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CHAPTERR 2 The LHC and LHCb 

44 Introduction 

Thiss chapter describes the LHCb setup and its experimental 
environment.. It starts with the description of the Large Hadron 
Colliderr (LHC). which is the source of B-mesons. Then the LHCb 
detectorr is reviewed indicating why a particular choice for individual 
detectorr components was made and how data from particular detectors 
aree analyzed. At the end. the trigger and DAQ architecture are given in 
somee detail. 

55 Large Hadron Collider 

Thee LHC |18] is CERN's next accelerator facility. It is a collider 
withh two proton beams rotating in opposite directions and colliding 
withh a cm. energy of J~s=14 TeV. The main experimental topics of 
thiss machine are the searches for Higgs particles (Atlas and CMS), the 
quark-gluonn plasma (Alice), the study of CP-violation effects (mainly 
byy LHCb. but also Atlas and CMS) and effects of possible physics 
outsidee the Standard Model (SM). 

Inn order to be sensitive to these phenomena, which are characterized 
byy very small signal to background ratios, high luminosities are 
required.. The luminosity proposed for the LHC is HP4 s ' cm :. This 
cann be achieved by rillin g the ring with a large number of very dense 
bunches.. The density foreseen is 10" particles per bunch. At such 
densitiess one has to cope with disturbances due to the bunch crossings. 
Whilee only a tiny fraction of the particles interact, all the others are 
deflectedd by the strong electromagnetic field of the opposing bunch. 
Thesee deflections, which are stronger for denser bunches, accumulate 
turnn after turn and may eventually lead to particle loss. This 
beam-beamm effect was studied in previous colliders. It was found that 
onee cannot increase the bunch density beyond a certain beam-beam 
limi tt in order to preserve a sufficiently long beam lifetime. In order to 
reachh the desired luminosity the LHC has to operate as close as 
possiblee to this limit . Its injectors, the old PS and SPS. are refurbished 
too provide the required beam density. 

Thee bunches traveling in the vacuum pipe leave behind an 
electromagneticc wake-field which perturbs the succeeding bunches. 
Thesee perturbations accumulate and lead to large collective 
instabilities,, which if not suppressed may cause the loss of the beam. 
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Thee LHC and LHCb 

Compensationn systems to counteract these effects include special elements to compensate for 
imperfections,, special coating of the beam pipe to reduce the resistance to beam induced wall 
currentss and complex feedback systems. 

Thee luminosity is given by: 

LL - — F ds» 

wheree A'| 2 are the number of protons per bunch. kh the number of bunches, / the revolution 
frequency.. 7 the relativistic factor. en the normalized transverse emmittance. P the value of the 
betatronn function at the interaction point, and F a reduction factor of about 0.9 which takes into 
accountt the fact that the beams cross at an angle [ 18|. From this formula it follows that to 
achievee a high luminosity one has to make the number of particles (TVt and N2) and the bunch 
crossingg frequency as high as possible, while keeping en and P small. The transverse 
emmittance.. £„. characterizes compactness and divergence of the bunch and depends on 
beam-beamm effects, while the amplitude function. p \ is a measure of the ability of the magnet 
opticss to focus the beam at the interaction point. The nominal values of these parameters are 
presentedd in the Table 2. 

Value e 

1.05-10" " 

2835 5 

11245.5 5 

7460.6 6 

3.75 5 

0.5 5 

Tablee 2: LHC performance parameters 118|. Numbers give the design 
luminosityy of 1034 s~' cm2. 

Thee Radio Frequency (RF) of the LHC is 400 MHz. However, only every tenth RF bucket can 
bee tilled corresponding to a minimum bunch distance of 25 ns and a total number of 3564 
bunchess along the circumference of the ring. The bunch crossing structure is given by: 

3564== ll[3(81/? + 8f) + 30f] + 2(81/? + 8^)+ \\9e (19) 

wheree b is a bunch crossing (BC) and e is an empty crossing (0BC). This bunch structure is due 
too the iillin g scheme of the injectors: PS {81 bunches with 25 ns space = PS-train) and SPS 
(33 PS-trains). Empty bunches (or beam gaps) arise due to a non-integer ratio of the PS. SPS and 
LHCC revolution frequencies. This results in 2835 actually filled bunches. 

Thee LHCb detector wil l be located at Intersection Point 8. The size of the experimental area 
doess not allow the detector to be positioned in the middle of the hall. The interaction region is 
shiftedd 11.5 m off the center. This and the demand of a relatively low luminosity of 
<5-10̂ ^ c m "V requires a modification of the LHC optics at the interaction point. As a 
consequencee the existing cavern can be used maximally giving 19.7 m of free space for the 
LHCbb detector. The lower luminosity with an average interaction rate of <1.5 per bunch 

Parameter r 

N N 

h h 
f f 

Y Y 

£„ „ 

P P 

Units s 

Hz z 

f imrad d 

m m 
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Thee LHC and LHCb 

crossingg allows its reliable operation because of the lower counting rate in the detector 
components.. Because of the shift of the interaction point from its nominal position a fraction of 
thee bunches misses each other and the BC structure now will be: 

35644 = 8[ 3(78/7+ l i e) + 30e] + 2(78fc + l i e) + 119c (20) 
++ 2[3(78/;+ l l e) + 30e] + 2(78& + l i e) + 119e 

Thiss gives 2652 bunch crossings, i.e. only 74.4% of all non-empty BC's are expected to have an 
interaction. . 

Thee bunch size at the interaction point is given by Gaussians. The longitudinal and transverse 
dimensionss are given by a=7.5 cm and o=75 |am respectively. The interaction volume is due to 
thee crossing of two bunches and has a G=5.3 cm longitudinally o=53 (j.m transversally. 

66 LHCb detectors 

Forr the studies described in this thesis, we base ourselves on the layout and the technologies 
givenn in the Technical Proposal of LHCb [19]. even though the development and design of the 
detectorr technology is still on-going. The analysis presented in Chapter 6 however, is not 
sensitivee to the detailed design. In the following we give a brief description of the detector 
components. . 

