Chapter 12

b and τ Tagging
12.1

τ tagging tools

Good τ lepton identification is very important for analyses at the LHC that involve searches
for Higgs bosons or evidence of SUSY. We describe a number of methods to identify hadronic
decays of τ leptons, so-called “τ jets,” based on τ -lepton and τ -jet properties such as lifetime, mass, small charged particle multiplicity, and the collimation and isolation of τ -decay
products. The optimal combination of these methods depends on the physics channel under consideration. In general, the primary requirement for τ -jet identification, which can be
augmented by other τ -tagging methods, is the isolation of a collimated group of charged
particles in the tracker. Further details about the τ -tagging methods and High-Level Trigger
strategy descibed here can be found in [286].
The performance of the τ -tagging methods has been evaluated using a sample of simulated
single τ jets with transverse momentum pτT jet > 30 GeV/c distributed uniformly in φ and
in pseudorapidity up to |η| = 2.2. This sample consists only of τ jets and does not contain any pp collision products coming from the underlying event. Low momentum τ jets
(pτT jet < 30 GeV/c) have not been considered. Dijet events generated by PYTHIA with p̂T
between 30 and 170 GeV/c (where p̂T is the parton pT in the 2 → 2 scattering process in
PYTHIA ) are used to obtain rejection factors against quark and gluon jets using the τ -tagging
methods. Two leading ET+
Monte Carlo simulated jets in the dijet sample separated in η-φ
space by a distance ∆R = (∆η)2 + (∆φ)2 >1.5 and with |η| < 2.1 are propagated through
the τ -identification criteria. The τ -tagging performance is evaluated as a function of the true
MC and the pseudorapidity of the jet. The true τ -jet transverse energy is
transverse energy ET
defined as the energy of the τ lepton decay products excluding the neutrino. The true energy
of the QCD jet is the energy of the Monte Carlo jet found using the cone algorithm (described
in Section 11.2) with a cone size 0.5. The cone algorithm uses all stable particles, excluding
neutrinos and muons, as input.

12.1.1

Tau properties relevant to τ -jet reconstruction and identification

The τ lepton decays hadronically 65% of the time, producing a τ jet. This is a jet-like cluster in the calorimeter containing a relatively small number of charged and neutral hadrons.
When the pT of the τ jet is large compared to the τ mass, these hadrons have relatively small
momentum in the plane transverse to the τ -jet axis. In 77% of hadronic τ decays, the τ jet
consists of only one charged hadron and a number of π 0 s (so-called “one-prong” decays).
These features mean that hadronic τ decays produce narrow jets in the calorimeter.
reco /E MC as a function of the reconstruction cone size for
Figure 12.1 shows the ratio r = ET
T
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reco is the transverse energy reconstructed in the calorimethe different bins of ETMC , where ET
ter with the iterative cone algorithm. The thresholds on calorimeter towers, which are inputs
to the jet finder, were set at ET = 0.5 GeV and E = 0.8 GeV. The values of r in Figure 12.1 are
normalized to unity at a cone size of 0.6. Figure 12.2 shows the transverse energy resolution
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T
MC . The values of r were normalized to unity at a cone size of 0.6.
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Figure 12.2: The transverse energy resolution of τ jet as a function of the reconstructed cone
MC .
size for the different bins of ET
a cone size of 0.4 for τ -jet reconstruction with the calorimeter was chosen since it contains a
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large fraction of the τ -jet energy (more than 98 %). A cone size smaller than 0.4 leads to a
degradation of the τ -jet energy resolution as can be seen in Figure 12.2. Figure 12.3 shows
the difference between the generated and reconstructed values of the τ -jet direction components, φ (left plot) and η (right plot), where the reconstructed jet direction is determined
using calorimeter information. These values are shown for 3 ranges of the generated τ -jet
energy. The charge of the τ lepton is positive. For jets with ET between 40 and 60 GeV, the
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Figure 12.3: The difference between the true and reconstructed values of the τ -jet direction
components, φ (left plot) and η (right plot), where the reconstructed jet direction is determined using calorimeter information. Three τ -jet energy ranges are shown which have been
determined using Monte Carlo truth information. All τ leptons used to make these plots
were positively charged.
4 T magnetic field leads to a systematic shift of ≈ 0.02 rad in the φ component of the reconstructed τ -jet direction. The shift is reduced for jets with higher ET . The resolution in η is
slightly worse than in φ and does not depend on ET between 40 and 250 GeV.
Identification of τ -jets requires matching the jet axis determined by the calorimeter with the
jet axis determined by charged particle tracking. Figure 12.4 shows the distance, ∆R, in
η-φ space, between the direction, at the primary vertex, of the leading pT track reconstructed
with the silicon tracker and the direction of the τ jet reconstructed with the calorimeter for 3
MC .
bins of the true τ -jet transverse energy ET
A cut of 3 GeV/c was applied to the pT of the leading track. Both “one-prong” and “threeprong” (decays to 3 charged particles) τ decays are included in the plot. The value of ∆R
MC considered.
does not exceed 0.1 for the range of ET
In the case of three-prong τ decays with 3 charged particles in the final state, the particles are
produced within a narrow cone. Figure 12.5 shows the maximum distance ∆R in η-φ space
between the leading pT charged particle and the other 2 charged particles in three-prong τ
MC .
decays, for 3 bins of the generated τ -jet transverse energy ET
The τ -lepton’s proper lifetime (cτ = 87.11 µm) and its mass (mτ = 1.78 GeV/c2 ) are used in
τ -jet tagging. To utilize the lifetime, either the track impact parameter or the decay vertex (for
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Figure 12.4: The distance ∆R in η-φ space between the leading pT track reconstructed with
the tracker and the direction of the τ jet reconstructed with the calorimeter for 3 bins of the
MC . A cut of 3 GeV/c was applied to the p of the leading
true τ -jet transverse energy ET
T
track. Both the one- and the three-prong τ decays are included.
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Figure 12.5: The maximum distance ∆R in η-φ space between the leading pT charged particle
and the other 2 charged particles in the three-prong τ decays for 3 bins of the true τ -jet
MC .
transverse energy ET
three-prong decays) may be used. An effective mass is formed using tracks and calorimeter
clusters.
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12.1.2
12.1.2.1

Methods for τ tagging and performance
ECAL isolation

Hadronic τ decays produce localized energy deposits in the electromagnetic calorimeter.
Several variables have been examined to quantify this feature and to make use of it for τ tagging and QCD jet rejection [287, 288]. The electromagnetic isolation parameter Pisol defined
as
#
#
Pisol =
ET −
ET
(12.1)
∆R<0.40

∆R<0.13

was found to provide the best efficiency for QCD-jet rejection. The sums run over transverse
energy deposits in the electromagnetic calorimeter, and ∆R is the distance in η-φ space from
cut are τ candidates.
the τ -jet axis. Jets with Pisol < Pisol

1.2

ε e.m.isol

ε e.m.isol

Figure 12.6 shows the τ jet identification efficiency of the ECAL isolation criterion, as a
MC (left plot) and |η MC | (right plot) for P cut = 5 GeV/c. The efficiency is shown
function of ET
isol
separately according to the different final states of the hadronic decays of the τ lepton. The
dominant mode with 1 charged pion and 1 π 0 is represented by the dashed line. Only a small
MC is observed over a large region of transverse energies from 30
() 5 %) variation with ET
to 300 GeV. The efficiency variation versus pseudorapidity for τ decays with π 0 ’s in the final
state follows the variation in the tracker material budget in front of the ECAL. This is due to
electrons and positrons from photon conversions in the tracker material, which contaminate
the ECAL isolation region. Figure 12.7 shows the efficiency of the electromagnetic isolation
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Figure 12.6: The efficiency of the ECAL isolation for τ jets as a function of ET
MC
cut
|η | (right plot) for Pisol = 5 GeV/c. The efficiency is shown separately for different final
states of hadronic decays of τ lepton.

