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CHAPTERR 7 Muon Reconstruction Performance 

HappinessHappiness is a long walk with a putter. 

GregGreg Norman 

Too reconstruct particles in the full ATLAS muon spectrometer the complete algorithm as 
describedd in chapter 4 must be applied. The most significant difference with the single barrel 
towerr of the DATCHA setup is the presence of the magnetic field, requiring the use of a global 
trackk fit. To determine the performance of this algorithm and of its fit, single muons with varying 
momentumm as well as multi-muon final states in the form of the Z° and Higgs decays will be 
investigatedd in this chapter. 

Forr all these studies, the particles are created by Arve's internal generator [26] and then 
propagatedd through the magnetic field with a constant step size of 1 cm, taking into account 
thee multiple scattering, energy loss and 8-ray production of the muons, but ignoring inner 
bremsstrahlung.. The magnetic field is read in from the bmagatl as02 .data file, which contains 
aa precise 3-dimensional map of the field arising from the barrel and endcap toroids as well as 
fromm the central solenoid [15,58]. The support structure of the toroids as shown in figure 7.1 
iss included in the detector description, as are the materials of the various chambers. The only 

Figuree 7.1 Drawing of the magnet support material included in the simulation. 
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differencee with the material description given in section 5.1 is that in order to limit the number 
off  volumes created, the individual tubes are replaced by sheets of aluminium of the appropriate 
thicknesss in die middle of each tube layer. 

Forr the definition of me muon chambers the ATLAS muon database version M2.8 with the 
standardd replacement of the CSC chambers by MDTs is used [33]. In all studies the nominal 
backgroundd levels and detector efficiencies as defined in section 5.1 are employed, and a perfect 
alignmentt of the chambers is assumed. Concerning the rest of the detector, the calorimeters, 
thee coils of the solenoid and the iron return yoke are represented by cylinders containing the 
appropriatee amount of material, whereas the inner detector is not simulated at all. 

7.11 Single M uons 

Too study the performance of the reconstruction, samples containing both \i+ and p." with various 
energiess between 10 GeV and 1 TeV, and uniformly distributed in azimuth 0 e [0,2n]) and 
pseudorapiditypseudorapidity (n e [-2.5,2.5]) are generated. In this reconstruction a number of criteria and 
cutss are applied. The most important one is the required project!vity of the low-pp trigger roads 
withh respect to the interaction point. The three main effects that can cause a particle to deviate 
fromm a straight line are: 

1.. The bending in the inner detector region due to the solenoidal field. For a 2 
Teslaa field with a radius R of 1 meter, the deflection1 is equal to 

... 0.3  R B 0.6 . AO ,__. 
Hd""  ~ = — rad> A0id«O (7.1) 

PTT PT 

2.. The multiple scattering in the calorimeter region. Each scattering angle follows 
aa normal distribution with a width a given by [59] 

aa = 13-6̂ MeV  j ^ [ l + o.038 ln(x) ] (7.2) 

withh x the thickness of the material in radiation lengths. For the calorimeter 
regionn this number reaches a maximum of around 200, which means that for a 
5cc window the scattering angles are equal to 

A<fcc = Aec = ^ P (7.3) 

3.. The bending in the muon spectrometer. If one assumes a constant toroidal field 
off  1 Tesla in the barrel, the bending up to the middle station where the low-pp 
triggerr planes are located is equal to 

1.. The deflection is defined as the change in the track's direction while passing through the 
regionn in which the effect under consideration is present. 
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* > m - 0,, A9m = ̂  (7.4) 
PT T 

whilee in the endcaps the low-pj deflection is equal to the bending caused by the 
endcapp toroids, i.e. 

A* m~off *em  (7.5) 
FT T 

Inn both cases the pj is that in the muon spectrometer, which is different from the 
onee at the vertex as used in equation 7.1. 

4.. The multiple scattering due to the spectrometer material. Because this effect is 
highlyy localized its quantification is difficult, which is why it is folded into the 
safetyy margin of the projectivity cuts. 

