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CHAPTERR 3 Test beam results of 

prototypeprototype silicon detector 

Thee vertex detector is a crucial element of the LHCb detector. It is 
usedd for the precision measurement of tracks and decay vertices, both 
off-linee and on-line. In this thesis we wil l describe in detail two 
possiblee additional applications, i.e. the vetoing of event with multiple 
interactionss and the luminosity monitoring. The development of the 
detectorr requires an understanding of the detector operation, the 
requirementss for its mechanical precision and experience in the 
analysiss of the data. 

Inn this chapter we discuss test beam results obtained with a prototype 
vertexx detector and compare them with Monte Carlo simulations. 

Thee use of the detector for tasks relevant to this thesis are described 
inn subsequent chapters, i.e. pileup trigger algorithm (Chapter 4) and 
luminosityy monitor (Chapter 5). 

88 Silicon detector 

Thee LHCb experiment requires interaction and decay vertices to be 
determinedd with a precision of the order of 200 (im or better. To 
achievee this a vertex detector is used, which is very close to the 
interactionn point. The high radiation conditions at this position and the 
factt that the detector has to operate inside a vacuum tank lead us to a 
designn using silicon strip detectors. As described in Chapter 2 the 
detectorr will be used in the: 

 offline analysis to determine with high precision vertices 
andd impact parameters of tracks for the flavour tag; 

 Level-1 and -2 triggers to tag on the presence of a 
secondaryy vertex: 

 Leve 1-0 pileup trigger for the fast identification and 
localizationn of the primary vertex and the testing of 
eventss with multiple primary vertices (see Chapter 4). 

Siliconn detectors are known since the beginning of the 50"s for their 
excellentt energy resolution [22|. They are also characterized by 
simplicityy of handling due to the rigid, selfsupporting structure and by 
simplicityy of operation. In the last 20 years they have been 
increasinglyy used for precision coordinate measurements. The first 
siliconn strip detector was used at CERN in 1983 by the NA32 
collaborationn [231. Since then various improvements have been made 
(i.e.. pixels, production technology and readout optimization) but the 
mainn principle of a thin, efficient and highly partitioned detector has 
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notnot changed. 
Inn the following we give a brief description of charged particle detection with silicon 

detectors.. For a detailed description of semiconductor devices we refer to [24]. 
Whenn a charged particle crosses a silicon detector it deposits a fraction of its energy in the 

detector.. The LHCb intends to use 150 |im thick silicon detectors. For this thickness the most 
probablee energy deposited for a minimum ionising charged particle is 46 keV. Fluctuations in 
thee energy deposition result in the so-called Landau distribution as shown in Figure 10 for the 
LHCbb silicon detector. 

Thee principle of a silicon strip detector is shown schematically in Figure 1 1. A voltage across 

Figuree 10: Distribution of energy-
depositedd in 150 um silicon 
detector.. The plot is a result of 
simulationn with SICB. 
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Figuree 11: Cross section of the 
siliconn strip detector. 

thee detector creates a depleted region with a uniformly distributed volume charge. This creates 
ann electric held almost linearly changing over the depth of the depletion region. When a particle 
crossess the detector a tube of ionization plasma is formed along the track in the depleted part of 
thee detector. Electrons and holes created by the ionization are pulled in opposite directions and 
startt to drift to the strip and ground side, respectively. In doing so they diffuse, can recombine 
andd can be captured by the imperfections in the material. The number of imperfections increases 
duee to radiation damage. This damage therefore increases with time and is proportional to the 
integratedd (lux of particles passing through the detectors. 

Thee signal current on the strip is induced by the net motion of electrons and holes. The typical 
currentt value is so small that it must be amplified before a reliable measurement (or digitization) 
cann be done. Both, the amplification and the digitization of the signal, are usually implemented 
withinn a single readout chip. 

Obviously,, the overall detector performance depends on the operation regime of the silicon 
andd the parameters of the readout chip. In this chapter we wil l discuss the results from the LHCb 
prototypee silicon detector in a test beam set-up at the CERN-SPS. In this test the hit and vertex 
resolutionss are measured. The effect of charge sharing over several strips is demonstrated and 
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describedd with a simple model. Simulated data are generated for the detector set-up and 
comparedd with the experimental results. 