criterion, for τ jets and QCD jets in different bins of true transverse energy when the value of
cut is varied. It can be concluded from Figure 12.7 that the ECAL isolation requirement can
Pisol
provide a rejection factor of ) 5 against high ET QCD jets (> 80 GeV), while maintaining a
τ jet efficiency of greater than 80 %.
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Figure 12.7: The efficiency of the electromagnetic isolation criterion, for τ jets and QCD jets
cut is varied.
in the different bins of the true transverse energy when the value of Pisol
An isolation requirement based on hadron calorimeter information results in worse performance. In addition, it introduces systematic uncertainties which are larger than those for the
ECAL isolation because the energy scale is not known as precisely.
12.1.2.2

Tracker Isolation

The principle of τ -jet identification using tracker isolation is shown in Figure 12.8. The
direction of the τ jet is defined by the axis of the calorimeter jet. Tracks above a threshold of
pm
T and inside the matching cone, of Rm , around the calorimeter jet direction are considered
in the search for signal tracks. The leading track (tr1 in Figure 12.8) is defined to be the track
with the highest pT . Any other tracks in the narrow signal cone RS around tr1 and with a
ltr (|z − z ltr | <
z-impact parameter ztr close to the z-impact parameter of the leading track ztr
tr
tr
ltr
∆ztr ) are assumed to come from the τ decay. Tracks with |ztr − ztr | < ∆ztr and transverse
momentum above a threshold of piT are then reconstructed inside a larger cone of size Ri . If
no tracks are found in the Ri cone, except for the ones which are already in the RS cone, the
isolation criterion is satisfied.
Figure 12.9 shows the tracker isolation efficiency for the τ jets (left plot) and QCD jets (right
plot) as a function of the isolation cone Ri for 2 values of the signal cone RS = 0.07 (full
symbols) and RS = 0.04 (open symbols). In order of decreasing efficiency, the symbols
MC bins of 130–150, 80–110, 50–70 and 30–50 GeV. The remaining tracker
correspond to ET
isolation parameters are: Rm = 0.1, piT = 1 GeV/c, ∆ztr =2 mm. The pT of the leading track
was required to be greater than 6 GeV/c. Tracks were reconstructed with the combinatorial
track finder algorithm, requiring at least 8 hits per track and a normalized χ2 <10. Jets
were reconstructed in the calorimeter with the iterative cone algorithm using a cone size
of 0.4. The reconstructed QCD jets should match the 2 leading ET Monte Carlo simulated
jets. The matching criterion requires that the distance between the reconstructed and the
Monte Carlo jet axis in the η-φ space is less than 0.2. It can be seen from Figure 12.9 that the
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Figure 12.8: Sketch of the basic principle of τ -jet identification using the tracker isolation.
tracker isolation selection can provide a rejection factor of more than 10 for QCD jets with
an efficiency of above 70% for selecting τ jets. The inefficiencies of each step of the tracker
isolation algorithm for selecting τ jets, are shown in Table 12.1. Data are given for τ jets in 2
MC ranges of, 30–50 and 130–150 GeV.
bins with ET
Table 12.1: The inefficiencies of each step in the tracker isolation algorithm for the τ jets in 2
MC , 30–50 and 130–150 GeV.
bins of ET
MC
ET
(GeV)
30-50
130-150

≥1 track
in cone 0.4
7.7%
4.8%

leading track with
pT > 6 GeV/c, Rm =0.1
10.2%
2.6%

isolation
RS =0.07
5.2%
1.0%

isolation
RS =0.04
14.2%
2.5%

τ jets consist mainly of one-prong or three-prong decays, with 1 or 3 charged particles in
the final state. The one-prong decays make up ) 77 % of all hadronic decay modes of the τ
lepton. The tracker isolation requirement is therefore naturally followed by a requirement for
there to be only 1 or 3 reconstructed tracks in the signal cone. Table 12.2 shows the efficiency
MC . The sizes of
of the track counting requirement for τ and QCD jets in different bins of ET
the isolation and the signal cones were Ri = 0.4 and RS = 0.07. It can be concluded that the
track counting criterion does not improve the suppression of QCD jet selection for events
which pass the tracker isolation criteria.
A number of tagging methods which can be applied following the isolation criteria are discussed in the following subsections. The events are preselected using the tracker isolation criteria with parameters similar to the ones used by the High Level trigger: Rm =0.1, RS = 0.07,
Ri = 0.4, piT = 1 GeV/c and ∆ztr = 2 mm. Either 1 or 3 tracks are required in the signal cone
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Figure 12.9: The tracker isolation efficiency for τ jets (left plot) and QCD jets (right plot) as
a function of the isolation cone Ri for 2 values of the signal cone RS =0.07 (full symbols) and
MC
RS =0.04 (open symbols). In order of decreasing efficiency the symbols correspond to ET
bins of 130–150, 80–110, 50–70 and 30–50 GeV. The remaining tracker isolation parameters
are: Rm =0.1, piT =1 GeV/c, ∆ztr =2 mm and the leading track pT > 6 GeV/c.

Table 12.2: The efficiency of the track counting requirement for τ and QCD jets in different
MC .
bins of ET
MC (GeV)
QCD jets; ET
1 track
3 tracks
1 or 3 tracks
MC (GeV)
τ jets; ET
1 track
3 tracks
1 or 3 tracks

30–50
63 %
7%
70 %
30–50
81 %
10 %
91 %

50–70
72 %
9%
81 %
50–70
77 %
16 %
93 %

80–110
69 %
9%
78 %
80–110
71 %
16 %
87 %

130–150
60 %
13 %
73 %
130–150
70 %
20 %
90 %
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and the pT of the leading track is required to be greater than 10 GeV/c. Jets are reconstructed
in the calorimeter with the iterative cone algorithm using cone size of 0.4. The reconstructed
QCD jets should match the two leading ET Monte Carlo jets as described above.
12.1.2.3

Tagging by impact parameter

This method is similar to the one used in b-jet tagging (Section 12.2.2): the jet must have
a minimum number of tracks with a significant impact parameter. Only τ jets with either
1 or 3 tracks in the signal cone are considered, since they have already passed the tracker
isolation and the track counting criteria described in the previous section. The use of an
impact parameter requirement to tag τ jets is not expected to be as selective as its equivalent
use in b-jet tagging. This is because the proper lifetime of τ s is 5 times shorter than that
of b hadrons and the charged particle multiplicity in hadronic τ decays is also lower than
in b-hadron decays. The τ -jet tagging performance for jets with 1 track in the signal cone
is presented. The performance for jets with 3 tracks in the signal cone was found to be
inefficient for QCD-jet rejection.
Tracks are reconstructed using the combinatorial track finder algorithm requiring at least 8
hits per track and a normalized χ2 <10. An upper cut of 300 µm on the transverse impact parameter was applied to reject QCD jets where fake tracks have large impact parameters. It is
predominantly fake tracks that satisfy the tracker isolation requirement and the requirement
to have only one track in the signal cone. This leads to a large tail in the impact parameter distribution. The fake tracks are built up from hits belonging to a number of different
charged particles. The fraction of QCD jets containing fake tracks increases with increasing jet ET and η. The optimization of the upper cut on the transverse impact parameter is
shown in Figure 12.10(left plot). It displays the efficiency for selecting τ and QCD jets in
MC when the upper cut on the transverse impact parameter is increased
different bins of ET
starting from 100 µm (highest efficiency point in each set) in steps of 100 µm. At 300 µm the
efficiency for selecting τ jets is greater than 95%.
Figure 12.10 (right plot) shows the performance of τ -jet tagging with the transverse impact
parameter requirement included. The efficiency for selecting τ and QCD jets is shown for
MC when the lower cut on the significance of the unsigned transverse
different bins of ET
impact parameter (the impact parameter divided by its uncertainty) is increased, starting
from 0, in steps of 1. An upper cut of 300 µm on the transverse impact parameter is also
applied and its efficiency is included. The rejection factor for QCD jets is larger at high ET
while the efficiency for selecting τ jets is almost independent of ET .
The performance of the τ -jet tagging algorithm using a 3D impact parameter is found to be
better than when using a 2D (transverse) impact parameter, assuming a 60 µm resolution on
the z coordinate of the primary vertex position in τ jet events. For QCD multi-jet events the z
coordinate of the primary vertex position was found using the pixel vertex finder algorithm.
MC when
Figure 12.11 shows the efficiency for selecting τ and QCD jets for different bins of ET
the lower cut on the significance of the unsigned 3D impact parameter is increased, starting
from 0, in steps of 1. An upper cut of 1 mm on the 3D impact parameter is also applied and
its efficiency is included.
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Figure 12.10: Left plot: the efficiency for selecting τ and QCD jets in different bins of ET
when the upper cut on transverse impact parameter is increased, starting from 100 µm (highest efficiency point in each set). in steps of 100 µm. Right plot: the efficiency for selecting τ
MC when the lower cut on the significance of the unsigned
and QCD jets in different bins of ET
transverse impact parameter is increased starting from 0 (highest efficiency point in each set)
in steps of 1. An upper cut 300 µm on the transverse impact parameter is also applied and
its efficiency is included.
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Figure 12.11: The efficiency for selecting τ and QCD jets for different bins of ET
lower cut on the significance of the unsigned 3D impact parameter is increased, starting from
0, in steps of 1. An upper cut of 1 mm on the unsigned 3D impact parameter is also applied
and its efficiency is included.

