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Figure 3. Fraction of tracks from different origins before (left) and after (right) applying the track selection
requirements on b (upper), c (middle), and light-flavour (lower) jets in tt events. The average number of
tracks of each origin is given in the legend as well as the average fraction of tracks of a certain origin with
respect to the total number of tracks in the jet, indicated in per cent. The number of tracks corresponding
to pileup vertices or mismeasured tracks is strongly reduced after applying the track selection requirements.
The distributions are normalized such that their sum has unit area. The last bin includes the overflow entries.
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Figure 4. Average track multiplicity as a function of the jet pT (left) and |η | (right) for jets of different flavours
in tt events before (open symbols) and after (filled symbols) applying the track selection requirements.
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Figure 5. Distribution of the 3D impact parameter value (upper left) and significance (upper right) for tracks
associated with jets of different flavours in tt events. Distribution of the 2D impact parameter significance
for the track with the highest (lower left) and second-highest (lower right) 2D impact parameter significance
for jets of different flavours in tt events. The distributions are normalized to unit area. The first and last bin
include the underflow and overflow entries, respectively.
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• The “corrected SV mass”, defined as the corrected mass of the secondary vertex with the
smallest uncertainty on its flight distance for jets in the RecoVertex category or the invariant
mass obtained from the total summed four-momentum vector of the selected tracks for jets in
the PseudoVertex category.

• The “number of tracks from SV”, defined as the number of tracks associated with the
secondary vertex for jets in the RecoVertex category or the number of selected tracks for jets
in the PseudoVertex category.

• The “SV energy ratio”, defined as the energy of the secondary vertex with the smallest
uncertainty on its flight distance divided by the energy of the total summed four-momentum
vector of the selected tracks.

• The “∆R(SV, jet)”, defined as the ∆R between the flight direction of the secondary vertex
with the smallest uncertainty on its flight distance and the jet axis for jets in the RecoVertex
category, or the ∆R between the total summed four-momentum vector of the selected tracks
for jets in the PseudoVertex category.

• The “3D IP significance of the first four tracks”, defined as the signed 3D impact parameter
significances of the four tracks with the highest 2D impact parameter significance.

• The “track pT,rel”, defined as the track pT relative to the jet axis, i.e. the track momentum
perpendicular to the jet axis, for the track with the highest 2D impact parameter significance.

• The “∆R(track, jet)”, defined as the ∆R between the track and the jet axis for the track with
the highest 2D impact parameter significance.

• The “track pT,rel ratio”, defined as the track pT relative to the jet axis divided by the magnitude
of the trackmomentum vector for the track with the highest 2D impact parameter significance.

• The “track distance”, defined as the distance between the track and the jet axis at their point
of closest approach for the track with the highest 2D impact parameter significance.

• The “track decay length”, defined as the distance between the primary vertex and the track at
the point of closest approach between the track and the jet axis for the track with the highest
2D impact parameter significance.

• The “summed tracks ET ratio”, defined as the transverse energy of the total summed four-
momentum vector of the selected tracks divided by the transverse energy of the jet.

• The “∆R(summed tracks, jet)”, defined as the ∆R between the total summed four-momentum
vector of the tracks and the jet axis.

• The “first track 2D IP significance above c threshold”, defined as the 2D impact parameter
significance of the first track that raises the combined invariant mass of the tracks above
1.5GeV. This track is obtained by summing the four-momenta of the tracks adding one track
at the time. Every time a track is added, the total four-momentum vector is computed. The
2D impact parameter significance of the first track that is added resulting in a mass of the total
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tracks or leptons are used (if available), while for the secondary vertex variables only the first
secondary vertex is used (if available). The list of variables used is the following:

• The vertex-lepton category.

• The 2D and 3D impact parameter significance of the first two tracks, and the 3D impact
parameter significance of the first two leptons.

• The pseudorapidity of the track (lepton) relative to the jet axis for the first two tracks (leptons).

