
1.3 Strange hadrons at the LHCb experiment

This makes it more di�cult to discriminate them from random low-momentum
tracks, especially pions, directly coming from thepp-collision and therefore also to
e�ciently trigger on them without picking up a large amount of random background
tracks. In Run 2 the hardware stage of the trigger system selected events based
on tracks with large transverse energy and transverse momentum. For strange
hadrons decays with their soft momentum spectra this typically results in trigger
e�ciencies below 1 % as they can only be recorded as a byproduct of events that
contained other c or b-hadron decays with such a signature. The abundance ofK 0

S
and � 0 hadrons from their large cross-section in the combination with the large
branching fractions of K 0

S ! � + � � and � 0 ! p� � decays enables them to overcome
the trigger e�ciency problem as they can be selected by a random trigger which will
be explained later in chapter 4. Furthermore, the measurement of their production
cross-section ratios will be discussed.
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Chapter 2

The LHCb experiment at the
Large Hadron Collider

This thesis uses data that were recorded by theLarge Hadron Collider beauty
(LHCb) experiment in 2018 during the second data taking period between 2015-2018
(Run 2) at the Large Hadron Collider (LHC) and presents developments for a track
reconstruction algorithm that will enable to take data with the LHCb Upgrade I
detector during the next data taking period (Run 3) starting in 2022. This chapter
introduces brie
y the LHC itself and how protons are accelerated in section 2.1
before they are brought to collision in the LHCb experiment followed by a more
comprehensive description of the LHCb experiment in section 2.2 and its �rst
major upgrade in section 2.3. Special focus will be given to the upgrade of the
sub-systems that are particularly relevant for this thesis such as the tracking and
trigger systems.

2.1 The Large Hadron Collider

The LHC [58] is a 27km long circular particle accelerator located at CERN. Its main
purpose is the acceleration of predominantly protons but also heavy ions (such as
lead) and bringing them to collision. As �nal part of a chain of accelerators the LHC
is designed to increase the energy of protons up to 7TeV. Figure 2.1a depicts the
accelerators at CERN during Run 2. Protons were obtained from hydrogen atoms
coming from an hydrogen bottle after stripping o� the electrons with the help of an
electric �eld. Afterwards they were accelerated by theLinear Accelerator 2 (LINAC
2) followed by the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS)
and the Super Proton Synchrotron (SPS) with each of them gradually elevating the
proton energy. Finally protons leaving the SPS are injected into the LHC at an
energy of 450GeV. For heavy ion runs the Linear Accelerator 3 (LINAC 3) is used



2.1 The Large Hadron Collider

(a) Accelerator complex at CERN during Run 2

(b) Rock layers around the LHC tunnel

Figure 2.1: (a) Overview of the accelerator complex at CERN during Run 2.
The years indicate when each machine started operation. Additionally for circular
accelerator the circumferences are given. TT and TI are thetransfer lines that are
used to bring protons from one accelerator to the next. Taken from Ref. [57]. (b)
Tilted position of the LHC ring in the rock layers of the Geneva area. IP8 where
LHCb is located is the lowest point of the ring about 100 m below the surface.
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2 The LHCb experiment at the Large Hadron Collider

to start the acceleration process from where ions are directly injected into the PS
leaving out the PSB.
For Run 3 LINAC 2 is replaced by the Linear Accelerator 4 (LINAC 4), that
accelerates negatively charged hydrogen ionsH� up to 160MeV before stripping
o� their electrons when injecting them to the PSB. The LINAC 4 exploits a new
acceleration scheme that enables more densely packed proton beams which is a
crucial element for the high-luminosity LHC (HL-LHC) envisioned for Run 4 that
is planned for 2029. The LHC is �lled with two beams consisting of up to 2808
bunches of 1:1 � 1011 protons each that turn around the ring in opposite directions
through an ultra-high vacuum of 10 � 10� 10 to 10 � 10� 11 mbar. Such vacuum
is needed to suppress beam-gas interactions. As shown in Figure 2.2 the LHC is

Figure 2.2: The eight sectors of the LHC dedicated to the LHC experiments, the
RF cavities, the LHC collimation system (Cleaning) and the dumping. Beam 1 is
depicted in red and beam 2 in blue. Low-� refers to the � -functions that de�ne
the transversal sizes of the beam� x;y by

p
� x;y � , where � is the beam emittance.

