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Chapterr 4 

Offlinee Event Reconstruction 

Thee events that pass all three levels of trigger criteria are reconstructed offline by 
thee D0 reconstruction package, named dOreco, version plO. 15.03. Written entirely 
inn C++, this program uses a modular approach to reconstruct events by identifying 
physicss objects in each subdetector separately. The reconstruction of the two physics 
objectss of interest here, muons and jets, are discussed in detail in this chapter. 

4.11 Jet Reconstruction 

Thee jet reconstruction algorithm starts with the clustering of energy depositions in the 
calorimeterr into towers, which are then assembled into jets. An energy deposit is added 
too a jet if its distance to the jet axis in (77, < )̂-space is less than a cone size R, where 
RR is given by: 

RR = y/(Ariy + (A</>)2 (4.1) 

withh A77 and A0 the distance of the energy deposit to the jet axis in 77 and <j>  re-
spectively.. The definitions for the (ry,0)-direction and the transverse energy ET of the 
reconstructedd jet are given by the so-called Snowmass accord [29], that defines them 
as: : 

00 = ^ (4-3) 
EiE'EiE'TT

 v ' 
EETT = J2E'T = 'EEism(e,) (44) 

ii  i 

wheree the suffix i denotes the z-th energy deposit in the jet. 
Thee reconstruction of the jet proceeds in two stages, clustering and reconstruction 

off  the jet, using the following steps: 
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1.. The energy deposits are segmented in towers with a size of 0.1 x 0.1 in (n,0). 
Towerss with ET < 0.5 GeV are ignored to reduce the contamination by noisy 
cells.. Then, starting with the tower with the highest transverse energy as a 
seed,, preclusters are formed in a cone of Rpreciuster = 0.3 around this seed. Only 
preclusterss with Er > 1 GeV are kept; 

2.. Using all preclusters with ET > 1 GeV in a cone of size R, where R is the final 
conee size, the jet direction and energy are estimated by equations 4.2-4.4, where 
ii  then runs over the preclusters. In this analysis, R = 0.5 is used, unless stated 
otherwise; ; 

3.. Around this jet direction, all energy deposits within a cone of size R are accu-
mulated,, and the new (rj, 0)-direction of the jet is calculated; 

4.. Step 3 is repeated until the direction is stable; 

5.. In the case that two stable reconstructed jets are separated by more than R but 
byy less than 27?, a new jet axis is defined at the midpoint of the two stable jets. 
Thiss new axis is then used as a precluster to possibly reconstruct a jet around; 

6.. If two jets share energy in clusters, they are merged if the shared energy is higher 
thann half of the energy of the lowest energy jet. If the shared energy is lower, 
eachh of the shared clusters is assigned to the closest jet; 

7.. Jets with ET < 8 GeV are rejected. 

Jett  Reconst ruc t ion Efficiency 

Ass explained in step 1 above, the jet reconstruction requires a tower with ET > 0.5 
GeVV to serve as a starting point from which the jet precluster is formed. This precluster 
itselff  is required to have ET > 1 GeV. Absence of such a tower with ET > 0.5 GeV or 
preclusterr with ET > 1 GeV wil l cause the energy that is deposited in the calorimeter 
nott to be assembled into a jet, resulting in an inefficiency. To investigate this possible 
inefficiency,, we study the distributions of transverse energies of towers and preclusters 
whichh are used to seed jets. To calculate the inefficiency resulting from not finding 
thee tower, we parametrize the distribution of the energy of the highest energy tower 
inn the jet cone, at different energy ranges, using a Gaussian fit F with a logarithmic 
argument: : 

FF = e-(*-tf/*^  x=™\og(ET) (4.5) 

withh fx the mean of the distribution, a the width and ET the tower energy. The 
efficiencyy to find the 0.5 GeV tower in a particular energy range can then be expressed 
ass the area under this fit  above the 0.5 GeV cut, divided by the total area under the fit. 
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Thiss is then equal to the probability for a jet of a given ET to contain a tower above 
0.55 GeV. The energy distributions for two jet energy ranges are shown in figure 4.1, 
withh the Gaussian fit applied. For transverse jet energies below 20 GeV, the 0.5 GeV 
cutt causes some inefficiency. With increasing transverse jet energy, the tower energy 
distributionn shifts up, and the cut does not cause any inefficiency. For the jets under 
considerationn in this analysis (ET > 20 GeV), this yields a 100% efficiency. 

Thee inefficiency resulting from not finding a precluster with ET > 1 GeV is found 
inn a similar manner, resulting in the distributions shown in figure 4.2 for the same 
twoo energy ranges. Here, a regular Gaussian fit is used to fit  the data points. The 
distributionn of the precluster energy shifts up with increasing jet transverse energy, 
alsoo yielding an efficiency close to 100% for jets above 20 GeV. 

Jetss in the Monte Carlo simulation show a similar behavior as jets in the data, 
reachingg full efficiency for jets above 20 GeV. 
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Figuree 4.1: Tower transverse energy distributions for jet transverse energies between 
1010 and 20 GeV (left) and between 20 and 30 GeV (right). The vertical line represents 
thethe 0.5 GeV cut on the tower transverse energy, as it is used in the reconstruction 
algorithm. algorithm. 

Jett  Energy Scale 

Thee energy of the jet as it is measured by the jet reconstruction algorithm is not 
exactlyy equal to the energy that the particles that constitute the jet deposited in the 
calorimeter,, due to a number of effects: 

 Offset energy, which consists of: 
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Figuree 4.2: Precluster transverse energy distributions for jet transverse energies be-
tweentween 10 and 20 GeV (left) and between 20 and 30 GeV (right). The vertical line 
representsrepresents the 1 GeV cut on the precluster transverse energy, as it is used in the 
reconstructionreconstruction algorithm. 

-- Uranium noise; 

-- The underlying event, i.e. the interactions of the spectator partons in the 
protonn and anti-proton; 

-- Pile-up from previous pp crossings; 

-- Multipl e pp interactions during the same beam crossing. 

Thee last two items have a minimal effect on the determination of the Jet Energy 
Scale,, due to the low luminosity at the time of the data taking; 

 The response of the calorimeter to the particles that constitute the jet. The 
energyy measured by the calorimeter needs to be calibrated using a scale factor 
SjSjetet to provide the exact energy that a particle deposited in the calorimeter; 

 Showering of energy into and out off the jet cone. Particles that belong to the jet 
cann shower out off the defined calorimeter cone, causing their energy to be missed 
duringg jet reconstruction. Also, other particles that do not belong to the jet can 
showerr into the defined calorimeter cone, causing their energy to be added to the 
jett energy. 

 Energy carried away by muons and neutrino's. Muons wil l deposit a small fraction 
off  their energy in the calorimeter due to ionization. Neutrino's in the jet are not 
measuredd at all. 
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Iff  we want to use the jet energy as it is measured in the calorimeter to represent the 
(true)) particle jet energy, we have to apply a procedure that corrects for the above 
effects.. This procedure, the determination of the Jet Energy Scale (JES), defines the 
particlee level jet energy as [45]: 

fTcalorfTcalor fp 
rpparticlerpparticle ^jet ^offset / A a\ 

EEJetJet = -*-q F " " (4'6) 

wheree Ej°j°r is the energy as measured in the calorimeter, E0ffset is the offset energy, 
SjSjeett is the response of the calorimeter to the jets, and F$ is the fraction of the jet 
energyy contained within the cone used. In the case of the presence of a muon that is 
associatedd with the jet, the Jet Energy Scale needs an additional correction: 

EEP«rUdeP«rUde = EparUde _ ^aior +  ̂ +  ̂ ^ 

wheree E™lor is the energy that the muon deposits in the calorimeter, E  ̂ is the energy 
off  the muon itself, and Ev is the energy of the neutrino that is produced conjointly 
withh the muon. This correction is typically extracted in an averaged way from the 
Montee Carlo simulation. 

