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1 Introduction
With the start of Run 2, the Large Hadron Collider (LHC) is providing proton-proton collisions
at an unprecendented center-of-mass energy of

√
s = 13 TeV. The new collision data recorded

by the Compact Muon Solenoid (CMS) experiment reopen the opportunity to search for new
physics phenomena at the TeV scale and to perform precision measurements of the standard
model at a higher center-of-mass energy. Many searches for new physics as well as standard
model measurements rely on the accurate identification of jets originating from b quarks. The
CMS collaboration optimized the existing b jet identification techniques and measured their
performance in both boosted and nonboosted event topologies.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal dia-
meter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [1].

The trajectories of charged particles in the detector are reconstructed from the hits in the silicon
tracking system using an iterative procedure referred to as Iterative Tracking [2]. The tracking
efficiency is typically over 98% for tracks with a transverse momentum above 1 GeV and within
the tracker acceptance [3]. The interaction vertex corresponding to the hard scattering is chosen
as the one that maximizes the sum of the squared transverse momenta of the clustered physics
objects associated to the vertex. The resolution of this primary vertex is around 20 µm in the
transverse (x, y) plane and around 30 µm along the beam axis.

Algorithms for b jet identification exploit the long life time of b hadrons present in jets origi-
nating from the hadronization of b quarks. This long life time results in a decay of the b hadron
that is displaced with respect to the primary interaction vertex. This displacement of a few
millimetres results in the presence of displaced tracks from which a secondary vertex may be
reconstructed. In addition, b hadrons have a probability of around 20% to decay to a muon or
electron. Hence, apart from the properties of the reconstructed secondary vertex or displaced
tracks also the presence of these charged leptons can be exploited for b jet identification tech-
niques and for measuring their performance with the collision data.

In Section 2 a brief description is given of the simulated proton-proton collisions as well as the
recorded data analyzed for the performance measurement of the b jet identification algorithms.
The algorithms are discussed in Section 3, together with a comparison of the observed collision
data with the simulation for a number of variables relevant for b jet identification. Section 4
provides an overview of the performance measurements and their combination for standard
jets. Finally, a summary for b jet identification efficiencies in topologies with boosted jets is
given in Section 5.

2 Simulated and recorded proton-proton collisions at
√

s = 13 TeV
We use proton-proton collisions at

√
s = 13 TeV delivered by the LHC with a bunch spacing

of 25 ns during 2015 operations. The proton-proton collision data corresponds to an integrated
luminosity of about 2.6 fb−1, when considering only the collisions certified as good by the CMS
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detector subsystems relevant for objects reconstructed within the silicon tracker acceptance
(|η| < 2.4).

The observed data are compared to dedicated simulated samples at the same center-of-mass
energy. Proton-proton collisions producing top quarks are generated using POWHEG [4–6],
both for top quark pair production [7] as well as electroweak production of a top quark in asso-
ciation with a W boson [8]. Events with two W bosons are also generated with POWHEG [9, 10],
while the Z + jets events are generated either with MADGRAPH 5 [11] or the aMC@NLO event
generator [12]. The WZ diboson events are also generated with the aMC@NLO event generator.
QCD multijet and ZZ events are generated with PYTHIA 8 [13], that is also used for the parton
showering of all the simulated samples. In Run 1 we were comparing the collision data with
PYTHIA 6 instead of PYTHIA 8. Studies comparing the two PYTHIA versions were performed be-
tween Run 1 and Run 2 and it was shown that both model the collision data equally well. The
simulated samples are produced with the recently optimized CMS Underlying Event Tune for
PYTHIA 8 (CUETP8M1) [14]. Additional simulated inelastic collisions generated with PYTHIA

8 are overlayed with the simulated events to model the contribution of these pileup events in
the simulation. The CMS detector response is simulated using GEANT 4 [15].

3 Algorithms for b-quark jet identification
Stable particles are identified with the Particle Flow (PF) algorithm [16–18] that reconstructs
each individual particle with an optimized combination of information from the various ele-
ments of the CMS detector. The energy of photons is directly obtained from the ECAL mea-
surement, corrected for zero-suppression effects. The energy of electrons is determined from a
combination of the electron momentum at the primary interaction vertex as determined by the
tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with originating from the electron track. The energy of muons is
obtained from the curvature of the corresponding track. The energy of charged hadrons is de-
termined from a combination of their momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energy. For the measurements
presented in this document, jets are reconstructed by clustering PF particles using the anti-kT
(AK) jet clustering algorithm [19], with a distance parameter R = 0.4 (AK4 jets), while during
Run 1 a distance parameter of 0.5 was used to reconstruct the jets (AK5 jets). For the boosted
topologies, jets are clustered with a larger opening angle corresponding to R = 0.8 (AK8 jets).
When clustering the particles in jets, isolated electrons and muons as well as charged particles
associated with other interaction vertices are removed. Jet momentum is determined as the
vectorial sum of all particle momenta in the jet. Jet energies are calibrated to correct for the
different detector response as a function of the transverse momentum and pseudorapidity of
the jets. Furthermore, an offset correction is applied to jet energies to take into account the con-
tribution from additional proton-proton interactions within the same bunch crossing [20]. For
the studies presented here, jets should lie within the tracker acceptance, hence pseudorapidity
|η| < 2.4, and have a transverse momentum exceeding 20 GeV. For some of the measurements
and figures a tighter requirement on the jet transverse momentum is applied.

The flavour for jets in the simulated events is determined by re-clustering the jet contituents
including also the generator-level hadrons and partons. The re-clustering is performed in such
a way that the re-clustered jet four-momenta are identical to the original jets. The jet flavour is
then determined based on the flavour of the clustered hadrons (or partons) inside a jet giving
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priority to the b flavour when at least one b hadron is present. In the absence of a clustered b
hadron, priority is given to the c flavour in case a c hadron is found. If there are no b and c
hadrons clustered in the jet, it is considered as light flavour unless a b (or c) quark is clustered
in the jet in which case the jet will be considered as b (or c) jet.

For the figures presented in this and the following section, jets in three different event samples
are studied. These samples are defined by selecting events in the following way:

• Inclusive multijet sample: events are selected if they pass an online selection requir-
ing the presence of at least one jet with a transverse momentum exceeding a certain
threshold. The figures shown in this section used the lowest online threshold of
40 GeV. A jet pT range between 50 and 250 GeV is considered as an illustration. For
the performance measurements events are selected with different online selection
criteria with an increasing transverse momentum threshold. This topology is domi-
nated by light-flavour jets and contains also contributions from jets from pileup col-
lisions. When measuring the performance, jets from pileup collisions are considered
as light-flavour jets.