Thee dominant production mechanism of bb-quarks in proton-proton collisions is the fusion of 
twoo (or more) gluons radiated from the quark-constituents of the colliding protons. This leads 
too a flat distribution in rapidity of produced particles and accordingly to an enhanced production 
ratee at small polar angles. This dictates the choice of a forward spectrometer at the LHC. The 
enhancementt of the production rate and the correlation between the production angles of b and 
ft-quarksft-quarks is illustrated by Figure 3, where the polar angle (with respect to the beam axis) of the 

1000 0 

800 0 

Figuree 3: Correlation of angle of b-quark and angle of è-quark produced in the same 
pp-interaction. . 
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Thee LHC and LHCb 

hadronn containing a b-quark in bb-event is plotted versus the polar angle of the other hadron 
containingg the b-quark. 

Thee LHCb detector covers the forward region around the direction of one of the proton beams 
fromm 10 to 300 mrad in polar angle, see Figure 4. Since B-particies are produced in the forward 

Bendingg Plane Muonn Detector 
Shieldd Magnet ECAL L HCAL L 

00 5 

Figuree 4: LHCb detector. 

10 0 15 5 z[m]]  20 

directionn the design leads to a large acceptance for the two B-particles in a bb production event. 
Onee of these has to be fully reconstructed while the other should be sufficiently well 
reconstructedd to provide a flavour tag. The forward geometry of LHCb makes it possible to 
measuree the B-decay distance for a large range of momenta of the B-particles. Since the average 
momentumm of the forwardly produced B-particles are large, the decay lengths are equally large. 
Thiss provides better conditions for the study of systematics than in case of a central geometry 
detector,, like ATLA S or CMS. where there is an upper limi t on the measured momentum. 

6.11 Detector components 

Inn the LHCb detector one can distinguish the following five principal detector systems (see 
Figuree 4): 

I.. The vertex detector system. It contains a silicon vertex detector telescope and a 
pileupp veto counter. These are used in the event trigger and for the reconstruction 
off  vertices. The vertex detector itself is enclosed by a vacuum tank and the beam 
pipe. . 
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2.. Aerogel and gas Ring Imaging CHerenkov (RICH) counters. They are used for 
particlee identification. 

3.. A spectrometer consisting of a tracking system and a dipole magnet. It measures 
thee track momenta and provides information on the trajectories o\' charged 
particless (measured in the other detector components of the LHCb). 

4.. Electromagnetic and hadron calorimeters. They are used to trigger on bb-events. 
Thee electromagnetic calorimeter is optimized for efficient K reconstruction. 

5.. A muon detector composed of iron filters, interleaved with tracking chambers. It 
iss used in the off-line analysis, to tag the /;-llavour and to identify muons for the 
trigger. . 

AA right-handed coordinate system is used with its origin at the center of the interaction volume, 
withh the --axis along the beam direction and v-axis pointing upwards. Charged particles are bent 
inn the horizontal \--plane. 

6,22 Vertex detector 

Thee vertex detector provides precise information about charged particle trajectories near to the 
interactionn point. This allows for the reconstruction of the primary vertex and possible 
secondaryy decay vertices and provides input for the Level-0 pile-up and Level-1 topology 
trigger.. Final states of B-mesons have to be detected with branching ratios « 10°. The 
detectionn of background and the demand of a minimum dilution in the measurement of 
CP-asymmetryy requires the B-meson decay time to be measured with a resolution of the order 
off  50 fs or better. This roughly corresponds to a resolution of 300 pm in determining the decay 
vertexx position. The forward detector geometry allows this goal to be achieved by placing vertex 
detectorss as close to the interaction region as possible. 

Forr this reason, all the detectors including the readout electronics are located inside a special 
vacuumm vessel which includes a roman pot system for moving the detectors away from the beam 
duringg the beam filling . The vessel has a thin forward window which extends over the full LHCb 
detectorr acceptance. It is connected to a specially designed part of the beam pipe which passes 
throughh all detectors downstream of the vacuum tank. This part is about 20 meters long and is 
madee of two conical parts: the first is 1.5 m long and has a 25 mrad opening angle, and the 
secondd is 16 m long and has a 10 mrad opening angle. The pipe has an aluminium wall with 
thicknesss ranging from 1 to 6 mm. 

Thee individual elements of the vertex detector are silicon semiconductor strip detectors. The 
detectorss have //-strip readout and individual /^-isolation between the strips, see Figure 5. The 
/f-implantss are capacitively coupled to aluminium strips. The aluminium strip resistivity is about 
200 Q/cm and its capacitance to the implant is about 12 pF/cm. These values were chosen to 
providee low heating of the strip and a fast collection of the charge left in the detector by ionizing 
particles. . 

Thee vertex detector consists of 17 stations of silicon strip detectors around the interaction 
pointt (IP) between /.= -18 cm and +80 cm. Each station has two discs separated by 2 mm with 
circularr (r) and radial (Ö) strips. The distance between the first 12 stations is 4 cm. The 
remainingg five stations are positioned at :=35. 50. 60. 70. 80 cm. All discs are made of two 
halves.. The upper halve is shifted by 2 cm with respect to the lower one. This is done in order 
too avoid mechanical interference, provide better coverage of acceptance and improve detector 
alignment.. The two halves are retracted by 3 cm during LHC beam injection. 

Thee detector provides high precision measurements of tracks and vertices around the IP. The 
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Too electronics p+isolation n 
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All  readout electrodes nn side guardrings SiO, 
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Effective/?-- bulk 

p-np-n junction^ FuU Depletion Voltage ~2: OV V 
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Figuree 5: Schematic cross-section of the silicon detectors showing the depletion 
regionn alter irradiation 

requiredd precision and the high radiation conditions in the region close to the beam demand a 
smalll  strip pitch of a few tens of microns. Geometry details are given in Figure 6. The stripsize 

2566 + 640 
== 896 strips 

61°° silicon vertex detector elements 
^-detectorr r-detector 

(stripss not to scale) 
23844 + 256 + 241 

2655 strips 

400 jim 

400 urn 

800 urn 

1.00 2.5 [cm] 6.0 1.0 

Figuree 6: Layout of vertex detectors. 

