, the average efficiency of the kaon identification is 95% [31].
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Figure 3.4: Cherenkov angle as a function of the momentum of different hadron species,
taken from Ref. .

The information provided by the two RICH detectors, the calorimeter system and the
muon chambers is combined to a particle hypothesis in the form of a so-called likelihood
L(m, por K). It should be noted that, although the name suggests a form of probability,
it is not a probability in the mathematical sense. Since pions are produced most frequently
in proton-proton collisions, the difference of the logarithmic likelihoods for a particle of
type X and a pion are computed as the relative particle hypothesis

AlogLyx_r =1logL(X) — logLl(7). (3.1)

This variable is used to separate particle species X from pions. Additionally, neural
networks are used to evaluate the available particle identification information to provide
the so-called ProbNNx variable. The dimensionless output takes values between 0 and 1
which is correlated but not identical to the probability of a particle being of type X. The
ProbNN variable is constructed such that the sum over the ProbNN values of all particle
hypotheses gives unity.

3.2.5 Trigger system

At the LHC, protons collide at a bunch-crossing rate of 40 MHz. Due to the resulting huge
amount of data, not every event is recorded and saved on disk, but the trigger system
is constructed to filter out events with interesting decays and reject others. The trigger
system consists of a hardware trigger and a software trigger. The hardware trigger, also
referred to as the level-0 (LO0) trigger, uses characteristic signatures in the muon chambers
and the calorimeters that can be provided in real time during data-taking. Events that
satisfy the hardware trigger requirements are accepted and the data rate is reduced to
1 MHz. In the software trigger, also called the high-level trigger (Hlt), the recorded events
are processed with computer farms that have access to the full detector information and
the rate is further reduced to ~4 kHAY that is saved on disk.

4The rate of 4kHz refers to the value during LHC Run L. It is larger than 5kHz for Run II.
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Hardware trigger

The hardware trigger system searches for signals of particles with large transverse momenta,
pr, that are characteristic for light secondary particles from heavy-hadron decays, whereas
particles that are produced in QCD processes in the proton interaction, tend to have a
softer pt spectrum. The calorimeter signals are used to form clusters of calorimeter cells
and measure the transverse energy, Er, for electrons, photons and hadrons. The muon
trigger system reconstructs tracks in the muon chambers and the slope provides a quick
measurement of the transverse momentum by using an average proton-proton collision
point [32]. The combination of all information to a level-0 decision takes only 2 ps.

Software trigger

The software trigger consists of two stages, HIt1 and HIt2, in which the larger computing
time allows for a more precise measurement of the momenta and the reconstruction of
vertices. In the first level, the events are partially reconstructed to confirm the level-0
tracks. This reduces the event rate to about 30 kHz. In the second level, the event is fully
reconstructed and the information from the RICH detectors allows for a separation of
hadron species. Specific decay modes are reconstructed and selected with loose selection
criteria of so-called trigger lines.

Instead of reconstructing complete decay modes, there are also trigger lines that re-
construct general types of decays such as decays with a J/i meson in the final state.
Others, so-called topological triggers partially reconstruct b-hadron decays by exploiting
the characteristic topology: A small number of tracks in the event, that exhibit large
impact parameters and transverse momenta, are combined at a common vertex. As the
tracks mostly compose a subset of the final-state particles, the reconstructed invariant
mass is smaller than the b-hadron mass. However, the missing momentum transverse to
the flight direction of the b-hadron candidate, pr,,;., can be used to recover the missing
mass to the so-called corrected mass defined by

Mcorr = 1/ m%ec + pTI2niss + DT miss> (32)

where m e is the invariant mass of the subset of particles. For real b hadrons, the corrected
mass is typically within 2 GeV/c? of the known mass and the accuracy increases with the
number of reconstructed final-state particles.

3.3 Topology of b-hadron decays

Figure shows an illustration of the production and decay topologies of a b meson. It
is produced at the proton-proton interaction point, the primary vertex PV, and typically
decays at a displaced decay vertex, DV. As an example, the B? — ¢¢ decay is drawn where
both ¢ mesons decay into a pair of charged kaons. Particles that are produced directly in
the proton-proton interaction at the primary vertex are mostly pions and kaons, but also
charm and beauty hadrons. In average, they are boosted along the longitudinal direction
due to the kinematics of the colliding partons. In this thesis, these particles are further
referred to as prompt particles. The ¢ mesons decay immediately via the strong interaction
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such that their flight distances cannot be resolved. The tracking detectors only reconstruct
the meta-stable light hadrons and their combined vertex defines the BY decay vertex. The
quality of the vertex reconstruction fit is described by the vertex fit x? value divided by
the number of degrees of freedom, ngof. As the kaons originate from the decay of a heavier
meson, they tend to have larger transverse momenta than prompt particles as indicated in
the sketch.

K+

M?T‘-?Kvp BO

— >z K+

Figure 3.5: Illustration of topologies of the b-hadron production at the primary ver-
tex (PV) and the decay at the decay vertex (DV), here exemplary
BY— ¢p(— KTK-KTK™).

The impact parameter, IP, of a track is defined as the distance of closest approach of
the prolongation of a track to the primary vertex. The left-hand side of Fig. shows the
impact parameter of one of the K mesons. Secondary particles that do not originate from
the primary vertex have, on average, larger impact parameters. However, when prompt
particles have small transverse momenta, the probability to scatter in the detector material
is higher which also leads to large impact parameters. For this reason, selection criteria on
both, large impact parameters and transverse momenta, are applied to select secondary
particles from b-hadron decays. Another measure of the compatibility of a track with
the primary vertex is the so-called x% value. It is defined as the difference of the two fit
X2 /n4ot values of the primary vertex fit, with and without including the track. The XI2P
value is directly related to the significance of the impact parameter of the given track, the
ratio between the impact parameter and its measured uncertainty.

The pointing angle of the B? candidate is sketched on the right-hand side of Fig. 3.6
It is defined as the angle between the flight distance vector, J: that connects the primary
vertex with the decay vertex, and the momentum vector, p’ B0, of the b-hadron candidate
that is determined by the reconstructed sum of the four kaon momenta. Since the BY
meson moves along the flight distance, the angle is small for a correctly reconstructed B?
and deviates from zero for falsely combined kaons.
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PV T .- T 'ep

Figure 3.6: Illustration of the (left) impact parameter (IP) and (right) the pointing angle
Op.

3.3.1 Observables in b-hadron decays

The kinematics of b-hadron decays are determined by several observables of which the most
important ones are defined in the following.