Thee effects of the uranium noise and the underlying event on the energy deposited 
inn the calorimeter are measured using dedicated minimum bias runs, from which the 
correctionn E0ffset is deduced. The other two effects affecting the offset energy are both 
aa function of the instantaneous luminosity. During the data taking, the maximum peak 
luminosityy was 1.9  1031 cm~2s_1, with the typical luminosity approximately half of 
that.. This results in approximately 0.5 extra minimum bias events per bunch cross-
ing.. The calorimeter electronic's baseline subtraction eliminates the effect of multiple 
interactionss at this level, as well as the effects from pile-up, minimizing the impact of 
thesee sources on the total ET of the jets. 

Thee response of the calorimeter to the jets, Sjet, is measured using 7+jet events, 
inn which the photon is back-to-back with the jet. Using the energy of the photon, 
thee calorimeter response is calculated in different jet energy bins. The photon energy 
iss corrected using the EM scale, which is derived using di-electron data (notably the 
Z-peak).. This correction is of the order of 2%. 

Thee out of cone showering of particles in the jet is estimated by comparing the 
fractionn of the energy contained within the jet cone, R = 0.5, with the energy in a 
largerr cone, Ejet Utnit: 

FFss = ^  ̂ (4.8) 
t-sjett-sjet limit 

Thee size of this larger cone is based on Run I studies, and is 1.0 for the jets in the data 
sample. . 
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Figuree 4.3: Jet Energy Scale for different jet transverse energies as a function ofrfei. 
TheThe size of the grey band indicates the 7% error on the Jet Energy Scale. 

Thee resulting Jet Energy Scale for data jets measured in this way, as defined in 
equationn 4.6, is shown in figure 4.3. The correction decreases for higher ET jets, and 
increasess slightly towards higher \r/\, due to the effects of the intercryostat region where 
theree is less calorimeter coverage. The total error on the correction, shown by the grey 
band,, is approximately 7%, independent of jet E?. 

Thee Jet Energy Scale described above has a dependance on different properties of 
thee jet, like the width of the jet, the number of towers in the jet and the fact that 
aa tower with high energy is present in the jet. It is measured using jets in data that 
aree taken with an electromagnetic trigger. In the data sample used for this analysis, 
aa calorimeter trigger is used which could result in jets which are different from the 
jetss used to measure the Jet Energy Scale. This would then result in an over- or 
underestimationn of the energy correction used. This phenomena has been investigated 
andd shown to have a negligible effect on the Jet Energy Scale measured. 

Hott  cell suppression 

AA hot cell is a calorimeter cell reporting energy which is not due to a particle depositing 
energyy in that cell. These cells are in general isolated, and tend to report energy in 
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Calorimeter r 

CC C 

ICR R 

EC C 

EEcc£l£l = 100 MeV 

64% % 

63% % 

59% % 

EEcc
ccfftt = 300 MeV 

93% % 

91% % 

88% % 

Tablee 4.1: Efficiency of NAD A in different regions of the calorimeter. In this analysis, 
aa value of E t̂

l = 100 MeV has been used. 

multiplee subsequent events. In the electromagnetic section of the calorimeter, this 
energyy is around 20-50 MeV. In the hadronic sections, it ranges from 100 MeV in 
thee fine hadronic section to 250 MeV in the coarse hadronic section. This energy is 
partiallyy suppressed at the hardware level, but additional suppression is performed on 
ann event-by-event basis, by running the NADA (New Anomalous Deposit Algorithm) 
packagee over all calorimeter cells prior to the jet reconstruction to remove any cells 
whichh appear to be hot [46]. The efficiency of this algorithm is shown in table 4.1 for 
differentt values of the parameter ££*", which is the minimum cell energy, when a cell is 
consideredd a hot cell and its energy suppressed if it has no neighboring cell with at least 
thiss amount of energy. With this parameter set to 100 MeV, the misidentification rate 
off  genuine energy depositions as hot cells, which relates to the purity of the algorithm, 
iss negligible. 

Jett  Energy Resolution 

Thee resolution of Jet Energy Scale corrected jets is extracted from di-jet events using 
thee asymmetry variable A, which is defined as: 

AA = 
EE{{ '>'>  - E 

E-E-++ 42) (4.9) ) 

wheree Ej>'' { is the transverse energy of each jet in the event. When plotted in different 
binss of E™ent, where: 

rpevent rpevent 
Hij' Hij' 

E. E. (i ) ) ++ 42 ) 
(4.10) ) 

thee distribution of this asymmetry variable expresses a Gaussian shape with width <jj^ 
forr E™ent > 30 GeV. The relative ET resolution of reconstructed jets, ^ L , can now be 
expressedd as: 

^^ = V V A (4.11) 

Forr events with low values of E^ven\ E^vent < 30 GeV, the resolution cannot be 
extractedd from the data in this fashion. This is due to the fact that the jet recon-
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structionn only reconstructs jets with uncorrected ET > 8 GeV. The Jet Energy Scale 
correctionn of approximately 1.8 for low energy jets scales this lower bound up to 14.4 
GeV.. Therefore, there is no contribution of jets with ET < 14.4 GeV to the resolu-
tion.. Jets can fluctuate out of the low ET bins, but due to the lower bound cut-off, no 
jetss can fluctuate into the low ET bins. This situation is different in the Monte Carlo 
simulation,, where the Jet Energy Scale correction is approximately 1.2, and the lower 
boundd is scaled up to 9.6 GeV. To avoid biases resulting from this effect, events with 
EETT

ventvent < 30 GeV are not taken into account in the fit for the jet resolution function. 

Too measure the asymmetry variable, di-jet events are selected in which both jets 
passs the standard jet quality cuts (see section 5.2), and with the requirement that: 

 Both jets have |n| < 0.6, the same region in which the cross section is later 
measured; ; 

 The jets are back-to-back to ensure energy balance in the event: A<£ > 175°. 

Inn addition, a number of quality cuts are imposed on the event: 

 A cut on missing transverse energy: $T < 0 .7£^a mg Je i, to ensure reasonable 
energyy balance in the event; 

 A cut on the total energy deposited in the calorimeter: Etot < 2 TeV, to remove 
eventss with noisy calorimeter readout. 

Thee resulting distributions for the asymmetry variable are shown in figure 4.4 for the 
firstt three bins of ET

vent  The first two plots, 4.4a and 4.4b, show the effects of the low 
energyy cut-off in the data. Figure 4.4a shows an artificially small resolution due to the 
smalll  energy range (14.4 GeV - 20 GeV) in which the resolution is measured. Figure 4.5 
summarizess these plots by showing ^ as a function of ET

vent for the data. The same 
resultt is shown for the resolution in the Monte Carlo simulation. Both distributions in 
figurefigure 4.5 are fitted with a function of the form: 

Noisee fluctuations affect the resolution in the low energy range with a N2 / ET depen-
dance,, while the nature of the incident particles and the intrinsic energy resolution 
contributee to the S2 jET term. The C2 term represents the limited resolution at high 
energiess due to detector effects and imperfections. The shape of the function is based 
onn Run I experience and from first principles. The fit is performed in the range 30-120 
GeV,, as shown by the solid lines. The values for the fitted parameters are shown in ta-
blee 4.2 for both data and Monte Carlo simulation. The difference in resolution between 
thee data and the Monte Carlo simulation is demonstrated with the dotted curved line, 
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Figuree 4.4: Asymmetry distribution for data jets in different bins of E^vent. The first 
twotwo distributions, a) and b), do not represent the asymmetry variable, since they suffer 
fromfrom a bias due to the cutoff on the jet energy. 
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Figuree 4.5: Jet resolution as function of E^ent, in the data (solid circles) and in 
thethe Monte Carlo simulation (open circles). The dotted curve represents the squared 
differencedifference between the resolution in the data and the resolution in the Monte Carlo 
simulation,simulation, used later in the analysis to smear the Monte Carlo jets to resemble the 
data. data. 
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whichh is the squared difference between the fitted data and the Monte Carlo simulation 
resolutionn functions. The Monte Carlo simulation underestimates the energy resolution 
off  the jets. This can be attr ibuted to a lack of non-linearity corrections of the energy 
measuredd in each calorimeter cell, as well as an incorrect modelling in the simulation 
off  the noise in the calorimeter. The energy resolution of jets in the data compared 
too that in the Monte Carlo simulation explained above wil l be used at a later point 
inn the analysis to smear jets in the Monte Carlo simulation, to have the Monte Carlo 
simulationn mimic the data. In theory, the best way to have the Monte Carlo simulation 
describee the data would be to smear the Monte Carlo cell energies, instead of the final 
reconstructedd jet energies. In practice this is not possible, due to the quickly improving 
understandingg of the calorimeter, and the rapidly changing Monte Carlo simulation. 