2.55 4.1 [cm] 6.0 

iss optimized to achieve small hit occupancy, minimize the amount of material due to detectors 
(multiplee scattering) and provide a reliable measurement of all accepted tracks. The strip pitch 
inn the inner part of the detector (radius<2.56cm) is 40 p.m yielding a single hit precision of 
6-99 pm. whereas at large radii a pitch of 80 urn is foreseen corresponding to a single hit 
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resolutionn of" 10-18 |im. 
Thee time between bunch crossings determines the choice of electronics. Full charge collection 

requiress that the peaking time of the readout must not exceed 25 ns. In order to minimize signal 
overlapp (from different bunch crossings) the FWHM of the signal shape must not exceed 25 ns. 
Ass not all the signals can be transferred every bunch crossing, pipeline buffers with a length of 
1688 bunch crossings are included. The readout chip contains preamplifiers, signal comparators 
andd buffer logic. Since the data are used both in the trigger and the off-line analysis, the chip 
hass two buffers of equal length: one is dedicated to the data acquisition and another to the 
triggering. . 

Thee circulation of the proton bunches with high frequency causes pick-up in the readout 
system.. RF-shielding is foreseen in order to minimize this effect. 

6.33 Tracking system 

Downstreamm of the vertex detector the tracking system provides a momentum measurement 
off  charged particles and an appropriate reference for all information obtained with other 
detectorr components. In particular it allows the propagation of tracks between the vertex 
detectorr and the RICH and the extrapolation of tracks to the electromagnetic and hadron 
calorimeterss and muon detectors. The system consists of 11 stations of tracking chambers 
(Tll  -Tl 1) located between the vertex detector and the calorimeters. Each station contains several 
planess with wire orientation at 0. ° (Y,IM ) with respect to the vertical. This provides efficient 
rejectionn of ghost tracks. Stations adjacent to the RICH detectors have additional detector 
planes,, which provide precision measurements in the non-bending plane. 

Thee system is split into two parts: Inner and Outer Trackers. This is done because of the large 
occupanciess expected near the beam. In the outer tracker region the particle flux is less than 
1.4xl055 cm'" s~' and allows the use of wire drift chambers. The Inner Tracker covers a region 
off  60x40 cm2 around the beam pipe. The particle fluxes here can reach up to 3.5X101 cm"- s" . 
Thiss requires a different technology. Due to its small size, the separation of station Tl into an 
innerr and an outer region was deemed inappropriate so that the Inner Tracker here is extended 
too cover the full acceptance. 

Thee dipole magnet provides a total held length of 4 T-m over a short effective length. The held 
iss oriented along the y-axis and has a maximum value of L IT . The yoke aperture is 4.3 m 
horizontallyy and 3.6 m vertically. This results in nearly 100% acceptance for charged particles 
withh a momentum above 2 GeV. The iron shield upstream of the magnet reduces the stray held 
inn the vicinity of the vertex detector and the RICH1 detector (see Figure 4). During operation it 
iss foreseen to reverse regularly the polarity of the magnet Held to reduce systematic errors in the 
asymmetryy measurement expected from CP-violations. 

AA momentum resolution of 039c is expected for particles with a momentum in the range from 
55 to 200 GeV/c. For momenta under 100 Gev/c it is mainly limited by multiple scattering. 

6.3.16.3.1 Outer Tracker 

Thee technology foreseen for the outer tracking is gas drift chambers. An Outer region only 
existss in l Oof the tracking stations. The first one (Tl ) downstream of the vacuum tank uses only 
Innerr tracker technology. A single station consists of 6-8 layers with y.it.v.y orientations, which 
providess measurements for three dimensional track reconstruction. Each layer has 5 mm drift 
cells.. The material in a single layer of the detector is equivalent to 0A7c of radiation length (X()). 
Stationss 2. 10 and I I. around the RICH counters, contain two additional A modules. The total 
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numberr of channels foreseen in the outer tracking system is 1 ]().()()(). 
Thee chamber dimensions follow the LHCb acceptance and increase from 75x75 cm" (T2. at 

.-=2177 cm) to 360x297 cm- (TIL at :=M65cm) in the .v and v directions, respectively. 
Chamberss are split into modules in order to have no wires longer than ~3 in. 

Usingg a fast CF4-based drift gas. the maximum signal latency covers two bunch-crossing 
intervals.. The estimated single cell resolution is <200 (tin. An expected maximum cell 
occupancyy of less than 10rr determines the inner boundary of the Outer Tracker. 

Thee tracker wil l be readout by 8-channel preamplifier/discriminator chips. The on-board TDC 
wil ll  be driven by the bunch-crossing clock. Bach individual channel is designed to have a 
Level-00 pipeline. Time measurement within 25 ns and 5-bit precision will be sufficient. 

Usagee of the tracker for triggering is foreseen. This is. however, still under investigation and 
iss not considered in this thesis. 

6.3.26.3.2 Inner Tracker 

Thee inside dimensions of the Inner Tracker are determined by the diameter of the beam pipe 
(fromm 3.6 to 13 cm). The outside dimensions are 60x40 cm"" (in .v.y) everywhere except Tl 
(70x700 enr) and T2 (60x60 cnr). This results in a total detector area of 14 m:. 

Threee technologies are currently under investigation for the inner tracker. They are: 
 MicroStrip Gas Chamber with Gaseous Electron Multiplier (MSGC + GEM). 
Recentt studies have demonstrated stable operation of MSGC+3GEM layers 
(so-calledd triple GEM). 

 Micro Cathode Strip Chambers (MCSC). 

 Silicon Strip Detectors, as a back-up option in case neither of the previous two 
performss adequately. 

Thesee technologies have similar over-all properties: 
 Readout pitch of 220 jam with a single hit resolution of better than 65 u.m. 

 Signal latency less than the bunch-crossing interval. 

 A total number of channels of about 220.000. 
Inn the simulation we have used these properties without specification of the technique 

employed. . 

6.44 RICH detectors 

Thee RICH detectors allow the identification of pions and kaons over a wide momentum range. 
Thiss is crucial information to increase the signal to background ratio for b-decays and provides 
aa kaon tag for CP asymmetry measurements. 