Byy taking into account the path length to the interaction point, by using the value of the low-
Prr trigger of 6 GeV (cf. section 2.3), and by including a 50% safety margin the following cuts 
onn the projectivity of the trigger roads can be deduced: 

Region n 

barrel l 
endcaps s 

max|<|>dir-<|>pos|| (rad) 

0.25 5 
0.16 6 

maxjed i r -8p o s|| (rad) 

0.42 2 
0.45 5 

Tablee 7.1 Projectivity requirements on the trigger roads with respect to the interaction point. 

Thee extension of a low-pj road into the high-pj regime takes place only when the outer trigger 
stationss contain a cluster that lies inside the road (cf. section 4.1.4). This not only guarantees 
thatt the clusters line up in <|>, but also enforces the projectivity requirements on the high-pT 

roads.. Similarly, as the final reconstructed tracks also lie inside the trigger roads, they too fulfi l 
thesee requirements. 

Thee next set of reconstruction criteria is applied during the pattern recognition in a MDT 
chamber,, and they are: 

 For a hit to be added to a track segment, its distance to that track must be less than 
5000 |im, which is approximately five times the local resolution of a MDT tube; 

 A track segment must consist of at least 4 hits coming from both multilayers of 
thee chamber. 

Lastly,, the global track fit  in the spectrometer is stopped when either the chi-squared has 
convergedd to a fixed value or when 10 iterations have been performed. In the former case, the 
chi-squaredd per degree of freedom must be less than 5 for the track to be accepted. 
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Mostt of the time that it takes to reconstruct a typical event with only one muon in the 
spectrometerr is spent in the global track fit. The trigger reconstruction and MDT pattern 
recognitionn perform their task in a fairly constant time of between 1.8 and 2.4 seconds on a 
Pentiumm II300 MHz machine (see also appendix B). The fit on the other hand can take anywhere 
betweenn 1.4 and 6.5 seconds depending on the rate of convergence. On average, the total 
reconstructionn time is around 6 seconds per muon. 

Thee times quoted above are measured under nominal conditions. A reduction in detector 
efficiencyy does not lead to longer reconstruction times2, so the only effect to consider is that 
off  an increase in the number of background hits. Because the pattern recognition in the precision 
chamberss and the subsequent globall  fit are restricted to the roads defined by the trigger system, 
ann increase in the background levels in the MDTs has only a limited effect on the reconstruction 
times.. This effect is in part caused by the increased number of combinatorials per chamber, but 
itss contribution is small due to the small size of the roads. The largest increase in reconstruction 
timee comes from having to perform the global fit more than once, which is needed when 
multiplee valid track segments are found in a chamber. From the results presented in section 5.3 
itt follows that under the worst case conditions the fake track rate is at a level of 2% to 3% per 
chamber.. As a consequence, the average number of attempted fits per real muon track is equal 
too 1.08. This means that in total the MDT background causes an approximately 10% increase 
inn the average reconstruction time. 

Thee chance of background hits in the trigger chambers that are not crossed by the muon 
too form a valid trigger road, and to then have a successful pattern recognition in the MDT 
chamberss is small. In contrast, this is much easier for background hits that occur in the same 
triggerr chambers that the muon traverses. Of course, they must still line up with the other 
clusterss and with the MDT hits, but when a background hit is close enough to a real hit, multiple 
roadss could be created, each one of them leading to a track fit. The level-1 fake trigger rate from 
backgroundss that create hits in a single triggerr station at five times their expected levels is in 
thee order of 10-10 Hz [60]. This means that even before requiring a successful pattern 
recognitionn in the MDT chambers, the effect is less than 2.5%. 

7.1.11 Resolution 

Thee resolution of the detector is evaluated by comparing the reconstructed track parameters 
withh the Monte Carlo input. This comparison is performed at the entrance to the muon 
spectrometer3,, thereby avoiding any contribution from the multiple scattering and energy-loss 
fluctuationss in the calorimeter region. This also means that the interaction point can not be used 
inn the global fit. 

