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Abstract

For most physical processes the tracks observed in the muon stations must be matched with the cor-
responding tracks in the inner tracker, the externa muon system providing muon identification and
triggering but the tracker points giving the precise momentum measurement at lower momenta. For
high momenta the momentum resol ution is much improved by the interconnection of inner and outer
measurements. The matching of outer and inner measurements is more delicate in case of muons em-
bedded in jets. A study of the matching procedure was carried out using samples of bb jets at high P,

requiring bb — p decays.
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1 Motivation

| dentification and measurement of muons in the inner tracker using its high spatial resolution and excellent mo-
mentum measurement in the 4T field is a very important and demanding task, particularly for muonsin jets. In
the muon system the occupancy islow and pattern recognition isrelatively easy, provided the particle reaches the
muon system at al, which isthe case for the barrel is P}’ > 4 GeV. For non-isolated muons the main difficulty is
to match the track observed in the muon stationswith the correct candidate in the inner tracker in case of the high
track density inside ajet. These situations arise for example in muon tagging of b-jets, inb — J/¢(— p p) + X
cascades in b and top physics, in SUSY (g, §) physics and most dramatically in very high E; (TeV scae) jets such
as heavy flavour (b, ¢) QCD jets giving riseto "muon bundles’ within jets.

The matching strategy isbased on the use of thefull parameter space, i.e. on both the reconstructed momentum and
the positionin agiven planefor thetwo tracks, oneinthemuon system and the other in theinner tracker. The quanti-
tiesmonitored are the efficiency of matching (number of muons matched over number of muons reconstructed), the
muon matching impurity (1 - number of muons matched over number of tracks matched) and generation of ” ghost”
and "fake” tracks.

2 CMSmodel and data sample

The resultsdiscussed here are obtained using adetailed GEANT description of the complete CM S detector of TDR
design. Inal simulationsthe effects of the 4T field are fully included.

We have performed a GEANT simulation of the response to bb jets with transverse momenta P}** of 50, 100 and
200 GeV (which corresponds to the P; range of b-jetsin ¢ production) and at least one muon inside each jet with
P > 5GeV intherapidity region-1.1 < n* < 1.1. 1000 events were generated and reconstructed in the barrel part
at each energy point.

The results are obtained using the standard CM S reconstruction procedure (datacard "MUON’ 2 and ' TRAK’ 3)
existingin the CMSIM version 115.

Pattern recognition in the muon stationsis done by building track segments from the reconstructed hits separately
in the (r,¢) and (r,2) planes, (r¢,rz) track segments in the same muon station and in the same or contiguous (r,¢)
sectors are considered to form a pair used to perform the Kalman filter. Thisis done starting from the outermost
stations and proceeding towards theinner stationswith a constrained fit to theimpact point (IP) with default values
of o1f, = 15 pm and ¢1¥ = 5.3 cm. Since the decay mean transverse length (impact parameter) of the b-quarksis
about 500 pm another reconstruction was made using a constrai ned fit to the impact point with a,{f; =500 pm and

ol? =53 cm.

The Globa Track Finder (GTF) was used for pattern recognition in the CMS inner tracker. The GTF agorithm
adopted for the CM Stracker must process alarge number of hitsper event: typically 5.10% hitsat low luminosity and
tentimesmoreat high luminosity. To overcome the severe combinatorial problems, the concept of road preselection
isused in the first stage of the algorithm. In the second stage a Kalman filter is used to carry out fina hit selection
and track fitting.

3 Track matching

Given two track segments, one in the muon system and the other in theinner tracker, one can extrapol ate both seg-
ments to a common plane or point, check the difference in momentum and position and select the best combination
among the candidates. The correct combinationisknown from the simulation procedure and it istherefore possible
to calculate the efficiency of matching. We use as a matching criterion the minimal distance computed from », ¢
and/or P;#¢ of the two track candidates at the outer plane (TRCI - CMSIM convention) of the inner tracker and at
the impact point. Association of reconstructed tracks to GEANT onesis done on the hit basis. The reconstructed
track is associated to a given GEANT particle number if more than half of the hits assigned to the track are from
that particular GEANT track. If thereisno such dominating track, the reconstructed track is caled a "ghost”. If
more than one reconstructed track is matched to a given GEANT number itiscalled a”fake’.

