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Chapterr 2 

Thee LHCb experiment 

Thiss chapter gives an overview of the experimental aspects of the LHCb experiment. 
LHCbb will be situated at one of the interaction points of the new accelerator facility, 
thee Large Hadron Collider (LHC) [26], at CERN. Section 2.1 gives a description of the 
mainn properties of the LHC accelerator. The LHCb detector and the various type of 
detectionn systems are described in section 2.2. A detailed description of the LHCb main 
trackingg system, a vital ingredient for the reconstruction of the particle trajectories, is 
givenn in section 2.3. In section 2.4 the LHCb trigger scheme is discussed. 

2.11 The Large Hadron Collider 

Afterr 11 years of running in November 2000 CERN's main accelerator facility LEP[27] 
wass closed to be replaced by a new generation accelerator; the Large Hadron Collider 
(LHC).. The LHC is a circular collider of 26.66 km circumference colliding two proton 
beamss rotating in opposite directions with a centre of mass energy of y/s = 14 TeV. 
Thee high energy and luminosity of the LHC allow the study of new fields of physics. 

Too reach the high centre of mass collision energy in the LHC a chain of accelerators 
iss used. Existing accelerators at CERN will be upgraded[26] to reach the performance 
requiredd for the LHC. The chain starts with a linear proton accelerator (Linac) acceler-
atingg bunches of 10n particles to an energy of 50 MeV. These bunches will be boosted 
too 1.4 GeV by the PS Booster (PSB) and transmitted to the Proton Synchrotron (PS). 
Thee PS accelerates the protons further to 26 GeV and injects them into the Super 
Protonn Synchrotron (SPS). The SPS accelerates the bunches to 450 GeV and finally 
injectss them clockwise and counter-clockwise into the LHC-ring. A total of about seven 
minutess is needed to fil l both LHC rings. When the rings are filled the LHC further 
acceleratess the protons to an energy of 7 TeV. See figure 2.1 for a schematic layout of 
thee accelerator chain. 

Thee cross sections of the interesting physics processes at the LHC energy are typically 
smalll  (range ö(pb)-(9(nb) [8]). Therefore, to gather enough statistics to be sensitive 
too these phenomena collisions with a high luminosity are required. The luminosity in 
termss of machine parameters is given by: 

£=£=  2 \J1F , (2.1) 
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Figuree 2.1: Schematic layout of the accelerator complex at CERN. Shown is the ac-
celeratorr chain supplying the Large Hadron Collider (LHC) of protons. It 
consistss of the 50 MeV proton linac, the 1.4 GeV PS booster(PSB), the 
266 GeV PS and the SPS injecting the protons at 450 GeV into the LHC. 
Alsoo shown are the locations along the LHC of the four experiments Alice, 
ATLAS,, CMS and LHCb. 
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Tablee 2.1: LHC parameters[26] at the nominal design luminosity of 1034cm 2s l. 

wheree Ni and N2 are the average number of protons per bunch for the two beams, 
kkbb the number of filled bunches, ƒ the revolution frequency, 7 the relativistic factor 
1 / \AA — /52, £"„  the normalised transverse emittance, j3* the value of thee betatron function 
att the interaction point, and F a factor taking into account that the two beams cross 
underr an angle of 200 yurad [26]. The betatron function describes transverse oscillations 
thee particles make around their central orbit. It is determined by the arrangement of 
quadrupoles.. At the interaction point the beam is focused, which is expressed by a 
smalll  betatron value at the vertex. With the nominal values listed in table 2.1, the 
LHCC design luminosity of 103 4cm_ 2s_1 is obtained. 

Afterr the beams have been filled the number of particles wil l decrease due to in-
teractionss and other beam losses. The expected luminosity lifetime is 10 h. The total 
integratedd luminosity per year (107 s) is 1041cm~2. 

Bunchess are spaced by 25 ns, corresponding to 3564 bunches in the ring and a bunch 
crossingg rate of 40 MHz. However, due to a non-integer ratio of the PS, SPS and LHC 
revolutionn frequencies not all bunches are filled therefore "bunch-trains" separated by 
aa group of empty bunches wil l circulate in the rings. Along the ring there wil l be 
fourr interaction regions occupied by the main LHC experiments Alice[28], ATLAS[29], 
CMS[30]]  and LHCb[7]. LHCb wil l be situated 100 meter under the surface in the cavern 
calledd "pit8" (IP8). At the LHCb interaction region 73 % of the beam crossings wil l 
actuallyy contain protons in both bunches. The start of the LHC is scheduled for the 
yearr 2007[31]. 

Att the design luminosity of 1034cm~2s_1 on average 27 proton-proton interactions 
wil ll  occur per beam crossing. These interactions wil l take place in an interaction region, 
whichh has a size of 5.3 cm (— la) along the beam direction. Therefore, a multiple 
off  primary interactions with possible associated secondary vertices wil l take place that 
cann not be separated in time. Matching secondary decay-vert ices to the corresponding 
primaryy interaction vertices, both at trigger time and off-line, can therefore often not 
bee done unambiguously. This is the reason why LHCb, which is designed to study the 
productionn of B particles and their subsequent decay, has chosen to run at a lower 
luminosity.. In addition a dedicated trigger (the "pile-up veto" [32]) wil l reject multiple 
interactionss at the lowest trigger level (level 0). 
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Figuree 2.2: The probability distributions for empty, single, double, triple and multiple 
interactionss per beam crossing, as a function of the luminosity. 