Taken from Ref. [59].
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2.1 The Large Hadron Collider

segmented into eight octants each consisting of anarc and an insertion sector. The
arcs contain 23 cells each composed by a FODO magnet lattice1 that consists of
superconducting Niobium-Titanium dipoles with a magnetic �eld strength of 8 :33 T
bending the beams on the circular orbit, quadrupoles that focus the beam and
higher order magnets to account for chromaticity2. In total, the LHC comprises
1232 dipoles that need to be cooled down to 1:9 K to enable their superconductivity
which is realised with liquid helium. The insertion sectors are straight sections
that contain octant-speci�c beam instrumentation. Four of them, the so-called
interaction points (IP) are dedicated to the collision of the beams and host the
experiments. Here, a more specialised set of magnets, theInner Triplet , steers
and further squeezes the beam to achieve maximal luminosity at the interaction point.

In the remaining sectors the beam is

ˆ accelerated by eight superconducting radio-frequency (RF) cavities per beam
for ramping up to the nominal LHC beam energy and compensate the en-
ergy losses due to synchrotron radiation, and kept tightly bunched in the
longitudinal direction

ˆ cleaned from outlier protons by the LHC collimation system.

ˆ dumped into the 8 m long graphite dump block in case of unexpected irregu-
larities in the beam operation or at the end of a LHC �ll.

As shown in Figure 2.1b the LHC tunnel is tilted due to the geological conditions of
rock layers in the Geneva area. The LHC is designed to collide two proton beams at
a centre-of-mass energy of

p
s = 14 TeV (in Run 2 collisions at 13TeV were achieved,

for Run 3
p

s = 13:6TeV is foreseen) in four collision points. These are surrounded
by the four major experiments at the LHC: ATLAS, ALICE, CMS and LHCb. The
LHC experiments can be categorised into two classes: the general-purpose detectors
(GDPs) and the detectors specialised to dedicated type of physics. The general-
purpose detectors are the ATLAS [60] and CMS[61] experiments located in IP1 and
IP5. They are nearly hermetic3 detectors that are specialised in high-pT physics, in
measuring the properties of the top quark and the Higgs boson as well as in direct
searches for physics beyond the standard model. In particular, the discovery of the
Higgs boson in 2012 [24, 25] and the measurements of the Higgs couplings to beauty

1A FODO structure is an alternating lattice of focusing (F) and defocusing (D) quadrupule
magnets interrupted by focus-wise neutral sections (O) where the dipole magnets are placed.
Quadrupole magnets that have a focusing e�ect on the beam in one of the xz- and yz-planes
are defocusing in the other one and vice versa.

2Chromaticity to pertubations of the beam dynamics by energy-dependent focusing of the beam
in the quadrupole magnets which causes an unwanted spread of the beam.

3 Instrumented in the full solid angle 
 = 4 � .
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2 The LHCb experiment at the Large Hadron Collider

quark and top quark pairs are very important contributions to the understanding
of the SM. The two large and more specialised LHC experiments are the ALICE
and LHCb experiments. The ALICE experiment [62] located at IP2 studies the
properties of the quark-gluon plasma in heavy ion collision. Relevant for this thesis
are also the production cross-section measurements of strange hadrons inpp-collision
that will be discussed in section 4. The LHCb experiment [63] located at IP8 is
designed for precision measurements in the �eld of heavy-
avour physics. Its main
purpose is the study ofCP-violation and the indirect search for physics beyond the
SM in decays of charm and beauty hadrons. The physics programme of LHCb has
evolved in the two data taking periods more towards a general-purpose experiment
making signi�cant contributions to other �elds such as hadron spectroscopy, heavy
ion and electroweak physics. A detailed description of the LHCb experiment will be
given in the following section 2.2.
Bunches at the LHC are separated from each other at abunch spacingof 25ns.
During collisions, this results in a data rate of 40MHz at which the detectors need
to be read-out. Due to the �lling scheme of the LHC and the position of the LHCb
experiment in the LHC ring bunches are collided less often at LHCb, resulting in an
e�ective collision rate of 30MHz, which also corresponds to the data rate that the
trigger system takes as input.