Thee measured jet resolution is also used to unfold the distribution of jets, and for 
thiss purpose the measured jet energy resolution is overestimated, due to two effects: 

•• Soft radiation resulting in a third jet in the event; 

•• Particle level imbalance. 

Evenn though the jets are required to be back to back (A0 > 175°), energy assembled 
inn a possible third jet in the event coming from soft radiation can cause the energy 
inn the event to be less balanced, thereby worsening the resolution of the jet energy 
measurement.. This effect is investigated by looking at the jet energy resolution as 
aa function of the ET of the third jet in the event [47]. Extrapolating the jet energy 
resolutionn to a zero energy of the third jet results in the resolution corrected for soft 
radiation.. The strategy is now to make slices in bins of E^en\ and fit a straight line 
throughh the values of the resolution at different values of the transverse energy of the 
thirdd jet, £$.. The intercept of the straight line at £ $ = 0 represents the corrected 
resolution.. Figure 4.6 shows the jet resolution, updated for this third jet correction, 
withh the dotted lines representing the errors resulting from this method, coming from 
thee error on the fit of the straight line and the error on the resolution. This correction 
lowerss the resolution by approximately 4%-point. 

Thee particle level imbalance correction accounts for the fact that a cone algorithm is 
usedd to define jets. At particle level, that is, before the particles enter the calorimeter, 

Data a 

MC C 

NN (GeV) 

4.55  1.7 

3.44  0.72 

SS (GeV5) 

1.33 2 

0.911 1 

C C 

0.0877  0.034 
n+o.io o 
u -- 0.0 

Tablee 4.2: Parameters resulting from the fit to the energy resolutions for jets in the 
datadata and the Monte Carlo simulation. 
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somee of the tracks that should belong to the jet are outside the cone and are not taken 
intoo account in the jet properties. When we later unfold the jet cross section, we need 
too unfold such that we account for this effect. This correction is different than the Jet 
Energyy Scale correction that has been mentioned before, which corrects for the effects 
off  in- and out of cone showering of particles inside the calorimeter. To measure the 
extentt of the effect of the particle imbalance, we extract a sample of particle jets from 
thee Monte Carlo simulation, using the exact same cuts as explained above, and measure 
thee resolution using the same asymmetry variable. The resolution of the particle jets 
obtainedd from the Monte Carlo simulation is shown in figure 4.7. We can now write 
thee true resolution that can be used for the unfolding as a convolution of the measured 
jett resolution, the soft radiation effect and the particle imbalance: 

(f)(f)22 = ( ^ L ) 8 ( 2 5 L ) e ( ^ ) (4.13) 
\\ tT J True V ÜT / Cal \ ÜT J Soft Rad \ &T / Part Imb 

Thee first convolution represents the third jet correction as explained in the previous 
paragraph.. This is not merely a squared difference, since it uses a linear extrapolation 
too E? — 0 GeV for each value of Efent to get the updated value of the resolution. The 
secondd does represent a squared difference: 

(°Er\(°Er\ 22 =((^r)  ®(<^)  V - ( — I ' (4-14) 
\\ ET J True \ V ET ) Cal \ ET / Soft Rad J \ ET / Part Imb 

Figuree 4.8 shows the resulting true jet resolution. The dotted lines represent the total 
systematicc error on the jet resolution, resulting from the fits to the data points, the 
errorr on the soft radiation correction and the error from the particle imbalance. 
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Figuree 4.6: Jet energy resolution, corrected for the effect of a possible third jet in the 
event.event. The dotted lines represent the errors coming from this correction. 
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Figuree 4.7: Jet resolution for particle jets obtained from the Monte Carlo simulation. 
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Jett  Di rect ion Reso lu t ion 

Thee resolutions of the jet direction measurement becomes important in the analysis 
whenn Monte Carlo templates are used to fit to the data. These templates use the 
relativee pr of the muon with respect to the combined fJ,+}et axis, and are therefore 
sensitivee to the jet axis direction. Especially the difference between the Monte Carlo 
resolutionn and the data resolution is important. To get a handle on the resolution of 
thee jet direction, samples of di-jet events are extracted from the data and the Monte 
Carloo simulation using the same selection criteria as in the previous section. For these 
events,, the differences in n and 4> between the two jets are shown in figure 4.9 for both 
dataa jets and Monte Carlo jets. The difference in é is sensitive to the resolution, since 
i tt is the deviation of one jet from the back-to-back axis in di-jet events. The difference 
inn n is less sensitive to the resolution of the measurement of the r\ direction of the jets, 
sincee there is no need for an energy balance in r\. Since we are considering central jets 
here,, we assume that the resolution in r\ is similar to the resolution in (p. The absolute 
valuee of the resolution is not directly important for this analysis; it is important for 
thee Monte Carlo templates deduced later that this resolution is similar in the data as 
inn the Monte Carlo simulation, as can be concluded from this study. 

-22 -1.5 -1 -0.5 0 0.5 -11 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 
8<t>> - 7t 

Figuree 4.9: Difference in n- and cp-direction between jets in di-jet events in data (black 
circles)circles) and the Monte Carlo simulation (grey histogram). The vertical scale is arbi-
trary. trary. 
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4.22 Muon Reconstruction 
Thee reconstruction of local muon tracks (i.e. measured in the muon system only) from 
singlee hits proceeds through a number of steps: 

•• The reconstruction of raw data (i.e. the times measured at the readout of the 
channelss in the muon system) into positions and times of hits in scintillators, and 
positionss and drift circles of wire hits; 

•• The combination of reconstructed wire and scintillator hits in each layer into 
straightt lines, called segments; 

•• A fit of reconstructed segments in the A-layer with reconstructed segments in the 
B-- and C-layers to measure the momentum of the muon. 

Ann event display of a reconstructed muon track is shown in figure 4.10, displaying the 
geometryy and indicating the reconstructed wire and scintillator hits, as well as the 
reconstructedd segments. Fitting the two segments results in the reconstructed muon 
track,, which is not shown in the figure. In the following sections, we will first discuss the 
reconstructionn of local muon tracks. Then, an overview will be given on the efficiencies 
andd the resolutions of each step in the reconstruction algorithm, to conclude with some 
calibrationn issues. 

4.2.11 Hit Reconstruction 

Thee tracking in the muon system uses three different types of detectors: 

•• Scintillators; 

•• Proportional Drift Tubes in the central muon system (PDTs); 

•• Mini Drift Tubes in the forward muon system (MDTs). 

Thee hits in the scintillators are used to trigger on events and to determine the time 
off flight of particles passing through the counters. Additionally, they give a position 
off the track. Especially in the forward system, where the MDTs do not provide a 
measurementt of the track position along the wire, hits in the scintillating counters are 
requiredd to measure the axial, or 4>, position of the track1. In the central system, they 
improvee the axial position measurement of the track. 