Pseudorapidity

The pseudorapidity, 7, of a track is a spatial coordinate that is related to the angle, 6, of
the flight direction relative to the beam axis. It is defined as

0
n = — log(tan 5) (3.3)

The pseudorapidity of the b-hadron can be obtained from the reconstructed momentum
direction or from the flight distance vector from the primary vertex to the decay Vertexﬂ

Invariant mass

The masses of the final-state particles are not directly measured, but their known values,
mppG, given by the PDG [19] are assigned as particle masses according to the particle
hypothesis. The invariant mass of the b-hadron candidate is obtained from the four-
momentum, Pp, of the b meson calculated as the summed momenta of the N final-state

particles
N 2 =2
Pp=3" < VDG TP ) , (3.4)

i=1 Di

where 5 is the measured three-momentum of the i*" reconstructed track.

5For massless particles, the pseudorapidity is equal to the rapidity y = %10g (gff}‘;

the longitudinal momentum.

)7 where pi, refers to
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Decay time

The decay time of the b hadron is obtained from the reconstructed flight distance and the
velocity. Using the flight distance vector, cf, as before, and denoting the invariant mass
as m and the measured momentum vector as p, the reconstructed decay time t,e. of the
b-hadron is computed Viaﬁ]

mcf-ﬁ
Iz

As the track momenta are determined very precisely, the uncertainty on the decay time is
dominated by the reconstruction of the decay vertex.

trec =

(3.5)

3.4 Determination of the luminosity

With a known proton current, the luminosity of the beam can be obtained by measuring
the Gaussian-shaped beam profiles. At LHCb, the beam profiles are determined in two
independent ways, using the van-der-Meer scan and the beam-gas tmaging luminosity
calibration methods [33]. In the van-der-Meer method, the proton beams are displaced
by a distance perpendicular to their direction while measuring the average number of
interactions per bunch crossing to scan the overlap region. This is done at different relative
beam positions and the relative rates allow for an extraction of the beam profiles. In the
beam-gas imaging method, neon gas is injected into the vertex region inside the VELO
vacuum tank that serve as a target for the protons while the beams are not displaced. By
reconstructing the interaction vertices between the beam particles and the gas nuclei, the
angles, positions and shapes of the individual beams are measured.

3.5 Generation of fully simulated events

Simulations are imitations of real-world processes that are generated by a computer
according to a theoretical model. In particle physics, simulated events are very important
to perform physics analyses with detector data and test analysis procedures. The detector
is not a passive uniform object but it is built from subcomponents that cover certain areas
and interact with the particles. Additionally, it has finite particle detection efficiencies
and resolutions and suffers from noise such that distributions of reconstructed observables
deviate from the original ones. These dilutions are used as input for the simulation
which allows for the study of the resulting impact on the observable quantities and physics
analyses. Moreover, simulated kinematic distributions are needed to choose selection criteria
that efficiently isolate signal decays and reject background contributions. The arising
reconstruction and selection efficiencies are then determined with simulated events. Physics
parameters are extracted from complex, often multi-dimensional, fits to the collected
datasets while correcting for detector artefacts. These fit procedures are also tested
with simulated events. Furthermore, the impact of new theory models on the measured
observables has to be simulated properly in order to draw meaningful conclusions.

6in natural units ¢ =1
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3 The LHCb experiment

At LHCDb, the proton-proton interaction is simulated using the general-purpose Monte
Carlo event generator Pythia [34]. It uses measured parton distribution functions and
describes the hard and soft parton interactions with QCD models, including initial- and
final-state radiation. It also contains multi-parton interactions and the fragmentation
process into hadrons. The corresponding b-hadron and subsequent decays are modelled with
the EvtGen library [35] that describes the decays using decay amplitudes. This allows for
the simulation of the entire decay chain, including all angular correlations and decay-time
distributions that are important in CP-violating processes. The related branching fractions
are continuously updated to the current measured values. The simulation of the detector
response is provided by the Geant4 package [36,37] that simulates interactions with matter
and the resulting hits. The track and decay reconstructions are performed with the same
tools that are used for real data.
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Physics parameters that are used as model parameters for theoretical models are usually
extracted by fitting these models to measured distributions of observables of collected
particle candidates. This chapter reviews the concept of maximum likelihood estimations
in multiple dimensions and describes a procedure to subtract background contributions on
a statistical basis. It is based on Ref. [3§].

4.1 Maximum likelihood fit

The maximum likelihood fit is a fit method that obtains a best estimate for a set of
parameters, @, that are used as model parameters for a theoretical model. The model
is fitted to a data sample with N, number of events, where for each event e, a set of
observables Z., is measured. The model uses a theoretical function P(Z|@) that depends
on @ to describe the data. Requiring the function to be positive with the normalisation
condition

/P(:E]c‘i)di:’ _1, (4.1)

P(Z|@) becomes a probability density function (PDF) that gives for each set of parameters
the probability to measure the observables within the range [¥, Z + dZ].

The likelihood function, £, is defined by the product of the single-event probability
densities of all events,

£(@) = [ P(z.|a). (4.2)

Although L is a function of a, it still refers to the probability to measure the data sample
Z1,...ZN,, under the assumption of the parameter set @. The best estimate of the parameter
set @ is obtained by maximizing the likelihood to observe the given data sample. Taking
the logarithm of the likelihood function simplifies the procedure because terms are added
instead of being multiplied with each other. Applying a negative sign turns it into a

minimization problem
NEV

—log L =—Y_logP(Z|d), (4.3)

e=1

that can be solved by determining the root of the first derivative

a Nev

a > ) —
3, log £ = 3, glogp(xe]a) =0, (4.4)

where a; refers to the 4 parameter of the set @ This procedure is performed by mini-
mization algorithms like Minuit [39]. In the limit of a large number of events, N — oo, the
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4 Description of fit techniques

best estimate of the maximum likelihood fit converges to the true value as it is shown in
Ref. [3§].

4.1.1 Determination of uncertainties on the fit result

The log-likelihood function of one single parameter, a, can be approximated, in the limit
of large number of events, by a Taylor expansion around the best estimate, ag, within a
small interval |a — ag| [38]:

0
—log L(a) = —logL(ag) — (a — ao)a—ao log L(a)
a=ag
(a — ag)® 872 3
_ 5 9 log L(a) . + O((a — ap)’), (4.5)

where the derivatives are taken at the best estimate. Since the first derivative is zero by
construction, the second term drops and exponentiating Eq. results in

202

_ (a —ao)®
L(a) =—L(ag) -exp | — , (4.6)

where higher-order terms are omitted. The parameter o is given by

—1
) . (4.7)

Hence, the likelihood function can be approximated by a Gaussian function and the standard
deviation o is the uncertainty on the fitted parameter. In case of a set of parameters @, the
likelihood function turns into a multi-dimensional Gaussian function and the correlations
between the fitted parameters are given by the covariance matrix

—1
) #> . (4.8)

> 0
of = — (M%logﬁ(a)

32
cov(a;,a;j) = — <8a~8a~ log L(a)
i0a;

4.2 Description of the sFit technique

A typical problem in particle physics is the pollution of signal candidates from background
contributions. This section presents a method, called the sFit technique [40], of subtracting
background contributions on a statistical basis.