12.1.2.4

Tagging with flight path

The life-time of the τ lepton (cτ = 87.11 µm) allows reconstruction of the decay vertices of
three- and five-prong τ decays that are well separated from the signal primary vertex. The
τ tagging algorithm requires that the flight path between the signal primary vertex and the
decay vertex of τ lepton exceed some minimum length. Tracks used by the vertex fitter are
required to be in the signal cone. The performance of tagging with the flight path requirement was evaluated for three-prong τ decays when 3 reconstructed tracks are found in the
signal cone. Table 12.3 shows the fraction of τ jets with a certain number of the reconstructed
tracks in the signal cone for one- and three-prong τ decays. For three-prong τ decays the
Table 12.3: The fraction of τ leptons with the indicated numbers of the reconstructed tracks
in the signal cone for one- and three-prong τ decays
1-prong τ
3-prong τ

1 track
88.4 ± 0.3 %
8.6 ± 0.1 %

2 tracks
6.1 ± 0.1 %
16.1 ± 0.2 %

3 tracks
4.1 ± 0.1 %
63.2 ± 0.4 %

> 3 tracks
1.4 ± 0.1 %
12.1 ± 0.2 %

probability to reconstruct 3 tracks in the signal cone was found to be ) 63%.

Figure 12.12 (left plot) shows the reconstructed transverse flight path of the τ lepton for 2
MC <150 GeV and E MC = 150–420 GeV. The fake
intervals of the true transverse energy ET
T
secondary vertices reconstructed in the first and second barrel layers of the Pixel detector
are visible as bumps at ) 40 mm and 70 mm. The contamination of the fake vertices is
larger for more energetic τ jets where the 3 charged particles are more collimated. The 3
charged particles from the high ET τ jets can produce overlapping clusters at a pixel layer,
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thus leading to the reconstruction of 1 hit for all 3 tracks, and forcing the vertex fitter to
reconstruct the vertex position at the location of the pixel layer.
Figure 12.12 (right plot) shows the reconstructed transverse flight path for QCD jets genMC > 50 GeV were required to pass the
erated with p̂T = 80–120 GeV/c. The jets with ET
tracker isolation requirement and to have 3 reconstructed tracks in the signal cone. Fake vertices produce the bump at ) 40 mm in the first barrel pixel layer as well as the tail. The gray
histogram shows the contribution of c and b quark jets in the sample. The content of c and b
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Figure 12.12: The signed transverse flight path for τ (left) and QCD (right) jets passing the
tracker isolation requirement. Three reconstructed tracks are required to be in the signal
cone. See text for more details.
MC .
jets is presented in Table 12.4 for different intervals of ET
MC after the tracker
Table 12.4: The fraction of c and b jets in QCD jets in different bins of ET
isolation and the requirement to have 3 reconstructed tracks in the signal cone.

ET bin (GeV)
30-50
50-70
80-110
130-150

fraction of c jets (%)
13.1 ± 2.1
12.3 ± 1.6
13.4 ± 1.4
12.4 ± 1.9

fraction of b jets (%)
3.1 ± 1.0
4.4 ± 1.0
2.7 ± 0.6
3.0 ± 1.0

The z coordinate of the primary vertex position is found with the pixel vertex finder for QCD
multi-jet events. For single τ jets the Monte Carlo value of the primary vertex z coordinate
is smeared with the resolution of 60 µm. It is found that the error in the flight path is completely dominated by the secondary vertex resolution. The Kalman, Adaptive, and Principal
vertex fitters are used for secondary vertex reconstruction, and all are found to provide the
same accuracy as the secondary vertex position. In the plane transverse to the τ -jet axis, the
MC between 30
resolution is between 18 and 25 µm and is independent of the τ energy for ET
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and 300 GeV. The resolution in the direction parallel to the τ -jet axis (σlong ) depends on the
MC for
jet ET . The resolution σlong is shown in Figure 12.13 (left plot) as a function of the ET
3 vertex fitters. The resolution increases from 500 µm to ) 1.5 mm when the transverse τ -jet
energy is increased from 30 to 250 GeV.
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Figure 12.13: Left plot: the secondary vertex resolution in µm for τ jets in the direction
MC for Kalman, Adaptive, and Principal vertex
parallel to the τ -jet axis as a function of τ -jet ET
MC when the lower cutoff
fitters. Right plot: the efficiency for the τ and QCD jets in bins of ET
on the significance of the signed 3D flight path is varied. An upper cut of 35 mm on the
transverse flight path is used and its efficiency is included.
The performance of the τ -jet tagging algorithm with the flight path requirement applied was
evaluated using a Kalman vertex fitter. Figure 12.13 (right plot) shows the efficiency for
MC when the lower cutoff on the significance of the signed
the τ and QCD jets in bins of ET
3D flight path is varied. The upper cut of 35 mm on the transverse flight path was used to
suppress fake vertices; the efficiency of this cut is included in the performance plot. It can be
concluded that the rejection factor of 5 can be achieved with an efficiency of 70–80% for jets
between 30 and 150 GeV.
12.1.2.5

Tagging with mass

In this section we discuss the τ -tagging method with a constraint on the reconstructed mass
of the τ -jet, Mτ jet . After the tracker isolation criterion is applied, the τ -jet mass is reconstructed from the momentum of the tracks in the signal cone and the energy of the clusters
in the electromagnetic calorimeter that lie within a certain cone in the η-φ space around the
calorimeter jet axis.
Figure 12.14 shows scatter plots of the transverse energy of the electromagnetic clusters,
em , and the distance ∆R
ET
jet in the η-φ space between the calorimeter jet axis and the clusters
MC between 30 and 150 GeV. The
for the τ jets (left plot) and the QCD jets (right plot), with ET
em
∆Rjet and ET are strongly correlated, so a constraint on one variable will sculpt the other
one. The clusters are closer to the jet axis for the τ jets than for the QCD jets and for both τ
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Figure 12.14: Scatter plots of ∆Rjet , the distance in η-φ space between the calorimeter jet axis
em , for τ jets (left)
and the cluster, versus the transverse energy of electromagnetic clusters, ET
MC
and for QCD jets (right) for ET between 30 and 150 GeV.
em > 10 GeV are located mostly within the cone
and QCD jets the energetic clusters with ET
of size 0.1 around the calorimeter jet axis. A cone size of 0.4 was found to be optimal for τ
tagging performance. A smaller cone size reduces the ability to distinguish τ and QCD jets
with the constraint on the Mτ jet value.