2.2 The LHCb experiment

This section introduces the LHCb detector and its trigger system as they were
operated during Run 2. As discussed previously, protons are not fundamental
particles but a compound of theuud valence quarks carrying the main part of the
protons momentum, a sea of other low momentum quark-antiquark pairs as well
as a large amount of strongly interacting gluons that bind the quarks together.
When protons collide at the LHC it is most likely that not the proton itself but its
constituents, referred to as partons, interact with each other. The leading processes
for producing c�c and b�b pairs at the energy scale of the LHC are the gluon-gluon
fusion and quark-antiquark annihilation. In these processes the momenta of the two
colliding partons are very di�erent, since inside the proton they can be found at a wide
range of proton momentum fractionsx as shown by the parton distribution functions
in Figure 2.3a. Therefore, particles produced in the collision and with a mass much
lower than the collision energy are boosted into the forward/backward region. This
motivated the design of the LHCb detector as a single-arm forward spectrometer.
It covers the pseudo-rapidity range between 2< � < 5, which translates to an
angular acceptance of 10 to 300mrad in the horizontal and 250mrad in the vertical
plane. Figure 2.3b shows the angular distribution of simulatedb�b pairs produced
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2.2 The LHCb experiment

(a) (b) (c)

Figure 2.3: (a) Parton distribution function of protons at Q2 = 104 GeV2, x
describes the fraction of the protons momentum that the parton carries andf (x; Q2)
the probability of �nding a parton with given x inside the proton. Taken from Ref.
[64]. (b) Angular distribution of simulated b�b-pairs from gluon-gluon fusion and
quark-antiquark annihilation at

p
s = 14 TeV. The events shown in red are covered

by the geometrical acceptance of LHCb. Taken from Ref. [65]. (c) Comparison of
the geometrical acceptance of producedb�b pairs at

p
s = 14 TeV between LHCb

and the GPDs. Taken from Ref. [65].

via gluon-gluon fusion and quark-antiquark annihilation at
p

s = 14 TeV and the
fraction of these that are covered by the geometrical acceptance of LHCb, which is
about 24 %. In Figure 2.3c this is compared to the acceptance of the GPDs at the
LHC. It can be seen that the overlap of the geometrical acceptances is small which
makes LHCb also an unique environment to study physics in the forward region.
The layout of the LHCb detector is shown in Figure 2.4. The detector consists
of various subdetectors that can be divided into two main classes: tracking and
particle identi�cation. They will be discussed in detail in sections 2.2.2 and 2.2.3.
The reference frame that is used by LHCb is de�ned as follows:

ˆ IP8 is the origin of the coordinate system.

ˆ The z-axis is de�ned along the beam pipe in the direction of beam 1 (the beam
that propagates clockwise through the LHC). As discussed above, the LHC
tunnel is tilted by an angle of 3:601 mrad with respect to the LHCb cavern.

ˆ The x-axis is horizontal, pointing outside of the LHC ring.

ˆ The y-axis is pointing upwards, but tilted by an angle of 3:601mrad with
respect to the gravitational axis to form right-handed system. The subdetectors
upstream of the magnet follow the direction of the beam, whereas downstream
they follow the gravitational axis for mechanical reasons.
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2 The LHCb experiment at the Large Hadron Collider

Figure 2.4: Schematic overview of the LHCb detector layout during the Run 1
(2011-2012) and Run 2 (2015-2018) data takings. Taken from Ref. [63].

Most of the subdetectors are divided into two halves called A-side (x > 0) and
C-side (x < 0) to simplify their installation around the beam pipe. The majority of
the read-out electronics are placed outside of the detector acceptance to minimise
unwanted material interactions. The number of collisions per unit time taking place
in LHCb is de�ned by the instantaneous luminosity L inst , whereas the recorded
luminosity over time is de�ned by the integrated luminosity L int . Data have been
acquired in the two data taking periods between 2010-2012 (Run 1) and 2015-2018
(Run 2). LHCb levels the luminosity to keep the data rate at a constant level which
allows to run with the same trigger con�guration throughout a �ll of the LHC,
enables a more precise reconstruction, and limits the ageing of the detectors in the
high-multiplicity hadronic environment of the LHC. This is realised by introducing
an o�set between the beams in the horizontal plane and thereby avoiding head-on
collisions. Figure 2.5 shows the evolution of the instantaneous luminosity at ATLAS,
CMS and LHCb during a long lasting �ll 4 of the LHC as well as a sketch of the
introduced o�set between the beams. As a result LHCb was operated in Run 2 at
L inst = 4 � 1032 cm� 2s� 1 and a constant average number of visiblepp-interactions
per bunch crossing ofh� i = 1 :1. Figure 2.6 shows the amount of collectedpp-collision
data of LHCb split by year for the two physics data taking periods. In 2011 and 2012