99 Beam test 

9.11 Setup and data acquisition 

9.1.19.1.1 Experimental setup 

Thee test beam setup consists of 6 detectors measuring the radius (r) and 6 detectors measuring 
thee azimuthal angle of a track hit ($). There are three pairs of r-, (|)-detectors on the left side 
(SLl-3)) and three on the right side (SR1-3). Each detector is a -70 degree sector with inner 
radiuss of 1 cm and outer radius of 5 cm. One r-detector and one 0-detector form a station with 
aa distance between them of about 2-5 mm. The distance between stations is about 4 cm. see 
Figuree 12. 

targets ::  12x300mikron s wit h 1c m spac e 
2xl00mikron s s 

yy  (up ) 
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--  ó  O r  r  0 

Orr  r  0  O r 

Figuree 12: The set-up of detectors. It consists of detectors (left: SR1-3 and 
right:: SLl-3), scintillators (CM. V) and targets (77-/2). 

Thee strip configuration is optimized so that good track/vertex resolution is obtained using a 
minimumm of readout channels. Therefore, the strip pitch varies with radius. Their values are 
shownn in Figure 13. This strip layout is close to that given in the TP of LHCb 119]. 

Inn order to reproduce a situation as expected in LHCb operation (with primary and secondary 
vertices)) a layered copper target was designed, fabricated and installed in front of the 
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Figuree 13: Prototype detectors used in the test beam runs. Strip directions are shown as 
dashedd lines. 

Si-detectorss with a distance between the most downstream target and the first detector of about 
7.55 cm. The set of targets consists of twelve thick targets of 300 Jim thickness (T1-T12) and two 
thinn targets of 100 u.m thickness (T4' and T8"). Their radius is 1 mm. The targets are glued to 
100 (j.m kapton foils and are mounted in a supporting tube. The separation between the thick 
targetss is 1 cm. while the thin target T4'(T8') is placed in the middle between targets T4 and T5 
(T88 and T9). Figure 14 shows a photograph of the target setup. 

Figuree 14: The set of targets. The front side of the support structure was fixed to 
thee support frame of the detectors. The beam entered from the rear side. The 
individuall  targets are clearly visible in the middle. 

Thee beam is bunched with a 2.37 sec bunch length and with a 14.4 sec bunch interval. Each 
bunchh contains KP-106 pions with a momentum of 120 GeV/c. The transverse si/e of the beam 
iss öyXGf/ ~ 4x7 mm2. 

Signalss from four scintillators define the trigger for the testbeam setup (see Figure 15). 
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11 T r i gger 

Figur ee 15: Data Acquisition scheme of target run. Trigger scheme of parallel tracks 

runn included signals from C2 or C3 depending on the tested side. 

Theyy are: 
•• CI: a scintillator with a cross section of 2.5x2.5 mm2 and a thickness of about 

4.55 mm. 

•• V: a scintillator with a cross section of 20x20 mm2, a thickness of 2.5 mm and a 
centrall hole with a diameter of 2 mm. 

•• C2 and C3: scintillators which are 12 cm wide and 1 cm thick and have a shape at 
thee top corresponding to the 72° silicon sector. 

Thee counters CI and V were readout with 0.3 inch photomultipliers (PM). C2 and C3 were 
readoutt with 2 inch diameter PM tubes. The analogue signals of the PM's were converted, if 
exceedingg a threshold value, into logical ones. The signal length was 50 ns (100 ns) for the CI 
andd V (C2 and C3) counters. Two forward scintillators. CI and V. were mounted on a rail 
connectedd to the detector frame. 

Twoo different trigger combinations were used for the pileup algorithm study: 
1.. Target run: to select interactions of the beam particles with one of the targets an 

anti-coincidencee of CI and V was required in coincidence with either C2 or C3, i.e. 
C1-V-(C2+C3).C1-V-(C2+C3). Figure 15 illustrates the trigger scheme. The pileup algorithm was 
appliedd to these data. 

2.. Parallel tracks run: the beam counters (CI and V) and the set of targets were 
removedd to allow the beam to pass one of the two sides of the detector setup. A 
signall from the rear scintillators (C2 or C3, depending on which side was tested) 
triggeredd the DAQ. These data were used to determine the resolution of the 
detectors. . 
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Dataa were collected with a readout system consisting of a read-out chip on the silicon detector. 
VM EE modules to readout the detector signal and software. The readout required a minimum of 
122 ms. This corresponds to the readout of 12000 channels in sequence at a 1 MHz readout rate. 
AA  Software Busy flag denied readout of any subsequent triggered event until all data were 
transmittedd to the computer. 