Becausee of the dual time read out (see figure 2.9), the wire hits in the central system 
providee a measurement of the drift time and the axial time. The axial time determines 

JThee axial position is the position along the wire. Since the wires are directed parallel to either 
thee global x or y axis, the axial position corresponds to the 4> position. 
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Figuree 4.10: DOve display of a reconstructed muon track. 
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thee axial position of the passing particle, while the drift time is used as one of the two 
inputss needed to calculate the distance in the drift plane of the particle to the wire. 
Thee drift plane is the plane of the drift circle of the hit, perpendicular to the wire. 
Thee other input to this drift time to distance conversion is the angle of the track in 
thee drift plane of the hit. This angle dependance is taken into account at the segment 
reconstructionn step, at which point the angle of the track is known. 

Inn the forward system, the hits on the MDT wires provide one time measurement, 
namelyy the sum of the drift and axial time. When the position of the track along the 
wiree is known (by using the position of a scintillator hit on the segment), the drift time 
cann be measured and used to calculate the distance of the passing particle to the wire. 
Thee time to drift conversion relation for the MDT hits is not dependent on the angle 
off  the track in the drift plane of the hit. 

4.2.22 Segment Reconstruction 

Thee segment reconstruction finds track segments in each layer of the muon detector. 
Startingg with the wire hits in each muon wire chamber, a pattern recognition algo-
rithmm is applied to reconstruct straight line segments. These line segments are then 
matchedd with present hits in nearby scintillators for an updated position and a time 
measurement.. The algorithm can be separated in different steps: 

1.. Pattern recognition; 

2.. Segment fit ; 

3.. Scintillator match; 

4.. B/C layer segment match; 

5.. Selection of the best segment. 

Pat te rnn recognit ion 

Thee pattern recognition process is a recursive procedure, based on a linked-list algo-
rithmm in which straight line links between individual hits are made, and matched to 
formm a segment [48]. The pattern recognition is done in a local coordinate system, in 
whichh the wires are pointing along the z-direction, the wire tubes are stacked along 
thee y-direction and the planes of the chamber are stacked along the ^-direction (see 
figuree 4.11). In the A-layer, where the chambers consist of 4 planes of tubes, the typical 
numberr of hits on a segment is 3 to 4. In the B- and C-layers, where the chambers 
consistt of 3 planes of tubes, the typical number of hits is 2 to 3. At the start of the 
procedure,, each drift circle is assigned two hits that are located on the top and the 
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yy = tan(a) + b 

Figuree 4.11: Schematic view of a typical collection of hits in a layer. The drift circles of 
thethe hits (the large circles) and the reconstructed segment (the diagonal line) are drawn, 
showingshowing the local coordinate system in which the pattern recognition is performed. The 
wireswires are represented by the small dots. 

bot tomm of the circle, to account for left/right ambiguities. Straight lines between the 
hits,, further called links, are made between each pair of hits that conforms to the 
followingg requirements: 

•• The separation between the hits along the j/-direction is less than 5y (where 
öyöy is set by default to 20 cm, which is twice the tube width), to ensure that 
uncorrelatedd hits (i.e. hits that are not coming from the same segment) are not 
matched; ; 

•• The two hits are not on the same plane, except when one is at the top of a drift 
circlee while the other is at the bottom. This ensures that fake segments that are 
parallell to the planes are removed at an early stage. The exception permits those 
instancess in which a track passes through two neighboring tubes in one plane. 

Thee direction of the link in the drift plane, a, is defined by the position of the hits 
used: : 

tsn(a)Jtsn(a)Jyyf\-f\-yyf\)f\) (4.15) 
\x\x22{a){a) ~xi(a)j 

wheree Xi and yt (i — 1,2) are the positions of the hits, which depend on the drift time 
tdtd and the angle of the link a according to: 

%hit %hit nn • d(td, a) sin(a) (4.16) ) 
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TJhitTJhit — Vwire + n • d(td, a)cos(a) (4.17) 

withh n. — 1 depending on whether the hit is on the top (+) or on the bottom ( —) of 
thee wire, and where d(td, a) is the drift time to distance relationship. To approximate 
aa in the first step, the direction of the link is estimated by a straight line from the 
originn of the detector (i.e. the nominal interaction point) to the position of the hit. 
Withh this angle, the positions of the hits are calculated with equations 4.16 and 4.17, 
andd the direction of the link is calculated according to equation 4.15. 

Thee links found in this initial step are matched in a recursive pattern, in which the 
differencess in angle and position of the links are compared to determine whether they 
belongg to a straight line segment. Whenever two links are found to be compatible with 
aa straight line segment, they are merged into a segment that contains all the hits of the 
twoo original links. This segment is fitted with the hits it contains to determine its angle 
andd position (taking into account the angle dependance of the hits on the segment). 
Thiss procedure is repeated until all links have been attempted to be matched with all 
otherr links, thus creating segments. 

Segmentt  fit 

Thee fit of the segment to the hits is performed in a (x', y') coordinate system in which 
thee direction of the segment corresponds to the .x'-axis. The origin of the coordinate 
systemm is placed at the center of gravity of the hits used in the fit . The shortest distance 
fromm each hit to the segment is now parallel to the y' axis, so that a straight line fit 
cann be performed. The transformation from the (x,y) system to the (x',y') system 
firstt requires the calculation of the center of gravity, according to: 

„„ I v^n „hit 
coco99 ~ n t—i=\ xi 

(4.18) ) 

VVcoco99 ~ n ^ ! = 1 Vi 

wheree the suffix i runs over all hits on the segment. 
Thee hits on the segment are then rotated by the current angle of the segment, by: 

xx'hu'hu \ I c°s(a) sin(a) \ ( xhlt - xcog \ 

y'hity'hit } \ - s i n( " ) cos(a) J \ yhit - ycog J 

Then,, a straight line can be fitted through the points (x'kit,y'hit), with ^2 defined as: 

„„  " (y> m>x< y\2 

wheree m' = tan(a') is the slope of the segment in the {x', y') coordinate system, b' is 
thee intersection with the y' axis and 5r is the error on the drift distance of the hit. 
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Differentiatingg \ 2 with respect to m'. and setting it to zero to find the minimum of \ 2 

gives: : 
DDxx,,yy,-m'D,-m'Dxx,2-b'D,2-b'Dxx,, = 0 (4.21) 

where: : 
DDTT = £,(£*) T = x',y',x'y',x>2 (4.22) 

Differentiatingg with respect to b' results in: 

Dy.Dy. - m'Dx. - b'Dx = 0 (4.23) 

where: : 

Sr? Sr? 

Eliminatingg b' from equations 4.21 and 4.23 results in the slope: 

flfl.. = è(ö) (4-24) 
i=\ i=\ 

mm,, = Dl,D, - DtDlV ( 4 2 5) 

Solvingg these equations generally results in a non-zero value of m' and thus a', changing 
thee angle a of the segment. Hence, to calculate the proper angle of the segment, the 
abovee algorithm is repeated until the position and angle of the segment stabilize, which 
typicallyy takes 4 iterations. 