4The typical length is about 8 h.

26



2.2 The LHCb experiment

Figure 2.5: Instantaneous luminosity as a function of time at ATLAS, CMS and
LHCb during a long lasting �ll of the LHC. Taken from Ref. [66].

protons were collided at a centre-of-mass energy of
p

s = 7 TeV and
p

s = 8 TeV,
respectively, corresponding to about 3fb� 1 of collected data in total, while for Run
2

p
s was increased to 13TeV and about 6fb� 1 of pp-data were collected. The total

amount of collected pp-collision data corresponds toL int = 9 fb� 1. The following
sections describe in detail the di�erent subdetectors, their operation principles and
their performances.
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2 The LHCb experiment at the Large Hadron Collider

Figure 2.6: Overview of recorded physics data inpp-collisions at LHCb for the
di�erent years in the data taking periods Run 1 and Run 2. Taken from Ref. [67]

2.2.1 Crossing angle

When protons pass the LHCb detector they travel through the magnetic �eld of
the LHCb dipole and get de
ected in the horizontal plane. To compensate for the
strength of this de
ection there two compensator magnets (MBXWS and MBXWH)
placed upstream of the LHCb dipole and one (MBXWS) downstream of the dipole.
Nevertheless, a small orbit bump and hence a crossing angle is introduced.
In addition to this internal crossing angle there is a secondexternal crossing angle
applied by the D1 and D2 kicker magnets of the LHC that �rst separate and later
recombine the two proton bunches to avoid parasitic bunch crossing in the horizontal
plane outside the LHCb interaction region. This orbit correction cannot be equal
between the two magnet polarities so that the e�ective crossing angle di�ers between
the polarities. For Run 2 the crossing angles correspond to

#MagDown = � 790µrad

#MagUp = � 210µrad:

The signs apply to beam 1 and beam 2. For theK 0
S and � 0 production cross-section

measurement presented in this thesis a correction of thepT - and y-distributions will
be applied to account for the crossing angle. More details about the origin of the
crossing angles at LHCb can be found in Ref. [68].

28



2.2 The LHCb experiment

2.2.2 Tracking system and vertex reconstruction

The tracking system is dedicated to the reconstruction of the trajectories of charged
particles traversing the LHCb detector and leave hits in the sensitive layers of the
detectors by depositing a fraction of their energy. The hits are used by tracking
algorithms to �nd patterns that originated from a common traversing particle.
Moreover, the tracking system provides a measurement of the momentum of charged
particles and enables the reconstruction of primary and secondary vertices, crucial
for identifying displaced signatures from c and b hadrons. The performance of a
tracking system is characterised by its track and vertex reconstruction e�ciencies
as well as the momentum and impact parameter (IP) resolution. In order to
achieve satisfactory performance good spatial resolution and low material budget are
required. The LHCb tracking system has three main tracking detectors: the Vertex
Locator (VELO) surrounding the interaction point, the Tracker Turicensis (TT)
upstream of the LHCb dipole magnet and the three large-area tracking stations
(T1-T3) downstream of the magnet consisting of the Inner Tracker (IT) close to
the beam pipe and the Outer Tracker (OT) further outside. In addition, the LHCb
dipole magnet bends charged particles on a curved trajectory in the horizontal plane
which is crucial for the determination of their momenta. Figure 2.7 shows the �ve
di�erent track types that are reconstructed in LHCb:

ˆ Long tracks: Tracks that traverse the full tracking system leaving hits in the
VELO and the T stations. Additional hits from the TT can be added to
improve the rejection of fake tracks. Long tracks are used for most of the
physics analyses performed in LHCb.