• Muon enriched jets sample: events are considered when passing an online selection
requiring at least two jets with transverse momenta exceeding a certain threshold
(the lowest one being pT > 20 GeV) and among these jets at least one has to con-
tain a muon with a transverse momentum above 5 GeV. The figures shown in this
section use an online threshold of 40 GeV for the two leading jets. Only jets contain-
ing a muon and with a jet pT range between 50 and 250 GeV are considered as an
illustration. Due to the muon requirement, there is no visible contribution from jets
from pileup collisions. For the performance measurements events are selected with
different online requirements, at least one jet should contain a muon. This topology
is enriched in b jets.

• Dilepton tt sample: events are selected by requiring the presence of at least one iso-
lated electron and at least one isolated muon in the online selection. Offline, the
leading muon and electron should both have a transverse momentum exceeding
20 GeV and be identified as isolated leptons as is expected for leptonic W boson de-
cays. Events are further considered if they contain at least two jets with a transverse
momentum exceeding 20 GeV. In this event sample there is a contribution from jets
from pileup collisions due to the higher acceptance for low-pT jets.

3.1 Track selection and secondary vertex reconstruction

Tracks inside jets are used for b jet idenfication if they fulfill the following selection criteria.
Only tracks with a transverse momentum of at least 1 GeV and a normalized χ2 of the trajec-
tory fit below 5 are considered. The tracks should have at least 8 hits in the silicon tracker, of
which at least 2 in the silicon pixel layers of the tracker detector. Additional requirements are
imposed on the track impact parameter (IP), defined as the distance between the primary vertex
and the track at their point of closest approach. The track impact parameter sign corresponds
to the sign of the scalar product of the jet axis direction with the vector pointing from the pri-
mary vertex to the track at the point of closest approach. The transverse (longitudinal) impact
parameter should be smaller than 0.2 (17) cm. These requirements ensure tracks are not too far
away from the primary interaction vertex. The distance between the jet axis and the track at
their point of closest approach should be smaller than 0.07 cm. This requirement reduces the
contribution of tracks originating from additional pileup interaction vertices. The decay length
is required to be less than 5 cm and is defined as the distance between the primary vertex and
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the point of closest approach between the jet axis and the track trajectory. These track selec-
tion requirements are used in all b jet identification observables and algorithms, except when
vertices are reconstructed using the Inclusive Vertex Finder algorithm as described below. Fig-
ure 1 shows the impact parameter significance, defined as the impact parameter divided by its
uncertainty, of the selected tracks for jets selected in three different topologies. A reasonable
agreement between the data and simulated events is observed. For the simulation the distribu-
tion shows the jet-flavour composition. Small variations between the observed collision data
and the simulation are related to differences in the alignment conditions in the simulation with
respect to the observation. The underflow and overflow is included in the first and last bins,
respectively, for all distributions. In addition, the total number of entries in the simulation is
normalized to the observed number of entries in data.
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Figure 1: The impact parameter significance of the selected tracks for jets in inclusive multijet
events (left), in muon enriched events (middle) and tt dilepton events (right). Underflow and
overflow are added to the first and last bins, respectively. The total number of entries in the
simulation is normalized to the observed number of entries in data.

Two algorithms for reconstructing secondary vertices are exploited. For the first algorithm, the
tracks associated to jets and fulfulling the aforementioned selection requirements are used in
the adaptive vertex reconstruction (AVR) algorithm [21] based on the adaptive vertex fitter [22].
This is the secondary vertex reconstruction algorithm used in the b jet identification algorithms
of the CMS collaboration during LHC Run 1. A number of selection criteria are applied to
remove vertices that are less likely to originate from a b hadron decay. Secondary vertices
should have at least 2 tracks by construction and are rejected when sharing more than 65% of
their tracks with the primary vertex or when the distance between the primary vertex to the
secondary vertex in the transverse plane, the 2D flight distance, is more than 2.5 cm or less
than 0.1 mm. The 2D flight distance divided by its uncertainty or so-called 2D flight distance
significance should exceed 3. In addition, secondary vertices are only considered when they
have a mass of less than 6.5 GeV and that is not compatible with the mass of the K0

S hadron
in a window of 50 MeV. Additionally, the angular distance ∆R between the jet axis and the
secondary vertex flight direction is required to be less than 0.4. When these requirements are
fulfilled the jet contains a reconstructed AVR secondary vertex.

In contrast with the AVR algorithm, the Inclusive Vertex Finder (IVF), first introduced in Ref. [23],
is not seeded from tracks associated to the reconstructed jets. The IVF algorithm uses as input
the collection of reconstructed tracks in the event. In addition, looser selection requirements
are applied by selecting tracks with at least 8 hits in the silicon tracker without making a re-
quirement on the number of hits in the silicon pixel tracker. The transverse momentum of the
tracks is required to exceed 0.8 GeV and the longitudinal impact parameter should be smaller
than 0.3 cm. Among the selected tracks, displaced tracks are identified as seeds when having
an impact parameter value of at least 50 µm and an impact parameter significance of at least
1.2. These seed tracks are then used to identify clusters of nearby tracks based on their mini-



3.1 Track selection and secondary vertex reconstruction 5

mum distance and the angles between them. The clusters are fitted with the adaptive vertex
fitter and a cleaning procedure is applied removing vertices with a 2D (3D) flight distance sig-
nificance below 2.5 (0.5). At this stage, tracks can appear in multiple vertices and therefore, one
of the vertices is removed when it shares at least 70% of its tracks and the distance significance
between the vertex and another one is less than 2. At this stage of the vertex reconstruction
algorithm, a track can be assigned both to the primary and secondary vertex. To resolve this
ambiguity, tracks are discarded from the secondary vertex when they have less than 1 hit in the
pixel tracker or when they are more compatible with the primary vertex. This compatibility
is decided by requirements on the (angular) distances between the secondary vertex and the
track and between the primary vertex and secondary vertex. When there are at least 2 tracks
associated to the secondary vertex after the track arbitration, the vertex is refitted. This time,
a vertex is removed when it shares at least 20% of its tracks with another secondary vertex
and the distance significance between the two vertices is less than 10. The selection criteria
applied on the remaining IVF secondary vertices are mostly the same as in the case of the AVR
vertices, with the exception that the fraction of shared tracks between the secondary vertex
candidate and the primary vertex should not exceed 79%, the angular distance between the jet
axis and the secondary flight direction ∆R is required to be smaller than 0.3 and the 2D flight
distance significance should be at least 2. As an illustration, the secondary vertex flight dis-
tance significance and the secondary vertex mass are shown in Figure 2 for jets with an IVF
secondary vertex (SV) and in the three different event topologies. The efficiency to reconstruct
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Figure 2: Significance of the secondary vertex flight distance (top) and mass of the secondary
vertex (bottom). From left to right these distributions are shown for the inclusive multijet,
muon enriched and dilepton tt topologies. Underflow and overflow are added to the first
and last bins, respectively. The total number of entries in the simulation is normalized to the
observed number of entries in data.

a secondary vertex for b (c) jets using the IVF algorithm is about 10% (15%) higher compared
to the efficiency to reconstruct a secondary vertex with the AVR algorithm. However, for light-
flavour jets the probability to find a secondary vertex also increases by about 8%. Since the
vertex reconstruction efficiency increases for all jet flavours, the impact of using the IVF algo-
rithm instead of AVR in a b jet identification algorithm is nontrivial. It should be noted that
independently of the jet flavour, around 60% of the jets with an AVR vertex also have an IVF
vertex.
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3.2 Jet Probability and Combined Secondary Vertex algorithms

Among the different b jet identification algorithms defined by the CMS collaboration and used
during Run 1, two are also used today during Run2. These are the Jet Probability (JP) and
Combined Secondary Vertex (CSV) taggers [24]. The CSV algorithm was further optimized
and the new version is referred to as CSVv2.

