2.	system performance


2.1	simulation overview


The role of the muon system in pursuit of the physics goals of the CMS experiment and the main features of the design in order to fulfill this role are both covered in Chapter 1. In this chapter we describe the simulated response of these design features to physics signals and background. 


The CMS simulation is based upon the GEANT simulation framework providing routines that create detector volumes out of various materials, propagate particles through those volumes taking into account any interactions with the material, and keep track of when and where a particle passes a particular detector boundary. Details of the simulation structure are given in the Appendix. All aspects of the detector design are kept in a common database used for both simulation and event reconstruction. This information includes the geometry, materials, magnetic field map, etc. The following figures illustrate the detector information contained in the database: 


-	A display of a detector quadrant (Fig. 2.1.1) illustrating the amount of detail available to the simulation that is present in the geometry file; 


-	The corresponding acceptance curves (Fig. 2.1.2) determined from the geometry file;


-	From the geometry and material information entered into the database, the amount of material present before each of the muon stations, measured in absorption and radiation lengths (Fig. 2.1.3);


-	From the detailed field map, the field integral (B · dl (Fig. 2.1.4).


Because of the importance of background in determining the design of the muon system and its physics detection capabilities, this chapter begins with a brief overview of backgrounds significant to muon detection at the LHC.


2.2	sources and simulation of muon background 


Due to their large detector elements, the chambers of the muon system are very sensitive to background particles in the LHC environment. The muon system receives background hits from secondary muons resulting from pion and kaon decays as well as from punchthrough hadrons and from low energy electrons originating after slow neutron capture by nuclei with subsequent photon emission. These photons have a probability of about 1% to generate electrons by Compton-scattering or photo-electric effect in detector materials and gases that can cause hits in the chambers. Most captures occur in the thermal energy region, but the photons resulting from nuclear de-excitation may have energies in the MeV range. Neutron induced background is likely to be a significant contribution to the occupancy level in the muon detectors.


Analysis shows that the most critical regions for generation of background are the CMS beam pipe and the forward region (very forward calorimeter (HF) and beam collimator and shielding). Sources of background for the muon system can be roughly localized as follows: 


-	Particles created in primary pp-interactions at the intersection point. These particles have a significant high energy component and comprise the main contribution to the punchthrough. The total number of interaction lengths in the barrel and endcap calorimeters through which these particles pass before reaching the muon chambers, as well as the presence of holes and cables passes, are very important for evaluating this background.
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Fig. 2.1.1:	Side view of a quadrant of the CMS detector as installed in CMSIM showing the geometry details.


�


Fig. 2.1.2:	Muon system geometrical acceptance shown for the following three requirements: three or more stations, including at least one of the first two barrel stations or the first endcap station; any three stations; and any two stations.





-	Back-splash from the face of the HF. These background particles have a moderate energy spectrum (in the MeV to GeV range) and mainly affect the part of the muon endcap system lowest in radius. A re-design of the HF employing copper material has led to a reduction in back-splash into the muon stations.


-	Particles leaking from the HF and back-splash from the low-beta quadrupole magnet (LBQ) region. These particles also have a moderate energy spectrum, and along with the “gas” of neutrons created by hadrons oozing through shielding into the experimental hall, mainly affect the outer-most chambers such as ME4/2.


-	Muons and other particles created from beam losses in the accelerator tunnel. These particles have a rather wide energy spectrum and have the potential to affect all chambers.
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Fig. 2.1.3:	Material in front of the muon stations in terms of absorption and radiation lengths. (The thickness of the lines reflects the departure from perfect cylindrical symmetry of the CMS detector geometry.)
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Fig. 2.1.4:	Field integrals in the regions of the muon stations.


Beginning with the TP design [2.1, 2.2], various shielding configurations have been tested and the detector geometry has been updated as it has progressed [2.3]. A summary of the expected flux levels in the baseline CMS geometry (Fig. 2.1.1) is presented as an accumulative sum of the respective fluxes due to prompt and decay muons, charged hadrons, and electrons and positrons (Fig. 2.2.2). The plots represent statistics of 2000 “neutron” events and ~200K “punchthrough” events processed with CMSIM. The first two plots give fluxes in terms of Hz/cm2 versus pseudorapidity. The background rate is quite low in the barrel, being everywhere less than 10 Hz/cm2. In the endcap, the highest fluxes are in the region of maximum h and approach 1 kHz/cm2 in the innermost part of ME1/1.
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Fig. 2.2.1:	Charged particle fluxes in the muon system as an accumulative sum from different sources (prompt and decay muons, hadronic punchthrough, and e( from neutrons). Top:  Fluxes (Hz/cm2) in the first chamber traversed at a particular h; Middle: Fluxes in the last muon chamber traversed; Bottom:  Flux per strip (Hz/strip) and estimated occupancies (%) determined from the fluxes for each type of endcap muon detector. (Occupancies assume 5 affected strips/hit each occupied for 400 ns.) The separate split strip portions of ME1/1 are designated ME1a (inner) and ME11 (outer).