The n dependence of the reconstruction efficiency obtained for the barrel muon station, shown in fig. 1a) israther
uniform except for the region between the central and next-to-centra rings(| n | ~ 0.2) and for | | > 0.9. To
avoid theinfluence of then dependence of the reconstruction efficiency on thematching resultsthetrackswith | 77 |
> 0.9 are removed. The P; reconstruction efficiency (fig. 1b)) is more than 95% for tracks with P, > 10 GeV. In
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fig. 1c) isgiven the "type’ of reconstructed tracks in the muon stations (solid line) for which must be found the
best candidate between the tracks reconstructed in the tracker (error bars). The comparison between reconstructed
and generated variables: P, n and ¢ isgiveninfig. 1d) - fig. 1i) both for the barrel muon stations and for the inner
tracker, for P/°* = 100 GeV. Wefind a P, muon resol ution of about 10% for the muon stations alone, and of < 1%
for theinner tracker, in good agreement with the val ues given in the Muon and Tracker TDR's/1:2/,

To estimate the matching quality a x# isformed from the differences between reconstructed %, ¢ and P; in thetwo
detectors for al reconstructed track combinationsat the outer tracker plane and at the impact point:

Pt1ec — Pirec)?
2 2 + (2 ) (D)
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Including in the x2, equation (1), the contribution from P;¢¢ in the muon stations and the tracker improves the

selection of the matching tracks mainly for high transverse momenta. A minimal x? of the matching tracks has
been used as a matching criterion.

The P, dependence of the matching efficiency is shownin fig. 2 for P}** = 50, 100 and 200 GeV at the outer plane
TRCI of the inner tracker and at the impact point with the two assumptions for the constrained fit to the impact
point with o , = 15 ywm and o, , = 500 um. The degradation of the matching efficiency at higher P** isdueto
the increase of charged particle multiplicity inside jets which makes more difficult the correct association of the
tracks observed in the muon stations with thetrack candidates in theinner tracker. The matching efficiency shows
less variation when a constrained fit at the impact point is performed using oz, = 500 pm.

Results obtained from the matching of muonsinsidethe bb jetsat P1°* of 50, 100 and 200 GeV are summarized in
Table 1. The "type” of the matched tracks indicates a higher purity at the impact point and at lower jet momenta.
For the higher multiplicity and more collimated jets at P! ¢* = 200 GeV, theimpurity in matching degradestoa~ 7%
level. Rejecting tracks with an increasing momentum threshold < P;**, a high matching efficiency and purity of
track matching can be obtained for high P!°*, but at the expense of asubstantial reduction in statistics. The number
of "ghost” tracks generated at reconstruction in the muon stationsis negligible. The number of "fake” tracks shows
some tendency to increase with jets momenta, and is at level of 1% - 2%.

After performing the matching procedure we can assign to the tracks observed in the muon station the precise mea-
surements from the tracker. The distributionsof the differences between reconstructed and generated values of P,
n and ¢ at the impact point for the matched tracks at P!°* = 100 GeV are givenin fig. 3. These distributionsare
practicaly the same asin fig. 2, where we compared reconstructed and generated variables for the inner tracker,
confirming the good quality of the matching criterion. The bottom row infig. 3 givesthe"type’ of thetracks re-
constructed in the muon stations and the "type”’ of matched tracks at the impact point.

The quality of track matching can be measured by the value of the”pull”:

thPtT — Zms Pms

P= Pﬁbs\/cov(l/p.l/p),
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where:

Zir, Zms 1Sthetrack charge in the tracker and the muon station;

P;,, Pms isthereconstructed momentum in tracker and muon station;
cov(1/p.1/p) isthe covariance matrix.

A Gaussian fit to the pull shown at the bottom of fig. 3 giveso ~ 1.0 indicating a good accuracy for the selection
and matching of the tracks.

4 Summary and conclusion

The main results concerning the matching of muon tracks in bb jets between the muon stations and inner tracker
are;

Using a simple minimal distance criterion between #, ¢ and P, of independent track measurements at the impact
point one can obtain a high matching efficiency with a contamination of not more than 4% for P! of 50 GeV and
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6% for 100 GeV. For the more collimated jets with P{” =200 GeV, theimpurity in matchingisat a~ 7% levd.

The matching efficiency showslessvariation when a constrained fit at theimpact point isperformed withe ,, = 500
pm. To further improvethe matching efficiency and impurity amore sophisti cated software than currently available
must be used, for example, a constrained fit to the secondary bb jets vertices obtained from theinner tracker could
be performed.