The JP algorithm computes the likelihood of the jet to originate from the primary vertex using
the associated tracks. Tracks with a negative impact parameter are used to define resolution
functions. The negative impact parameter is used since it characterizes the expectation for light
flavour jets for which the signed impact parameter is symmetric around 0. For each track the
probability to originate from the primary vertex is obtained by integrating the resolution func-
tion between the absolute track impact parameter value and infinity. If the track probability
is smaller than 0.5%, it is set to a value of 0.5%. The track probabilities are then combined to
obtain the jet probability. The resolution functions depend strongly on the track quality and are
therefore calibrated both for the observed collision data and the simulated events. A variant of
the JP algorithm also exists in which the four tracks with the highest impact parameter signif-
icance get a higher weight in the jet probability calculation. This algorithm is referred to as Jet
B-Probability (JBP). For the JP algorithm, the angular distance between each track and the jet
axis is restricted to ∆R =

√
∆φ2 + ∆η2 < 0.3, while the criterion is relaxed to ∆R < 0.4 for the

JBP algorithm.

The CSVv2 algorithm is based on the CSV algorithm described in Ref. [24] and combines the
information of displaced tracks with the information of secondary vertices associated to the
jet using a multivariate technique. The considered tracks are required to fulfill the selection
requirements described in Section 3.1 and should have an angular distance with respect to the
jet axis, ∆R smaller than 0.3. At least 2 such tracks per jet are requested. On top of these re-
quirements, a number of additional criteria are applied, which have not changed with respect
to the CSV algorithm used during Run 1. Any combination of two tracks compatible with the
mass of the K0

S meson in a window of 30 MeV are rejected. At that stage, if there are no tracks
associated to the jet, a negative value is assigned to the algorithm output to signify that there
is no information for b jet identification. The training of the algorithm is performed in three
independent vertex categories. The first vertex category contains jets with at least one associ-
ated reconstructed secondary vertex. When more than one reconstructed secondary vertex is
associated to the jet, the vertices are sorted according to increasing uncertainty on the flight dis-
tance. Most of the discriminating variables relying on the presence of a secondary vertex (like
the vertex mass and flight distance significance) are based on the first secondary vertex, hence
the one with the smallest uncertainty on its flight distance. There are however also variables
that combine the information from all available secondary vertices, for instance the number of
secondary vertices present in the jet. The second vertex category contains jets with a so-called
“pseudo-vertex”. A jet in the pseudo-vertex category has at least two tracks not compatible
with a K0

S meson in a window of 50 MeV and a signed impact parameter significance exceeding
2. No vertex fit is applied and hence there is no real vertex reconstruction. Therefore also the
flight distance can not be calculated and the number of variables is reduced. The third ver-
tex category is the complement of the two other cases; no reconstructed secondary vertex or
pseudo-vertex is associated to the jet. In that case, only information related to the displaced
tracks is exploited. A multilayer perceptron with one hidden layer is used to combine the dis-
criminating variables in each vertex category. The information of the three vertex categories
is combined with a likelihood ratio taking into account the fraction of jets of each flavour ex-
pected in tt events. The main differences with the Run 1 version of the CSV algorithm are
the different vertex reconstruction algorithm used, the number of input variables and the way
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those are combined. In the past the input variables were combined with a likelihood ratio
instead of a multilayer perceptron. This limited the amount of input variables since correla-
tion between those could not be taken into account properly. Examples of variables that were
added are the number of secondary vertices, the angle between the secondary vertex and the
jet axis, the ratio of the transverse momentum of the summed track four-momenta and the jet,
the track decay length and the angle between the track and the jet. Two variants of the CSVv2
algorithm exist according to whether IVF or AVR vertices are used. For the CSVv2 algorithm
IVF vertices are used, otherwise we refer to the algorithm as CSVv2 (AVR). Figure 3 shows the
distributions of the discriminator values for the JP and CSVv2 algorithms. The simulation de-
scribes the observed data reasonably well, except at low and high discriminator values. These
small discrepancies indicate the need for correction factors using the observed collision data
as described in Section 4. The discontinuities in the distribution of the JP discriminator values
are due to the minimum value of 0.5% for the individual track probabilities, while the small
“bump” between 0.5 and 0.6 in the CSVv2 discriminator distribution for jets in the tt topology
are due to tracks or jets from pileup collisions. This is not observed in the other topologies
because of the higher threshold on the jet transverse momentum in that case.
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Figure 3: Discriminator values for the JP algorithm (top) and the CSVv2 algorithm (bottom).
From left to right these distributions are shown for the inclusive multijet, muon enriched and
dilepton tt topologies. Underflow and overflow are added to the first and last bins, respectively.
The total number of entries in the simulation is normalized to the observed number of entries
in data. The discontinuities in the distribution of the JP discriminator values are due to the
minimum value of 0.5% for the individual track probabilities, while the small “bump” between
discriminator values of 0.5 and 0.6 in the CSVv2 distribution for the jets in the tt topology are
due to tracks or jets from pileup collisions. This is not observed in the other topologies because
of the higher threshold on the jet transverse momentum in that case.