Thee errors on the position and angle of the segment are calculated in the rotated 
(x',(x', y') system, where the covariance of the angle and the position is zero: 

== JD.HD.D^-Dl,) (4.26) 

<T<TVV = JD^KDiD^-Dl) (4.27) 

Scint i l lato rr  match 

Initially ,, scintillator hits near the reconstructed segment are not taken into account in 
thee fit , since they do not add significant positional information in the drift plane due to 
theirr physical size. However, in the coordinate along the wire, the size of the scintilla-
torss is comparable to the axial position resolution of the PDT hits. Also, as explained 
above,, in the forward system the scintillators provide the only position measurement 
alongg the wire. Therefore, after the fit has converged and the direction and position 
off  the segment have been calculated using the wire hits, present scintillator hits are 
matchedd to the segment by extrapolating the segment to the scintillator position in 
thee drift plane of the wire hits. If a match with a scintillator hit is found, the seg-
mentt is refitted, now taking into account the scintillator hit position information. For 
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segmentss found in the FAMUS, the position of the scintillator along the wire provides 
informationn about the separation of the measured time of the MDT hit in drift time 
andd axial time, improving the fit of the segment to the drift circles. The position of 
thee segment is set to the center of the scintillator location, resulting in a resolution of 
aboutt 7 cm. If no scintillator match is found for a FAMUS segment, the position of 
thee segment is set to the center of the wire. The resolution is then equal to the length 
off  the MDT wire, divided by \/Ï2~, resulting in a resolution of typically 60-90 cm. In 
thee WAMUS system, where the hits themselves provide a measurement of the position 
off  the segment along the wire, the z-position of the segment is the weighted average of 
thee z-positions of the hits (including the scintillator hit): 

withh error: 

(4.29) ) 

^ = 11 \5ziJ 

resultingg in a typical resolution of 10 cm. 

B / CC Layer  segment match 

Segmentss are initiall y reconstructed in the individual layers of the muon system sepa-
rately.. Due to the absence of a magnetic field between the B- and C-layers, segments in 
thee B- and C-layer are expected to be part of the same straight line segment, and can 
bee matched as such. To this avail, each pair of reconstructed B- and C-layer segments 
foundd in the same octant and region is merged, and a new fit is performed using all 
hitss on both segments. The old B- and C-layer segments are kept available for the 
selectionn of the best segment in the next step. 

Select ionn of best segment 

Forr a given group of hits, the algorithm finds multiple segments out of which the correct 
onee has to be selected for further track reconstruction. This selection is based on the 
XX22 of the fit, divided by the number of degrees of freedom. In the case that segments 
aree reconstructed with more than 2 wire hits, the segment with the the lowest x2/ndf 
iss chosen. For segments with only 2 wire hits, the segment that points best to the 
primaryy vertex is selected. 

file:///5ziJ
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4.2.33 Local Track Reconstruction 

AA local track is a track that is measured by the muon system only, and not necessarily 
matchedd with a track reconstructed in the central tracker. The local track reconstruc-
tionn matches segments in the A-layer in front of the toroid with segments in the B- and 
C-layers,, before performing a fit to determine the momentum of the particle [49]. The 
matchh of the segments before and after the toroid is made by relating the directions of 
thee segments in the global directions (f> and 9 with their global positions. In the case 
off  a match, a first estimation of the momentum is made by comparing the angles in 
thee drift plane of the two segments (see figure 4.12): 

0.3BD 0.3BD 
PdrrftPdrrft = 77 ~T 4.30 

|| tan t)\ 

wheree Pdnft is the momentum in GeV/c in the drift plane perpendicular to the wire 
direction2,, B is the magnetic field in the toroid (1.8 Tesla), D is the distance in meters 
thatt the particle traverses through the toroid and d is the angle difference between the 
twoo segments. Using the initial parameters from this estimation, a non linear fit is 
performedd to find the best momentum compatible with the positions and directions of 
thee two segments. Starting with the position of the BC segment, the fit propagates the 
trackk back stepwise through the toroid to the A-layer along a helix path, accounting 
forr energy loss in the toroid at each step, and taking into account multiple scattering 
att two planes in the toroid. 

4.2.44 Reconstruction Efficiencies 

Hi tt  Efficiencies 

Wee measure the efficiency of the wire hits and the scintillator hits by using recon-
structedd segments. For the wire hits, the segment is reconstructed with the tubes in 
onee plane ignored, to avoid biases of possible hits in that plane on the reconstruction 
off  the segment. We require the segment to be reconstructed with a hit on all other 
planes,, to make sure that the direction and position of the segment are well known. 
Wee define the single plane efficiency as the efficiency that at least one reconstructed hit 
iss present in the relevant tubes3. For the PDTs this results in a single plane efficiency 
off . We can also study the single PDT tube efficiency as a function of the 
drif tt distance, which is shown in figure 4.13. Up to a drift distance of 3 cm, the single 
hitt efficiency is constant at around 90%, to drop rapidly for larger distances. This 

2Thiss is the same plane in which the drift angle a is calculated in the segment reconstruction; 
therefore,, Pdrift is not equal to px but instead Pdnft — PT COS 0', where <j>'  is <fi  mod. 1~. 

3Thee segment can pass through multiple tubes in one plane due to a non-zero angle with the normal 
off  the plane. 
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Figuree 4.12: First estimation of track momentum by calculating the angle &. d is the 
xx or y coordinate, depending on the octant of the segments. 

inefficiencyy is due to the geometrical layout of the PDT cell, as shown in figure 2.8. 
Thee pad, functioning as a cathode, does not span the entire width of the PDT cell, 
whichh causes the corners of the cell to be less efficient. 

Forr the MDTs, this algorithm results in a single plane efficiency of . 
Thee single hit efficiency as a function of drift distance is shown in figure 4.13, where it 
cann be seen that the efficiency of the MDT tubes does not depend on the drift distance 
off  the track in the cell. Note that this number represents the single cell efficiency, 
nott the full efficiency of one MDT tube (which consists of eight cells, as discussed in 
sectionn 2.2.3). Another effect that lowers the efficiency is noise in the MDT cells, which 
causess fake segments to be reconstructed. 

Thee scintillator hit efficiency is measured using segments reconstructed with wire 
hitss only, which are extrapolated to the position of a scintillator. To ensure an accurate 
extrapolationn of the tracks, the segments are required to have at least one hit on each 
planee of the wire chamber. This results in an efficiency of % in the central 
system,, and % in the forward system. Especially in the forward system, this 
efficiencyy is lower than the design efficiency as mentioned in section 2.2.3 due to dead 
channels. . 
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Figuree 4.13: Single hit efficiency in the data as function of the drift distance for PDT 

hitshits and MDT hits. 

Segmentt  Reconst ruc t ion Efficiency 

Too calculate the segment reconstruction efficiency, and to measure the resolution with 
whichh muon tracks are reconstructed later on, central tracks are utilized. These tracks 
aree reconstructed using a package called T R F + +, which uses a road-following algo-
rithm,, followed by a Kalman filter to do pattern recognition in the inner tracker [50]. It 
takess hit clusters, which represent the observed signals from the detector, as input. It 
thenn proceeds by propagating tracks from detector surface to detector surface, picking 
upp hits from these surfaces, or misses in case of inefficiencies, while taking into account 
thee magnetic field and multiple scattering. After this pattern recognition step, the 
trackss are refitted with a Kalman filter to determine their final parameters. 

Thee reconstruction efficiency for the segments is extracted from the data sample 
usingg these central tracks, extrapolated to the muon system [51]. To avoid the correla-
tionn of the muon reconstruction efficiency with the Level 1 muon trigger efficiency due 
too double counting of the scintillator efficiency, we require the event to be triggered by 
thee Level 1 muon trigger and a scintillator hit in both the A-layer and the B/C-layer 
thatt matches the extrapolated track. The A-layer segment reconstruction efficiency is 
calculatedd by extrapolating central tracks to the BC-layer and matching these tracks 
withh present reconstructed BC-segments (see figure 4.14a). These BC-segments are 
requiredd to consist of at least 3 wire hits in addition to the scintillator hit. The time 
measuredd with the scintillator hit is required to coincide with the trigger gate to reduce 
thee contamination by cosmic rays in the sample. Reconstructed segments present in 
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A-layer,, central 

A-layer,, forward 

BC-layer,, central 

BC-layer,, forward 

Data a 

92.77  0.2% 

91.55 % 

90.66  0.6% 

97.55 % 

Montee Carlo 

90.88  0.5% 

91.11 % 

95.88  0.6% 

98.55  0.3% 

Tablee 4.3: Segment reconstruction efficiencies. The efficiencies for Monte Carlo simu-
lationlation are calculated by applying the same algorithm on the Monte Carlo simulation 
asas on the data. 

thee A-layer, with at least 3 wire hits, are spatially matched with this extrapolated 
trackk in the drift plane to calculate the reconstruction efficiency of A-layer segments. 
Thee efficiency found in this manner for A-layer segments is shown in figure 4.15 to be 
92.77  0.9% in the central region, and 91.5  0.6% in the forward region, where the 
errorss are statistical only. The drop at \r}\  « 1 is caused by the overlap region between 
thee central system and the forward system; the drop at (j>  w 4.6 in the central system 
iss due to the reduced coverage of the A-layer in that region. 

