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CHAPTER

TWO

The LHCb Experiment

The Large Hadron Collider beauty experiment (LHCb) is a dedicated heavy-flavour physics
experiment at the Large Hadron Collider (LHC) at CERN, Geneva. The primary goal of
the experiment is to look for indirect evidence of New Physics (NP) in the heavy-flavour
sector, in particular by studying CP violation and rare decays of beauty and charm hadrons.
First, a description of the LHC itself is given, after which the design of the various LHCb
subdetectors is presented.

2.1 The Large Hadron Collider
The LHC is located in a 27 km long almost circular tunnel about 100m underground on
average (the deepest point is at 175m below the surface, the most shallow point at 50m
below the surface). Before LHC construction, the 3.8m diameter tunnel accommodated its
predecessor, the LEP collider.

The LHC collides two proton beams or two heavy ion beams, while collisions of pro-
tons with lead ions are also foreseen. LHCb has only taken data in proton-proton collision
mode so far and was switched off during lead-lead collisions due to too high final state flux
in the forward direction. The possibility to collect data in proton-lead collisions is being
investigated.

Protons are injected into the LHC at an energy of 450GeV, using the pre-accelerators on
the CERN premises. A schematic picture of the accelerator complex is shown in Fig. 2.1.
The LHC consists of over 1600 superconducting magnets that generate the magnetic field
to keep the accelerated particles in their orbit. These superconducting magnets operate at
a temperature of 1.9K using a cryostat with liquid helium. During the acceleration of the
beams from 450GeV to the final collision energy of 3.5 TeV, the magnetic field is increased
to approximately 4T [26].

At four distinct points in the LHC ring, the proton beams collide in caverns that house
the four major LHC experiments: ATLAS, CMS, ALICE and LHCb. ATLAS and CMS
are general purpose detectors and ALICE is designed specifically to study Pb-Pb collisions.
In addition, two smaller dedicated small angle experiments, TOTEM and LHCf complete
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30 2.1 The Large Hadron Collider

the LHC physics program. TOTEM makes use of collisions in the CMS interaction region
to measure the total proton-proton cross section, while LHCf is located near the ATLAS
detector and performs experiments to calibrate collision processes in large scale cosmic ray
experiments.

During the 2010 and 2011 runs, the proton-proton center-of-mass collision energy was
7TeV. This is only half the LHC design value, which is a safety precaution after the incident
in one of the LHC magnets on 19 September 2008. In the 2012 run the LHC will be operated
at
√
s = 8TeV and after upgrading the machine during a technical stop in 2013, LHC is

expected to operate at its design center-of-mass energy of 14TeV in 2014.
The proton beams are not continuous, but spaced in bunches of about 1011 protons each.

At design luminosity the LHC is filled with 2808 bunches, providing a bunch-bunch collision
rate of 40MHz and a maximum instantaneous luminosity of 1034 cm−2s−1.

During the LHC startup in 2009, initially only two proton bunches collided. This was
gradually increased to 1320 colliding bunches by the end of 2011. In addition, the bunch
spacing was decreased from 75 ns in 2010, to 50 ns during the 2011 run and, finally, in a
test run at the end of 2011, to 25 ns. The implications of the bunch spacing for the Outer
Tracker subdetector of LHCb is discussed in section 3.4.5. Most of the data described in
this thesis is taken with the 50 ns bunch spacing.

2.1.1 LHC Environment at LHCb

Because of their relatively long lifetime, B mesons travel a macroscopic distance in the de-
tector, typically in the order of a centimeter, before decaying into final state particles. In
LHCb, B meson decays are identified by their flight distance, their invariant mass and their
decay into a specific final state. The flight distance is measured by reconstructing the pp
interaction point, called the primary vertex and the point where the B meson decays, called
the secondary vertex. In order to limit combinatoric backgrounds and to avoid incorrect
association between primary and secondary vertices, LHCb is designed to run at an instan-
taneous luminosity in the range of 2 − 5 · 1032 cm−2s−1, where the number of single pp
interactions per bunch crossing is close to maximal.

