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Chapterr 5 

Cosmicc rays in the MV D 

Inn this chapter the tracking performance of the ZEUS microvertex detector is discussed. 
Cosmicc ray data are used to study the performance (sections 5.2 and 5.3). From these 
data,, results are derived about the data quality, alignment and efficiency of the detector. 
AA study of the improvement on the track reconstruction when MV D alignment corrections 
aree applied is found in section 5.4. Furthermore in section 5.5 the results of a single track 
MCC study are discussed and compared to the data. Also in that section the impact 
parameterr and momentum resolution are investigated. 

5.11 Introduction 

Duringg the construction of the microvertex detector (MVD) four testing periods can be 
identified: : 

1.. The test program for the silicon sensors and read out electronics in a test beam 
experimentt at DESY [47]. 

2.. The quality control of all components after each assembly step. 

3.. Cosmic ray tests outside ZEUS. This is the pre-installation system test. 

4.. The (ongoing) cosmic ray tests inside the experiment. 

Heree the focus is on the cosmic ray tests done with the MVD . The cosmic muons are 
easyy to trigger on and give (most of the time) clear and isolated hits in the detector. 

Inn this chapter two cosmic ray tests are discussed. The first one is called the MVD 
systemm test and is discussed in section 5.2. The second one is the regular ZEUS cosmic 
dataa test. The analysis of these data is discussed in section 5.3. 

5.22 Cosmic ray test before installation 

Inn March 2001 the final assembly of the MV D took place in the Jade Hall at DESY. This 
includedd the insertion of the beam pipe and the mounting of the lower and upper MV D 
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Figuree 5.1: Photograph of (a part of) the setup for the MVD system test in the Jade Hall 
att DESY. The MV D is still supported by its transport frame. The picture shows the rear 
sidee of the MV D with the cables that lead to the patch box several meters away. 
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halff  on each other. Besides this all the final read out and supply cables and electronics 
weree installed. A photograph is shown in figure1 5.1. 

5.2.11 Trigger 

Thee experimental setup was completed with a scintillator trigger, consisting of various 
scintillatorr blocks connected to photoniultiplier tubes. Figure 5.2 shows schematically the 
locationn of the scintillator blocks. 

Inn a four week running period 2.5 million cosmic events were stored on tape. After 
thee detector performance was studied and optimised a sample of 355k remained, requiring 
thee same stable conditions. The number of events was sufficient to test the Kalman filter 
trackk fit with enough tracks. Approximately one third of the events has a valid track with 
üü or more hits. In some events more than one track was found. 

Coincidencess between different layers of scintillator wTere used as an external trigger to 
startt a read out cycle of the MVD [48]. The read out of the MVD is designed for the fixed 
HERAA bunch crossing rate of 10.4 MHz. In the case of the system test the events arrive 
randomlyy distributed in time. Effectively this means that the signal is sampled around 
itss maximum value. 

Thee time difference between the coincidence signal and the next MVD clock pulse 
wass measured with a TDC. Figure 5.3 show's the result of a cosmic run with a large time 
window.. The TDC time range is divided in bins of 5 ns. 

Thee sum of the pulse heights of the strips in a cluster (cluster sum in ADC counts) is 
plottedd versus the TDC time in figure 5.3. Then in figure 5.4 it is shown that the cluster 
summ distribution (for three different time bins) can be fitted with a Landau curve. In 
figurefigure 5.5 the most probable value for each bin is plotted. This shows the time dependence 
off  the gain. The final trigger window was set at a width of 30 ns to have1 sufficient event 
rate. . 

5.2.22 Track fit 

Duringg the1 tests outside the ZEUS experiment no external magnetic field was available. 
Too describe a track generated by a traversing muon the model introduced in section 4.1.1 is 
usedd without the need to fit a curvature. So only the following four parameters arc1 fitted: 
TT — tanöjip. <po> D0, Z{). Because there is no momentum estimation of the trajectory 
noo scattering matrix could be derived. The Kalman filter track fit  for the MVD system 
testt is similar to that explained in section 4.1.2 but without the1 addition of the scattering 
matrix. . 

Too start the fit. procedure a track seed is required. Combinations of hits in an inner 
andd outer half of one module are made1, forming so called "crosses". Each straight line 
fromm one cross to another cross is used as a seed for the Kalman filter. 

Forr a good cosmic event at least three of these crossed hits are required. Since every 
pairr gives a seed for a track fit, several candidate's emerge1. For every candidate all the 
measuredd hits in the MV D are evaluated with the fit algorithm. After all candidates are 



94 4 ChapterChapter 5 Cosmic rays in the MVD 

505 5 

562 2 

590 0 

Boxx symbolises MVD 
incl.. assemblyframe, 
torsionboxx and "feet" 

1129 9 

100 0 

120 0 

Figuree 5.2: Schematic view of the geometry of the scintillator blocks used to trigger cosmic 
rayss for the MV D system test. The displayed lengths are in mm. An iron block filters 
outt very low momentum cosmic muons. 
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Figuree 5.3: Results of the data that are obtained without constraining the time difference 
betweenn the MV D readout clock and the arrival time of the cosmic (TDC time). The plot 
showss the total sum of the measured cluster in bins of 5 ns. The size of the rectangles is 
proportionall  to the number of events in a bin. 
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Figuree 5.4: For three different time bins a Landau fit of the data is done. The position 
off  the maximum of the Landau distribution gives the most probable value for the energy 
losss (MPV). 
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Figuree 5.5: Plot of the most probable value versus the TDC time. 
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Figuree 5.6: (a) A beautifully measured cosmic track with 7 crossed hits (= 14 hits) in the 
microvertexx detector. This display was specially developed to debug the MV D tracking. 
Inn (b) the distribution of the number of assigned hits per track is shown. At least six hits 
weree required to fit a track. 

fitted,fitted, the final fitted track is the track with the most hits or the best total \2- The track 
fi tt for the MVD system test is explained in detail elsewhere [31]. 

Inn figure 5.6a an event is shown in a 3-dimensional display. Not less than 7 crosses are 
fittedfitted to this straight track. Also the position of the ghost hits are shown. A histogram 
off  the number of hits per track is shown in figure 5.6b. The distribution peaks at even 
numberss of hits due to the double layer structure. Because at least three crosses are 
required,, there are no tracks with less than six hits. 