Thee counting rate of C2 or C3 (used as trigger for the parallel tracks run) was -5-KP per 
bunchh whereas on average an event was stored every 15.21 ms [25]. In the target run due to the 
moree restrictive trigger scheme we had about 70-80 triggers per bunch. This corresponded to a 
deadd time of -30 CA. and accordingly to -50 events per bunch stored on the tape. 

AA bias voltage of 70 V was applied to the Si-detectors in order to ensure the best possible 
performancee in terms of hit resolution, signal to noise ratio and charge collection efficiency. 
Withh this bias voltage the silicon detector is fully depleted. The value was determined in the 
laboratoryy on the basis of the volt-ampere characteristics of the detector '. The charge 
integrationn time was about 1.4 jas. It is iarge compared to the charge collection time of about 
700 ns '. The analogue amplitude from each detector was digitized using a 12 bit ADC. The raw 
hitt information (event number/strip number/ADC count) was stored on tape and analyzed 
offline. . 

Thee detectors were aligned mechanically by means of special alignment equipment. This 
measuredd the positions of targets and silicon detectors through mechanical touching of 
referencee points. A separate procedure established the relative positions of the detector planes 
andd the reference points. The measurement was done several times in the lab before and after 
thee tests took place. 

9.22 Offlin e analysis 

9.2.19.2.1 Introduction 

Forr the off-line analysis we have to develop the tools for searching clusters of hits, finding and 
fittingg tracks and vertices, determine the resolutions of the detectors and develop a MC program 
thatt is able to reproduce the data. 

Thee resolution of the detectors is first determined from the parallel tracks data run. in 
particularr the subsample in which there is only one beam track. Events where more than one 
trackk is found constitute another part of the sample. These data are used to develop our pattern 
recognitionn and track fit  procedure. The quality of the track fit can be verified by comparing the 
resolutionss found in this multiple track sample with those determined in the single track sample. 

Withh the tools developed for track finding and fitting we process the data from the target 
sample.. This leads to the development of a procedure for vertex finding and fitting and gives us 
informationn about the resolution of reconstructed vertices. 

*)Whenn the detector is fully depleted the generation current is almost a constant function of the 
voltage.. It is known that this current is proportional to the depleted volume of the detector. 

**) AA 70 ns corresponds to the collection of roughly 99^ of all electrons and holes generated by 
ann ionizing particle. In normal conditions the collection time for holes is 3 times larger than for 
electrons. . 
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9.2.29.2.2 Cluster search 

Thee rirst stage in the data analysis is rinding clusters of signal strips in the detector 
correspondingg to the passing of ionizing particles. 

Thee cluster search is done in two steps. First, for every detector the signal pedestal and noise 
levelss are determined for the group of neighboring channels which are connected to the same 
readoutt chip. These groups consists of 64 to 256 channels. For a group it is assumed that the 
pedestall  is a linear function of the strip number. /'. and can be approximated as <p>+si.  where 
vv is the slope. We start in the first event with the calculation of the average pedestal value . </;>. 
takingg the ADC counts of all strips in the group. A first estimate of the noise level is given by 
thee G of the ADC count fluctuations. Using these first estimates of the pedestal value and the 
noisee level, channels are eliminated which exceed by 3G the pedestal level. For the remaining 
channelss the slope s is determined. After three iterations <p>. v and a have converged. In the 
subsequentt events </;>. s and o", are continuously updated. After 50 events it is believed that the 
proceduree for determining pedestal and noise level has stabilised and the real cluster search 
starts.. The pedestal and noise level nevertheless have to be continuously updated because of 
effectss as low frequency oscillations of the biasing voltage and because of pick-ups in the 
readoutt chain. The algorithm of the cluster search looks for groups of signal strips, where the 
ADCC count exceeds the pedestal value by 3(7,. The position of a found cluster is calculated using 
thee center of gravity algorithm. 