In order to limit the instantaneous luminosity at the LHCb interaction point, the LHC
beams are displaced and defocussed. In this way LHCb can operate simultaneously to the
general purpose experiments ALTAS and CMS, but with reduced instantaneous luminosity.
Towards the end of 2011 the luminosity had reached 4 · 1032 cm−2s−1, an optimal value to
maximize event yields while ensuring efficient track reconstruction in high occupancy events.
The average number of visible pp interactions per bunch crossing was 1.5 at the end of 2011.
The total recorded integrated luminosity in 2011 was 1.1 fb−1, as shown in Fig. 2.2.

LHCb measured the total bb cross section at
√
s = 7 TeV to be 288 ± 4 (stat.) ±

48 (syst.)µb [27]. This implies a total amount of 3 · 1011 produced bb pairs at the LHCb
interaction point in 2011.
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Chapter 2. The LHCb Experiment 31

Figure 2.1: Schematic picture of the CERN accelerator complex. Indicated by blue arrows
are protons that collide in the LHC experiments. They begin their journey in LINAC2 (a
linear accelerator), and are subsequently accelerated in the BOOSTER, the PS, the SPS and
finally in the LHC. Lead ions are indicated by green arrows and are coming from LINAC3
before being injected to the BOOSTER. The four large LHC experiments are also indicated:
ATLAS, CMS, ALICE and LHCb.

2.2 LHCb Requirements

Not only must LHCb be able to select bb events out of a minimum bias rate of 40MHz, but
in addition, from this large set of events, it must identify specific (and often rare) B-hadron
decays. This requires an efficient trigger, which must be sensitive to many different final
states of interest.

The decay-time resolution must be good enough to resolve the rapid oscillations in the
B0
s −B

0
s system. This requires a precise vertex reconstruction. Sufficient momentum reso-

lution (directly related to mass resolution) is required to reduce combinatorial backgrounds.
Both these requirements are of crucial importance in the reconstruction and selection of
B0
s → J/ψ φ decays.
In addition, to differentiate between different B decay modes, the LHCb experiment

needs the ability to identify particle types in particular decays. For example, in the case of
B0
s → J/ψ φ decays, it is important to correctly identify charged kaons and muons, since

the J/ψ meson decays to µ+µ− and the φ meson decays to K+K−. The design of the
LHCb subdetectors is discussed below.
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32 2.3 The LHCb Detector

Figure 2.2: LHCb integrated luminosity at 3.5 TeV in 2011. The blue line is the deliv-
ered integrated luminosity, the red line is the recorded integrated luminosity. The average
recording efficiency was 90.8%.

2.3 The LHCb Detector
LHCb is a single-arm spectrometer with an angular coverage of 10-300mrad in the bending
plane of the dipole magnet and 10-250mrad in the non-bending plane. This particular choice
of detector geometry is justified by the fact that at high energies both the b and b hadrons
are mainly produced in the same forward or backward cone. A schematic picture of LHCb
is shown in Fig. 2.3 and an event display showing a selected B0

s → J/ψ φ candidate with all
the hits and tracks traversing the detector is shown in Fig. 2.4.

The LHCb subdetectors can be subdivided according to two main functionalities: the
tracking system (VELO, ST, OT and the dipole magnet) which serves to reconstruct charged
particle tracks through the detector and the particle identification system (RICH, ECAL,
HCAL, MUON system).

The LHCb trigger consists of a hardware component (L0) and a software component
(HLT). The subdetectors and the trigger of LHCb are briefly described in this chapter. More
detailed information on the various subsystems can be found in [26].

