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Presentation of the dissertation thesis

Heavy flavour composition measurement
and bottom quark charge calibration using di-jet event topology

to obtain the academic Philosophiae doctor degree in the study field:

4.1.5. Nuclear and Subnuclear Physics

Bratislava, 30.4.2013



The dissertation thesis was performed during the full-time study at the Depart-
ment of Nuclear Physics and Biophysics

Submitter : Mgr. Lucia Bát’ková
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1 Introduction

Presented thesis deals with a calibration of the b-jet charge with the aim of the top
charge measurement. As the top quark decays before it can hadronize, the top
quark charge is not possible to measure directly. The top charge is therefore esti-
mated via decay product charges identification. The correctness of the b-jet charge
estimate is crucial since the top quark decays predominantly: t(2/3) → b(−1/3)+W (+1).
The b-jet charge calculation is based on weighting method of all charges of the tracks
falling within b-jet with respect to their transverse momentum. The independent cal-
ibration of this weighting technique on the top quark event topology is done in this
thesis. The samples enriched with bb̄ di-jet have been used, in which the so-called
“back-to-back” event topology is typical. Thanks to this topology the analysis bene-
fits from presence of muons inside the jet on the opposite side of the b-taggedb-jet.
The scale factor, SF, verifying how are the real data modeled via MC simulation is
investigated. The study of the SF dependencies on jet and muon kinematic variables
demonstrates that the weighting method is sufficient to the b-jet charge estimate.

Secondly, the thesis is denoted to the heavy flavour composition measurement
for the inclusive muon production. The measurement is based on the relative muon
transverse momentum with respect to the jet axis, so-called prelT . Assuming that,
the prelT distribution of muon coming from a b-decay is wider due to high b-quark
mass comparing to the others quarks from which the muon decays. Due to the
mass difference, the prelT can be used as discriminant variable to distinguish original
quarks of muons. The main idea of the measurement is to fit the prelT distribution of
muons coming from different sources using function templates with minimal possible
parameters. Combination of partial functions is used to fit real data and to get heavy
flavour composition of the muon production. The using of fit function templates for
different muon pT regions as well as for pT of jets provides the test of stability of
measuring heavy flavour fractions.

In this thesis are used proton-proton collision at
√
s = 7 TeV detected by the

ATLAS experiment at the Large Hadron Collider. Data corresponds to integral lumi-
nosity ∼2.05 fb−1 in case of b-jet charge calibration and to 4.7 fb−1 in case of heavy
flavour measurement.

2 b-jets with muons

The production of muons inside a jet, where the transverse momentum relative to
the jet axis (prelT ) is quite sizable. For muons coming from B decay is prelT on average
larger than those coming from lighter quarks. Therefore this property of prelT is can
be used to discriminate events if the b-quarks have been produced. The Figure
1 represents the most dominant muon production processes. Light hadron decay
as kaon or pion decay are the main source low energetic muons, while for higher
transverse momentum region heavy flavour decay are the major source. Since in
these cases the muons are produced with additional hadrons they are not isolated.
While for high transverse momenta the fraction of isolated muon increases, it means
that no jet surrounds the muon. The main production of such muons is the gauge
W boson decay.

Since the thesis deals with the estimation of heavy flavour fraction using prelT with
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Figure 1: PYTHIA 5.7 prediction of the integrated cross-section of inclusive muon
production LHC. The transverse momentum of the muons is greater than 3 GeV/c,
and the pseudorapidity range of the muons is |η| <2.7 [10].

the muon in the final state, Chapter 5 is addressed to non-isolated kind of muons.

3 Flavour discriminator variable with a muon in finale
state

Additional tagging technique to disentangle the different flavour source can benefit
from different mass of bottom and the rest quarks. Since we consider that muon
trajectory originating from light quarks are rather emitted in the direction of an initial
particle trajectory due to the Lorentz boost and the small quakr mass. While for the
heavier sources, when the mass difference is much bigger, the direction of arising
muon is not straight extension of the initial trajectory or strictly collimated with jet
axis. To quantify the deviation of outgoing muon to jet axis, the relative transverse
momentum prelT is used:

prelT = pµ × sin θ(jet,µ) (1)

Simply said the relative transverse momentum is the muon momentum component
perpendicular to the jet axis as it is illustrated in Figure 2(a). Basically it is possible to
separate three sources of muons, namely bottom, charm and light flavour by using
the shape of prelT distribution. The prelT distributions for different flavours are depicted
in Figure 2(b). The muon prelT templates for b- and non-b-components are derived
from the simulated a special muon filtered di-jet sample. Next section is addressed
to technical aspects of the template’s creation. The templates are used to fit the prelT
shapes of different flavour contributors to muon production.
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(a) (b)

Figure 2: Graphical sketch of relative transverse muon momentum definition on left-
side. Different flavour contribution of muon production represented by prelT distribu-
tions as a reference plot (CSC note) on the right-side.

3.1 Fit templates techniques to extract muon flavour composi-
tion

The prelT distributions of different muon contributors are depicted in Figure 3. Main

Figure 3: prelT template fit function for different flavours.

contribution of “wrong” signed muons are the b-decays to D hadrons decaying to
the muon so-called cascade decay and the B meson oscillations summarized in the
Table 1. Such misidentification has to be quantify as well as the number of muons
which are not coming from B decays. To estimate those quantities the prelT shapes
of different muon contributors are used.