The Mτ jet calculated from the tracks in the signal cone and the clusters with ∆Rjet < 0.4
reveals a very broad distribution with a long tail, as shown in Figure 12.15 (dashed line).
This tail is due to double counting, when the clusters in the ECAL produced by the charged
particles are included in the Mτ jet calculation. These clusters are rejected by track-cluster
matching analysis, in which the cluster used for the mass calculation must be separated from
the track impact point on the ECAL surface by the distance ∆Rtrack >0.08 m. As expected,
this constraint improves the distribution, as shown by the solid line in Figure 12.15. The
large peak at zero in Mτ jet is due to the single track events with no ECAL clusters satisfying
the constraints on ∆Rjet and ∆Rtrack .
MC bins of τ and QCD jets are shown in Figures 12.16
Distributions of Mτ jet for different ET
and 12.17 where the τ jets are represented by a solid line and the QCD jets by a dashed line.
The selection efficiency of the cut Mτ jet < 2.5 GeV/c2 is presented in Table 12.5 for τ and
MC . The efficiency for the τ jets is almost independent
QCD jets in different intervals of ET
of the jet ET , while there is very strong dependence for the QCD jets: the higher jet ET the
greater the jet rejection.

12.1.2.6

Rejection of electrons

An electron which originates from the primary signal vertex will satisfy all of the τ tagging criteria described above except for the impact parameter tagging criteria. To suppress
the electron-τ -jet misidentification rate in offline analysis, we require that some minimum
hadronic energy should be found in the HCAL. Two methods were evaluated and found to
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Figure 12.15: The Mτ jet distribution for τ jets when all clusters with ∆Rjet < 0.4 are taken
(dashed line) and when clusters not matched with tracks (∆Rtrack >0.08 m) are used (solid
line).
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Figure 12.16: The Mτ jet distributions for τ jets (solid line) and QCD jets (dashed line) in the
MC bins of 30–50 GeV (left plot) and 50–70 GeV (right plot).
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Figure 12.17: The Mτ jet distributions for τ jets (solid line) and QCD jets (dashed line) in the
MC bins of 80–110 GeV (left plot) and 130–150 GeV (right plot).
ET

Table 12.5: The selection efficiency of the cut Mτ
MC .
different intervals of ET
MC bins (GeV)
ET
Eff. for τ jets, %
Eff. for QCD jets, %

30–50
86.32
33.67

jet

50–70
82.27
19.16

< 2.5 GeV/c2 for τ and QCD jets in
80–110
83.02
6.05

130–150
80.76
2.47
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provide similar performance. In the first method, electron rejection is achieved by using a
lower cutoff on the transverse energy of the hottest (maximum ET ) HCAL tower belonging
to the reconstructed jet. In the second method the lower cutoff is applied to the value of
hadr /pltr , where E hadr is the transverse energy of the τ jet measured in the HCAL only and
ET
T
T
ltr
pT is the transverse momentum of the leading track measured in the tracker. The performance of the first method is presented below.

w / 1 GeV

Figure 12.18 shows the transverse energy of the hottest HCAL tower belonging to the reconstructed jet for an electron of pT = 35 GeV/c reconstructed as a jet (solid line) and τ jets in
2 ranges of the true τ -jet transverse energy, 40–60 GeV (dashed line) and 100–140 GeV (dotted line). The cut on the measured transverse momentum of the leading track in the τ jet,
pltr
T > 10 GeV/c, was applied. The histograms in Figure 12.18 are normalized to unity, thus
showing the probability distribution per 1 GeV bin. Table 12.6 shows the efficiency of the

1

b
solid: electron, pT = 35 GeV

-1

10

MC

dashed: τ jet, ET = 40-60 GeV
MC

dotted: τ jet, ET = 100-140 GeV
pltr
T >10 GeV/c

10-2

10-3
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80

100 120 140

ET of hottest HCAL tower

Figure 12.18: The transverse energy of the hottest (maximal ET ) HCAL tower belonging to
the reconstructed jet. Solid line—electron of pT = 35 GeV/c reconstructed as a jet. Dashed
(dotted) line—τ jet in the range true τ -jet transverse energy of 40–60 GeV (100–140 GeV). A
cut on the measured transverse momentum of the leading track in τ jet, pltr
T >10 GeV/c, was
applied. All histograms are normalized to unit area.
cut on the transverse energy of the hottest HCAL tower belonging to the jet for an electron
of pT =35 GeV/c reconstructed as a jet and the τ jet in 2 ranges of the true transverse energy
of the τ jet.
Muon-τ jet misidentification is not considered, since average energy losses of the muon in
the calorimeter are of order of a few GeV, therefore well below the lowest threshold on the
ET of τ jet used in the physics analyses (15–30 GeV).

12.1.3

High Level Trigger

ECAL and tracker isolation requirements are used in the High Level Trigger for τ -jet identification. The performance of τ tagging in the HLT was evaluated for the most difficult
case of triggering on the decay of the MSSM neutral Higgs boson into 2 τ leptons when
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Table 12.6: Efficiency of the cut on the transverse energy of the hottest HCAL tower (maximal
ET ) belonging to the jet for the electron of pT = 35 GeV/c reconstructed as a jet and τ jet in 2
ranges of the true transverse energy of the τ jet and different cuts on transverse momentum
of the leading track (pltr
T ) in τ jet.
cut

electron

>1 GeV
>2 GeV

0.08
0.03

τ jet ET 40–60 GeV
pltr
>
10 GeV pltr
T
T > 25 GeV
0.936
0.971
0.854
0.917

τ jet ET 100–140 GeV
pltr
>
10 GeV pltr
T
T > 25 GeV
0.977
0.991
0.942
0.969

both τ ’s decay hadronically, thus producing 2 τ jets in the final state. In the High Level
Trigger the double τ -jet identification is needed to suppress the rate from single or double
Level-1 Tau trigger [287]. Table 12.7 shows the QCD multi-jet background rate in kHz at
L=2×1033 s−1 cm−2 for the Level-1 single, double, and single or double Tau triggers with the
single (double) trigger threshold 93 (66) GeV optimized in [8, 289]. The rate is shown for different intervals of generated QCD background transverse momentum (p̂T bins) between 30
and 300 GeV/c. The 3 p̂T bins in the interval between 50 and 170 GeV/c give the dominant
(> 90 %) contribution to the rate. Therefore these 3 bins are used to evaluate the rejection
factor obtained in the HLT with the double τ -jet tagging. The signal efficiency of the HLT
selection was evaluated for 2 masses of the MSSM neutral Higgs boson, 200 and 500 GeV/c2 ,
produced in association with a bb̄ quark pair.
Table 12.7: The QCD multi-jet background rate in kHz at L=2×1033 s−1 cm−2 for the Level-1
single, double, and single or double Tau triggers with single (double) trigger threshold 93
(66) GeV. The rate is shown for different intervals of generated QCD background transverse
momentum (p̂T bins).
p̂T (GeV/c)
30-50
50-80
80-120
120-170
170-230
230-300
total rate

cross section (fb)
1.56 × 1011
2.09 × 1010
2.94 × 109
5.00 × 108
1.01 × 108
2.39 × 108

single Tau
0.04
0.59
1.32
0.46
0.10
0.02
2.53

Rate (kHz)
double Tau single or double Tau
0.08
0.12
0.70
1.19
0.75
1.65
0.16
0.48
0.03
0.10
0.007
0.021
1.73
3.56

In the High Level Trigger the 2 jets are reconstructed with the calorimeter in regions given
by the first and the second Level-1 Tau jets. If the second Level-1 Tau jet does not exist in
the Global Level-1 calorimeter trigger output, the jet is reconstructed in the region of the first
Level-1 Central jet. For signal events the 2 jets selected in this way have good purity, 97 %
for the first and 82 % for the second jet; moreover the purity does not depend on the Higgs
boson mass between 200 and 800 GeV/c2 .
The next step in the HLT selection is the τ tagging of these 2 jets. Two different approaches
are investigated:
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• ECAL isolation, followed by tracker isolation with the tracks reconstructed using
only the pixel detector.
• Tracker isolation with regional track reconstruction using both pixel and silicon
strip tracker layers.
The first approach is fast and gives good performance as far as the isolation algorithm is
concerned. It is therefore the preferred approach for decays with 2 taus in the final state (e.g.
A/H → τ τ ) where the isolation is sufficient to reach the required background rejection factor.
The second approach is slower but gives a much more accurate estimate of the momenta of
the tracks. It is therefore useful in channels like charged Higgs boson decay to a τ lepton and
neutrino. The HLT selection of events with high missing ET must be complemented by the τ
tracker isolation and a tight cut on the momentum of the leading pT track in the signal cone
[8].
The other tagging methods previously discussed (track counting, impact parameter, flight
path, invariant mass) are not used at the High Level trigger since the isolation alone and the
cut on the pT of the leading track in the signal cone proved capable of rejecting the QCD
background to an acceptable level.
More details on the logic of the trigger system can be found in [8, 287, 290, 291].
12.1.3.1