9.2.39.2.3 Track fit 

AA track candidate is formed by a combination of six clusters, i.e. one cluster per detector. The 
clusterss are fitted to a straight line. i.e. assuming no multiple scattering. The track fit results in 
fourr track parameters (Appendix B): 

•• x0. y0 - the intercepts of the straight line with the plane zM) and 

•• ,vv. vv - the slopes of the track in (xz) and (v-)-planes respectively. 

Thee track parameters are obtained by minimization of a ^-function. This function is defined 
ass the sum of the squares of the weighted distances between the predicted position of the track 
att the detector and the measured cluster position. The weights are proportional to the 
measurementt errors, e - w/J\2. where u- is the width of the strip hit by the track. The X^mais 
dependss on the track parameters. /. as: 

// = 1.6 l, 

Thee track selection always requires 6 clusters per track (/=1.6). The distances, d. are determined 
ass the distance of closest approach to the average position of the cluster. 

Thee x : minimization utilizes the MINUIT package [26]. An estimate of the initial values of 
thee track parameters is necessary as the / : function has a very deep and narrow minimum. 

AA simple and robust iterative procedure {track estimator) was developed to find the starting 
valuess for the track parameters for any combination of clusters. It uses the fact that the detectors 
aree grouped in stations with a small distance between /• and ^-detectors (about 2 mm). The 
proceduree starts with an estimate of all track parameters using 3 rand 3 d) measurements where 
thee distance between r- and (^detectors is assumed to be zero. This provides three 3D-points 
wheree : is given by the position of the /-detector. The least square method (LSM) returns track 
parameters,, which are used to estimate the radius measurement at the true position o\' the 
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Ö-detectors.. The resulting improved 3D-points are fitted to a straight line in a similar manner to 
thee previous step. Track parameters obtained with the estimator are very close to those found 
withh MINUIT : the y} °f the estimator is only 2-3 times larger than the minimum %2 obtained 
withh MINUIT . Good track candidates are selected by the / : value given by MINUIT : tracks with 
X:<2()()) are accepted. 

9.2.49.2.4 Alignment 

Thee alignment of the detector was checked by minimizing (for selected tracks), in both the 
parallell  tracks and target samples, the sum of the individual yj~ of the track tits. i.e. the following 
XX22 was minimized as a function of the detector positions R: 

Insteadd of the track fit described in 9.2.3 results of a faster analytic track tit were used developed 
byy V.Chabaud [27 j . The detector positions found by this alignment procedure are shifted by less 
thann 50 jum in the transverse and less than 100 (im in the longitudinal (beam) direction, and 
rotatedd by less than 50 mrad with respect to the positions measured mechanically. 

Sincee the track fit of V.Chabaud involves approximations which negatively affect the hit 
resolutionn we checked the alignment using the track fit described in section 9.2.3. For this we 
lookedd for the difference between the prediction of the position of a track, using our track fit. 
andd the cluster. A possible misalignment leads to a radius residual Ar which is a function of <j) 
andd is given by: 

.v""  + v" 
Arr = x cos<\> + v sine ——. (23) 

wheree .v, and v, are the tranverse offsets. In deriving this formula it is assumed that the 
longitudinall  positions of the detectors are correct and that the detectors are perpendicular to the 
beam.. Figure 16 shows Ar(cf)) for the SLI r-detector. The left distribution is the result of 
introducingg a shift of the detector by 100 |im in the v- and 50 jam in the y-direction. After 
correctingg the detector position Figure 16B is obtained. The remaining slope in the distribution 
correspondss to an effective y-shift of 9 jam. Looking at all detectors this appears to be 
consistentt with statistics. 

Sincee the pile-up trigger algorithm requires detectors to be precisely aligned it is important 
thatt the alignment procedure can be done in a reasonably short time under actual LHCb running 
conditions.. The alignment procedure is estimated to take, because of time-consuming x2 

minimization,, about 30 minutes using the CPU-farms proposed for the Level-1 trigger. This 
wouldd still be acceptable as the typical run period wil l be 10 hours. A faster procedure, 
moreover,, seems possible using equation (23). 

