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22 The LHCb experiment

The data used to perform the measurements of ad

sl and as

sl is collected by the LHCb
experiment at the Large Hadron Collider (LHC). In the LHC, two beams of protons are
accelerated in opposite directions and are made to collide at a centre-of-mass energy of
7 TeV in 2011 and 8 TeV in 2012. The amount of data collected by LHCb in these years
corresponds to respectively 1 fb≠1 and 2 fb≠1, adding up to a total of 3 fb≠1 during run
1 of the LHC. In run 2 (2015-2018) the collisions take place at 13 TeV. The beams are
made to collide in four interaction points, one of which is at point 8, where the LHCb
experiment is located. In contrast to the other experiments at the LHC (ATLAS, CMS
and ALICE), the proton-proton (pp) collisions in the LHCb detector are located on one
side of the experimental hall, where the vertex locator (VELO) is placed. The reason for
the conic and asymmetric setup of the LHCb experiment (see Fig. 2.1) is to study the
decay products of beauty and charm hadrons, which exit the pp collision predominantly
at small angles with respect to the beam axis. The LHCb experiment covers a polar
angle domain ◊ œ [10, 250] mrad. This corresponds roughly to a pseudorapidity range of
÷ œ [2, 5], which is defined as

÷ = ≠ log
C

tan
A

◊

2

BD

. (2.0.1)

The production of b hadrons at the LHC is dominated by gluon-gluon fusion and flavour
excitation [52]. Due to the parton density distributions and large centre-of-mass energy
of the colliding protons at the LHC, one of the two interacting partons in the colliding
protons will generally have higher longitudinal momentum than the other, resulting in a
boosted bb̄ pair. The LHCb geometrical acceptance is optimized to include the resulting
B particles. The LHCb detector, shown in Fig. 2.1, is described in detail in Ref. [53], and
its performance during 2011 and 2012 evaluated in Ref. [54].

The sensitive detectors of LHCb cover a length (along the z-axis) of 20 meters, a width
(x-axis) of about 12 meters, and a height (y-axis) of about 10 meters. LHCb is equipped
with detectors to measure the particle momentum and the particle type. In addition, it
includes a high vertex resolution detector in order to perform time-dependent B-decay
measurements for CP violation studies. Finally, a trigger system selects interesting events
online in order to reduce the data volume.
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Chapter 2. The LHCb experiment

Figure 2.1: (top) The LHCb detector in the cavern at point 8 of the LHC. The VELO (not
visible in the photograph) is positioned on the far right-hand side of the setup. Visible from right
to left are the magnet yoke in blue, the three T stations, followed by the grey support structure
of RICH2. The support structure of the calorimetry is coloured yellow. The figure is taken
from Ref. [55]. (bottom) Schematic overview of the LHCb detector. The various subsystems are
indicated by labels, including the three T stations (T1, T2 and T3), the two RICH detectors
used for particle identification, and the five muon stations (M1 to M5). The figure is modified
from Ref. [54].
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2.1. The LHC and conditions at point 8

This chapter describes the collision conditions in LHCb and the various subsystems
that are used to collect the required information of the produced B mesons. The focus of
the discussion lies on sources of potential detection charge asymmetries, relevant for the
data analysis in this thesis.

2.1 The LHC and conditions at point 8
Before protons are injected into the LHC [56], they are accelerated and manipulated by a
series of accelerators (see Fig. 2.2). A linear accelerator (LINAC2) accelerates protons from
ionized hydrogen gas up to energies of 50 MeV, at which they enter the booster. This small
quadruple ring packs the protons together in six bunches of about 1011 protons per bunch,
and accelerates them up to 1.4 GeV before injecting them into the Proton Synchrotron
(PS). The PS is operational since 1959, and is one of CERN’s oldest accelerators. It
accelerates the protons in the bunches up to 25 GeV, and splits them into 72 bunches
before injection into the Super Proton Synchrotron (SPS). The 7 km-circumference SPS
is filled by four injections from the PS, and accelerates the protons to 450 GeV before
injecting them into the two LHC storage rings. It takes about 5 minutes to fill each of
the two LHC storage rings, which are 27 km in circumference. During the 2011 run, the

Figure 2.2: The LHC accelerator complex at CERN, modified from Ref. [57].
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Chapter 2. The LHCb experiment

number of bunches in the LHC were increased in several steps to a maximum of 1300
bunches, with a 50 ns spacing in time between the bunches. In 2012 the LHC operated
typically with 1300 bunches and the same bunch spacing was used. In run 2 the LHC
operates mostly at the design bunch spacing of 25 ns, and with typically over 2500 bunches.

When full, the LHC accelerates both proton beams to 3.5 GeV (2011) or 4.0 GeV (2012)
in about 15 minutes, while continuously squeezing the bunches together. When the beams
are stable and at the desired energy, they are made to collide in the four interaction points
and experimental data taking begins. Stable beams may survive in the LHC up to a day,
although the beam current will steadily drop due to the pp collisions at the interaction
points, as well as various beam loss mechanisms.

To reduce the overlap of multiple pp collisions in LHCb, the average number of pp

interactions per bunch crossing is set to 1.8. This is accomplished, by a transverse beam
o�set, such that the bunches from the crossing beams do not completely cross each other.
In order to keep the luminosity constant, the o�set is continuously reduced as the beam
current drops over time. This procedure is referred to as “luminosity levelling”. The
resulting number of visible pp collisions per bunch crossing is on average µvis = 1.8,
corresponding to a luminosity of 4 ◊ 1032cm≠2s≠1 (see Fig. 2.3), and stable within 5% over
one fill of the LHC. In fact, this is twice the nominal design luminosity of LHCb.