Chargedd particles traversing the material with a velocity exceeding the phase velocity in that 
materiall  emit electromagnetic (Cherenkov ') radiation around an angle proportional to inverse 
velocityy of this particle: cos6( = l / (pV) . where 0, is the angle of the Cherenkov radiation 
withh respect to the flight path of the particle. The Cherenkov radiation is a threshold 
phenomenon,, i.e. the light is produced only above the critical speed of the particle: vt=$tc=c/n. 
wheree n is the refractive index of a radiator. The number of emitted photons depends on the 

*)Cherenkovv has discovered this phenomena during his Ph.D. work in the experiment done under 
supervisionn and close collaboration with S.Vavilov. In Russia both are appreciated and it is 
namedd "Vavilov-Cherenko\ radiation". The story is memorized by V.Ginzburg [20]. 
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Radius s 

lengthh of the radiator: N = 27taLsin:8(.( 1 /X2 - \/'kl). where 'k, and X2 determine the wave 
lengthh range of detected photons and a is the fine-structure constant. A 1 m thick radiator 
producess -120 photons in the range 400 <X<  700 nm. Assuming the photodetectors to have a 
quantumm efficiency of -0.3 we can detect 40 photoelectrons. 

RICHH (Ring Imaging CHerenkov counter) 
detectorss detect ring images formed by 
Cherenkovv photons that are emitted by 
chargedd particles crossing the radiator (see 
Figuree 7). Given the momentum of the 
particlee the measurement of the radius of the 
producedd ring allows the separation of 
particless of different mass. In particular it 
allowss the separation of kaons and pions. The 
momentumm and entry point of the particle are 
providedd by the tracking system. A system of 
focusingg mirrors (not shown on the picture) 
focusess the ring onto a compact array of 
photodetectors.. reducing the size of the whole 
detector,, and reflects the image outside the 
detectionn acceptance allowing the use of 
non-radiationn hard electronics. 

Thee RICH detectors at LHCb have to 
identifyy charged particles over the momentum range 1-150 GeV/c and within the large 
acceptancee of 10-330 mrad. Particle identification is crucial to reduce background in selected 
finalfinal states and to provide an efficient kaon tag. The angle-momentum correlation of particles 
generatedd in proton-proton interactions at high energy (as 9~l/p) requires the use of two RICH 
detectorss in order to provide particle ID over the full momentum range. 
TheThe upstream, RICH], detector has both, a silica aerogel and a C4F|0 gas radiator, and is 
designedd to identify low-momentum tracks. It has an acceptance from 25 to 330 mrad in both x 
andd v projections and is situated upstream of the magnet, between chambers Tl and T2. The 
estimatedd resolution for the emission angle of a photoelectron is 1.1(1.45) mrad for 
C4F100 (Silica) radiators. This corresponds to a 0.15 (0.37) mrad angular resolution per track. 
TheThe downstream, RICH2, detector uses CF4 gas as radiator. It has an angular acceptance of 
10-1200 mrad in x and 10-100 mrad in y. It is positioned between chambers T10 and T i l . The 
resolutionn of the emission angle is estimated to be 0.06 (0.35) mrad per track (photoelectron). 

Fromm a maximum likelihood analysis it is concluded that tracks from b-events can be 
identifiedd with efficiencies and purities above 9(Y7c. A 3o separation of pions and kaons is 
achievedd over the momentum range 1-150 GeV/c. where RICH1 provides coverage from 1 to 
400 GeV/r and RICH2 from 5 to 150 GeV/r. 

Centerr of Ring 

Figuree 7: Principal scheme of RICH 
detector. . 

6.55 Calorimeters 

Thee calorimetry system of LHCb consist of an electromagnetic calorimeter with preshower 
detectorr and a hadron calorimeter. It identifies photons, electrons and hadrons and measures 
theirr position and energy. The information wil l be used in the trigger and in the off-line analysis. 
Thee chosen detector segmentation is a compromise between a small number of readout channels 
andd a low occupancy with reasonable position and energy resolutions. The cell sizes and 
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positionss match in all three sub-systems (preshower. electromagnetic and hadron calorimeters) 
inn order to facilitate their use in the trigger. 

Inclusionn of the calorimeter information in the Level-0 trigger requires the signal collection 
timee in all three detectors to be below 25 ns. 

6.5.16.5.1 Electromagnetic calorimeter and Preshower detector 

Thee interaction of photons/electrons with matter leads to a cascade of e+/e pairs and 
bremsstrahlungg photons, which continues til l the energy of the secondary particles in the 
cascadee falls below the critical energy. Ec. or til l particles leave the detector volume (leakage). 
EEcc is determined by the mass of a positron-electron pair (~l MeV) and the ability of an electron 
too emit a bremsstrahlung photon, with energy losses due to ioni/.ation starting to dominate at 
electronn energies below a few MeV for heavy and dense materials with Z>30. The energy of 
electronss and positrons below £\ dissipates in the material through the ionization and excitation 
off  atoms. The preshower and the electromagnetic calorimeter are located between :=1230 and 
13199 cm and have a total radiation length of 25 X0. 
TheThe preshower detector is positioned in front of the electromagnetic calorimeter at r= 1230 cm. 
Itt consists of 1.4 cm of lead (2.5 X0) followed by 1 cm of scintillators. The difference in the 
developmentt of the electromagnetic shower induced by a photon or an electron allows their 
separation.. This information is used in the Level-0 high-p1 triggers and in the offline-analysis. 

Thee signals from the scintillator are readout with Photo Multiplier Tubes f PMT) and digitized 
withh 8-bit ADC's. 
ElectromagneticElectromagnetic calorimeter. The efficient reconstruction of rc(),s and their discrimination from 
electronss and charged hadrons with overlapping photons requires a fine transverse 
segmentation.. In order to reduce the complexity of the detectors while maintaining a decent 
position/energyy resolution three different cells sizes in three radial regions (,v xy) are foreseen: 
4x44 cm- in the_region up to 192x320 cm2. 8x8 cm2 in the subsequent region up to 384x512 cm2 

andd 16x16 cm2 finally up to 640x832 cm2. The detectors use Schashlik technology with lead as 
thee absorber material. The energy resolution is (3(E)/E = \()CA / JË ® 1.5% (Em GeV). 

