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Abstract

The efficiency of severalb-tagging algorithms has been measured with two methods
using data from the ATLAS detector. The measurements are based on a sample of jets
containing muons and are based on 5 fb−1 of data collected in 2011.

The measurements of theb-tag efficiency are provided in the form of jet-pT dependent
scale factors that correct theb-tagging performance in simulation to that observed in data.
Good consistency is observed between the results of the two methods. Theb-tag efficiency
scale factors are found to be about 10% below unity for most tagging algorithms and operat-
ing points, but become consistent with unity for the loosestoperating points, corresponding
to the highestb-tagging efficiencies. The precision of the measurement depends on the cal-
ibration method, tagging algorithm, operating point and jet-pT bin. For the highest perfor-
mance MV1 tagging algorithm at an operating point corresponding to a 70%b-tag efficiency
in a tt̄ sample, the total uncertainty ranges from 5% to 19%, with thelargest uncertainties
corresponding to the highestpT bins.



1 Introduction

The identification of jets originating fromb-quarks is an important part of the LHC physics program.
In precision measurements in the top quark sector as well as in the search for the Higgs boson and new
phenomena, the suppression of background processes that contain predominantly light-flavour jets using
b-tagging is of great use. It might also become critical to achieve an understanding of the flavour structure
of any new physics (e.g. Supersymmetry) revealed at the LHC.

To useb-tagging in physics analyses, the efficiencyεb with which a jet originating from ab-quark
is tagged by ab-tagging algorithm needs to be measured. Other necessary pieces of information, not
discussed in this note, are the probability of mistakenly tagging a jet originating from ac-quark or a
light-flavour parton (u-, d-, s-quark or gluong) as ab-jet, referred to as thec-tag efficiency and mistag
rate respectively [1].

The b-tagging algorithms calibrated in this note areSV0, IP3D+SV1, JetFitterCombNN, JetFitter-
CombNNcandMV1. More details about SV0 can be found in [1] while the IP3D+SV1and JetFitter-
CombNN algorithms are described in [2]. The JetFitterCombNNc algorithm is identical to JetFitter-
CombNN with the exception that the neural network is trainedto rejectc-jets rather than light-flavour
jets. The MV1 algorithm is a neural network-based algorithmthat uses the output weights of IP3D, SV1
and JetFitterCombNN as inputs.

For eachb-tagging algorithm a set of operating points is defined, based on the inclusiveb-tag effi-
ciency in a simulated sample oftt̄ events. The operating points for which calibration resultsare presented
in this note are listed in Table 1. Figure 1 shows the expectedperformance of the variousb-tagging al-
gorithms in a simulatedtt̄ sample for jets withpT > 15 GeV and|η |< 2.5.

Tagging algorithm εb(%) operating point
MV1 60, 70, 75, 85
JetFitterCombNN 57, 60, 70, 80
JetFitterCombNNc 50, 55
IP3D+SV1 60, 70, 80
SV0 50

Table 1: The tagging algorithms and operating points for which calibration results are presented in this
note.

Several methods have been developed to measure theb-tag efficiency in data. This note describes
two of them, both based on an inclusive sample of jets with muons inside. The two methods, referred to
asprel

T andsystem8are briefly described below. More details can be found in [1,3].
The calibration results are presented as scale factors defined as the ratio of theb-tag efficiency in data

to that in simulation:

κdata/sim
εb

=
εdata

b

εsim
b

, (1)

whereεsim
b is the fraction ofb-jets which are tagged in simulated events, with the jet flavour defined by

matching to generator level partons andεdata
b is theb-tag efficiency measured by theprel

T and system8
methods as described in Sections 3 and 4. With the methods described in this note, theb-tag efficiency
can only be derived for semileptonicb-jets. The factorκdata/sim

εb
derived in this sample is assumed to be

valid for all types ofb-jets. Systematic uncertainties associated with this assumption are discussed in
Section 5.

As theb-tagging performance depends strongly on the jet momentum and rapidity, the scale factors
are derived in bins of jetpT and jetη . The pT bins used are 20 GeV≤ pT < 30 GeV, 30 GeV≤ pT <
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Figure 1: Light-jet rejection (left) andc-jet rejection (right) as a function of theb-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulatedtt̄ events.

40 GeV, 40 GeV≤ pT < 50 GeV, 50 GeV≤ pT < 60 GeV, 60 GeV≤ pT < 75 GeV, 75 GeV≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV≤ pT < 200 GeV, while the
η bins are 0≤ |η |< 0.6, 0.6≤ |η | < 1.2, 1.2≤ |η |< 1.8 and 1.8≤ |η |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jetpT or |η |, and the final results only include
the subdivision in jetpT.

2 Data and Simulation Samples, Object Selection

The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jetpT bin of the analyses, the muon-jet trigger with the lowest jetthreshold that
has reached the efficiency plateau is used. In the lowerpT region (up to 60 GeV in theprel

T analysis
and up to 75 GeV in the system8 analysis) events with at least one jet withET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) theprel

T (system8) analysis uses events with at
least one jet withET > 10 GeV at the first trigger level. In the region between 110 and200 GeV, the
system8 analysis uses events with at least one jetET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightlybelow 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects forb-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in∆R(jet, track) [4]. The track-selection criteria depend on theb-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topologicalclusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusiveb-jet sample. The
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measurement of the jet energy, the current status of the jet energy scale determination and the specific
cuts used to reject jets of bad quality are described in [10].The jets are required to havepT > 20 GeV
and|η |< 2.5. Since a well-reconstructed primary vertex is important in b-tagging analyses, the number
of tracks associated to the primary vertex is required to be at least two. To measure theb-tag efficiency,
the prel

T and system8 methods make use of soft muons (pT > 4 GeV) associated to jets, using a spatial
matching of∆R(jet,µ)< 0.41.

