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Summary

This document describes the use of muons to tag b-jets. Using the tagging variables PTRel and P( / Ejet, we can reach a tagging efficiency of 16% at a purity level of 99%. This low efficiency is mainly caused by detector smearing and reconstruction effects, which dilute the discriminating power of the tagging variables.

Introduction

In Run I, the main method used to identify b jets was a muon tag, using the PTRel of the muon with respect to the jet. With the upgraded detector for Run II, it is expected that we are able to use this tag with greater efficiency, and also use other tags, like P( / Ejet, to be able to reach a high efficiency with a low background when tagging b-jets with muons.

First, a description of the tagging variables will be given, and the assumptions, which are made when comparing Monte Carlo information with reconstructed data, will be explained. Then, the impact of the jet- and muon reconstruction will be examined, before examining the tagging variables in more detail. Finally, current efficiency and background rejection plots are shown.

The last part of the document gives an overview of the software implementation of the tagger, a description on how to use it and a list of all the analysis variables in the bcjet_analyze ntuple.

Each b quark produced in an event has ~20% chance of decaying into a muon, either through a direct decay, B → μ + X, or a cascade decay, B → C + X, C → μ. Muons from both decays are considered to be coming from a b quark, and the jet formed by the decay products should be tagged as a b-jet. 
The main background for muons, coming from b-decay, are muons produced in c-decay, punch-through kaons and pions, misreconstructed as muons, and kaons and pions decaying to muons in the calorimeter. A smaller contribution to the background is given by the decay of on shell W bosons, and the decay of (-leptons in 
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events. 

All plots in this document are made from an inclusive 
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sample of 4000 events, reconstructed with p08.01.00
. It is desired to extend this analysis to physics processes with softer b-jets, to be able to tag b-jets with a lower energy.

Throughout this document, the definitions for the efficiency, fake rate and purity are defined as:

Efficiency = 
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Purity = 1 – fake rate

Where a ‘taggable bjet’ is a reconstructed jet, coming from the hadronization of a b-quark, and in which the b-quark decays into a muon which is reconstructed. This definition is chosen to remove the effect of the branching ratio of a b-quark to muons (20%), jet reconstruction efficiency and muon reconstruction efficiency.
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Tagging variables
The PTRel of a muon with respect to the jet is defined as:

PTRel = 
[image: image5.wmf](

)

2

1

2

2

)

1

(

m

m

m

a

×

-


where 
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is the direction of the jet (see figure on the right). 

The Pμ / Ejet is defined as:

Pμ / Ejet = 
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where Pμ is the total momentum of the muon, and Ejet is the total energy of the jet. 

Jet flavor determination

To designate whether a jet originates from the hadronization of a b-quark, c-quark or a light quark/gluon, a match is made between the MC partons in the event and the reconstructed jets. This match is based on the direction of the parton in (η, ()-space with respect to the direction of the axis of the reconstructed jet. A match is defined when the difference in (, ((, is smaller than 2 times the jet width RMS in (, and the difference in η, (η, is also smaller than 2 times the jet width RMS in η. If a parton passes this requirement, the jet is said to be originating from that parton. Thus, when a jet originates from a b-quark, the jet is designated as a b-jet; if a jet originates from a c-quark (and not from a b-quark), it is said to be a c-jet; otherwise, it is a light quark jet. The number 2 with which the width RMS is multiplied is quite arbitrary; it can be enlarged, giving a higher efficiency but will also designate more light quarks jets as b- or c-jets (decreasing the purity). With the current numbers, the efficiencies for jets with different cone algorithms are
: 


0.3 cone size
0.5 cone size
0.7 cone size

Number of b-quarks
8052
8052
8052

B parton jets
6683
6947
6878

Efficiency
83.0 %
88.6 %
85.4 %

Table 1: Efficiencies for b-jet designation for different cone algorithms

This rather low efficiency is caused by the fact that the jet reconstruction uses the reconstructed vertex to calculate the η of the jet. If the primary vertex is misreconstructed, the η of the jet will be wrong. This causes the match of the b-quark with the jet to fail. Also, in some jets two b-quarks contribute to one jet. This causes some b-quarks not to be assigned to a jet.