9.2.59.2.5 Resolution 

Too determine the detector resolutions the single track sample obtained in the parallel tracks 
runn was used. The resolution of the position measurements was estimated by analysing the 
residuall  of clusters in single detectors. Considering 3 equidistant detectors and assuming an 
equall  hit resolution for all of them, the single hit resolution is equal to the RMS of the residual 
measuredd in the middle of the setup (SL2 or SR2) multiplied by a factor JYTl. Figures 17 and 
188 show these residuals obtained after the track fit with MINUIT . Table 5 summarizes the 
results. . 
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AA B 

Figuree 16: Residuals of radius cluster positions as a function of (|). Left plot (A) 
showss the residuals where the shift of detector position in x and y. A fit  with eq.23 
reproducess this shifts. The right plot (B) shows the residuals after applying the 
correctionss from the fit. 

Trackss found in the parallel tracks run correspond to monoenergetic particles with momentum 
off  120 GeV/c, while in the target run secondary tracks have momenta, which are mostly in the 
rangee 0.2-0.5 GeV/c. For the beam tracks multiple scattering is negligible while for the 
secondaryy tracks in the target sample it is significant. Compared to the parallel beam tracks an 
averagee deterioration of the resolution by 14% is observed in the target run sample. It amounts 
too 11% for tracks with polar angle between 0.04 rad and 0.15 rad and to 26% for polar angles 
abovee 0.15 rad. This reflects the correlation between momentum and polar angle for secondary 
particless produced in the beam-target interaction. 

9.2.69.2.6 Event reconstruction 

TrackTrack finding 

Forr studies of the pileup trigger we have to find in every event all possible tracks and all 
vertices.. The tracks are determined from fits to all 6-cluster combinations in either left or right 
sidee detectors. Clusters are assigned to tracks in three successive steps: 

1.. all combinations of 6 clusters are fitted to a straight line using the procedure 
describedd in section 9.2.3. A loose quality cut of j(-<200 is applied: 

2.. combinations satisfying this loose cut are sorted according to their /2 : 

3.. those combinations with a unique set of clusters and the best j(2 are selected. 

Thee hit resolutions obtained with all tracks found in the parallel tracks run are equal to those 
foundd in the single track subsample of this run. see Figure 19 and Table 6. Finally, good tracks 
aree selected by a %: probability >1%. The background of combinatorial origin contributes to this 
samplee at 3.2+0.1% level. 
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Figuree 17: Track radius residuals for middle (SL2 and SR2) detectors. Residuals are 
givenn for inner and outer areas in both types of detectors. 

Afterr having results from the track fit it is possible to study the effect of the center of gravity 
algorithmm on the calculation of the cluster position. The algorithm introduces a bias in the 2-strip 
clusterr position. This is shown in Figure 20. This bias was parametrised and corrected for in the 
clusterr reconstruction. This improves the cluster position resolution by 1 u.m. 

VertexVertex finding 

Forr the vertex reconstruction a minimum of two tracks is required one on the left and one on 
thee right side of the detector. The right side tracks are combined with the left side tracks yielding 
two-trackk vertices. The two-track vertex position is found by: 

1 1 
v.([/?x.v,, I • .V, j £(* * * l ) ) 

r,, + 
(24) ) 

v .. 1) nn = 7 [s,[s, xs2] 
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Figuree 18: Track d)-residuals for middle (SL2 and SR2) detectors. Residuals are given 
forr inner and outer areas in both types of detectors. 

Detector/Area,, units 

radius/inner,, microns 

radius/outer,, microns 

angle/inner,, milliradians 

angle/outer,, milliradians 

Resolutionn at Left side 

6.2+0.1 1 

1 1 

1 1 

0.311 1 

Resolutionn at Right side 

1 1 

11.5+0.1 1 

0.93+0.01 1 

1 1 

Tablee 5: Detector resolutions obtained in the parallel tracks sample. 

wheree (/-|..s,) and (r2.si) are the parameters of the left side track and right side track, 
respectively:: rvis the 3D position of the vertex. The vertex is accepted if the distance of closest 
approachh between tracks is less than 1 mm. The vertex positions from two tracks combinations 
weree grouped around the expected target positions (found from vertices in the sample with only 
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Figuree 19: Radius hit residuals after the pattern recognition. The two upper plots are the 
residualss from the inner (left) and outer (right) regions of the SR2 r-detectors, respectively. 
Thee two lower plots are residuals from the inner (left) and outer (right) regions of the SL2 
/•-detectors. . 