2.3.1 Beam Pipe
The beam pipe of the LHC in the LHCb experimental region is composed of beryllium, up
to z = 13 m. Although beryllium is expensive, toxic and fragile, the main advantage of
beryllium is its large radiation length (little interaction with traversing particles).
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Chapter 2. The LHCb Experiment 33

Figure 2.3: Schematic picture of the LHCb detector with all its subdetectors. A right-
handed coordinate system is chosen with the z-axis from left to right along the beam line,
and the y-axis pointing upwards in the vertical plane. The x-axis completes the right-handed
coordinate system.

2.4 Tracking System

Precise vertex and momentum reconstruction are needed to reconstruct B0
s → J/ψ φ events,

since these two aspects provide the ingredients for the mass, angular and decay-time dis-
tributions that are used in the trigger, offline selection and the final B0

s → J/ψ φ decay
analysis.

The tracking system in LHCb consists of a large dipole magnet and the tracking subde-
tectors: the vertex locator (VELO) and the Tracker Turicensis (TT) upstream of the magnet,
and three tracking stations downstream of the magnet. The three downstream tracking sta-
tions consist of the Inner Tracker (IT) stations covering the central region close to the beam
pipe and the Outer Tracker (OT) stations covering the outside region. The TT and IT were
developed in a common project called the Silicon Tracker (ST).
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34 2.4 Tracking System

Figure 2.4: LHCb event display showing all the hits and tracks through the detector in an
event recorded on August 17, 2011, in xz projection (upper) and in yz projection (lower).
The green crosses indicate detector hits in the tracking stations, the red and blue histograms
represent detector energy in the ECAL and HCAL and the orange circles are detected photons
in the RICH. Reconstructed charged particle tracks are drawn in blue (in pink for muon
tracks). The purple zig-zag lines are the trajectories of Cherenkov photons in the RICH.
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Chapter 2. The LHCb Experiment 35

2.4.1 LHCb Magnet
To measure the momentum of charged particles, the LHCb spectrometer consists of a warm
dipole magnet with an integrated magnetic field of 4Tm. The magnet has saddle-shaped
coils in a window-frame yoke with sloping poles outside the LHCb acceptance. The principal
field component is in the vertical direction (y direction). The magnet weighs 1600 tons
and measures 11m×8m×5m. The integrated magnetic field allows to measure particle
momenta up to 200GeV/c with a resolution between 0.3% and 0.5%. Figure 2.5 shows a
photograph of the LHCb magnet.

Figure 2.5: The LHCb magnet prior to detector installation, consisting of the window-frame
yoke and saddle-shaped coils. The particles pass through the opening in the center.

2.4.2 VELO
The VELO measures track coordinates close to the interaction region. These measurements
are used to identify primary and displaced secondary vertices, which are a distinctive feature
of b and c hadron decays.

The VELO consists of an array of modules with silicon strip detectors. One VELO module
consists of two sensors which are glued back-to-back: one to measure the azimuthal φ-
coordinate and one to measure the radial r-coordinate. The r-sensors consist of semicircular
silicon strips, whereas the φ-sensors contain straight silicon strips. The strips in the inner
and outer region of the φ-sensor have a different angle with respect to the radial to improve
the pattern recognition capability. In addition, adjacent φ-sensors have opposite skew in the
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36 2.4 Tracking System

inner and outer regions. A schematic picture of the VELO sensors is shown in Fig. 2.6.
Two VELO modules (one on each side of the beam pipe) comprise one VELO station. The

Figure 2.6: Schematic layout of the VELO sensors. An r-sensor is shown on the left. The
φ-sensor on the right shows the silicon strips of two adjacent modules superimposed, to
indicate the different angle with respect to the radial. In addition, the different orientation
of the strips in the inner and outer region is shown.

minimal reconstructable track polar angle is 15mrad for particles traversing at least three
VELO stations, as shown in Fig. 2.7.