3.3 Combined MVA algorithm

A new b jet identification algorithm was developed combining the information from six differ-
ent b jet identification discriminators with a Boosted Decision Tree (BDT) using the open-source
scikit-learn package [25]. This combined multivariate algorithm (cMVAv2) for b jet identifica-
tion is trained using the two variants of the JP algorithm as well as the two variants of the
CSVv2 algorithm described in the previous section. Although the correlation between the two
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CSVv2 discriminator values is very high, typically with values around 90%, a small improve-
ment is expected for the cases in which the vertex finding algorithms reconstruct a different sec-
ondary vertex. In addition to the JP and CSVv2 algorithms also the Soft Electron (SE) and Soft
Muon (SM) b jet identification discriminators are used as input variables for the cMVAv2 algo-
rithm. The SE algorithm looks for a reconstructed electron [26] inside the jet cone (∆R < 0.4).
Electrons corresponding to an associated track with too few associated hits or originating from
conversions are rejected. The SM algorithm searches for a muon with a transverse momen-
tum of at least 2 GeV among the jet constituents. For both algorithms the input variables are
combined with a BDT. These discriminating variables are the 2D and 3D impact parameter
significance of the lepton, the angular distance (∆R) between the jet axis and the lepton, the
ratio of the transverse momentum of the lepton and that of the jet, and the transverse momen-
tum of the lepton relative to the jet axis. In the case of the SE algorithm also an MVA-based
electron identification variable is used as input. A comparison of the observed proton-proton
collision data with the simulation is shown in Figures 4, 5 and 6 for the distributions of the
four additional discriminators combined by the cMVAv2 algorithm, for the three jet selections
respectively. The different range for the SE and SM algorithm values is related to different
settings in the training when combining the input variables with a boosted decision tree.
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Figure 4: From top left to bottom right: distribution of the discriminator values of the CSVv2
(AVR), JBP, SE and SM taggers for jets selected in the inclusive topology. Underflow and over-
flow are added to the first and last bins, respectively. The total number of entries in the simula-
tion is normalized to the observed number of entries in data. The different range for the SE and
SM algorithm values is related to different settings in the training when combining the input
variables with a boosted decision tree.

Figure 7 shows the cMVAv2 discriminator distribution and a reasonable agreement is observed
between the observed data and the simulated events.

The performance of the JP, CSVv2 and cMVAv2 taggers is determined using simulated proton-
proton collision events. The performance is presented in Figure 8 as the b jet identification
efficiency versus the misidentification probability for jets in simulated tt events requiring a jet
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Figure 5: From top left to bottom right: distribution of the discriminator values of the CSVv2
(AVR), JBP, SE and SM taggers for jets selected in the muon enriched topology. Underflow and
overflow are added to the first and last bins, respectively. The total number of entries in the
simulation is normalized to the observed number of entries in data. The different range for the
SE and SM algorithm values is related to different settings in the training when combining the
input variables with a boosted decision tree.
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Figure 6: From top left to bottom right: distribution of the discriminator values of the CSVv2
(AVR), JBP, SE and SM taggers for jets selected in the dilepton tt topology. Underflow and
overflow are added to the first and last bins, respectively. The total number of entries in the
simulation is normalized to the observed number of entries in data. The different range for the
SE and SM algorithm values is related to different settings in the training when combining the
input variables with a boosted decision tree.
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Figure 7: From left to right, the distribution of the discriminator value of the cMVAv2 algo-
rithm for the inclusive multijet, the muon enriched and the dilepton tt topologies respectively.
Underflow and overflow are added to the first and last bins, respectively. The total number of
entries in the simulation is normalized to the observed number of entries in data.
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transverse momentum exceeding 30 GeV. The performance in this figure serves as an illustra-
tion since the b jet identification efficiency depends on the pT and η distribution of the jets in
the topology as well as the amount of b jets from gluon splitting in the sample. A comparison
is shown with the Run 1 version of the CSV algorithm, without retraining this algorithm. The
CSV algorithm was trained on 7 TeV proton-proton collisions using anti-kT jets clustered with
a distance parameter R = 0.5. The absolute improvement of the CSVv2 (AVR) algorithm with
respect to the CSV algorithm is of the order of 2 to 4% in b jet identification efficiency when
comparing at the same misidentification probability for light-flavour jets. The improvement of
using IVF vertices with respect to using AVR vertices in the CSVv2 algorithm is of the order of
1 to 2%. The cMVAv2 algorithm outperforms the other b jet identification algorithms for both
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Figure 8: Performance of the b jet identification efficiency algorithms demonstrating the proba-
bility for non-b jets to be misidentified as b jet as a function of the efficiency to correctly identify
b jets. The curves are obtained on simulated tt events using jets with pT > 30 GeV, b jets from
gluon splitting to a pair of b quarks are considered as b jets. The cMVAv2 algorithm clearly
outperforms the JP and CSVv2 algorithms for both c jets as well as light-parton and gluon jets.
The improvement of the CSVv2 algorithm with respect to the Run 1 version of the algorithm is
also shown. The performance in this figure serves as an illustration since the b jet identification
efficiency depends on the pT and η distribution of the jets in the topology as well as the amount
of b jets from gluon splitting in the sample.

c jets as well as light-parton and gluon jets. For light-flavour jets, the absolute efficiency im-
proves by about 4% with respect to the CSVv2 algorithm. Three standard operating points are
defined for each algorithm. These operating points, “loose” (L), “medium” (M) and “tight” (T),
correspond to a threshold on the discriminator after which the misidentification probability is
around 10%, 1% and 0.1% for light-flavour jets with a transverse momentum above 30 GeV.
The value of the discriminator threshold for each algorithm and the corresponding efficiencies
are summarized in Table 1. The numbers in Table 1 serve as an illustration since the b jet iden-
tification efficiency depends on the pT and η distribution of the jets as well as the amount of b
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jets from gluon splitting in the sample.

Table 1: Taggers, discrimator threshold and corresponding efficiency for b jets with transverse
momentum above 30 GeV in simulated tt events. b jets from gluon splitting to a pair of b
quarks are considered as b jets. The numbers in this table serve as an indication since the b jet
identification efficiency depends on the pT and η distribution of the jets in the topology as well
as the amount of b jets from gluon splitting in the sample.

Tagger operating point discriminator value εb (%)
JPL 0.245 ≈ 82

JetProbability (JP) JPM 0.515 ≈ 62
JPT 0.760 ≈ 42

CSVv2L 0.460 ≈ 83
Combined Secondary Vertex (CSVv2) CSVv2M 0.800 ≈ 69

CSVv2T 0.935 ≈ 49
cMVAv2L -0.715 ≈ 88

Combined MVA (cMVAv2) cMVAv2M 0.185 ≈ 72
cMVAv2T 0.875 ≈ 53

4 Performance measurements for standard (AK4) jets
Several methods have been developed in the CMS collaboration to measure the b jet tagging
efficiency, εb, and the misidentification probability of light-parton jets [24, 27]. Here only the im-
provements or changes introduced to study the 13 TeV data are detailed, they concern mainly
the dilepton-based methods.

4.1 b jet identification efficiency

Measurements of the b jet identification efficiency in data, and the associated scale factors SFb =
εb

data/εb
MC to correct the efficiency in simulation, are performed in events enriched in b jets,

either based on a muon enriched multijet selection or on the dilepton selection as defined in
Section 3.