2.. The only effect, which larger detector inefficiencies could have on the execution time is that 
byy causing a reduction in the number of hits on the global track and hence a deterioration of 
thee individual track-segment parameters, the global fit  could need more iterations to 
converge.. However, given the results of chapter 5 this effect is negligible for the 
inefficienciess expected in ATLAS. 

3.. A cylinder with a radius of 425 cm and a length of 1364 cm. 
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Fromm a reconstruction point of view, the spectrometer can be divided into 3 regions in 
pseudorapidityy (see also figure 2.4), viz. 

 The barrel (0 < |r|| < ~1.0) in which a sagitta measurement with three chambers 
parallell  to the beam axis is performed; 

 The overlap region (~1.0 < (r|| < ~1.4) in which three vertical chambers are used 
too perform a sagitta measurement; 

 The endcaps (~1.4 < |T|| < ~2.7), which contain three vertical chambers with the 
firstt placed before the end-cap magnet while the other two are located behind it. 
Hencee a point-vector measurement is performed. 

Inn the barrel this yields the (z, R<|>, <|>, 0) coordinates for the track's position and direction, while 
inn the other two regions the z-coordinate is replaced by the radius R. For a sample of 50 GeV 
muons,, the positional and directional resolutions in the barrel are shown in figure 7.2 4. The 
coordinatess on the left are determined solely based on the hits in the trigger chambers, and are 
thereforee directly related to the widths and opening angles of the roads. These in turn follow 
fromm the size of the strips, which are around 35 mm, and the relative positioning of the stations. 
Thee resulting opening angles are about 10 mrad, which converts to an effective resolution of 
10/Vóó = 4.1 mrad due to the triangular shape of the angle distribution. This number compares 
welll  with the reconstructed value in figure 7.2c, with the difference being caused by multiple 
scattering. . 

Thee uncertainty in the R(|>-position of the reconstructed tracks can be derived from the ir-
resolutionn by following the trigger roads from their origin, which is the centre point between 
thee two low-px trigger stations, back to the entrance of the spectrometer. If one also folds in 
thee width of the strips, the resulting resolution is 1.9 cm (see figure 7.2a). 

Bothh these numbers are obtained in the barrel. If the same RPC chambers would be used 
inn the overlap regions and in the endcaps, the resolution there would be much worse. The reason 
forr this is that the trigger layers in the endcaps are positioned much closer together than their 
counterpartss in the barrel (cf. figure 2.4). To cancel this effect, theTGC chambers have a much 
finerr granularity than the RPCs, which leads to comparable resolutions in the (^-projection 
throughoutt the whole spectrometer. 

Thee remaining two coordinates in figure 7.2 are derived from the precision chamber hits. 
Thiss immediately translates into higher resolutions, but it also means that they are much more 
susceptiblee to the effects of multiple scattering. Compared to the barrel, the overlap regions 
andd endcaps show a significant deterioration of these resolutions. For the former, this is caused 
byy the irregular bending power caused by the mixing of the barrel and endcap magnetic fields 
(cf.. figure 2.5). This effect is still present at the edge of the endcap region, while for higher 
pseudorapiditiess the material of the endcap toroids starts to play a role. 

4.. There is no observable difference between the behaviour of the muons and the anti-muons, 
andd hence their resolutions are combined into a single plot. 
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A A 
Meann 0.778IE-01 
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Figuree 7.2 Resolutions of the R<|> (a) and z (b) positions, and of the <|> (c) and 0 (d) angles at the 
entrancee to the barrel of the muon spectrometer (lr|l < 1) for a sample of 50 GeV muons. 