In this section is description of the Fitting Function Method (FFM) which is method
used in this thesis to extract the flavour fraction by fitting of prelT distribution. The Fit-
ting Histogram Method (FHM), an alternative method to get fit templates to the one
proposed here, has been used for the cross check of the obtained results (the de-
scription of this method is not included here). The functions used in this study are
chosen by taking into account aspects like the minimization of free parameters and
the possibly best fit to the distribution in terms of the shape. The small advantage of
FFM compared to FHM is that FFM even with smaller statistics is able to achieve of
reliable results.
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For this analysis the range of the relative transverse muon momentum distribu-
tions is chosen to be between zero and 4 GeV while the muon transverse momentum
is greater than 4 GeV. The final results are given in 5 bins of the muon transverse
momentum and therefore the fits are performed in each of these bins without chang-
ing any of the fit properties. To perform the FHM fits the RooFit framework [13] within
ROOT framework was used [17].

The heavy template prelT function has a shape of scaled β-distribution according
to the formula:

fb(x; p, q, a) =
Γ(p+ q)

Γ(p)Γ(q)
(x
a
)p−1(1− x

a
)q−1, (2)

where the scale parameter a has to be within the interval [4., 9.] while the starting
point of the fit is set to 4.001. The scale parameter has to be introduced because
the beta distribution is ordinarily used in probability theory as continuous probability
function and therefore only defined within 0 and 1. The fit for the parameter p =
[1., 3.] is started with the value 2 while for q = [2., 14.] the starting point is set to 3.
The shape of the function fits well to the prelT distribution for muons emerging from
bottom quark decays including the cascade decay b → c → µνX and especially
models well the broad maximum.

To fit the prelT distribution of the muons originating from charm quark decays a
Landau distribution times an exponential function is chosen which reads

fc(x;µ, σ, b) = 1
π

∫ ∞
0

e−t ln(t)−
x−µ
σ

t sin(πt)dt · ex/b, (3)

where the three parameters, namely the mean µ = [0; 3] and width σ = [0.00001; 10]
of the Landau, and the exponential factor b = [−10; 10], are all set to 1 at the be-
ginning of the fit. Although the distribution looks rather close to a pure Landau the
exponential factor is needed to model the non zero value for prelT = 0 GeV.

In case of muons emerging from light flavour decays a Lognormal distribution is
chosen. If a variable y = ln (x) is normally distributed the variable x is known in
common parlance to be lognormally distributed. In terms of function it reads:

fl(x;σ, θ,m) =
e−((ln((x−θ)/m))2/(2σ2))

(x− θ)σ
√

2π
. (4)

For the fit the starting value for the shape parameter σ = [0.00001; 1.] is set to 0.1,
for the location parameter θ = [−10; 0.] it is set to −2 and the scale parameter
m = [0.00001, 10.] finally start at the value 2. With this function it was possible to
model properly the non zero value for prelT = 0 GeV and the rather broad maximum
at the same time. To examine the stability of the fit pseudo experiments had been
performed for each of the distributions in all 5 muon transverse momentum bins.

Eventually the template function fitted to the complete spectrum including all
muon sources is a weighted sum of the three introduced functions. The parame-
ter values found for the individual functions in the flavour by flavour fits enter as fixed
quantities without any error. The global functions reads

fg(x;α, β) = α · fb(x) + (1− α) · (β · fc(x) + (1− β) · fl(x)), (5)

while the two parameters α and β give accordingly the fraction of the muons emerg-
ing from heavy flavour decays and the relative fraction of muons originating from
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charm and light decays respectively. For the fit both parameters are free within zero
and 1 while the starting value is 0.2 for both.

The found shapes of the template functions for muons emerging from charm and
light flavours are quite similar. This is the reason why this methodology does not
disentangle all three sources but only the bottom and the combination of charm and
light only, i.e. the fraction reflected by the parameter α is determined well.

4 Calibration of b-jet charge

This chapter contains an introduction to top quark charge measurement, followed by
classification of the b-jet charge calibration method and event selection used in the
presented analysis.

There are at least two possibilities how to measure the charge of b-quark:

1. To use a charged particle tracks reconstructed by the central tracker, associate
them with a tagged b-jet reconstructed in the calorimeter system and compute
the collected charge of the jet. A weighting method, where the b-jet charge, Qb

is obtained as a weighted sum of the track charges associated to the b-jet:

Qb =
Σiqi|~j.~pi|κ

Σi|~j.~pi|κ
(6)

where qi(~pi) is the charge (momentum) of the ith track, the ~j defines the b-jet
axis direction and κ is a parameter which was optimized (for the best separa-
tion of b and b̄ jets) to 0.5. The weights are proportional to the track momentum
projection on the jet axis. The jet cone size used for selection of the b-jet tracks
is optional.

2. Second approach is via semi-leptonic B-meson decay (b → c, u + l− + ν̃, b̄ →
c̄, ū + l+ + ν). The b-jet charge is determined via the soft lepton charge. The
soft lepton is a result of the B meson decay and is detected inside of the b-jet.
Using the soft lepton tagging method, we need to consider also the B meson
mixing and semi-leptonic c decay, the result of which is lepton as well. However
in those cases are signs of detected leptons the opposite as we expected from
direct b decay. Therefore it is needed to quantify the fraction of such events.

This measurement of top quark charge using both of those approaches determining
the b-quark charge was done using 2.05fb−1 real data, for more detail, see in Ref.
[18].

The calibration of both approaches have to be performed since they are statisti-
cal methods. Moreover, the b-jet charge estimation is a difficult task needed a high
statistics and accuracy of the method is crucial for the top quark charge measure-
ment. Such calibration of b-jet charge using di-jets event topology is one of the aims
of the presented thesis.