AA lower luminosity in comparison to the other interaction points can be achieved by 
increasingg the betatron value (3* of the beam. At LHCb (3* can be varied from 0.5 m up 
too 12 m[26]. 

Figuree 2.2 shows the expected probability for zero, single, double, triple or more 
interactionss per beam crossing as a function of the luminosity, assuming a 80 mb in-
elasticc proton-proton cross section (see section 1.5). It shows the maximum single event 
probabilityy to be obtained for a luminosity of 4 x 1032cm~2s_1. This, however, is not the 
optimall  luminosity from the point of view of maximising the number of single B meson 
eventss selected by the LHCb trigger. An optimisation study[32], taking into account the 
triggerr efficiency for single B event bunch crossings as a function of luminosity, shows 
thiss maximum to be achieved for a luminosity of 3 x 103 2cm_ 2s- 1. The single B event 
ratee distribution is, however, rather fiat in the range 2 — 5 x 103 2cm_ 2s_ 1. 

Anotherr advantage of a low luminosity is a relatively low particle rate in the detec-
tors.. Hence, the radiation damage will be less a problem and detector occupancies wil l 
bee relatively low. Taking all above points into account, the nominal luminosity of the 
LHCbb experiment is chosen to be 2 x 1032cm"2s_1[7] . The detectors are designed to 
withstandd a maximum luminosity of 5 x 1032cm"2s_1. At the nominal luminosity, after 
applyingg the pile-up veto, the event rate is approximately 10 MHz, with more than 90 % 
containingg a single interaction. Assuming a bb production cross section of 0.5 mb, this 
representss 5.6 x 1011 bb pairs per year (107 s) occurring in single interactions[33]. 



2.2.. The LHCb detector 23 3 

5m m 

Bendingg Plane 

Shieldd Magnet 

**  RICH 1 

Vertrx--
Loc;; itor 

1 1 1 

T ll T2 

ECAL L 
SPD/PS S 

R1CH2 2 

HCALL Muon Detector 

5m m 10m m 15m m 20m m 

yy — 

5m m 

Sidee View 

Shieldd Magnet RICH2 

Tracker r 

Vertsrr td 
Loc.. LtOTTl T2| 

ECAL L 
SPD/PS S 

HCAL L 

T44 T5 T6 

JJ I I L 

vii  2 M3 3 
VI4 4 VI5 5 

JJ I I I I I L 
5m m 10m m 15m m 20m m 

Figuree 2.3: Cross sections of the LHCb detector. The top figure is the cross section 
off  the detector in the bending plane of the magnet, i.e. the top view. 
Thee bottom figure is the cross section of the detector in the non-bending 
plane,, i.e. the side view. All detector sub-systems of the spectrometer are 
indicated. . 
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2.22 The LHCb detector 
Thee fact that both B hadrons are predominantly produced in the same forward cone 
(seee section 1.5) is exploited in the layout of the LHCb detector. The LHCb detector 
iss a single arm forward spectrometer with a polar angular coverage from 10 mrad to 
300(250)) mrad in the horizontal(vertical) plane. The asymmetry between the horizontal 
andd vertical plane is determined by a large dipole magnet with the main component in 
thee vertical direction. In figure 2.3 the layout of the LHCb spectrometer is shown. The 
topp figure shows the cross section of the detector in the bending plane (of the magnet), 
i.e.. the top view. The bottom figure shows the cross section of the detector in the 
non-bendingg plane, i.e. the side view. LHCb uses a right-handed coordinate system 
withh y pointing upwards, x horizontal and pointing to the outside of the LHC-ring and 
thee 2-axis along the beam. The proton-proton collisions take place around 2 — 0 located 
att the left side in the figures. 

Thee vertex detector is built around the proton interaction region. It is used to 
measuree the particle trajectories close to the interaction point in order to precisely 
separatee primary and secondary vertices. Directly after the vertex detector RICH-1 (a 
Ringg Imaging CHerenkov detector) is located. It is used for particle identification of low 
momentumm tracks. The main tracking system is partly placed in the dipole magnet. It is 
usedd to reconstruct the trajectories of charged particles and to measure their momenta. 
Followingg the tracking system is RICH-2. It allows the identification of the particle 
typee of high momentum tracks. The electromagnetic and hadronic calorimeters provide 
measurementss of the energy of electrons, photons and hadrons. These measurements 
aree used at trigger level to identify high pt particles. The muon system is used to trigger 
onn muons in the event. The beam-pipe has a conical shape and is made out of an 
aluminium-berylliumm alloy. 

Thee following sections outline the main aspects of the detector sub-systems. The 
vertexx detector system is described in section 2.2.1, the RICH detectors in section 2.2.2, 
thee calorimeters in section 2.2.3, and the muon detector in section 2.2.4. The main 
trackingg system, consisting of the outer tracker, the inner tracker and the dipole-magnet, 
iss described in more detail in section 2.3. 