6.5.26.5.2 Hadron calorimeter 

Thee purpose of the hadron calorimeter is identification of hadronic particles. The main process 
usedd in this detector is the inelastic interaction of hadrons with the detector material. The 
productss of the primary interaction are mainly pions: TT* and 7t°. Charged pions are detected in 
thee sensitive material of the detector (scintillators), while neutral pions decay to gammas and 
generatee electromagnetic showers. The scintillator response to the electromagnetic shower is 
largerr than that to charged pions because of the cut-off (-mK - 140 MeV/c2) in the cascade 
developmentt for the latter. Therefore, fluctuations in the JT° component of the shower directly 
contributee to a deterioration of the energy resolution. Part of the energy in inelastic interactions 
off  hadrons goes into the excitation of nuclei with the subsequent emission of low energetic 
gammass and neutrons. A small fraction (~17r) of the shower particles, such as muons and 
neutrinos,, are leaving the detector without interaction. Sampling fluctuations due to the inactive 
materiall  of the detectors (of "'sandwich" type) are twice as large as for electromagnetic 
calorimeters.. The above three sources of uncertainties add-up to an energy resolution for the 
hadronn calorimeter of 70-90%\E{GeV). 

Thee shower length is proportional to the nuclear interaction length (A[). In order to have full 
energyy absorption over short distances calorimeters are made from heavy inactive material 
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interspacedd with active scintillator material. In the LHCb detector the absorber material is iron, 
whichh has advantages in cost and constructional stability over, for example, lead (Pb). 

Thee hadron calorimeter (HCAL) cells are embedded in an iron support structure. They are 
1.55 m long corresponding to 7.3 k{. Each of the cells matches 4 ECAL cells (1: 2 x 2). As in the 
casee of the ECAL this results in three regions with different cell size. The expected energy 
resolutionn is c(E)/E = SOW / JË ® 57c. The outside dimension of the HCAL is 8.96 m x 
7.044 m with a square hole of 0.64 in x 0.64 m to let the beam pass through. Material between 
thee beam pipe and the inner surface of the HCAL absorbs the products of interactions o\' 
particless with the pipe. 

Thee scintillators are readout by PMT's. The signals are digitized and inserted into the data 
streamm at the bunch crossing rate of 40 MHz. The 12-bit dynamic range of the digitized signal 
impliess an energy range dependent on the polar angle: 50 MeV —> 200 GeV for the inner region. 
255 MeV -» 100 GeV for the middle region and 12.5 MeV -> 50 GeV for the outer region. The 
contributionn to the resolution due to this digitalization scheme is negligible with respect to other 
contributionss to the energy resolution of the calorimeters. 

6.66 Muon detector 

Thee muon detector allows the identification of muons. This information is used in the Level-0 
trigger,, the offline reconstruction and the flavour tagging. The detector consists of a muon shield 
andd a set of chambers. The shield is composed of the ECAL. the HCAL and four layers of steel. 
Fivee muon tracking stations. M1-M5. are interspaced with the steel layers. The total radiation 
(interaction)) length in front of muon station M2 is 112.5 X() (10.4 X{), Each station of M3-M5 
iss shielded with an additional 39.3 X() (4.2 A.]). The full detector can be penetrated by a muon 
withh an energy of 6 GeV or higher. Other particles than muons (except neutrinos) have a small 
chancee to survive. The station Ml is not shielded. It is positioned in front of the ECAL 
calorimeterr and is used in the photon and electron triggers. Positions of stations M1-M5 are 
zz = 1195. 1500. 1620. 1740 and 1860 cm respectively. " 

Mostt of the outer acceptance is covered with Mukigap Resistive Plate Chambers (MRPC) 
whilee the inner part is filled with Cathode Pad Chambers (CPC). The higher occupancy around 
thee beam pipe is the reason for their division. The upstream M1 station is using CPC technology. 

AA total number of 236k channels wil l be readout by electronics mounted on the edge of the 
detectors.. The signals are pipelined in on-board buffers. Logical combinations of channels 
reducee this number to 45164 for use in the Level-0 trigger. 

77 Event tr igger and select ion 

7.11 Introduction 

LHCbb should effectively select useful (signal) events and store them onto tape. The main 
physicss objective of the LHCb is the study of CP-violation in decays of neutral B-mesons. For 
thiss reason, we want to detect particular B-decay channels and have the possibility to tag the 
flavourr of the decaying B-meson. Storage devices can not record all events produced in 
proton-protonn interactions and even not all potentially reconstructible B-mesons. This demands 
thee reduction of data to an acceptable level using the trigger system, while enhancing the 
fractionfraction of B-events in the remaining data sample. 

Thee expected rate of signal events is proportional to the cross section for bb-production 
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(Ghb=0.55 mb). This corresponds to a 100 kHz. rate of B-events at a luminosity of 2 T 0, : s'1 cm :. 
Sincee we cannot store all B-mesons we must optimize the trigger selection for the feu (pilot) 
channelss in which we want to study CP-violation. Some of these interesting channels are given 
inn Table 3. The decay channels listed in the table allow the measurement of all annles of the 

Decayy Mode 

Bd—>71JT T 

Bj^J/TKs s 

BS^DXK K 

B L 1 ^ D K K 

B s^ j m b b 

B^D+
S7T T 

Parameter r 

a a 

y-2öy y 

y y 

öy.. xs 

X. . 

-- -

Tablee 3: Pilot channels and parameters of interest. 

CKMM unitarity triangle (see Chapter 1). They also give access to the CP parameters with small 
theoreticall  uncertainties. Their visible branching ratios ' are all of the order of 10° or lower. 

Featuress of B-events in the LHCb detectors used for the selection are the following: 

Duee to the large mass of b-hadrons and their relatively 
largee transverse momentum with respect to the beam 
directionn their decay products have on average a large 
transversee momentum (pt) too. 

Level-0 0 

2.. The lifetime of the b-quark is about 1.5 ps. B-particles 
acceptedd by the spectrometer have typically a momentum 
off  about 80 GeV. A /?-event will , therefore, contain decay 
verticess which are separated from the interaction point by Level-1&2 
~11 cm on average. Tracks associated with these vertices 
havee large impact parameters with respect to the primary 
interactionn point. 

3.. The small decay width of B-hadrons. the large mass 
differencee between c and /?-quarks and the excellent 
mass-resolutionn of the LHCb spectrometer allow an Level-3 
efficientt background rejection and preselection of signal 
events. . 