For quantities related tob- and c-jets, the analyses make use of a simulated muon-filtered QCD
jet sample, referred to as the QCDµ-jet sample, where the events are required to have a muon with
pT > 3 GeV at generator level. The sample is generated with PYTHIA6 [11], utilising the ATLAS
AUET2B LO** PYTHIA tune [12]. A total of 25.5 million events are simulated in four slices of ˆp⊥, the
momentum of the hard scatter process perpendicular to the beam line [11], starting from ˆp⊥ = 17 GeV.
For estimates of inclusive flavour fractions, as well as quantities related to light-flavour jets, the analyses
make use of an inclusive QCD jet sample for which the simulation has been carried out in six slices
of p̂⊥. About 2.8 million events have been simulated per ˆp⊥ slice. To simulate the detector response,
the generated events are processed through a GEANT4 [13] simulation of the ATLAS detector, and
then reconstructed and analysed in the same way as the data. The simulated geometry corresponds to
a perfectly aligned detector and the majority of the disabled pixel modules and front-end chips seen in
data are masked in the simulation. The ATLAS simulation infrastructure is described in more detail in
Ref. [14].

The labeling of the flavour of a jet in simulation is done by spatially matching the jet with generator
level partons [4]: if ab-quark is found within∆R=

√

∆η2+∆φ2 < 0.3 of the jet direction, the jet is
labeled as ab-jet. If no b-quark is found the procedure is repeated forc-quarks andτ-leptons. A jet for
which no such association could be made is labeled as a light-flavour jet.

3 The prel
T Method

The number ofb-jets before and after tagging can be obtained for a subset ofall b-jets, namely those
containing a reconstructed muon, using the variableprel

T which is defined as the momentum of the muon
transverse to the combined muon plus jet axis. Muons originating from b-hadron decays have a harder
prel

T spectrum than muons inc- and light-flavour jets. Templates ofprel
T are constructed forb-, c- and light-

flavour jets separately, and these are fit to theprel
T spectrum of muons in jets in data to obtain the fraction

of b-jets before and after requiring ab-tag. To reduce the dependence on the modelling ofprel
T for muons

in light-flavour jets, the heavy-flavour content in theprel
T sample is increased by requiring that there is at

least one jet in each event, other than those used in theprel
T measurement, with a reconstructed secondary

vertex with a signed decay length significanceL/σ(L)> 1. The number of jets per jetpT bin in theprel
T

sample after this additional selection is given in Table 2. This flavour-enhancement requirement is not
applied in the sample used to derive theprel

T template for light-flavour jets. As the templates fromc- and
light-flavour jets have a rather similar shape, the fit can only reliably separate theb-jets from non-b-jets.
Therefore, the ratio of thec- and light-flavour fractions is constrained in the fit to the value observed in
simulated events, which in the pre-tagged sample ranges from 2 at lowpT to 0.7 at highpT. This ratio is
then varied as a systematic uncertainty, as described in Section 5.

Figure 2 shows examples of template fits to theprel
T distribution in data before (left) and after (right)

b-tagging. Having obtained the flavour composition of jets containing muons from theprel
T fits, theb-tag

efficiency is defined as

εdata
b =

f tag
b ·Ntag

fb ·N
·C, (2)

1The impact of varying the muon association requirement has been studied, and the effect found to be negligible.
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pT(GeV) pre-taggedprel
T sample

20-30 44104
30-40 28988
40-50 16397
50-60 9076
60-75 36077
75-90 19257
90-110 11776

110-140 7402
140-200 3903

Table 2: The number of jets per jetpT bin in data in the pre-taggedprel
T sample.
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Figure 2: Examples of template fits to theprel
T distribution in data before (left) and afterb-tagging by

applying the MV1 tagging algorithm at 70% efficiency (right)in the 40-50 GeV bin. After applying the
MV1 tagging criteria the fittedb-fraction is 100%.

where fb and f tag
b are the fractions ofb-jets in the pre-tagged and tagged samples of jets containing

muons, andN and Ntag are the total number of jets in those two samples. The factorC corrects the
efficiency for the biases introduced through differences between data and simulation in the modelling
of theb-hadron direction and through heavy flavour contamination of the prel

T template for light-flavour
jets, as described below. The efficiency measured forb-jets with a semileptonically decayingb-hadron
in data is compared to the efficiency for the same kind of jets in simulated events to compute the data-to-
simulation scale factor defined in Eq. 1.

Both the pre-tagged and the tagged samples are fit using templates derived from all jets passing the jet
selection criteria defined in Section 2, without requiring any b-tagging criteria. Theprel

T templates forb-
andc-jets are derived from the simulated QCDµ-jet sample, using muons associated withb- andc-jets.
It has been verified that the pre-tagged and tagged template shapes agree within statistical uncertainties.
The template for light-quark jets is derived from muons in jets in a light-flavour dominated data sample.
The sample is constructed by requiring that no jet in the event is b-tagged by the IP3D+SV1 tagging
algorithm [2], using an operating point that yields ab-tag efficiency of approximately 80% in simulated
tt̄ events. This requirement rejects most events containingb-jets and yields a sample dominated byc-
and light-flavour jets. Theb-contamination in this sample varies between 2 and 6% depending on the
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pT bin. The small bias introduced in the measurement from theb-contamination in the light-template is
corrected for in the final result.

