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Chapterr 7 

Trackingg performance 

Inn this chapter the performance of the LHCb tracking system, in terms of reconstructing 
interestingg B decays and extracting CP violating parameters, is studied. The chapter 
startss with a summary of the event selection criteria for the two benchmark decay modes 
discussedd in section 1.4, i.e. Bs —> DfKT and Bd —> 7r+7r~. These selection criteria 
havee been optimised in separate studies[7, 105] assuming ideal, i.e. 100% efficient, 
patternn recognition. In this thesis trajectory reconstruction including realistic pattern 
recognitionn algorithms are presented. The selection criteria are the same as those used in 
thee LHCb technical proposal[7] in order to allow for a fair comparison of the performance 
results. . 

Sectionn 7.1 summarises the event selection criteria, the expected background and the 
obtainedd mass resolution for the decay Bs —*  DfKT. Section 7.2 summarises the event 
selectionn criteria and the expected background for the decay Bj, —> 7r+7r~. Section 7.3 
reportss on the (in)efficiency in the reconstruction of B decays with the pattern recogni-
tionn algorithms discussed in chapter 6. Section 7.4 presents the expected event yields for 
thee benchmark channels per year of data taking. Section 7.5 compares these event yields 
andd the resulting resolutions of the CP violating parameters to the results presented 
inn the technical proposal. In section 7.6 a brief outlook is given on possible algorithm 
improvementss and on a recently started study to re-optimise the LHCb detector. 

7.11 Bs -  DfK* 

7.1.11 Event selection 

Thee event selection criteria are designed to select Bs —>  K+K~Tr )KZf: decays (see 
sectionn 1.4.2) from the large sample of events produced in LHCb. In LHCb the event 
selectionss are performed with the AXSEL[106] analysis package. The main selection 
criteriaa of AXSEL are summarised below. 

Firstt a set of well measured tracks is selected, i.e. tracks which have: 

 at least one hit in the VELO system. This ensures that a high precision measure-
mentt of the track is made close to the decay vertices. 
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 at least 26 hits in the main tracking system. This selects tracks that have enough 
measurementss and traverse the whole magnet thus ensuring that the momentum 
iss well measured. 

 the momentum measured with a precision better than 1.5 9c, i.e. have — < 1.5 9c. 

 the RICH particle identification compatible with the assumed mass hypothesis. 
Forr a kaon the probability is required to be at least 90 9c and for a pion larger 
thann 20 %. 

Fromm the tracks thus selected, Ds candidate vertices are constructed by combining all 
oppositelyy charged kaon tracks with a third track compatible with a pion and requiring 
thesee tracks to coincide at a common vertex position. Furthermore, their reconstructed 
invariantt mass should correspond to that of the Ds (1.969 GeV/c2) . These requirements 
aree verified by performing a mass constrained vertex fit . The \ 2 probability of the fit is 
requiredd to be better than 0.5 96. 

Too obtain a Bs decay vertex the reconstructed Ds is combined with all remaining 
kaons.. The invariant mass of the Ds and the kaon is required to be within 30 MeV/c2 

off  the Bs mass {5.369 GeV/c2) . The \2 probability of the Bs vertex fit  is again required 
too be greater than 0.5 96. 

7.1.22 Background rejection 

Theree are two important sources of background: 

 combinatorial background, i.e. events with kaons and pions that "by chance" 
satisfyy the right mass and vertex criteria, 

 events containing a real Ds, especially when this Ds belongs to another B decay 
channel. . 

Too suppress the background events the following additional selection criteria are 
applied: : 

 The Bs vertex should be upstream of the Ds vertex. 

 The reconstructed Bs momentum vector should point to the primary vertex. This 
iss established by requiring the impact parameter to be smaller than 100 /mi. 

 The Bs decay length normalised by the estimated error should be larger than 5. 

Distinguishingg a B decay containing a Ds is mainly achieved by the B mass cut of 
sectionn 7.1.1. 