The τ selection based on ECAL and pixel isolation

The ECAL plus pixel-track isolation in the High Level Trigger will be referred to as the
Calo+Pxl Tau trigger. In this approach, the Level-1 rate is first suppressed by a factor of
) 3 by applying the ECAL isolation to the first jet only. Figure 12.19 shows the efficiency
of the ECAL isolation for signal and QCD multi-jet background as a function of the ECAL
cut . The efficiency is shown for events which pass the Level-1 sinisolation parameter cut Pisol
cut = 5 GeV/c. The
gle or double Tau trigger. A rejection factor of 3 can be achieved with Pisol
remaining background rate is suppressed by the tracker isolation requirement, using only
the information from the Pixel detector. The isolation is applied to both jets.
With 3 pixel hits one can reconstruct tracks using the pixel detector only; such tracks are
called pixel-tracks. The algorithm used to find tracks was explained in detail in [292], here
only the most important details will be given. Pixel hit pairs from the first 2 layers (barrel+barrel or barrel+endcap) are matched in r-φ and z-r to establish track candidates. The
cuts are optimized for a minimum track pT of 1 GeV/c. Valid pixel pairs are matched with a
third pixel hit forming pixel-tracks. The momentum of the pixel-tracks is then reconstructed
by making use of those 3 pixel hits without a primary vertex constraint. The number of fake
pixel-tracks in the isolation cone was found to be very low (3-4%).
Using pixel-tracks, a list of primary vertices is formed at z values where several tracks cross
the z axis. Only primary vertices with at least 3 valid tracks are kept and the position of each
vertex is estimated as the mean value of the z impact parameters of all tracks assigned to it
[292].
Pixel-tracks are then used by the isolation algorithm which was described in Section 12.1.2.2.
The leading pT track found in the cone RM = 0.1 around the calorimeter jet axis must have a
transverse momentum pLT
T higher than 3 GeV/c. The leading track from the first jet defines
the primary vertex. This selection is very pure, corresponding to the position of the true
Monte Carlo vertex in 99% of all cases. All tracks used for the jet tagging must be associated
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Figure 12.19: The efficiency of the ECAL isolation in the High Level Trigger for the signal and
cut on the ECAL isolation parameter.
the QCD multi-jet background as a function of the cut Pisol
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Figure 12.20: Efficiency of Calo+Pxl trigger applied to the first jet (left plot) and to both jets
(right plot) for signal events versus efficiency for QCD multi-jet events. Two Higgs boson
masses of MH =200 and 500 GeV/c2 are shown. The isolation cone is varied from 0.2 to 0.6 in
steps of 0.05; the signal cone is 0.07; the matching cone is 0.1; and the pT of the leading tracks
must exceed 3 GeV/c.
with this vertex. In addition all tracks considered in the selection of the second jet must also
be associated with the same primary vertex that was used for the first jet. Therefore tracks
from other vertices are simply ignored.
The signal cone RS was set to 0.07 and the isolation cone Ri was varied as a free parameter
to adjust the trigger rate. Figure 12.20 shows the performance of the Calo+Pxl trigger. The
selection efficiency plotted on both axes is defined relative to the events that passed the
Level-1 single or double Tau trigger. Figure 12.20 (left plot) shows the performance for
the first jet and (right plot) the performance of the double jet tagging. The different points
correspond to different sizes of the isolation cone Ri which varies between 0.2 and 0.6. The
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Figure 12.21: Efficiency of Trk Tau trigger applied to the first jet (left plot) and to both jets
(right plot) for signal events versus efficiency for QCD multi-jet background. Two masses of
the Higgs boson, MH = 200 and 500 GeV/c2 , are considered. The isolation cone is increased
from 0.2 to 0.45 in steps of 0.05, the signal cone is 0.07, the matching cone is 0.1, and the pT
of the leading tracks must exceed 6 GeV/c.
required suppression of the QCD multi-jet background of about 10−3 can be achieved with
the Ri between 0.45 and 0.50, with the signal efficiency being 0.30–0.33.
A similar study was performed previously [8], but with somewhat different conditions. In
particular, that study used a) a simpler multiple interaction model in PYTHIA; b) a different
detector simulation model with smaller electronic noise in the HCAL; c) a different strategy
to search for the second τ -jet candidate after Level-1 trigger; and d) preselection cuts at the
generator level for the signal events. Allowing for some differences, the comparisons are
satisfactory. For a Higgs boson of MH = 500 GeV/c2 , for instance, the efficiency for the first
tau jet was 0.68 in a previous study [8] as compared to 0.67 obtained here for the same value
of Ri = 0.35.
12.1.3.2

The τ selection based on silicon tracker isolation

The algorithm described in this paragraph will be referred to as the ”Trk Tau” trigger. Due
to time limitations in the HLT it is not possible to perform a full tracker reconstruction of the
whole event right after the Level-1 Tau trigger. It is possible, however, to read and reconstruct
a selected part of the tracker data. The Trk Tau trigger only reconstructs those tracks confined
to the restricted regions of the interest (“regional tracking”), defined by the cone around the
calorimeter jet direction. The primary signal vertex needed in the Trk Tau trigger is obtained
using only the pixel detector in order to ensure fast reconstruction. Once the signal vertex
is found, the regional track reconstruction begins. The tracker isolation algorithm is then
applied using tracks with a z-impact parameter close to the z position of the signal vertex.
Trk Tau trigger performance.
Figure 12.21 shows the Trk Tau trigger performance in terms of the signal vs background
efficiency for the events passing the Level-1 single or double Tau trigger. The left plot shows
the efficiency for the first jet, while the right plot shows the double jet tagging efficiency. The
different points correspond to the different size of the isolation cone Ri as it is increased from
0.2 to 0.45 in steps of 0.05. The matching cone is set to 0.1, the signal cone is 0.07. The leading
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Figure 12.22: Efficiency of Trk Tau trigger applied to the first jet (left plot) and to the both
jets (right plot) for signal events versus efficiency for QCD multi-jet background, using DAQ
TDR preselections for the signal. Two masses of the Higgs boson, MH =200 and 500 GeV/c2 ,
are considered. The isolation cone is varied from 0.2 to 0.45, the signal cone is 0.07, the
matching cone is 0.1 and the pT of the leading tracks must exceed 6 GeV/c. The DAQ TDR
results [8] are also presented in the plots.
3
track momentum pLT
T must exceed 6 GeV/c. The rejection factor of ) 10 against the QCD
multi-jet background can be achieved with Ri around 0.40.

Comparison with DAQ TDR
The main differences between the DAQ TDR [8] and new studies are mentioned in section 12.1.3.1. Another source of difference is a new implementation of regional seeding and
the primary vertex reconstruction algorithm. In order to compare with the DAQ TDR results [8], the same preselections as in DAQ TDR at the generation level for the signal events
H/A → τ τ → jet jet were applied: pτT jet > 45 GeV/c and |η τ jet | <2.4.

Figure 12.22 compares the Trk Tau trigger performance obtained at the present time and the
DAQ TDR studies [8]. The left plot shows the efficiency for the first jet, while the right plot
shows the double jet tagging efficiency. The different points correspond to different sizes of
the isolation cone Ri varied between 0.2 and 0.45 in steps of 0.05. The efficiency for a Higgs
boson with a mass 200 GeV/c2 is in good agreement with the DAQ TDR results, while for
a mass of 500 GeV/c2 it is ) 5 % lower. In the case of the double jet tagging, this can be
explained, in particular, by ) 8% lower purity of the second jet in the present study. The
rejection factor for QCD multi-jet events is compatible, within less than 1.5σ, with the old
results. The disagreement with the leftmost point (Ri =0.45) is due to the small size of the
track reconstruction cone used in the DAQ TDR.