The angle under which the beams are made to collide is called the “crossing angle”,
and has two contributions. The “external crossing angle” is controlled by LHC magnets,

Figure 2.3: (top) The number of visible pp collisions, and (bottom) delivered instantaneous
luminosity at the LHCb interaction point, over the course of run 1. The red dotted lines indicate
the nominal design value. Figure is taken from Ref. [54].
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2.2. Tracking of charged particles

and the “internal crossing angle” is controlled by the LHCb dipole magnet at +5 m and
compensator magnets at ≠5 m along the z coordinate. The external angle in 2011 was
250 µrad in the horizontal (x ≠ z) plane, for both beams. In addition, the internal angle
adds ±270 µrad for both beams, where the sign depends on the LHCb magnet polarity.
This results in an e�ective horizontal beam-crossing angle in 2011 of ≠20 µrad for magnet
polarity “up”, and 520 µrad for magnet polarity “down”. In 2012, the external angle
was set to zero such that the e�ective crossing angle was ±236 µrad per beam [58]. In
addition, an external angle in the vertical plane of 100 µrad was added to prevent parasitic
collisions of bunches outside of the intended interaction region. The change in crossing
angle provides an additional contribution to the transverse momentum of the particles, and
a�ects the left-right distribution of particles in the LHCb detector. These are potential
sources of charge asymmetries and depend on magnet polarity. This manifests itself as a
di�erence between the absolute size of the measured detection asymmetries for the two
magnet polarities in Chapter 3.

The b quarks that are created in the pp collisions quickly hadronize to form b hadrons,
such as B0 and B0

s
. A possible charge asymmetry in the production (AP ) of a certain type

of hadron may exist. This originates from the hadronic environment of the pp collision,
and depends on the momenta of the b quarks. The model used in the LHCb simulation
that describes the non-perturbative hadronization of b quarks into hadrons is the Lund
string fragmentation model [59] (see Sec. 2.5). In this model, the b quarks are produced
with a certain colour charge, which is connected to the beam fragments such that the
overall system is colour neutral. Hence, the beam fragments exert a net force on the b

quarks. This so-called “beam-drag” e�ect enhances the momentum of produced b hadrons,
depending on the momenta of the other quarks that end up in the hadron. The production
asymmetry of B0 mesons is measured in Chapter 4. For B0

s
mesons, the production

asymmetry is washed out by the fast oscillations, and is negligible. Finally, for the various
background modes in the analyses in this thesis, the production asymmetry is taken from
external measurements.

The b hadrons decay typically within 7 mm in the LHCb lab frame, and the decay
products of these hadrons are detected by the various subsystems of LHCb. These
are divided into the track reconstruction detectors (Sec. 2.2) and particle identification
detectors (Sec. 2.3).

2.2 Tracking of charged particles
The tracking of charged particles is provided by the Vertex Locator (VELO) and Tracker
Turicensis (TT) before the dipole magnet, and three T stations after the magnet, which
consist of a small inner tracker (IT) surrounded by a large-surface outer tracker (OT).
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2.2.1 Magnet
The LHCb dipole magnet [60] consists of two 27-tonne coils and a 1 450 tonne yoke, and
provides an integrated magnetic field of 4 Tm. Combined with the excellent resolution of
the tracking detectors, this allows to measure the momentum of particles with a relative
precision in the range 0.5 ≠ 0.8% for momenta from 2 to 100 GeV/c, see Fig. 2.5 (left). The
magnetic field points (mostly) along the vertical (y) direction (see Fig. 2.4), and bends
particles of opposite charge towards opposite horizontal sides (x) of the detector. This
causes any left-right asymmetry in the detector performance to be transformed into an
asymmetry between particles of opposite charge. For this reason, detectors positioned after
the magnet are more prone to cause a detection asymmetry between charge-conjugate
final states. In order to mitigate these e�ects, the magnet polarity is regularly reversed
during data taking, typically every two weeks. By taking the average of the results with
both magnet polarities, the detection asymmetries caused by a left-right asymmetry will
cancel, as long as an equal amount of data is taken with both polarities. In addition, the
consistency of the results of both magnet polarities, corrected for detection asymmetries,
can be verified. Furthermore, the magnetic field may bend particles outside of the sensitive
LHCb acceptance, either towards the beam pipe (at low |x|) or outside of the tracking
stations (at high |x|). Combined with a non-zero crossing angle, this can also introduce a
charge asymmetry, which can depend on the magnet polarity. These detection asymmetries
contribute to the tracking asymmetry, which is measured in Sec. 3.1.

For the reconstruction of charged tracks, knowledge of the size and direction of the
magnetic field at each point in the detector is essential. The original field map was made
from in-situ measurements in 2005, with about 500 000 measured points with steps of
80 mm along the x- and y-axes, and 100 mm along the z-axis, covering most of the LHCb
acceptance. Due to slight movements of the detectors under influence of the magnetic field,
it was necessary to correct the field map at the beginning of 2011. This was done by fitting
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Figure 2.4: y-component of the magnetic field created by the dipole magnet, along z, at x = y = 0.
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Figure 17: Relative momentum resolution versus momentum for long tracks in data obtained
using J/� decays.

two muons. Neglecting the muon masses and considering decays where the two muons
have a similar momentum, the momentum resolution, �p, can be approximated as:

�
�p

p

�2

= 2
��m

m

�2

� 2
� p ��

m c �

�2

, (1)

where m is the invariant mass of the J/� candidate and �m is the Gaussian width obtained
from a fit to the mass distribution. The second term is a correction for the opening angle,
�, between the two muons, where �� is the per-event error on � which is obtained from the
track fits of the two muons. Figure 17 shows the relative momentum resolution, �p/p, as a
function of the momentum, p. The momentum resolution is about 5 per mille for particles
below 20 GeV/c, rising to about 8 per mille for particles around 100 GeV/c.