ˆ Downstream tracks: Tracks with hits in the TT and T stations only. They are
mostly used for analyses involving decays of long-lived particles with a very
displaced decay vertex such asK 0

S, � 0, � � and 
 � .

ˆ VELO tracks: Tracks that only leave hits in the VELO. They are used for
the primary vertex reconstruction and can be used as starting point for a
long track reconstruction by being extended to the tracking detectors further
downstream and for the determination of tracking e�ciencies.

ˆ T tracks: Tracks that only leave hits in the T stations. They are rarely used for
physics, only for very displaced topologies, but are important for the detector
alignment and can be used for tracking e�ciency determinations.

ˆ Upstream tracks: Tracks that leave only hits in the VELO and TT and are
bent out of the detector acceptance before reaching the T stations. They are
mostly low-momentum tracks, rarely used for physics analyses but for 
avour
tagging algorithms.
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2 The LHCb experiment at the Large Hadron Collider

Figure 2.7: Strength of the magnet �eld component By in the di�erent tracking
detectors of LHCb and overview of the track types reconstructed in LHCb. Taken
from Ref. [63].

The � 0 and K 0
S production cross-section analysis presented in this thesis makes

use of long and downstream tracks. The tracking algorithms presented for HLT1
focus on long track reconstruction with extensions to downstream tracking and T
tracks.
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2.2 The LHCb experiment

2.2.2.1 The LHCb dipole magnet

The LHCb dipole magnet is located between the TT and the T stations providing a
magnetic �eld in the y-direction that bends charged particles on a curved trajectory
in the horizontal plane and thereby enables measuring their momenta. The �eld
strength in the y-direction as a function of the z-position is shown in Figure 2.7. Its
integrated �eld strength corresponds to By = 4 T m. The �eld is designed in a way
that it is maximal between the TT and the tracking stations but kept minimal at
the position of RICH1 to not a�ect the performance of its photo multipliers. The
magnet can be operated in two polaritiesMagUp and MagDown by inverting the
direction of By , which is done to reduce systematic uncertainties inCP-violation
measurements. Comparable amounts of data are taken in each con�guration.

2.2.2.2 The Vertex Locator (VELO)

The Vertex Locator (VELO) is a silicon-strip based tracking detector consisting of
two halves (A-side and C-side) that are equipped with 23 modules each, distributed
around the interaction region over a total length of 1 m. Each module is composed
of two semicircular 300µm-thick sensors, the R- and the' -sensor that measure the
radial distance from the beam pipe and the azimuthal angle' of the hits left by
traversing particles at the z-position of the module. Their layout is shown in Figure
2.8. The silicon strips in the R-sensor are circularly aligned around the beam pipe

Figure 2.8: Sketch of R- and ' -sensors of a VELO module.

and structured in four segments of 45° each hosting 512 strips with a varying strip
pitch from about 40 µm for the innermost strips to 100µm for the strips furthest
away from the beam. The strips of the' -sensors are straight, pointing radially away
from the beam pipe. They are divided into an inner region with 683 strips with an
increasing pitch size from 39µm to 78µm and an outer region with 1365 strips with
a pitch varying from 39 µm to 97µm. The two VELO halves can be moved away
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2 The LHCb experiment at the Large Hadron Collider

Figure 2.9: Layout of the VELO modules along the beam axis and closed and
open position of the VELO. In addition to the regular VELO modules there is two
VETO stations. Taken from Ref. [63].

from the interaction region to protect the modules from radiation damages during
non-stable beam conditions such as the beam injection into the LHC and during
the ramp of the beam energy. This is called theVELO-open position (� 30mm)
in contrast to the VELO-closed position where the VELO encloses the beam at a
distance of 8:2mm. The positions of the VELO modules along the beam axis are
chosen in a way that tracks coming fromz = 0 with 2 < � < 4:5 are ensured to
have at least six hits in the VELO. They are sketched in Figure 2.9 as well as the
VELO-open and VELO-closed positions. The VELO halves are placed in their own
vacuum inside of two light-weight aluminum RF-boxes that separate them from the
vacuum of the beam. This decouples the VELO modules from potential RF-wave
pickups from the LHC beam which would lead to correlated noise among the VELO
sensors. The surface that is facing the beam is also referred to as the RF-foil. For a
track traversing the LHCb detector the RF-foil is signi�cantly contributing to the
material budget before it reaches the �rst VELO modules, causes elastic scatterings
and therefore reduces the overall vertex reconstruction performance. The main
tasks of the VELO are to reconstruct primary and secondary vertices with high
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2.2 The LHCb experiment