As theprel
T method is directly affected by how well theb-hadron direction and the calorimeter jet axis

are modeled in the simulation, a difference in the jet direction resolution between data and simulation, or
e.g. an improper modelling of the angle between theb-quark and theb-hadron in simulation would cause
the prel

T spectra in simulation and data to disagree, introducing a bias in the measurement. To study this
effect, an independent jet axis was formed by vectorially adding the momenta of all tracks in the jet. The
difference between this track-based and the standard calorimeter-based jet axis in the azimuth angleφ
and the pseudorapidityη , ∆φ(calo, track) and∆η(calo, track), was derived in both data and simulation.
The difference between the track-based jet axis direction and the calorimeter-based jet axis direction is
observed to be a bit larger in data than in simulation, and theφ andη of the calorimeter-based jet axis in
simulation were therefore smeared such that the∆φ(calo, track) and∆η(calo, track) distributions agreed
better with those from data. Smearing based on a Gaussian distribution with a width of 0.004 inφ and
0.008 inη was found to give good agreement between data and simulationin all bins of jet pT [15].
The prel

T templates forb- andc-jets were rederived from this smeared sample, and theprel
T distribution

in data was fit using these altered templates. The efficiency measured in data is corrected for half of the
difference in the efficiency observed in the unsmeared and the smeared scenarios, and the full size of the
correction is taken as a systematic uncertainty.

4 The System8 Method

The system8method uses three uncorrelated selection criteria to construct a system of eight equations
based on the number of events surviving any given subset of these criteria. The system, which is fully
constrained, is used to solve for eight unknowns: the efficiencies forb and non-b jets to pass each of
the three selection criteria, and the number ofb and non-b jets originally present in the sample. As
there are not sufficient degrees of freedom to make a completeseparation into (c, s, d, u, g) jet flavours,
these are combined into one category and denotedcl. In simulated events, the flavour composition of
the sample is relatively independent of jetpT in the range studied, while the efficiency to pass each of
the selection criteria has a strongpT dependence. To avoid unphysical variations in the fitted flavour
composition of the samples, the fraction ofb-jets in the sample prior to applying the three selection
criteria is fixed to the average of theb-fractions from the unconstrained fit in thepT bin under study and
the two neighbouringpT bins. In the first and lastpT bins theb-fraction is left unchanged. Theb-tag
efficiency obtained without the constraint is taken as a systematic uncertainty in the system8 analysis, as
described in Section 5.

The three selection criteria chosen are:

• The lifetime tagging criterion under study.

• A requirement that the muonprel
T is greater than 700 MeV.

• A requirement that the event contains anopposite-jet, with pT > 10 GeV and|η |< 2.5, satisfying
π −|∆φ j j |< 1 where∆φ j j is the difference in azimuth between the opposite-side jet and the jet un-
der study. The opposite-jet is required to beb-tagged by the presence of a reconstructed secondary
vertex with a decay length significanceL/σ(L)> 1.

The primary motivation for these criteria is that inherently, little correlation between them is expected.
In addition, the requirement of a soft muon facilitates efficient triggering and selection of calibration
events. However, even if tagger correlations are small in practice, they must be accounted for. As it
is impossible to isolate independent corresponding samples in data, these correlations are inferred from
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pT(GeV) system8n sample system8p sample
20-30 983148 13251
30-40 656723 11887
40-50 257678 5915
50-60 112386 2810
60-75 71282 1915
75-90 210529 6282
90-110 125733 3644

110-140 153312 4362
140-200 157013 4674

Table 3: The number of jets per jetpT bin in data in the system8p andn samples.

simulated samples. The resulting system of equations can bewritten as follows:

n = nb + ncl

p = pb + pcl

nLT = εLT
b nb + εLT

cl ncl

pLT = α6εLT
b pb + α4εLT

cl pcl

nMT = εMT
b nb + εMT

cl ncl

pMT = α5εMT
b pb + α3εMT

cl pcl

nLT,MT = α1εLT
b εMT

b nb + α2εLT
cl εMT

cl ncl

pLT,MT = α7α6α5εLT
b εMT

b pb + α8α4α3εLT
cl εMT

cl pcl

(3)

In these equations, the superscriptsLT and MT denote the lifetime tagging criterion and soft muon
tagging criterion, respectively. Then andp numbers denote the size of the samples without (n) and with
(p) the application of the opposite-jet criterion; these samples are referred to as the “n” sample and the
“ p” sample, respectively. The events in both samples are required to have at least one jet containing
a muon, and it is to these jets that the lifetime tagging, softmuon tagging and opposite-jet criteria are
applied. The number of jets per jetpT bin in the p andn samples is given in Table 3. The size of the
system8 samples differ from theprel

T pre-tagged sample due to a slight difference in the triggersused and
the∆φ j j requirement which is not made in theprel

T analysis.
Finally, thecorrelation factorsαi , i = 1, . . . ,8, are defined as:

α1 = εLT,MT,n
b /(εLT,n

b εMT,n
b ) α2 = εLT,MT,n

cl /(εLT,n
cl εMT,n

cl )

α5 = εMT,p
b /εMT,n

b α3 = εMT,p
cl /εMT,n

cl

α6 = εLT,p
b /εLT,n

b α4 = εLT,p
cl /εLT,n

cl

α7 = εLT,MT,p
b /(εLT,p

b εMT,p
b ) α8 = εLT,MT,p

cl /(εLT,p
cl εMT,p

cl )

(4)

A lack of correlation between two criteria thus implies thatthe related correlation factors are equal to
unity. The correlation factors forb- andc-jets are derived from the simulated QCDµ-jets sample, while
the correlation factors associated to light-flavour jets are derived from the simulated inclusive QCD jet
sample. As light-flavour jets only rarely have reconstructed muons associated with them, the statistical
uncertainty on the correction factors would be unacceptably large if they were derived from muons
matched to light-flavour jets in simulation. Instead, a charged particle track, fulfilling the requirements
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made for the inner detector track matched to reconstructed muons, is chosen at random and treated
subsequently as if it was a muon. To ensure that inner detector tracks model the kinematic properties of
reconstructed muons in light-flavour jets, the tracks are weighted to account for thepT- andη-dependent
probability that a muon reconstructed as a track in the innerdetector also gets reconstructed in the muon
system, as well as the sculpting of the muon kinematics by themuon trigger turn-on curve. An additional
correction factor is applied to account for the probabilitythat an in-flight muon gets associated to the jet.