Ann important Bs decay background is the decay Bs —> DS7T, which has a branching 
ratioo about a factor 20 larger than Bs —» DfKT. The left plot in figure 7.1 shows the 
masss spectrum of reconstructed Bs —> DfK  ̂ candidates using only the information of 
thee tracking detectors. The mass resolution is sufficient to make a mass cut possible at 
aboutt 5.4 GeV/c2 rejecting a significant fraction of the Bs -  ̂ DSTT candidates. Still the 
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Figuree 7.1: Mass spectrum of Bs —> DfK  ̂ candidates before partiele identification is 
appliedd (left), and after using the RICH information (right) [37]. 

samplee of Bs —* DfK11 wil l be severely diluted by Bs —> Ds7r events. To improve the 
separationn power LHCb uses two RICH detectors that provide particle identification, i.e. 
distinguishingg pions from kaons. The right plot in figure 7.1 shows the mass spectrum 
off  B, —> D^KT candidates with use of the RICH detectors. 

7.1.33 Mass resolution 

AA precise mass resolution is important for suppression of background events. The re-
constructedd B mass resolution depends on the momentum resolution of the individual 
trackss and on the resolution of the opening angle of the decay particles. The angles 
aree mainly determined by the vertex detector, the momenta by the main tracker. In 
figurefigure 7.2 the fitted mass resolution of the Bs as well as that of the Ds are shown. A Bs 

masss resolution of 10.7 MeV/c2 is obtained. 

7.22 Bn 7TT 7T 

7.2.11 Event selection 

Ass for the Bs —» DfK  ̂ decay the selection of Bd —> 7r+7r~ decays is performed with the 
AXSEL[106]]  analysis package. The selection criteria are summarised below. 

Againn only well measured tracks are considered in the event reconstruction. In 
particularr tracks are required to: 

 have at least 1 hit in the VELO system, ensuring precision information at the 
particlee position near to the decay vertices. 
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Figuree 7.2: Obtained Bs and Ds mass resolution for Bs —> DfKT events after applying 
alll  selection criteria, (except the mass cut). 

•• be fitted with a reduced \ 2 < 50. This criterium rejects tracks that are "badly" 
fitted. fitted. 

•• have an impact parameter d0 with respect to the primary vertex smaller than 
55 mm (upper limit), measured with a precision ado better than 0.5 mm, and a 
normalisedd impact parameter d0/ado > 3. This criterium selects tracks that are 
likelyy to come from a B decay. 

Alll opposite-sign combinations of such tracks are used to form vertices. For a track 
combinationn to be selected as a candidate Bd vertex: 

•• the tracks should be fitted as a vertex with x2 < 5. 

•• the tracks should make up an invariant mass, under the pion hypothesis, within 
300 MeV/c2 of the Bd mass (5.279 GeV/c2) . 

•• the flight distance, i.e. the distance between the reconstructed vertex and the 
primaryy vertex, should be larger than 0.5 mm. 

7.2.22 Background rejection 

Thee decay Bd —> 7r+7r~ suffers from two main types of background: 

•• generic combinatoric background, 

•• B decays with the same two track topology, e.g. Bd —> K+ir~ or Bs K~TI^ K~TI^ 



7.2.. Bd - > 7T+7T- 139 9 

50 0 

40 0 

30 0 

20 0 

10 0 

0 0 

5.22 5.4 
mm (GeV/c2) 

Figuree 7.3: Obtained B& mass resolution for B& —> 7r+7r events after applying all se-
lectionn criteria (except the mass cut). 

Thee rejection of two body B background events is obtained by applying a mass cut 
inn combination with the particle identification provided by the RICH detector (see 
sectionn 7.2.1). 

AA large fraction of the combinatoric background is rejected by requiring a well dis-
placedd secondary vertex. This is achieved by applying the following cuts: 

•• the momentum vector of the combined track should point to the primary vertex. 
Thiss is achieved by requiring cos9B > 0.95, where 9 B is the angle between the 
momentumm vector and the vector connecting primary and secondary vertex. 