Figure 2.10: PV resolutions of the VELO for the x-, y- and z-directions as
function of the number of VELO tracks forming the vertex determined with 2011
pp-data events that had exactly one PV. The minimal amount of VELO tracks for
a reconstructed PV is �ve. Taken from Ref. [69].

Figure 2.11: (left) IPx;y resolution of the VELO as a function of p and (right)
IPx resolution as a function of 1=pT . Both are obtained with 2012 pp-data. Taken
from Ref. [69].

e�ciency and good resolution, to provide a good impact parameter (IP) resolution
and e�ciently reconstruct high-quality VELO tracks that can be extended to the
tracking stations to form long tracks. Figure 2.10 shows the PV resolution in the
x-, y- and z-directions of the VELO as a function of the number of tracks used to
build the vertex. The IP is de�ned as the minimal distance between the track and
its associated PV. It can be used to e�ciently discriminate b or c signal candidates
from background. The IP resolution of the VELO as a function of p and 1=pT are
shown in Figure 2.11. Finally, the tracking e�ciency of the VELO is found to be
about 99 % for the range ofp and � usually relevant for LHCb analyses as shown in
Figure 2.12.
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Figure 2.12: Track reconstruction e�ciency of the VELO as a function of p and
� . Taken from Ref. [69].

2.2.2.3 The Tracker Turicensis (TT)

The Tracker Turicensis (TT) is a silicon-strip sensor based tracking detector placed
just behind RICH1 and upstream of the LHCb dipole magnet. The silicon sensors
are arranged in four layers in two stations (TTa and TTb) that are separated by
a gap of 27cm along the beam axis. As shown in Figure 2.13 the layers follow a
x-u-v-x stereo con�guration, where the x-layers are aligned vertically and theu-
and v-layers are tilted with respect to the x-layers by a stereo angle of� 5°. This
layout allows to not only have a measurement of both thex- and y-position of a hit
but also improves the rejection of fake tracks. Each silicon sensor has 512 silicon
strips with a pitch size of 183µm and a thickness of 500µm. Seven silicon sensors
are grouped together into a so-called half-module, with 30 half-modules forming a
TT layer. The total active area in the xy-plane covered by the TT is 8:4 m2. The
sensors are further grouped into di�erent read-out sectors (depicted as di�erent
colors in Figure 2.13) depending on the expected occupancy. The read-out sectors
determine how many sensors are bonded to same wire-bond for the read-out that
is performed at the top and bottom outside of the detector acceptance. The TT
has a single hit positional resolution of 50µm. Having a tracking detector upstream
of the magnet like the TT is crucial for improving the momentum resolution of
long tracks and reducing the amount of fake tracks, falsely reconstructed tracks by
the pattern recognition, of the tracking algorithms. In addition, the TT enables
the reconstruction of downstream tracks which is very important for decay modes
involving long-lived particles.
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2.2 The LHCb experiment

Figure 2.13: Layout of the four layers of the TT detector. The di�erent colors
depict the various read-out sectors. Taken from Ref. [70].

2.2.2.4 The T stations

The tracking stations T1-T3 are located downstream of the LHCb dipole magnet.
They are composed of theInner Tracker (IT) close to the beam pipe and theOuter
Tracker (OT) further away from the beam. Each station consists of four layers that
are organised in ax-u-v-x con�guration in the same way as the TT. Two di�erent
detector technologies are used for the IT and OT. The IT is based on similar silicon
sensors as used for the TT enclosing the high-multiplicity area (about 20 % of the
track multiplicity while covering only 2 % of the LHCb acceptance) close to the
beam pipe with a similar single hit resolution as achieved for the TT. A sketch of
the detector layout is shown in Figure 2.14a. The IT comprises four detection boxes,
where the top and bottom boxes are equipped with one row of seven silicon sensors
each, whereas the left and right boxes are made of two rows. Each sensor contains
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