Jet reconstruction

In defining the tagging variables, two assumptions are made regarding the relation between the jet and the underlying b-hadron:

1. The direction of the jet is a good approximation to the direction of the b-hadron which creates the jet;

2. The energy of the jet is a good approximation to the energy of the b-hadron which creates the jet.

To test the first assumption, an analysis of the (R between the reconstructed b-jet and the b-quark is made on Monte Carlo data. This is done for the cone jet reconstruction algorithms, with different cone sizes: 0.3, 0.5 and 0.7. Results for these algorithms are shown in plots 1, 2 and 3. Plot 4 shows the distribution for (R between the b-quark and the jet axis for b-quarks which decay to one or more muons. 
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Even though the 0.3 cone algorithm gives the best approximation of the hadron direction, it’s 

efficiency is the lowest of the three. Also, it might prove quite difficult to measure the jet-energy scale for 0.3 cone jets. 

The energy distribution for all cone algorithms has a gaussian form, with a tail extending towards higher values of Ejet / Equark. This tail is caused by jets which contain the remnants of more than one parton, and jets with a mis-measured energy. The peak for the 0.7 cone algorithm is wider than the peak for the 0.5 cone algorithm. Based on the results for the (R and the Ejet / Equark, the 0.5 cone algorithm is used in this analysis. The jet reconstruction efficiency for the 0.5 cone algorithm is 97.3%, which folded with the 88.6% efficiency of the b-jet assignment gives a overall b-jet efficiency of 86.3% (6947 reconstructed b-jets out of 8052 b-quarks in the event). Of these 6947 b-jets, 1170 have a b-quark which decays into one or more muons. This is 16.8% of the b-jets, rather than the ~20% one would expect from the branching ratio of the b-quark decay. This is caused by an artifact of PYTHIA, which inserts a COLOR object in the event for the resolve of the color flow in an event. This COLOR object can disturb the matching of the muon with the b-quark it decays from, which causes the drop from 20% to 16.4%. Work is being done to resolve this. 
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Muon reconstruction
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Both the tagging variables use the momentum of the muon, and thus a good muon momentum reconstruction is desired. Plot 9 shows the distribution of the momentum of Monte Carlo muons in 
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 events. The peak around PT = 0 is enhanced by muons coming from pion and kaon decay in the calorimeter. Note, that we cannot put a PT cut in as a consequence of this, as we are analyzing a 
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 file in which we expect the muons to be hard. The distribution for lower PT physics is expected to look a lot softer. Distinguishing between muons coming from the interaction and from in-flight π/K decay remains one of the major challenges for the muon reconstruction. Plot 10 shows the difference of the reconstructed muon momentum and the Monte Carlo momentum, divided by the Monte Carlo momentum. No quality cuts have been imposed on the reconstructed muons in this event. Even though we have a peak at 0 in this graph, the non-gaussian tails are worrysome. These misreconstructed muons are presumably caused by a mismatch of the local track found in the muon system with the reconstructed track in the central (SMT + CFT) detector. Since the reconstructed muon particle takes the η, ( and momentum from the central track, a mismatch can cause the muon to be completely misreconstructed. Plot 11 shows the same distribution for ‘good’ muons, where ‘good’ means that the distance between the reconstructed muon and the Monte Carlo muon is less than 0.2 in (η, ()-space. The non-gaussian tails persist regardless of this cut. Other quality cuts are under investigation to make sure we get a correct muon reconstruction to use in our tagging.
PTRel  tagging variable
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The discriminating effect of the PTRel variable is investigated by analyzing 4000 
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events, reconstructed with p08.01.00. In plot 12, we show the Monte Carlo distribution of the PTRel, in which there is no detector smearing and no reconstruction effects. Because of the lack of a jet in the MC events, we define the PTRel  for MC events as the relative PT between the muon and the b-hadron which decays to this muon. A clear distinction can be made between direct decays of the b particle to the muon versus cascade decays, c particle decays and background. For the background events, muons are taken which are not the result from heavy quark decay, and the PTRel between the muon and the closest jet (within a 0.7 cone) is taken. These muons come from either W and ( decay, or in-flight π/K decay. Graph 13 shows the efficiency and fake rate, which can be reached, based on MC information only. In this plot, a upper limit on the PTRel of 5 GeV has been imposed, which causes the fake rate distribution not to start at 1 but at 0.38 (the background distribution has a large contribution for PTRel >5, which is not shown in the lower left graph of plot 13).
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Due to the detector smearing and the reconstruction steps, the distributions shown above change, as can be seen in plots 14 and 15. These distributions change when compared with graph 12 and 13, because of the difference in the direction of the jet axis as compared with the direction of the b-quark, and because of the resolution of the muon reconstruction. From the 1170 b-jets which have a muon in the b-quark decay, 511 have a reconstructed muon that is matched with a MC muon. In plot 15, we find slightly more (527) reconstructed muons which are associated with a b-jet. This is caused by the reconstruction of cascade decay muons, in which the b-quark decays into a muon (adding to the B→μ plot) and the c-quark also decays into a muon (adding to the B→C→μ plot). To calculate the efficiency for tagging b-jets, we take the number 511 as the number of ‘taggable’ bjets. For the final tagging value, we consider a value of the PTRel between 1 and 5 GeV associated with a b-jet.
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Plot 14: PTRel of best reconstructed muon within a 0.7 cone of the jet, with respect to the direction of the jet
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Plot 15: Efficiency (light line) and fake rate (dark line) as a function of the PTRel applied. An upper cut of 5 GeV is applied on the PTRel
Pμ / Ejet tagging variable