Rejecting tracks with an increasing momentum cut-off < Ps“¢, a high purity of track matching can be obtained for
hard jets, but at the expense of a substantia reduction in statistics.
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Table 1: Track matching results.

| Plet =50 GeV | TRCI | IPogy =15um | IPog,y =500 um |
Ps®t (GeV) | lossof stat. (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%)
5 0 96.42 3.64 £ 0.47 96.22 4.08 £+ 0.50 96.83 323+ 045
6 2.68 96.85 2.89+ 043 96.98 3.02 £+ 0.48 97.06 281+ 043
7 7.07 97.53 2.00+ 0.37 97.73 1.86 £+ 0.33 97.63 1.89+ 0.36
8 11.98 97.97 1.60+ 0.34 98.26 1.38 £+ 0.30 98.16 111+ 0.29
9 17.97 98.13 141+ 0.33 98.52 1.09 £ 0.24 98.43 0.79+ 0.25
10 24.79 98.47 0.85+ 0.27 98.73 0.68 £+ 0.23 98.46 0.60+ 0.23
" ghost” tracks(%) 0.13+ 0.09 0.06 £ 0.06
"fake” tracks(%) 1.47+ 0.30 1.454+ 0.39
| P/t = 100 GeV | TRCI | IPos,y =15 um | IP o,y =500 um |
Psut (GeV) | lossof stat. (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%)
5 0 93.57 6.55+ 0.61 94.40 6.24 £+ 0.62 94.87 5.89+ 0.59
6 2.22 93.93 6.13 + 0.60 95.18 5.24 £+ 0.56 95.61 5.05+ 0.55
7 4.32 94.38 5.68 £ 0.59 95.66 4.71 + 0.58 96.43 413+ 051
8 6.49 94.78 528+ 0.57 96.16 416+ 054 96.94 344+ 047
9 9.57 95.15 4.85+ 0.56 96.17 3.96 £+ 0.56 97.12 3.15+ 0.46
10 13.03 95.66 4.27+ 054 96.73 3.27+ 048 97.30 284+ 044
15 26.03 97.39 236+ 044 98.06 177+ 0.33 98.83 117+ 031
"ghost” tracks(%6) 0.08 £+ 0.07 0.10+ 0.08
"fake” tracks(%) 1.78 +£ 041 1.36+ 0.38
| PI* = 200 GeV | TRCI | IPos,y =15 um | IP o,y =500 um |
Ps®t (GeV) | lossof stat. (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%) | efficiency (%) | impurity (%)
5 0 90.17 9.99+ 0.74 92.55 8.07 £ 0.67 94.12 6.90 £+ 0.62
6 0.60 90.60 951+ 0.72 93.00 751+ 0.69 94.33 6.59 + 0.61
7 1.62 91.18 894+ 0.71 93.42 6.98 + 0.66 94.70 6.12 £+ 0.60
8 3.25 91.72 8.40+ 0.69 93.69 6.72 £ 0.67 95.00 548+ 0.57
9 5.05 91.94 8.17+ 0.69 94.15 6.14 £+ 0.68 95.24 5.07 £ 0.56
10 6.80 92.24 7.88 + 0.68 94.56 5.75 £+ 0.52 95.21 5.04 £+ 0.56
15 17.63 93.69 6.38 + 0.65 95.98 4.23 + 0.53 96.44 3.70+£ 051
20 23.95 94.86 5.07 £ 0.62 96.75 325+ 041 97.50 2.65+ 0.46
" ghost” tracks(%) 0.18+ 0.10 0.18+ 0.10
"fake” tracks(%) 199+ 0.34 211+ 0.35
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Figurel: n (a) and P; (b) dependence of the reconstructed efficiency, "type” of reconstructed tracks (c) in themuon
stations (solid ling) and in the tracker (error bars) and comparison between reconstructed and generated variables
P;, n and ¢ inthe barrel muon station (d - f) and in the inner tracker (g - i) for P!** = 100 GeV.
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Figure 2: P, dependence of the matching efficiency for P = 50, 100 and 200 GeV at the outer plane TRCI of the
inner tracker and at the impact point with two assumptionsfor the constrained fit to theimpact point with o, = 15
um and o , = 500 pm respectively.
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Figure 3: Comparison of reconstructed and generated values of P,  and ¢, "type” and "pull” for matched tracks
at impact point for P/** = 100 GeV.