4.2.1 Description of the ;Plot technique

Signal candidates among the selected data samples are, in general, isolated from background
contributions with kinematic selection criteria and particle identification information.
However, there are also background contributions that mimic the signal decay and can
only be identified on a statistical basis by comparing the distributions of observables for a
sufficient number of events. Besides random combinations of final-state particles, these
can also originate from other hadron decays that have the same final-state particles, are
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partially reconstructed or have one of the particles falsely identified. In the following, the
case is considered where the individual contributions can be identified in fits to observables,
i/, that have discriminative power, for example the invariant mass of the hadron signal
candidate. The mass of the combinatorial background is usually linearly distributed,
whereas the signal component has a clear peak structure. The sPlot technique [41,/42] is a
procedure that uses the fit results to reconstruct the distributions of other, so-called control
variables, Z, without background contributions. Describing the signal and the background
distributions with PDFs, Ps(Z, ) and Py(Z, ¥), the total distribution f(,¥) is written as

f(f7,7j) :Nsps(fvg)_‘_Nb,Pb(f?g)a (49)

where N and N, are the number of signal and background events, respectively. According
to the fit result, every event is assigned a weight, a so-called sWeight, which can be positive
or negative. Events for which the measured discriminating observables are within the
signal region have a positive weight than can be larger than unity, whereas the weights
are negative when the discriminating observables are distinctly separated from the signal
region. The sWeights, W, (%), are constructed such that they project out the signal

9= [ W)@ 77 (4.10)

When the distributions P(Z) and P(y) are independent from each other, for signal and
background, the PDFs factorise into P(Z, ) = P(Z)P(y) and the weights are independent
of ¥ such that this equation is given by

NP(@) = [ Wel) [NPL@DP) + NoPy(@)Py(3)] (4.11)

which implies [ Wy(9)Ps(7)dy = 1 and [ W(4)Py(¥)dy = 0. This is solved in Ref. [41] by

(Vs > (1) + (Veb) Po(7)
Pd) + NPo) (4.12)

W) =

where V},; is obtained by inverting the matrix

. P)P;()
Vi) = | o s M

(4.13)

When the sWeights are used to weight the events, the distributions of the measured control
variables have the background contributions subtracted on a statistical basis and correspond
therefore to the signal distribution only. However, this is only possible for control variables
that are uncorrelated to the discriminating variables due to the requirement that the
distribution of ¥ is independent of Z.

4.2.2 Application of sWeights in a maximum likelihood fit

In the sFit technique [40], the weighted datasets are used to perform maximum likelihood
fits to the control variables. Since the weighted dataset corresponds to the pure signal
sample, there is no need to model the background contributions in the control variables
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4 Description of fit techniques

which simplifies the fit procedure. Technically, the sWeights, Wy, are used to weight the
likelihood function via

NEV
Lw (@) = [[ [P(@e, @)™, (4.14)
e=1
which corresponds to
Nev
—log Ly (@) = —« Z Ws(ye) log P(Zc|a). (4.15)
e=1

Due to the re-weighting procedure, the statistics of the sample size is reduced and the
computed uncertainty is changed. This is taken into account with the factor

_ Zé\/:mi Ws(ye) 4.16
O SN WR ) (10
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Part I:
Measurement of the b-hadron production
cross-section
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5 Introduction

Most of the measurements of the properties of heavy-flavour hadrons require a large
number of produced particles. Therefore, there is great interest in their production
cross-section in proton-proton collisions. The number of expected hadrons can be used
to ascertain the future sensitivity of LHCb analyses and quantify SM backgrounds in
searches for New-Physics phenomena. Since heavy quarks are predominantly produced
in gluon-fusion processes at the LHC, their production also provides important tests of
perturbative Quantum Chromodynamics (QCD) predictions. The unique forward range of
the LHCDb detector allows to probe production processes where the related gluons have
highly asymmetric momenta and the momentum fractions of the initial-state partons,
x, reach down to 5 x 107° [43,|44]. In order to assess the various kinematic regions,
measurements are compared to QCD predictions as a function of the pseudorapidity of
the heavy hadron. Furthermore, it is also important to note that the LHCb simulation
framework has to be tuned to properly reflect the measured b-hadron production, especially
in terms of kinematic dependencies.

The determination of the b-hadron production cross-section in proton-proton collisions,
one of the first analyses at LHCb [24], was performed at the centre-of-mass energy of
7TeV using semileptonic decays of B and B~ mesons with a muon and a DY meson
reconstructed in the final state. Thanks to the large branching fraction of approximately
10% and an efficient muon identification, these decays provide large amounts of signal
candidates. In 2015, the unprecedented centre-of-mass energy of 13 TeV at the LHC opened
a new era in searches for new particles and precision tests of the Standard Model and the
first measurements are again cross-section determinations of the known physics processes
as they can be performed with small data samples. Due to the restriction to only B°
and B~ mesons, the previous 7 TeV analysis relied on the b-quark hadronisation fractions,
measured at the ete -machine LEP [45], to extrapolate to the total b-hadron cross-section.
However, this assumes that the same fractions are valid for the relevant higher-energy
hadronic proton-proton collisions. Therefore, a new approach has been developed that also
includes DT from BY*, D} from B? and A} from A) decays, such that the most abundant
b hadrons are considered which reduces the sensitivity to the hadronisation fractions. Using
the very first proton-proton collision data at the centre-of-mass energy of 13 TeV as well as
previously collected data at 7TeV, the first part of this thesis presents the measurement of
the production cross-section of b hadrons within the acceptance of the LHCb detector as a
function of the pseudorapidity. The data is compared to theoretical predictions using the
fixed-order plus next-to-leading log (FONLL) formalism [12]|. Performing the new analysis
approach again with the 7TeV data allows to form the ratio of cross-sections between
13 TeV and 7TeV in which theoretical uncertainties partially cancel, allowing for a more
precise comparison to data. The analysis has been published in Phys. Rev. Lett. 118,
052002 [1] and the author was one of the main contributors.