2.2.11 Vertex detector system 

Thee LHCb vertex locator (VELO) consists of 25 stations of silicon strip detectors placed 
perpendicularr to the beam. The VELO measures the particle trajectories close to the 
interactionn region. The high resolution of the coordinate measurements of the track 
allowss the reconstruction and separation of the primary interaction vertex from the 
secondaryy decay vertices of B mesons. To realize this high precision the detector must 
bee placed as close as possible to the interaction point. This is achieved by placing the 
wholee vertex detector inside a secondary vacuum. Each station is split in an upper and 
lowerr half. This enables the retraction of the detectors by 3.0 cm from their operation 
positionn to allow a safe injection and acceleration of a new l'fill " of proton bunches in 
thee LHC. The sensors are encapsulated in a thin aluminium box. This is to provide 
adequatee wake field suppression, to shield the detectors from excessive RF pick-up noise 
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Figuree 2.4: View of one half of the LHCb vertex detector. Shown are the 25 detection 
stationss with their basic support structure. Also shown is the aluminium 
boxx used to provide wake field suppression and minimise RF pick-up noise 
inn the detectors [34]. 

andd to separate the primary vacuum from the secondary vacuum[35]. See figure 2.4 for 
aa technical drawing of one half of the vertex detector system. 

Eachh upper or lower station contains two half-disc detectors separated by 2 mm. 
Onee disc has radial strips measuring the 4> coordinate, the other disc has circular strips 
measuringg r (see figure 2.5). The discs have a radial coverage from 8 mm to 42 mm and 
aree 300/im thick. Both the R and <j>  detectors are divided in an inner and outer region. 
Thee strip to strip distance (pitch) in the inner region of the R detectors is 40 /jm. In 
thee outer region the pitch is gradually increased to a maximum pitch of 92 /im at a 
radiuss of 42 mm. The minimum strip pitch in the <j>  detector is 37 fim increasing up to 
aa maximum 98 ^m in the outer region of the silicon wafer. The system has a total of 
2048000 channels. A detailed description of the LHCb vertex detector system is given in 
thee VELO technical design report [34]. 

Thee vertex detector provides information at several stages in the trigger. Two dedi-
catedd silicon stations, placed at the opposite side of the interaction region as the LHCb 
spectrometer,, are used in the Level-0 trigger to reject events with multiple proton-proton 
interactions.. The remaining VELO detectors are used in the Level-1 trigger to select 
BB events by detecting displaced secondary vertices. The higher trigger levels (2 and 
3)) use the full vertex detector information to reconstruct and precisely measure a full 
decayy chain. The LHCb trigger scheme is described in more detail in section 2.4. 
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Figuree 2.5: Schematic layout of the R and <f>  vertex detector half discs. The R detector 
hass circular strips, the <j>  detector radial strips tilted under an angle of 
200 degrees in the inner region and -10 degrees in the outer region[34]. 

2.2.22 RICH detectors 

LHCbb uses two Ring Imaging CHerenkov (RICH) detectors. RICH-1 is placed directly 
downstreamm of the vertex detector and before the main tracking system. RICH-2 is 
positionedd after the tracking stations and in front of the calorimeters (see figure 2.3). 
RICHH detectors measure the Cherenkov angle[36] of light emitted when a charged par-
ticlee traverses a medium with a velocity higher than the speed of light in that medium. 
Thesee measurements are used, together with the momentum measurements by the main 
trackingg system, to perform particle identification of charged tracks. 

Thee operation principle of the RICH detectors is based on the Cherenkov effect [36]. 
Whenn a charge track traverses a medium with a velocity v higher than the speed of 
lightt in that medium electromagnetic radiation is emitted along the trajectory. This 
Cherenkovv radiation is emitted under a unique angle 6C with respect to the particle 
direction,, i.e. 

cos9cos9cc = — , (2.2) 
vn vn 

wheree n is the refractive index of the medium. Particles can therefore be identified when 
theirr momentum and the opening angle of the Cherenkov radiation cone are known. The 
Ringg Imaging CHerenkov (RICH) detector of LHCb measures 6C by focusing the emitted 
lightt with a spherical mirror on a plane of photo- detectors. The photons emitted along 
thee trajectory of the traversing particles wil l then form a ring on the photo-detector 
plane,, with the radius proportional to 8C. Figure 2.6 shows the angle 9C as a function of 
momentumm for TT and K mesons for CF4 as the radiator medium. 

Distinguishingg pions from kaons is essential for increasing the signal to background 
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Figuree 2.6: Cherenkov angle 8C as a function of momentum for pions and kaons in the 
CF4CF4 (n = 1.0005) radiator medium. 

ratioo of various important CP-violating B decays (e.g. for the decays Bs —> DfKT 

off  section 1.4.2). The LHCb RICH detectors have to provide identification of charged 
particless over a wide momentum range, i.e. from 1 GeV/c up to a momentum of about 
1500 GeV/c. In order to achieve this, several radiator materials with different refractive 
indicess are used. Figure 2.7 shows the layout of the two RICH detectors, RICH-1 and 
RICH-2. . 