• The track (lepton) pT relative to the jet axis, i.e. the track momentum perpendicular to the jet
axis, for the first two tracks (leptons).

• The track pT relative to the jet axis divided by the magnitude of the track momentum vector,
for the first two tracks.

• The track momentum parallel to the jet direction, for the first two tracks.

• The track momentum parallel to the jet direction divided by the magnitude of the track
momentum vector, for the first two tracks.

• The ∆R between the track (lepton) and the jet axis for the first two tracks (leptons).

• The distance between the track and the jet axis at their point of closest approach, for the first
two tracks.

• The track decay length, i.e. the distance between the primary vertex and the track at the point
of closest approach between the track and the jet axis, for the first two tracks.

• The transverse energy of the total summed four-momentum vector of the selected tracks
divided by the transverse energy of the jet.

• The ∆R between the total summed four-momentum vector of the tracks and the jet axis.

• The 2D and 3D impact parameter significance of the first track that raises the combined
invariant mass of the tracks above 1.5GeV. This track is obtained by summing the four-
momenta of the tracks adding one track at the time. Every time a track is added, the total
four-momentum vector is computed. The 2D impact parameter significance of the first track
that is added resulting in a mass of the total four-momentum vector above the aforemention
threshold is used as a variable. The threshold of 1.5GeV is related to the c quark mass.

• The lepton pT divided by the jet pT, for the first two leptons.

• The lepton momentum parallel to the jet direction divided by the magnitude of the jet
momentum, for the first two leptons.

• The 2D and 3D flight distance significance of the first secondary vertex.

• The secondary vertex energy ratio, defined as the energy of the secondary vertex with the
smallest uncertainty on its flight distance divided by the energy of the total summed four-
momentum vector of the selected tracks.
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Figure 31. Examples of discriminator distributions in data compared to simulation. The JP (upper left)
and cMVAv2 (upper right) discriminator values are shown for jets in the dilepton tt sample, the CSVv2
(middle left) and DeepCSV (middle right) discriminators for jets in the muon-enriched multijet sample, and
the CvsL (lower left) and CvsB (lower right) discriminators for jets in the inclusive multijet sample. The
simulated contributions of each jet flavour are shown with different colours. The total number of entries
in the simulation is normalized to the number of observed entries in data. The first and last bin of each
histogram contain the underflow and overflow entries, respectively.

certain flavour f , using selection requirements that do not bias the jets with respect to the variables
used in the tagging algorithm.
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• Muon pT and ∆R: the fraction of muons that reach the muon chambers depends on the muon
pT. The threshold on the muon pT is varied between 5 and 8GeV to assess the size of the
systematic uncertainty. In addition, the dependence of the measured data-to-simulation scale
factor on the ∆R requirement is tested by tightening the requirement to ∆R < 0.3. These
systematic effects are among the dominant uncertainties for the System-8 method.

• Away jet tag: the dependence of the b tagging efficiency on the away jet tagging requirement
is studied by repeating the data-to-simulation scale factor measurement after changing the
tagging requirement from the medium to the loose or tight working points. The largest
deviation from the scale factor value obtained using the default away-jet tagging requirement
is taken as the size of the systematic effect. This systematic effect is typically the dominant
uncertainty for the PtRelmethod, and it is one of the dominating uncertainties for the System-8
method.

• JP correction factor Cb: for the LT method, the fit is performed using only jets that have
a JP discriminant value. The applicability of the measured data-to-simulation scale factor
to all jets is ensured through the correction factor Cb. The systematic uncertainty associated
with Cb is defined as (δCb)

SF = ± 1−Cb
2 . This systematic effect induces an uncertainty in the

measured scale factor of a few per cent using jets in the lowest pT bin and is negligible at
high jet pT.