The bottom plot shows the charged particle fluxes in Hz per strip for different types of chambers in the forward region, where background is naturally of greatest concern. The right scale in this plot represents estimates of strip occupancies in percent. These occupancies have been obtained with the assumption that one hit occupies on average 5 strips during 8 x 50 ns��� time bins (400 ns), where 50 ns is the sampling interval of the SCA (see Section 4.3). The strip occupancies range from a few tenths of a percent in ME1/2 and ME1/3 to almost 4% in ME4/1. 


2.3 Momentum Measurement


There are many factors that serve to limit the ability of the muon system to measure accurately the momentum of a traversing muon:


-	Multiple scattering in the calorimeters and in the thick steel plates separating the muon stations;


-	The intrinsic resolution of the detectors;


-	Energy loss, especially when it is “catastrophic;”


-	Extra detector hits generated by muon radiation and other backgrounds;


-	Chamber misalignment;


-	Uncertainty of the B field.


The contributions of many of these effects to the muon momentum resolution measurement have been studied using CMSIM. The muon track reconstruction methodology is described in the Appendix. 


2.3.1	Muon momentum resolution


Momentum resolution from the track fit is expressed as (pT/pT, the percent error in pT.  The fit procedure maintains a covariance matrix of track parameter errors from which this resolution can be estimated. The covariance matrix method always assumes gaussian distributed errors. However, the true error distributions are not likely to be gaussian. Large angle multiple scattering and energy loss in material, for example, are inherently non-gaussian and contribute a tail to an otherwise gaussian error distribution. There is also the possibility of catastrophic muon energy loss (i.e., from hard photon Bremsstralung), which can skew the momentum measurement toward lower pT. These effects are not fully described by the gaussian error model. A more appropriate error estimate uses the 1/pT residual from the distribution of measured momenta. The residual is defined as


�EMBED Equation.2���.


For muons generated at a single transverse momentum, the width of this distribution gives the residual error estimate. The non-gaussian tails should be apparent in the residual distribution, possibly yielding a poorer - yet more realistic - resolution than would the idealized errors in the covariance matrix.


The momentum resolution for muons over the entire CMS h range has been determined for both the muon stand-alone measurement with vertex constraint (Fig. 2.3.1) and the muon system plus tracker (Fig. 2.3.2).


For tracks up to 100 GeV pT, the resolution is fairly constant in h up to h = 1.5.  Tracks in this region have traversed the entire radius of the solenoid, experiencing the full bending power, (B · dl, of the magnetic field. Due to multiple scattering and electronic noise, there would be little improvement in the momentum resolutions even if the chamber resolutions were better. For h ( 1.5 the tracks exit the end of the solenoid before the entire radius has been reached. There is weaker bending of these tracks, leading to an erosion in the resolution for higher values of h.
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Fig. 2.3.1:	Momentum resolution for simulated muon tracks at selected values of transverse momentum using only hits from the muon system with a vertex constraint. Full digitization of the detector response was performed for the endcap chambers.
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Fig. 2.3.2:	Momentum resolution for muon tracks at selected transverse momenta using hits from the muon system combined with hits from the central tracker.


Although the muon system is optimized for measurement of 100 GeV pT muons, physics demands good measurement over a broad range of pT. At a lower pT, a track's curvature in the magnetic field is greater, which should lead to a better estimate of the momentum. However, the mean multiple scattering angle is inversely proportional to momentum, meaning that the deflection of the trajectory as it passes through the absorber becomes larger with smaller pT. When this error dominates, the momentum error is said to be multiple scattering limited. Muon tracks down to 10 GeV pT are used to explore this limit.


As track momentum increases above the constant multiple scattering limit, the error becomes measurement limited, increasing linearly with pT. The momentum resolution as a function of h for 1 TeV muon tracks takes into account all energy loss and includes additional hits from secondary electromagnetic radiation. For the muon stand-alone fit the error has now risen above the multiple scattering limit and the resolution is significantly poorer than the 10 through 100 GeV pT cases.


Although at high momentum the relative error from multiple scattering is less, the likelihood that a muon loses energy through the production of secondary radiation is increased. This secondary radiation produces additional chamber hits, creating background in the vicinity of the muon hits. These background hits may be incorporated into the reconstructed track, leading to ambiguities. Also, tracks which lose a large amount of energy in this manner will appear to have smaller momenta later in their trajectories leading to larger track parameter errors than expected from the position measurement errors and multiple scattering alone. Fig. 2.3.3 shows the residual distribution for 1 TeV muons reconstructed using the vertex constrained muon stand-alone fit.
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Fig. 2.3.3:	1/pT residual distributions for 1 TeV muons using the muon stand-alone fit with a vertex constraint where a) the distribution is fitted by an unconstrained gaussian, and b) the distribution is fitted with a gaussian constrained to have a mean of zero. The excess of events on the high side of the constrained fit shows that catastrophic energy loss leads to an underestimation of a track's pT, which is safer when determining its charge.