4.1 Back-to-back event topology

A typical topology of bb̄ pair production is a topology with back-to-back jets as it
is sketched in Figure 4. According to Figure 4 we have two oppositely charged

5



Figure 4: The illustration of bb̄ pair production topology

b-quarks at the beginning. We are interested in topology where at one side b-quark
creates b-jet while at the opposite b or b̄ hadronizes to a B hadron and then decays
to final lepton state, which is detected, see Figure 5. In this study only the topologies
with the associated muon are considered. Let us denote the b-jet with muon inside
as the “µ-jet” and the b-jet on the opposite side as the “Away b-jet”. The charge cor-

Figure 5: Graphical illustration of back-to-back jets.

relation in such event topology is obvious. In semi-leptonic decay negative charged
lepton comes from decay of B meson containing b-quark (b−1/3 → c, u + l− + ν̄),
and the positive charged lepton comes from decay of B meson containing b̄ quark
(b̄1/3 → c−, u−+ l+ +ν). Nevertheless, in reality there could be events where positive
muons is initialized by b-jet (or negative muon initialized by b̄-jet), there are at least
two possibilities of such contribution:

• oscillation of B0 and B̄0 mesons,

• sequential decay of b-quark, where b(b̄) → c(c̄)X → µ+(µ−)X ′, for example
leptonic decay of D mesons:

B0(db̄)→ µ+D−νµ; then D− → µ−X ′,
B+(ub̄)→ µ+D̄0νµ; then D̄0 → Kµ−ν̃µ.

All of these contributions have been taken into account in this analysis.
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4.2 Data and MC samples

For this study the so-called di-jet samples are used, where di-jet refers to how the
PYTHIA [16] generates the hard scattering two to two partons. Due to initial and
final state radiation as well as due to showering, there could be more than two jets
per event. It is the standard QCD di-jet sample for the ATLAS experiment from re-
processing of November 2011. The samples were produced by the b-tagging group
therefore they content all variables relevant for b-tagging. To increase the efficiency
of the MC production, events are filtered to contain at least one muon with pT > 3
GeV at generator level. Though soft tag muons can come from different sources,
among the major ones are the semi-leptonic decay of b- and c-hadrons resulting
from the b-quark hadronization.

The muon filtered MC samples from reprocessing of November 2011 have been
taken.

Data used in this analysis corresponds to 2.05 fb−1 of 7 TeV proton-proton colli-
sion data collected by the ATLAS experiment between March 30th and August 30th,
2011.

4.3 Event selection

As this analysis is focused on back-to-back jets, the events where b-jet is opposite to
the µ-jet have been selected, as is depicted in Figure 5. The µ-jet contains a muon
reconstructed by the MUID algorithm within jet cone of size 0.4 and b-jet tagged by
the JetFitterCombNN b-tagging algorithm with a weight threshold equal to 0.35.

A jet is associated with a combined muon while their maximum distance in (η, φ)
space is ∆R < 0.4. The variable ∆R is defined as: ∆R =

√
(∆φ)2 + (∆η)2, where

∆φ is φjet − φmuon and ∆η is ηjet − ηmuon.
The b-jet criteria optimized for tracks within b-jet:

• |η| < 2.5,

• b-jet transverse momentum, b-jet pT > 25 GeV,

• b-jet tracks within cone size < 0.25,

• only tracks with pT > 1 GeV are taken,

• at least 2 tracks within the b-jet cone,

• only the first seven tracks ordered by pT are used at b-jet charge calculation.

The muon track cuts:

• muon transverse momentum, muon pT > 4 GeV,

• ∆R < 0.4.
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4.4 Scale factor estimation

The top quark charge determination is very complex procedure and the b-jet charge
determination is crucial in such measurement heavily on MC simulations, it is nec-
essary to verify the MC b-jet charge predictions. In order to quantify a possible differ-
ence between Monte Carlo and experimental data determination of b-jet charge the
scale factor (SF) has to be estimated. The b-jet charge scale factor (SF) is defined
as follow:

SF = 〈Qdata
bcomb〉/〈QMC

bcomb〉. (7)

The Qbcomb is the combined b-jet charge which is defined according to:

Qbcomb = Qb ·Qµ, (8)

where Qb is the b-jet charge of the away b-jet calculated by Eq. 6 and Qµ is the
charge of muon associated with the opposite µ-jet, shown in Figure 6. Distribution
of the Qbcomb with the Qb of b-jet associated with positive and negative muons is
depicted in Figure 7.

Figure 6: The illustration of a bb̄ production and the correlation of the lepton sign with
the original charge of b/b̄ quark.
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Figure 7: The plot represents the Qcomb and the Qb jet associated with the positive
and negative muons.

This analysis is based on several assumptions and circumstances, such as:

- di-jet topology requirements provide bb̄ inclusive selection,
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- b-tagging algorithm benefits from lifetime of B hadrons which is about 1.5 ps
(∼ decay length ∼ 450µm),

- and due to bigger mass of b-quark with respect to c- and light quarks is the
prelT of muons coming from b-quark greater than for that muons from c and light
component,

- in µ-jet there is an unanimous correlation between muon charge and charge
sign of b-jet initializer,

- muon production is a result of a B hadron decay.

Despite of the above-mentioned in the case of µ-jet there is a possible misidentifica-
tion of the original b-quark charge sign with respect to the muon sign. In Table 1 are
summarized the main sources of muons [15]. Due to a possible misidentification of
b-quark sign is needed to study heavy flavour composition in case of µ-jet described
in the following section. The main contributors leading to wrong indentification of
b-quark charge are are cascade b-decay and B0 mixing.