Two detector planes at the upstream end of the VELO are called the pile-up (PU)
subdetector. The PU consists of r-sensors only, and has a dedicated 40MHz readout, as
it is used in the Level-0 (L0) trigger. Originally, the PU was designed to veto events with
multiple pp interactions in one bunch crossing. Currently, the PU is used in the L0 trigger
to detect beam-gas interactions. These are collisions of protons with gas atoms that are left
in the beam pipe vacuum. The PU distinguishes between beam-gas collisions coming from
LHC beam 1 and LHC beam2.

The silicon sensors of the VELO are placed at a distance of 8 mm from the interaction
point. Since this distance is smaller than the beam aperture of the LHC beams during
injection, the VELO sensors are retractable over a distance of 30 mm. The sensors are
mounted in a vessel that maintains a secondary vacuum around the sensors. The sensors
are separated from the primary LHC vacuum by a thin aluminum box called the RF-box, to
guarantee ultra-high vacuum and to prevent RF pickup from the LHC beams. The design
of the RF-foil, the top layer in between the beam and the VELO sensors, is such that it
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Chapter 2. The LHCb Experiment 37

Figure 2.7: Schematic layout of the VELO modules. This view is a cross section in the
(x, z) plane at y = 0. The two upstream (small z) module pairs are the modules of the
pile-up detector. 15mrad is the minimal reconstructable track angle for which at least three
VELO stations are crossed. The maximal reconstructable angle is 390mrad for the same
condition.

minimizes the amount of material traversed by particles and also allows the z-staggered
VELO sensors of a station to overlap in the closed position to obtain full azimuthal coverage
around the beam pipe.

2.4.3 Silicon Tracker (ST)
The ST consists of the Tracker Turicensis (TT) and Inner Tracker (IT), which both use
silicon microstrip detectors. The TT is located upstream of the LHCb magnet, whereas the
IT is placed downstream of the magnet.

Tracker Turicensis (TT)

The TT is approximately 160 cm wide and 130 cm high with an active area of about 8.4m2.
Its four detection layers are arranged in two pairs that are separated by 27 cm along the beam
axis. The four layers are constructed in x-u-v-x configuration, with vertically orientated
detection strips in the first and last layer (so-called x orientation), and strips rotated by −5◦
(u orientation) and +5◦ (v orientation) with respect to the vertical in the second and third
layer, respectively. This so-called stereo configuration is also used in the IT stations and the
OT stations which are discussed later. A schematic picture of the TT is shown in Fig. 2.8.

Track candidates formed by the VELO and the tracking stations downstream of the
magnet are confirmed by hits in the TT upstream of the LHCb magnet to reduce the number
of fake track combinations. The TT also serves to measure track parameters of long-lived
particles that decay after the VELO, e.g. K0

S and Λ. In addition, the TT detects slow
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38 2.4 Tracking System

particles that are bent out of the LHCb acceptance before they reach the region downstream
of the magnet.

Figure 2.8: Schematic picture of TT layer 3, which is the stereo layer in v-configuration.
The various readout sectors are indicated by different shadings.

Inner Tracker (IT)

The IT is located downstream of the dipole magnet and consists of three four-layer tracking
stations. The layers in each IT station are constructed in the same x-u-v-x configuration
as used in the TT. The IT covers the region closest to the beam pipe in the center of
the downstream tracking system with a total active area of approximately 4.0m2. The
dimensions of the IT are shown in Fig. 2.9.

The four layers in each station are housed in 4 detector boxes which are separated by
4mm in z and have a 3mm overlap in y to avoid detector gaps and to facilitate detector
alignment.

2.4.4 Outer Tracker (OT)
The OT covers an area of about 5 × 6 m2, surrounding the IT. It is a gaseous straw-tube
detector and consists of stand-alone, gas-tight detector modules containing two layers of
straw-tube drift cells. The OT consist of three OT stations, T1, T2 and T3, each of which
consists of four detection layers of OT modules, arranged in the same x-u-v-x configuration
as the IT and TT.