4.1.1 b jet identification efficiency from multijet events

During Run1, three different methods were used to measure the b jet identification efficiency,
based on a sample of jets enriched in heavy flavour content. This enrichment is achieved by
requiring a muon to be present within a cone ∆R < 0.4 around the jet axis and is referred to
as the muon-jet sample. The three methods using this muon-jet sample are the PtRel, Lifetime
tagger (LT) and System8 methods [24, 27].

To estimate the b jet identification efficiency, the PtRel and LT methods rely on a variable for
which the expected simulated distribution (template) is different for the various jet flavours.
The fraction of b jets is then estimated by fitting the data distribution of that variable to the
templates for the different jet flavours. The PtRel method uses the transverse momentum of
the muon relative to the jet axis, prel

T , as the discriminating variable and the b tagging efficiency
in data is measured as

εb =
Ntagged

b

(Nvetoed
b + Ntagged

b )
, (1)
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where Ntagged
b and Nvetoed

b are the estimated number of b jets from the fit in the subsample
of muon-jets that pass or fail the tagging requirement, respectively. In order to reduce the
light-flavour background, the presence of jet away from the first one (∆R > 1.5) (away-jet)
and passing the threshold JBP > 2.06 is required in the event. Examples for the fitted prel

T
distributions for jets with pT between 70 and 100 GeV are shown in Figure 9 for muon-jets and
for jets failing the CSVv2M requirement.
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Figure 9: Comparison of the prel
T distribution for the observed data with the sum of the fitted

b and non-b templates for muon-jets passing (left) and jets failing the CSVv2M requirement
(right). The distribution is shown for jets within a pT range of 70 to 100 GeV.

The LT method is similar to the PtRel method, but the fit is performed on the JP discriminator
distribution. An away-jet is required but without applying a tagging requirement. The method
is described in [27], but the treatment of the uncertainties has been improved. All shape sys-
tematic uncertainties are included in the fit as nuisance parameters and systematic correlations
among b , c and light-flavour jets are taken into account. As an illustration, Figure 10 shows
the fitted JP distributions for jets with a transverse momentum between 200 and 300 GeV before
and after applying the CSVv2M requirement.
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Figure 10: Comparison of the JP distribution for the observed data with the sum of the fit-
ted b and non-b templates for muon-jets (left) and for the subsample of those jets passing the
CSVv2M requirement (right). The distribution is shown for jets within a pT range of 200 to
300 GeV.

The System8 method uses the same away-jet tag requirement as the PtRel method and is based
on the usage of two weakly correlated b taggers and two samples containing muons within
jets. The first b tagger corresponds to the algorithm for which the efficiency has to be measured
on the muon-jet; a second weakly correlated b tagger criterion is the request of prel

T > 0.8 GeV
on the muon. The first sample consists of all those events with a muon-jet; the second sample is
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a subset where an away-jet is tagged. The correlations between the two b taggers and between
the two samples are estimated using simulated events. The system of eight equations reflect
the flavour contributions for each combination of sample and tagger taking into account the
unknown tagging efficiencies and unknown number of b and non-b jets. The method has not
changed with respect to the description in Ref. [27].

For the three methods, systematic uncertainties are taken into account. They correspond to
effects related to gluon splitting into a b quark pair, the b quark fragmentation function, the
choice of the b tagger operating point for the away jet. In case of the PtRel and System8 methods
also the muon kinematics induces a systematic effect. For the LT method, systematic uncertain-
ties also include the uncertainty on the fragmentation rate of a c quark to various D mesons, the
branching ratios for c hadrons to muons, the K0

S meson and Λ baryon fraction and the jet energy
scale. Also considered are sources of uncertainty related to the imperfect modeling of several
variables that are strongly correlated to the JP algorithm’s performance, such as the number of
selected tracks in a jet, muon-in-jet pT and the number of jets in the event. Sometimes it may
happen that a jet has no associated tracks passing the selection requirement and if this is the
case, the JP discriminator can not be calculated and no fit is performed for these jets. Therefore,
an additional uncertainty to reflect the fraction of these jets in the selected sample is included
for the measured scale factors. A last uncertainty is related to the away-tag requirement. This
uncertainty is estimated after applying the CSVv2M requirement on the away-tag jet instead
of no requirement at all. The PtRel and LT methods provide precise measurements on the full
jet-pT range from 30 to 670 GeV, while the sensitivity of the System8 method is limited to the
lower part of the spectrum (30 < pT < 140 GeV/c).

4.1.2 b jet identification efficiency from dilepton tt events

The b jet identification efficiency is measured using dilepton tt events. The dilepton tt events
are selected by requiring the presence of exactly two isolated leptons ` (electron or muon)
with opposite sign and with a dilepton invariant mass M`` larger than 12 GeV. Exactly two
jets are required in the final state. The contribution from Z + jets events is reduced by ap-
plying a veto around the Z boson mass when the two leptons have the same flavour, i.e.
(|M`` − MZ| > 10 GeV). In addition, for the events containing two same-flavour leptons, the
missing transverse momentum in the event should be larger than 30 GeV. The missing trans-
verse momentum is defined as the complement of the vectorial sum of the transverse momenta
of all the reconstructed PF objects and assumes pT balance in the transverse plane.

A first simple but robust method is a tag counting method (“TagCount”), which measures the
b jet identification efficiency by counting the fraction of events with 2 b-tagged jets within a
sample of events requiring exactly two selected jets with pT > 30 GeV and exactly one iso-
lated electron and one isolated muon. The number of b-tagged jets is shown in Figure 11 after
applying the CSVv2M criterion. The b tagging efficiency can be obtained from

εb =

√√√√F2btag − Fnon−bjet
2btag

f2b
(2)

where F2tag is the fraction of events with two b-tagged jets, Fnon−bjet
2btag is the fraction of events

with two b-tagged jets of which at least one is a non-b jet and f2b is the fraction of events with
two true b jets. A closure test was performed to demonstrate that the method provides an un-
biased estimate. In addition, since fractions of events are used, the approach does not depend
on the tt cross-section measurement and it is found to be less sensitive to experimental sources
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of systematics since most of these cancel. The method is however sensitive to the predicted
fraction of events with non-b jets Fnon−bjet

2btag . A conservative variation of 100% is used to estimate
the systematic uncertainty on the fraction of non-b jets and represents the leading uncertainty
on the final scale factor for the loose operating point of the b jet identification algorithms. The
uncertainties on the background estimation for the data-driven Z + jets background, as well
as on the background estimated from simulation, are conservatively taken to be 50%. It con-
stitutes the subleading source of uncertainty. Other sources of uncertainties are related to the
tt modelling uncertainties (factorisation and normalization scales), and to much lesser extent
also the jet energy scale uncertainty and the electron and muon identification and isolation ef-
ficiencies. As a closure test Figure 11 also shows the number of b-tagged jets after applying the
measured scale factors. The agreement clearly improves after applying the scale factors, thus
demonstrating that the method behaves as expected.
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Figure 11: Number of b-tagged jets for the CSVv2M b tagging requirement, for events with
exactly one electron, one muon and two jets. The distribution is shown before (left) and after
(right) applying the measured scale factors. Clearly the agreement is much better after applying
the measurement scale factors, demonstrating the method works well.