Process BR ∼ [%] Lepton sign Charge identification
Direct b-decay 11 b→ l− right

Cascade b-decay 8 b→ c→ l+ wrong
b→ cW,W → c̄s 1.6 b→ c̄→ l− right
B0 − B̄0 mixing 10.5 b→ l+ wrong

Tau decay 2.4 b→ τ− → l− right
Backgrounds - c→ l, fake l±, Π±, K± wrong

Table 1: Source of lepton from b-decay with its branching ration, BR.

4.4.1 The flavour compositions of muon jets

In Section 3.1 there have been introduced some basic technical aspects of the
method that allows the heavy flavour composition measurements. This section de-
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Figure 8: Different flavour contributions of muon production represented by prelT dis-
tributions. Comparison of MC11 muon prelT distributions vs data normalized to data.
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scribes the application of such method for measurement of heavy flavour composi-
tion of µ-jets where events have the back-to-back topology. Results of such mea-
surements enable us to quantify the misidentification of charge by finding individual
fractions of the lepton (µ) in data prelT distributions. By comparing the fractions for
MC and data we are able to provide correction factor to the measured 〈Qcomb〉.
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Figure 9: The fit function templates (blue colored line) for muon coming from direct
b- (right top plot), c- (left top plot), light (right bottom) quark and the total fit function
applied to the data 2011 with integrated luminosity 2.05 fb−1.

4.4.2 The flavour compositions in MC

The fractions of b- and non-b-components have been measured for four muon pT and
three b-jet pT intervals. The test of reliability of the selected fit template functions
have been done by providing a fit of the full MC prelT distribution and those fractions
were compared with the fractions calculated according to MC truth information (see
Figure 10). The same procedure is repeated for different b-jet pT ’s intervals. The
plots of the MC test done for muon pT >7 and 10 GeV are shown in Figure 11. From
Figures 10 and 11 it follow that there is a very good agreement between the MC
true fractions and those obtained from the template fit. This good agreement is a
justification of application of the method to experimental data.

4.4.3 The flavour compositions in real data 2011

Templates test where we use fit function templates to fit full MC prelT distribution
shows that designed function work well. So they can be applied to fit real data
to obtain real b- and non-b-fractions. The fractions for different muon pT bins and
b-jet pT are depicted in Figures 12 and 13, respectively.

The extracted muon b-fractions are used to correct the reconstructed mean com-
bined charge, 〈Qcomb〉. The reconstructed combined charge in b-tagged di-jet events
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Figure 10: The fractions of muons coming from b-quarks and from c and light quarks
are depicted. The full line marks fractions obtained from the fitting of data, while
by the dashed line marks the fractions obtained from MC truth information. The
fractions are estimated for four different muon pT regions.
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(a) pT (µ) > 7GeV
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(b) pT (µ) > 10GeV

Figure 11: The fractions of muons coming from b-quarks and from c- and light
quarks as functions of muon pT . The full line marks fractions obtained from the fit-
ting of full MC, while by the dashed line marks the fractions obtained from MC truth
information. Test of fit template functions done on MC. The fractions are estimated
for muon pT >7GeV (left) and for muon pT >10GeV (right).

Source Fraction [%] vs prelT cut [MeV]
of µ prelT > 0 prelT > 1100 prelT > 1300 prelT > 1400 prelT > 1500
b 51.7 ± 1.3 73.8 ± 2.6 77.3 ± 3.0 79.1 ± 3.3 80.2 ± 3.5
c 40.8 ± 1.0 13.0 ± 1.6 10.9 ± 1.6 9.8 ± 1.9 9.2 ± 2.0

light 7.5 ± 0.6 13.2 ± 2.9 11.8 ± 2.9 11.1 ± 3.4 10.2 ± 3.6

Table 2: The fractions of muons caoming from the b-, c- and light quarks, with thresh-
olds of muon pT > 10 GeV and different muon prelT cuts obtained applying the fit
function templates method to real data 2011.

differs from that in tt̄ events. It is caused mainly by presence of muons coming from
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Figure 12: The fractions of muons coming from b-quarks and from c- and light
quarks are depicted. The full line marks fractions obtained from the fitting of data.
The fractions are estimated for four different different muon pT regions.

(a) pT (µ) > 7GeV (b) pT (µ) > 10GeV

Figure 13: The fractions of muons coming from b-quarks and from c- and light
quarks as functions of b-jet pT . Data 2011 fractions are estimated for muon pT
>7GeV (left) and for muon pT >10GeV (right).

c-quarks in the di-jet sample with the soft muon tag. The b-jet associated with c-quark
muons contribute to the 〈Qcomb〉 value with opposite charge and thereby effectively
decrease its value. The combined charge correction formula reads:

Qtrue
comb =

1

fb − αfnon−b
×Qµ ·Qb, α =

f rCAS − fwCAS
fnon−b

(9)

where fb (fnon−b) is the fraction of b-quark (non-b-quark) muons and α is the fraction
of cascade c-quark muons in non-b-muons. The value of α ∼0.6 is taken from MC.
The reconstructed combined charge, Qrec

b , correction factor Kcor = 1/(fb − αfnon−b)
and true combined charge, Qtrue

b , for MC and data are summarized in Table 3. The
measure of correctness of the jet charge calculation procedure is the scale factor
SF, defined by equation 7.
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4.5 Summary of results