12.1.4

Calibration and tagging efficiency

12.1.4.1 Tau jet energy scale and calibration with calorimeter
The τ jet energy measurement with the calorimeter requires smaller energy corrections than
“normal” QCD jets. The reasons are that, first, the average transverse momentum of the
charged hadrons is higher, and second, the fraction of the electromagnetic energy in the τ jet
reco /E MC ,
brought by π 0 s is larger. Figure 12.23 shows the τ -jet energy scale, the ratio r = ET
T
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MC and τ -jet pseudorapidity for different final states of hadronic decays
as a function of the ET
of τ lepton. Tau jets were reconstructed by the iterative cone algorithm with a cone size of 0.4.
The thresholds on the calorimeter towers were set to ET = 0.5 GeV and E = 0.8 GeV. One can
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T
ity (right) for different final states of hadronic decays of τ lepton.

see that the τ jet formed by the 3 charged pions has the lowest response in the calorimeter
in comparison to the jet containing only 1 charged and 1 or 2 neutral pions for the same
MC . The drop in the response at the pseudorapidity ) 1.4 is due to the instrumentation
ET
gap between the barrel and the endcap calorimeters.
MC and
The energy correction function was obtained from the parameterization of the ET
reco /E MC . Figure 12.24 shows the E reco /E MC ratio
|η MC | dependence of the ratio r = ET
T
T
T
before and after the energy corrections were applied. The τ -jet transverse energy resolution
after energy corrections can be parameterized with formula: σ(ET )/ET = a/ET ⊕ b, where
a = 0.883 GeV and b = 0.058 for τ jets with ET between 30 and 300 GeV and pseudorapidity
less than 2.2.

The γ-plus-jet events where the jet passes the τ -identification criteria and thus becomes the
“tau-like” jet can be used to setup the initial τ -jet energy scale from the real data. In the
reco /E MC
following we present the preliminary results. Figure 12.25 shows the ratio r = ET
T
for the unpreselected QCD jets (dashed-dotted line) , “tau-like” QCD jets (dashed line) and
the real τ jets (solid line). Both the QCD and the τ jets were reconstructed in the calorimeter
with a cone size of 0.4. The same cone size was used to evaluate the true transverse energy
MC of the Monte Carlo QCD jets. The τ -jet identification includes the ECAL and the tracker
ET
cut = 5 GeV/c, R = 0.4, and R = 0.07. The 1 or 3 tracks
isolation with the parameters Pisol
i
S
were required to be in the signal cone and a cut pT > 10 GeV/c on the momentum of the
leading track was applied. One can see that “tau-like” QCD jets produce a higher calorimeter
response in comparison to the non-preselected QCD jets and it is only 5–10% smaller than
the response of the real τ jets. More studies are needed to understand the sources of the
remaining difference and the calibration uncertainties.
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detailed explanation can be found in the text.

Another method to evaluate the τ -jet energy scale with the data is to use Z → τ τ → 5 + jet
events and reconstruct the Z mass peak. This method, however has 2 disadvantages: the
background contamination and the uncertainty of the missing ET measurement.

12.2. b-tagging tools

12.1.4.2
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Measurement of jet → τ misidentification from the data

The measurement of the jet → τ misidentification rate can be determined with the γ-plus-jet
events used for the calorimeter calibration. About 105 such events are expected in a 10 fb−1
γ
γ
γ
data sample for each ET
bin of size 0.1×ET
, with |η jet | < 3 and ET
in the interval between
30 and 300 GeV (see Section 11.6.3). The mistagging rate can then be equated to the fraction
of events in which the jet passed the τ -jet identification criteria. Taking into account the
jet rejection factor with, for example, the tracker isolation and the mass tagging (evaluated
from Figure 12.9 (right plot) for Ri = 0.4 and RS = 0.04, and using Table 12.5) one would
expect 4-10% uncertainty in the estimated mistag rate per energy bin in the jet ET interval of
30-150 GeV with a 10 fb−1 data sample.
12.1.4.3

Measurement of τ tagging efficiency from the data

The τ -tagging efficiency can be evaluated (and compared with the Monte Carlo simulation)
from the ratio of Z → τ τ → µ + jet and Z → µµ events selected by the single muon trigger
stream. It assumes that the reconstruction efficiency of the second muon in the Z → µµ
events is known. The preliminary estimates were obtained based on the search for MSSM
H/A → τ τ → µ+jet channel described in [293]. The Z → τ τ → µ+jet event selections are the
same as used in [293], but without the b tagging and the jet veto. The systematic uncertainty
miss ),
related to the selection cuts which use the calorimeter information: cuts on mT (5, ET
τ jet
ET
, and ET of reconstructed neutrinos were taken into account, as well as the uncertainty
of the background evaluation.
With a 30 fb−1 data sample the total uncertainty of the τ -tagging efficiency is expected to be
between 4 and 5% .
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12.2.1

General features

Many physics channels such as events containing top quarks, Higgs bosons, or Supersymmetric particles, produce b jets in the final state which need to be distinguished from more
copious backgrounds containing only light flavoured jets. The top quark, for example, decays almost exclusively into a W boson and a b-quark, and similarly, for a low mass Standard
Model Higgs boson (mH ≤ 135 GeV/c2 ) the dominant decay is to a pair of b quarks, H → bb.

Inclusive tagging of b jets, as opposed to lighter flavour jets, mainly relies upon relatively
distinct properties of b-hadrons such as large proper lifetime (τ ≈ 1.5 ps, cτ ≈ 450 µm), large
mass, decays to final states with high charged track multiplicities (on average 5 charged
tracks), relatively large semileptonic branching ratios (in about 20% of the cases, b hadrons
decay into muons or electrons), and a hard fragmentation function.
This chapter describes the algorithms currently available in CMS for b-tagging. The performance of the algorithms is evaluated in terms of b-tagging efficiency versus background
rejection for various simulated data samples. If not explicitly stated otherwise, studies are
done for a complete and perfectly aligned detector. Effects of an imperfectly aligned detector
are discussed in Section 12.2.7.
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Algorithms for b tagging can be applied both offline (i.e. for an end-user analysis) and at the
level of the High-Level Trigger (HLT) [8]. In the latter case, CPU execution time is a critical
issue and so fully reconstructed input objects cannot always be used.
12.2.1.1

Reconstructed objects used as input

The b-tagging algorithms rely upon the reconstruction of lower level physics objects. At the
LHC, b-tagging typically will be applied to jets and so accurate jet reconstruction algorithms
are necessary. The jet direction is typically taken to approximate the original flight path of
the b-hadron, although more sophisticated inputs can be used in some algorithms to improve
upon the b-hadron direction resolution. The jet reconstruction algorithms available in CMS
are described in Chapter 11. For the studies described in this section, an iterative cone algorithm with a cone size of 0.5 has been used. A jet energy calibration with correction factors
obtained from the Monte Carlo simulation has been applied.
Most of the b-hadron properties used for b-tagging are exploited using charged particle tracks
because only tracking detectors offer the spatial resolution needed to detect, for example, the
significant decay length of b-hadrons. Efficient track reconstruction, and in particular precise
spatial reconstruction close to the interaction point, is thus the key ingredient for almost
all b-tagging algorithms. Track finding is performed using the Kalman filter technique that
is described in Section 6.4. The following track selection cuts are common to all b-tagging
algorithms described here (algorithm specific cuts are listed in the corresponding sections):
• At least 8 reconstructed hits in total (pixel and silicon strip detectors).
• At least 2 reconstructed hits in the pixel detectors.
• Transverse momentum pT > 1 GeV/c.

• χ2 /ndf of the track fit < 10.