This first part of this thesis is organised as follows: Chapter [6] presents the theoretical
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5 Introduction

assumptions and experimental inputs that are needed to extract the production cross-
section from semileptonic b-hadron decays, including the description of the theoretical
predictions made with the FONLL formalism. Chapter [7] sketches the analysis approach.
Chapter [§] describes the reconstruction and selection of the signal decays, followed by the
extraction of the signal yields in Chap. [0} In Chap. possible background contributions
are investigated and Chap. [IT] summarises the reconstruction and selection efficiencies.
After analysing the systematic uncertainties in Chap. the final results are presented in
Chap. [I3] followed by a discussion in Chap. [14}
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6 Description of the theoretical framework
for b-hadron production measurements

The following chapter summarises the theoretical assumptions and measured parameters
that are needed to extract the b-hadron production cross-section from semileptonic b-hadron
decays. Moreover, a theory framework, the fixed-order plus next-to-leading log (FONLL)
formalism, is presented which is used to predict the b-hadron production cross-section.

6.1 Extraction of the b-hadron production cross-section

This analysis aims to measure the cross-section of producing a b hadron, Hyp, in proton-
proton collisions, o(pp — HpX). The production cross-section is determined by summing
over the contributions from all possible b-hadron species and can be written as

o(pp — HyX) =

[0(B%) +o(B%)] + +o(B7)] (6.1)

1
>
by <A°>+0<Ab>]

o8

* 2

N~ N

[0(BY) +o(BY)| +

where o(B;) is a short notation of o(pp — B;X) and the factor 2 is due to the definition
that the b hadron contains a specific quark, either a b or a b quark. ¢ is a correction factor
that accounts for =} and (2, baryons that are also produced in significant numbers, but
are not reconstructed here. The contributions from B mesons are neglected because their
production is very rare, determined to be only 0. 8% percent of BY, using Bf — Bn+
decays [46].

This analysis uses semileptonic decays of the b hadrons, H, — H.uvX, into charm
hadrons, H,., muons, neutrinos and other additional particles X, which are mainly pions
and kaons. The overall semileptonic branching fractions, Bgy,, are large and the muon can
be reconstructed efficiently, but the drawback is that the neutrino remains undetected and
the b-hadron mass cannot be fully reconstructed. As the number of X particles varies,
only the muon and the charm hadron are reconstructed. In the following, the combined
system of the charm hadron and the muon is referred to as the charm-plus-muon system.
Figure shows the Feynman diagram of the most basic semileptonic B° decay to a Dt
meson, a muon and a neutrino. Additional final-state hadrons can be formed from quark
anti-quark pairs. The b — ¢ transition proceeds via the emission of a W boson that decays
leptonically. Figure shows a list of all reconstructed decay modes where D? and DT
mesons originate from the decays of both BY and B~ mesons, whereas the D} indicates
a BY decay and the A} hadron a Ag decay. The charm hadrons are reconstructed using
their most abundant decay modes D° — K—7*, D¥ — K- n"x", Df - K-K*7+ and
AF — pK—7t. Tt should be noted that due to the specific quark charges, the only allowed
charge compositions for the signal decays are H.u~ and H.ut. Experimentally, the
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Figure 6.1: Feynman diagram of the semileptonic decay B — D~ 1,.
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Figure 6.2: Considered semileptonic decay modes of b hadrons into charm hadrons, muons, neu-
trinos and additional particles, X, which are mainly pions and kaons. The charge-
conjugated modes are not listed here but are also taken into account.

production cross-section, here exemplary for the B? mode, is computed via

n(Dy p)
2L x SD;"M X BD;" BSL(BQ)’

o(B) [

where n(D7 i) is the number of reconstructed signal decays, £ is the integrated luminosity
corresponding to the collected dataset, € D refers to the related reconstruction and
selection efficiencies of the charm-plus-muon candidate and B pz is the branching fraction
of the decay Df — K~ KTr". For simplicity, this notation implies that the charge-
conjugated mode is included.

Summing all b-hadron modes, the total b-hadron cross-section is written as

n(D°p) n(D*p) 1
HpyX) = 6.2
olpp = HpX) | 2L X epoy, X Bpo 2L X ep+,, X Bp+ Bs, (BY+) (62)
I 2 1
_2£ X Epty X BD;* Bsy,(BY)
N n(Afp) 146
_2[: X 6/10+u X BAzr BSL(AZE)))’

where Bgr,(B%*) denotes the average inclusive semileptonic branching fraction from Bt
and B° decays. Since this approach only includes b — cur modes, the result has to be
corrected for the small and known b — wfr component, estimated to be (2.0 £ 0.3)% of all
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decay modes [19).

The production cross-section is evaluated in intervals of the pseudorapidity, 7, of the b
hadron as the theory prediction is provided as a function of . The reconstruction and
selection efficiencies are, in general, obtained from fully simulated events. In order to
properly reflect them, a correct modelling of the simulated decay kinematics is essential. A
deviation of the transverse momentum modelling of the charm-plus-muon system is observed
in simulated events in Sec. For this reason, the signal yields and efficiencies of all
charm-hadron decay modes are determined not only in bins of the b-hadron pseudorapidity,
but also in bins of the transverse momentum of the charm-plus-muon system, pr, such that
the signal yields are corrected for their pp-specific efficiencies. The production cross-section
of one type of b hadron, again exemplary the B, per bin in 7, is computed with the
integrated cross-section over the full pr range

Nbins +
n(Dy 1) (n, pr;) 1
o(BY)(n) 5 L ,
B ; 2L eDj',u(nvai) X Bp+ Bsy,(BY)

(6.3)

where Npins is the number of bins in pr.

6.2 Usage of externally provided parameters

The value of §, the correction factor for other baryons than A?, is obtained from Tevatron
data and the assumption of SU(3) symmetry. In Ref. [47], the ratio of production cross-
sections and decay widths are estimated as

o(Z;)/o(A}) = 0.11 £ 0.03 £ 0.03, (6.4)
I(E, = 5, Xpv)=1(A) - A Xp D).

To compute 9§, this contribution must be doubled, using isospin invariance, to account
for El? decays. Additionally, there is a contribution from (2, which is not measured but
assumed to be much smaller and on the order of 15% of Z}. This is expressed by a very
large relative uncertainty of 40%, thus arriving at an estimate of ¢ of 0.25 + 0.10.

The measured semileptonic b-hadron branching fractions are given in Table To obtain
them, a general principle is, liberally applied here, that the semileptonic decay widths, I'sy,,
are equal for all b-hadron species used in this analysis except for a small correction for /12
decays [48-50]. Using the relation, Bg;, = I'sr,/I" = I'sp, x 7, the semileptonic branching
fraction can be obtained from the measured lifetime. The B® and BT semileptonic branching
fractions are obtained from three measurements by CLEO [51], BaBar [52] and Belle [53]
that are averaged. Details of this averaging can be found in Ref. [7]. The BY lifetime was
measured in the flavour-specific decay BY — D7~ at CDF [54] and LHCbD [55]. Finally,
the A lifetime is taken from the HFAG average [45].