This chapter contains an important test of the jet charge calculation procedure used
for the top charge measurement. The measurement should proved or reject that
the top quark charge is in agreement with predictions of the SM and so exclude
or accept the exotic scenario which foresees QXM= -4/3. A test independent on
the top quark candidate events has been requested to show that the procedure of
b-jet charge calculation is correct. Therefore the b-jet charge calibration has been
performed on the di-jet, especially for bb̄ production which has typically the back-to-
back topology. By the back-to-back jets we mean a jet pair produced with azimuthal
angl ∆φ = π ± 0.4 between the jets. One of those jets has been tagged by the
standard tagging JetFitterCombNN algorithm and we signed it as the away b-jet [14].
The weighting technique to calculate Qb, based on Eq. 6 has been used on away
b-jet side. On the opposite side has been required µ-jet containing a muon inside the
cone of ∆R = 0.4 rad. Product of the away b-jet charge Qb and the muon charge, Qµ,
denoted as the Qcomb (see Eq. 8) has been estimated and filled in a histogram. The
mean value of that Qcomb distribution is significant for the b-jet charge determination
procedure. The mean Qcomb has been studied for different thresholds on muon prelT
and muon transverse momentum muon pT greater than 4, 7 and 10 GeV.

prelT cut MC data
[MeV] 〈Qcomb〉 Kcor

〈
Qtruecomb

〉
〈Qcomb〉 Kcor

〈
Qtruecomb

〉
1100 -0.048 ± 0.007 1.65 -0.079 ± 0.013 -0.054 ± 0.011 1.93 -0.082 ± 0.009
1300 -0.051 ± 0.008 1.51 -0.077 ± 0.013 -0.057 ± 0.012 1.74 -0.075 ± 0.009
1500 -0.052 ± 0.009 1.42 -0.074 ± 0.013 -0.069 ± 0.014 1.62 -0.073 ± 0.009

Table 3: Reconstructed and corrected mean combined charge for the MC di-jet
sample and for muon muon pT threshold 10 GeV and 3 different prelT thresholds.

Behavior of the charge scale factor, SF, has been also investigated in the same
kinematic regions as Qcomb. Summary of the SF as a function of muon prelT is listed in
Table 4 and of b-jet pT intervals (〈20, 40) ; 〈40, 80) ; 〈80, 500) GeV) is listed in Table 5,
both dependencies are for muon pT thresholds 7 and 10 GeV.

prelT cut SF
[MeV] pT >7 GeV pT >10 GeV
1100 1.10 ± 0.19 1.04 ± 0.20
1300 1.02 ± 0.18 0.98 ± 0.20
1500 0.96 ± 0.17 0.99 ± 0.21

Table 4: Combined b-jet charge scale factors, SF, as a function of prelT for two muon
muon pT thresholds: 7 and 10 GeV.

The scale factor, as well as the b-jet charge, can depend on b-jet kinematic char-
acteristics (b-jet pT and pseudo-rapidity η). While the 〈Qcomb〉 depends on b-jet pT ,
no noticeable dependence of the scale factor on b-jet pT is observed what is, within
uncertainties, demonstrated by Table 5. We have also investigated a possible de-
pendence of SF on pseudo-rapidity but within the statistical uncertainties no depen-
dence has been observed.
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Muon pT [GeV] jet pT [GeV] prelT >1.1 GeV prelT >1.3 GeV prelT >1.5 GeV
20 - 40 0.97 ± 0.33 0.93 ± 0.33 0.91 ± 0.38

>7 40 - 80 1.28 ± 0.26 1.13 ± 0.22 1.15 ± 0.25
80 - 120 0.80 ± 0.32 0.78 ± 0.18 0.78 ± 0.32
> 120 0.92 ± 0.64 0.83 ± 0.63 0.99 ± 0.69
20 - 40 0.88 ± 0.40 0.92 ± 0.47 0.97 ± 0.52

>10 40 - 80 1.33 ± 0.31 1.14 ± 0.26 1.13 ± 0.28
80 - 120 0.51 ± 0.25 0.54 ± 0.25 0.55 ± 0.25
> 120 0.85 ± 0.65 0.87 ± 0.67 1.09 ± 0.76

Table 5: The combined charge scale factor, SF, for different b-jet prelT and pT thresh-
olds.

From the tables and figures of this section we can conclude that, within statistical
uncertainties, there is a good correspondence between data and MC. The obtained
global scale factor is compatible with unity within statistical errors and its uncertainty
is at the level of 20%. The SF systematic error connected with the muon pT and
prelT cuts is small with respect to the statistical one. The main source of the sys-
tematic error is the correction coefficient, Kcor, where a main source of uncertainty
is the fraction α. The systematic error stemming from the used fitting procedure
has been estimated using a two-template fit in which the combined non-b-template
was replaced by the c-template. The resulting systematic error was at the level of
2%. The overall SF systematic error has been estimated as less than 10% what is
considerably less than the SF statistical error.

An additional method to extract the fraction of muons coming from b-decay and
from other sources has been applied. The prelT data profile has been fitted to a
combination of b-template, c-template and light-template corresponding shapes ob-
tained from MC truth information. The three-template fit has been used only for
testing purposes. As it is not easy to distinguish between the light- and c-templates,
these templates have been combined into non-b-template. For fitting data then there
have been used the two-template fit exploiting b-and non-b-templates. The fractions
obtained by the method are depicted in Figures 12- 13.

The measure of correctness of the jet charge calculation procedure is the scale
factor, defined as SF =

〈
Qdata

comb

〉
/
〈
QMC

comb

〉
. Using 〈Qtrue

comb〉 for data and MC from
Table 3, the combined charge scale factor, SF, is found for different prelT thresholds.
The scale factors for two muon pT thresholds (7 and 10 GeV) are summarized in
Table 4

5 Heavy flavour composition measurement

This chapter deals with a method suggested to estimate the heavy flavour content
in events with at least one combined muon, i.e., associated with track registered in
the inner detector and in the muon spectrometer of the ATLAS experiment [1].