• JP calibration: the LT method relies on the calibrated JP discriminator distribution. For
the nominal data-to-simulation scale factor value, the calibration of the impact parameter
resolution derived from data is applied to the data, and the calibration derived from simulated
events is applied to the simulation. However, a bias could be induced in the measurement
if there are significant differences between data and simulation in the distribution of track
impact parameter resolutions used. Therefore, an additional uncertainty is taken into account
by applying the calibration derived on simulation, also on the data. The difference in the
measured scale factor is included as additional systematic uncertainty. The inverse approach
was also tested, i.e. applying the JP calibration derived on data to both data and simulation.
In that case, the shape changed in a similar way, yielding consistent results for the size of the
systematic effect. The systematic effect due to the JP calibration is the dominating uncertainty
for the LT method.

• JP bin-to-bin correlation: for the LT method the systematic uncertainties are taken into
account via a correlation matrix. This requires an assumption on the bin-to-bin correlation
factors. To assess the impact of an uncertainty in these correlation factors, the data-to-
simulation scale factors were remeasured when varying the bin-to-bin factors within ±25%.
The size of the systematic effect is given by themaximal difference with the nominal SF value.

• Muon prelT requirement: for the System-8 method, the default requirement of prelT > 0.8GeV
on the muon is set to a value of 0.5 or 1.2GeV. The largest deviation from the measured
nominal data-to-simulation scale factor is taken as a systematic uncertainty.

• udsg-to-c jet ratio: in the PtRel method the c and light-flavour jets are combined in a single
template. The uncertainty in the ratio of light-flavour to c jets is changed by varying it by
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Figure 43. Data-to-simulation scale factors for b jets obtained with the Kin method as a function of the jet
pT for the three CSVv2 (left) and the three DeepCSV (right) working points. The uncertainty corresponds
to the combined statistical and systematic uncertainty. For clarity, the points for the loose and tight tagging
requirement are shifted by −5 and +5GeV with respect to the bin centre.

The b jet identification efficiency, εb, can be obtained by counting the number of events with
two b-tagged jets in the selected sample of events:

N2 b-tagged − Nnon-b jet
2 b-tagged = ε

2
bn2 b jets, (8.10)

where N2 b-tagged is the number of events with two b-tagged jets from data, Nnon-b jet
2 b-tagged is the number

of events with two b-tagged jets with at least one of them being a light-flavour or c jet, and n2 b jets
is the number of events with two true b jets. This equation can be solved for εb if Nnon-b jet

2 b-tagged and
n2 b jets are known. To reduce the dependence on the tt production cross section, the equation is
divided by the number of selected events,

εb =

√√√
F2 b-tagged − Fnon-b jet

2 b-tagged

f2 b jets
(8.11)

where F2 b-tagged is the fraction of events with two b-tagged jets, Fnon-b jet
2 b-tagged is the fraction of events

with two b-tagged jets of which at least one is a non-b jet, and f2 b jets is the fraction of events with
two true b jets. The two latter fractions are obtained from simulation. When the method is used to
measure the efficiency as a function of the jet pT, the two tagged jets are required to be in the same
jet pT bin.

While the method is sensitive to the uncertainties in the predicted fraction of events with
non-b jets Fnon-b jet

2 b-tagged, using the fraction of events ensures that systematic uncertainties related to
the number of tt events cancel out. The dominant uncertainties originate from the normalization
of background events and the fraction of non-b jet events in the bin with two b-tagged jets. The
following systematic effects were studied:

• The fraction of non-b jets (Fnon-b jet
2 b-tagged): a conservative variation of 50% is used to estimate

the uncertainty in the fraction of non-b jets. This represents the leading uncertainty in the
final data-to-simulation scale factor for the loose working point of the b jet identification
algorithms.
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Figure 53. Comparison of the data-to-simulation scale factors derived with various methods and their
combination, for b (left) and c (right) jets. The scale factors measured with the different methods agree
within their uncertainties. For the left panels, the combination includes all measurements with the exception
of the IterativeFit and the TagCount methods.
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