Thee best way to study this behaviour is to look at the resolution of the fifth independent 
trackk parameter, i.e. the transverse momentum. Its distribution is presented in figure 7.3a, 
followedd by its dependence on the pT, both for the barrel. The resolution is a combination of 
twoo effects, viz. the multiple scattering in the detectors and magnet support structures and the 
intrinsicc resolution of the MDT chambers. From equation 7.2 one would expect the effect the 
multiplee scattering has on the resolution to fall off with increasing momentum. However, 
becausee the hits in a chamber combine to form a vector measurement, the determination of the 
sagittaa becomes more accurate at low muon energies. Therefore, for the barrel the effect of 
multiplee scattering is fairly constant at around 2%. 
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Figuree 7.3 Momentum resolution of 50 GeV muons in the barrel, measured at the entrance to 
thee muon spectrometer (a) and the pT-dependence of this resolution (b). The grey band 
representss the error in the reconstructed resolution, while the solid lines are the results of 
theoreticall  calculations of the various contributions to that resolution [15]. 

Thee contribution of the intrinsic resolution of the precision chambers is small at low 
momenta.. However, above a pj of around 100 GeV it starts to rise sharply and quickly 
dominatess the resolution. An analogous effect would be observed from possible chamber 
misalignments,, which have not been considered in the simulation. They would deteriorate the 
pjj  -resolution to around 8% at 1 TeV. Furthermore, to be able to compare the reconstructed 
trackss with those in the inner detector, the uncertainty in the correction of the energy loss in 
thee calorimeters must also be factored into the resolution. This effect dominates at low energies, 
butt it drops off quickly from 3% at 10 GeV to only 0.4% at 100 GeV. 

Figuree 7.4 The pT-resolution as a function of n, for 50 GeV muons halfway between a barrel 
andd endcap coil plane (<(> = 11.25°). 
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Inn the endcaps, the behaviour of the resolution as a function of the pj is about the same, 
alll  be it with slightly higher values in the multiple-scattering dominated range, i.e. for momenta 
beloww 100 GeV. From figure 7.4 in which the pT-resolution is shown as a function of the 
pseudorapidityy for an azimuthal angle halfway between a barrel and an endcap coil, it is clear 
thatt the resolution in the overlap region is severely degraded as a result of the reverse field of 
thee endcap weakening the magnetic field generated by the barrel toroid. Also clearly visible 
aree the magnet support structures, which show up as spikes in the pT-resolution. 

7.1.22 Efficiency 

Basedd on the Monte Carlo information, reconstructed tracks can be classified as "good" when 
thee fitted values of all five track parameters fall within 5a of their true values. All other tracks 
aree then designated "fake" and their rate normalized to the trigger efficiency is shown in figure 
7.55 as a function of the muon's momentum. The rise at high momenta is caused by the 
productionn of secondary particles by the muon. Their hits can obscure the real muon hits, which 
resultss in incorrect drift time measurements and therefore a lower segment reconstruction 
efficiency,, and they can create hits in tubes not crossed by the muon, thereby increasing the 
chancee that a fake track is found. 

100 0 

Efficiency y 

Fake-trackk rate 

66 cd 

100 102 10-1 

Pr(GeV) ) 

Figuree 7.5 Single-muon reconstruction efficiency (circles) and fake-track rate (squares) as a 
functionn of pp 

Thee increase at low momenta is mostly due to multiple scattering, which causes an 
incorrectt assignment of the track parameters by the fit. But the real effect the multiple scattering 
hass on the reconstruction is in the efficiency, which is also shown in figure 7.5. The enormous 
dropp at low momenta is caused by the requirement that the chi-squared per degree of freedom 
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off  the global track fit  must be less than five, which is not attainable when the track has a kink 
causedd by a piece of material. 

Thee only way to resolve this problem is to have a detailed description of the matter in the 
spectrometer,, and to explicitly take these multiple scattering points into account in the track 
fit.fit.  Each such point then introduces two new parameters to the track fit, viz. the scattering angles 
66 and $ 5 with their starting values set to the result of equation 7.2 [57]. This does however 
requiree an efficient method for the determination of the material traversed by the muon. One 
possiblee solution would be the use of a precalculated lookup table in<(), q and pT, but this requires 
furtherr investigation. 