The top distribution shows the 1/pT residual fitted with an unconstrained gaussian. The mean from this fit is greater than zero, meaning that a larger number of tracks have 1/pT measured higher than their true value. To see this effect more clearly, the lower distribution shows the same residual re-fitted with a gaussian constrained to have zero mean. The excess of events on the high side of the distribution show the effects of energy loss, especially when it is due to hard photon bremsstrahlung, which makes tracks appear to have smaller momenta (higher 1/pT). (Simulation of this effect relies fully on experimental measurements obtained with the RD5 experiment.) This is important when considering the error in the charge assignment. Misassigned charge occurs when a track's curvature, which is proportional to 1/pT, is measured lower than its true curvature; so low, in fact, that it crosses zero and acquires the opposite sign. Even though the absolute error on the momentum is larger, it usually appears on the high side of the 1/pT residual, decreasing the danger of charge misassignment. The estimation of the errors is provided by the fit itself through the full covariance matrix of the five fit parameters of the helix in space. Such estimation is performed accurately by the fit procedure and it has been tested by analyzing the distributions of the normalized pulls.


2.3.2	Track charge discrimination


Many physics measurements, such as the forward-backward asymmetry, depend not only on identifying a track as a muon, but also on whether a particular muon track is positively or negatively charged. In addition to the accurate measurement of its momentum, it is also important that a high pT track has the correct charge assignment. 


The percentage of tracks with misassigned charge as a function of a track's pT (Fig. 2.3.4), was determined for comparison purposes for both the muon stand-alone with vertex constraint fit and the combined muon system and inner tracker fit. Using only the muon system measurements with a vertex constraint, the percentage of misassigned charge is less than 1% for tracks with pT less than 500 GeV, rising to 4% for 1 TeV tracks. For values of pT near the 100 GeV optimization point and lower, the muon system alone provides good charge determination. When the inner tracker points are included, no tracks less than 100 GeV pT have an incorrect charge assignment due to the additional curvature measurement inside the full magnetic field. The percentage of misassigned charge for 100 GeV pT is less than 0.1% and remains less than 0.5% up to 1 TeV. The combined fit, therefore, gives good charge discrimination for tracks, even at high pT.


2.3.3	Momentum dependence of the muon track resolution


At low pT the transverse momentum resolution is determined by the constant multiple scattering error. At sufficiently high pT, the measurement error, which rises linearly with pT, begins to dominate, degrading the momentum resolution with increasing pT. Since pT is the physical quantity measured, the resolution has been presented at constant pT or as a function of pT. However, many physics studies use kinematic quantities, such as invariant mass measurements, that depend upon the total momentum p rather than the transverse momentum. To provide compatible physics measurements in all regions of the chamber it is desirable to have a uniform response for a given total momentum.


Fig. 2.3.5 shows the dependence of the resolution on the total momentum for tracks in the barrel (h=0.5) and in the endcap (h=2.0). Interestingly, when plotted as a function of total momentum, the resolutions for the barrel and for the endcap are very similar for momenta greater than 50 GeV. This suggests that the momentum resolution scales with the total momentum relatively independent of the h value and a simple parameterization is possible.  For momenta above 70 GeV,  �EMBED Equation.2���  provides a good description of the momentum resolution for all h values. This function can be extended below 70 GeV for the barrel measurement, but in the endcap it is limited by multiple scattering in the forward tracker and the endcap measurements assume a constant value of 1.2%.
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Fig. 2.3.4:	Percentage of incorrect charge assignment versus a track's pT using both the vertex constrained muon stand-alone track fit and the combined muon system and inner tracker fit. For the combined fit, no misassigned charge is seen for tracks with pT lower than 100 GeV.


�


Fig. 2.3.5:	Momentum resolution versus total momentum for tracks in the endcap and the barrel reconstructed with the combined muon system and inner tracker fit. Both barrel and endcap can be described by the same function for momenta greater than 70 GeV.


2.3.4	Muon reconstruction efficiency


Using the full track reconstruction techniques described in the Appendix, the ability to find and fit muons with radiation and energy loss was examined. The efficiency of track finding and fitting of the Kalman Filter method as installed in CMSIM was obtained for simulated muon tracks at several values of pT. Muons were generated uniformly in h and f accompanied by all expected secondary processes including delta-electrons and electromagnetic showers. In the endcap CSCs, hits experienced full digitization including electronic noise at a level to yield an approximate signal/noise ratio of 100 in all chambers, the minimum S/N ratio specified for the CSCs (see Sec 4.4.2.1). In the barrel DTBX chambers, the reconstructed hit position was computed, assuming constant drift velocity, from the measured drift time obtained by a parameterization of the drift cell behavior (see Sec. 3.9.11). The left-right ambiguity with respect to the anode wire was then properly included. 