A second method based on the dilepton event selection is a “reweighting” technique aiming
to calibrate the full b tagging discriminator shape and first described in Ref. [28]. This cali-
bration technique (Reweight method) is designed to meet the needs of analyses in which the
distribution of the b tagging discriminator values is used instead of a requirement on one (or
more) of the b tagger operating points. Therefore, the distribution using simulated events has
to be corrected to match the one observed in data. A scale factor for both b and light-flavour
jets is derived as a function of the discriminator value and the jet kinematics, pT and η. An
iterative procedure is used based on a tag and probe method to measure the scale factor for
both b and light-flavour jets simultaneously. The scale factor for b jets is derived from events
passing the dilepton selection described earlier with exactly two jets and requiring a tag jet to
pass the medium operating point of the tagger for which the scale factor is being measured.
The scale factor for light-flavour jets is derived from a Z + jets enriched selection obtained by
requiring two leptons with the same flavour and an invariant mass close to that of the Z boson
(|M`` −MZ| < 10 GeV) and inverting the requirement on the missing transverse momentum.
Also in this case exactly two jets are required and a b veto is applied on the tag jet using the
loose operating point of the tagger for which the scale factor is being measured.

To measure the scale factor for b jets the contribution from non-b jets is subtracted using the
simulated events. Similary, when measuring the scale factor for light-flavour jets, the expected
contribution from b and c jets is subtracted. The scale factors are then extracted by comparing
the b tagging discriminator distribution observed in data to that obtained from the simulated
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events. The scale factor is determined separately for exclusive bins of b tagging discriminator
distribution, pT, and (in the case of the light-flavour jet scale factor) η of the jets. Since the
scale factors for light-flavour jets have an impact on the measured scale factors for the b jets, an
iterative procedure is applied. In the first iteration no scale factor is applied, while for the next
iteration the background is subtracted while using the scale factors obtained in the previous
iteration. The iterative procedure stops once the scale factors obtained in the current iteration
are stable with respect to the scale factors obtained in the previous iteration. This convergence
is achieved after three iterations. When estimating the scale factor for b jets and light-flavour
jets, the scale factor for c jets is set to unity with an uncertainty that is twice the one of the b scale
factor. Systematic uncertainties include the jet energy scale uncertainty, the sample purity, i.e.
the contamination of jets with a flavour complementary to the one for which the scale factor is
measured, for which a variation of 20% is assumed, the uncertainty on the scale factor for c jets
and the uncertainty due to the finite number of events in the simulation resulting in statistical
fluctuations. Figures 12 and 13 show an example of the distribution for the CSVv2 tagger and
the derived scale factors for jets with pT between 30 and 40 GeV in a b jet enriched and in a
non-b enriched topology, respectively.
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Figure 12: Distribution of the CSVv2 discriminator values for jets with pT between 30 and
40 GeV before the scale factors are applied in the tt dilepton enriched sample (left). The sim-
ulation is normalized to the number of entries for data. Measured scale factor for b jets as a
function of the CSVv2 discriminator value along with the interpolation (right).
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flavour jets as a function of the CSVv2 discriminator value along with the interpolation (right).

The scale factors obtained with the Reweight method have been validated in various control
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regions. One example is the validation in a control region for semileptonic tt events. The
flavour composition in this control region is very different from both the dilepton tt and Z +
jets topologies used to derive the scale factors, therefore providing a powerful cross-check.
Events are selected requiring an isolated electron or muon with pT above 30 GeV and |η| < 2.1,
exactly four jets with pT above 30 GeV, of which exactly two b-tagged according to the CSVv2M
criterion. The distribution of the CSVv2 discriminator values is shown in Figure 14 for all the
jets in the control region. The agreement between the observed data and simulation improves
significantly after applying the measured scale factors using the Reweight method and the
remaining fluctuations are covered by the systematic uncertainties.
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Figure 14: Distribution of the CSVv2 discriminator values for events with exactly four selected
jets in semileptonic tt events. Exactly two jets are required to pass the CSVv2M criterion. The
values of the discriminator are shown before (left) and after (right) applying the scale factors
derived with the Reweight method. Clearly the simulation describes the observed data better
after applying the scale factors. The green band around the data-to-simulation ratio includes
both statistic and systematic uncertainties with the latter including the uncertainty on the mea-
sured scale factors in case of the plot on the right.

4.1.3 Combination of the measurements for the b jet identification efficiency

Several methods have been described in the previous sections to measure the data-to-simulation
scale factors of the b tagging efficiency. In this section, a combination of the measurements per-
formed on the multijet events is presented for the b jet scale factors as a function of the jet
transverse momentum ranging from 30 GeV up to 670 GeV. Jets with a higher transverse mo-
mentum are included in the last bin.

The combination is based on a weighted average, taking into account the full covariance matrix
for the uncertainties, using the so-called BLUE method [29]. This technique was also used in
Run 1 [24, 27], but was extended to fit all the jet pT bins simultaneously [30], treating the bin-
to-bin correlations for the systematic uncertainties more correctly.

The PtRel, System8 and LT methods are applied on the same events. However, the requirement
on the away jet is different for each method. The fraction of events with b quarks in common
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between each pair of methods can be obtained from the simulation, and is used to estimate
the statistical correlations in the combination of results. Common systematic uncertainties are
treated as correlated between the three methods. Some of the systematic effects that induce a
large uncertainty are however uncorrelated.

Results of SFb measurements from the PtRel, System8 and LT methods for CSVv2M are com-
pared in the upper panel of Figure 15 as a function of the b jet pT. For each measured SFb, the
thick error bar corresponds to the statistical error and the narrow one to the overall statistical
plus systematic uncertainties. The combined value is displayed as a hatched area in both panels
with its overall uncertainty. In the lower panel the result of a fit function is superimposed. The
function used in the fit is SFb(pT) = α

1+βpT
1+γpT

, where α, β, γ are free parameters. The combined
statistical plus systematic uncertainties are centered around the fit result.
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Figure 15: (upper panel) Data-to-simulation scale factor of the b tagging efficiency for CSVv2M
as measured with the three methods in muon-jet events, with (thick error bar) statistical error
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value with its overall uncertainty is displayed as a hatched area. (lower panel) Same combined
SFb value with the result of a fit function superimposed (solid curve). The combined statistical
and systematic uncertainty is centered around the fit result (points with error bars). The last
bin includes the overflow.