RICH-11 is used to perform particle identification of "low" momentum tracks over 
thee full LHCb angular acceptance, i.e from 10 to 300 mrad (250 mrad) in the horizontal 
(vertical)) plane. There are two radiators in RICH-1. The first radiator is a 5 cm thick 
aerogell  layer with a refractive index n = 1.03. It provides pion-kaon separation up to 
aboutt 10 GeV/c. The second radiator in RICH-1 is a volume filled with C^Fm gas 
providingg 85 cm path length with refractive index n = 1.0014. 

Thee RICH-2 detector is used to perform particle identification of high momentum 
tracks.. This requires a lower refractive index, but a longer path length for the particles 
too traverse to collect sufficient Cherenkov photons. It has a reduced outer angular 
acceptancee of 120 mrad (100 mrad) in the horizontal (vertical) plane. This is possible 
becausee most high momentum tracks are produced under small angles as can be seen 
fromm figure 2.8. RICH-2 contains CFA gas providing 167 cm path length with refractive 
indexx n = 1.0005. 

Thee information from both RICH detectors has to be correlated with the tracking and 
momentumm information from the main tracking system to provide particle identification. 
Thee angular resolution of the reconstructed Cherenkov angle has several contributions. 
Thee error due to the reconstructed track parameters (especially the angle of the track) 
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Figuree 2.7: Schematic layout of both RICH detectors. The left drawing shows a top 
vieww of RICH-1. Illustrated is the focusing on the photo-detectors of 
Cherenkovv light created along a track passing through the detector vol-
umes.. For a straight track, the light produced in the two radiators (Aero-
gell  and C4F10) has a different angle, but results in two Cherenkov rings 
onn the photo-detector plane with the same centre[37]. The right draw-
ingg shows the top view of RICH-2. The flat mirrors deflect the light on 
photo-detectorss that are placed outside of the LHCb acceptance. 
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Figuree 2.8: The average charged track momentum as a function of the production 
anglee 9. 

iss required to contribute only a small fraction to the total resolution of the Cherenkov 
angle.. Studies show[37, 38] the reconstructed track angle resolutions (see chapter 5) to 
bee indeed sufficiently small. 

Figuree 2.9 gives for true pions the separation, in units of the standard deviation a, 
betweenn the pion and kaon hypothesis. A better than 3 a separation between kaons and 
pionss is achieved for momenta between 2 and 100 GeV/c. For a detailed description of 
thee LHCb RICH detector system see the RICH technical design report [37]. 

2.2.33 Calorimeters 

Thee LHCb calorimetry consists of an electromagnetic calorimeter(ECAL) and a hadron 
calorimeter(HCAL).. The complete system is positioned downstream of RICH-2, directly 
behindd (z = 12.3 m) the first muon station M l extending up to z — 15.0 m where the 
otherr muon stations start. The HCAL is positioned directly after the ECAL. Two special 
detectionn layers, the SPD and PS, are placed in front of the ECAL for charged particle 
andd pre-shower detection. The calorimeters provide a measurement of the energy and 
thee impact position of particles. These measurements are used at trigger level to identify 
hadrons,, electrons and photons. In particular the calorimeter measurements are used 
too trigger on high pt hadrons and electrons originating from a B decay (see section 2.4 
forr the LHCb trigger system). 

Thee LHCb calorimeters are sampling calorimeters, i.e. they are constructed out of a 
sequencee of layers of passive absorbing material alternated by active detection layers. An 
incidentt particle is stopped in the calorimeters by a cascade of decays and interactions 
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Figur ee 2.9: Number of a separation between the pion and kaon hypothesis for true 
pionss as a function of momentum[37]. The top figure shows a logarithmic 
momentumm scale. The Bottom figure a linear momentum scale. The dotted 
linee indicates the 3<r level. 
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Figur ee 2.10: a) The assembly of a single ECAL "Shashlik" module from layers of lead 
andd scintillator, b) The assembled module with inserted WLS-fibres. [39] 

intoo progressively lower energy particles. This is called a shower. The signal produced 
inn the active layers is a measure for the total amount of deposited energy. As active 
materiall  scintillating plastics interwoven by wavelength-shifting(WLS) fibres are used. 
Thesee fibres collect the light emitted in the scintillators and transfer it onto photo-
multiplierr tubes. The passive absorption material is different for the two calorimeters. 

Thee pad/pre-shower detector consists of a 15 mm thick layer of scintillator pads(SPD), 
aa 12 mm lead radiator plate corresponding to about 2 radiation lengths(AT0) followed by 
anotherr 15 mm thick scintillator pad layer(PS). The SPD is used to detect charged par-
ticles1.. The lead layer wil l likely cause electromagnetic particles (photons, electrons and 
positrons)) to radiate causing an early shower that can be detected by the pre-shower(PS) 
layer.. This is used for the identification of photons. 

Thee electromagnetic calorimeter (ECAL) has a "Shashlik" geometry. It is built 
fromm individual modules of 66 alternating layers of 2 mm thick lead and 4 mm thick 
scintillatingg tiles, corresponding to a total depth of 25 X0 (see figure 2.10). The main use 
off  the ECAL is the measurement of electromagnetic showers allowing, in combination 

11 Neutral particles wil l not cause scintillators to fire. As neutral particles (like e.g. photons from 
7r°'s)) will decay further downstream in the calorimeter system (causing charged particles that will be 
detected),, the SPD layer can be used to distinguish charged from neutral particles. 
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withh SPD and PS, the discrimination of electrons, photons and 7r°{—  27)'s, and a 
measurementt of their energy- The energy resolution is <y(E)/E = 10%/y/ÊQ) 1.5% with 
EE in GeV. 