The mass resolution is compared for six di�erent dimuon resonances: the J/� , �(2S),
� (1S), � (2S) and � (3S) mesons, and the Z0 boson. These resonances are chosen as they
share the same topology and exhibit a clean mass peak. A loose selection is applied to
obtain the invariant mass distributions, as shown in Figure 18.

The momentum scale is calibrated using large samples of J/� � µ+µ� and B+ �
J/�K+ decays, as is done for the precision measurements of b-hadron and D meson
masses [50–53]. By comparing the measured masses of known resonances with the world
average values [54], a systematic uncertainty of 0.03% on the momentum scale is obtained.
As shown in Figure 17 the momentum resolution depends on the momentum of the
final-state particles, and therefore the mass resolution is not expected to behave as a pure
single Gaussian. Nevertheless, a double Gaussian function is su�cient to describe the
observed mass distributions. Final-state radiation creates a low-mass-tail to the left side
of the mass distribution, which is modelled by an additional power-law tail. To describe
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Figure 25: The primary vertex resolution (left), for events with one reconstructed primary vertex,
as a function of track multiplicity. The x (red) and y (blue) resolutions are separately shown and
the superimposed histogram shows the distribution of number of tracks per reconstructed primary
vertex for all events that pass the high level trigger. The impact parameter in x resolution as a
function of 1/pT (right). Both plots are made using data collected in 2012.

2.4.1 Primary vertex reconstruction

The primary vertex (PV) resolution is measured by comparing two independent measure-
ments of the vertex position in the same event. This is achieved by randomly splitting the
set of tracks in an event into two and reconstructing the PVs in both sets. The width of
the distribution of the di�erence of the vertex positions is corrected for a factor

�
2 to

extract the vertex resolution. The number of tracks making a vertex ranges from 5 (the
minimum required by the PV reconstruction) to around 150, and this technique allows
the resolution to be measured using up to around 65 tracks. The PV resolution is strongly
correlated to the number of tracks in the vertex (the track multiplicity). To determine
the vertex resolution as a function of the track multiplicity, only vertex pairs with exactly
the same number of tracks are compared. The result for the resolution in the x and y
direction is shown in Figure 25. A PV with 25 tracks has a resolution of 13 µm in the x
and y coordinates and 71 µm in z.

2.4.2 Impact parameter resolution

The impact parameter (IP) of a track is defined as its distance from the primary vertex
at its point of closest approach to the primary vertex. Particles resulting from the decay
of long lived B or D mesons tend to have larger IP than those of particles produced at
the primary vertex. Selections on IP and IP �2 are extensively used in LHCb analyses
to reduce the contamination from prompt backgrounds. Consequently, an optimal IP
resolution and a good understanding of the e�ects contributing to the IP resolution are of
prime importance to LHCb performance.

36

Figure 2.5: (left) Momentum resolution of long tracks as determined using J/Â æ µ+µ≠ decays,
and (right) impact parameter resolution in x, obtained from prompt decays. The figures are
taken from Ref. [54].

the orientation and overall scale of the original field map, to a new set of measurements
acquired in a small region in the y ≠ z plane at fixed x = 220 mm. The measured magnetic
field was found to be symmetric in x and identical, but of opposite sign, between magnet
polarities to within 1 permille [61]. Hence, no significant charge asymmetry is expected to
be caused by the magnetic field itself.

2.2.2 Vertex Locator
The VELO [62,63] is the tracking detector that surrounds the pp collision point. It consists
of 21 stations of two semicircular silicon-strip detectors, situated perpendicular to the
beam direction (z) on the left and right side of the beam, as shown in Fig. 2.6. Each
half-disc is a 300 µm thick sensor, and measures a combination of the r,„ coordinates,
where r is the radial distance from the z-axis, and „ is the azimuthal angle. Depending on
their polar angle ◊, produced particles may pass through a di�erent number of sensors,
although at least three hits must be observed in order for the particle to be classified as
“reconstructible”. The number of observed hits on a track in the VELO sensors directly
a�ects the quality of the reconstructed track. The sensitive material of the sensors starts
8 mm away from the beam axis, allowing the first measurement point of a track to be
close to the pp collision point. The VELO sensors are separated from the beam vacuum
by a thin aluminium foil, called the RF foil, which sits as close as 5 mm from the beam
axis. A traversing particle scatters on the RF foil before a first position measurement is
made, which a�ects the impact parameter (IP) and decay-time resolution. The IP is the
minimal distance of a particle to a vertex, and is an important discriminant for b-hadron
decays. The VELO setup allows to have a primary vertex (PV) resolution of 13 µm in the
transverse (x ≠ y) plane and 71 µm along the beam axis (z) for PVs with 25 tracks, as well
as an impact parameter (IP) resolution of less than 35 µm for tracks with pT > 1 GeV/c, see
Fig. 2.5 (right). The decay-time resolution of b-hadrons is dominated by the error on the
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secondary vertex, and is about 50 fs for the decay B0
s

æ J/Â (æ µ+µ≠)„(æ K+K≠) [63].
The VELO and RF foil comprise about 0.23 radiation lengths, and combined with a

di�erent cross-section for K+ and K≠ with detector material, contributes to a kaon charge
asymmetry which needs to be carefully calibrated. This is done in Sec. 3.2. For other
particle types, the VELO is not expected to cause a significant charge asymmetry, since it
is located before the magnet.