Separatee simulation runs without the magnet and chamber support structures present 
showw that the efficiencies can be improved to 96% and 97% for 10 GeV and 50 GeV muons 
respectively.. Compared to other results obtained by the ATLAS collaboration [10] this still falls 
somewhatt short, which means that further development of the reconstruction algorithm and its 
fitfit  are needed. 

7.1.33 Charge Identification 

AA correct identification of the charge of a muon is essential for a wide range of physics topics, 
fromm the CP violation in B physics to the couplings of new heavy gauge bosons [10]. The 
problemm is that with increasing momentum, the bending of a muon's trajectory diminishes, 
makingg it ever more difficult to correctly reconstruct not only its momentum, but also its charge. 
Inn figure 7.6 the probability of charge misidentification, which is defined as the ratio of muon 

U U 

E^^ (GeV) 

Figuree 7.6 Percentage of reconstructed muons with a misidentified charge as a function of their 
energy.. The error bars are purely statistical in origin. 

5.. Because in the second-coordinate projection the resolution is not dominated by multiple 
scattering,, it might be possible to drop the 0-parameters, leaving only the 6-angles. 
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trackss reconstructed with the wrong charge to the total number of reconstructed tracks, is 
shown.. Up to energies of 5 TeV, the charge misidentification rate remains below the 2.5%, 
makingg it a manageable effect. 

7.22 Z->|i+|i 

Inn a large and high-precision system like the ATLAS muon spectrometer, good calibration and 
alignmentt are of vital importance. Physics resonances like the Z—>p.+(x~ decay, which are 
abundantlyy produced by the LHC, offer an excellent way to both align the muon chambers [61] 
andd to calibrate the absolute mass scale through an indirect determination of the magnetic field 
strengthh and the energy loss in the calorimeter [62]. In addition, the process forms the basis 
off  the Higgs decay into 4 muons, which will be studied in the next section. 

Inn a sample of Z bosons generated with varying boosts along the beam axis, the muons 
aree reconstructed in the spectrometer and subsequently propagated back to the interaction point, 
takingg into account the energy loss in the calorimeter. Although the actual energy deposited 
inn the cells that the muon has traversed could be used, this procedure frequently overestimates 
thee energy, and only works well for isolated high-pp muons. So instead, an average energy loss 
basedd on the particle's trajectory and momentum is used. 

Thee in this way reconstructed vector sum of the momenta of the two muons at their point 
off  closest approach to the interaction point must be equal to the boost of the Z boson. As can 
bee seen from figure 7.7a this relationship holds very nicely, although the reconstructed value 
doess tend to slightly overestimate the simulated one. The reason for this is that the mean energy 
losss in the calorimeter is used during the backtracking of the muon, while the most probable 
energyy loss is somewhat lower [62]. 

1500 200 

Pz(GeV) ) 
82.55 85 87.5 90 92.5 95 97.5 100 102.5 

%% (GeV) 

Figuree 7.7 Reconstructed two-muon momentum versus the simulated boost of the Z boson (a) 
andd the reconstructed mass distribution in the Z—>|a.+|i." decay (b). 
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Withh the help of the four-momentum conservation law, the muon momenta can be 
convertedd back to the mass of the Z. When the muon mass is neglected, conservation of energy 
gives s 

mzcc +pz = PJ + P2 + 2PJP2 (7.6) 

withh pi and P2 the absolute values of the momenta of the two muons. Similarly, conservation 
off  the three-momentum results in 

yy 2 2 
Pzz = Pi+ P2 +2piP2-[COSÖJCOS02+sin91smÖ2COs((t)1-<(>2)] (7.7) 