This method uses the observable prelT , i.e. the transverse momentum of the de-
cay lepton relative to the direction of the parent quark, as estimated by the jet axis.
This study will be applied in analysis dedicated to measure the heavy component
of the muon inclusive spectrum at

√
s = 7 TeV and could be used in other analysis
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where is the presence of the muons associated with jets. Events with heavy quarks
are often identified using semi-leptonic decays of heavy hadrons. In these events
the decay lepton is typically one of the leading particles in the event. While a fraction
of the decay particles, e.g. the neutrino escape detection causing that the mass of
the heavy hadrons can not be measured precisely. Nevertheless it is possible to
reconstruct distributions which reflect the mass of the heavy hadron. These distri-
butions are significantly different for charm and for beauty jets and therefore allow
determination of their relative contributions in a given event sample.

The observable prelT , provides a clear signature for beauty. Graphical illustration
of prelT is depicted in Figure 2(a). Due to their larger mass, events with B hadron
decays populate higher values of prelT [3].

This study will be applied to an analysis dedicated to the measurement of the
heavy component of the muon inclusive spectrum and could be used as well in
other analyses where the presence of muons is associated with jets coming from
the b-quarks.

5.1 Data and object selection

In this section a detail list of used data samples is reported. All the listed samples
are the Standard b-tagging group ntuples1, a centrally produced ntuple containing
almost all variables relevant to b-tagging and used in all the b-tagging analyses2.
The MC “MC11b“ samples produced with Athena release 17 to be compatible with
2011 data reprocessing, corresponding to LHC running with 50 ns bunch spacing3.

The QCD muon filtered di-jet samples are used, requiring at least one muon with
muon pT > 3 GeV per event at generator level, to provide more effective MC sim-
ulation production. The di-jet attribute indicates 2 → 2 partons production. These
samples thus contain muons from b- and c-decays, but muons coming from from the
light component are underestimated since pions and kaons are treated as stable
particles on generator level. The J2-J6 di-jet unfiltered samples, have no muon fil-
ter applied and are thus more appropriate to use when studying for example muons
from light decays. These MC samples are not used because of insufficient statistics.
However the QCD unfiltered di-jet MC is used to estimate the systematic uncertain-
ties of contamination of enriched light component for the data 2011 samples, since
the addition of light component to muon filtered samples is necessary.

The data of
√
s = 7 TeV proton-proton collisions used in the analysis had been

collected in 2011 by the ATLAS experiment corresponds to integral luminosity ∼ 4.7
fb−1.

5.2 Event selection

In this section the event selection used for this analysis is described in detail. The
trigger and all the selection criteria are reported, including the set of cuts to identify
good events candidates, and the association of muons with jets by applying a ∆R
cut. The “collisions conditions” have been checked additionally for the real data,

1https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/BTaggingJetTagNtuple
2https://svnweb.cern.ch/trac/atlasoff/browser/PhysicsAnalysis/JetTagging/JetTagValidation-

/JetTagNtuple
3https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/DataMCForAnalysis
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namely the GRL4 selection, a minimum number of tracks in the primary vertex to
reduce the possible cosmic background, in detail:

• GRL criteria defined by the top-quark performance group,

• Primary Vertex should contain at least 5 tracks,

• Each event contains at least one primary vertex

Since this analysis uses prelT (muon pT relative to the jet axis) as a discriminant
variable we need to make specific event selection. Such muon-jet event selection is
proceeded in three steps:

• Identification of a combined muon track using the standard muon reconstruc-
tion algorithms (STACO and MUID) and applying some quality cuts on the
muon’s track.

• Selection of jets using the algorithm anti-kt jet-clustering algorithm, with ap-
plied the jet quality cuts to reduce fake jets [20].

• Association of the muon to a jet applying some minimal requirements, see next
section.

5.3 Muon-jet selection

After the identification of the “good collisions events” we select the muons requiring
at the level of the offline reconstruction containers:

• to be a combined track reconstructed by the reconstruction algorithm,

• muon with transverse momentum more than 4 GeV, since muons with a lower
pT cannot be triggered with the ATLAS Detector.

• muon in the |η| < 2.5.

Jets from the anti-kt algorithm associated with a combined muon inside cone ∆R
< 0.4 are selected. Cleaning corrections for jets are applied to cut the unphysical
jets due to noise or miss-calibration [21], [22]. Medium bad sets of jet quality cuts5

is used [20]:

• less than 80% of the measured jet energy is in the hadronic end-cap calorime-
ter,

• jet energy measured only in the electromagnetic calorimeter has to be less
than 95%,

• not more than 80% of the energy fraction is measured by bad-quality cells of
the electromagnetic calorimeter,

4The GRL has been taken from:
http://atlasdqm.web.cern.ch/atlasdqm/grlgen/StandardGRL/All Good v3
computed automatically by the ATLAS Data Preparation group.

5This set of cuts improves the quality by adding cuts on the strips in the first layer of the EM
calorimeter and on the tracking variables.
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• energy-squared-weighted cell time, tcell, should be within two beam bunch
crossings, i.e. tcell < 50 ns,

• number of energy-ordered cells accounting for at least 90% of the jet energy
is asked to be greater than 5.

5.3.1 Additional Quality Cuts

For the reconstructed muon objects basic quality requirements on the inner detector
track and the passing through the muon system is demanded, where a hit refers to
a measurement that muon is matched with the track. Additional cuts to clean up and
to improve the quality of the muon reconstructed track are used:

• at least 2 hits in the pixel detector

• more than 5 hits in in the silicon central tracker (SCT),

• at least one hit in the B-layer,

• where a track pseudorapidity is below 1.9 there have to be more than 10 hits
in the transition radiation tracker,

• at least 1 hits in the muon detector systems (RPC and TGC).