Thee fitted track parameters are shown in figure 5.7. Most tracks have \T\ < 1 (or 
|0d ip|| < 45° because T = tan0d i p) and 60° < \(p0\ < 120°. 

5.2.33 Residuals, alignment and efficiency 

Forr the best track candidate the residuals are already calculated during the fitting proce-
dure.. The residuals are the difference between the measured hit position and the estimated 
trackk position in the sensor as follows from equation 4.34. 

Thee expected position uncertainty has the following' contributions: 

 The intrinsic resolution of the sensor which is of the order of 10 um for tracks 
perpendicularr to the sensor. The centre of gravity clustering algorithm was used 
(seee section 3.1.4). The increasing error for tracks with a large angle of incidence 
wass not taken into account. 

 Uncertainties in the position of the sensors inside the MVD which deviate from 
theirr design positions. The average shifts are of the order of 50 urn. This number is 
estimatedd from the detailed and precise survey after assembly (see section 3.2.1). 
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Figuree 5.7: Distribution of the fitted cosmic tracks. Each track has at least 6 hits in the 
microvertexx detector. The following parameters are plotted: T = tanöd i p (a), q>() (b), D0 

(c)) and Z0 (d). 
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Figuree 5.8: Residuals of the track fit  for the z hits (a) and the r<p hits (b) in the MV D 
barrel.. For the position reconstruction of the cluster a centre of gravity algorithm is used 
andd no alignment corrections are clone. 

<j(z<j(z hits [urn]) 
a(r(f>a(r(f>  hits [pm]) 
cr(wheell  0 hits [urn]) 
cr(wheell  1-3 hits [urn]) 
meann wheel 0 hits [ pm] 
meann wheel 1-3 hits [ pm] 

sensorr positions from 
designn geometry 

80 0 
70 0 

750 0 
580 0 

-270 0 
-100 0 

surveyy geometry 
56 6 
70 0 

510 0 
550 0 
-50 0 
-34 4 

Tablee 5.1: The a and the mean of the residuals of the trajectory for z hits, r<p hits and 
wheell  hits. Both the design geometry and the survey geometry of the sensor positions are 
usedd for the track fit. For the survey geometry only shifts in the z direction are applied. 

 Scattering of the muons in the material of the MVD . A 1 GeV muon, travelling-
throughh material with a radiation length of 1%. gets an average deflection of about 
11 mrad. Over a distance of 50 mm this leads to an average error in the position 
estimationn of 50 pm. 

Thee estimated position error which is used in the track fit is 50 pm, which slightly 
underestimatess the real error. The maximum A^ 2 of one hit is set to high values (40) so 
thee effect on the hit finding is small. 

Figuree 5.8 gives the residuals of all z and r<p hits in the barrel for single track events. 
Thee Gaussian fit of the data has a mean smaller than 1 pm and a standard deviation of 
800 pm for the z hits and 70 pm for the rep hits. These measurements are done without using 
anyy detector alignment correction. The position of a cluster is determined by calculating 
thee centre of gravity of the cluster. 

Inn the forward MVD most of the collected cosmics passed both the wheels and the 
ladders.. Both in the wheels and the ladder the sensors are crossed with rather large 
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angles.. So the position reconstruction is worse. Also small uncertainties in the alignment 
(inn z) of the MV D wheels have a large effect on the difference between the measurement 
andd the track. By setting the error on the cluster position of the wheels to 1 mm the 
wheell  hits were included in the fit. The residuals for the wheels are given in table 5.1. 
Duee to low statistics, the results are shown for the wheel closest to the BMV D (wheel 0) 
andd the three most forward wheels (wheel 1-3). 

Duringg the construction of the MVD the positions of the various mechanical compo-
nentss were measured. From this survey a shift in the : direction is calculated for every 
ladderr and wheel. With these offsets the design positions of the sensors are changed. A 
singlee run of 41k events shows then already a large improvement for the residuals of tin1 

barrell  and wheel hits. In table 5.1 the residuals are given again for the c hits, ro hits 
andd wheel hits. There is no improvement in the VQ hits because the corrections arc1 done 
inn the ~ direction. The residuals for the z hits were 80 iim and are now 50 u.m. For the 
wheell  hits the position resolution also improved. 

Eff iciency y 

AA simple algorithm was used to estimate the efficiency of all the sensors of the barrel 
MVD .. For each track all sensors are evaluated, that are expected to be crossed by the 
track.. If in a sensor no hit (looking only to the hits used to fit  the track) is found it counts 
ass inefficient. By dividing the number of hits by the total number of expected intersections 
forr a sensor a measure1 of efficiency is determined. The results are shown in figure 5.9. The 
expectedd intersection is calculated with the total area of the sensor and this is larger than 
thee estimated active area of the sensor. The result is a maximum geometric efficiency 
off  92.T'A. Without this geometric effect the average efficiency of fitting a hit in a sensor 
iss 97.7(/c. In this calculation sensors with problems in the readout are not used. From 
GOOO sensors in the barrel 11 sensors were excluded from the read out due to electronic 
problems.. Six sensors had different electronic problems and could only measure charged 
particless in a part of the active area. 

5.33 Cosmic rays inside ZEUS 

Inn the previous section cosmics ray data are studied which are recorded during the MVD 
systemm test. After installation of the vertex detector inside the existing ZEUS experiment, 
anotherr type of cosmics unions is triggered. A recorded event is shown in figure 5.10. Hits 
inn the CAL, CTD and MV D can he seen. In ZEUS the magnetic field curves the union 
trajectory,, so also the momentum of the liiuon can be estimated. 

Inn this section \hv ZEUS cosmic trigger is discussed. The cosmic ray events are very 
cleann and are thus useful for MV D alignment and impact, parameter studies. 