AA similar method is applied to measure the reconstruction efficiency of BC-layer 
segments.. Central tracks are propagated to the muon system, where they are matched 
withh present A-layer segments, with at least 2 wire hits and a scintillator hit, as well as 
withh the scintillator hit in the B- or C-layer (see figure 4.14b). In the case of a match, 
thee central tracks are matched with possible reconstructed BC-layer segments with at 
leastt 3 wire hits. This yields an efficiency of 90.6  2.7% in the central region, and 
97.55  1.2% in the forward region, as summarized in table 4.3. 

Thee efficiencies of the segment reconstruction algorithm in the Monte Carlo simu-
lationn are extracted using the same procedure. Figure 4.15 shows the reconstruction 
efficiencyy for A-layer segments, and the results are summarized for both the A-layer 
andd the BC-layer in table 4.3. The efficiencies found from the Monte Carlo simulation 
aree compatible with the efficiencies found in the data, except for the central efficiency 
off  the BC-layers. This can be attributed to an overestimation of the efficiency of the 
B-- and C-layers in the simulation, and effects of worse alignment in the data. 

Locall  muon fit efficiency 

Thee reconstruction efficiency of the fit algorithm is measured by using extrapolated 
centrall  tracks that have a matching A-layer and a matching BC-layer segment. The 
spatiall  matches used between the central track and the segments are the same as the 
oness used to calculate the respective segment reconstruction efficiencies. The local 
muonn efficiency is now calculated by dividing the number of muon tracks that pass the 
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qualityy and kinematic cuts, and originate from the segments matched to the central 
track,, by the number of central tracks with matching segments. Table 4.4 shows 
thee efficiency of the track fitting algorithm in both the data and the Monte Carlo 
simulation.. The fit efficiency in the central system can be said to be on the low side. 
Thiss can be attr ibuted to the angle resolution of the segments reconstructed in the 
data,, and to the fact that the muon fit only uses the segment with the best \2, which 
mayy not always be the correct segment. If two segments are not compatible with a 
muonn track, they cannot be fitted into a track, which causes the inefficiency. The 
Montee Carlo simulations overestimates the fit efficiency if compared with the data, 
whichh can be attributed to the fact that the Monte Carlo simulation uses an ideal 
geometry,, while the data is reconstructed with a less well aligned geometry. 

Scint i l lato rr  efficiency 

Beforee we can proceed with calculating the final muon reconstruction efficiency, we 
havee to correct for the fact that we required the presence of scintillator hits, which 

C-layer r C-layer r 

B-layer r 

r r A-layer r 

II Central Track 

A-layer r 

Centrall Track 

Figuree 4.14: Illustration of the calculation of the segment reconstruction efficiency. 
FigureFigure a) shows the calculation of the A-layer segment reconstruction efficiency, using 
anan extrapolated central track (curved black line) matched with a reconstructed BC-
layerlayer segment (straight black line) and an A-layer scintillator hit (horizontal black 
line).line). The dashed line represents the propagation of the central track through the 
toroid,toroid, while the grey diagonal line represents a possible reconstructed A-layer segment. 
FigureFigure b) shows the calculation of the BC-layer segment reconstruction efficiency, using 
anan extrapolated central track matched with a reconstructed A-layer segment and a C-
layerlayer scintillator hit. 
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Centra l l Forwar d d 
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Figuree 4.15: A-iayer efficiency as a function ofpT, r\ and (f> for the central region on the 
leftleft side, and for the forward region on the right side. The data is represented by the 
blackblack points while the solid histogram shows the Monte Carlo simulation. 
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Fitt efficiency 

central l 

Fitt efficiency 

forward d 

Data a 

55.33  0.2% 

74.66  0.4% 

Montee Carlo 

60.00  1.4% 

79.77  1.0% 

Tablee 4.4: Muon track fit efficiency. The efficiencies for Monte Carlo are calculated by 
applyingapplying the same algorithm on the Monte Carlo as on the data. 

wass done to avoid biases with the calculation of the trigger efficiency. If the Level 1 
muonn trigger fired, this means that both A- and B- or C-layer scintillators are present 
andd located within a Level 1 road. This does not mean that they are also matched 
too a muon track in the reconstruction. Thus, we have to calculate the efficiency that 
thee trigger fired, and that both scintillators are matched with the muon track. This 
efficiencyy is calculated from the data by selecting events for which the muon trigger 
firedd and a central track is present that matches with a muon track. This correction 
thenn represents the efficiency of matching two scintillator hits that are located in one 
triggerr road, and therefore fire the trigger, to a reconstructed muon track. The muon 
trackk is required to have at least 2 wire hits in the A-layer, at least 3 wire hits in the 
BC-layerr and a converged fit . The scintillator correction is then calculated as: 

^scintillator ^scintillator 
NumberNumber of muon tracks with matching scintillator hits 

NumberNumber of muon tracks 
(4.3i; ; 

Thiss results in an efficiency of 94.1 % in the central region, and % in the 
forwardd region. This correction is calculated in the Monte Carlo simulation in a similar 
fashion,, except that the requirement that the trigger fired is dropped. This results in a 
correctionn of 88.6  1.1% in the central region, and 92.0  1.0% in the forward region. 
Thee correction is lower in the Monte Carlo simulation than in the data, due to the fact 
thatt we do not require a fired trigger, and the scintillator hit efficiency is folded into 
thee resulting correction. 

Overal ll  muon reconstruct ion efficiency 

Accountingg for all the effects discussed above results in a reconstruction efficiency of 
%% and % in the central and forward region respectively. In the Monte 

Carloo simulation these numbers are 46.2  0.2% and 65.8  1.4% (see figure 4.16 and 
tablee 4.5). To validate the algorithm that measures the efficiency to find a reconstructed 
muonn that passes the muon identification cuts, it is also extracted from the Monte 
Carloo t ruth information. We count the number of produced Monte Carlo muons, and 
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Reconstructionn efficiency 

central l 

Reconstructionn efficiency 

forward d 

Data a 

43.77 % 

66.22  0.3% 

Montee Carlo 

46.22  2.0% 

65.88  1.4% 

Montee Carlo Truth 

44.00  0.5% 

62.11 % 

Tablee 4.5: Overall muon reconstruction efficiencies. The efficiencies for Monte Carlo 
areare calculated by applying the same algorithm on the Monte Carlo as on the data; the 
efficienciesefficiencies in the Monte Carlo Truth column are calculated from the true Monte Carlo 
information. information. 

checkk if there is a reconstructed muon present in a cone of OR < 0.3. This results 
inn an efficiency of 44.0  0.5% in the central system, and 62.1  0.7% in the forward 
system.. The difference between the result of the algorithm applied on the Monte Carlo 
simulationn and the result from the Monte Carlo truth, 2.2% and 3.7%, is taken as the 
systematicc error on the measurement of the muon track reconstruction efficiency. 
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Figuree 4.16: Total efficiency to reconstruct a local muon track as function of PT,V 
andand 4>, in the central system (left) an'd in the forward system (right). The data is 
representedrepresented by the black circles, while the grey histogram represents the Monte Carlo 
simulation. simulation. 
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4.2.55 Resolutions 
Hi tt  Residuals 