2.2.3 Tracker Turicensis
The Tracker Turicensis (TT) [53,64] is a silicon detector situated just before the magnet.
As it measures the last points on the track before the particle enters the magnet, it
improves the momentum resolution by about 30%, and aids in the rejection of fake tracks.
In addition, it is important in the reconstruction of long-lived neutral particles, such as

Figure 1: (top left) The LHCb VELO vacuum tank. The cut-away view allows the VELO
sensors, hybrids and module support on the left-hand side to be seen. (top right) A photograph of
one side of the VELO during assembly showing the silicon sensors and readout hybrids. (bottom)
Cross-section in the xz plane at y = 0 of the sensors and a view of the sensors in the xy plane.
The detector is shown in its closed position. R (�) sensors are shown with solid blue (dashed
red) lines. The modules at positive (negative) x are known as the left or A-side (right or C-side).

The VELO contains a series of silicon modules arranged along the beam direction,
see Fig. 1. A right-handed co-ordinate system is defined with z along the beam-axis into
the detector, y vertical and x horizontal. Cylindrical polar co-ordinates (r, �, �) are also
used. The region of the detector at positive (negative) z values is known as the forward
(backward) or downstream (upstream) end.

The sensors are positioned only 7 mm from the LHC beams. This is smaller than the
aperture required by the LHC beam during injection. Hence, the detector is produced in
two retractable halves. There is a small overlap between the two detector halves when
closed. This aids alignment and ensures that full angular coverage is maintained. The
position of the VELO halves are moveable in x and y and the VELO is closed at the
beginning of each fill such that it is centred on the interaction region.

Approximately semi-circular silicon sensors are used. Each module contains one r and
one � coordinate measuring sensor, known as R and � sensors and shown schematically in
Fig. 2. The inter-strip pitch varies from approximately 40 to 100 µm across the sensor. The
strips are read out from around the circumference of the sensor through the use of routing
lines on the sensor. The sensors are read out using the Beetle [9] analogue front-end ASIC,
operated with a 40 MHz input event sampling rate. The signals are digitised and processed

2
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.

– 16 –

Figure 2.6: (top) Image of the VELO sensors, taken from Ref. [63]. (bottom) Schematic overview
of the VELO half-disc sensors in the x≠z plane. The region where pp collisions occur is highlighted
in blue. Particles emerging from the PV between a minimum (15 mrad) and maximum angle
(390 mrad) pass through at least 3 VELO stations. The angle under which a particle hits the
maximal possible amount of VELO sensors is 60 mrad. The figure is taken from Ref. [53].
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the K0
S , that may decay outside of the VELO acceptance. The TT detector is 132.4 cm

high and 138.6 cm to 157.2 cm wide, and consists of four layers of silicon strip detectors.
The four detection layers along z measure stereo coordinates according to a 0¶, ≠5¶, +5¶,
0¶ angles with respect to the x axis, thus providing sensitivity to the non-bending y

coordinate for pattern recognition. (see Fig. 2.7).
The TT detector may move slightly during magnet polarity reversal. It is therefore

realigned after every such reversal, with a resulting hit resolution of about 50 µm, whereas
the hit e�ciency is 99.8%, as determined from hit residuals with fully reconstructed tracks.

2.2.4 Inner Tracker
The Inner Tracker (IT) [64,65], located downstream of the magnet, covers the inner region
around the beam pipe of the three T stations, where the detector occupancy is highest
(see also Fig. 2.7). Each station consists of four boxes of silicon-strip detectors, and each
box consists of four layers in the same stereo arrangement as the TT detector. The hit
resolution and e�ciency is similar to that for the TT. The IT boxes closest to the magnet
are found to move by about 5 mm in z due to the ramping of the magnetic field, and as
such a di�erent alignment is used for each magnet polarity.

In order to supply the IT with power, cooling and readout, cables and cooling ducts
need to pass through the LHCb acceptance. These cables, and their support, are placed
in a left-right asymmetric way (located mostly at negative x) and comprise about 0.05
radiation lenghts per T station. They are the primary reason for a left-right material
asymmetry, downstream of the magnet, and are clearly visible in Fig. 2.8. This contributes
to a tracking asymmetry for charged hadrons, which is measured in Sec. 3.1.

2.2.5 Outer Tracker
The Outer Tracker (OT) [67, 68] is a straw-tube gas detector, and covers the main area of
the three T stations. Each station consists of four double layers of straws, arranged in
the same stereo setup as the TT and IT (see Fig. 2.7). The OT measures 595 cm in x by
480 cm in y. It provides measurements of the position of ionizing particles by measuring
the drift time of ions in the gas, in each of the 5-mm-wide straws. After alignment a hit
resolution of about 200 µm and hit e�ciency of 99.2% are found, as determined from hit
residuals with fully reconstructed tracks.

The maximal drift time in a single straw is larger than the bunch-crossing rate of 25 ns
of the LHC. Therefore, a readout window of 75 ns (three clocks) is used. This makes the
OT sensitive to signals from particles created in the previous and next bunch crossing,
called spillover. Due to the 50 ns bunch spacing used in run 1, these contributions are
limited with respect to a design operation of the LHC at 25 ns. On the other hand, the
instantaneous luminosity was twice that of the nominal design, resulting in average channel
occupancies in the OT of about 10% (17% for the modules close to the beam pipe). Since
a straw can only fire once in each 75 ns window, a high occupancy can result in missing
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2008 JINST 3 S08005

Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8�10�4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw

– 63 –

Figure 2.7: (left) Schematic overview of the silicon TT and IT in purple, and straw-tube OT in
green. The beam pipe is also indicated in purple. The magnet in between the TT and the rest
is left out. Visible are the four layers in the stereo configuration for each subdetector. (right)
A view from the other side, where the two halves of the OT, left and right of the beam pipe,
are pulled out for maintenance. The figure includes the support structures, the magnet coils in
yellow, the magnet yoke in blue and the IT and OT in red. The support for the IT cables is also
indicated in red. The figures are taken from Ref. [53].

hits or hits being attributed to the wrong tracks. As a result, a high detector occupancy
increases the number of fake reconstructed tracks. In fact, most of the hits in the OT
originate from secondary particles produced in the detector material, such as the beam
pipe and its support, as well as material in the T stations themselves. For this reason the
material distribution can lead to systematic track detection e�ects.