5.3.11 Trigger and t iming 

Thee cosmics that are useful for MVD studies are isolated unions travelling close to the 
interactionn region of the ZEUS detector. These unions an1 triggered with the BCAL and 
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Figuree 5.9: The efficiency for all barrel sensors. In the calculation the track can intersect 
withh the total area of a sensor, while the outer edges of the sensor do not belong to the 
activee area. This results in a maximum (geometric) efficiency of 92.7%. From 600 sensors 
144 are switched off from the read out chain. 
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|::  Zeus Run 42544 E vent 484 date::  26-09-2002 time : 15:38:41 | 

Dffi f f 

Figuree 5.10: A cosmic muon detected in the ZEUS detector. The nmoii gives hits in the 
CAL,, CTD and MVD . The trajectory is curved, due to the magnetic field. 
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Figuree 5.11: (a) Energy measured in the calorimeter for isolated cosmic muons. (b) 
Transversee momentum (p<) distribution of the isolated cosmic tracks. 

CTD.. This trigger configuration is called the "BCAL cosmic and good track trigger". In 
thiss text such an event is called an "isolated cosmic". The following requirements are 
usedd in the first level trigger to select isolated cosmics: 

 Coincidence between upper and lower barrel calorimeter sides. 

 Total energy more than 700 MeV in the barrel calorimeter. 

 A CTD good track coming from the interaction region. 

Inn figure 5.11a the CAL energy spectrum is plotted for the isolated cosmic trigger. 
Thee distribution peaks at 3.5 GeV. A minimum ionising muon travelling straight through 
thee calorimeter loses on average 2.6 GeV. The measured value is larger, mainly because 
thee response of the calorimeter is calibrated for particle shower measurements and not for 
minimumm ionising particles [49]. 

Figuree 5.11b shows the transverse momentum distribution of the muon tracks. The 
CTDD reconstruction software (VCTRAK) reconstructs the cosmic' event as a di-track 
physicss event. The tracks are selected by requiring two tracks in the CTD with opposite 
charge.. An additional requirement was that both tracks have similar track parameters. 
Thiss distribution shows that most of the triggered muons have a pt of approximately 
22 GeV. For higher pt the distribution decreases exponentially. 

Thee arrival time of the cosmic can be measured with the calorimeter timing. This 
timee is the global calorimeter time which is the average time of all the calorimeter cells 
abovee threshold. Since there is no beam the timing is with respect to a 10.4 MHz clock. 

Usingg the CAL global time an MV D time scan can be done in a similar manner as 
describedd in section 5.2.1. The results are plotted for a 2002 cosmic run in figure 5.12a. 
Withinn the shaded region the CTD track finding performs well. The optimum of the 
MV DD signal is just outside this window, still most performance studies are done with this 
(2002)) sample. From 2003 onward the MVD and CTD are synchronised as can be seen 
inn figure 5.12b. 
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Figuree 5.12: In (a) the most probable value (MPV) of the cluster sum is plotted in bins of 
55 ns. The peak in the signal does not correspond with the region for efficient CTD track 
findingg (from -20 to 20ns). This is for ZEUS run 41915. In December 2002 the MV D 
timingg was adjusted. Plot (b) shows that the peak in the MV D signal does correspond 
withh the region of the good CTD tracks. 

5.3.22 Track fi t 

Thee track fit is again based on the procedure described in section 4.1.2. But this time 
thee CTD tracks and their eovariance matrices serve as the starting estimate of the filter. 
Thee strategy is to update the track stepwise with hits close to the extrapolation of the 
trajectory.. Furthermore two additional changes are made: First, a better description of 
thee angular dependence of the position resolution is included. The parameterisation from 
sectionn 3.1.4 is used to describe the angular dependence. An uncertainty of 40 pm is added 
inn quadrature because the design geometry is assumed. (For the system test data 50 pm 
wass used for all contributions.) Secondly, the multiple scattering effects in the material 
off  the detector are now included in the fit procedure. 

Startingg from the cosmic trigger data the following track selection was applied: 

 Two tracks in the CTD with opposite charge (one cosmic muon travelling through 
thee CTD is reconstructed in ZEUS as two independent tracks). 

 The D0 and Z0 of the tracks are within 10 cm of each other. 

 The Kalman track finding finds at least two hits in the MV D for both tracks. 

Thee number of events is around 100k after these selection criteria are applied to the cosmic 
dataa of 2002. 

Figuree 5.13a shows the number of hits per track. The distribution peaks at even 
numberss of hits. The peak structure is less clear than was observed during the MV D 
systemm test. This is caused by the bad timing of the detector and also some half modules 
weree masked by the data acquisition. 



5.35.3 Cosmic rays inside ZEUS 105 5 

J22 35000E 
ü ü 
22 30000: 

"55 25000r 

<jjj  20000E 

|| 150 
ZZ 10000E 

5000: : 

U) ) 

r r 
o o 
<D D 

E E 

z z 

(C) ) 

.c c 

**— — o o 
)--0) 0) 

J 3 3 

E E 
3 3 

z z 

16000 0 

14000 0 

12000 0 

10000 0 

8000 0 

6000 0 

4000 0 

2000 0 

0_ _ 

18 8 

16 6 

14 4 

12 2 

10 0 

8 8 

6 6 

4 4 

2 2 

0 0 

(e) ) 

Ü Ü 
TO TO 

0) ) 

E E 
3 3 

22 4 6 8 10 12 14 16 18 20 

Numbe rr  of MVD hit s per trac k 

-1"\"-1"\"  | !........ J 

-- per trac k 

:__ CTm = 3 4 ^ m 

rr  , 

: : 
J J 

1.. . J 

r .. . : : /A : , . . 1 

lb) ) 

(/J J 
10000 0 

22 8000 
<U U 

gg 6000 
3 3 
ZZ 4000 

-0.8-0.6-0.4-0.22 -0 0.2 0.4 0.6 0.8 1 

Z-hit ss  residual s [mm ] 

2000 0 

0 0 

66 or mor e hit s 
perr  trac k 

o-mm = 53 |im 

-0.8-0.6-0.4-0.22 -0 0.2 0.4 0.6 0.8 1 

Ro-hit ss  residual s [mm ] 

(d) ) 

66 or more hit s 
perr  trac k 

-0.8-0.6-0.4-0.22 -0 0.2 0.4 0.6 0.8 1 

wheel-hit ss  residual s [mm ] 

Figuree 5.13: Number of hits per track (a), the \ 2 f° r tracks with 6 hits (b), the residuals 
off  the z hits and the r<fi  hits for cosmics with at least 6 hits per track (c and d). In (e) the 
residualss are plotted for the (less frequent) wheel hits. Note that one cosmic is regarded 
ass two separate tracks. 
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meann [ |i.m] rr [ yim] 
zz hits Ï 34 
r&r&  hits 7 53 
wheell  hits -40 03 

Tablee 5.2: Results obtained from the MVD hit residual distribution for cosmic ray muons. 