Thee backgrounds, which must be rejected by the trigger system fall into two distinct 
categories.. The first consists of minimum bias events, which do not contain any B-hadron. The 
particless in these events have typically a lower p, than the particles associated with a B-hadron. 

(Visiblee branching ratio is defined as the product of branching ratios of deca\s leading to a 
detectedd final state. 
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Thee rate is proportional to the total inelastic cross-section which is estimated to be Gmb=8() mb. 
Thee second category consists of events with multiple primary interactions. Since events with 
multiplee interactions confuse the standard Level-0 trigger and reconstruction algorithms, it is 
imperativee to recognize and remove these events at an early stage. The rate of these events 
dependss on the luminosity and follows Poisson statistics. For example, at a luminosity of 2-10, : 

s~ll cm"- events with multiple interactions represent 41r/r of the total number of bunch crossings 
withh at least one inelastic interaction. 

Thee required data reduction level depends on the capacity of the off-line storage devices and 
onn the data flow obtained from the entire LHCb detector. The LHCb has 950k readout channels, 
whichh at a bunch crossing frequency of 40 MHz corresponds to a data flow of 40 TB/s whereas 
onlyy 20 MB/s can be stored on tapes. Therefore, the data reduction must be at least a factor 
200000.. Sophisticated on-line analysis is slow and wil l cause a loss of statistics due to the 
deadtimee of the detection system. The classical solution to this problem is a multi-level trigger 
schemee with simple and fast selection at the beginning to create more comfortable conditions 
forr the operation of more sophisticated and slow algorithms at the end. Temporary data storage 
inn pipeline buffers reduces the deadtime effect due to the limited latency of corresponding 
triggers. . 

Thee LHCb has a 4-level (from Level-0 to Level-3) trigger system. Logically they can be split 
intoo two groups. The first group of triggers. Level-0 and Level-1, uses local information from 
individuall  detectors. At Level-0 we consider only raw data. The Level-1 uses data after zero 
subtractionn and clustering of hits. The levels 2 and 3 employ more sophisticated algorithms 
usingg combinations of data from several (Level-2) or all (Level-3) detectors and analyze global 
eventt information. 

7.22 Level-0 

Thee Level-0 triggers exploit the relatively high transverse momentum of B-decay products 
comparedd to that of particles from minimum bias events. There wil l be four "high-p, triggers" 
runningg in parallel. They are specialized to detect electrons, photons, hadrons and muons 
respectively.. The first three share a common algorithm although with different selection cuts and 
usee raw calorimetry information, while the last one uses data from the muon detectors. The pt 

resolutionn at Level-0 is limited since the total number of channels used in the algorithms is 
smallerr than in the off-line analysis and because of simplifications in the algorithms. 

Anotherr type of trigger is the "pileup" trigger, which identifies and vetoes events w ith multiple 
interactions. . 

Thee Level-0 bandwidth is fixed at 1 MHz. At the average LHCb luminosity the data rate 
shouldd therefore be reduced by a factor of about 16. 

7.2.17.2.1 Calorimeter triggers 

Anyy charged particle depositing more energy than that of a minimum ionizing particle in the 
calorimeterr is either an electron, a hadron or a photon. The transverse calorimeter segmentation 
allowss the estimation of the center of gravity of isolated clusters and provides a rough 
measurementt of transverse momentum. A projective geometry with respect to the mean 
interactionn point is used for the cell sizes and their positions in order to simplify the algorithms. 
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ElectronElectron trigger 

Thee electron trigger uses data from the pad chamber. Ml . in front of the calorimeters, 
preshowerr and the FXAL. The projectivity of pads and cells is exploited in the algorithm by 
matchingg signals in corresponding detector elements. First, a signal above the threshold of 
33 GeV in a 3x3 cell window is searched for in the calorimeter. The signal in the central cell is 
requiredd to be above any of its eight neighbors (isolation cut). The center of gravity is calculated 
andd is taken as the position of the isolated cluster. Predictions are made for the position of the 
padd chamber using two hvpotheses. one for positive and one for negative charge, using in 
additionn an estimate of the electron energy. Comparison with the measured pad chamber 
positionn then allows the rejection of background from gamma which is converted in the material 
betweenn the interaction point and the calorimeter. The addition of the pad chamber 
measurementt improves the p, resolution for particles with momentum below -20 GeV. An 
energyy above 3 M1P is demanded in the preshower in order to remove gammas, which induce 
similarr electromagnetic showers as electrons. The central cluster energy (£(.) is required to be 
att least 4(YA of the total energy seen in the 3x3 window <£y). Finally the transverse energy (Et) 
iss calculated from Ec and the position of the cluster. 

Thee Et cut is tuned to achieve a suppression of -100 for inelastic single pp interactions. The 
electronn trigger selects with high efficiency and purity B-events with electrons in the final state, 
suchh as semileptonic decays (tagging) and decays containing J/T—>ee in the decay chain. 

PhotonPhoton trigger algorithm 

Thiss trigger follows the electron trigger algorithm with two exceptions. Firstly, the pad 
chamberr should have no hits within the search window. Secondly, the Et cut is significantly 
higherr with a rejection factor of about 150 of single minimum bias events. 

HadronHadron trigger algorithm 

Eventss with a hadron in the final state of a B-decay are accepted by the high E, signature in 
thee hadron calorimeter. Clusters in 3x3 cell windows are searched for with E,>5 GeV. Cluster 
positionn and particle trajectory are calculated in the same manner as for the electron trigger, 
usingg the pad chamber. The energy in the ECAL ?>x?i clusters along the trajectory is added to 
givee the total energy of the candidate (Et(lt). The E, is calculated using the total energy and 
positionn of the cluster. 

Withh a minimum bias rejection factor of -17 the trigger retains bö'/r o\' BÓ—>KTI decays. As 
expectedd the higher multiplicity decays, such as Bv—»D+jr. have a smaller retention of 3()9r. 
Thiss trigger has no particular background source. However, its performance is influenced by the 
energyy resolution in the HCAL and the large cell granularity that determines the resolution o\' 
thee cluster position. 