2.2.6 Material
When a particle travels through material inside the detector, it may undergo various
interactions, which a�ect the track reconstruction e�ciency. The first type of interaction
is energy loss, caused by ionisation of the medium. The energy loss per unit length of
traversed material, dE/dx, is described by the Bethe-Bloch function [2]. The second
type are Coulomb interactions of the particle with the nuclei, called multiple scattering.
This deflects the trajectory of the particle, and the associated material property is the
radiation length X0. The distribution of the multiple scattering angle can be calculated
using Molière theory [69], if the amount of material is well known. Finally, a particle may
undergo inelastic nuclear interactions with the medium, creating secondary particles. A
particle that undergoes a nuclear interaction is often not reconstructable. The nuclear
cross-sections of particles with material di�er significantly between particle species, as
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3.1. Detector Description

third OT and IT station, is shown as a function of y versus x in Fig. 3.4. This is determined by
calculating the amount of material, and subsequently the corresponding X/X0, a particle that
traverses the tracking station T3 parallel to the beampipe would encounter. The average X/X0
for an OT station is 3.1%. This is in good agreement with the X/X0 = 3.17% determined for
a station by weighing all the materials used in the construction of a module [53]. The C-frames,
which are just outside the acceptance at � � 2.0, are clearly visible as a black rectangle. The
total material budget for three OT stations inside the acceptance sums up to X/X0 = 9.0%.

Epoxy GTS Kapton CFC Rohacell

Material Density [g/ cm3] Fraction

Sensitive 0.1067 0.2634 0.4548 0.2818 - -
Panel 0.0893 0.1765 0.0926 - 0.3465 0.3844

Side wall 0.1236 0.3686 0.0985 - 0.5328 -

Tab. 3.2: The three materials used in the OT detector description and their corresponding densities.
Also listed are the fractions of Epoxy, GTS foil, Kapton, Carbon Fibre Composite (CFC)
and Rohacell in each material.
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Fig. 3.4: The thickness, expressed as X/X0, of the tracking station T3. The left figure shows the
thickness, as function of y versus x, of an IT and OT station. The dead material in front
of the OT and surrounding the IT are the IT aluminium supports, cabling, cooling and the
boxes housing the silicon sensors. The black rectangle surrounding the OT represents the
aluminium C-Frames. The right figure shows the thickness of the OT station alone. The
grey cross at the centre are the S-module couplings that connect a top S-module to a bottom
S-module. The circle is the beam pipe.

3.1.2 The OT stations, layers and quarters
In the digitisation procedure, discussed in Sec. 3.2, the simulated hits are digitised and encoded.
The encoding scheme used in the digitisation follows the readout scheme as described in [52].
The readout electronics provide, in addition to the TDC time of the signal, the location of the
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Figure 2.8: (left) Amount of material in the third T station (T3), expressed in units of radiation
lengths X/X0. Visible are the support structures, cabling, cooling and the IT boxes. The figure
is taken from Ref. [66]. (right) Image of the downstream view (towards higher z) through the
dipole magnet. Clearly visible are the magnet coils in yellow. The beam pipe is visible inside,
being held in place by metal support cables. Towards the end of the beam pipe, the first T
station is visible. The IT boxes have a light-grey colour, while support for the cabling is darker
grey. Positioned behind the IT are the black, horizontal OT modules. The figure is taken from
Ref. [55].

shown in Fig. 2.9. Specifically, there is a di�erence in material cross-section between
particles and antiparticles containing a strange quark, e.g. K+ and K≠. This leads to
a detection asymmetry of about 1% for charged kaons in LHCb, and will be calibrated
carefully in Sec. 3.2.

In the track reconstruction, the first two e�ects — energy loss and multiple scattering
— are taken into account. The amount of material traversed is calculated using the particle
trajectory, and a detector model of LHCb using basic volumes (see Sec. 2.5). By weighing
the various subdetectors, and comparing that against the corresponding weight in the
simplified detector model, the error on the amount of material in the model can be
estimated [70]. The largest uncertainties are found to be 6% for the VELO and RF foil,
5% for the cables and support structure of the IT, and about 10% for the beam pipe. In
total, the uncertainty on the amount of material traversed by a particle in LHCb, before
the calorimeters, is estimated to be about 10%. This a�ects the e�ciency of the track
reconstruction, and is a potential source for a charge asymmetry if the material is placed
in an asymmetric way (as is the case for the IT cables).

2.2.7 Track reconstruction
The track reconstruction [70,71] combines the individual measurements points provided by
the tracking detectors described above, into a particle trajectory. The tracking detectors
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Figure 2.9: Nuclear cross sections of kaons (left) and pions (right) with protons and deuterium.
The data and fits are taken from Ref. [2]. LHCb is sensitive to particles with momenta larger
than 2 GeV. For kaons, large di�erences between K+ and K≠ are seen, while for pions these are
negligible.

are positioned in a region where the magnetic field is low, and as such the tracks consist
of two approximately straight-line segments, upstream (VELO + TT) and downstream (T
stations) of the magnet, which are connected by a curved trajectory that passes through
the magnet. These tracks are fitted to the individual hits using an extended Kalman filter.
In the propagation to the z position of the next hit, the momentum is determined using
the magnetic field map, and the energy loss due to interactions with the detector material
in LHCb. In the estimation of the error of the next hit position, it takes into account
multiple scattering.