Inn figure1 5.13b the \ 2 for the tracks is plotted. The plot shows that there is a large 
taill  present. This suggests that for these data (and the design geometry) the estimated 
positionn error is too small. 

Thee residuals plotted in figures 5.13c and d for tracks with at least 6 hits are narrower 
thann the system test data. Since the ZEUS magnetic field and the used trigger filter out 
thee lower momentum cosmics. the muons are scattering less than in the system test. For 
thee wheel hits the residuals seem to be worse, however the statistics is low. The results 
aree summarised in table 5.2. 

Inn figure 5.14 the distribution of the track parameters {0. <p(h D0 and Z{)) are plotted. 
Mostt tracks with u' hits pass the MVD in a cone of 30 with respect to the ZEUS y axis 
andd are within a distance of 10cm of the nominal .: axis. The peak structure in Z0 is 
causedd by the 1 mm gaps between two MVD modules on a ladder. Also track efficiency 
iss lost when the extrapolation of the OTD track is far off and crosses the wrong sensor. 

5.44 Alignment 

Inn the previous section a sample of approximately 100k good cosmic events was discussed. 
Thesee cosmics go through the CTD and the MVD . This same sample is now used to 
studyy the alignment of the mierovertex detector. Furthermore the improved geometry 
knowledgee from a track alignment study is used. Finally an estimate' is made for the 
impactt parameter resolution as function of the track transverse momentum. 

Thee MVD and CTD z position can be compared by looking at the difference in the Z{) 

parameterr between tracks fitted with the CTD only and the same tracks fitted with the 
MVD .. After a few Kalman filter steps the track parameters are dominated by the MVD 
measurements.. If a misalignment between MVD and CTD exists, the tracks are shifted 
towardss the MV D frame since its precision is much better. This effect is seen in the left 
columnn of figure 5.15. A clear shift between MVD and CTD of 0.8 mm is seen. 

Too study the1 impact parameter precision of the MVD it is useful to consider the 
cosmicc track as two independently reconstructed tracks and see how well they match. In 
thee right column of figure 5.15 the mismatch between the two track segments is plotted. 
Onlyy tracks fitted with at least 6 MVD hits are used. A Gaussian fit of the distribution 
hass a width of 180 p.m. An estimate for the impact parameter resolution of these cosmic 
trackss is then 180/y/2 = 127 uun. This depends also on the momentum of the tracks. The 
momentumm of most of the cosmics is between lGeV and 2GeV. Comparing figure 5.15a 
withh figure 5.15b shows that the MVD gives an impact, parameter that is more than ten 
timess better than the CTD only. 

Thee aim of the alignment, is to estimate the real positions and orientation of all the 
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Figuree 5.14: The parameters of the selected cosmic ray tracks. Shown are 0 (a), <p0 (b), 

D00 (c) and Z0 (d). 



108 8 ChapterChapter 5 Cosmic rays in the MVD 

> > 
a> > 

.Q Q 
E E 

(a) ) 

c c 
> > 
0) ) 

0> > 

E E 

(O O 

c c 
> > 
CD D 

<1> > 
. Q Q 

E E 

(e) ) 

350 0 

300 0 

250 0 

200 0 

150 0 

100 0 

50 0 

L L 
: : 

— — 
'-'- f 

--- ft 

^kr^TCi-r ii  . . . i 

r|J|| n = -0.87 mm -_ 
y \\ c = 2.19 mm j 

// \ 
// \ 1-
rr  \ 

\ \ 

.. . . i . . . i . . . i . . .rSÜnrT'T-w^^ 
100 -8 -6 00 2 4 

77 - z 
"0,MVD"0,MVD  ^-O.CTD 

0,MVDD *-0,CTD [mm] ] 

O.MVDD O.CTD [mm] ] 

c c 
0> > > > 

O O 
.O O 
E E 
3 3 

88 10 
[mm] ] 

(b ) ) 

V) ) 

c c 
o o > > 
o o 

o o 
E E 
3 3 

z z 

(d) ) 

4) ) 

E E 
3 3 

(f) ) 

Figuree 5.15: In the left column the Z0 parameter of the track fit with CTD only and 
MV DD is compared. In this case the CTD resolution limit s the width of the distribution. 
Thee right column compares the "two independent" tracks of a cosmic both fitted with 
thee MVD . In (a) and (b) the design geometry is used. In (c) and (d) the MV D is aligned 
withh respect to the CTD. In (e) and (f) also the MVD ladders are aligned. 



5.45.4 Alignment 109 9 

MV DD sensors. When these estimated positions are applied, the track fit. is expected to 
improve. . 

Inputt for the alignment are the differences between the expected track position and 
thee measured hit positions. Then a least squares minimisation is done to determine the 
geometryy offsets. 

Wit hh the 2002 cosmic data a preliminary tracking alignment is calculated for the 
MV DD [50]. First a global alignment was performed: The position and orientation of the 
MV DD with respect to the CTD was calculated. Subsequently, the MV D internal alignment 
wass done. The data sample was only large enough to do the internal alignment per ladder. 
Howeverr it is known from section 3.2 that already a big effort was made to construct the 
MV DD as precisely as possible1. 

Usingg these alignment offsets the reconstruction of the cosmic events can be redone. 
Too study the improvement, the cosmic sample is reconstructed with three different ge-
ometries: : 

1.. design geometry (from the technical drawings) 

2.. MVD with respect to the CTD 

3.. MVD with respect to the CTD and the MVD barrel ladders. 

Thee results from this study are shown in figure 5.15. where the mismatch in Z0 is plot-
tedd between the CTD fitted track and CTD and MVD fitted track. A clear improvement 
iss seen when comparing the design and aligned geometries. 

Whenn the MVD ladders are aligned it is seen in the figure that the width of the 
mismatchh between the upper and lower track becomes much smaller. The Gaussian fit 
givess for all tracks in the sample a width of 07 u.m. 