•• the separation in z between the primary and secondary vertex normalised by the 
measurementt precision should be larger than 3, i.e. Sz/agz > 3. 

Inn addition the following kinematic cuts are imposed on the candidate pions and on the 
reconstructedd B meson: 

•• the helicity angle 9n of both pions in the B rest-frame should satisfy | cosö^| < 0.9, 

•• the transverse momentum pt of one pion should be larger than 3 GeV/c. The pt 

off the other pion should be at least 1 GeV/c, 

•• the pt of the reconstructed B  ̂ should be larger than 3 GeV/c. 

Figuree 7.3 shows the fitted mass resolution of the Bj after applying all cuts. A mass 
resolutionn of 21.8 MeV/c2 is obtained. 
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^signall  track 

eePR PR 

event t 

BBss - DfK* 
94.77 , 
79.33  3.4% 

BBdd —• 7T + 7T~ 

96.88  0.7% 
93.88 % 

Tablee 7.1: Pattern recognition event reconstruction efficiency e^nt a n d the indi
viduall signal track reconstruction efficiency eSignal track f° r Bs —> DfK^ 
andBrff —• 7T+7r~ signal events. 

7.33 Pat tern recognition performance 

Thee event reconstruction inefficiency due to imperfect pattern recognition is a measure of 
thee performance of the LHCb tracking system. The event reconstruction efficiency c ^ n t 

correspondingg to the pattern recognition performance is defined as the actual number 
off reconstructed B events divided by the number that would be obtained if the pattern 
recognitionn were fully efficient for all tracks within the LHCb acceptance. To determine 
thiss efficiency the following procedure is followed: 

1.. Signal B events are generated with SICBMC1 (see section 5.1). 

2.. The complete event, i.e. including all sub-detectors, is reconstructed with the 
Bruneii software. 

3.. The tracks are fitted with the hits correctly assigned to the tracks. 

4.. By means of the AXSEL routines the event selection criteria of sections 7.1 and 7.2 
aree applied for the B decay under study. 

5.. In case the event passes the physics selection cuts all tracks are reconstructed with 
fulll pattern recognition. If all stable decay products of the B meson are found in 
thee pattern recognition the event is efficiently reconstructed. 

Stepp 4 results in the number of events A^iect assuming ideal pattern recognition. Step 
55 results in the number of events NPR that also have all stable decay products found in 
thee pattern recognition. The event reconstruction efficiency due to pattern recognition 
iss thus e™nt = NPR/Nse]eci. 

Tablee 7.1 shows this event reconstruction efficiency for the benchmark B decay modes 
BBss —* D^KT and Bd —• TT+-K~ . Obviously, the first decay mode has a lower efficiency 
becausee of the four decay particles that have to be reconstructed. Table 7.1 also shows 
thee individual track reconstruction efficiency eSignai track for the decay particles of the 
BB meson. These numbers are higher than the average track efficiency of 91.4  0.1%. 
Thiss is explained by the fact that the momenta as well as transverse momenta(i.e. a 
largee angle 9) of the B decay particles are significantly higher than that of the underlying 
eventss (see figure 2.19 and figure 7.4). The track reconstruction efficiency is higher for 
thiss type of tracks (see figure 6.16). 

1Thee events were 'piled up' with minimum bias events corresponding to a luminosity of 5 x 
10322 cm - 2s - 1 , i.e. high luminosity mode. 
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Figuree 7.4: The simulated momentum spectrum for the pions from Bd 
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7.44 Event yields 

Thee previous section reports on the track and event reconstruction (in)efficiency due 
too the pattern recognition algorithms. From a physics point of view the interesting 
quantityy is the total number of fully reconstructed and tagged events that is expected 
"onn tape" after a year (107 seconds) of LHCb operation. In this section the event yields 
takingg into account the track reconstruction inefficiencies due to pattern recognition are 
presentedd for the two benchmark channels. Note that currently the input to AXSEL 
aree the tracks originating from ideal pattern recognition. This is necessary because the 
combinedd seeding and following of tracks is not yet linked to the measurements from 
thee VELO. 