7.2.27.2.2 Muon trigger 

Thee muon trigger operates in a relatively easy environment where all other than muon high 
energyy particles have been absorbed in the muon filters. Its purpose is to select semileptonic 
B-decayss with a muon in the final state. The trigger algorithm uses all five pad chambers. Ml 
too M5. of the muon detector. It proceeds in several steps. All active pads in the M3 chamber are 
consideredd as candidate seeds. If hits are found within a search window in the M2. M4 and M5 
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chambers,, then the active pad of M2 closest to the center of the search window is taken. The 
v-interceptt coordinate in M1 is predicted by the M2 and M3 pad coordinates and the closest pad 
hitt to this .v-coordinate is chosen. The y-slope (angle with respect to the beam in -v-plane) is 
determinedd from the MI and M2 pad coordinates. A rough v-intercept is calculated with respect 
too the nominal position of the interaction point. A successful candidate must have a value of the 
v-interceptt below a certain limit , which is determined by the pad sizes of the muon chambers. 
Thee v-slope (angle with respect to the beam in cv-plane: i.e. the bending plane) is determined 
fromm the Ml and M2 pad coordinates. The v-slope is recalculated using the M1 pad hit and the 
coordinatee of the nominal interaction point. The p, of the muon candidate is calculated from the 
x-x- and y-slopes and the nominal magnetic field. The pt cut is tuned to reject minimum bias 
events. . 

Simulationss suggest that the main background comes from interactions of low angle, mainly 
veryy energetic, particles with the beam pipe and from muons from 7T./K decays. Contributions 
fromm other sources, like punch-through or overlap with background muons, are found to be 
small. . 

7.2.37.2.3 Pileup Veto 

Att the nominal luminosity of LHCb (2-103: s"1 cm2) a large fraction (40%) of the bunch 
crossingss contains more than one pp interaction. These events are preferably accepted by the 
high-ptt triggers, thus usurping the LO-bandwidth (1MHz). Therefore, some fraction of the 
B-eventss potentially accepted by Level-0 is lost. In order to keep these events bunch crossings 
withh multiple interactions must be detected and removed from the data stream. 

Too this aim a special purpose trigger is built, which can do a fast reconstruction of primary 
verticess and give an estimate of their number, to be implemented at Level-0. Because of the long 
interactionn region (G=5.3 cm) the primary vertices created in multiple interactions are widely 
spreadd along the beam axis and only a modest vertex resolution (<3 mm) is necessary to achieve 
goodd detection efficiency (>90%) for multiple interactions. 

Thee algorithm uses linear correlations o\' track hits measured in two planes of the vertex 
detectorr with azimuthal strips giving a vertex resolution of the order of 1 mm. By tuning the 
triggerr to select 95% of single interaction events the efficiency to detect double and higher 
multiplicityy events is greater then 70%. As a result. 30-40% more B-events can be collected. 

Thee pileup algorithm is a topic of this thesis and is described in greater detail in Chapter 4. 

7.2.47.2.4 Level-0 Decision Unit 

Thee Level-0 decision unit combines all relevant information collected at Level-0 in order to 
alloww or deny the further processing of event data. The maximal time to establish the usefulness 
off  an event is fixed to 4.2 p:s. This presumes a 168 long buffer (168x25 ns) in which the data are 
waitingg for a decision in a pipeline queue. 

Thee event production rate at the nominal luminosity is about 16 MHz. With assumed 
efficiencyy of the pileup veto the input data flow is reduced to -13 MHz. This eases the load of 
thee high-p, triggers, which can use more relaxed cuts in order to achieve an output rate of 1 MHz. 

Thee output rate is optimized to select events of particular interest for the CP-violation study. 
Aboutt 90r/r of the events are selected with the high-p, muon (20%). electron (10%) and hadron 
(60%)) triggers. The remaining 10% correspond to single events with high-p, photon and 
multi-leptonss triggers. The prthresholds are adjusted in accordance to the physics needs. The 
correspondingg trigger efficiencies are given in Table 4. Examples of channels that can be 
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high-p,, e 

63 3 

6 6 

8 8 

high-p,, h 

17 7 

16 6 

70 0 

All l 

72 2 

88 8 

76 6 

high-p,, LI 

B^J /V feo l^+ tagg 17 

Bj-^JmnnjKs+tagg 87 

Bj—>JT7TT 14 

Tablee 4: Levcl-0 high-p, trigger efficiencies for some selected channels. Bold 
numberss indicate correspondent correlations. [21 ] 

selectedd with the above high-p, triggers are: 

 e: b -> e+X (flavour tag). Typical example: B —> J /T (eV) + X: 

 ii : b —s> (i+X (flavour tag). Typical example: B —> J/47(|i+|j.") + X: 

 h: B"-> J C V. B j ' - > D \ K ~ : 

 y: Bs° -> K °Y-

Thee I.evel-0 decision unit is programmable so that the selection criteria can be easily changed 
too reflect physics interests. An event selected by the Level-0 trigger proceeds to the next level. 

7.33 Level-1 

Thee Level-1 trigger uses data from the vertex detector and tracking system. It analyses 
topologicall  information represented by relative positions of primary vertex, tracks and 
secondaryy vertices. Decay vertices of B-particles are well separated from the interaction point 
duee to the long lifetime of the b-quark (see Section 7.1. "Introduction"). This leads to high 
impactt parameters of B-decay products. The high momentum of the tracks can also be used in 
thee selection criteria for B-events. The selection cuts are tuned so that the input data rate of 
11 MH/ is reduced to 40 kHz at the output. 

7.3.17.3.1 Topology trigger 

Thee Level-1 topology trigger uses data from the silicon vertex detector to select events on the 
basiss of topology information. In order to do this the algorithm should be able to reconstruct 
trackss and vertices. This is done in a few consecutive steps (see Figure 8). These are described 
extensivelyy in the Technical Proposal and are summarized below: 

 The algorithm first starts to select 2D-tracks in the /"-plane using all possible 3-hit 
combinationss in 3 consecutive stations, then combines these 2D-traeks to build 
vertices. . 

 These vertices are used to determine, in combination with the information on the 
^-coordinatess of the /--sectors, a 3D primary vertex. 