Thee drift distance resolution, ahit, with which the PDT and MDT wire hits are mea-
suredd can be determined by studying the residuals of the hits with respect to recon-
structedd segments. This is done using segments reconstructed with both B- and C-layer 
hits,, and the requirement that the segment has at least 4 hits in one of the layers. This 
ensuress that the segment has a large lever arm due to the distance between the B- and 
C-layer,, and that the direction of the segment is determined primarily by the position 
andd drift distances of the hits in the other layer. Since the hit system in the A-layer 
iss the same as in the B- and C-layers, except for the number of planes, we assume a 
similarr hit resolution for the A-layer as for the B- and C-layers. To calculate a hit for 
thee B- and C-layers, we remove one of the hits of the segment in the layer that has the 
leastt number of hits, and refit the segment using the remaining hits. The distance of 
thee refitted segment to the removed hit, subtracted from the true drift distance of this 
hitt is the hit residual of that hit. This hit residual is further treated as not biased with 
respectt to the reconstructed segment. However, the segment has an error associated 
withh it, which is a function of the hit resolution and the number of remaining hits, 
namely: : 

2 2 
JlJl Ghit 

wheree a hit is the true hit residual for one hit, N is the original number of hits in 
thee layer, and a2 is the segment resolution. The width of the residual distribution, 

seg seg 

iduai,iduai, can be written as: 

++ " L = ££ % (4-33) residualresidual hit ' seg xr i 

andd consequently: 

aahithit = AT _ 1 <Tresidual (4-34) 

Iff  we therefore plot the distribution of the hit residual for different values of N, we 
cann determine the true hit residual. Figures 4.17 shows this for PDT hits in the data 
andd the Monte Carlo simulation4 for N = 3, and the results for different values of N 
aree summarized in table 4.6. The single hit resolution for PDT hits in the data is 
0.455 cm, while in the simulation this is 0.08 cm. Clearly the Monte Carlo simulation 
underestimatess the PDT hit resolution. This is caused mainly by the fact that the time-
to-driftt conversion used is not well known in the data (see section 4.2.6). Furthermore, 
thee Monte Carlo simulation uses an optimized value of the uncertainty on the drift 

4Wee used an inclusive bb sample of 4500 events. 
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N N 

2 2 

3 3 

4 4 

aaresres (cm) 

0.677  l.le-2 

0.555  3.5e-3 

0.522  9.3e-3 

weightedd ave. 

ChitChit (cm) 

0.477  7.5e-3 

0.455  2.9e-3 

0.455  8.1e-3 

0.455  4.0e-3 

N N 

2 2 

3 3 

4 4 

Vres Vres 

0.111  8.2e-3 
0.100  3.1e-3 
9.6e-22  2.6e-3 

weightedd ave. 

Chit Chit 

7.8e-22  5.8e-3 

8.5e-22  2.5e-3 

8.3e-22  2.3e-3 

8.1e-22  3.9e-3 

Tablee 4.6: Hit residuals for PDT hits in the data (left) and in the Monte Carlo simu-
lationlation (right). 
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Figuree 4.17: PDT hit residuals in the data (left) and in the Monte Carlo simulation 
(right)(right) for N = 3. 

t imee measurement. Figure 4.18 shows the MDT hit residual distribution for N = 3 for 
thee data and the Monte Carlo simulation, and the results for different values of N are 
summarizedd in table 4.7. In the data, the single MDT hit resolution is 1.1 mm. As 
cann be expected, the Monte Carlo simulation also underestimates this resolution, and 
givess a single hit resolution of 0.8 mm. In the data, the time to drift relation is an 
approximationn of the true time to drift relation in the wire tubes, and is therefore less 
accurate.. The smearing in the Monte Carlo simulation turns out to be insufficient to 
accountt for the detector resolution. 

Segmentt  resolut ion 

Thee performance of the algorithm in terms of the resolution of reconstructed segments is 
evaluatedd using the same Monte Carlo sample as used above, in which the reconstructed 
segmentss are compared with the muons in the Monte Carlo simulation as they pass 
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N N 

2 2 
3 3 

4 4 

aaTesTes (cm) 

0.177  2.1e-3 
0.155  8.6e-4 
0.122  8.7e-4 

weightedd ave. 

aahühü (cm) 

0.122  1.5e-3 
0.122  7.0e-4 
0.100  7.5e-4 

0.111  7.8e-4 

N N 

2 2 

3 3 

4 4 

OO res 

0.111  8.3e-3 
0.100  2.1e-3 
8.9e-22  1.2e-3 

weightedd ave. 

Chit Chit 

7.8e-22  5.8e-3 
8.2e-22  1.7e-3 
7.7e-22  1.0e-3 

7.9e-22  1.4e-3 

Tablee 4.7: Hit residuals for MDT hits in the data (left) and in the Monte Carlo 
simulationsimulation (right). 
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Figuree 4.18: MDT hit residuals in the data (left) and in the Monte Carlo simulation 
(right)(right) for N = 3. 

thee different muon layers. The top plots in figure 4.19 show the resolution of the 
reconstructedd segments in the central system in the drift angle a, the position in the 
drif tt plane y and the position along the wire z. The a distribution is shown for single 
layerr segments, which typically have 3 or 4 wire hits. If we combine a B-layer segment 
withh a C-layer segment, the resolution improves due to the increased lever arm and 
largerr number of hits. This effect is shown in figure 4.20a. The resolution on the 
anglee a for a single layer is 7.8 mrad, and 1.2 mrad for BC-layer segments. The other 
distributionss also show a resolution corresponding to the design limits: 1 mm for the 
locall  y coordinate and 80 mrad for the (f> direction of the segment [34]. The bottom 
plotss in figure 4.19 show the pull distributions for the same variables, demonstrating 
aa correct assignment of errors to the segments. The top plots in figure 4.21 show the 
positionn and direction resolution for reconstructed segments in the forward regions. The 
aa distribution for single layer segments shows a resolution of 11 mrad. For combined 
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22 3 4 5 
Pull l 

Figuree 4.19: The top three plots show the segment reconstruction resolutions in a, y 
andand z in the central system, with the bottom plots showing the pull distribution for 
thesethese variables. 

BC-layerr segments (as shown in figure 4.20b) this reduces to 1.2 mrad. The position 
distributionss are compatible with the design limit s of approximately 0.7 cm for the local 
yy coordinate, and 80 mrad for the <j>  direction [35]. The bottom plots in figure 4.21 
showw the pull distributions, indicating correct error assignments to the reconstructed 
segments. . 

Locall  muon resolut ion 

Thee resolution of the muon track momentum measurement is calculated by using cen-
trall  tracks. These tracks are propagated to the A-layer of the muon system, where 
theyy are matched with tight muon tracks (see section 5.1). Since the PT resolution of 
centrall  tracks is significantly better, approximately 5% in the pr range of muons in the 
samplee (see figure 2.5), we can use these tracks to determine the resolution of the local 
muonn track. A data sample of isolated muons is divided in different bins of muon pr-
Forr each bin we produce the distribution of: 

PT PT 
PT PT 

(4.35) ) 
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Figuree 4.20: Resolutions for combined BC-layer segments in the central system (a) and 
thethe forward system (b). 