There are two main types of modules in the OT: F-modules which span the entire height of
the OT and S-modules which are installed below and above the IT. There are three different
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Chapter 2. The LHCb Experiment 39

Figure 2.9: Schematic picture of an IT x-detection layer in the second IT station.

S-modules types: S1-modules have the same width but are smaller in length compared to
F-modules, while S2-modules are yet shorter and installed only on the OT A-side (positive
LHCb x-coordinate). Finally, S3-modules are half the width of the other OT modules and
installed only on the C-side (negative LHCb x-coordinate). A schematic picture of the OT,
including the position of the various module types, is shown in Fig. 2.10. The Outer Tracker
is discussed in greater detail in Chap. 3.
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Figure 2.10: Schematic picture of the Outer Tracker. The three tracking stations T1, T2
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40 2.5 Particle Identification

2.5 Particle Identification
The particle identification (PID) subdetectors in LHCb are the RICH system, the calorimeter
system and the muon system. These serve to identify charged pions and kaons (RICH),
electrons and photons (ECAL and HCAL) as well as muons (MUON). For the B0

s → J/ψ φ
decay, PID information is used to identify the two muons and the two kaons in the final state.
In addition, the PID detectors are used to identify single muon, electron or kaon tracks that
tag the B meson flavour at the time of production. This so-called tagging procedure is of
vital importance in the B0

s → J/ψ φ analysis and is explained in more detail in Sec. 6.4.

2.5.1 RICH
Ring Imaging CHerenkov (RICH) detectors measure the radius of so-called Cherenkov rings
from which the velocity v of a particle is derived. When a relativistic particle traverses a
medium (often called a radiator) at a velocity larger than the speed of light in that medium,
Cherenkov light is emitted in a cone around the particle trajectory. The angle of this cone,
combined with the index of refraction of the radiator yields the velocity of the particle:

cos θc = 1
nβ

, (2.1)

with θc the angle of the cone, n the index of refraction of the radiator and β = v/c. By
comparing the velocity to the measured momentum of a particle, its mass is determined.

In LHCb, at large polar angles the particle momentum spectrum is relatively soft, while at
small polar angles the momentum spectrum is relatively hard. To cover the entire momentum
range, two RICH detectors are installed. RICH1, located upstream of the magnet, covers
the low momentum range (1-60 GeV/c) and uses aerogel and C4F10 as radiators, whereas
RICH2, downstream of the magnet, covers the high momentum range (up to approximately
100 GeV/c) and uses CF4 as radiator.

In both detectors spherical and flat mirrors reflect the Cherenkov light out of the LHCb
acceptance and focus it on Hybrid Photon Detectors (HPDs) to detect the Cherenkov rings.
A schematic picture and an event display of RICH1 are shown in Fig. 2.11.

Particle identification using the RICH detectors is based on a log-likelihood (LL) method
[28] which matches the observed pattern of hit pixels in the HPDs of the RICH to that
expected from the reconstructed tracks under a given set of particle hypotheses.

2.5.2 Calorimeter
The calorimeter system provides particle identification by means of energy and position
measurements of hadrons, electrons and photons. The L0 trigger uses the CALO system to
select events with high transverse energy ET .

The layout of the calorimeter system is a classic configuration of an electromagnetic
calorimeter (ECAL) followed by a hadronic calorimeter (HCAL). Both consist of alternat-
ing layers of absorber and detector material. Incident particles interact with the absorber
material (lead in the ECAL, iron in the HCAL), creating a shower of secondary particles.
These particles induce light when passing through the scintillation detector material. This
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Chapter 2. The LHCb Experiment 41

(a) (b)

Figure 2.11: (a) Schematic picture of RICH1, side view. (b) Graphical representation
of an event recorded on August 17, 2011, as detected by RICH1. The lines represent the
reconstructed trajectories of the Cherenkov photons. The orientation in the LHCb coordinate
system is indicated on the right.

scintillation light is subsequently collected by photo-multiplier tubes (PMTs). The amount
of light is a measure of the energy of the incident particles.