The measured charm branching fractions, along with their sources, are tabulated in
Table The PDG average is used for the D° and D} modes. The DT mode is obtained
from a CLEO III measurement [56] and the A average was measured at BES III [57] and
Belle [58].
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Table 6.1: Measured semileptonic branching fractions for BY and Bt mesons and derived
branching fractions for BY and Ag, based on the equality of semileptonic decay

widths.
Particle 7 (ps) Bsy, (%) Ist, (ps™1) Bsi, (%)
measured measured measured to be used

B 1.519£0.005 10.30£0.19 0.0678 £ 0.0013

Bt 1.638 £0.004 11.09+£0.20 0.0680 £ 0.0013

(B + BT) 10.70 £ 0.19 10.70 £ 0.19
BY 1.533 +0.018 10.40 + 0.30
A9 1.467 £ 0.010 10.35 £ 0.28

Table 6.2: Charm-hadron branching fractions of the decay modes used in this analysis.

Particle and decay Bu. (%) Source

DY — K—nt 3.91 £0.05 PDG average [19]

Dt & K-ntrt 9.2240.17  CLEO III [56]

Df - K-K*rn* 5.44 +0.18 PDG average |19
5.84 +0.27+0.23 BES III [57]

Af - pK—nt 6.84 +0.247031  Belle [58]

6.36 +0.35 Average

6.3 Cross-feeds

The list of the semileptonic signal decays, sketched in Fig. only includes the most
abundant decay modes and neglects others that are suppressed by two orders of magnitude
but exhibit different final-state charm hadrons. These lead to additional cross-feeds between
the b-hadron modes. Denoting a proton or a neutron as N, these are BT — D, KX v,
A) — DN Xpv, and BY — DK X pv decays for which the charm hadrons do not originate
from the expected b hadron. The measured branching fractions of the cross-feeds are given
in Table where the values for the b-meson modes are taken from the PDG [19] and the
AY mode has been measured in the context of a master thesis [59]. It should be noted that,
although the B decay has a relatively large branching fraction of 0.71%, it is suppressed
by an additional factor of 6 due to the smaller hadronisation fraction of a b quark forming
a BY meson compared to B? and BT mesons. The impact on the b-quark production
cross-section is small because all the individual charm contributions are added to the total
b-hadron cross-section. When decays are falsely assigned to a b hadron, it is only the small
difference in the branching fractions and the efficiencies that differ. Their contributions
to the overall semileptonic branching fraction are small and the change in cross-section
negligible compared to the overall accuracy. Therefore, they are only considered as a source
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Table 6.3: Branching fractions of additional cross-feed decays taken from the PDG |19
and a master thesis [59).

cross-feed mode branching fraction
B+ - DK+ Xpty, | 012 +0.03% [19]
BY - DK Xutu, 0.71 + 0.16% [19)
A) — Dpp~v, X 0.19 £ 0.05% [59]

of systematic uncertainty.

6.4 Simulated event samples

For each decay mode and centre-of-mass energy, a sample of 1.1 to 1.5 million simulated
semileptonic b-hadron decays is generated. As described in Sec[3.5 the proton-proton
interaction is simulated with the event generator Pythia 8 [34] and the EvtGen library [35]
describes the b-hadron decays. The samples are produced such that each event contains at
least one b-hadron decay into a muon and a charm hadron where the relative occurrence of
the excited H}*u~v, Hip v and H.pu~ v states and the additionally produced particles
X are taken from the PDG [19]. The decays are reconstructed the same way as the data,
taking into account reconstruction and selection artefacts of the detector and the track
reconstruction algorithms.

6.5 Theoretical models of heavy-quark production

The production of heavy-flavour hadrons in proton-proton collisions is theoretically de-
scribed by the convolution of the parton distribution function of the incoming protons,
the partonic hard scattering rate, and the fragmentation function of the heavy quark into
the respective hadron. While the parton distribution functions and the non-perturbative
fragmentation function have to be obtained from data, the hard scattering process can
be computed perturbatively using a power expansion in the strong coupling constant as.
However, emerging singularities in the series are treated differently in theoretical models
that are valid either in the regime of small transverse momenta of the produced quarks
or in the limit where the transverse momentum is much larger than the quark mass. The
fixed-order-plus-next-to-leading log (FONLL) framework [60] merges the two models in
order to provide predictions for the whole pr range.

6.5.1 Next-to-leading order QCD calculations of heavy-quark production

The leading-order diagrams responsible for heavy-quark production in proton-proton
collisions are gluon-fusion and quark anti-quark annihilation processes shown in Fig. (a)
and (b), respectively. For centre-of-mass energies in the TeV range and for proton-proton
collisions in general, gluon fusion dominates over quark annihilation. At lowest order,
the total production cross-section is finite without diverging poles in the intermediate
propagators and the minimum transverse momentum, transferred by the propagators,
sets the scale of the strong coupling constant a,. Since this scale is on the order of the
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6 Description of the theoretical framework for b-hadron production measurements

heavy-quark mass, the strong coupling constant «; is small and the production cross-section
can be calculated perturbatively [60-62].

b b b 7 b
Figure 6.3: Lowest-order Feynman diagrams for bb production via (a) gluon fusion and (b) quark
anti-quark annihilation.

Next-to-leading order (NLO) corrections are sketched in Fig.[6.4 They include real-gluon
emission processes in (a), interferences of the tree-level diagrams with virtual-gluon-exchange
processes in (b), flavour-excitation processes in (c¢) and gluon-splitting processes in (d).

(a)wb %QT s b (b) | b Ty b
b (@ﬁ‘“ﬂ b b M b
(c) ’ ’ (d) b b
D=

q q e, q q

Figure 6.4: Next-to-leading (NLO) order Feynman diagrams for bb production via gluon fusion with
additional (a) real-gluon and (b) virtual-gluon emission, (c¢) flavour-excitation processes
and (d) gluon-splitting processes. At NLO, the virtual-gluon emission appears only in
the interference with tree-level diagrams.