Track segments were formed from hits in individual chambers, with at least two segments required to form a track. It is possible for a track to be associated with more than four segments because of the overlap regions of the muon chambers. (Such tracks passing through chamber overlap regions leaving two segments in a muon station may be used for inter-chamber alignment.) Efficiencies for finding generated muon tracks in the barrel with 2, 3, or (4 segments, respectively, are shown in Table 2.3.1 [2.4]. There are two classifications of losses: Propagated tracks for which fewer than the necessary two segments were able to be reconstructed in the muon stations, and those for which a successful fit could not be formed in spite of the reconstruction of two or more track segments. The former category combines geometrical acceptance and track segments lost due to muon radiation and energy loss disturbing the hits. (This loss is greater for higher pT muons as the chance for muon radiation increases.) The latter reflects the performance of the present track fitting algorithm; thus there is the possibility that some of these losses could in fact be recovered. The pT resolutions are the averages over the given regions for all successful fits.





Table 2.3.1


Efficiencies in the barrel region (0 ( |h| < 0.8) for track fitting in the stand-alone muon system with the vertex constraint for several values of pT by the number of track segments successfully used.
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The momentum resolutions of the stand-alone barrel muon system (averages in Table 2.3.1) are slightly dependent on the number of track segments used in the fit. As an example, Fig. 2.3.6 shows the fitted 1/ pT distributions for the three different fit topologies at pT = 100 GeV in the barrel, together with the reconstruction efficiency as a function of h.
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Fig. 2.3.6:	a) Muon barrel system efficiency to reconstruct a muon track candidate with a successful fit, constrained to the primary interaction region ((xy = 15 (m in the plane transverse to the beam orbit), as a function of the generated muon ( (dots). The efficiencies to have 2 (white area), 3 (wide cross-hatched) or (4 (small cross-hatched) track segments in the fit are also shown.  b-d) Fit results for the 1/pT track parameter in the cases of 2, 3 or (4 segments contributing to the momentum measurement.


The respective percentages of the original simulated muon tracks for which tracks were successfully fitted to points in the muon system with the vertex constraint by the Kalman filter utilizing 2, 3, 4 or more than 4 segments are shown in Table 2.3.2 averaged over the endcap region [2.5]. 


It is worthwhile to stress that the difficult “overlap” region (0.8 < |h| ( 1.2) is still under study with further development of the reconstruction code underway to recover difficult topologies, such as cases in which only one super-layer in a barrel station delivers an r-f measurement with no measurement in r-z.





Table 2.3.2


Efficiencies in the endcap region (1.2 < |h| ( 2.4) for track finding and fitting in the stand-alone muon system with the vertex constraint ((xy = 25 mm and (z = 5.3 cm) by the number of track segments successfully used. The total efficiencies include the acceptance of the muon stations. Resolutions (for pT in %) are for the average of all successful fits.
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2.3.5	Matching of muon tracks with the inner tracker


We have shown the advantage of using both the muon chambers and the inner tracker as a combined system in achieving the best momentum resolution. This requires that track segments in the muon system be matched to the correct track segment in the inner tracker in the presence of several accompanying tracks.


Tracks were reconstructed via a Kalman filter using a tracking model with five parameters at each reference surface: momentum, precise and coarse spatial coordinates, and precise and coarse tangent angles (see Appendix). Tracks in the muon system were filtered, smoothed and propagated to the inner tracker where additional hit points were included for the combined fit. These tracks may be used to investigate track-matching ability. A comparison of the extrapolated muon track parameters to the inner tracker candidates provides the matching criteria: The momentum parameter provides the best match to low pT tracks while the spatial coordinate gives the best match to the high pT candidates.


The muon's extrapolated spatial coordinate determines the position and the extrapolated covariance matrix determines the range of allowed positions that are accepted in the matching. To accomplish this, a single muon is reconstructed using only the muon system measurements including a vertex constraint. The track parameters from this muon stand-alone fit and their errors are propagated to the outer measurement planes of the inner tracker. This extrapolation takes the full magnetic field and multiple scattering into account. The extrapolation of the covariance matrix requires the derivatives of the transport matrix and is accomplished using a Runge-Kutta numerical approximation. The error matrix projected onto the inner tracker planes has both precise and coarse spatial coordinate elements that form error ellipses on the extrapolated inner tracker measurement surface. The sizes of the error ellipses are shown in Fig. 2.3.7 for barrel and endcap muons and for transverse momentum in the range 10 GeV ( pT ( 1 TeV. At pT = 10 GeV, multiple scattering dominates the errors and the precise spatial coordinate error is not significantly better than the coarse error. As the muon pT increases, the effect of multiple scattering becomes smaller and the error ellipses are reduced accordingly.


Tracks that match in space may still have different momenta. The accuracy of spatial matching for high pT tracks with less curvature and multiple scattering is greater than for tracks with low pT. The opposite occurs, however, with the momentum matching. The momentum of low pT tracks, with greater curvature, is measured more accurately than for straighter high pT tracks. The low pT tracks are matched best by the momentum parameter.
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Fig. 2.3.7: Extrapolated position error ellipse for muons at h=0 and h=2.