Two additional subdetectors of the CALO system are located in front of the ECAL.
The Scintillating Pad Detector (SPD) detects charged particles, which together with the
information from the ECAL is used to separate electrons from uncharged particles such as
photons and π0’s.

The Preshower (PS) detector is separated from the SPD by a 15mm thick lead layer to
induce electromagnetic showers. Light hadrons, like charged pions, leave less energy in the
PS than electrons, allowing them to be distinguished from electrons.

2.5.3 Muon System
The most downstream subdetector is the muon system, which consists of five muon stations
named M1 to M5. The muon system is used to trigger on muons with high pT in the L0
trigger and is also used in later trigger stages and in the offline analysis.

Traversing muons are detected using multi-wire proportional chambers. Only in the inner
region of M1, where hit densities are high, triple Gas Electron Multiplier (GEM) detectors
are used. Iron absorbers of 80 cm thick are placed in between M2-M5 and behind M5 to
remove hadronic backgrounds, and select penetrating muons. M1 is placed in front of the
calorimeter system to provide a measurement point before muons undergo multiple scattering
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42 2.6 Trigger

Figure 2.12: Photograph of the ECAL detector after installation in the LHCb experiment.

in the calorimeter and to provide a larger lever arm to optimize the pT measurement in the
L0 trigger. Stations M1-M3 have high spatial resolution in the bending plane. They are
used to define the track direction and to calculate the pT of the candidate with a resolution
of 20%. Station M4 and M5 are mainly used for candidate confirmation and have limited
spatial resolution. The L0 trigger uses the muon chambers for a stand-alone muon track
reconstruction and pT measurement.

2.6 Trigger
The task of the trigger is to reduce the 40MHz bunch crossing rate, to the output event rate
of 3 kHz, at which events are written to tape for offline analysis. This is achieved by dividing
the trigger in two levels: the hardware Level-0 (L0) trigger and the software High Level
Trigger (HLT), where the latter is subdivided in two stages: HLT1 and HLT2. A diagram
of the trigger flow in LHCb, and various classes of so-called trigger lines are shown in Fig.
2.14.

2.6.1 L0
The L0 trigger is a hardware trigger that uses custom electronics. This trigger operates
synchronously to the 40MHz LHC bunch crossing clock and reduces the rate to 1MHz,
which is the input rate for the next trigger level, the HLT. Since B mesons have a relatively
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Figure 2.13: Schematic picture (side view) of the muon stations M1 to M5, including the
iron absorbers placed in between the stations.

large mass, their decay particles tend to have large transverse momentum (pT ) or transverse
energy (ET ). These properties are used in the L0 trigger.

First of all, to veto busy events, the L0 trigger requires a maximal number of 600 hits
in the SPD detector. Then, the global L0 decision is the logical OR of several requirements:
either the hadron ET is required to be at least 3.5 GeV, or the electromagnetic ET is at least
2.5 GeV, or the muon pT is at least 1.48GeV/c. In addition to this latter requirement on a
single muon, there is also a di-muon requirement in the L0, which asks for at most 900 hits
in the SPD and pT1pT2 > 1.68GeV2/c2. On a positive L0 decision, all detector information
is read out into the data acquisition system (DAQ).

2.6.2 HLT
In order to further reduce the L0 output rate from 1MHz to 3 kHz, the L0 accepted events
are processed by the HLT. The HLT is a software trigger running on a processor farm,
asynchronously to the LHC clock. The HLT is subdivided in two stages: HLT1 and HLT2.

The HLT1 reduces the event rate to 50 kHz. As indicated in Fig. 2.14, HLT1 trigger
lines can be grouped in various classes: e.g. technical trigger lines (including minimum
bias triggers), one-track trigger lines (asking for a track with high impact parameter), single
muon trigger lines and di-muon trigger lines. The global HLT1 decision is the logical OR of
all the HLT1 trigger lines. HLT1-accepted events are subsequently processed by the HLT2.