The11 transverse momentum dependence of the mismatch in Z{) is shown in figure 5.16. 
Thee mismatch becomes smaller at high />,. In this region the fit is dominated by the1 

positionn reconstruction. For lower momentum, multiple scattering becomes more and 
moree important so the mismatch increases. To get from this an estimate of the impact 
parameterr resolution the data are divided by v/2. The result for the impact parameter 
fi tt is: 83/p, + 47 (am. This satisfies the design criterium, requiring an impact parameter 
resolutionn of 100 jim. 

Tin11 alignment program did not use the incident angle to optimise the cluster recon-
struction.. It used the centre of gravity algorithm and assigned to each hit an uncertainty 
off  50 u.m. The residual of a hit / with respect to the expected position was calculated 
byy re-fitting the track without hit /. The optimised residuals wen1 47p.m for the z hits 
andd 64 u.m for the ré hits. The precision reaches a level where the1 cluster reconstruction 
methodd and error estimation becomes more1 important. By implementing these improved 
algorithmss the detector alignment improves and indirectly the impact parameter resolu-
tion. . 
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Figuree 5.16: The mismatch between the upper and lower MVD track in bins of transverse 
momentum.. Used tracks have at least 6 hits in the MVD . In the used geometry the MVD 
ladderss are aligned. 

5.55 Monte Carlo comparison 

Inn this section the performance of the track fit is studied using tracks and hits from a Monte 
Carloo simulation. The advantage is that the information of the generator is available. So 
thee reconstructed tracks and hits can be compared with the generated tracks and hits. 

5.5.11 Single track Monte Carlo events 

Thee ZEUS Monte Carlo is based on a full GEANT[24] simulation of the detector including 
thee microvertex detector. 

AA single track MC is used to investigate the hit and track finding efficiency of the 
trackk reconstruction. A sample of 10k muons was generated in the following kinematic 
range:: 0.2 < p < 10.0 GeV, 0° < 0t rack < 360° and 5° < 0t rack < 175°. The vertex position 
wass set to the expected nominal e+p interaction point: (x,y,z) = (17.5, 0, 0) mm. Both 
negativelyy and positively charged muons were generated. 

5.5.22 Hi t assignment 

Forr a good track fit the hits have to be assigned to the correct track. Ghost hits, noise 
hitss and hits belonging to other tracks (wrong hits) have to be disentangled reliably. In 
thee Monte Carlo every hit can be traced back to a certain track or to noise. 
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Figuree 5.17: Hit finding in the MVD with different tracking strategies using MC tracks. 
Thee strategies are explained in section 4.2. In (a) and (b) the number of assigned hits 
perr track is shown. In (c) the average hit finding efficiency per track in bins of (9track is 
presented. . 

Afterr the simulation has generated the charge on the MV D strips, noise is simulated. 
Thiss is done by adding to every read out strip a random pulse height according to a Gaus-
siann distribution with mean zero and average noise (a). The same clustering algorithm is 
appliedd as for data. 

Thee probability to pick up noise hits is very small (the signal-to-noise ratio was larger 
thann 20 in the simulation). Furthermore because a single track Monte Carlo is used it 
iss impossible to pick up a hit from a wrong track. The current Monte Carlo sample is 
primarilyy used to check if the true hits are assigned to the track. 

Figuree 5.17 gives an overview of the hit finding for the different strategies. The three 
strategiess were Kalman track finding, VCTRAK finding, combined track finding (see 
sectionn 4.2). 

Inn figures 5.17a and 5.17b for all tracks the number assigned hits per track is plotted. 
Thee distribution peaks at four, six and eight hits which is also expected from the detector 
geometry.. The distribution closely follows the number of hits per Monte Carlo track. For 
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trackss with a small number of hits the VCTRAK finding finds less tracks. 
Thee number of ghost hits and missing hits per track are also studied for tracks in the 

regionn 30 < 9 < 150 . Most tracks do not fit to ghost hits or do not miss hits. The 
Kalmann track finding picks up a ghost hit for O.YA of the tracks. For the VCTRAK 
findingfinding and combined method this is about 0,05%. For about 0.1(/c of the tracks the 
Kalmann track finding has more than 1 missing hits. About 3/{  (2f /) of the VCTRAK 
findingg tracks (combined or Kalman finding tracks) are missing 1 or 2 hits. 

Ghostt hits can be picked up if the prediction of the CTD track is substantially offset 
withh respect to the first MVD hit. The Kalman track finding is more sensitive to this. 
Inn some eases when the track crosses the module overlap the ghost hit fits better to the 
trajectoryy than the "true" hit. 

Hitss are missed if the track does not cross a sensor, or the contribution to the \2 of 
thee track is too large. Also when the first hit is not a true hit. then the track can deviate1 

tooo far to find other true hits, resulting in a large number of missing hits. This happens 
inn some eases for the Kalman track finding. 

Figuree 5.17c shows the hit finding efficiency in bins of 0[rM .k. The hit finding efficiency 
iss defined as the number of hits assigned to the track divided by the number of " hits 
off  the track. For tracks in the range 30 < 0trafk < 150 the efficiency is better than 99'X. 
Forr tracks with lower or higher (9,raf.k not only less tracks are found (see next section), also 
lesss hits per track are found. 

5.5.33 Track finding 

Inn figure1 5.18 the track finding efficiency is plotted in bins of angle $ and o(, and momentum 
pp of the generated track. The results of the three tracking strategies are compared with 
M CC tracks having at least one hit in the MVD . The efficiency is defined as the number of 
reconstructedd tracks divided by the number of true (MC1) tracks per bin. An additional 
constraintt is that only reconstructed tracks are counted with at least two "true" hits. 

Inn the central region (30l < 0 < 150°) almost all tracks are found, except when the 
VCTRAKK finding is used. The performance is worse because the minimum number of 
MV DD hits required is four hits. (For example an r<p and a z hit in two MVD modules.) 
Trackss with less than four hits do occur in the MVD , especially in the range1 of (150° < 
OO < 210"). The decrease1 in the track finding efficiency is best seen in the o{) plot. Tracks 
withh only a small number of hits are found with the Kalman track finding and with the 
combinedd method. 