• Transverse impact parameter with respect to the reconstructed primary vertex <
2 mm to reject charged particle tracks having their origin from sources showing
much larger displacement from the primary vertex (e.g. V 0 decays, photon conversions and nuclear interactions in the beampipe or the first layers of the pixel
detector). To first order, the impact parameter is invariant under boosts of the
b-hadron.
For b tagging, the track measurement precision close to the interaction point as given by
the impact parameter resolution what is most relevant. The track impact parameter resolution for charged particle tracks is shown in Figure 6.16. For b tagging, a physics motivated
lifetime-based definition of the sign of track impact parameters is used: the impact parameter
is considered positive if the track is reconstructed to originate downstream from the primary
vertex with respect to the jet direction, negative
otherwise. The association of tracks to jets
+
2
is performed via a cone based ∆R = ∆φ + ∆η 2 distance criterion (with ∆R(jet-track)
between 0.3 and 0.4 as a typical cut).
To measure a flight path, or to detect displaced tracks which do not have their origin at
the primary event vertex, the precise reconstruction of the coordinates of the primary event
vertex is crucial. The b-tagging algorithms described later in this section use the primary
event vertex reconstructed globally in the event (Sections 6.5.3 and 6.5.4). The resolution
depends on the event topology (e.g. the number of charged particles at the primary vertex)
and is typically between 10–40 µm in the transverse plane and 15–50 µm in the z-direction.
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Details can be found in Sections 6.5.3.3 and 6.5.4.4.
12.2.1.2

Definitions

The efficiency 0q to tag a certain flavour of jet as a b jet (b-tagging efficiency for b jets, misidentification or “mistag” efficiency for non-b jets) is defined as:
0q =

Number of jets of flavour q tagged as b
.
Number of jets of flavour q

(12.2)

In the simulation studies reported here, the true flavour of a reconstructed jet has been determined by analyzing the parton content in a cone around the jet direction, where the assignment of a parton flavour to the jet follows a physics-based definition. A reconstructed jet is
matched to the initial parton from the primary process (e.g. in QCD jet events these initial
partons are the ones produced in the hard interaction, in tt events the initial partons are the
quarks from the top decays and hadronic W decays) if it is within a cone of radius ∆R < 0.3.
Gluon jets and quark jets with b- or c-quarks from gluon splitting among their shower products thus get the flavour of the gluon or quark. To ensure an unambiguous assignment, jets
are rejected if more than one initial parton fulfills this requirement.
One can also follow an “algorithmic” definition analysing the final state partons after the
shower evolution and assigning the parton flavour that most likely determines the structure
of a jet. Here, a jet originating from a gluon that has split into a bb pair would get the flavour
of the b-quark assigned, because from the algorithm point of view the jet looks in many
aspects as a genuine b-jet. The main difference in these definitions is for gluon jets, where the
non-negligible splitting rates into bb and cc pairs impose a serious limitation for b-tagging
(depending on the energy of the gluon, these splitting rates are typically at the level of a few
percent).
For these studies, simulated samples of QCD jets have been used. Jets in these samples cover
a wide range in transverse momentum (from about 30 GeV/c to 200 GeV/c) and the full
geometrical acceptance of the tracking detector in pseudorapidity (|η| < 2.4). Semileptonic
tt events have also been studied.
The b-tagging performance for specific physics channels, including effects such as overlapping jets in dense hadronic environments, is presented in detail for several benchmark
physics analyses in Volume 2 of this document.

12.2.2

Track impact parameter based tags

The track impact parameters of charged particles as measured in the tracking detector provide a powerful means to determine whether a track originates from the primary interaction
vertex or from the decay of a particle that has travelled a significant distance from the primary interaction vertex. The impact parameter can be computed in the transverse plane
or in three dimensions. Three-dimensional impact parameters yield better overall b-tagging
performance and so will be used in what follows. Impact parameters are signed in such a
way that a positive impact parameter is consistent with a track from a decay of a particle
at a point with some positive displacement from the primary vertex along the direction of
the jet. On the contrary, a negative impact parameter corresponds to a decay point “behind”
the primary vertex. Negative impact parameters arise most frequently as a result of finite
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detector resolution which results in mismeasured track parameters. Other sources of large
negative impact parameters include badly reconstructed primary vertex positions, pattern
recognition failures that result in fake tracks, and multiple scattering of particles in material
at small radii such as the beam pipe or first pixel layer. The efficiency for b-tagging jets which
do not originate from c- or b-hadron decays can therefore be measured in data by means of
the negative side of the distribution of the track impact parameter significance (the ratio of
the track impact parameter to its uncertainty), after removal of charged tracks from reconstructed long-lived V 0 ’s (e.g. Ks ) are removed. Two different methods that exploit track
impact parameters to tag b-jets are described in the following.
12.2.2.1

Track counting b-tagging

The track counting b-tagging method is sufficiently fast and robust that it can be applied both
at HLT as well as offline. The method works as follows. For each selected track in a jet, the
impact parameter significance is computed. The jet is tagged if the number of tracks with
an impact parameter significance exceeding a given cut is greater than a value which can be
optimised for various purposes as discussed below.
Tracks are selected for use in the tagging algorithm if, in addition to the common selection described above, the distance of closest approach of the track to the jet axis is less than
0.07 cm.
Tracks are ordered in decreasing signed impact parameter significance. The significance of
the track impact parameter of the N th track thus serves as the discriminator for this algorithm. Figure 12.26 shows the distribution of this variable for N = 2.
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Figure 12.26: Distribution of the discriminator for the track counting algorithm (N = 2)
(left) and the track probability algorithm (right) for b-jets (solid), c-jets (dotted) and udsg-jets
(dashed).
12.2.2.2 Probability b-tagging
The probability method is also based on track impact parameters: it entails computing the
compatibility of a set of tracks with having come from the primary vertex [294]. The jet
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probability estimation is performed through several steps which are described in detail in
this section: for each track, the probability of coming from the primary vertex is computed
and these probabilities are combined together to provide the jet probability. The track probability is computed using, as calibration, the negative part of the distribution of the impact
parameter significance. The negative part is used for this purpose since it is made mainly
of primary vertex tracks, as noted above. This approach has the advantage of allowing the
detection of the largest range of decay topologies in an inclusive way.
Tracks with negative impact parameter are used to extract the resolution function R , which
plays the role of the impact parameter significance distribution. This function is needed to
extract the probability P (x) of a track having impact parameter significance x to come from
the primary vertex.
In order to take into account the tails of the resolution function and avoid ad-hoc parameterizations, the resolution function is histogrammed with sufficient precision and the probability
computed by numerically integrating the normalized histogram.
The track reconstruction quality is related to the momentum and the number of hits in the
different types of detectors involved: the number of pixel hits and the position of the innermost pixel layer are crucial for the impact parameter measurement.
The (signed) probability for a track to have come from the primary vertex is defined as the
integral of the resolution function multiplied by the sign of the significance S:
Ptr (S) = sgn(S) ·

4 ∞
|S|

R(x)dx

(12.3)

With this definition, the distribution of Ptr is flat between −1 and 1 for tracks coming from
the primary vertex, since the impact parameter significance distribution for the vast majority
of tracks from the primary vertex is described by the resolution function (apart from some
residual lifetime effects). It is positive and concentrated near 0 for tracks with large impact
parameter significance.
The jet probability for a jet containing N tracks is defined as the confidence level for a group
of N tracks, none of which originate from the decay of a long-lived particle, would produce
the observed, or any less likely value of track probability. The expression of this probability
is the following:
6
−1
5 N#
(− ln )j
(12.4)
Pjet =
·
j!
j=0
where

5

=

N
5

P̂i .