2



44 2.6 Trigger

Figure 2.14: Trigger flow in LHCb showing the event output rate after each trigger step.
For each trigger step, various classes of trigger lines are indicated. For the B0

s → J/ψ φ
decay analysis, only di-muon trigger lines are considered.

The input rate for HLT2 is sufficiently reduced to use the full event information and
perform online track reconstruction. These tracks are used to reconstruct and select com-
posite particles. Using requirements on variables such as invariant mass and decay time,
inclusive and exclusive event selection algorithms are implemented to select events for each
of the LHCb physics programs. This is reflected by the names of the various HLT2 trigger
line classes indicated in Fig. 2.14. The global HLT2 decision is the logical OR of all the
HLT2 trigger lines. On a positive global HLT2 decision the event is written to disk. If the
HLT output rate is too high, individual HLT1 and HLT2 trigger lines can be prescaled or
postscaled by randomly selecting a subset of events.

In the B0
s → J/ψ φ decay analysis, only the class of di-muon trigger lines is considered.

Two types of these di-muon HLT lines are used: so-called decay-time unbiased trigger lines
and decay-time biased trigger lines. In the first category of trigger lines, no explicit and
implicit selection cuts on decay time or impact parameter are made, and therefore these
trigger lines are not expected to introduce a bias in the decay-time distribution of the selected
events. However, the allowed output rate requires the application of a prescale factor leading
to a low efficiency. As an example, the Hlt2DiMuonJPsi unbiased trigger line, important
for the B0

s → J/ψ φ decay analysis, was prescaled by a factor five during the second half of
2011.

Alternatively, in the decay-time biased trigger lines, impact parameter (IP) cuts are made,
introducing a non-uniform efficiency in the decay-time distribution, but resulting in a larger
efficiency for B mesons with large decay times. In physics analyses that are using events
triggered by biased trigger lines, the time-dependent acceptance needs to be known and
taken into account. The trigger lines used in the analysis of B0

s → J/ψ φ as well as their
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prescale factors and decay-time dependence, are discussed in more detail in Chap. 6.

2.7 Performance

In order to study CP violation in B0
s → J/ψ φ decays, the following requirements must be

met: good decay-time resolution to observe the fast oscillations in B0
s mixing, good mass

resolution to reconstruct the B0
s invariant mass and to suppress combinatorial background,

and particle identification to identify the muons and kaons in the final state. These three
aspects are discussed here to illustrate the performance of the LHCb subdetectors.

2.7.1 Decay-Time Resolution

Track reconstruction software uses hits in the VELO, TT, IT and OT subdetectors to re-
construct charged particle trajectories. These tracks are used to reconstruct the primary
vertex (PV) where the pp collision took place, and any secondary vertices (SV) of long-living
particles, notably B mesons. The decay time of a B meson is calculated from the distance
between the PV and the SV together with its reconstructed momentum. For each event, the
true decay time is slightly altered in the experimental measurement leading to a decay-time
distribution that is convoluted with a resolution factor. This decay-time resolution can be
obtained from Monte Carlo simulations by studying the difference between true decay time
and reconstructed decay time.

However, the decay-time resolution can also be determined from data itself, by looking
at so-called prompt particles. These are particles that are created at zero decay time. For
a perfect detector, the decay-time distribution of these particles would be a delta function
at zero decay time. In LHCb, however, the decay-time distribution of promptly produced
particles will show a spread around zero decay time and the width of the distribution is a
measure of the decay-time resolution. Fig. 2.15 shows the decay-time resolution of fake,
prompt B0

s → J/ψ φ decays. These are promptly produced J/ψ and φ particles which
happen to have a reconstructed mass close to the B0

s mass. The observed decay-time
resolution of ∼ 50 fs is fairly constant over the momentum range and close to the expected
value of 40 fs from the MC.