The scale factors obtained by the combination are compared to the ones measured in tt events.
For this comparison, the combined scale factors measured in multijet events are averaged over
the observed pT spectrum of the b jets from tt decays. Results are shown in Figure 16 for the
CSVv2 and cMVAv2 b jet identification algorithms. For the Reweight method, a cumulative
scale factor for jets with pT above 30 GeV is extracted to allow a comparison.

4.2 Measurement of the misidentification probability for light-quark jets from
multijet events

The negative tag method [27] is applied to derive scale factors for light-flavour jets. The nega-
tive tag method is based on the definition of positive and negative taggers, which are identical
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Figure 16: Comparison between the combined scale factors obtained from the muon enriched
sample and the scale factors obtained in tt events. The scale factors measured in the muon
enriched sample are averaged over the observed pT spectrum of the b jets from tt decays. For
the Reweight method a cumulative scale factor for jets with pT above 30 GeV is extracted to
allow a comparison.
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to the default algorithms, except that only tracks with positive/negative impact parameter val-
ues or secondary vertices with positive/negative decay lengths are used. The discriminator
values for negative and positive taggers are expected to be symmetric for light-flavour jets,
since negative or positive impact parameter values or decay lengths for light-flavour jets are
mostly due to resolution effects in track reconstruction. We can therefore derive the misiden-
tification probability from the rate, ε−, of negative-tagged jets in an inclusive multijet sample.
A correction factor, Rlight, is evaluated from the simulation in order to correct for second-order
asymmetries in the negative and positive tag rates of light-flavour jets, and for the heavy-
flavour contribution to the negative tags: εmisid

data = ε−data · Rlight where Rlight = εmisid
MC /ε−MC. The

positive and negative b discriminator distributions are presented in Figure 17 for jets with
pT > 40 GeV. For convenience, the discriminator values of the negative taggers are shown
with a negative sign. Note that since cMVAv2 discriminator values range between −1 and 1, a
shift was introduced such that the positive cMVAv2 discriminator is defined between 0 and 2,
while the negative discriminator is shown with a negative sign and gets values between −2 to
0. The distribution obtained from simulation is normalised to the total number of jets in data.
The data agree with the simulation within 20%. Deviations are related to the modeling of the
heavy-flavour content by the generators and to nonidentical detector conditions in simulation
and observed data. Figure 18 shows a summary of the measured misidentification probability
and scale factor for the CSVv2M and cMVAv2M tagging requirements.
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Figure 17: Comparison of the discriminator distributions for negative (negative side of the dis-
tribution) and positive taggers (positive side) in data (dots) and simulation for light-flavour jets
(blue histogram, with a lighter colour for the discriminator values from negative taggers), c jets
(green histogram), and b jets (red histogram) for the (left) JP, (middle) CSVv2, (right) cMVAv2
algorithms. A jet-trigger pT threshold of 40 GeV is required for both data and simulation. The
simulation is normalised to the number of entries in the data. Underflow and overflow entries
are added to the first and last bins, respectively.

5 Identification of b jets in boosted topologies
“Boosted b tagging” aims to identify b quarks arising from boosted particles, such as the decay
of highly Lorentz-boosted top quarks via t→Wb, with the W boson decaying hadronically to
qq, or for instance boosted Higgs or Z bosons to a b quark pair. As a result of the boost of
the parent particle the decay products are collimated and subsequently merged into a single jet
after hadronization. These jets are typically reconstructed with a wider distance parameter R =
0.8 than “standard” jets. Jet substructure techniques can be used to resolve the substructure or
subjets corresponding to the hadronized partons insides these jets [27, 31–33]. When the decay



5.1 Validation of b jet identification observables in boosted topologies 21

 [GeV]
T

Jet p
200 400 600 800 1000

M
is

id
en

tif
ic

at
io

n 
pr

ob
ab

ili
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

CSVv2M

Data

Simulation

 (13 TeV, 25ns)-12.6 fb

CMS
Preliminary

 [GeV]
T

Jet p
200 400 600 800 1000

l
D

at
a/

S
im

ul
at

io
n 

S
F

0.4

0.6

0.8

1

1.2

1.4

1.6

CSVv2M

   lData / Simulation SF
 syst⊕ stat ±

 [GeV]
T

Jet p
200 400 600 800 1000

M
is

id
en

tif
ic

at
io

n 
pr

ob
ab

ili
ty

0

0.01

0.02

0.03

0.04

0.05

0.06
cMVAv2M

Data

Simulation

 (13 TeV, 25ns)-12.6 fb

CMS
Preliminary

 [GeV]
T

Jet p
200 400 600 800 1000

l
D

at
a/

S
im

ul
at

io
n 

S
F

0.4

0.6

0.8

1

1.2

1.4

1.6

cMVAv2M

   lData / Simulation SF
 syst⊕ stat ±

Figure 18: For the CSVv2M (on the left) and cMVAv2M (on the right) tagging requirement as a
function of the jet pT: (top) misidentification probability in data and simulation; (bottom) data-
to-simulation scale factor of the misidenfication probability. The solid curve is the result of a
fit to the observed data, the dashed curves represent the combined statistical and systematic
uncertainties on the measurements.

of boosted particles contain a b quark, b tagging the subjets provides an additional handle in
the boosted top quark or Higgs/Z boson identification, in order to distinguish them from other
jets from light-flavour partons. The concept of boosted b tagging was demonstrated in Run 1
CMS analyses [27].

5.1 Validation of b jet identification observables in boosted topologies

The natural choice of using events with Higgs or Z boson decays into b quark pairs cannot be
exploited due to limited statistics and the difficulty to select a pure sample. Therefore, QCD
multijet events containing gluon splitting to bb (GSP) are used as a substitute. A muon enriched
multijet sample is used to compare b tagging related observables in muon-tagged AK8 jets and
their subjets. Collision events are selected using single jet triggers with pT threshold of 400 GeV.
Only jets within the tracker acceptance |η| < 2.4 are selected. The soft drop algorithm [34] was
used to resolve the AK8 jets into substructures, henceforth called soft drop subjets. The AK8
jets are required to have the nsubjettiness parameters [35] τ1 and τ2 satisfy τ2/τ1 < 0.5 to be
consistent with an AK8 jet having two subjets. Offline a pT threshold of > 425 GeV was used
for the AK8 jets. Tracks associated to AK8 jets were selected as described in Section 3. A track
is associated to a subjet if the charged PF particle associated to the track is clustered in the
subjet. A comparison between data and simulation for a number of b tagging observables for
the AK8 jets and their subjets are shown in Figure 19 and 20. Underflow and overflow are
added to the first and last histogram bins, respectively. For the figures in this section, the total
number of entries in the simulation is normalized to the observed number of entries in data.
The simulation describes the observed data reasonably well, with variations up to 20%.