In these processes, several divergences appear. Ultraviolet divergences from high-energy
gluons in the virtual diagrams are removed by the renormalisation process. Infrared
divergences from low-energy gluons emerge both in the virtual and real-gluon emission
diagrams where contributions partly cancel each other. Collinear divergences appear when
the gluon is emitted with very small transverse momentum relative to the parton. In case of
heavy quarks, these are suppressed because the collinearly emitted gluons do not alter the
transverse momentum of heavy quarks. It is important to note that this is exclusively valid
for heavy quarks and does not hold for the light up- and down-quarks. The production
cross-section for the inclusive production of a heavy-quark pair is a function of the square
of the partonic centre-of-mass energy s, the heavy quark mass m and transverse momentum
pT, the renormalisation scale ugr and the factorisation scale ,upﬂ With the choice of scales,
KR = pF = W, the cross-section can be written as [60]

do
w(é‘,m,PT, 1) =ag a2 + (al log(pu/m) + 50)04? +0(aj), (6.5)

!The renormalisation scale ur is the energy scale used in the evaluation of cs. The factorisation scale pr
is the scale used in the evolution of the parton densities [61].
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6.5 Theoretical models of heavy-quark production

where the coefficients a; and b; depend upon s, pp and p and a5 = as(ur). The logarithmic
terms are remnants of the collinear singularity screened by the finite quark mass. However,
this model is only applicable when the mass is the only relevant energy scale. This does not
hold in case of the transverse momentum being larger than the mass because all momenta
in the range of the mass and the momentum are equally involved. When choosing p of order
pr, large logarithms of the ratio pp/m arise to all orders in the perturbative expansion
and spoil the convergence.

6.5.2 Resummation approach for heavy-quark production

The afore-described NLO calculations are only valid in the regime of small transverse
momenta. When considering the opposite situation with a very high quark pr, its mass
does not play a role in the scattering process and the quark can be considered as produced
as a massless parton at the high-energy scale ur ~ pp. This is done in the fragmentation-
function formalism [63] in which the massless parton b only successively fragments into
a massive heavy quark @, modelled by a perturbative fragmentation function (PFF),
f(b — Qp). The key difference to the non-perturbative hadronic fragmentation function,
f(Qy — Hyp), is that these PFFs are calculable from first principles in QCD. The initial-state
conditions of the fragmentation function at an energy scale pg can be obtained in the chosen
normalisation scheme. Any desired higher factorisation scale pp is then accessible via the
Altarelli-Parisi evolution equation at NLO accuracy. As a result, the diverging logarithmic
term is split into three terms, log(pp/m) = log(pr/ur) + log(ur/mo) + log(up/m). The
finite log(pr/pur) term is incorporated in the short-distance cross-section of the massless
quark, whereas the remaining large log(ur /o) terms are resummed by the evolution of
the perturbative fragmentation function and only the small log(po/m) of the initial-state
condition is treated at fixed order in perturbation theory. With the choice of scales,
iR = pr = i, the resummed calculation (RS) is given by [60]

do

w(&mmm =i Y ai(as log(u/m)' +al 3y bilas loglu/m))"  (6.6)
=0

=0
O(at(as log(u/m))") + O(a? x PST),

where the coefficients a; and b; again depend upon s, pp and p and as = ag(u). PST
stands for suppressed terms, in the large-pr limit, by powers of m/pr, irrespectively of
further powers of logarithms and of «s. The logarithmic terms are classified in terms of the
leadlng-logarlthmlc (LL) form a? (s log(p/m))* and terms of next-to-leading-log (NLL)
form a3 (o log(u/m))¥. Due to the massless nature in the hard scattering process, this
model cannot be valid when p1 approaches the heavy quark mass.

6.5.3 Fixed-order-plus-next-to-leading log (FONLL) framework

The fixed-order-plus-next-to-leading log (FONLL) framework [60] merges the low-py for-
malism up to fixed order (FO) and the fragmentation-function approach such that all terms
of order o and o2 and all terms of order o? (o log(pr/m))* and o2 (o log(pr/m))*
are included in the perturbation series. The heavy-quark production cross-section is then
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6 Description of the theoretical framework for b-hadron production measurements

given by

do
dppz (5 ) = a0 af + (a1 log(u/m) + by i+ (6.7)

(afiaz’(as log(pe/m))" +a§’§:bz’(as log(u/m))i> x G(m,pr)

i=2 =1
+ O(aj(as log(p/m))") + O(ag x PST),

where the function G(m,pr) can be chosen relatively freely, but must approach 1 in the
limit m/pt — 0. It should be noted that the sums start from i=2 and i=1 to avoid
double counting. Technically, the previously-developed fixed-order computation [62] of the
O(a?) and the resummed (RS) [63] approach in the massless limit are combined. Terms of
the RS formalism that are already present in the fixed-order one have to be subtracted.
These terms are called the massless limit, FOMO, of the fixed order. Equation can be
illustrated as

FONLL = FO + (RS — FOMO0) x G(m, pr).

Problems occur because the normalisation schemes of the two approaches are not compatible
with each other. This was solved in Ref. [60] by formulating the FO formalism in the same
scheme as the RS framework with minor modifications to the partonic cross-sections. Finally,
the resummation procedure and the fixed-order formalism are combined by matching the
massless fixed-order approach FOMO with the resummation up to the order a3.

In order to predict the resulting kinematics of the produced b hadrons, the FONLL
prediction of heavy-quark production is convolved with the non-perturbative hadronic
fragmentation function, f(Q, — Hp), whose parameters are extracted from ete™ collisions
data. The FONLL formalism has been successful in describing bottom and charm hadron
production at the Tevatron and RHIC [12]. For the present analysis, the predictions of the
7TeV and 13 TeV b-hadron production cross-sections have been provided directly by M.
Cacciari and M. L. Mangano.

6.5.4 Uncertainties of the FONLL prediction

To compute the central FONLL prediction, the renormalisation and factorisation scales
are taken to be equal to the transverse mass, upr = o = /pr2 +m?, of the heavy
quark. The uncertainties are estimated |12] by varying the scales and the heavy quark
mass and from uncertainties of the parton distribution functions. The scales are varied
independently from each other with factors of 0.5, 1 and QEI The beauty-quark mass is
varied within 0.25 GeV/c? of the nominal mass of 4.75 GeV/c?. The three components, where
the uncertainties due to the chosen scale are largely dominant, are added in quadrature
to a relatively large uncertainty of about 40-50%. The previous measurement of the
b-hadron production cross-section at LHCb [24] showed good agreement in the distribution
of pseudorapidity and integrated cross-section within the experimental and theoretical
uncertainties. Forming the ratio of cross-sections at different centre-of-mass energies, in
which the theoretical uncertainties cancel, especially in terms of the scales, allows for a
much more precise comparison of the FONLL framework with experimental data.