As system8 only includes correlation factors forb and non-b-jets, thec- and light-flavour samples
have to be combined to obtain thecl correlation factors. The relative normalisation of the charm and
light-flavour samples is inferred from the simulated inclusive QCD sample leading to a charm-to-light
ratio in then- and p-samples which ranges from 0.6 to 1.5 depending on sample andjet pT bin. The
variation of the charm fraction in the combined sample is treated as a systematic uncertainty, as discussed
in Section 5. The actual values of the correlation factors depend on the tagging algorithm, operating point
and jetpT bin. For the MV1 tagging algorithm at 70% efficiency, 95% of the correlation factors are within
15% from unity and no correlation factor is differing from unity by more than 30%.

5 Systematic Uncertainties

The systematic uncertainties affecting theprel
T and system8 methods are common to a large extent. One

important class of common systematic uncertainties are those addressing how well the simulation models
heavy flavour production, decays and fragmentation. Other common systematic uncertainties are those
arising from the imperfect knowledge of the jet energy scaleand resolution as well as the modeling of
the additional pileup interactions. The systematic uncertainty coming from limited simulation statistics
is almost fully uncorrelated between the two analyses despite the fact that they are using the same sim-
ulated samples. A systematic uncertainty which applies only to the prel

T analysis is the heavy-flavour
contamination in theprel

T light-flavour data control sample while a systematic uncertainty which only
applies to the system8 analysis arises from varying the muonprel

T cut which is used as the soft muon
tagging criteria.

The systematic uncertainties on the data-to-simulation scale factorκdata/sim
εb

of the MV1 tagging al-
gorithm at 70% efficiency is shown in Table 4 and 5 for theprel

T and system8 methods respectively. The
systematic uncertainties have a positive (negative) sign if the difference between the shift in the scale
factor when applying a positive and a negative variation of the underlying parameter is positive (neg-
ative), i.e. ifκdata/sim

εb
(up)− κdata/sim

εb
(down) > 0 (< 0). The estimates of the systematic uncertainties,

especially in the system8 analysis, suffer from the limitedsimulation statistics which leads to unphysical
bin-to-bin variations in some cases. However, when the two methods are combined these irregularities
get smoothed out.

Simulation Statistics

The limited simulation statistics results in statistical fluctuations on theprel
T templates in the case of the

prel
T analysis and in statistical uncertainties on the system8 correlation factors in the system8 analysis.

The effect from limited template statistics in theprel
T analysis is assessed through pseudo-experiments

as described in Ref. [1]. In the system8 analysis, the limited statistics available for the samples used to
estimate the correlation factors is accounted for using an extra contribution to the fitχ2, as described in
Ref. [3]. To estimate the contribution to the uncertainty from this limited statistics, the uncertainty for
the fit without this addition is subtracted quadratically from the uncertainty for the fit including it.

In addition, the limited simulation statistics propagate to an uncertainty on the denominator in the
scale factor expression, denotedsimulation tagging efficiencyin Tables 4 and 5.
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JetpT [GeV]
20 30 40 50 60 75 90 110 140
to to to to to to to to to

Source 30 40 50 60 75 90 110 140 200
simulation statistics 2.2 2.0 1.4 1.8 2.7 3.4 6.0 6.0 4.7
simulation tagging efficiency 1.0 1.0 0.4 0.6 1.6 0.9 0.6 0.5 0.1
modelling ofb-production 0.5 0.2 < 0.1 0.4 0.1 0.4 0.7 0.8 1.0
modelling ofc-production 0.1 0.3 0.1 0.2 0.2 0.4 0.2 0.6 2.5
b-hadron direction modelling 0.1 0.2 0.2 0.4 0.4 1.1 0.7 2.5 1.4
b-fragmentation fraction 0.1 0.5 0.1 0.1 < 0.1 0.1 0.4 0.6 0.7
b-fragmentation function < 0.1 0.1 < 0.1 < 0.1 < 0.1 0.1 0.3 0.8 0.9
b-decay branching fractions < 0.1 0.1 0.1 0.1 0.1 0.1 < 0.1 0.1 0.3
b-decayp∗ spectrum -0.6 -0.7 -0.8 -0.9 -1.0 -0.7 -0.6 -0.4 -1.0
charm-light ratio 3.0 2.4 2.1 2.0 1.2 0.4 0.9 1.5 16.0
muonpT spectrum 0.1 < 0.1 0.1 < 0.1 < 0.1 < 0.1 0.2 < 0.1 1.4
fake muons inb-jets < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.1 -0.1 -0.2
prel

T light template contamination -0.1 -0.2 -0.4 -0.4 -0.4 -0.8 -0.7 -0.7 -1.0
jet energy resolution -0.1 0.5 < 0.1 0.2 < 0.1 0.5 -0.8 1.7 0.4
jet energy scale < 0.1 0.2 0.4 0.3 0.4 0.5 < 0.1 0.5 0.4
semileptonic correction -0.5 -0.1 < 0.1 -0.2 -0.2 -0.1 0.1 < 0.1 -0.3
jet vertex fraction 2.9 0.6 0.3 0.4 0.3 0.3 0.4 0.1 0.2
pileupµ reweighting 0.1 < 0.1 < 0.1 0.1 < 0.1 0.3 0.1 0.5 1.9
scale factor for inclusiveb-jets 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
total systematic 6.4 5.3 4.9 5.1 5.4 5.7 7.5 8.1 17.7
statistical 1.8 1.9 2.5 3.7 2.1 3.5 5.2 7.4 14.8