Att the nominal luminosity of 2 x 1032 arT2 s_1 the expected number of bb pairs 
producedd per year in a single interaction is 5.6 • 1011 (see section 2.1). Taking the 
productionn rate ratios of b quarks into Bu, Bd and Bs to be 40 %, 40 % and 12 % [7] 
andd assuming the same ratios for the charge conjugate state the number of produced 
BB mesons are: 

BBuuXXbb + c.c. 

BBddXXbb + c.c. 

BBssXbXb + c.c. 

4.5-10 ' ' 

4.55 • 101 

1.3-- 101 

Heree Xb stands for any hadron with a b quark, and c.c. for the charge conjugate states. 
Onlyy a fraction of the produced Bs and Bd mesons decay via the benchmark chan

nelss of sections 7.1 and 7.2. The branching ratio for Bd —> ir+ir~ is 7.0 • 10~6 [7], re-
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Figuree 7.5: Steps in the event reconstruction that reduce the number of produced 
BB events ArJ?nera e to the number of reconstructed and tagged events on 
tapee Ny™. 
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suitingg in 3.2 • 106 of these decays available in one year of data taking. The branch
ingg ratio for Bs - • D\;K+  is 2.0 • 10"4 and for Bs -> DjK~ 3.1 • 1CT5 [7]. Only 
aa fraction of the Ds mesons will decay into KKTT. The visible branching ratio for 
BBss - f >  is 9.4 • 10~6. This means 1.2 • 106 of these decay are pro
ducedd in a year of LHCb data taking. 

Nott all produced decays are fully reconstructed by LHCb. To get the final number 
off fully reconstructed and tagged events "on tape" several reduction steps need to be 
applied.. These reduction steps are (see also figure 7.5): 

•• Only part of the events have all the B decay products decay inside the LHCb 
spectrometerr acceptance. If not all B decay products are in the acceptance the 
eventt can not be reconstructed. An event is defined to be in the acceptance if 
alll stable particles cross all tracking stations2. The fraction of accepted events is 

^•acceptedd . 

definedd by the ratio -gneratH1| with N™cep the number of accepted events. 

Nott all selected B events pass the triggers. The trigger efficiency is defined as 

^trigger r fcrr ,ed where Aringger is the number of triggered events. 

•• For those events that pass the triggers the tracks are reconstructed by the recon
structionn algorithms including the pattern recognition. The track reconstruction 

/y-trackk . 

efficiencyy is defined as etrack = triL^d where Ngk is the number of events with 
NNB B 

alll stable particles found in the track reconstruction. 

•• The next step is the reconstruction of the B event. For the two benchmark channels 

thiss is achieved by applying the event selection criteria outlined in sections 7.1 

andd 7.2. The event reconstruction efficiency is defined as eevent = frack where 

geventt j s ^ e number of events that pass the selection criteria. 

•• In order to study neutral B meson decays involving flavour oscillations the initial 
flavourflavour of the produced B meson needs to be identified. This is achieved by 
detectingg the flavour of the accompanying B hadron from the charge of decay 
leptonss and kaons3. Several tagging possibilities exist depending on the specific 
BB decay[7], Not all events with the B meson decay fully reconstructed will be 
tagged.. The tagging efficiency is the fraction of these events that will be tagged, 
i.e.. etag = T^FHt, with Wgear the final number of fully reconstructed and tagged 
eventss on tape per year. 

Thee LHCb reconstruction program as described in this thesis is used to determine the 
acceptanceacceptance and the efficiencies etrack and eevent for the benchmark channels Bs —• D^KT 

andd Bd —• 7r+7r". For the trigger efficiency as well as the tagging efficiency the numbers 

22 In fact all stable decay products of the B meson are required to be "physics" tracks using the 
criteriaa denned in section 6.4. 