The identification of boosted hadronically decaying top quarks is performed using t tagging
algorithms [36]. Due to the large Lorentz boost, the decay products of boosted top quarks
are clustered inside one single large jet, called fat-jet. The t tagging algorithms rely on the
mass of the jet and on the clustering history of the jet constituents to decide whether a fat jet
is likely to come from a top quark decay. The performance of t tagging algorithms can be
significantly improved exploiting subjet b tagging to identify the b quark from the top quark
decay, as discussed in [27]. When applying b tagging to subjets in boosted top quark events, it
is necessary to confirm that the properties of the tracks and of the secondary vertices associated
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Figure 19: The impact parameter significance of the selected tracks (left), significance of the
secondary vertex flight distance (middle) and mass of the secondary vertex (right). The top
(bottom) panels show the distributions for (the soft drop subjets of) AK8 jets in the muon en-
riched sample. Underflow and overflow are added to the first and last bins, respectively. The
total number of entries in the simulation is normalized to the observed number of entries in
data.
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Figure 20: Discriminator values for the CSVv2 algorithm for AK8 jets (left) and soft drop subjets
thereof (right). Underflow and overflow are added to the first and last bins, respectively. The
total number of entries in the simulation is normalized to the observed number of entries in
data.
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to the subjets are described properly by the simulated events. A comparison between data and
simulation for a number of b tagging observables for subjets is shown in Figure 21. Events
are selected corresponding to the semileptonic tt decay. Exactly one isolated muon with pT >
50 GeV and |η| < 2.1 and at least one AK4 jet are required in the same hemisphere of the event,
using |φjet − φµ| < 2

3 π. The hadronic decay of the top quark is selected requiring a t-tagged
AK8 jet in the other hemisphere. This AK8 jet is required to have pT > 400 GeV, |η| < 2.4 and
fulfilling the t tagging criteria using the soft drop algorithm. The nsubjettiness parameters τ2
and τ3 should satisfy τ3/τ2 < 0.86 and the soft drop mass mSD should be consistent with the
top quark mass, with 110 < mSD < 210 GeV.
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Figure 21: The impact parameter significance of the selected tracks (upper left), the significance
of the secondary vertex flight distance (upper right), the mass of the secondary vertex (lower
left) and the discriminator values for the CSVv2 algorithm (lower right) for soft drop subjets
corresponding to the hadronic decay of the top quark selected using a t-tagged AK8 jet. Under-
flow and overflow are added to the first and last bins, respectively. The total number of entries
in the simulation is normalized to the observed number of entries in data.

5.2 b jet identification measurements for subjets

For b jets in boosted topologies, the b tagging efficiency scale factor for the CSVv2 algorithm
is measured for softdrop subjets of AK8 jets using the same selection requirements as in the
previous section. To increase the number of selected jets, AK8 jets are required with pT ex-
ceeding 200 GeV. Only subjets containing a muon are selected and the LT method presented in
Section 4.1 is applied to estimate the scale factors. An example for the resulting fitted JP distri-
bution is presented in Figure 22 for softdrop subjets with a transverse momentum between 180
and 240 GeV before and after applying the CSVv2M requirement.

The LT method is performed in bins of softdrop subjet transverse momentum for the CSVv2L
and CSVv2M requirements. The obtained scale factors for b subjets for the CSVv2L and CSVv2M
requirement are shown in Figure 23. The total uncertainty on the measured scale factors for
softdrop subjets includes the systematic uncertainties also considered for AK4 jets. An addi-
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Figure 22: Comparison of the JP distribution for the observed data with the sum of the fitted
b and non-b templates for softdrop subjets containing a muon (left) and for the subsample of
those jets passing the CSVv2M requirement (right). The distribution is shown for subjets within
a pT range of 180 to 240 GeV.

tional uncertainty is added to cover the variation in the scale factor central value when selecting
subjets without requiring the presence of a muon. On the same figure also the scale factors for
AK4 jets obtained with the LT method are shown for comparison. The scale factors are com-
patible in both cases, providing confidence in the measurement.
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Figure 23: Comparison for the CSVv2L (left) and CSVv2M (right) scale factors obtained with
the LT method for AK4 b jets and softdrop subjets of AK8 jets as a function of the (sub)jet trans-
verse momentum. The uncertainty shows the combined statistical and systematic uncertainty.
The scale factors derived for the two different jet types agree well.

5.3 Measurement of the misidenfication probability for subjets

For the scale factor measurement of the misidentification probability, the inclusive multijet
sample is used with a selection requirement on the fat-jet pruned mass of 50 < mpruned <
200 GeV. The same negative tag method is applied as for the AK4 jets. The measurement is
performed in bins of pseudorapidity for both the CSVv2L and CSVv2M requirement. As an
example Figure 24 shows the measured scale factor for the CSVv2M requirement as a function
of the subjet transverse momentum in an inclusive bin of the pseudorapidity. As a comparison
the equivalent AK4 jet scale factor is shown and the measurements agree well within their
uncertainty.
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tained with the negative tag method for AK4 jets and softdrop subjets of AK8 jets as a function
of the (sub)jet tranvserse momentum. Within the uncertainty, the scale factor measurements
are compatible.

6 Conclusions
Results for performance of b tagging algorithms with 2.6 fb−1 of proton-proton collision data
collected in 2015 at 13 TeV with 25 ns bunch spacing are presented. Data-to-simulation scale
factors for the b tagging efficiency for the CSVv2, cMVAv2 and JP b tagging algorithms are
measured in both muon enriched multijet events as well as in tt events. The scale factors for
the misidentification probability of light-flavour jets as b jets are performed using multijet and
Z + jets events. The b jet identification algorithms and variables are also studied in boosted
multijet and top quark pair events for AK8 jets and soft drop subjets. Scale factors are also
derived for softdrop subjets of AK8 jets for the CSVv2 algorithm.
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28 A Efficiency of b jet identification as a function of the jet transverse momentum

A Efficiency of b jet identification as a function of the jet trans-
verse momentum

To facilitate phenomenological studies relying on b jet identification, we provide b jet identifi-
cation efficiencies as a function of the jet transverse momentum for the three operating points
of the cMVAv2 algorithm. These efficiencies are shown in Figure 25 and obtained from a simu-
lated tt sample. The dependency of the efficiency as a function of the transverse momentum is
fitted by the polynomial functions given in Table 2.
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Figure 25: Efficiency to identify jets as originating from b quarks for the three different operat-
ing points (loose, medium and tight) of the cMVAv2 algorithm. The efficiencies are shown as a
function of the jet transverse momentum for jets with pT > 30 GeV for b jets (left), c jets (mid-
dle) and light jets (right). The last bin includes the overflow. The dependency of the efficiency
on the jet transverse momentum is fitted and the fitted function is shown. The contributions
of b and c jets from gluon splitting are not considered in these figures. The efficiencies are
obtained from simulated tt events.
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