2.4	Trigger Performance


The CMS 2nd Level Trigger is designed to receive an event rate up to 100 kHz. The 1st Level is assumed to deliver not more than 30 kHz in order to ensure a safety margin. This bandwidth must be divided among muon, calorimeter and combined triggers. Rates of calorimeter triggers, i.e. one or two electrons or photons; electron from a b-quark decay; 1, 2, 3 or 4 jets; electron/photon + jet; missing transverse energy Etmiss and total transverse energy SEt, have been shown to sum up to 15 kHz [2.6]. Below we discuss the muon triggers (1m, 2m) and combined muon/calorimeter triggers, namely m-e/g, m-jet, m-Etmiss, and m-SEt.


Combined muon-calorimetric triggers have a great importance for many processes to be studied at the LHC. The presence of a highly energetic muon gives a very good event signature mainly due to the significant improvement in the signal/noise ratio. In the case of the CMS detector, for many processes it is sufficient to use a muon trigger alone; but there are processes where only the combined muon-calorimetric signature makes their study feasible. There are also several processes for which the combined signature is expected to improve the efficiency significantly since the muon requirement should allow the lowering of calorimeter threshold values – extending in this way the physics potential. 


In the case of two-object triggers, at low luminosity we can afford the lowest possible muon pt cut, which is determined by the muon energy loss in the calorimeters and thus varies with h. In the barrel it is ~4 GeV. In the endcaps it decreases to ~2 GeV at |h|=2.4. More precisely, one can define the thresholds as 


pT > 4.0 GeV   for           |h| < 1.5


pT > 2.5 GeV   for  1.5 < |h| < 1.9


 pT > 2.0 GeV   for  1.9 < |h| < 2.4.


At high luminosity it is convenient to set the muon threshold for two-object triggers at 4 GeV over the entire h range.


Results of the simulation are given in Table 2.4.1. In the columns headed “Individual” are listed the rates for particular trigger types. Under “Cumulative” is the total trigger rate for a logical OR of the given trigger type with all the types listed above it. We have chosen the thresholds to keep the total trigger rate at 30 kHz.





Table 2.4.1


Expected trigger rates for selected cuts.


�
L = 1033 cm-2s-1�
L = 1034 cm-2s-1�
�
Trigger�
Threshold (GeV)�
Rate (kHz)�
Threshold (GeV)�
Rate (kHz)�
�
type�
Muon    Calo�
Individual�
Cumulative�
Muon       Calo�
Individual�
Cumulative�
�
m�
7�
�
7.0�
7.0�
20�
�
7.8�
7.8�
�
mm�
2-4�
�
0.5�
7.3�
4�
�
1.6�
9.2�
�
m-e�
2-4�
7�
2.4�
9.2�
4�
8�
5.5�
14.4�
�
m-eb�
2-4�
4�
5.2�
12.8�
�
�
�
�
�
m-j�
2-4�
10�
4.2�
14.4�
4�
40�
0.3�
14.4�
�
m-Etmiss�
2-4�
40�
0.2�
14.4�
4�
60�
1.0�
15.3�
�
m-SEt�
2-4�
100�
0.7�
14.4�
4�
250�
0.2�
15.3�
�
2.5	Performance for Representative Physics Processes


The performance of the muon system for representative physics processes has been studied, encompassing muon pT from a few GeV to a few TeV. Muon acceptance, matching with the inner tracker, charge determination and multiple-muon mass resolution are important in all these processes.


2.5.1	SM and MSSM Higgs Boson


The Standard Model Higgs decay to four muons is a benchmark process for evaluating the performance of the muon system. The Standard Model Higgs measurement is studied with Pythia with LO cross sections dominated by the gluon fusion production mechanism gg ( H0 followed by the vector boson fusion process. The background includes LO crossections of di-boson production with both quark-anti-quark scattering and the gluon-gluon box diagram. The reconstructed mass distribution for 150 GeV H0 decays is shown in Fig. 2.5.1 for an integrated luminosity of 10-5 pb-1, including all expected background (�EMBED Unknown��� Z�EMBED Unknown���, ZZ*, etc.) and internal bremsstralung. The four-muon mass resolution is 0.96 GeV. Further details regarding the expected performance of CMS in H0 ( ZZ, ZZ* ( 4l( searches may be found in Ref. [2.7].


�
Excellent multiple lepton mass resolution is essential for the search for MSSM Higgs bosons such as HSUSY ( ZZ,ZZ* ( 4l(. These are narrow objects (( ( 1.5 GeV) which can be searched for at low tan( up to mH ( 2mtop. Other searches may be made for h,H,A ( m+m- to which CMS is sensitive at low tan( [2.8].
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Fig. 2.5.1:	Reconstructed mass distribution with background of H0 (150 GeV) ( ZZ, ZZ* ( m+m-m+m- for L = 10-5 pb-1.