Inn the forward (0 < 30") and in the rear (0 > 150°) region the track finding efficiency 
worsens.. The reduced efficiency can be explained as follows. First, when a track crosses 
fewerr super layers in the CTD the measurement of the CTD track is fitted with fewer hits, 
i nn particular the Z0 and T track parameters are less accurate. In this case the measurc'd 
CTDD track can be far off from the corresponding MV D hits. This decreases the track 
findingfinding in the MVD for all three methods. Secondly, tracks which only pass one or two 
cylinderss of the MVD , have only few hits available (looking only to the MVD barrel). 
Thiss also makes the track finding in the MV D with the VCTRAK package more difficult . 

Forr tracks which pass the1 MV D forward wheels additional hits can be measured. The 
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Figuree 5.18: Track finding efficiencies for tracks which are fitted with at least two MV D 
hits.. The results are presented in bins of the angles 6 (a), <p0 (b) and momentum p (c). 
Thee three different fitting strategies are explained section 4.2. For comparison the "true" 
trackss with at least one MV D hit are also shown. 
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method d 
Al ll  MC tracks 
VCTRAKK finding 
Kalmann track finding 
Combined d 

foundd tracks 
7102 2 
6992 2 
7088 8 
7096 6 

efficiency y 
100.00% % 
98.45% % 
99.80% % 
99.92% % 

Tablee 5.3: Comparison of the number of found tracks for different fitting strategies for 
trackss with 30° < 9 < 150°. The results are obtained from a generated sample of 10k 
singlee niuons. 

VCTRAKK finding finds track candidates in the forward direction. For this study only 
forwardd tracks wen1 stored which are compatible with a CTD track. Future studies wil l 
includee stand alone forward MV D tracks. However separating real tracks from background 
trackss in this region is difficult . 

Whenn no track is found in the MVD by the VCTRAK finding, the combined method 
re-fitss the track with the CTD track as a seed. Some additional MVD hits are then found 
inn the forward region. 

Thee efficiency of track finding in the central region is summarised in table 5.3. For 
singlee track events the efficiency is larger than 99%. The VCTRAK finding has less 
efficiencyy because it needs at least four MV D hits in a track. 

5.5.44 Quality of the track fit 

Forr the study of the quality of the tracks a closer look at the actual fit is taken. Im-
portantt parameters are the hit residuals A, and the ^2 of tlic- track. In addition the 
pull-distributionss are used, defined as follows: 

where11 ex, is the hit resolution. If all sources of uncertainty are described correctly, these 
distributionss should be Gaussian with mean zero and a width of 1. 

Iff  all errors are Gaussian then the expectation value of the \ 2 of a least squares fit is: 

<v>-(£'(£))=««
where11 N<{{  is the number of degrees of freedom and jVhitK is the number of hits (N(U = 
Vhitss — V par and Ar

pHr is the number of parameters). 
Thee \ 2 from the Kalman track fit is the sum of the A\2 of the filter steps (see1 

se-ctionn 4.1.2). For every assigned hit one degree of freedom is obtained. In the discussion 
off  some of the results a simplified interpretation is usee! that considers a regular least, 
semaress fit. with .Vhlls and Ar

par. 
Thee residuals are also eak'ulated from the1 Kalman filter. The expected hit errors 

followw from a parameteiisation using the angle of incielence (see section 3.1.4). 
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Figuree 5.19: In (a) is shown the distribution of the hit residuals for 1 GeV tracks. A 
Gaussiann fit is used to determine the width of the distribution. In (b) the width of the 
residuall  distributions are shown versus the number of hits per track. In (c) is shown the 
distributionn of the hit pulls. In (d) is plotted the width of the pull distributions versus 
thee number of hits in the track. The line is the least squares expectation and is explained 
inn the text. 

Thee hit residuals are not identical to the hit resolution. Because the hit is included in 
thee fit , the residual tends to be smaller than the hit position resolution. Assuming that 
alll  errors are Gaussian then by rewriting equation 5.2 the following approximation for the 
hitt residual is derived: 

-Chit t NNdidi > 0, 
hits s 

(5.3) ) 

soo only for large number of hits is aIfss fa ahil. 
Inn figure 5.19 the distribution of the residuals and pulls are shown for 1 GeV tracks. 

Forr this study the z and r<j>  hits are not distinguished. 
Substitutingg 5.3 in 5.1 then the pull equals \/Nd;/Nhits. The least squares model to 

describee the pulls is only valid starting from 5 hits. In figure 5.19d this simple model is 
seenn to closely follow the data points. For tracks with 6 hits the pull is then 0.41. The 
valuee measured in figure 5.19c is 0.46. 
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Figuree 5.20: Residuals (a) and pulls (b) of the hits as function of the momentum of the 
track.. The decrease in the residuals and pulls for tracks with low momentum is due to 
multiplee scattering. 

Forr tracks with 6 hits ales is 7.3 am. With the use of equation 5.3 an average hit 
positionn resolution of 17.9 irm is obtained. Considering that the resolution decreases due 
too the angular dependence and multiple scattering this is a consistent result. 

Inn figure 5.20a and b the width of the residual and the width of the pull distribution 
iss plotted for different track momenta. The residuals for low momenta become smaller. 
Thiss is because multiple scattering has an increasing effect at low momentum. In the 
trackk fit procedure the covariance of the track is made larger when multiple scattering is 
expected.. Consequently the fit pulls the track closer to the hit. 

Thee pull for high momentum tracks is 0.55. Now effectively 4 parameters are fitted 
insteadd of 5. (The curvature becomes more or less zero). A track with 6 hits and 4 
parameterss corresponds to a pull of: ^ 2 /6 w 0.57. 

Applyingg equation 5.3 again for the high momentum tracks in figure 5.20a an average 
hitt resolution is obtained of 15.6 pin. This is again consistent with the expected errors. 

Figuree 5.21 shows histograms of the \ 2 and ^-probabil i ty for tracks with 6 hits and 
11 GeV and tracks with 6 hits and 6 GeV. In figures 5.21a and c the line is the \ 2 -
distributionn for 6 degrees of freedom. The average \ 2 is not too far off from 6. but the 
distributionss are not described by the line. 

Thee 1 GeV tracks have a larger tail than the 6 GeV tracks. This happens if the scat-
teringg is underestimated or if the expected hit errors arc too small. For the 6 GeV tracks 
somee tracks are fitted too well. It is possible that the initial track covariance is too large. 
AA further step in tuning the hit errors, track covarianc.es and multiple scattering effects 
iss recommendablc. 