2.7.2 Mass Resolution

The mass resolution of reconstructed B decays is related to the momentum resolution of the
tracking system. The di-muon invariant mass distribution in Fig. 2.16 shows reconstructed
resonances over two orders of magnitude in m(µ+µ−). The mass resolutions of the J/ψ
resonance and the Υ(1S) resonance are 14MeV/c2 and 53.9MeV/c2, respectively. These
numbers increase roughly linearly with mass, since momentum resolution in LHCb is only
mildly momentum dependent [29]. The width of the Z boson peak is dominated by its
intrinsic width.
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Figure 2.15: Decay-time resolution as a function of B0
s momentum of fake, prompt B0

s →
J/ψ φ decays. The data points represent the observed resolution, while the superimposed
histogram shows the momentum distribution on an arbitrary vertical scale.

(a) (b)
Figure 2.16: Di-muon invariant mass spectrum (a) and a zoom-in of the resonances Υ(1S),
Υ(2S) and Υ(3S) (b). The dotted lines indicate the signal components of the respective
resonances.

2.7.3 PID Performance

The background-suppression capability of the PID system and the RICH detector in partic-
ular, is illustrated in Fig. 2.17, which shows the invariant mass distribution of two charged
particles. In Fig. 2.17 (a), there are no PID requirements on the particles and the φ(1020)

2



Chapter 2. The LHCb Experiment 47

resonance is not visible above the background. In Fig. 2.17 (b), the two particles are required
to be positively identified as kaons by the RICH detectors. By doing this, the background is
strongly suppressed, revealing the φ(1020) resonance.

6

(a) (b)

Figure 2.17: (a) Invariant K+K− mass distribution without PID information, only applying
kinematic cuts. (b) Invariant K+K− mass distribution including PID information. Both
tracks are required to have LL(K) − LL(π) ≡ DLL(Kπ) > 15, where the log-likelihood
LL was described in Sec. 2.5.1. The background is strongly suppressed by adding PID
information, revealing the φ(1020) resonance. The data shown has been recorded in 2010,
with

√
s = 900 GeV.

2.7.4 Reconstructed B0
s → J/ψ φ Mass

As a preview to Chap. 6, where the B0
s → J/ψ φ analysis will be discussed, the reconstructed

B0
s mass is shown in Fig. 2.18. In total 21217 B0

s → J/ψ φ events are selected from a dataset
of 1.0 fb−1 of integrated luminosity. The fitted B0

s mass is 5368.23 ± 0.05 MeV/c2 with a
resolution of 6.28± 0.05 MeV/c2.

In addition, a B0
s → J/ψ φ candidate in one particular LHCb event is shown in Fig. 2.19.

Indicated are its associated primary vertex, the reconstructed secondary vertex and the daugh-
ter tracks. The flight distance of this B0

s candidate is 19.2mm, corresponding to a decay
time of 3.2 ps.
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Figure 2.18: Reconstructed B0
s mass distribution fitted with a double Gaussian. The res-

olution of the second Gaussian is taken as a scale factor times the fitted resolution of the
first Gaussian, where the scale factor as well as the fraction between the two Gaussians is
obtained from MC. The background component is a single exponential. The signal compo-
nent is the dashed green line, the background component is the dashed red line and the sum
is the solid blue line. In total, 21217 B0

s → J/ψ φ events are selected.
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K+

K−µ−

µ+

B0
s

Figure 2.19: Graphical representation of a B0
s → J/ψ φ candidate in an event recorded on

August 17, 2011. The flight distance of the B0
s candidate between the primary vertex and

the secondary vertex (blue line) is 19.2mm, corresponding to a decay time of 3.2 ps. The
K+ meson and K− meson are indicated by red lines and join in the reconstructed φ meson
vertex, indicated by the blue sphere. The µ+ and the µ− are indicated by pink lines and
join in the reconstructed J/ψ meson vertex indicated by the green sphere.
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