2.5.2	 Z´ ( m+m-


A common feature of many standard model extensions is the existence of additional vector gauge bosons. Grand unified theories (GUTS), Left-Right symmetric models and superstring theories all extend the Standard Model through additional gauge symmetries. The observation of an additional neutral gauge boson Z' depends upon the Z' mass and its coupling to the observed final state muons.  Furthermore, the accuracy with which the muon's track parameters are measured must be sufficient to reconstruct the kinematics of the original Z' interaction. Choosing among models requires the examination of other event characteristics, in particular, the forward-backward asymmetry. The asymmetry measurement depends upon accurate reconstruction of the momentum and production angles, and the correct charge assignment. 


2.5.2.1 Z' Invariant Mass


The sharpness of the measured invariant mass peak depends upon the width of the Z' and upon the momentum resolution of the muon track measurement. A large MZ' produces final state muons with higher transverse momenta, which have large measurement errors, contributing to the spread in the invariant mass resonance. To obtain the measured Z' mass and width, the background subtracted Z' distribution is fitted to a gaussian - the mean providing the measured Z' mass and the sigma providing the width. Fig. 2.5.2 shows an example fitted for a 3 TeV Z' generated according to the Alternative Left-Right model.


2.5.2.2 Forward backward asymmetry of the Z'


The presence of a resonance peak in the di-muon invariant mass distribution is enough to verify the existence of an additional Z' boson. The total number of events in this peak could also be used to select possible model candidates based upon their theoretical cross sections.  The true nature of the Standard Model extension is still undetermined, however, since several of the theoretical models have similar crossections. To discriminate further among the models, the forward-backward asymmetry is used.
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Fig. 2.5.2:	Background subtracted invariant mass distributions for a 3 TeV Z' produced via the Alternative Left-Right model. The parameters of the gaussian fit are used as the measured Z' mass and width.


The asymmetry is calculated in the center of mass of the final state muons. Muons are first boosted to the center of mass of the Z', then the angle between the boosted m- and the Z' direction is used as the scattering angle q*. In addition, the events are classified into rapidity, regions. When the Z' is heavier, the lower cross section will introduce a larger statistical error into the asymmetry measurement. Also, the poorer momentum resolution for the higher pT final state muons adds an additional error. Fig. 2.5.3 shows the measured asymmetry points from a 3 TeV Z' generated with Alternative Left-Right model couplings superimposed on the five theoretical asymmetry curves. When the momentum from the combined muon system and inner tracker fit it used, the measured asymmetry eliminates the three possible candidates (see Ref. [2.10]).
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Fig. 2.5.3:	Measured forward-backward asymmetry from a 3 TeV Z' generated according to the ALR model, plotted versus the ( of the boosted center of mass. The theoretical asymmetry curves for all five models are superimposed for comparison.


2.5.3	Top Production and Decay


The efficiency to identify prompt muons from semi-leptonic top decays was studied by generating a sample of 1000 � EMBED Equation.2  ��� events (with the top quarks forced to the muonic decay t ( b(() using the Pythia 5.7 generator and propagating all the generated particles through the full CMS detector simulation. Fig. 2.5.4 shows such an event, in which also one of the b quarks decayed semi-leptonically in the barrel muon detector. The muon candidates resulting from the muon system stand-alone fit described in Sect. 2.3.1 were extrapolated back to the outer surface of the inner tracker and matched to the tracker candidates according to the criteria used in Sec. 2.3.5. Backgrounds from electronic noise and event pile-up were not included, nor was any effect from muon chamber misalignment. The study was performed in the region -0.8 < ( < 0.8. Fig. 2.5.4 shows the generated and reconstructed (by the standalone muon system) muon momentum spectra, together with the efficiency to have successfully matched muon candidates.


�


Fig. 2.5.4: a) Side view of a � EMBED Equation.2  ��� event generated by Pythia, with both top quarks forced to decay semi-leptonically. Dashed-dotted lines show the extrapolated track from the muon system to the inner tracker.  b) Enlarged view: full line segments show track elements in the barrel muon chambers; dots show hits in the chamber super-layers associated with the track candidate.  


2.5.4	Muons in b-jets


An important way to identify a b-jet is by using muons in the jet and applying isolation or secondary-vertex criteria. To study the feasibility of matching muon tracks in the presence of multiple inner tracker candidates, Pythia 5.7 was used to generate b-jets at pT values of 100, 500 and 1000 GeV with 400 events each. B-hadrons were forced to decay into muons, resulting in events with a single muon track surrounded by multiple stable mesons, all of which are propagated by the simulation through the full CMS geometry, including all radiation and energy loss processes.  Backgrounds from electronic noise, neutrons and event pile-up are not included, nor are any chamber miscalibration and misalignment errors.