2The scales (ir, ptr) are sequentially varied with factors (1,1), (0.5,0.5), (2,2), (0.5,1), (1,0.5), (2,1), (1,2).
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7 Analysis strategy

This analysis aims to measure the b-hadron production cross-sections at 7TeV and 13 TeV
proton-proton centre-of-mass energies as a function of the pseudorapidity, 7, of the b hadron.
This is done using semileptonic decays into charm hadrons, muons and possible additional
particles. As the neutrino remains undetected, only the muon and the charm hadron are
reconstructed. Experimentally, the production cross-section is proportional to the number
of reconstructed signal events, n(H.u), divided by the integrated luminosity, £, the related
efficiencies, €y, and the branching fractions, B, of the corresponding decays:

n(H.p) 1
— HYX) x .
U(pp b ) [2,6 X ‘C:ch X BHC BSL(Hb)

Restricting to the b hadrons B°, B+, B? and Ag as a simplification, the b-hadron produc-
tion cross-section per bin in 7 is the sum of the individual b-hadron components. The
measurement is performed in the following steps:

e The signal decays are recorded by the LHCb experiment when the muon satisfies the
trigger requirements, which combine information from the muon chambers and the
tracking detectors, as described in Chap. |8l The charm hadrons are reconstructed in
their most abundant decay modes D° - K7t Dt - K—atnt Df - K- K*tznt
and A} — pK 7", Due to the relatively long lifetime of b hadrons, the muon and
the charm hadron are produced significantly away from the proton-proton interaction
point. This characteristic decay topology is exploited to select the signal candidates.

e A certain fraction of the selected charm-hadron candidates do not originate from a b
hadron, but are produced directly in the proton-proton interaction. As they exhibit
a smaller impact parameter, the number of signal decays is extracted, per bin in
71 of the b hadron and prt of the charm-plus-muon candidate, with a simultaneous
fit to the invariant mass and the logarithmic impact parameter distribution of the
charm-hadron candidate. The mass fit is needed to identify non-charm combinatorial
background.

e Contributions from random combinations of charm hadrons and muons are modelled
by events with the wrong charge combination which is not allowed in the signal decay.
Remaining real signal-like background decays are determined with fully simulated
samples of these types.

e The reconstruction and selection efficiencies of the signal events are obtained from
fully simulated samples. In order to provide a more accurate result, data-driven
methods using calibration samples are applied to determine the particle identification,
trigger and track reconstruction efficiencies and the efficiency due to selection criteria
on the occupancy of the detector.
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7 Analysis strategy

e The results are compared with fixed-order next-to-leading logarithmic (FONLL)
theoretical predictions that are provided as a function of the pseudorapidity. In the
ratio of production cross-sections at 7TeV and 13 TeV centre-of-mass energies, the
theoretical uncertainties cancel partially which allows for a more precise test of the

theory model.
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8 Reconstruction and selection of the signal
candidates

The data samples used in this analysis correspond to integrated luminosities of 284.10 4
4.86pb~! at the centre-of-mass energy of 7 TeV and 4.60 & 0.18 pb~! at 13 TeV. They were
collected in 2011 and 2015, respectively. From now on, the two datasets are referred to as
the 7TeV and the 13 TeV datasets for simplicity. This chapter describes and motivates the
selection criteria to reconstruct and select the semileptonic signal decays. The b-hadron
decays are partially reconstructed by combining a charm hadron with a muon to form a
common vertex as it is illustrated for the B~ — DOM_EM decay mode shown in Fig.
Prompt background particles that are produced directly in the proton-proton interaction
have to be rejected. This can be achieved by exploiting the relatively long lifetime of b
hadrons and their characteristic decay vertices that are significantly away from the primary
vertex.

Figure 8.1: Topology of the decay B~ — D°u~ Uy, where the DY meson decays into a kaon
and a pion.

8.1 Trigger strategy and reconstruction of the muon

Muons are the only particles that can traverse the whole detector and leave a signal in the
muon chambers. Therefore, their signal can be easily used as a hardware level-0 (LO) trigger
for the semileptonic b decay. A muon track is defined as a track that is reconstructed in all
five muon chambers and the hits provide a quick measurement of the transverse momentum,
pT, by using an average proton-proton collision point [32]. Due to the heavy b-hadron mass,
the light final-state particles tend to have larger transverse momenta compared to prompt
particles that are, on average, boosted along the longitudinal direction, residually from the

99



8 Reconstruction and selection of the signal candidates

kinematics of the colliding partons. The event is accepted if the transverse momentum is
above 1480 MeV/c for the 7 TeV dataset and 900 MeV/c for the 13 TeV dataset as tabulated
in Table Since the software trigger system cannot cope with large track multiplicities
due to the computation time of the track reconstruction algorithms, the occupancy of the
detector is reduced by demanding that the total number of hits in the Scintillating Pad
Detector, ngpp, is less than 600 for the 7 TeV data. In case of the 13 TeV data-taking,
more computation time is granted for the trigger because the run period is dedicated to
cross-section measurements, and no selection criterion is enforced.

The software high-level(HIt) trigger is split into two stages for which the larger compu-
tation time allows for a full track reconstruction. In the first stage, Hit1, the track that
satisfies the hardware trigger requirements, is confirmed by associating track segments
in the VELO or tracking stations to the track in the muon chambers [64]. In the second
stage, HIt2, the full detector information is available such that momenta are measured with
higher precision and secondary vertices are obtained. The requirements on the transverse
momentum, the impact parameter, IP, and the X%P value discriminate against prompt
particles. For the 7TeV dataset, the impact parameter is required to be larger than 0.5 mm
whereas there is no selection criterion on the absolute impact parameter for the 13 TeV
dataset. Additionally, the selection criteria on the x# value of 200 and 16 for the 7 TeV
and 13 TeV datasets, respectively, are very different. Besides the larger bandwidth available
during the 13 TeV data-taking, it is also the experience with the detector after two years of
data-taking that motivates the modifications of the selections. It is important to note that
the significantly different trigger requirements have a large impact on the whole analysis in
terms of selection efficiencies and background contributions. The binary muon selections,
isMuon and isMuonTight, that are also enforced at this stage are also more stringent for
the 7TeV data than for the 13 TeV data. Due to the large amount of events with final-state
muons and the limited computational capacities, the trigger rate is downscaled to 50% for
both datasets by accepting only every second event.

Apart from the trigger requirements, additional selection criteria are applied to the
recorded muons, which are denoted as offline criteria: the momentum, p, has to be larger
than 6 GeV/c and the hits in the detectors that are assigned to the muon are not supposed
to be shared with other muon tracks. This impedes misidentification of particles and
improves the momentum resolution. The occupancy of the detector is further reduced by
limiting the number of long tracks to 250. In order to reduce misidentification of hadron
tracks, the particle identification (PID) criterion, the difference of logarithmic likelihoods
to separate muons from pions of AlogL,_r > 0, is used.