Table 4: Relative statistical and systematic uncertainties, in %, on the data-to-simulation scale factor
κdata/sim

εb
from theprel

T method for the MV1 tagging algorithm at 70% efficiency.
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JetpT [GeV]
20 30 40 50 60 75 90 110 140
to to to to to to to to to

Source 30 40 50 60 75 90 110 140 200
simulation statistics 5.1 2.8 2.4 5.5 2.2 4.7 5.4 26.5 18.8
simulation tagging efficiency < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.1 0.1 0.2 0.3
modelling ofb-production < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 -0.3 < 0.1 -0.8 -3.0
modelling ofc-production < 0.1 -0.1 -0.1 -0.1 -0.1 -0.3 -0.4 -0.3 0.4
b-hadron direction modelling -0.6 < 0.1 -0.3 0.9 0.1 0.4 -1.6 -9.1 1.6
b-fragmentation fraction -0.3 1.0 2.1 3.9 2.3 3.4 2.4 -1.2 -8.0
b-fragmentation function 0.3 -0.1 -0.2 0.6 < 0.1 -0.2 -0.1 -1.3 -5.7
b-decay branching fractions -0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.1 < 0.1 -7.8
b-decayp∗ spectrum -0.3 0.3 0.1 0.1 0.3 0.1 -0.8 0.7 -0.8
charm-light ratio -0.2 -0.1 < 0.1 -0.7 < 0.1 -0.6 < 0.1 -4.0 -0.7
prel

T cut variation 0.4 0.4 0.4 0.4 0.4 -0.2 -0.2 -0.2 -0.2
b-fraction constraint < 0.1 0.1 6.2 11.0 14.3 1.2 2.5 24.4< 0.1
jet energy resolution 2.1 -1.7 -0.5 -4.0 -1.4 2.5 0.1 -8.5 -5.7
jet energy scale -1.7 -1.1 1.7 1.5 0.5 -1.2 < 0.1 0.5 1.4
jet vertex fraction -2.2 0.9 -0.2 0.1 -0.2 -0.6 0.3 -3.0 -0.5
pileupµ reweighting -0.4 0.3 0.2 -0.1 0.1 0.5 0.3 9.1 5.2
scale factor for inclusiveb-jets 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
total systematic 7.4 5.5 8.3 14.2 15.3 7.7 7.8 39.8 24.6
statistical 2.6 1.8 2.8 5.7 5.2 5.4 6.5 16.3 13.2

Table 5: Relative statistical and systematic uncertainties, in %, on the data-to-simulation scale factor
κdata/sim

εb
from the system8 method for the MV1 tagging algorithm at 70% efficiency.
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The systematic uncertainty arising from limited simulation statistics is treated as fully uncorrelated
betweenpT bins but fully correlated between theprel

T and system8 analyses for a givenpT bin.

Modelling of bbb- and ccc-Production

As the properties of jets with twob- or c-quarks inside (originating e.g. from gluon splitting) aredifferent
from those containing only a singleb- or c-quark, a possible mismodelling of the fraction of double-b
or double-c jets in simulation has to be taken into account. Jets which have two associatedb-quarks
or c-quarks are either given a weight of zero or a weight of two (effectively removing or doubling the
double-b or double-c contribution) when constructing theprel

T templates and system8 correlation factors.

bbb-Hadron Direction Modelling

Both theprel
T and the system8 analyses make use of the momentum of the associated muon transverse to

the combined muon plus jet axis, where the muon plus jet axis is a measure of theb-hadron direction.
A different jet direction resolution in data and simulationwould therefore affect both analyses. This is
accounted for by smearing the calorimeter jet direction by 0.004 inφ and 0.008 inη [15], as discussed
in Section 3. Theprel

T analysis corrects the measured efficiency by half of the difference between the
efficiency obtained with the smeared and unsmeared samples,and assigns the full size of the correction
as a systematic uncertainty while the system8 analysis usesthe result in the unsmeared sample as the
central value and treats the full difference to the smeared sample as a systematic uncertainty.

bbb-Quark Fragmentation

An incorrect modelling of theb-quark fragmentation in simulation can affect the momentumspectrum
of the muons fromb-decays and thus alter which muons pass the selection criteria. To investigate the
impact of fragmentation on the data-to-simulation scale factor, theprel

T templates and system8 correlation
factors have been rederived on a simulated sample where theb fragmentation function was reweighed so
that the average fraction of theb-quark energy given to theb-hadron was changed by 5%.

The production fractions of the variousb-flavoured hadrons have been measured both at LEP and
the Tevatron [16, 17], and the results forb-baryon production are only compatible at the 2σ level. The
production fractions in the simulated samples used in this note are in reasonable agreement with the
fractions as measured by LEP. A systematic uncertainty is evaluated by considering the difference in the
result obtained by reweighting all of the events so that the distribution of hadron species matches the
measured Tevatron numbers.

bbb-Decay

The muon momentum spectrum in theb-hadron restframe, denoted asp∗, directly affects the shape of the
prel

T distribution forb-jets. Uncertainties in the modelling of thep∗ spectrum have to be taken into account
and propagated through the analysis. Thep∗ spectrum has two components, directb → µ +X decays
and cascadeb→ c/c → µ +X decays. Their branching fractions areBF(b→ ℓX) = (10.69±0.22)%
andBF(b → c/c → ℓX) = (9.62± 0.53)%, respectively [16], giving the ratioBF(b → ℓX)/BF(b →
c/c→ ℓX) = 1.11±0.07, whereℓ denotes either a muon or an electron. This ratio of branchingfractions
has been varied within the quoted uncertainty. To investigate the effect of variations of thep∗ spectra,
a weighting function has been applied to thep∗ spectrum of muons from the directb → µ +X decay.
This weighting function has been derived by comparing the direct p∗ spectrum ofb→ ℓ+X decays in
PYTHIA as used in the analysis with the corresponding spectrum measured in [18].
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Charm-to-Light Ratio