The transverse and longitudinal impact parameters computed with respect to the
primary vertex should be |d0| < 2 mm and |z0 · sin θ| < 2 mm, respectively.

Taking into account the LAr inefficiency in the periods E and H, we applied a
simple veto on the events with calorimeter jets falled in the vicinity of the LAr hole.
The veto should be applied if a jet, in the region -0.1< η <1.5 and -0.9< φ <-0.5,
satisfies a pT threshold 6.

The MC samples are weighted taking into account the pile-up changes in 2011,
using the standard ATLAS pile-up re-weighting tool. The comparison plot prelT of
muons (both MUID and STACO) is shown in 14.

5.4 Heavy flavour composition in muon inclusive spectrum

The main idea of the heavy flavour composition method is to find a fit function tem-
plate for each flavour contribution of muon production. Since the light component
in case of the QCD muon filtered di-jet samples is reduced due to cut on muon pT
at generator level the data sample enriched with light jets, obtained by data-drive
technique must be added.

There are two possibilities how to add the missing light component. Firstly, to
take the light component from the QCD unfiltered di-jet samples and add it to filtered
one or select a light component from data 2011 using data-driven technique. In this
analysis the latter option has been used. The events with light jets are obtained by
using the opposite requirement as is used in case of the b-tagged jets from data.

Once the prelT distributions from the MC simulation are fitted, the prelT data spec-
trum can be fitted by linear combination of the obtained templates. The relative

6For more information: https://twiki.cern.ch/twiki/pub/AtlasProtected/HowToCleanJets/-
JetID v2.0.cpp

17



ptrel_muid [GeV]

0 0.5 1 1.5 2 2.5 3 3.5 4

A
U

0

0.02

0.04

0.06

0.08

0.1

0.12

= 7 TeVs, -1 L= 4.7 fb∫Data 11, 

QCD dijets MC11b
ATLAS Work in progress

ptrel_muid [GeV]
0 0.5 1 1.5 2 2.5 3 3.5 4

R
 d

at
a/

M
C

0.5

1

1.5

(a) MUID prelT from QCD filtered

ptrel_staco [GeV]

0 0.5 1 1.5 2 2.5 3 3.5 4

A
U

0

0.02

0.04

0.06

0.08

0.1
= 7 TeVs, -1 L= 4.7 fb∫Data 11, 

QCD dijets MC11b
ATLAS Work in progress

ptrel_staco [GeV]
0 0.5 1 1.5 2 2.5 3 3.5 4

R
 d

at
a/

M
C

0.5

1

1.5

(b) STACO prelT from QCD filtered

Figure 14: Muon prelT distributions after all the cuts listed in the section 5.2. The left
plot is the MUID distribution while on the right the STACO muons have shown.
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(a) prelT distributions (stack histogram)
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(b) prelT distributions for each flavours

Figure 15: Different shapes for the prelT , obtained for b-, c- and light-flavour quarks,
after combination b and c-component from the filtered samples rescaled with respect
to those from unfiltered samples and light component from light enriched data.

transverse muon momentum for different flavours disentangled from the MC11b
samples and from light enriched data 2011 are in Figure 15(a). The prelT templates for
b- and c-quark jets are derived from the simulated QCD muon filtered di-jet sample,
while the template for light-quark jets is derived using light enriched data sample.
The requirement applied to b-tagging algorithm as veto tag, using the weight thresh-
old: w < -1.25 (w > -1.25 has a b-tag efficiency of about 80%, see [23]). The
estimation of b- and c- contamination of the light enriched data sample has been
done using the veto tag procedure on the QCD unfiltered di-jet samples and are
taken into account as a source of systematic uncertainties.

After section addressed to technical side of prelT shape fitting procedure the sta-
bility of fit functions has to be tested. Once the fit template functions are considered
as a reliable they can be used to obtain the flavour fractions from the data 2011
spectrum.
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5.4.1 The flavour compositions in MC samples

The consistency of the flavour fractions obtained by the fitting templates (FFM) has
been checked using MC truth (parton level information) of QCD di-jet samples. The
relative flavour fractions in each MC sample is known, so we compare the results
coming from the templates with those numbers coming from the MC truth. A com-
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(a) b and c+light fraction from QCD filtered
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(b) b and c+light fraction from QCD filtered

Figure 16: The flavour fractions obtained by the FFM (left-side plot) and FHM (right-
side plot) method, the truth fraction is reported in each plots to check the consistency
of the methods. The MC samples are QCD filtered di-jets.

parison with the fractions obtained by another method, fit histogram method (FHM)
using TFractionFitter from RooStat7 ([13]) is taken into account. The results obtained
are fully consistent, the templates functions work properly. In Figure 16 the compari-
son between the fractions obtained from the truth MC information and the fit function
method and TFraction method is shown. The comparison is done for both MUID and
STACO. The plots from MUID are reported only in this section. The final goal is to
distinguish between the b-component (b-template) and the non-b-component (com-
bined c- and light muon template), since it is not easy to separate muons coming
from c- and light jets due to similarity of their prelT spectra.

5.4.2 The flavour compositions in data 2011 samples

The flavour fractions obtained by the fit function templates method are consistent
with the MC prediction. Therefore heavy flavour fractions estimation can be used
to get real fraction of b- and non-b-component from data 2011. A comparison of
the fractions obtained by FFM and FHM for the MC samples is shown in Figure 17,
the systematic and statistical uncertainties are added for the MC QCD filtered di-
jet samples. The QCD muon filtered di-jet samples contains cut on muon pT at
generator level which reduces light component and therefore those MC samples do
not model data properly. The data samples enriched with light jets are used as is
explained at the beginning of Section 5.4.