Detector/Area,, units 

radius/inner,, |im 

radius/outer,, |um 

Resolutionn at Left side 

1 1 

5 5 

Resolutionn at Right side 

5.810.1 1 

12.0+0.2 2 

Tablee 6: Detector resolutions after pattern recognition. 

onee track per side. i.e. two tracks per event) and then averaged to provide the event vertex. The 
effectt of correlations due to the use of the same track in different vertices was not taken into 
account.. The target profile, is the distribution of event vertex positions along the beam-axis, 
shownn in Figure 21. 

9.2.79.2.7 Monte Carlo simulation 

Thee test beam results were compared to a Monte Carlo simulation, which uses the GEANT 
3.211 package [28] for track propagation through the detector set-up. and a simplified track fit. 
Thee simulated set-up consists of a set of 14 copper targets and six wheel detectors of which three 
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urn n 

Figuree 20: Residual (lop plot) of the radius measurement as a function of the position 
onn the strip. Statistics (middle plot) and mean position of the cluster (bottom plot) are 
alsoo shown. Plots are constructed using a periodic window with a width of 3 strips, i.e. 
stripss 4.5.6 (7.8.9...) are the same as 1.2.3. Points are fitted to trigonometric functions. 

Figuree 21: Distribution of reconstructed interaction points (Left). Target profiles 
(Right)) were fit to a Lorenz (or Breit-Wigner) distribution assuming a flat background. 
Thee FWHM is taken as the vertex resolution. Vertices reconstructed between targets 
correspondd to beam-air interactions. 
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aree at z = 7, II  and 15 cm. and the other three at z = 7.1, 11.1 15.1 cm. The truck propagation 
includedd the interaction of particles with material, multiple scattering and decays of particles. 
Thee characteristics of the detector response such as hit clustering and noise were not included, 
i.e.. 100% hit efficiency was assumed. The comparison of absolute event rates was impossible 
ass the trigger information was not monitored. 

Thee analysis of the data is done as an application in ROOT [29] and is written in C++. The 
GEANTT simulation is written in FORTRAN. A simplified track tit procedure is used in the 
simulation,, in which the track hits are points in euclidean coordinates, (x.x.z) and not in polar 
oness as in the real set-up. The fit also assumes that there is no correlation between r and <j) 
measurement.. Therefore, the least square method can be used to fit separately hits in the (x,z) 
andd (y,z) plane. The hit positions are smeared using Gaussian distributions with widths taken 
fromm the resolutions found in the data analysis, see Table 5. The uncertainty of the .v-coordinate 
iss dominated by the resolution in the /'-measurement (Sr=5.v) and the uncertainty of the 
y-coordinatee by the resolution in the (^-measurement (8y=r-8())). The resulting track parameters 
aree defined in the same way as in the data analysis. No pattern recognition was performed. 

Duringg the development of the simulation 
programm it was found that the default 
generatorr of hadron interactions in GEANT. 
GEISHA,, poorly reproduces the angular 
distributionn of tracks coming from the 
primaryy interaction. This is due to the 
switchingg between two generator regimes 
aroundd a hadron momentum of 2 GeV/c (in 
orderr to speed up the algorithm). Since the 
momentum,, p, and the angle of the 
secondaries.. 9. are correlated as 0-1/p we 
couldd see this effect in the angular 
distributionn of tracks. The FLUKA generator 
[30]]  is a more detailed simulation and better 
describess the test beam data, see Figure 22. In 
orderr to simulate the measurements in the 
LHCbb silicon detector both programs can be ,,. , - „ , „ 

,, higurt'22: Slopes or tracks given by 
used,, despite their difference, because the . ., , " ,, 

.,, ,. , , • • . data (points with error bars) and by 
contributionn oi hadromc interactions to the , . . , , , , . „ I t T , . 

simulationn (dashed line). FLUKA 
errorss of the track measurement is very small ,,,., . . 

,, . . J yi\)\ is used to simulate beam-target 
comparedd to multiple scattering. 

interactions. . 9.2.89.2.8 Vertex resolution 

Too test the performance of the pileup trigger algorithm the positions of the targets and vertex 
resolutionss have to be known. For this purpose, we selected events with a maximum of two 
trackss on a side and searched for vertices. The peaks in the vertex distribution (see Figure 21) 
aree fitted to a Lorentz function. The contribution due to the target thicknes is subtracted. The 
halff width at half maximum (HWHM) is taken as the vertex resolution. The HWHM is related 
too the sigma of a Gaussian by HWHM = (21n2)l/;-o ~ 1.177a. The right plot in Figure 21 
showss two target profiles. Tl and T12. with HWHM equal to 232+9 urn and 621+16 urn. 
respectively.. Figure 23 shows the vertex resolution as a function of the target positions. Vertex 
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resolutionss obtained from a Monte Carlo simulation are also given. The relative difference 
betweenn data and simulation is on average . see Figure 23(B). 