8.2 Reconstruction of the charm hadron

Using the recorded data that satisfies all muon trigger requirements, the charm hadrons
are now reconstructed and isolated from background contributions. The four charm
hadrons are reconstructed in their most abundant decays D° — K—nt, Dt — K—ntnt,
Df — K-K*r" and A} — pK~7". As well as for the muons, the y% value of the
final-state hadrons is supposed to be larger than 9 to suppress prompt background. The
criteria on the transverse momenta are less stringent because the charm hadron is not
as massive. The average transverse momentum per charm daughter must be larger than
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8.2 Reconstruction of the charm hadron

Table 8.1: Trigger and additional offline muon selection requirements for the 7 TeV and
13 TeV datasets.

parameter 7TeV 13 TeV
L0 NSPD < 600 -
pr [MeV/c | > 1480 > 900
p [MeV/c | > 8000 > 3000
pr [MeV/e | > 1000 > 800
HIt1 IP [mm | > 0.1 —
e > 16 >4
PID isMuonTight isMuon
accept fraction 0.5
pr [GeV/c ] > 1.3
Hle2 IP[mm ] > 0.5 —
Xip > 200 > 16
p [GeV/c ] >6
Offline detector hits no shared hits with other muon tracks
# of long tracks < 250
PID Alogl,, 7 >0

700 MeV/c for the two-body decay of the DY mode and 600 MeV/c for the three-body decay
modes as listed in the summary Table Again, it is the experience with the detector
that drives the differing selection requirements for the 13 TeV dataset.

To identify the decays, particle identification requirements for the individual particle
species are demanded: for protons, the differences of logarithmic likelihoods to separate
them from kaons and pions, are Alogl, i (p) > 0 and AlogLl,_(p) > 10; to separate
kaons from pions AlogLx_(K) > 4; and the pion requirements are AlogLx_(m) < 4 for
the 7TeV and AlogLx_r(m) < 10 for the 13 TeV dataset.

The light-particle tracks are combined to form the charm hadrons at a common vertex
whose reconstruction fit must fulfil a x? value divided by the number of degrees of freedom,
Ndot, Of less than 6. In order to further constrain the number of prompt charm hadrons,
the significance of the distance from the charm-hadron decay vertex to the primary vertex
must be larger than 100 for the 7 TeV and 25 for the 13 TeV dataset. Since the b hadron
typically carries high longitudinal momentum from the beam energy, its decay products
are emitted in a relatively narrow cone around the flight direction. Therefore, the cosine
of the pointing angle between the distance from the charm-hadron decay vertex to the
primary vertex and the measured charm-hadron momentum vector must be greater than
0.9@ The logarithm of the charm-hadron impact parameter is loosely restricted to the
range from -7 to 2.

!The pointing angle has been defined in Sec. for the b hadron. It should be noted that the pointing
angle for the charm hadron is not defined with respect to the b-hadron decay vertex.
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8 Reconstruction and selection of the signal candidates

Table 8.2: Selection criteria for the charm hadrons and their decay particles for the 7TeV and
13 TeV datasets. The value on the average pr per charm daughter in parentheses is for
the three-body decays of (DT |Df|A}).

parameter 7 TeV 13 TeV
Charm hadron daughters

Xip >9

p [GeV/e ] > 2

proton p [GeV/c ] - > 8

kaon p [GeV/c | - >5

pr [GeV/ce ] > 0.3 > 0.25

PID for pions Alogli_»(m) <4 AlogLli_r(m) < 10
PID for kaons Alogly_(K) >4

PID for protons AlogL,_~(p) > 10

AlogL,_k(p) > 0

Charm hadron

average py per daughter| MeV/c | > 700(600)

vertex x2/ngof <6

x? of distance to PV > 100 > 25
cos of the angle between distance and p > 0.99
log(IP/mm) €[-17,2]

8.3 Reconstruction of the b-hadron decay vertex

Due to the missing neutrino, the b hadron is only partially reconstructed and it is only
the kinematics of the combined charm-plus-muon system that is accessible. The b-hadron
decay vertex is defined by the combined vertex of the determined charm-hadron trajectory
and the muon track. The x?/ngo value of the vertex reconstruction fit is required to be
less than 6 for the 7TeV and 9 for the 13 TeV dataset as given in Table Furthermore,
the cosine of the pointing angle between the b-hadron flight distance to the decay vertex
and the measured momentum vector, is demanded to be greater than 0.999. Due to the
missing neutrino, the pseudorapidity n = — log tan(6/2) of the b hadron is not defined by
the related track momenta but exclusively by the angle, 0, between the beam axis and the
flight direction of the b hadron. The accepted pseudorapidity range spans from 2 to 5.

Having a finite lifetime, the charm hadrons are required to decay at a larger z-position
along the beam direction than the b hadron. The invariant mass distribution of the
charm-plus-muon system is demanded to be in the range of approximately 3 GeV/c? to
5GeV/c?, depending on the decay mode. The maximum allowed distance between the
primary vertex and the b-hadron decay vertex, denoted as the flight radius, is 4.8 mm
because of material interactions with the insensitive inner part of the VELO disks at a
radius of 5 mm.
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Table 8.3: Selection requirements to reconstruct the b-hadron decay vertex using the charm-plus-
muon system for the 7TeV and 13 TeV datasets.

parameter 7TeV 13 TeV
charm-plus-muon system

vertex x2/ngof <6 <9

cos of the angle between distance and p > 0.999
z(charm)-z(b)[ mm | >0

n € [2,5]

invariant mass [ GeV/c? ] 3 < m(D'(DY)+p)< 5
invariant mass [ GeV/c? | 31 < m(Df +u) < 5.1
invariant mass [ GeV/c? ] 33 < m(Ac+p) < 5.3
flight radius [mm | < 4.8

8.4 Comparison of kinematic distributions from data and fully
simulated events

Separately for the 7TeV and 13TeV datasets, Figs. and show the normalised
distributions of the transverse momentum of the charm-plus-muon system, the logarithmic
charm-hadron impact parameter, the muon transverse momentum and the logarithmic
muon xip distributions of the selected B— D°uvX candidates from data and simulation.
Combinatorial and prompt background contributions have been subtracted using the sPlot
techniqud?| with sWeights obtained from the fit results to the invariant mass and the
logarithmic impact parameter of the charm-hadron candidate, described in the following
chapter. However, the technique is only valid for variables that are not correlated to the
discriminating variables. Therefore, the sWeights are not applied to the log(IP) distributions
of the charm hadrons. They still contain the prompt background component as it can
be seen for the 13 TeV data where the lower tail in data clearly overshoots the simulated
distribution. The reason why the prompt contribution in the 7 TeV data is smaller is due
to the different trigger requirements which is also reflected in the unequal logarithmic
muon impact parameter distributions. The agreement between the data and the simulation
is satisfactory except for a small deviation of the transverse momentum distribution of
the charm-plus-muon candidate and of the tails of the logarithmic muon X12P distributions.
The distributions of other kinematic variables that are also part of the selection, are given
in Appendix [A]

2The sPlot technique has been described in Sec.
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Figure 8.2: Distributions of (top left) transverse