2 2 

withh 9i and (fc the muons' polar angles. From these two equations pz can be eliminated, leading 
too an expression of the Z mass in terms of the kinematical properties of the two muons: 

mzcc = 2pjp2-[1-cos91cos82-sineisin62cos((t>1-<t>2)] (7.8) 

whichh evaluates to m^ = 91.25 3 GeV as shown in figure 7.7b. The measured standard 
deviationn of 2.87  0.11 GeV is a combination of the natural width of the Z, which contributes 
1.11 GeV6, the measurement accuracy of the muon system (see section 7.1.1), the error 
introducedd by the backtracking of the muons and the fluctuations of the energy loss in the 
calorimeter.. It can therefore be improved by combining the tracks with those reconstructed in 
thee inner detector. For muons with a transverse momentum in the range of 30 to 100 GeV, the 
summ of the intrinsic resolution of the muon system and the energy-loss fluctuations in the 
calorimeterr is about the same as the resolution of the inner detector. For higher-momentum 
muons,, the muon spectrometer is more accurate, while for low-momentum particles the inner 
detectorr does a better job [10]. 

7.33 H-^ZZ^-^V^ V 

Inn the same fashion as for the Z bosons, the Higgs decay into 4 muons is investigated using 
onlyy the reconstruction in the muon spectrometer. A typical event, projected onto the yz-plane 
iss shown in figure 7.8. Its efficiency, normalized to the trigger efficiency is equal to about 65%, 
whichh is a direct product of the single-muon efficiencies quoted in section 7.1.2. 

Forr a 130 GeV Higgs, the resulting mass resolution is shown in figure 7.9a. Because one 
off  the Z bosons is on-shell, aZ-mass constraint can be applied to the pair of different-sign muons 
whosee combined mass lies closest to the Z-mass. This improves the resolution by around 14% 
too 2.5 GeV, with approximately 82% of the events inside a mass window of a around the 
Higgss mass (see figure 7.9b). 

6.. The conversion is defined as T -> o = T/{2j2\n2) with the full width of the Z equal to 
2.4900 7 GeV. 
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Figuree 7.8 Side view of the muon spectrometer showing two large sectors, with a superimposed 
H->4uu event. 

Thiss 2% mass resolution at 130 GeV rises slowly with increasing Higgs mass as a result 
off  the increasing natural width of the Higgs (see figure 7.10) and the deteriorating single-muon 

««  4 0 

o' — — 
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Figuree 7.9 Reconstructed Higgs-mass distribution for a 130 GeV Higgs decaying into four 
muonss without (a) and with (b) applying a Z-mass constraint. 
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Figuree 7.10 Natural width of the Higgs boson as a function of its mass. 

resolution,, reaching a value of 2.6% at 300 GeV. At this point the width of the Higgs starts to 
dominatee over the resolution of the detector. 

Ass for the Z boson, the mass resolution of the Higgs can be improved by using the inner 
detectorr information. This will be discussed in the next chapter in which a complete study of 
thee Higgs decay into four leptons will be given. 

7.44 Conclusion and Outlook 

Thee performance of the event reconstruction as described in this chapter shows that AMBER is 
ablee to function well in a complicated environment like the ATLAS muon spectrometer. The 
variouss selection criteria used by the program are designed to optimize the accuracy of the 
reconstruction.. Hence, the resolutions obtained in the single-muon events agree very well both 
withh theoretical predictions and with other ATLAS results [10, 15]. The same is true of the Z 
andd Higgs mass resolutions, although it must be kept in mind that the inner detector was not, 
andd the calorimeter only partly included in the simulation. 

Onn the downside, these stringent cuts lead to efficiencies well below what is desirable of 
thee offline muon reconstruction. This is to the most part due to the fact that the global track 
fitt does not take any multiple scattering into account. This is especially a problem when a muon 
crossess one of the chamber or magnet support materials. Detailed analysis on an event by event 
basiss has shown that when a muon does not intersect with such a structure, the chance of it being 
reconstructedd correctly is much higher. However, there remain cases in which the fit does not 
convergee because the fluctuations of the magnetic field are too large. Furthermore, some 
algorithmicc instabilities in the region between the barrel and endcap, and in the overlap region 
betweenn two sectors are experienced. In all, the efficiencies would approach the values quoted 
inn the technical design reports [10, 15], but some effort would still be required to capture the 
lastt couple of events. 