Thee hadron calorimeter (HCAL) has a scintillating-tile geometry, with the tiles run-
ningg parallel to the beam axis. The HCAL is made out of two halves each consisting 
off  26 stacked-up modules. A module is made out of 8 submodules. A submodule is 
constructedd out of 26 identical 20 mm thick scintillator/steel sampling structures. One 
singlee HCAL module is 1.6 m long and weighs 9.5 tons corresponding to a depth of 7.3 in-
teractionn lengths (A7). The energy resolution of the HCAL is o{E)jE = 8 0 % / \ / £ ® 5 %. 

Forr a detailed description of the LHCb calorimeters see the calorimeter technical 
designn report [39]. 

2.2.44 Muon detector 

Thee LHCb muon detector system is positioned at the far downstream end of the detector 
(seee figure 2.3). It is used to trigger and, off-line, to identify muons relying on their 
penetrativee power (compared to electrons/positrons and hadrons). The muon system 
consistss of four detection stations M2-M5 after the calorimeters and one station M l just 
beforee the pre-shower detector. The stations M2-M5 are interleaved with 0.8 m thick 
steell  plates. These muon shields together with the shielding of the ECAL and HCAL 
givess a total absorber-thickness of 20 A/. 

Thee chamber technology of the stations is determined by the expected particle rate. 
Resistivee plate chambers (RPC)[40] are used in the outer regions of stations M4 and 
M5,, where the particle rate is below 1 kHz cm"2 ~ 48 % of the total area. Multi -
wiree proportional chambers (MWPC)[41, 42] are used for the coverage of (~ 52 %) the 
remainingg area. The technology for the inner part of station M l (less than 1 % of total 
area),, where rates of up to 400 kHz cm~2 are expected, is still to be selected. The total 
muonn system has about 26000 readout channels. For a detailed description of the LHCb 
muonn system see the muon system technical design report [43]. 

2.33 LHCb main tracking system 

Thee reconstruction of particle trajectories in LHCb is the topic of this thesis. This 
sectionn gives an overview of the LHCb main tracking detectors i.e. the outer tracker 
andd the inner tracker. The description corresponds to the detector as presented in the 
LHCbb outer tracker technical design report[44]. It is commonly referred to as LHCb-
classicclassic22.. The studies presented in this thesis have led to this design, in particular to 
thatt of the outer tracker3. 

Thee main task of the LHCb tracking system is the efficient reconstruction of charged 
trackss in the spectrometer. The reconstructed particle trajectory is used to link the 

2Recentlyy new studies have started to reduce the amount of material in the detector (see section 7.6). 
Thee new design is referred to as LHCb-Hght. 

3Thee inner tracker detector design is still being studied, and subject to changes. The detector 
presentedd in section 2.3.2 is the status of the detector at the time of the outer tracker technical design 
reportt [44]. 
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measurementss of the VELO, RICH-1 and RICH-2, the calorimeters and the muon system 
too the same particle. The measured deflection of the particle by the magnetic field gives 
thee particle momentum. 

Thee system consists of nine stations of tracking chambers (T1-T9) located between 
thee vertex detector and RICH-2. The main function of the individual stations is as 
followss (see figure 2.3 for the positioning of the stations). 

 Station Tl provides a link between the main tracking system and the vertex de-
tector.. Furthermore, it is used, together with station T2, to provide a precise 
predictionn of the track direction through RICH-1. Station T2 is also vital in the 
precisee measurement of the track momentum. 

 Stations T3, T4 and T5 are used for "following" the track through the magnetic 
field.field. These station are not directly required for the momentum measurement in 
thee track fit. They are however valuable for the pattern recognition by allowing 
thee matching of the track measurements before and after the magnet. Station T3 
iss also used in the downstream tracking to link the low-field region and the region 
wheree there is a magnetic field. 

 Stations T6, T7, T8 and T9 are used for finding tracks. They provide an initial 
trackk seed for the reconstruction algorithm. In this low-field region particles ap-
proximatelyy follow straight line trajectories making track finding relatively easy. 
Inn addition these stations provide the track link towards the detector systems 
downstreamm of the tracking system. Tracking information is in particular needed 
forr the pattern recognition algorithms in RICH-2. 

Figuree 2.11 shows the charged particle rate in a (x, y)-plane in the magnet. Close 
too the beam the rate is high. Furthermore, due to the bending of charged particles 
inn the magnetic field the particles are more spread along the x-axis. To cover the full 
acceptancee two detector technologies are used. The regions of high track density (small 
r)r)  are covered by an inner tracker based on silicon technology. The inner tracker has 
aa "cross-shaped" geometry. It is further described in section 2.3.2. The outer tracker 
coverss the remaining part of the angular acceptance. The stations have dimensions 
increasingg from 141 cm x 116 cm in T2 til l 582 cm x 481 cm in T9. Station Tl contains 
onlyy inner tracker modules. The outer tracker is further described in section 2.3.3. 