Both theprel
T and system8 methods are sensitive to the relative fractionsof c- and light-flavour jets in the

simulation. As theprel
T templates forc- and light-flavour jets have a very similar shape, theprel

T fits can
become unstable if both components are allowed to vary freely in the fit. Therefore the fits to theprel

T
templates are performed with the ratio of the charm and lightfractions fixed to the simulated value. In
the system8 method, the ratio ofc- and light-flavour fractions in then and p samples are also fixed to
their simulated values. The relative fractions ofc- and light-flavour jets in these samples will affect the
correction factors related to non-b-jets, namelyα2, α3, α4 andα8. In both analyses the impact of the
constrained charm-to-light ratio has been addressed by varying the ratio up and down by a factor of two.
The charm-to-light ratio variation is one of the dominant systematic uncertainties in theprel

T analysis,
especially in the highestpT bin where theb- andc-templates start to look very similar. The system8
analysis, which is only relying on theprel

T cut to increase the fraction ofb-jets in the sample, is less
affected.

Muon pppT Spectrum

The muonpT spectrum is softer in data than in simulation. To estimate the effect of this mismodelling on
the prel

T distribution, theprel
T analysis is repeated after reweighting the muonpT spectrum in simulation

to agree with that in data. The difference between the two measurements is assigned as a systematic
uncertainty.

Fake Muons inbbb-Jets

The prel
T templates are obtained from the simulated QCDµ-jet sample where a muon withpT > 3 GeV

is required at generator level. This filter suppressesb-jets containing a fake muon over those where the
muon originated from ab-decay. The fraction of fake muons in this sample is therefore likely to be
lower than in data which could potentially impact theprel

T b-template shapes. To address this, theprel
T

measurement has been repeated with the fake muon fraction inthe b-template increased by a factor of
three, which was found to have a negligible impact on the finalresult.

ppprel
T Light-Template Contamination

In the prel
T method, the templates for light-flavour jets are obtained from a light-flavour enriched data

sample. A measurement bias can arise fromb-jet contamination in the light-flavour template. Thisb-
jet contamination in the light-flavour template is estimated from simulation to be between 4% and 6%
depending on jetpT bin. The bias introduced by this is corrected for in the final result, and the result of
a variation by 25% of theb-jet contamination is taken as systematic uncertainty.

ppprel
T Cut Variation

The system8 analysis uses a cut on theprel
T of the muon associated to the jet to arrive at a sample with

enhanced heavy flavour content. Theprel
T cut, which is nominally placed at 700 MeV, was varied between

600 and 800 MeV, and the difference to the nominal result was taken as a systematic uncertainty.

bbb-Fraction Constraint

The fraction ofb-jets in then sample is one of the unknowns in system8, as defined in Eq. 3. To
avoid unphysical variations in the fitted flavour composition of the samples, the fraction ofb-jets in the
sample prior to applying the three selection criteria is fixed to the average of theb-fractions from the
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unconstrained fit in thepT bin under study and the two neighbouringpT bins. In the first and lastpT

bins theb-fraction is left unchanged. Theb-tag efficiency obtained from the fit without theb-fraction
constraint is taken as a systematic uncertainty in the system8 analysis. As the difference between the
b-fraction obtained in the floating fit and the average used in the constrained fit is large for some bins
while smaller for others, this systematic uncertainty varies significantly betweenpT bins.

Jet Energy Resolution

The jet energy resolution in simulation is smeared to agree with that in data [19]. As a systematic
uncertainty an additional smearing, accounting for the uncertainties in the nominal smearing parameters,
has been applied.

Jet Energy Scale

A jet energy scale in simulation that is different from that in data would bias thepT spectrum of the
simulated events used to extract theprel

T templates and the system8 correlation factors. The systematic
uncertainty originating from the jet energy scale is obtained by scaling thepT of each jet in the simulation
up and down by one standard deviation, according to the uncertainty of the jet energy scale [10].

Semileptonic Correction

Both theprel
T and system8 analyses measure theb-tag efficiency of jets containing semileptonically de-

cayingb-hadrons. As part of the jet energy is taken by the muon and theneutrino, the jet energy scale
for such jets are different from a sample of inclusiveb-jets. Both analyses are therefore making an extra
jet energy scale correction, to correct the jet energy to theinclusive scale. The uncertainty on this cor-
rection, which amounts to about 2%, reflects how sensitive the correction is to the modelling ofb-jets
in the simulation, the correlation between the correction and theb-tag output weights and how well the
correction agrees in data and simulation. The uncertainty on the semileptonic correction is propagated
through theprel

T analysis as a systematic uncertainty. Systematic sources which affect both the semilep-
tonic correction and theprel

T templates are varied in a correlated manner. The system8 analysis does not
account for this uncertainty, but given its small size this will have a negligible impact on the final result.

Jet Vertex Fraction

Jets originating from pileup interactions can be rejected by requiring that the tracks associated to the jet
are compatible with originating from the selected primary vertex. The fraction of compatible tracks is
referred to as the Jet Vertex Fraction or JVF. Many physics analyses in ATLAS consider only jets with
a large JVF (typically above 0.75). The data-to-simulationscale factors derived only from jets with a
JVF above 0.75 is compared to those obtained without a cut on the JVF, and the difference is treated as
a systematic uncertainty.

Pileup µµµ Reweighting

During 2011, the maximum average number of interactions perbunch crossing, referred to asµ , in-
creased from 4 to 17. Simulation studies show that the impacton theb-tagging performance from the
change in pileup conditions during 2011 is relatively smallcompared to the precision of theprel

T and
system8 analyses. The change in light-jet rejection at fixedb-tag efficiency exceeds 5% only for the
tightest operating points. However, to ensure that a pileupdependence does not bias the scale-factor
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measurement, the simulation has been reweighted to reproduce theµ-distribution in data. As a system-
atic uncertainty, theµ values in simulation have been scaled up and down by 9% prior to reweighting,
based on the level of agreement in other variables sensitiveto the amount of pileup.