Using the same sample of 4000 
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events, we investigate the discriminating power of the Pμ / Ejet tagging variable. Plot 16 shows the Monte Carlo distribution, where we take the energy of the parent b particle of the muon instead of the jet energy, due to the lack of a jet on MC level. The background distribution can be split in two parts: a contribution from π/K decay, which causes the peak around 0, and a contribution from W- and τ-decay, which causes the uniformly distributed shoulder. This last contribution is ‘artificially’ enhanced in 
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events, and causes the purity to be lower than would be expected. Plot 17 shows the efficiency and fake rate when W- and τ-decays are taken into account; plot 18 shows the distribution of Pμ / Ejet without the W- and τ-decay, and plot 19 shows the efficiency and fake rate in this case.
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These distributions again change when we take the reconstructed muon and jet, as can be seen in plot 20. Plot 21 shows the tagging efficiency and fake rate as a function of the cut parameter Pμ / Ejet. Based on these last two plots, we require a b-jet to have a Pμ / Ejet value between 0.15 and 0.5 GeV to be tagged.
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Tagging efficiency and purity

The current implementation of the tagging algorithm combines both these variables to get an optimum rejection of background, while keeping the most of the signal. To tag a jet 

using a muon, we take the muon which is closest to the jet axis direction within a 0.7 cone, and calculate the PTRel and Pμ / Ejet variables with this muon. Based on the distribution of the PTRel and Pμ / Ejet variables (see plot 15), we use the following cut values to distinguish b jets from background:

Value
Tagged as B jet

PTRel
> 1 GeV  and < 5 GeV

Pμ / Ejet
> 0.15 and <0.5

In 4000 ttbar events, 8052 b-quarks were present, 6947 (86%) of which were reconstructed to a b-jet. Of these b-jets, 1170 (16.8 %) have one or more MC muons in their decay chain, and 511 b-jets (43.7 %) have a reconstructed muon in their decay. For the c-jets and light jets, we find 332 jets with a reconstructed muon in the decay chain.