Eachh station consists of four detection planes, each measuring a 2-D point on the 
track.. The most precise measurements are required in the bending plane {x,z) since 
thesee provide the momentum measurement. Therefore, the wire/strip orientation of the 
detectorss is vertical (X-layer) or under a stereo-angle of ° with respect to the vertical 
(U-layer(U-layer and V-layer). 

2.3.11 Magnet 

LHCbb uses a conventional dipole magnet, placed relatively close to the interaction region 
inn order to keep the size affordable. The aperture of the magnet corresponds to the LHCb 
acceptancee of 300 mrad horizontally and 250 mrad vertically. This leads to an aperture 
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Figuree 2.11: Charged particle rate in the (x, y)-plane at z=480 cm. 

off  260 cm x 220 cm at the lower z position of the magnet increasing to 420 cm x 350 cm 
att the high z side. A magnetic shield, just behind RICH-1, protects this detector against 
thee stray field of the magnet. 

Thee magnetic field has the main component along the vertical axis (By) and has the 
maximumm field strength at the edges of the acceptance. The top plot in figure 2.12 shows 
thee field components Bx, By and Bz as a function of z at the line x = y = 0. One sees 
thatt the vertical component of the field increases after the magnetic shielding, rising to 
~~ 1.0 T at z = 5 m and decreasing below 0.1 T above z ~ 9 m. The total field integral is 
approximatelyy 4 Tm. The bottom plot in figure 2.12 shows the field components along 
aa line originating a,tx = y = z = 0 under an angle 6X = 9y = 100 mrad. It shows a 
significantt Bz component. Figure 2.13 shows the vertical component of the magnetic 
fieldfield in a (x, y)-plane in the magnet. One sees that the field is stronger near the magnet 
poles. . 

Thee non uniformity of the magnetic field integral has a maximum of about 5 %[45]. 
Hence,, particles experience, depending on the their line of flight through the magnet, 
differentt integral fields and therefore deflections. Therefore, the full magnetic field map 
hass to be taken into account in the trajectory reconstruction. For a detailed description 
off  the LHCb magnet see the magnet technical design report [45]. 
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Figuree 2.12: The top plot shows the magnetic field components Bx, By and Bz as a 
functionn of z along the 2-axis (6X = 6y = 0). The bottom plot shows the 
componentss along a line under an angle #x = 0y = 100 mrad. The dashed 
verticall  lines indicate the positions of the tracking stations. 
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Figur ee 2.13: Vertical magnetic field component By in the (x, j/)-plane at z = 450 cm. 

2.3.22 Inner Tracker 

Thee LHCb inner tracker consists of nine stations (T1-T9) of silicon strip detectors. The 
innerr tracker detectors measure the particle trajectories in the high flux region close to 
thee beam-pipe. The inner most dimensions of the inner tracker stations are determined 
byy the outer radius of the beam-pipe. Because of the conical shaped beam-pipe the 
layoutt differs from station to station. 

Thee outer dimensions of the inner tracker stations result from a simulation study of 
thee outer tracker occupancy (see section 6.1). To keep the surface of the relatively expen-
sivee inner tracker technology as small as possible, the inner tracker covers a cross-shaped 
areaa around the beam-pipe, reflecting the particle rate distribution as in figure 2.11. 

Eachh inner tracker station consists of four rectangular "boxes", one above, one below 
andd one on each side of the beam-pipe. In figure 2.14 the layout of an inner tracker 
stationn 4 layer is shown. Al l stations are assembled from standard silicon sensors of 
3000 /im thick. The sensors have a fixed size of 11 cm x 7.8 cm. Two options exist for 
thee pitch of the sensors; or a pitch of 237.5 fim resulting in 320 strips per sensor, or 
aa pitch of 197.9 /im resulting in 384 strips per sensor. Measurements[46] on prototype 
sensorr show a single hit resolution of 50 ftm. 

Fromm the silicon sensors ladders are formed. The silicon ladders consist of either one 
orr two sensors connected by a read-out hybrid at one side of the ladder (see figure 2.15). 
Thesee ladders are grouped forming a cross-shaped layer of the inner tracker as shown 
inn figure 2.14. Each station consists of four of these layers, i.e. a x,u,v, and x-layer. 
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Figur ee 2.14: Layout of an inner tracker a;-layer of station 4[46]. 
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Figuree 2.15: Layout of two-sensor and one-sensor inner tracker ladders[47]. 
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celll  shape 
cathodee material 

anodee material 
anodee diameter 
celll  size 
wiree pitch 
## cells/layer 
supportt structure 
modulee thickness 

straww tube 
400 fim Kapton-XC 

++ 25 /xm aluminium 
gold-tungsten n 

255 /im 
55 mm 

5.255 mm 
64 4 

Nomex x 
0.77 % X0 

Tablee 2.2: Material and geometry properties of the LHCb outer tracker detector. 

efficiency y 
resolution n 
f.maxx in 0.0 T 
i maxx in 1.4 T 
crosss talk 
primaryy ionisations 

97.22 % 
2055 jim 
32.55 ns 
40.99 ns 

6% % 
300 cm- 1 

Tablee 2.3: Performance parameters of an outer tracker prototype module in the default 
gass mixture Ar(7&)/CFi(l5)/CO2(10) at the start of the efficiency plateau. 