3Nextt to using the accompanying B hadron for tagging, also a same-side tagging strategy can be 
applied.. In this case the flavour is determined by using the particles produced in association with the 
BB meson. 
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Mode Mode 
BBss -+ DfK* 
BBdd —» 7T+7T" 

acceptance e 
3.37c c 
8.3% % 

^trigger r 

16% % 
17% % 

^track k 

77% % 
88% % 

^event t 

42% % 
33% % 

flag g 

40% % 
40% % 

Arpervear r 
1S1SB B 

823 3 
5212 2 

Tablee 7.2: Event reduction factors and the final expected LHCb event yield for the 
channelss Bs —• DfKT and Bd —• n+n~ in one year of data taking. 

fromm the technical proposal[7] are used. The efficiency (reduction) factors are indicated 
inn table 7.2. Starting from the number of events produced in a year of LHCb running 
thee expected number of fully reconstructed and tagged events on tape is calculated. The 
lastt column in table 7.2 shows that about 800 Bs —• £>*(—> K+K~7r )KT events and 
52000 Bd —> 7T+7r_ events are expected. 

7.55 Comparison 

Thee number of reconstructed events determines the precision with which CP violation 
cann be measured by the LHCb experiment. As mentioned in section 1.4 the benchmark 
decayss can be used to measure the unitarity triangle angles a and 7'. In case of the 
decayy Bd —> 7r+7r~ the unitarity angle a is determined by fitting equation 1.21 to the rate 
asymmetryy between the decay of Bd and Bd to 7r+7r_. In case of the decay Bs —• DfKT 

thee parameters |A| and <p (|A| and q>) are fitted from the rate asymmetry AD-K~{t) 
(A(ADD^  ̂ K.. (£))• From the fitted values and using equation 1.23 the angle 7' is determined. 

Mode e 
BBss - DfK* 
BdBd —» 7T+7T~ 

Arperyear r 

2420 0 
6900 0 

Tablee 7.3: LHCb event yield presented in the technical proposal[7] for the decays 
BBss —> DfK  ̂ and Bd —*  TT^TT" in one year of data taking. 

Inn the technical proposal the expected sensitivity on the measurement of these angles 
iss presented. The results were obtained by performing fits of the parameters of the rate 
asymmetriess to rate distributions obtained with stand alone simulation programs [7] 
simulatingg the number of fully reconstructed events per year. The event yields for 
thee two benchmark decays presented in the LHCb technical proposal [7] are shown in 
tablee 7.3. 

Thee event yields in the technical proposal are higher than those presented in the 
previouss section (table 7.2). In case of the decays Bs —• DfKT the event yield is reduced 
byy a factor 823/2420 = 0.34. In case of the decays Bd —> 7r+7r~ the event yield is reduced 
byy a factor 5212/6900 = 0.76. The new results, however, provide a more realistic 
estimatee of the expected event yields because of two reasons. First of all, the LHCb 
detectorr description has become more realistic. This has resulted in an increase of the 
amountt of material in the detector and thus in the number of radiation lengths and 
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Tablee 7.4: The fitted errors (in the technical proposal ('TP') and in this thesis ('new')) 
onn a (left table) and 7' (right table) from the decays Bd —> TT+TT~ and 
BBss —*  DfK  ̂ for different values of a and 7 corresponding to one year of 
dataa taking. In case of the 7' fit it is assumed that A — 30° and xs = 20. 

numberr of interaction lengths. The material budget for the VELO system increased 
fromm 10% XQ to 19% X0 and per outer tracker station increased from 1.6% to 3.0%. 
Thee total radiation length up to PJCH-2 has increased from 40% X0 up to 60% XQ. As 
aa consequence 

•• of the increase in interaction length more charged hadrons will experience an in
teraction.. Therefore, the probability for a particle to traverse all tracking stations 
hass decreased from 85 — 90% in the technical proposal down to 70 — 80% in the 
setupp described in this thesis. 