The track parameters from the muon stand-alone fit with the vertex constraint are extrapolated to the outer measurement planes of the inner tracker. The hit coordinates in these outer planes of each track candidate in the inner tracker are compared to the extrapolated muon hit position. The track candidate with hit position closest to the extrapolated muon position is kept as a possible matched track. Including the track’s pT in the matching criteria further reduces the number of fake candidates. Both the precise coordinate and pT are used simultaneously and the inner tracker candidate with the smallest c2 is accepted as a possible match, where


�EMBED Equation.2���.


�


Fig. 2.5.5: a) Generated momentum spectrum of the muons originating by semileptonic top decay; b) fitted momentum of reconstructed muons (triangles) and of muons successfully matched (dots) to the inner tracker candidate coming from the generated muon; c) efficiency for muon reconstruction and matching as a function of the generated muon momentum. misalignment. 


The distribution of 1/pT residuals as a function of pT is shown in Fig. 2.5.6 for inner tracker candidates that have been previously matched using the precise spatial coordinate alone. The residuals for muon tracks show a broadening at low pT since multiple scattering limits the covariance matrix in this regime giving a larger extrapolation error. Fortunately the spatial matching has already filtered out all the fakes in that region. The combination of both the precise coordinate and the track pT gives an even greater reduction in the percentage of muon fakes matched; at h=2 only 0.45% of the muon system tracks are matched to fake inner tracker candidates when both pT and the extrapolated precise coordinate are used. 


�


Fig. 2.5.6:	Residual of the inverse pT for the track and the muon momentum as a function of pT. Only candidates that were previously passed the precise coordinate spatial matching are shown.





Table 2.3.2


Purities of matched muon tracks from b-jets.


hb-jet�
0.9�
1.0�
1.2�
1.4�
1.6�
1.8�
2.0�
2.2�
2.4�
�
Matching Criteria�
Purity of matched muons (%)�
�
�
�
�
�
�
�
�
�
pT�
94.3�
94.3�
92.3�
89.7�
92.5�
92.7�
90.5�
88.9�
81.3�
�
precise coordinate�
75.5�
75.6�
75.2�
68.1�
80.9�
84.9�
82.9�
81.9�
79.8�
�
coarse coordinate�
52.5�
49.7�
49.0�
32.0�
39.4�
47.1�
39.7�
47.8�
37.7�
�
pT + precise�
99.2�
98.9�
98.2�
97.7�
98.7�
99.1�
99.4�
99.3�
96.0�
�
pT + coarse�
98.0�
98.4�
96.6�
93.4�
97.1�
96.8�
94.4�
94.0�
97.7�
�
precise + coarse�
92.2�
90.6�
90.4�
84.2�
90.8�
92.7�
90.8�
90.0�
86.0�
�
pT  + precise + coarse�
99.5�
99.7�
99.4�
98.3�
99.3�
99.6�
99.7�
100.�
97.1�
�
In practice, several track parameters are used simultaneously in muon matching. Table 2.3.2 shows muon track matching purities when combinations of the track parameters are used in the matching criteria. Except at the highest h, the purity for correctly matched muons is higher than 98% when both the track pT and the precise hit coordinate are used to select matched inner tracker candidates. At h=2.4 this purity is 96% since the pT resolution is poorer and the b-jets more collimated, leading to a difficult precise coordinate match.


2.5.5	U Production in heavy ion collisions


Although CMS is optimized for the study of p-p collisions, it is proposed to take advantage of the large acceptance and excellent mass resolution of the muon system and central tracker to detect �EMBED Unknown��� and �EMBED Unknown��� resonant states from heavy ion beams through their muon decay channel. With not only the J/( and (’ but also the U family resonances accessible to observation, it is of great interest to look for their possible suppression as is foreseen to be one of the measurable effects if the quark-gluon plasma is formed. 


�


Fig. 2.5.7:	Efficiency of reconstructing an U ( m+m- in the CMS detector by h of the generated U. Both muons must traverse at least two muon stations and create at least 8 hits in each barrel station or 4 hits in each endcap station.


For the estimate of the detection efficiency of U ( m+m- (Fig. 2.5.7), 2000 generated particles were forced to decay into muons using the Pythia Monte Carlo program processed through the complete CMSIM simulation and reconstruction apparatus. The U particles were generated based on a quark-gluon plasma model for �EMBED Unknown��� ( U production in pp collisions [2.9]. Trigger efficiency was simulated by requiring that for both muons at least two muon stations each register at least 8 hits in the barrel or 4 hits in the endcap. 


After generation, U particles were forced to decay into m+m- and each muon momentum was smeared based on the fast CMS simulation program [2.11]. The top portion of Fig. 2.5.8 indicates the U mass resolution obtained by using only information from the muon system alone. The bottom plot illustrates the improvement in mass resolution obtained when the central tracker information is folded into the mass determination. Besides U acceptance and its mass resolution, another important issue is the main background of secondary particles, mainly pions and kaons, copiously produced in the collisions (see Ref. [2.12]).