Scale Factor for Inclusivebbb-Jets

Theprel
T and system8 methods can only measure theb-tag efficiency in data forb-jets with a semileptonic

b-hadron decay. As these jets always contain a high-momentumand typically well-measured muon track,
whereas the hadronicb-jets do not, theb-tag efficiency is different for these two types ofb-jets. However,
the calibration results in this note are to first order insensitive to this effect as they are given in the form
of data-to-simulation scale factors. As long as the simulation adequately models the relative differences
in b-tag efficiencies between semileptonic and hadronicb-jets the same data-to-simulation scale factor
is valid for both types of jets. Therefore, the data-to-simulation scale factor derived as the ratio between
the semileptonicb-tag efficiency in data and simulation, is assumed to be identical for hadronicb-jets.

To investigate the validity of this assumption, the data-to-simulation scale factor was measured sepa-
rately for jets with and without muons using a high purity sample ofb-jets intt̄ dilepton events. The ratio
of the data-to-simulation scale factors in jets with and without muons was found to be consistent with
unity for all tagging algorithms and operating points. The uncertainty of the measurement, which is ap-
proximately 4%, is assigned as a systematic uncertainty on the data-to-simulation scale factors obtained
with the muon-based methods.

6 Results

The b-tag efficiencies measured in data using theprel
T and system8 methods, the corresponding values

from simulation and the resulting data-to-simulation scale factors for the MV1 tagging algorithm at 70%
efficiency are shown in Fig. 3 for theprel

T and system8 methods. Results for other tagging algorithms and
operating points can be found in Appendix A. Theb-tag efficiencies from simulation are determined by
directly applying theb-tagging algorithms to the sample of jets labelled asb-jets (defined in Section 2).
As the sample of jets selected for theprel

T and system8 measurements are different, the fraction ofb-
tagged jets are not necessarily equal.

The agreement in the data-to-simulation scale factors between the two methods is very good. For this
particular tagging algorithm and operating point the efficiency in data tends to be about 5 to 10% lower
than that in simulation, leading to a data-to-simulation scale factors ranging between 0.9 and 0.95. In
general, the data-to-simulation scale factors can be as lowas 0.85 for the tightest operating points while
they are consistent with unity for the loosest operating points.

7 Combination

To improve the precision of theb-tag efficiency measurement, a combination of theprel
T and system8

results is performed. In each jetpT bin, the best estimate of the true data-to-simulation scalefactor κ̂
is extracted by maximising the likelihood that each measurementκi, associated with a statistical uncer-
tainty δκstat

i and a set of systematic uncertaintiesδκsystj
i , originates from a Gaussian probability density

functionPi. As an example, a combination of two measurementsκ1 andκ2, with statistical uncertainties
δκstat

1 andδκstat
2 and two sources of systematic uncertainty syst1 and syst2 affecting the two measure-

ments by the amountsδκsyst1
1 , δκsyst1

2 , δκsyst2
1 andδκsyst2

2 , is performed by maximising the following
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Figure 3: Theb-tag efficiency in data and simulation (top) and the data-to-simulation scale factor (bot-
tom) for the MV1 tagging algorithm at 70% efficiency obtainedwith the prel

T method (left) and the
system8 method (right).
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likelihood expression:

L =
2

∏
i=1

Pi = G(κ1|κ̂(1+δκsyst1
1 λ syst1 +δκsyst2

1 λ syst2),δκstat
1 )×

G(κ2|κ̂(1+δκsyst1
2 λ syst1 +δκsyst2

2 λ syst2),δκstat
2 )× (5)

G(λ syst1|0,1)×G(λ syst2|0,1)

Here,G(κi |κ̂(1+ δκsyst1
i λ syst1 + δκsyst2

i λ syst2),δκstat
i ) with i = 1,2, are Gaussian distributions centered

at 1+ δκsyst1
i λ syst1 + δκsyst2

i λ syst2 with a width of δκstat
i , evaluated at pointκi . The parametersλ systj

with j = 1,2, which control by how many standard deviations the systematic uncertainty systj is shifting
the central value of the Gaussian distribution, are controlled by Gaussian probability termsG(λ systj |0,1)
constraining the parametersλ systj to originate from Gaussian distributions which are centered at zero and
have unit width.

In the combination of theprel
T and system8 results,κ1 andκ2 correspond to the scale factors measured

by the two analyses. The number of systematic uncertaintiesamounts to 21, where all but seven are in
common between the two analyses. All systematic uncertainties are treated as fully correlated acrosspT

bins. The only exceptions are the systematic uncertaintiesarising from limited simulation statistics and
the systematic uncertainty from theb-fraction constraint in the system8 analysis which are treated as fully
uncorrelated acrosspT bins. The common systematic uncertainties are also treatedas fully correlated
between theprel

T and system8 measurements.
As the prel

T and system8 analyses are using partly overlapping samples,the statistical uncertainty
is actually partially but not fully correlated. The correlation coefficients have been derived using toy
experiments in which somewhat simplified versions of theprel

T and system8 analyses were performed.
The statistical correlation of the two analyses was found tobe below 66% for all tagging algorithms,
operating points andpT bins. The smallest correlations are observed in thepT bins that suffer from large
statistical uncertainties, while the largest correlations are found for bins in the lowerpT range where the
statistical uncertainties are smaller. There are alsopT bins in which the two analyses use different, but
highly prescaled, triggers, leading to a negligible correlation. The correlation of the statistical uncertainty
is accounted for in the combination by dividing it into two components, one which is treated as fully
correlated and the one which is treated as fully uncorrelated. The correlation of the systematic uncertainty
arising from limited simulation statistics was found to be negligible.