•• of the increase in radiation length minimum ionising particles experience more 
multiplee scattering deflections. Consequently the obtained track parameter reso
lutionss are worse. Moreover, it leads to an increase of photon conversions. 

•• there are more secondary particles in the detector resulting in more detector hits. 
Therefore,, the detector occupancy has increased resulting in an increase of multiply 
hitt channels. This leads to a loss in track reconstruction efficiency. 

Secondly,, in the technical proposal the pattern recognition was assumed to be 100% 
efficient.. The results presented in this thesis include realistic track finding and following 
patternn recognition algorithms in the outer and inner tracker. As mentioned in sec
tionn 7.3 the pattern recognition event reconstruction efficiency is ~ 79% for Bs —* DfK^ 
eventss and ~ 94% for Bd —• 7r+7r~ events. The fact that for Bs —• DfK*  four parti
cless need to be efficiently reconstructed and for Bd —> 7r+7r only two explains why the 
reductionn in event yield is larger for Bs —» DfK  ̂ events. 

Thee physics simulations of the technical proposal have not been repeated. Also, the 
eventt selection criteria have not been re-tuned4. However, an estimate of the expected 
sensitivitiess is made under the assumption that the errors scale with the yJV, with N 
thee number of fully reconstructed tagged events in one year of data taking. In table 7.4 
(left)) the obtained errors on a for two different values of a as presented in the technical 

1Thee 30 MeV/c2 Bd mass cut of section 7.2.1 will cut away a fraction of the signal events as can be 
seenn in figure 7.3. This cut has to be re-tuned to cope with the decreased mass resolution because of 
thee effects mentioned above. 
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proposall  are presented5. Furthermore, the newly obtained resolutions using the event 
yieldss of table 7.2 and applying the scaling with >/N are presented. In table 7.4 (right) 
thee obtained errors on 7' for different values of 7' for the technical proposal and the 
currentt study are presented for A = 30°. 

7.66 Outlook 

Severall  improvements can still be made in the reconstruction of the B decays. The 
currentt pattern recognition algorithms can be tuned and improved at various points. 
Ann improvement can also be made by performing the pattern recognition in several 
passes,, i.e. first finding the "easy" high momentum particles and then another pass 
forr finding the more tough cases discarding the already used hits for the already found 
tracks.. Improved track finding algorithms wil l be able to reconstruct, tracks that do not 
traversee all tracking stations, i.e. recovering events with some of the B decay products 
absorbedd by the spectrometer. Furthermore, it is envisaged to develop new algorithms. 

However,, the gain of these improvements is limited. Therefore, recently studies 
havee started to improve the performance of the LHCb experiment by a redesign of the 
detector.. The basic idea is to reduce the amount of material in the detector (resulting 
inn the LHCb-light setup). This is achieved by: 

•• keeping only one tracking station just after RICH-1 and three seeding stations in 
thee field free region before RICH-2 (i.e. the station T l before RICH-1, the magnet 
stationss T3-T5 and the seeding station T6 are removed), 

•• reducing the number of stations in the VELO setup and reducing the silicon sensor 
thicknesss to 220yum, 

•• reducing the material thickness of RICH-1 mirrors and frame, 

•• removing the magnet shielding plate 

Trackingg studies for the LHCb-light detector are currently being performed. Pre
liminaryy studies show that the track reconstruction efficiencies for "long11 tracks, i.e. 
trackss that traverse the whole spectrometer, are similar to the efficiency with the classic 
setup.. Currently, results on efficiency for the B meson decay reconstruction are not yet 
available.. Therefore, it remains to be seen if this new detector optimisation will result 
inn higher event yields and hence in an improved capability to study CP violation. 

5Thesee results are obtained assuming no contribution is present from the penguin diagrams. 