Addingg up all layers of all stations gives a total area of ~ 14 m2 silicon. Depending on 
thee sensor pitch the inner tracker constitutes a total of 344 k or 287 k read-out channels. 

2.3.33 Outer Tracker 

Thee LHCb outer tracker consists of eight stations (T2-T9) of straw tube detectors. This 
thesiss describes the prototype tests and the design considerations leading to the outer 
trackerr layout as presented in the outer tracker technical design report [44]. This section 
summarisess the final layout. Table 2.2 lists the main material and geometry properties. 
Forr a description of the outer tracker electronics and gas system the reader is referred 
too the technical design report [44]. 

Drif tt cells are chosen with a straw tube geometry. The straw cathode is produced 
outt of two staggered layers as indicated in figure 2.16. The inner layer is a 40 /im thick 
Kapton-XCKapton-XC44 foil , having a 25 % doping of carbon. The outer layer of the cell is a 25 /mi 
thickk layer of aluminium. The tubes have a diameter of 5 mm and a maximum length 
off  240 cm in station T9. A gold-tungsten wire of 2h[im is used as anode. To position 
thee wire in the centre of the straw wire locators are placed typically every 70-80 cm for 
strawss longer than 1 m. 

Inn order to have a maximum signal latency of less than 50 ns (corresponding to 

Kapton-XCC is a product, name for carbon doped polyimide foils. 
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Figur ee 2.16: Winding pattern of the straw tubes. The two layers are wound from 9 mm 
widee strips of Kapton-XC and aluminium foil, staggered by half a winding 
cyclee [44]. 
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Figur ee 2.17: Cross section of an outer tracker straw tube module[44]. 



40 0 Thee LHCb experiment 

station n 

2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

~end d 

(cm) ) 
227.5 5 
363.5 5 
603.5 5 
703.5 5 
803.8 8 
849.7 7 
895.6 6 
941.5 5 

activee area 

x x 

(cm) ) 
70.4 4 

112.5 5 
186.7 7 
217.6 6 
248.6 6 
262.8 8 
277.0 0 
291.2 2 

y m ax x 

(cm) ) 
58.1 1 
92.9 9 

154.1 1 
179.6 6 
205.2 2 
217.0 0 
228.7 7 
240.4 4 

channels s 

4.33 k 
6.88 k 

11.44 k 
13.11 k 
15.11 k 
16.00 k 
16.88 k 
17.55 k 

101.00 k 

Tablee 2.4: Outer dimensions and numbers of active readout, channels for the outer 
trackingg detector stations. 

twoo bunch-crossings) a fast drift gas is needed5. The measurements and simulations 
presentedd in chapter 4 show this is achieved for a gas mixture containing a small fraction 
off  CKi (15 %). The chosen default gas is the mixture Ar/CF^/CÖ2 in the volume ratio 
75/15/10.. In table 2.3 the performance of a full scale prototype, as measured in the test 
beamm is summarised. 

Thee drift tubes are grouped into modules. One standard module6 contains two 
staggeredd layers of straw tubes, with 64 tubes per layer. The wire pitch within a mono-
layerr is 5.25 mm. The distance between two mono-layers is 5.5 mm. The two mono-layers 
aree sandwiched between two panels, each consisting of a 10 mm thick layer of Nomex' 
betweenn a 0.1 mm thick carbon facing and a 25 fim thick aluminium foil. The straws 
aree directly glued on the aluminium foil , which acts as a ground foil. It also allows a 
controlledd straight positioning of the tubes over their full length. Each module forms a 
gass tight box and is a self-contained detector unit. See figure 2.17 for a cross section of a 
standardd LHCb outer tracker module. One module corresponds to 0.7 % of a radiation 
length. . 

Moduless are grouped together forming a complete double layer as shown in fig-
uree 2.18. Each outer tracker station contains four of these double layers. The number 
off  modules depends on the outer dimensions of the station. Table 2.4 gives the position, 
outerr dimensions and number of readout channels per outer tracker station. In total the 
outerr tracker constitutes ~ 100 k readout channels. 
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Figuree 2.18: Subdivision into modules of station T4[44]. 

level l 
0 0 
1 1 
2 2 
3 3 

outputt rate 
11 MHz 

<< 40 kHz 
55 kHz 

2000 Hz 

latency y 
4.00 /is 

<<  2048 ^s 
—100 ms/event 

variable e 

characteristics s 
highh pt tracks + pile-up veto 
vertexx topology (secondary vertex) 
level-11 refinement with p-information 
fullyy reconstructed B hadrons 

Tablee 2.5: Summary of the LHCb four level(Level-0 to Level-3) trigger scheme. Shown 
aree the output rate, latency and main characteristics of the trigger levels. 
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Figuree 2.19: The pt distribution of the charged hadrons with the highest pt in the 
event,, for pp inelastic events and Bd —> n+?Y~ events[7]. 