Di�erent types of tracks are defined in the LHCb reconstruction sequence, as shown in
Fig. 2.10. VELO tracks have hits in the VELO detector only, upstream tracks have hits in
the VELO and TT detectors, T tracks have only hits in the T stations, downstream tracks
have hits in the TT and T stations, and long tracks have hits in the VELO, T stations,
and optionally in the TT. Long tracks are the basis for most physics measurements. They
are reconstructed with two algorithms. The first starts with a VELO track and adds
T station hits within a search window, and subsequently extends the search to the T
stations. The second matches VELO tracks directly to T tracks, which are constructed by
using T station hits that are not used by the first algorithm. If hits from the TT detector
match the track trajectory, they are then added. TT detector hits improve the momentum
resolution, and allow to distinguish real tracks from combinations of hits that make a fake
track. Typically, an event in which a b hadron is found contains 58 long tracks in 2011,
and 74 long tracks in 2012. The higher multiplicity in 2012 is due to the larger production
cross-section at the higher centre-of-mass energy, as well as the larger average number of
visible pp collisions in LHCb.

All the tracks that are used in the analyses of Chapters 3, 4 and 5 are long tracks. The
exception is Sec. 3.1, where partially reconstructed tracks are used in the determination of
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Figure 2.10: Illustration of the tracking detectors in LHCb, and the di�erent types of tracks:
VELO tracks, upstream tracks, T tracks, downstream tracks and long tracks. Figure is taken
from Ref. [70].

the tracking e�ciency and charge asymmetry.
The e�ciency of the long track reconstruction is found to be 98% for momenta between

10 and 50 GeV/c, and slightly decreases to 97% outside of that range (see Sec. 3.1). At
lower particle momenta, this is due to multiple scattering1. Higher momenta particles
pass predominantly through the high-occupancy region around the beam pipe. A slight
dependence of the tracking e�ciency on the detector occupancy is found, indicating that
a small asymmetry might be introduced if the occupancy is not left-right symmetric. This
can be caused by a non-zero beam-crossing angle, or by the production of secondary
particles due to asymmetrically placed detector material, and is determined in Sec. 3.1.

Other sources of a charge asymmetry in the track reconstruction can be due to dead
detector channels and misalignment of modules, which change over time during the data
taking in 2011 and 2012. Specifically after technical stops, where the left- and right halves
of the TT and tracking stations can be moved out for maintenance, a realignment needs
to be performed. In addition, detectors close to the magnet may slightly move when
reversing the magnet polarity, resulting in a di�erent alignment of the detector. The charge
asymmetry due to the track reconstruction and related e�ects is measured in Sec. 3.1.

2.3 Particle identification
Particle identification (PID) of reconstructed particle tracks is required to distinguish
between signal and background decays. Three types of detectors are used to determine the
particle type: two ring-imaging Cherenkov detectors, the electromagnetic and hadronic
calorimeters, and the muon stations.

1The typical spread of the angle due to multiple scattering goes as ‡ Ã
1
p [2].
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2.3.1 Ring-imaging Cherenkov detectors
The two ring-imaging Cherenkov detectors (RICH) [72,73] use the Cherenkov light radiated
by particles that travel faster than the speed of light in the radiator medium. This light is
emitted in a cone, with an angle ◊ that depends on the velocity of the particle,

cos(◊) = 1
n—

, (2.3.1)

where — = v/c, and n is the refractive index of the medium. Using a measurement of
the Cherenkov angle which measures the velocity, and combined with the momentum
of the track, the mass of the particle can be calculated. The RICH detectors serve to
discriminate between pions, kaons and protons, as illustrated in Fig. 2.11 (right).

Three di�erent radiators are used. In RICH1, located between the VELO and the TT,
a 5 cm thick layer of silica aerogel is used, with n = 1.03, suited for PID up to momenta of
10 GeV/c. The second radiator in RICH1 is C4F10 gas, with n = 1.0014, and provides PID
up to momenta of 60 GeV/c. RICH2 is positioned after the T stations, and is filled with
CF4 gas with n = 1.0005, providing PID up to momenta of 100 GeV/c. The Cherenkov
photons are reflected outside of the LHCb acceptance with a set of parabolic and straight
mirrors, and are detected using hybrid photon detectors (HPDs), see Fig. 2.11. The
parabolic mirrors are used to focus photons with the same angle into a ring in the HPD
plane. The number of detected photons per track is about 20 in the C4F10 gas of RICH1,
and 16 in RICH2, while the Cherenkov angle resolution is 1.6 mrad in the C4F10 gas of
RICH1, and 0.7 mrad in RICH2. The distribution of reconstructed Cherenkov angles in
RICH1 is shown in Fig. 2.11 (right), where the characteristic curves versus momentum for
each particle type are seen.

The HPD response has some variation over time, and the individual HPDs are continu-
ously calibrated. In addition, the refractive index of the medium depends on variables such
as pressure and temperature, which may vary slightly over time, and regular calibrations
are required. Improvements in the calibration methods were implemented during run 1.
Finally, some HPDs may fail during data taking, and are either reset after a data-taking
run, or replaced during technical stops. The reasons mentioned above can cause a change
in identification e�ciency, that is not necessarily symmetric between the left- and right
detector halves, and varies over time. Changes in e�ciency of up to a few percent have
been observed. Therefore, some charge asymmetry is expected to be caused by PID
requirements, which does not necessarily fully cancel when taking the average of the
asymmetries of the two magnet polarities.

2.3.2 Calorimeters
The electronic and hadronic calorimeter (ECAL, HCAL) [74, 75] are primarily used for
the identification of electrons, photons and fi0 particles, and online triggering of events
with a large energy deposit. The ECAL and HCAL are barely used in the analyses in this
thesis, since no such particles occur in the signal modes, and signal events are triggered
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (� 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, �±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S � �+��, � �p��,

D�+ � D0(K��+)�+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, �, and D� selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S, �, D0 is used as the discriminating variable.
The power of the RICH PID can be appreciated by considering the �logL distributions for

each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of �logL(K � �) versus �logL(p � �). Each particle type is seen within a
quadrant of the two dimensional �logL space, and demonstrates the powerful discrimination
of the RICH.