Figuree 4.21: The top three plots show the segment reconstruction resolutions in a, y 
andand z in the forward system, with the bottom plots showing the pull distribution for 
thesethese variables. 
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withh the C superscript denoting central tracks and the L superscript denoting local 
muonn tracks. If we now fit a Gaussian shape to the distributions of S, the width of 
thee distribution represents the resolution of the local muon in that pT bin. Figure 4.22 
showss this resolution A of the local muon track momentum for data, as well as for the 
Montee Carlo simulation, where: 

AA = a{6) (4.36) 

Thee difference between the two resolutions is obtained by subtracting in quadrature, 
andd is displayed by the grey dotted line. The significantly worse resolution in data can 
bee attr ibuted to calibration problems in the data, as discussed in section 4.2.6. The 
directionn resolution in n and </>  of the muon tracks is also measured using central tracks. 
Too estimate the n resolution of the muon tracks, central tracks are propagated to the 
A-layer,, and matched with tight muons in px and <f>.  The <f>  resolution is measured in 
aa similar fashion. These resolutions are shown in figure 4.23 for data and the Monte 
Carloo simulation. The n resolution of the Monte Carlo simulation is better than the r\ 
resolutionn in the data. This is again due to the underestimation of the pr resolution in 
thee Monte Carlo simulation. Smearing the px of the local muon tracks in the Monte 
Carloo simulation results in similar r\ resolutions in the simulation as in the data, due 
too the fact that both the px and the rj  depend on the angle of the A-layer segment 
(aA)-(aA)- If we smear the radial component of this angle (i.e. the px), while keeping the pz 

componentt constant, this results in proper corrections for px and r\. The <j>  resolution in 
thee data is slightly worse than the resolution in the Monte Carlo simulation. We smear 

Dataa Resolution 
MCC Resolution 
Quadraticc difference 

plff (GeV/c) 

Figuree 4.22: Muon momentum resolution as function of pT. The solid lines are 2nd 

orderorder polynomials, fitted to the points. The dotted line is the difference between the 
twotwo fits, obtained by subtracting in quadrature. 
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Figuree 4.23: Muon direction difference in a) T]locat - nglobal and b) <j> local 

thethe Monte Carlo simulation the same quantities are shown in c) and d). 
VglobalVglobal • For For 

thee 4> direction of the local muon tracks in the Monte Carlo simulation by keeping pT 

constantt and smearing px and py. 
Note,, that theoretically the proper way of making the Monte Carlo describe the 

dataa better would be to smear the individual hits with the proper smearing, instead 
off smearing the reconstructed muon track properties. However, practically this is only 
possiblee once the hardware and software systems used are stable enough to warrant 
suchh an implementation. During the time of data taking, both the detector and the 
reconstructionn software were changing rapidly. Therefore we have chosen to smear the 
finalfinal kinematic properties of reconstructed muons, instead of the individual hits. 

4.2.66 Calibration issues 

Ass has been shown, the Monte Carlo simulation does not represent the data well. This 
iss mainly caused by insufficient calibration of the muon system. A number of important 
calibrationn issues are discussed here. 
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Tim ee to drif t relations 

Duee to the geometry of the PDT tubes, the time to drift relation in these tubes is not 
onlyy a function of the drift distance, but also of the angle that the tracks make with the 
normall  of the plane. This relation has been measured using a test-stand setup using 
cosmicc ray muons passing through one PDT chamber, consisting of four planes [52]. 
Scintillatorss have been placed on top of the chamber and at the bottom to provide a 
positionn measurement as well as a time stamp. Using the hits in the scintillators and the 
wiree hits, a track segment is reconstructed, providing the distance of the track to each 
wire.. This information, together with the t0 from the scintillators, allows a function to 
bee fit that relates the drift time and angle measured to the true drift distance. This 
functionn is then used in the reconstruction of the data. In the Monte Carlo simulation, 
thee same function is used to reconstruct the drift distance of the PDT hits. However, 
thee inverse of the function is used in the detector simulation to convert drift distances 
intoo drift times. Any error on the time to drift relation will hence give an error on the 
hitt resolution in the data, but not in the Monte Carlo simulation. 

Thee time to drift relation for the MDT tubes is much simpler, and does not depend 
onn the angle of the track passing through it. It has been measured using a similar 
test-standd setup as explained above. 

Geometry y 

Thee alignment of the geometry plays a major role in the proper determination of the 
momentumm of the local muon tracks. For the data used in this analysis, no alignment 
wass available using reconstructed tracks in collision data. The alignment used for the 
determinationn of the location of the chambers originates from a survey done before the 
startt of Run II , on the relative location of each chamber with respect to a common 
referencee point [53]. This survey is only accurate up to a few millimeters. The Monte 
Carloo simulation uses a perfect description of the geometry, since it uses the same 
geometryy in the simulation as in the reconstruction of the data. This gives rise to 
betterr track momentum resolution in the Monte Carlo when compared to the data 
resolutions. . 

tt00 corrections 

Thee t0 for a detector element is defined as the time it takes for a particle produced in 
thee collision to reach that detector element, in addition to the time required for the 
producedd signal to propagate to the readout. This quantity is needed to calculate the 
correctt drift time and axial time. In the optimal case, the t0 is measured from the 
colliderr data for each tube in the muon detector separately. However, these quantities 
weree not available for the data used in this analysis. To still get a reasonable handle on 
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thiss quantity to be used in the reconstruction, the corrections are extracted from the 
Montee Carlo simulation. This again introduces an extra smearing on the resolution of 
thee muon hits, which is not present in the Monte Carlo simulation. 
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4.33 D0VE 
D0VEE (D0 Visualization Environment) is the D0 specific implementation of an AT-
LASS package called ARVE (Atlas Reconstruction and Visualization Environment) [54]. 
Originallyy used primarily as a graphical debugging tool for reconstruction software and 
visualizationn of detector geometries, it has evolved into a light weight event display 
whichh is now used, among other things, as a monitoring tool for online data taking, as 
welll  as a public display of events [55]. 

Too display its objects, D0VE uses two main interfaces: Scenes and Representa-
tions.. A Scene is anything that outputs information to the user, be it text, graphical 
orr output to a file. For each such output, a different implementation, inheriting from 
thee Scene interface, has to be implemented. Representations are wrappers around 
non-graphicall  objects which use the properties of those objects to define a graphical 
representationn of that object that can be drawn on a Scene. Both classes are managed 
byy the Display Control class that holds one or more Scenes and to which multiple Rep-
resentationss can be added. Finally, the D0VE singleton handles the DisplayControl, 
andd governs the internal graphical event loop. This event loop is separate from the 
eventt loop of the D0 reconstruction framework. After each event has been processed 
byy the D0 framework event loop, D0VE starts its own event loop in which the event 
iss drawn on the Scene. Only when the D0VE event loop is terminated by the user, 
controll  is returned to the D0 framework. 

Currently,, representations for all subdetectors are implemented, except for the 
preshowerss and forward proton detectors, as well as representations of reconstructed 
physicss objects. The central tracker representation displays the geometry, hits and 
reconstructedd central tracks. The calorimeter is represented by displaying cells with 
highh enough energy, as well as by a lego plot. The representation of the muon system 
displayss a wire frame of all detector elements in addition to drift circles for the wire 
hitss and highlighted scintillators when hit. 

AA detail of the D0VE event display is shown in figure 4.10. Here, the Scene shows 
representationss of the central muon chambers, reconstructed PDT hits and two fitted 
segmentss with matched scintillator hits. 

Figuree 4.24 shows four different views of a bb event, including a total view of the 
detector,, showing the muon system with two muons, and reconstructed central tracks 
(a).. Figure 4.24b shows an (r,(f>)  view of the same event, in which the jets, central 
trackss and muons are visible. The lego plot in figure 4.24c again shows the two jets, 
whilee the last plot shows a zoom-in on the central tracker. 
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Figuree 4.24: 3-Dimensional DOve display of a di-jet event in which both jets have a 
reconstructedreconstructed muon associated with it. 



900 Offline Event Reconstruction 