Anotherr quantity to investigate are the track pulls after the fit. For example for 
thee Z0 parameter one can calculate (Z[]mc - Z0,tl.ue)/a(Zu), where a(ZQ) conies from the 
appropriatee diagonal entry of the covariance matrix. 

Inn table 5.4 the track pulls of all five track parameters are given for tracks of 1 GeV and 
66 GeV. The widths of the pull distributions for 6 GeV tracks are smaller than for 1 GeV 

http://covarianc.es
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Figuree 5.21: The \ 2 distribution and probability for 1 GeV tracks (a and b) and for 6 GeV 
trackss (c and d). Al l tracks have 6 hits. 

H7[mmm :] 
T T 
4>4>00 [ mrad] 
DD00 [ mm] 
ZZ00 [ mm] 

lGeV V 
pulll  mean 

0.011 1 
-0.014 4 
0.019 9 
0.023 3 
0.009 9 

pullpull sigma 
1.25 5 
2.19 9 
2.12 2 
1.74 4 
1.77 7 

66 GeV 
pulll  mean 

0.005 5 
-0.043 3 
-0.040 0 
-0.030 0 
0.033 3 

pulll  sigma 
1.12 2 
1.58 8 
1.59 9 
1.30 0 
1.31 1 

Tablee 5.4: Mean and width of the track pull distributions for 1 GeV and 6 GeV tracks. 



118 8 ChapterChapter 5 Cosmic rays in the MVD 

tracks.. One effect still to be corrected for is that in the reconstruction no correction was 
appliedd for the scatters in the most, inner sensors and the beam pipe. 

5.5.55 The track impact parameters 

Thee impact parameter is determined by calculating the point of closest approach of the 
reconstructedd track to the coordinate where the track is generated. The radial and z com-
ponentt of this vector are studied as function of pt, 0 and 0O-

Thee vector from the origin to the point of closest approach is perpendicular to the 
track.. Hence, the determination of the impact point is most sensitive in the directions 
perpendicularr to the track. 

Inn figure 5.22a the impact parameter resolution is shown in bins of transverse momen-
tum.. The selected tracks are in the following range: 30° < ötrack < 150°. passing through 
thee MV D barrel. For tracks with momenta larger than 1 GeV an impact parameter reso-
lutionn of 50 fim is approached. The effect that multiple scattering increases the error on 
thee impact parameter for lower track momenta is also clearly seen. 

Alsoo in figure 5.22a the z impact parameter resolution is fitted. The fit gives the pa-
rameterisation:: 0.056/p; + 0.018 mm. This is a better resolution than was experimentally 
derivedd with cosmic ray data in section 5.4 (0.083//>, + 0.047mm). However, it should be 
notedd that the detector geometry in the Monte Carlo is perfect. 

Too see the effect of extrapolation on the uncertainty of the impact parameter, tracks 
aree studied with momenta between 3 and 10GeV. In figure 5.22b the radial impact 
parameterr is plotted in bins of #t rack. For inclined tracks the radial impact parameter 
becomess worse. In the figure it is seen that the resolution in z stays constant. To obtain 
thee z impact parameter the (three dimensional) impact parameter vector is projected on 
thee z axis. For inclined tracks the extrapolation is larger, but the projection of the impact 
parameterr vector on z becomes smaller and compensates. 

Inn figure 5.23 the impact parameter is plotted in bins of (po.track- Tracks with 140° < 
<PD.<PD.tracktrack < 210° are measured with only the two outer cylinders of the MVD. In this region 
thee impact parameter resolution gets significantly worse. 

5.5.66 Tracks through the MV D wheels 

Thee performance of the fit  in the forward region is studied with a special track sample. 
Thee tracks were generated between 1 and 5 GeV and 5° < #track < 30°. In figure 5.24 the 
residualss of the track fit  are shown for the barrel sensors and the wheel sensors for tracks 
withh at least 6 hits. The tracks traversing the barrel sensors and the wheel 0 sensors 
producee wide clusters, because1 of the angular dependence on the cluster shape. This 
leadss to worse resolution. There is also an asymmetry in the distributions. Probably as 
consequencee of a different geometry definition for the wheels between the reconstruction 
andd the simulation. A more detailed analysis is needed. 
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Figuree 5.22: Impact parameters projected on the xy plane and on the z axis in bins of 
transversee momentum (a) and 6>track (b). 



120 0 ChapterChapter 5 Cosmic rays in the MVD 

(a) ) 

„ 0 . 2 5 5 
E E 
E E 
—'' 0.2 

co o 
^"0 .1 5 5 o o 
co o 
Q. . 
EE 0.1 

0.05 5 

T—i—i—i—i—i—i—i—I—I—i—r-- ii I i " i 

<< 9track < 150 30 0 

3 < p < 1 0 G ê V V 

I I tt tt VlS S 
B B 
ft ft 
i11 J 

impactt par. xy plane 

I I I I 
hm hm I«É É 

impactt par. z 

il l «4 4 dril l 'Wgpi i 
00 50 100 150 200 250 300 350 

Vtrackk [degrees] 

(b) ) 

Figuree 5.23: Impact parameters projected on the xy plane and on the z axis in bins 
off  <f> 0 (a). In (b) the hits of track a are closer to the origin of the track. The shorter 
extrapolationn gives a better resolution in the xy plane and in z. 



5.55.5 Monte Carlo comparison 121 1 

CD D 

n n 
E E 

-0.055 0 0.05 0.1 

Residual ss z hit s [mm] 

(a ) ) 

<u u 

E E 
3 3 

25000 r 

20000 r 

1500 r r 

10000 r 

5000 r 

66 or mor e hit s 
perr  trac k 

cmm = 9 jim 

(h) ) 

M M 

d> > 
JD D 

E E 
3 3 

-0.055 0 0.05 0.1 

Residual ss wheelO [mm] 

-0.055 0 0.05 0.1 

Residual ss ro hit s [mm] 

1600 0 

1400 0 

1200 0 

1000 0 

800 0 

600 0 

400 0 

200 0 

<0 0 

66 or mor e hit s 
perr  trac k 

c,„„  = 4 urn 

11 -0.05 0 0.05 0.1 

Residual ss wheel 1-3 [mm] 

(c) ) (d) ) 

Figuree 5.24: Residuals of hits from tracks with at least 6 hits going through the wheels. 
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Figuree 5.25: For low momentum tracks the difference in Z0 <r(Z0(rec) -Z ( )( t rue)) is plotted 
ass function of the transverse momentum. 