The efficiency and purity of the cuts above are shown in the table below:


PTRel cut
P/E cut
PTRel cut

P/E cut

# b-jets
511
511
511

# light jets
332
332
332

# b-jets tagged
213
322
143

# light jets tagged
84
162
42

Efficiency
0.40
0.61
0.27

Purity
0.75
0.51
0.87

Conclusion

Even though MC studies show that a good separation between background and b-jets is possible, detector smearing and reconstruction diminish the discriminating power of the tagging variables. These results are quite preliminary, and further studies have to be done in investigating the problems with the reconstruction, other discriminating variables and other analysis tools, like a neural network. It is also necessary to apply this analysis to other events than only 
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 events, both to investigate the efficiency and purity for lower PT physics, as well as to get a better handle on the background.

Software implementation of muon b-tag

The algorithm for b-jet tagging with muons is located in the package bc_muTagreco. This is not an independent framework package, and as such cannot be called directly, but it needs to be called through the bcjetreco interface. To run the b-tagging with muons, the file bcjetreco/rcp/bcJetReco.rcp file needs to be changed, by adding an entry for bc_muTagreco on the Packages line, and having that entry pointing to a valid RCP object:

string PackageName = "Controller"

string Packages = "init etag mutag imptag finish"

RCP init   = <bcjetreco bcJetInit>

RCP finish = <bcjetreco bcJetFinish>

RCP mutag  = <bc_muTagreco bc_muTagreco>

RCP etag   = <bc_eTagreco bc_eTagreco>

RCP imptag = <bc_impTagreco bc_impTagreco>

The bold lines are the parts which are specifically needed for the muon tagging. This also requires that the registration object for bc_muTagreco, named RegmuTagReco is listed in the OBJECTS file in the binary area of the executable.

The input for the bc_muTagreco package consists of both a JetChunk, as it is selected by bcjetreco (see package bcjetreco on how to select which JetChunk to use to tag) and a MuonParticleChunk. If one of these two does not exist, the muon tagger will return without action, and no muon tagging information will be added in the bcJets.

The package is steered by the (default) RCP parameter set bc_muTagReco.rcp. Currently, this RCP does not contain any variable information, but it is foreseen that the cut variables will be listed here so they can easily be changed.

The muon tagging information for a jet is defined by the class muTag, which is stored in the event in a persistent muTagChunk (both these objects are defined in the package bcjet_evt). If a jet can be tagged with a muon, the bcJet will contain a link to the muTag in the form of a LinkIndex (note, that the bcJet does not store the muTag itself; it merely stores a pointer to the muTag). The muTag itself holds pointers to the jet tagged and the muon used to tag the jet. In the future, the possibility has to be added to hold multiple muons in the muTag (a jet can be tagged as a b-jet by multiple muons). This is not implemented yet. Furthermore, the muTag holds access functions to access the PTRel and error on PTRel, momentum functions of the muon, energy of the jet, and the probability that based on the muon information, the jet in question is a b-jet.

Muon information in bcjet_analyze ntuple

The package bcjet_analyze creates an ntuple which stores the information about the muon tags in the bcJets. The table on the following page lists all variables which can be found in the muon specific block of the ntuple. For convenience, a macro (named bcjet_analyze.C) is located in the package bc_muTagreco, directory /macros, which takes the output of bcjet_analyze and makes plots for PTRel, Pμ / Ejet, and the efficiency and purity of the cuts.