The result of the combination for the MV1 tagging algorithm at the 70% operating point is shown in
Fig. 4. Combined results for other tagging algorithms and operating points can be found in Appendix A.
Note that the combined value of the scale factor in the first and last jetpT bins is slightly below both
input values. This is a consequence of the fact that the likelihood function assumes that the systematic
uncertainties of a given origin are correlated in allpT bins. A systematic uncertainty which is constrained
in the low jet pT bins can thus cause the combined scale factor in the higherpT bins to move below or
above both inputs values and vice versa. For the tagging algorithms and operating points where this
happens, the difference between the combined scale factor and the input values is always small with
respect to the uncertainty of the measurement.

8 Conclusions

Two methods, based on a sample of jets containing muons, havebeen used to measure theb-tag efficiency
of several algorithms with 5 fb−1 of data from the ATLAS detector. The results are expressed interms
of scale factors, correcting the efficiencies in simulated events to those measured in data. The scale
factors measured with the two methods are consistent with each other within uncertainties. For operating
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Figure 4: The data-to-simulation scale factor for the MV1 tagging algorithm at 70% efficiency, obtained
by combining theprel

T and system8 results. The dark green band represents the statistical uncertainty of
the combined scale factor while the light green band shows the total uncertainty. The data points showing
the prel

T and system8 measurements have been separated a little alongthe x-axis to make the plot more
readable.

points corresponding to a highb-tag efficiency, the scale factors are consistent with unity, while theb-
tag efficiency in data is measured to be up to 15% lower than in simulated events for operating points
corresponding to ab-tag efficiency of 50 or 60%. The uncertainties on the scale factors depend on
tagging algorithm and jetpT. For the MV1 tagging algorithm at 70% efficiency they range from 5% in
the intermediatepT range to as much as 19% in the highpT region.
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A Results for Additional Tagging Algorithms and Operating Points
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Figure 5: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the MV1 tagging algorithm at 60% efficiency. The dark green band represents the statistical uncertainty
of the combined scale factor while the light green band showsthe total uncertainty. The data points
showing theprel

T and system8 measurements have been separated a little alongthex-axis to make the plot
more readable.
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Figure 6: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the MV1 tagging algorithm at 75% efficiency. The dark green band represents the statistical uncertainty
of the combined scale factor while the light green band showsthe total uncertainty. The data points
showing theprel

T and system8 measurements have been separated a little alongthex-axis to make the plot
more readable.
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Figure 7: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the MV1 tagging algorithm at 85% efficiency. The dark green band represents the statistical uncertainty
of the combined scale factor while the light green band showsthe total uncertainty. The data points
showing theprel

T and system8 measurements have been separated a little alongthex-axis to make the plot
more readable. For this high-efficiency operating point, the efficiency measured in somepT bins exceeds
100%, but is still compatible with 100% within uncertainties.
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Figure 8: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom)
for the IP3D+SV1 tagging algorithm at 60% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable.
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Figure 9: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom)
for the IP3D+SV1 tagging algorithm at 70% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable.
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Figure 10: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom)
for the IP3D+SV1 tagging algorithm at 80% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable. For this high-efficiency operating point, the efficiency measured in somepT bins
exceeds 100%, but is still compatible with 100% within uncertainties.
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Figure 11: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the JetFitterCombNN tagging algorithm at 57% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable.
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Figure 12: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the JetFitterCombNN tagging algorithm at 60% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable.
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Figure 13: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the JetFitterCombNN tagging algorithm at 70% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable.
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Figure 14: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the JetFitterCombNN tagging algorithm at 80% efficiency. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the total uncertainty. The data
points showing theprel

T and system8 measurements have been separated a little alongthex-axis to make
the plot more readable. For this high-efficiency operating point, the efficiency measured in somepT bins
exceeds 100%, but is still compatible with 100% within uncertainties.
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Figure 15: Theb-tag efficiency in data and simulation (left) and the data-to-simulation scale factor (right)
for the JetFitterCombNNc tagging algorithm at 50% efficiency obtained with theprel

T method.
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Figure 16: Theb-tag efficiency in data and simulation (left) and the data-to-simulation scale factor (right)
for the JetFitterCombNNc tagging algorithm at 55% efficiency obtained with theprel

T method.

28



 [GeV]
T

Jet  p
20 40 60 80 100 120 140 160 180 200

b-
Ta

g 
ef

fic
ie

nc
y

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 (stat)rel

T
Data p

 (stat+syst)rel

T
Data p

-1
 L=5 fb∫

SV050

 (stat)rel

T
Simulation p

ATLAS Preliminary

 [GeV]
T

Jet p

0 20 40 60 80 100 120 140 160 180 200 220

b-
Ta

g 
ef

fic
ie

nc
y

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Data system8 (stat)

Data system8 (stat+syst)

Simulation system8 (stat)

SV050

ATLAS Preliminary -1
 L=5 fb∫

 [GeV]
T

Jet p
20 40 60 80 100 120 140 160 180 200

S
ca

le
 fa

ct
or

0.6

0.8

1

1.2

1.4

1.6 system8
rel
T

p
combination

ATLAS Preliminary
-1

 L = 5 fb∫ SV050

Figure 17: Theb-tag efficiency in data and simulation for theprel
T method (top left) and the system8

method (top right) as well as the individual and combined data-to-simulation scale factors (bottom) for
the SV0 tagging algorithm at 50% efficiency. The dark green band represents the statistical uncertainty
of the combined scale factor while the light green band showsthe total uncertainty. The data points
showing theprel

T and system8 measurements have been separated a little alongthex-axis to make the plot
more readable.
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