 The impact parameter of each track is calculated with respect to the primary vertex 
andd a probability that the track belongs to the primary vertex is determined from a 
lookk up table. Tracks with a low probabilities are selected and the information from 
thee 0-detector is added to give a 3D-track after which the impact parameter is 
recalculated. . 

 From these 3D tracks those combinations are taken for which the track to track 
distancee at the point of closest approach is less than 200 \im. For each combination 
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Figuree 8: Illustration of the Level-1 topology trigger algorithm. 

B-decay B-decay 

aa secondary vertex is determined. A vertex probability is assigned to each of these 
vertices. . 

 Subsequently, using the product of all vertex probabilities an event probability is 
calculatedd which determines whether the event is likely to be a minimum bias 
eventt or not. 

Thee algorithm is difficult to optimize for events with more than one primary interaction. 
Firstly,, twice larger average occupancy wil l lead to a quadratic increase of computing time. 
Secondly,, the assignment of tracks to a primary vertex is highly ambiguous in the presence of 
otherr vertices. 

7.44 Level-2 

Too better select b-events more complete information from different detectors is necessary. 
Sloww tracks with large multiple scattering are the main source of fake secondary vertices in the 
Level-11 topology trigger. The momentum measured in the spectrometer helps to improve the 
primaryy vertex estimate and the resolution of the impact parameter. This results in a more 
efficientt rejection of events with light quark hadrons while very few B-events are lost. 

Thee track reconstruction algorithm proceeds along the following steps: 
 Reconstruction of 3D-tracks in the forward and backward directions with respect 
too the primary vertex. The same algorithm is used as in Level-1. Tracks which 
sharee common hits are rejected. 

 The momentum of the track is evaluated using the fact that it is proportional to the 
inversee of the polar angle. This allows an estimate of the effect of multiple 
scatteringg due to material between the primary vertex and the first silicon detector 
traversedd by the track. The resolution of the impact parameter is estimated from 
thee detector resolution and the multiple scattering. 

 For each track with impact parameter IP and resolution 6(IP) a significance 
IP/5(IP)) is determined. The sum of these significances is minimized and the 
positionn of the primary vertex is found with a resolution of (5A. 8V. 5Z)V = 
(9.. 9. 38) urn. 
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 Forward tracks with large impact parameter significance (IP/6(IP)>2) are 
extrapolatedd to the first tracking station. The Kalman technique is used (tit and 
patternn recognition) to propagate the track up to the 5th station, which is in the 
middlee of the magnet. 

 After selecting tracks with a predetermined number of hits in the tracker (at least 
44 in all stations and at least one in stations T3-T5. see Figure 4 on page 13) about 
90%% of high momentum (p>2 GeV/c) tracks remain. The impact parameter 
resolutionn of these tracks is recalculated. The relative momentum resolution of 
selectedd tracks is about \'7c. 

Ann event is accepted if there are at least 3 tracks with IP/5(1P)>3. Background from Ks and A 
decayss is reduced by requiring IP<2 mm. The efficiency to recognize the two and three body 
decayss and the decay channel B^JAVX is about 80%. For B ^ DX decays, which have typically 
aa higher multiplicity, the efficiency is about 90%. At the same time only 6.5% of i/t/.sr-events 
enteringg the Level-2 are accepted. 

Afterr the Level-2 the selected sample contains only 8-10% minimum bias events. The average 
outputt rate is 5 kHz. 

7.55 Level-3 

Thee Level-3 trigger (also called Event Filter) has almost the complexity of the off-line 
analysis.. It uses particle identification information to select particular decays of the B-mesons. 
Fourr topological classes are considered: 

 Two body decays: charged two-body combinations compatible with the mass of 
thee B-meson (e.g. B—>7T7i, B ^ K K . B—>Kit. B—>p.|i); 

 Dilepton decays: pair of leptons from a displaced decay vertex compatible w ith the 

J/VV mass (e.g. B^J/VKS. B^JAPK*. BS-^J/T(J)): 

 Low multiplicity decays with neutrals: two charged tracks and a n or photon 

which,, combined, correspond to the B-meson mass (e.g. Bd^p+Jt". p 7t and 

Bd.s->K"YJ: : 

 Decays with D-mesons: any of the above categories with a combination 
compatiblee with the D-meson mass. 

 Non B-physics channels: those including charm particles, tau lepton etc. 

Duee to the limited time available for the decision, the selection algorithms are simplified 
comparedd with those used in the off-line analysis. This results in a slightly worse vertex and 
momentumm resolution and particle identification than can be obtained in the off-line analysis. 
Thee output rate at this level is about 200 events per second. These are stored on tape. The 
contributionn from minimum bias events to this sample is estimated to be less than 1%. 

7.66 Data acquisition 

Thee philosophy of the Data Acquisition (DAQ) system is rather standard. It is implemented as 
aa multi-level system. The data are stored in pipeline buffers while waiting for a positive decision 
fromm the corresponding trigger level. The buffer length depends on the complexity of the 
algorithmm and the available computing power. The pipeline lengths at Level-0 and Level-1 are 
proportionall  to the latency of these triggers. 

Thee data and decision flow can be summarized in the following steps (see Figure 9): 
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Figuree 9: Data Acquisition and Trigger scheme. 

 Data obtained at 40 MHz are stored in on-board pipeline buffers waiting for the 
receiptt of the Level-0 decision from the decision unit (LODU). The data is shifted 
synchronouslyy through the pipeline buffers under supervision of the "Timing and 
Fastt Control" unit. An asynchronous solution would in principle also be possible, 
however,, for the moment is disfavored. After receiving the Level-0 "OK"' the data 
wil ll  be transferred to off-detector Level-1 buffers at a rate of 1 MHz. 

 The data is in the Level-1 buffer is waiting for the Level-1 decision, in a similar 
wayy as in the Level-0. 

 A positive Level-1 decision starts the process of event building. It uses the 
individuall  Readout Units, a Readout Network (RU) and Sub-Farm Controllers 
(SFC).. The RU collects data from one or more front-end links, the network 
redistributess all the parts of a given event to one destination and the SFC assembles 
alll  data from different detectors into a full event data block. The assembled event 
informationn is used by the Level-2 and Level-3 trigger algorithms which decide 
eitherr to keep an event or not. 

Thee functionality of the data acquisition system is continuously monitored at the different 
levels. . 
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