7Common framework for statistical calculations
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Figure 17: The flavour fractions of real data 2011 obtained by the FFM and FHM
for MUID muons. Each muon pT bin shows an good agreement between the two
methods, a part the first bin where is higher b-fraction from the FFM than from FHM.
The systematic and statistical uncertainties are included here for both the methods.

muon pT flavour JES (-) JES (+) Babar+Delphi gg g0 cascas cas0

4-7GeV b- 0.10 0.09 0.04 0.53 0.60 0.46 0.47
non-b 0.10 0.09 0.04 0.53 0.60 0.46 0.47

7-10GeV b- 0.29 0.07 1.39 1.14 0.32 0.82 0.41
non-b 0.29 0.07 1.39 1.14 0.32 0.82 0.41

10-15GeV b- 0.01 0.04 1.28 0.58 0.63 0.41 0.41
non-b 0.01 0.04 1.28 0.58 0.63 0.41 0.41

15-30GeV b- 0.10 0.11 1.41 0.28 0.30 0.27 0.27
non-b 0.10 0.11 1.41 0.28 0.30 0.27 0.27

30< GeV b- 0.09 0.09 1.28 0.19 0.21 0.15 0.15
non-b 0.09 0.09 1.28 0.19 0.21 0.15 0.15

Table 6: Systematic uncertainties for the FFM approach with MUID algorithm (jet
energy scale, B modeling, B fragmentation, b-contamination in light jet enriched
data).

5.5 Systematic Uncertainties

In Table 6 the systematic uncertainties of the b- and non-b-fractions estimated for
the list of items, are shown for each muon pT bin. In Table 7 is the complete list of
statistical and systematic uncertainties for the FFM.

In this section the final flavour fractions obtained by the FFM are summarized.
The fitting functions have been designed to fit prelT distributions for different sources
of muons. The effort was to create functions with minimal possible number of free
parameters. The fit functions have been optimized and tested in different kinematic
regions as is described in Section 3.1. The b- and non-b-components are shown for
each muon pT bin, the systematics and statistical uncertainties are included.

The presented final results show good agreement between MC samples and
data. Figure 15 shows good agreement between the MC (b-, c-component) and
untagged data (light component) and the data 2011 prelT spectrum. Figure 17 shows
the flavour fractions for MUID muons for the data 2011. Table 7 reports the final
results for the b- and non-b-fractions including the overall uncertainties obtained for
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muon pT flavour Final Fractions %

4-7GeV b- 20.96 ± 0.05(stat)±1.59(sys)
non-b 79.04 ± 0.22(stat)±1.59(sys)

7-10GeV b- 31.49 ± 0.06(stat)±2.22(sys)
non-b 68.51 ± 0.19(stat)±2.22(sys)

10-15GeV b- 36.31 ± 0.08(stat)±4.20(sys)
non-b 63.69 ± 0.21 (stat)±4.20(sys)

15-30GeV b- 44.18 ± 0.12(stat)±1.55(sys)
non-b 55.82 ± 0.27(stat)±1.55(sys)

30< GeV b- 54.20 ± 0.50(stat)±1.46(sys)
non-b 45.80 ± 0.92(stat)±1.46(sys)

Table 7: Final b- and non-b-fractions for the MUID muons obtained for the real data
2011. The statistical and systematic uncertainties are added.

the studied data di-jet sample. The prelT distributions and fits are shown for each
flavour and for the sum of the flavour (total distribution on the bottom row as data). A
good agreement between the two methods is shown for each muon pT bin, apart for
the first bin, where to distinguish between the individual flavour components is very
hard. Finally, those result show that the FFM gives a valid alternative in analysis
where the determination of the jet’s flavour using the muon is required.

6 Summary and conclusions

The subject of this thesis focuses on the b-jet charge calibration which plays the
main role in the top quark charge measurement as well as in any task where b-jets
initiated by b and b̄ quarks should be distinguished. The determination of the aver-
age b-jet charge is done using a weighting technique. The correctness of the b-jet
charge determination procedure is crucial for the top quark charge measurement,
which has proved that the top quark charge is in agreement with the SM predictions
and has therefore excluded the exotic scenario at more than 5σ confidence level.
The b-jet charge calibration has been performed on the di-jet events with b-tagged
jets having a back-to-back topology, which means the jet pair produced with an az-
imuthal angle ∆φ = π ± 0.4, one of them tagged by the standard tagging algorithm,
and the opposite one containing muon. In order to quantify possible differences be-
tween the Monte Carlo sample and experimental data, the b-jet charge scale factor
(SF) has been estimated. The SF has been investigated for a variety of parameters
and selection criteria. From Chapter 4, we can conclude that, within statistical un-
certainties, there is a good correspondence between data and MC simulation. The
obtained global scale factor is compatible with unity within statistical errors and its
uncertainty is at the level of 20%. The SF systematic error related with the muon pT
and muon prelT cuts is small with respect to the statistical one.

The second task of the thesis is the heavy flavour composition measurement
using the prelT of muons produced within jets. The main achievement is the creation
of functions which fit the prelT distribution shapes of different muon sources. The fit
functions templates (FFM), have been used to measure the flavor composition of the
muon inclusive production, namely the b- and non-b-fractions. The test of the stability
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for different muon pT and jet pT regions has shown that the FFM approach is a
reliable alternative tool to the TFractionFitter which is based on a fit using histograms
for the flavour composition measurement.
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