2.6 Summary of detector simulation and performance


The behavior of the muon detector has been extensively studied using the full CMS simulation (CMSIM) based on GEANT code, including detailed geometrical description of all the parts of the apparatus and complete simulation of the digitization process. Emphasis was made on the study of background conditions (particularly severe in some regions of the forward chambers) and on the capability of the detectors to reconstruct and identify muons over a broad momentum range from a few GeV to the TeV region. The effect of multiple scattering and hard photon bremsstrahlung in the apparatus on momentum resolution and reconstruction efficiency was carefully studied. Extensive trigger simulation was performed to define the first level trigger decision, showing that a momentum cut as low as 20 (4) GeV for single (double) muon candidates guarantees a tolerable first level trigger rate at the highest LHC luminosity.


�


Fig. 2.5.5:	The fast Monte Carlo simulation program was used to smear muons from the decay of the (. Top: (. mass resolution using only muon system information. Bottom: Mass resolution with central tracker points included.


The stand-alone muon system was proven to be able to reconstruct muons for |(| < 2 with a momentum resolution of 6-20% below pT = 100 GeV and 15-35% at pT = 1 TeV, depending on the angular position. Global efficiency is more than 90% for track momenta below 100 GeV everywhere in the detector, and remains above 70% up to the highest momenta allowed by the kinematical range of the LHC. Muon charge identification is accomplished by the muon system alone with a probability of charge missasignment less than 1% below 500 GeV, rising to 4% at 1 TeV. 


The matching of the reconstructed muon with inner tracker candidate tracks provides a correct association of the muon track produced in b-jets in more than 96% of the cases in the full ( range covered by the muon detector. Samples of a few “benchmark” channels of physical interest were generated and followed through the complete simulation and reconstruction chain, showing a quite adequate performance of the overall system. It must be stressed that many of the results quoted here have to be considered conservative, since they were obtained with a reconstruction code not yet optimized, and that further developments in both pattern recognition of the stand-alone muon system and matching algorithms with the inner tracker are foreseen.


Appendix


CMSIM Structure and Track Reconstruction Methodology


A.1	CMSIM


�


Fig. A.1.1:	Flow diagram of CMSIM.


The CMS simulation and reconstruction package CMSIM is based upon the GEANT simulation framework. It includes the following major features (Fig. A.1.1):


-	common database for simulation, reconstruction, calibration, analysis, and event-display;


-	modular flow, so that sub-tasks may be performed independently by reading the output data structure of the previous task in the chain;


-	background integrated into the simulation to produce “Raw Data” that resemble real data in every way;


-	common reconstruction program for simulated and real data.





The flow in CMSIM can serve as the road map for our description of the details of simulation studies of the muon system performance.


A.2	Full Track Reconstruction


Track hit positions are determined in CMSIM for simulated data in the barrel and endcap muon chambers as described in their respective chapters. Track parameters are then obtained from a given collection of cluster hit positions in the tracking chambers by the Kalman Filter method. There are two aspects of this problem that must be addressed. First is track finding: It must be recognized which hit positions actually belong to a single track. High-energy muons will radiate electrons and photons as they pass through the absorber, leading to extraneous chamber hits close to the track position. Second is track fitting: The track parameters must be determined from the recognized hit positions.


The Kalman Filter accomplishes both of these tasks simultaneously. In the first stage, pattern recognition is performed locally on the hits of each chamber to construct “track segments.” If at least two segments can be connected, track parameters are then calculated recursively at each measurement surface, with the parameter estimates updated along the way. Additional measurements from adjacent surfaces are incorporated into the candidate track if their positions fall within the extrapolation of the previous measurements. In this way the combinatorial background is considerably reduced. 


The initial track parameters used to start the filter are estimated using hits in the measurement surfaces farthest from the interaction point. A vector of five true track parameters - the inverse transverse momentum 1/pT, the precise and coarse measurement positions x and y, and their two angles (dx/dz) and (dy/dz) - at measurement surface i is propagated to the surface i+1 transformed to “measurement space.” This combines with the measurement at surface i+1 into a “least squares” expression, the minimum of which provides the best estimate of the track parameters there.


Once the track parameter extrapolation to surface i+1 is complete and its measurements have been incorporated into the fit, the new parameter estimate at i+1 can be propagated to the next measurement surface using the same scheme. In this manner, all measurements are recursively incorporated into the estimate of the track parameters. 


After all possible measurement surfaces have been included into the track parameter estimate, a smoothing algorithm is used to incorporate the full information into each measurement and remove possible background hits. The final fit procedure gives estimates based on three different sets of hit position measurements. The first estimate includes only the set of positions measured by the muon system. This is called the Muon stand-alone measurement. The second includes the first with the addition of a constraint of the vertex point and is called the Muon stand-alone with vertex constraint fit. Finally, the third measurement adds all hit positions from the inner tracker for the combined Muon system plus inner tracker fit.
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