5.5.77 Effect of the multiple scattering corrections 

Forr low momentum tracks charged particles scatter in the material of the detector. This 
distortss the trajectory of the particle. The effect of multiple scattering is that the precision 
off  the track reconstruction decreases. The Kalman fit includes the additional uncertainty 
duee to multiple scattering to the track covariance matrix. 

Too see the effect of this method the "mismatch" of Z0 between the true (generated) 
trackk and the reconstructed track is investigated. The studied sample consisted of 10000 
unionn tracks with momentum 0.125 < p < 1.25 GeV, 30° < 9 < 150° and 0° < 4> < 360°. 

Thee results are shown in figure 5.25. The quantity a(Z0(rec) — Z0(true)) is defined as 
thee width of a Gaussian fit of the tracks in transverse momentum bins of 0.1 GeV. Two 
differentt track fit  modes are used. One takes the effects of multiple scattering taken into 
accountt and the other does not. It is seen that for lower momentum the mismatch is 
smallerr when the scattering is included. This is the effect of the Kalman filter giving less 
weightt to the tracks if multiple scattering is included. 

AA different look at the effects of multiple scattering is obtained by switching the 
multiplee scattering off in the simulation, as if there is no material. The mismatch between 
thee reconstructed and the generated track is very small (45 um) and does not depend so 
stronglyy on the transverse momentum. For tracks below 0.1 GeV the starting track of the 
CTDD can become unreliable, because there are only hits in a few CTD layers. 

Overalll  it can be concluded that the Kalman filter and the correct treatment of uncer-
taintiess coming from multiple scattering has improved the tracking precision significantly 
forr these low momentum tracks. 



5.65.6 Conclusion 123 3 

5.5.88 Transverse momentum resolution 

Inn this section a study of the transverse momentum resolution of the CTD and the MVD 
iss presented. The track fit is done with CTD only tracking and compared to the tracking 
includingg the microvertex detector hits. 

Thee transverse momenta (pt) of the reconstructed tracks an1 compared with the "true" 
valuess from the generator. The relative difference is studied: (p(,rec - Ptxru<-)/Pt- The 
resultingg distribution is fitted in bins of pt. The fit gives a mean and a a. The results are 
shownn in figure 5.26. 

Forr lower momenta the reconstructed momentum becomes smaller than the true value. 
Thiss is due to the fact that the energy loss is not taken into account in the reconstruction. 
Thee energy loss of a 500 MeV muon is 1% (see figure 5.26a), corresponding to 5MeV. ff 
alll  the traversed material was silicon then this would correspond to a thickness of 0.5 cm 
(5%% of a radiation length). 

Sincee the MVD material distribution is known, the track fit  algorithm could be ex-
tendedd by estimating the average energy loss per traversed layer and subsequently by 
correctingg the track momentum. 

Forr high momenta the MV D gives a better resolution. For low momenta the resolution 
iss similar. Also shown is the "official" parameterisation of the CTD transverse momentum 
resolutionn [51]: 

°(Pt)/Pt°(Pt)/Pt = 0.()058p, 9 0.0065 © 0 . 0 0 1 4 / JV (5.4) 

Thee new parameterisation using the MVD is: 

(r{p,)/p(r{p,)/ptt = 0.0026p, © 0.0104 © 0.0019/p,. (5.5) 

5.66 Conclusion 

Afterr the final assembly and with the help of a cosmic trigger the first tracks were measured 
withh the microvertex detector in the system test. A large sample of cosmic rays was 
collected.. These data were analysed and showed a hit residual of approximately 70 U-in. 
Inn total 98% of the MVD modules were working properly. Further more a first estimate 
off  the hit finding efficiency resulted in an average efficiency of 97.7%. 

Afterr the MVD was installed inside ZEUS the whole data taking was integrated into 
thee global data acquisition. More cosmic ray data were recorded. These data were used to 
alignn the MVD with the CTD and the MV D ladders internally. An estimate of the impact 
parameterr resolution as function of the track momentum could be made. The result is: 
Cimpp — 0.83/p, +0.047mm. which satisfies the design criterium requiring that the impact 
parameterr is better than 100 u.m. Future studies wil l improve the geometry constants and 
thee cluster position reconstruction in the MVD . Then even better resolution is achievable. 
Ann estimate of the ultimate1 precision has been obtained with a Monte Carlo simulation. 

Thee performance of the track fit was studied with the ZEUS Monte Carlo simulation 
includingg the new MVD simulation. The fit procedure can find hits and tracks with high 
efficiencyy in the MVD barrel region. Furthermore the size of the residuals of the track fit 
weree studied. They depend on the number of hits and the track momentum. The detector 
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Figuree 5.26: Study of the transverse momentum resolution (pt) of the CTD and MVD 
fittedfitted tracks. 
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misalignmentt was not simulated in the Monte Carlo. The impact parameter resolution 
cann be described by the parameterisation: amip = 0.056/pt+0.018 mm. Hence if the MVD 
iss well aligned this excellent resolution is achievable. The centre of gravity clustering algo-
rithmm was used. More precise clustering methods exist. Future improvements can improve 
thee hit resolution which wil l also lead to an improved impact parameter resolution. The 
methodd to include the effect of multiple scattering in the track fit improves the impact 
parameterr for tracks below 1 GeV significantly. 

Finallyy the momentum resolution was studied. The resolution can be parameterised 
by:: a(pt)/pt = 0.0026p, © 0.0104 0 0.0019/p,. Comparing this to the CTD data it is seen 
thatt for low momentum tracks the resolution is similar but for high momentum tracks an 
improvementt of a factor two is achieved. 

Inn the following chapter the tracks in real ep collisions are reconstructed and they are 
combinedd to study the production of D mesons which are due to heavy quark production. 
Thee high precision available with the MVD should allow to observe charm events with 
displacedd tracks and vertices. 
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