: : 
A) ) 

--

J J 

::

Figuree 23: The vertex resolution versus the position of the vertex (A): Minuitfit and 
MCMC refer to the resolutions obtained from the test beam data and the Monte Carlo 
simulation:: MC, no MS refers to resolutions obtained from the test beam simulations 
withoutt multiple scattering and S1CB refers to results from the LHCb Monte Carlo 
simulationn for the ]W->\i\i.  decay. The relative difference of the beam test resolutions 
(MC(MC and Minuit fit) is on average % (B). 

Thee vertex resolution has contributions from the non-zero hit resolution and from multiple 
scattering.. The multiple scattering is less for high momentum particles like those expected at 
LHCb.. The average momentum of the secondary particles produced in the pion-target 
interactionss of the test beam is about 500 MeV/c. while the particles reconstructible by the 
LHCbb spectrometer are expected to have momenta above 2 GeV/c. peaking at 10 GeV/c and 
withh a mean value of about 30-40 GeV/c. The LHCb situation therefore can be reproduced by 
usingg our test beam Monte Carlo without multiple scattering. This yields a vertex resolution 
(HWHM)) of -70 [tin at Tl (the target closest to the detectors). This is compared to the vertex 
resolutionn of a typical two-body decay. J/vf->(iu.. which is simulated with the full LHCb Monte 
Carloo program, see Figure 23 ("SICB, J/xT->|j.n." points). 

Thee target positions and two tracks vertex resolutions obtained from the off-line analysis are 
givenn in Table 7. These values wil l be used in the study of the pile-up algorithm performance. 

9.2.99.2.9 Charge distribution 

Onee of the factors influencing the hit resolution is the charge collected on the strips in the 
cluster.. To study this effect of charge sharing we used tracks with a %2 probability >lr/r and 
consideredd the size of the r-clusters of SL2 and SR2. 

Thee charge distribution over the strips of the detector is a complex function. It depends on the 
appliedd voltage, the detector thickness and the temperature. The charge collected on a strip may 
bee distorted by effects of non-linearity of the electric held, dependence of the charge mobility 
onn the electric field, traps etc. The charge distribution without diffusion is a simple step function 
extendingg from the entrance to the exit detector point. It is the largest contribution to the track 
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TN N 

1 1 

-> > 

3 3 

4 4 

4* * 

5 5 

6 6 

7 7 

8 8 

8" " 

9 9 

10 0 

11 1 

12 2 

z,, cm 

-0.554+-0.002 2 

-1.603+-0.002 2 

-2.6I0+-0.002 2 

-3.625+-0.002 2 

-4.11 14+-0.003 

-4.628+-0.002 2 

-5.642+-0.003 3 

-6.652+-O.002 2 

-7.675+-0.003 3 

-8.189+-0.004 4 

-8.679+-0.003 3 

-9.69I+-0.003 3 

-10.696+-0.004 4 

-11.722+-0.003 3 

a,, cm 

0.039+-0.001 1 

().045+-().(XJ2 2 

0.047+-0.002 2 

().056+-(),()02 2 

0.056+-0.003 3 

O.057+-0.002 2 

O.072+-O.0O2 2 

0.074+-0.002 2 

0.087+-0.003 3 

0.057+-0.005 5 

0.090+-0.003 3 

,, O.081+-O.O03 

0.102+-0.004 4 

0.098+-0.003 3 

Tablee 7: Positions of targets (T1 -T1 2) and the vertex resolutions. 

resolution.. The noise added to the strip amplitude can bias the true position of the hits due to 
fluctuationss in the amplitude. Moreover, if not subtracted it can increase the cluster width. The 
ratioo of signal to noise is between 20 and 40 [25]. 

Inn order to reproduce the charge distributions on the strip we use the following formulas from 
Damerell'ss review on silicon detectors [24]: 

•• Einstein relation: 

wheree D is the diffusion coefficient. J J = 1 3 5 0 cm2/(Vs) is the mobility of the 
electron.. kT'is the Boltzman temperature and q is the charge (we set it to 1). 