Muon_Muonsize
Number of muons in this event used to tag b-jets

Muon_MuonChsq[]
(2 of reconstructed muon

Muon_MuonEta[]
( direction of reconstructed muon

Muon_MuonNseg[]
Number of segments of reconstructed muon (0, 1, 2 or 3)

Muon_MuonP[]
Momentum of reconstructed muon

Muon_MuonPhi[]
( direction of reconstructed muon

Muon_MuonPt[]
PT of reconstructed muon

Muon_MuonPtR[]
PTRel of reconstructed muon w.r.t. the corresponding jet

Muon_MuonPx[]
Px of reconstructed muon

Muon_MuonPy[]
Py of reconstructed muon

Muon_MuonPz[]
Pz of reconstructed muon

Muon_MuonTagd[]
Flag determining if this muon tags the jet as a b-jet

Muon_MuondR[]
(R between the reconstructed muon and corresponding jet

Muon_MuondZ[]
(z between the reconstructed muon and corresponding jet

Muon_MuonePtR[]
Error on PTRel

Muon_MuonedR[]
Error on (R

Muon_MuonedZ[]
Error on (z

Muon_Muonjetn[]
Number of corresponding jet; look in block Jet for further information

Overview of ntuple variables in the bcjet_analyze ntuple. The [] symbol means that variable is an array, with range 0 to Muon_Muonsize

Implementation of tagging algorithm

The algorithm implemented in bc_muTagreco takes the following step:

1. The handle to the correct JetChunk is retrieved through the EventUtilities object;

2. The MuonParticleChunk is extracted from the event;

3. A loop is made over every muon that is reconstructed, and every muon that passes the cuts, as described in the previous chapter, is kept (currently, it is required that the muon passes all three cuts: (R, PTRel and P/E);

4. The muon closest to the jet in (R space is stored in a muTag and inserted in the muTagChunk

Currently, only one muon is stored in the muTag; it is desired to extend the functionality of the muTag to store multiple muons in the future.

Plot 20: Pmu / Ejet  for reconstructed muons with respect to the jet








Plot 8: The ratio of the measured jet energy and the b-quark energy for jets reconstructed with a 0.5 cone size, with the b-quark decaying to a muon








Plot 13: Efficiency (upper line) and fake rate versus the PTRel cut applied. An upper cut of 5 GeV is applied on the PTRel








Plot 7: The ratio of the measured jet energy and the b-quark energy for jets reconstructed with a 0.7 cone size








Plot 6: The ratio of the measured jet energy and the b-quark energy for jets reconstructed with a 0.5 cone size





Plot 5: The ratio of the measured jet energy and the b-quark energy for jets reconstructed with a 0.3 cone size





Plot 19: Efficiency (light line) and fake rate (dark line) as a function of the Pμ / Ejet cut value. W- and τ-decays are not included








Plot 4: The (R separation between the b-quark and the jet axis, reconstructed with a 0.5 cone algorithm, with the b-quark decaying to one or more muons





Plot 18: MC distributions of Pμ / Ejet, without W- and τ-decays.








Plot 12: The PTRel between the muon and the heavy quark it was produced by (top and bottom-right plots) and between the muon and the closest jet, in case the muon was not produced by a heavy quark (bottom-left plot)





Plot 9:PT resolution of MC muons, including muons from inflight π/K decay





Plot 3: The (R separation between the b-quark and the jet axis, reconstructed with a0.7 cone algorithm








Plot 2: The (R separation between the b-quark and the jet axis, reconstructed with a0.5 cone algorithm





Plot 17: Efficiency (light line) and fake rate (dark line) as a function of the Pμ / Ejet cut value. 








Plot 16: MC distributions of Pμ / Ejet, with W- and τ-decays causing the broad distribution for light jets








Graph 11: Momentum resolution of muon reconstruction; (R < 0.2 required between reconstructed muon and Monte Carlo muon








Plot 10: Momentum resolution of muon reconstruction; no kinematic cuts





Plot 1: The (R separation between the b-quark and the jet axis, reconstructed with a0.3 cone algorithm





Plot 21: Efficiency and fake rate as a function of the Pμ / Ejet cut applied








� SAM project: stage_reco_pythia_ttbar_incl_p05_p08.01.00


� Calculated by matching MC parton jets to b-quarks, to remove the effect of jet reconstruction efficiency. 
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