19

Figure 2.11: (left) Schematic cross-section of RICH1 in the y, z plane. The various components
are indicated by labels. The mirrors that reflect the Cherenkov photons are visible in green,
and the Cherenkov light of an example track is shown in blue. Figure is taken from Ref. [55].
(right) Reconstructed Cherenkov angle versus momentum for various particle types, in the C4F10
radiator of RICH1. Figure is taken from Ref. [73].

by the muon stations. Positioned after RICH2, the calorimetry is built up of alternating
layers of bulk material that induces particle showers, and scintillating material. Charged
particles from the shower induce photons in the scintillating material, which are read
out by photodetectors and provide a measure for the energy of the shower. The energy
resolution is expressed as

‡(E)
E

= a
Ô

E
ü b, (2.3.2)

where E is expressed in GeV and ü indicates that both contributions should be added in
quadrature. For the ECAL, a = 10% and b = 1.5%, while for the HCAL a = 80% and
b = 10%. Just in front of the ECAL are the preshower (PS) and scintillating pad (SPD)
detectors, which provide additional PID information by measuring the start of the shower.

2.3.3 Muon stations
Muons are the only particles that survive after the calorimeters, and as such muon
identification is conceptually straightforward. The LHCb muon detector [76,77] consists
of five stations (M1-M5): one placed before, and four placed after the calorimeters. They
use multi-wire proportional chambers (MWPCs) to detect the passage of particles. The
width of the chambers increases towards the outside (large x) of the detector, to match
the decrease in occupancy, as is visible in Fig. 2.12. These chambers are larger than the
sensitive volume they contain. In order to decrease the insensitive regions in the x ≠ y
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plane, the chambers in one station are staggered at four di�erent z-positions, which di�er
up to 30 cm. This changes the amount of material in front of the chambers at certain x, y

positions and the covered solid angle (by about 1%), resulting in a di�erent occupancy (up
to a relative 30%) between the chambers. Since the shifts in z of the chambers are not the
same between the left and right half of a station. This introduces a left-right asymmetry
by construction, and introduces an asymmetry of the muon hardware-level trigger, as will
be discussed in Sec. 2.4. This asymmetry is calibrated in Sec. 4.5.3.
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Figure 8 x y view of a quarter of station M2, one chamber in each region is highlighted. The rows of chambers
marked in a darker shade are in positions z3 4 behind the support structure, those not marked are in z1 2 in front of
the support structure.

Z3

Z4

Z2

Z1

Z3

Z4

Z2

Z1

Figure 9 Partial view of the muon system in the x z plane at y 0. There are two sets of chamber positions
indicated in different colours, before and after the chamber support, in each station. Each set indicates the position
of the chambers in a horizontal row, the other set of positions correspond to the chambers in the rows directly
above and below this row. The projectivity of the chambers to the interaction point has been indicated. The four
sensitive gaps in each chamber are also indicated.
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Figure 8 x y view of a quarter of station M2, one chamber in each region is highlighted. The rows of chambers
marked in a darker shade are in positions z3 4 behind the support structure, those not marked are in z1 2 in front of
the support structure.
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Figure 9 Partial view of the muon system in the x z plane at y 0. There are two sets of chamber positions
indicated in different colours, before and after the chamber support, in each station. Each set indicates the position
of the chambers in a horizontal row, the other set of positions correspond to the chambers in the rows directly
above and below this row. The projectivity of the chambers to the interaction point has been indicated. The four
sensitive gaps in each chamber are also indicated.

14

Figure 2.12: (top) x, y view of one quarter of M2. Indicated with the labels Z1-Z4 are the four
di�erent z-positions of the chambers. The rows marked in a grey shade are positioned behind
the support structure, at Z3 or Z4. (bottom) View of muon stations M2 and M3 in the x, z plane
at y = 0. Indicated are four di�erent z-positions of the various chambers in one station. Both
figures are taken from Ref. [76]
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2.3.4 Particle ID
The identification of charged hadrons (fi±, K±, p±) is mostly provided using the RICH
systems [54]. A likelihood for each particle hypothesis is assigned to each track, using the
information from RICH1 and RICH2. The di�erence between the log-likelihood of two
particle hypotheses, e.g. a particle being a kaon or a pion, is called DLLK≠fi. A typical
kaon PID requirement is DLLK≠fi > 5, which is 85% e�cient for kaons from D0

æ K≠fi+

decays, and 97% e�cient to reject pions from these decays (see Sec. 3.3). Stronger
PID requirements give rise to larger ine�ciencies, and thus potentially larger detection
asymmetries.

Muon identification [78] is done by requiring hits in the muon stations around the
(extrapolated) track. The stations used depend on the momentum of the track:

• p < 6 GeV/c : M2 + M3 ,

• 6 < p < 10 GeV/c : M2 + M3 + (M4 or M5),

• p > 10 GeV/c : M2 + M3 + M4 + M5 ,

based on the fact that low-momentum muons can be stopped in the material. Subsequently,
a likelihood is constructed from the ‰2 value of a straight-line fit to the hits in the
muon stations. The muon identification for a typical requirement of DLLµ≠fi > 0 has an
e�ciency in the range 0.96 ≠ 0.99% depending on the (transverse) momentum, and a pion
misidentification probability of about 1% dominated by fi æ µ decays-in-flight.

The DLL variables from the RICH systems, muon system and calorimetry are added
linearly to form more powerful DLL variables. These are used in the physics analyses in this
thesis. In addition to the DLL variables, neural-net based PID variables are constructed
using input from RICH1, RICH2, the muon system and the calorimetry, and take into
account possible correlations between the various detector systems. These variables are
referred to as ProbNN, and have a di�erent performance as function of particle momentum.
They are used for the reduction of backgrounds in Chapter 5. The charge asymmetry due
to PID requirements is measured in Sec. 3.3.