•• The effect of diffusion on the width of the charge distribution, which is 
proportionall to the drift time of the charge. xd\ 

44 = 2DTd (25) 
•• The variation of the drift time as a function of the distance: 

dd . (d-l\ 
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duee to the fact that the electric field is a linear function of the distance / to the strip 
2 2 

side:: E(x) - -2\xV(d - l)/d with d the thickness of the detector and V the 
appliedd voltage. 

Combiningg these formulae into a single expression we find the charge distribution on the strip 
sidee ' of the detector. It is a convolution integral of gaussian distributions with sigmas an given 
byy (25): 

exp p 

r(x )) = J dx 
2Aln n 

171,11 In 
H>> Aout 

wheree xin and xout are the entry and exit point of the particle in the detector and 
AA = (kTd )/V.. Definitions of some variables are sketched in Figure 24. The factor ,4 
includess all detector dependent constants. 

Thee integration is done numerically. Results for the charge distributions of tracks with 
differentt inclination angles are shown in Figure 25. Despite the obvious asymmetry in the 

Figuree 24: Illustration of the effect 
contributingg to the charge 
distribution.. The diffusion is larger 
att larger distance and drift time. 

Figuree 25: Charge distribution for 
differentt track inclinations, as given 
byy our model: (top-bottom) 0.0. 
0.03.0.33 radians. Charge in all 
distributionss is normalised to 1. 

distributionn its mean value corresponds exactly to the middle between the entry and exit points 

*)wee have neglected the hole component, because it only shows up in the time evolution of the 
signall  on the strip and must be equal to zero over infinitely long collection times. This is the 
easee for 1.4 ps integration time and 70 ns collection time of the holes. 
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off  the track. Therefore, no bias is introduced by diffusion. 
Usingg this simple model we can explain the cluster size, i.e. the number of strips in a cluster, 

ass a function of incident angle (a), see Figure 26. This plot uses tracks found in the target run 
withh a x : probability >1% and considers the /--clusters of SL2 and SR2. For this purpose the I{x) 
distributionn was integrated over individual strips (digitization). 

600 microns strip 

1 1 

0.5 5 

00 0.05 0.1 0.15 0.2 0.25 0.3 
Polarr angle, rad 

Figuree 26: Number of strips in the r-clusteras a function of the polar angle of 
thee associated track. Numbers at every bin are the mean values in every polar 
anglee bin. Lines are the simulation results. Target run data are used. 

Thee noise cut is essential because it determines not only the cluster size at a=0. but also the 
transitionn between the constant and linear part of the function shown in Figure 26. For instance, 
thee model without noise cut gives a cluster size of 2.5 at a=0 for a 40 u.m strip. The cluster size 
remainss constant up toO. I radians. The slope of the linear part is independent of the value of the 
noisee cut. For our model a noise cut equivalent to 6 ADC counts is applied. It is consistent with 
thee noise level measured in the data [25]. 

Thee model describes the data well at small polar angles, while at large angles the predicted 
clusterr size is somewhat larger than the observed one. The size of the bias in determining the 
clusterr position as described in the Section "Track finding", page 37. and shown in Figure 20 is 
alsoo reproduced with this model. 

100 Summary 

AA silicon detector test set-up was placed in a 120 GeV/c pion beam at the CERN SPS. For the 
dataa analysis a track fit procedure was developed using MINUIT . It was found that coordinates 
aree measured with average resolutions of 6 (1 1.5) microns in radius and 0.9(0.3) milliradians in 
anglee for the inner (outer) parts of the detectors. Charge sharing effects are observed and 
reproducedd by a simple model, which includes charge diffusion. For the analysis with the pileup 
triggerr algorithm, reconstructed tracks arc selected on the basis of %2 probability, keeping 99% 
off  the real tracks. The combinatorial background is 3.2+0.1%. 

Montee Carlo simulations were developed for the track fit and vertex reconstruction. By 
parametrizingg the hit resolution with values obtained from the analysis the simulation 
reproducess the vertex resolution. It is shown that a two track vertex measured with the test beam 
hass a resolution (HWHM) of 230 |jm. When extrapolating this value to the conditions expected 
inn LHCb this value becomes 70 |am. 
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