2.44 LHCb trigger 

Thee total event rate at the LHCb interaction point is about 16 MHz. Only a small 
fractionn of these events contain B hadrons, and even a smaller fraction have decays 
whichh are interesting for the study of CP-violation. Furthermore, the storage capacity 
off  the data collection system limit s the output rate to about 200 Hz. To achieve this 
enormouss rate reduction a sophisticated trigger scheme is required. LHCb has a four 
levell  (Level-0 to Level-3) trigger system. The main aspects are summarised in table 2.5. 
Beloww an overview of these trigger levels is given. For a detailed description see the 
LHCbb technical proposal[7]. 

Usee is made of the fact that the decay products of B hadrons have a relatively large 
transversee momentum, pt, compared to the particles produced in minimum bias events. 
Figuree 2.19 shows the pt distribution of the highest pt charged hadrons in an event, 
forr pp inelastic events and for Bd -> TT+IT~ events. The Level-0 trigger exploits this 
characteristicc by triggering on high pt tracks. The trigger combines four high pt particle 
triggers.. The calorimeter system provides the input for a photon, electron and hadron 
highh pt trigger. The muon system provides a high pt muon trigger. In addition the 
Level-00 trigger contains a pile-up veto to suppress bunch crossings with more than one 

DIff  events of more bunch-crossings would overlap the track reconstruction pattern recognition pre-
sentedd in chapter 6 would become much more complicated. 

6Inn the magnet stations some modules in the border region have a reduced size because of limited 
space. . 

Nomexx is a product name for honeycomb structured carbon plates. 
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decay y 
mode e 
BBdd - » 7T+7T-

BBdd - J/iPKs 

BBdd -  Z>°K*° 
B ss -> DJ7T+ 
BBss-+-+  D;K+ 

BBss - J /V0 

trigger r 
efficiency y 

0.17 7 
0.19 9 
0.13 3 
0.16 6 
0.16 6 
0.23 3 

Tablee 2.6: Summary of the trigger efficiency for various B meson decays[7]. 

proton-protonn interaction8. The pile-up veto detector determines the number of primary 
vertices.. The Level-0 trigger has a fixed output rate of 1 MHz and a fixed latency of 
4 .0 / JS [48 ]. . 

Thee LHCb Level-1 trigger relies on the existence of secondary vertices in B events. 
Ass input the hit-clusters from the vertex detector are used. These hits are combined 
too form track segments from which a primary vertex is reconstructed. Tracks with 
aa significant impact parameter with respect to this vertex are selected and used in a 
searchh for secondary vertices. From this a probability for the event to be a non B event 
iss calculated. Events with a high probability are rejected by the trigger. The Level-1 
triggerr reduces the data rate to below 40 kHz in a maximum latency of 2048 /is. 

Thee Level-2 trigger is basically a refinement of the Level-1 trigger by adding mo-
mentumm information. Low momentum tracks can have relatively large kinks due to 
multiplee scattering. These kinks can cause an artificially large impact parameter faking 
aa displaced secondary vertex. By using the momenta for the tracks found in the Level-1 
triggerr the error on the impact parameter can be computed properly. This information 
cann be used to reject fake secondary vertices[7]. The Level-2 trigger reduces the rate to 
approximatelyy 5 kHz. It is estimated that a latency of ~10 ms/event can be achieved. 

Thee last trigger level, Level-3, uses combined event information of several detec-
torr systems to perform a full or partial reconstruction of B hadron final states. Four 
topologicall  classes of B hadron decays with distinct signals are reconstructed. 

 Charged two body decays with the vertex mass compatible with the B meson 
masss (e.g. B —  7T7T, B —  KTT, B  KK and B —  /z/i). 

 Di lepton decays with the lepton vertex compatible with a displaced vertex from 
aa Jfil>  {e.g. B -  J/il)K8, B -  J/ifx/) and B -> J/IJJK*). 

 Low mult ipl ic i t y decays wi t h neutrals. Two track decay vertices giving, with 
thee addition of a 7r° or photon, the B meson mass (e.g. B —> p+n~, B —» p°n° 
andd B -  A'*7). 

8Eventss with two interactions cause two primary vertices and roughly double the amount of hits 
inn the detectors. The presence of primary vertices introduces an ambiguity in assigning the secondary 
(B)(B) vertex to the primary vertex at trigger time. Furthermore, too many hits in the detectors makes 
thee pattern recognition difficult. Therefore, bunch crossings with multiple interactions are rejected. 
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 Decays w i t h D mesons, i.e. B decays where a combination of tracks make up 
thee mass of a D meson (e.g. B# —> Dsn or Bs —  D^K*). 

AA fift h class is reserved for reconstructing non B events. In reconstructing the events 
off  these classes similar cuts are applied as in the full off-line reconstruction but now 
withh looser criteria. The final output rate at the Level-3 trigger is 200 Hz. This trigger 
levell  wil l likely be realized by using the reconstruction power of computer farms. A 
maximumm latency is not yet specified as one can easily add more CPU power to achieve 
thee required processing time. The events selected by the Level-3 trigger are stored on 
tape.. The amount of minimum bias events in this sample is estimated to be smaller 
thann 1 %[7]. See table 2.6 for a summary of the performance of the LHCb trigger for 
variouss decay channels. 