2.4 Trigger
With an event size of approximately 100 kB and about 10 MHz of visible pp interactions
in LHCb, the data bandwidth would exceed 1 TB/s, which is too much to store on disk.
In order to reduce the data volume, interesting events are selected online using a trigger
system [79]. The trigger performance in 2011 is documented in Ref. [80], and in 2012
in [81]. The trigger is divided into a hardware and a software stage. The hardware stage
(called L0) reduces the bandwidth to a total of 1 MHz, and has a fixed latency of 4 µs
to make a decision for each event. The most important systems used in the L0 trigger
are the calorimeters and the muon stations. In the former, the decision is based on an
estimation of the transverse energy deposit in the calorimeter. In the latter, it is based
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on an estimation of the transverse momentum of a particle in the muon stations. In this
thesis, only the muon-based hardware trigger (called L0Muon) is used, which uses about
400 kHz of bandwidth (out of the 1 MHz).

In each quadrant of the muon stations, the muon with the highest pT is identified by
searching for hits from M1 through M5 in a straight line, that roughly point towards the
interaction region. The pT is calculated from the transverse momentum kick of the track in
the magnet, resulting in a relative pT resolution is about 25%. If the estimated pT exceeds
the threshold of 1.48 GeV/c in 2011, or 1.76 GeV/c in 2012, the event is accepted. The
e�ciency of selecting b-hadron decays is about 95%, but steadily drops to about 70% below
muon transverse momenta of 5 GeV/c. In 2011, the staggering in z of the muon chambers
(Sec. 2.3.3) is not taken into account in the determination of the pT. This overestimates
the pT of a muon with a positive or negative charge, depending on the magnet polarity,
and increases the L0Muon e�ciency for this charge at low pT. This creates a significant
charge asymmetry, which will be discussed in Sec. 3.4. In 2012, a fix was implemented
and the charge symmetry associated with the muon hardware trigger is much smaller.

After the hardware trigger, a software trigger (called Hlt) further reduces the bandwidth.
The software trigger runs on the LHCb online computing system [82,83] situated in the
cavern at point 8, close to the LHCb detector but shielded from radiation by a concrete
wall. The Hlt is divided into two stages. The first stage (Hlt1) reduces the rate to about
40 kHz in 2011, and has about 58 ms per event to make a decision. This allows for a partial
event reconstruction, similar to the track reconstruction run o�ine, but with reduced
search windows and no PID reconstruction. Candidates are selected based on their pT,
p, track quality and displacement from the primary vertex. In 2012, about 20% of the
events that passed the hardware trigger were saved temporarily o�ine, to be processed by
the software trigger at a later stage during the gaps between fills of the LHC [84]. This
allowed more computing time per event, part of which was spent on an improved VELO
reconstruction and a better agreement between the online and o�ine reconstruction. In
addition, more disk space was available in 2012, which allowed a higher Hlt1 output rate
of 80 kHz.

Two Hlt1 lines are used in the analyses in this thesis. The first (called Hlt1TrackMuon)
selects muon tracks from events that passed L0Muon and have p > 8.0 GeV/c and pT >

1.0 GeV/c2. This line has a rate of about 5 kHz in 2011, and an average signal e�ciency
of about 75% for B+

æ J/Â K+ events. The second line (called Hlt1TrackAllL0) selects
all events that passed the hardware trigger, but demands more a stringent p > 10 GeV/c

and pT > 1.7 GeV/c. It has a rate of about 33 kHz in 2011 and a signal e�ciency ranging
from 60 ≠ 95% depending on the B decay mode. The higher bandwidth in 2012 allows to
loosen some these requirements, and increases the e�ciency of Hlt1TrackMuon to about
90%, and Hlt1TrackAllL0 by a few percent.

Finally, the second software stage (Hlt2) performs a full event reconstruction, and
reduces the bandwidth to about 3 kHz in 2011 and 5 kHz in 2012. Events are selected by

2Although these criteria vary somewhat throughout the data-taking period, this is the most common
configuration.
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matching the decay topology to that of true 2, 3 or 4-body b-hadron decays that include a
muon in the final state. The charge asymmetry due to the trigger is measured in Sec. 3.4.

2.5 Simulation
In the analyses in this thesis, simulated events are used to determine the selection e�ciency
as well as the size of various background contributions. In addition they are used to correct
the momentum of partially reconstructed b-hadron decays, and to determine the size of a
variety of possibly biasing e�ects.

Simulated pp collisions are generated using Pythia [85] with a specific LHCb con-
figuration [86]. It is found that the charged particle multiplicities in Pythia 6 are
underestimated by about 10 ≠ 40%, depending on the bin of pT of the tracks [87]. The
agreement is better when using Pythia 8, but still depends on the region of phase space.
For this reason, a combination of events generated with Pythia 6 and Pythia 8 is used
for the simulated samples used in this thesis, and the performance is compared between
these two versions.

Decays of hadronic particles are described by EvtGen [88], in which final-state
radiation is generated using Photos [89]. The interaction of the generated particles with
the detector is implemented using the Geant4 toolkit [90] as described in Ref. [91]. A
simulation of the response of the subdetectors in LHCb transforms the energy deposits in
the active detector material into digital signals. These are then processed by an emulation
of the hardware-level trigger, and an o�ine version of the software-level trigger, followed
by a full event reconstruction identical to that for real data. Tracks are matched to the
generated decays by matching the digital clusters, used to form the track, to the generated
energy deposits created by Geant4. This allows to compare reconstructed quantities to
the generated quantities of the particles.
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