(12.5)

i=0

P̂i is introduced in order to also take into account negative track impact parameters, and is
defined as P̂i = P/2 for positive, and P̂i = 1 + P/2 for negative impact parameters tracks.
Figure 12.26 shows the distribution of − log Pjet for b- and udsg-jets using three-dimensional
impact parameters. The distribution is close to 0 for light quark jets and has a wider distribution for b-jets, providing good discrimination.
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Combined secondary vertex tag
Algorithm description

The combined b-tagging algorithm is based on the reconstruction of the secondary decay
vertex of the weakly decaying b-hadron. Different topological and kinematic vertex variables are combined together with track impact parameter significances into a discriminating
variable to distinguish b-quark jets from non-b jets. The main components of the algorithm
and its performance are described in the following. A detailed description of the algorithm
and its performance can be found in [295].
Secondary vertices are reconstructed in an inclusive way inside the jet using the Trimmed
Kalman Vertex Finder described in Section 6.5.1. This algorithm starts with all tracks and
successively rejects outliers which then are used to reconstruct additional vertices. Since the
algorithm uses not only the presence of a secondary vertex, but also topological and kinematic variables related to the vertex, it is desirable to reconstruct the decay vertex as completely as possible, to increase the discriminating power of these topological and kinematic
variables. The performance of the inclusive secondary vertex finding in jets is described in
Section 6.5.6.
The following cuts are applied to the resulting vertices to select secondary vertex candidates
coming from b-hadron decays:
• The distance from the primary vertex to the secondary vertex in the transverse
plane has to exceed 100 µm and must not exceed 2.5 cm.
• The distance from the primary vertex to the secondary vertex in the transverse
plane divided by its error has to be greater than 3: Lt /σLt > 3.
• The invariant mass of charged particles associated to the vertex must not exceed
6.5 GeV/c2 .
• The vertex must not be compatible with a V0 decay.

Based on the result of the secondary vertex reconstruction and selection, 3 vertex categories
are defined:
1. “RecoVertex”: At least one secondary vertex candidate has been reconstructed and
passed the selection criteria. All tracks from all accepted vertices are used for the computation of the vertex related variables if there is more than one accepted secondary
vertex.
2. “PseudoVertex”: If no reconstructed secondary vertex candidate has been found, a socalled PseudoVertex is created from charged particle tracks not being compatible with
the primary event vertex, having a signed transverse impact parameter significance
greater than 2, if at least 2 such tracks are present in the jet.
3. “NoVertex”: If neither 1) or 2) are fulfilled.
The distribution of the categories for the different jet flavours are shown in Figure 12.27. It
can be seen that the presence of a secondary vertex alone is already discriminating between
b-quark jets and other jets.
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All accepted track impact parameter significances enter into the final discriminator. In order
to improve the suppression of charm quark jets, the following quantity is defined in addition: The tracks are sorted in decreasing order of their impact parameter significances. The
invariant mass is computed for tracks 1 to n. If this mass exceeds a threshold value related
to the mass of charm hadrons, the impact parameter significance of the track moving the
n-track mass above this threshold is added to the discriminator. The threshold value is set
to be 1.5 GeV/c2 . It is lower than typical charm hadron masses because neutral particles are
missed and not all charged particles from the decay are reconstructed and accepted.
12.2.3.2

Input variables and combined discriminator

To get optimal performance, several topological and kinematic variables are combined. The
selection of variables entering into the combination depends on the vertex category. Category 1, where a reconstructed secondary vertex has been found, is the most powerful one.
For this category, the following variables are defined:
• The invariant mass of charged particles associated to the secondary vertex (shown
in Figure 12.27).
• The multiplicity of charged particles associated to the secondary vertex.

• The distance from the primary vertex to the secondary vertex in the transverse
plane divided by its error.
• The energy of charged particles associated to the secondary vertex divided by the
energy of all charged particles associated to the jet.
• The rapidities of charged particle tracks associated to the secondary vertex with
E+p
respect to the jet direction: y = 12 · ln( E−p" ). This variable enters for n tracks,
"
where n is the secondary vertex multiplicity.
• The track impact parameter significances in the transverse plane.

• The track impact parameter significance of the first track exceeding the charm
threshold as described above.
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For the other categories a subset of these variables is used (see [295] for details).

0.12
0.1
0.08

10-1

10-2

10-1
0.06
0.04

10-2
0.5

10-3

0.02

1

1.5

2

2.5

3

vertex category

3.5

0
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

SV mass [GeV]

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

discriminator

Figure 12.27: Distribution of the vertex category (left), reconstructed secondary vertex mass
(middle) and combined discriminator (right) for b-jets (solid), c-jets (dotted) and uds-jets
(dashed, udsg-jets for the rightmost plot) as obtained from a sample of QCD events for jets
with underlying parton momenta between 50 and 80 GeV/c.
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The variables described above are combined into a single discriminating variable using a
Likelihood ratio technique. Since for most of the variables c-jets and udsg-jets look significantly different, the Likelihood ratio contains 2 parts for the discrimination against these 2
backgrounds. With the quantities
Lb,c,q = f b,c,q (α) ×
the variable d is defined as:
d = fBG (c) ×

Lb
Lb +Lc

6

b,c,q (x )
i
i fα

+ fBG (q) ×

Lb
.
Lb +Lq

where α denotes the vertex category (α = 1, 2, 3) as defined above, xi are the individual
variables, q stands for u,d,s-quark jets and gluon jets, fBG (c, q) is the expected prior for the cand q-content in non-b jets (fBG (c) + fBG (q) = 1), f b,c,q (α) is the probability for flavour b, c,
and q to fall into category α and fαb,c,q (xi ) is the probability density function for variable xi for
category α and flavour b, c , q. The quantity d is used as final discriminator. The distribution
for the discriminator is shown in Figure 12.27
The probability density functions are extracted from simulated events. They depend on the
transverse jet energy and pseudorapidity.

12.2.4
12.2.4.1

Soft lepton tags
Algorithm description

The soft lepton b-tagging algorithm is based on the relatively high inclusive b-quark decay
branching ratio to electrons and muons which is about 19% for each lepton family if both
direct and cascade decays are taken into account. The key element that is required in order
to take advantage of this situation is the identification of leptons among the tracks associated
to each jet. To increase the purity of the selection, additional cuts are applied to parameters
associated with these leptons. The main components of the algorithm and its performance
are described in the following. A detailed description can be found in [296].
12.2.4.2

Electron identification

Electron identification is based on the track extrapolation from the tracker to the calorimeters
and a detailed analysis of the energy deposits in the region around the track in both ECAL
trk
and HCAL. Reconstructed tracks satisfying the criteria ptrk
T > 2 GeV/c and |η | < 1.2 are
considered. The extrapolated tracks are matched with ECAL clusters. The information from
the extrapolated tracks and matched ECAL clusters is used for electron candidate selection.
The discriminating variables are listed in Table 12.8. These variables are combined into a
single discriminating variable using a neural network technique. The training of a neural
network has been performed using these variables on a signal sample consisting of 87 000
fully leptonic tt events and 91 000 semileptonic tt events, and on a background sample consisting of QCD dijets with a pT in the hard process from 50 to 230 GeV/c. Efficiency and
misidentification rates for the current implementation of the soft non-isolated electron identification are shown in Figure 12.28.
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efficiency

Table 12.8: List of variables used to identify electrons, where Eseed , EN ×N and EECAL are
the energy deposit in the cluster seed, the maximal energy deposit in a square of N × N
ECAL crystals around the seed and total energy of the cluster. ptrk is the extrapolated track
momentum upon entering the ECAL. EHCAL is the sum of the energy deposits in the HCAL
towers next to the ECAL cluster.
Measurement
variables
covariance of cluster energy distribution
σηη , σηφ , σφφ .
Eseed Eseed E3×3 −Eseed E2×2
EECAL
repartition of cluster energy
E2×2 , E3×3 , E5×5 −Eseed , E5×5 , EHCAL +EECAL
ECAL −ptrk
cluster energy and track momentum ratio E
EECAL +ptrk
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Figure 12.28: Performance of the soft non-isolated electron identification algorithm: efficiency (circles) and misidentification rate (triangles).
12.2.4.3

Muon identification

Muon identification can be performed in two fundamentally different ways:
• Looking for reconstructed muons (9.1) in a region around the jet axis, which is
assumed to be the best approximation to the original quark direction.
• Extrapolating the tracks associated to each jet outward through the calorimeters
and the magnet to the muon chambers, looking for compatible tracks, track segments, or even energy deposits in the electromagnetic and hadron calorimeters
(9.2).
The current analysis is performed following the first approach. However, to allow for both
types of identification to be used in a consistent framework, a trivial muon identification
is implemented, matching charged tracks inside the jet to muons reconstructed using the
algorithm described in Section 9.1. Matching is done requiring at least 70% of a track’s reconstructed hits to be in common with the muon track.
Muon reconstruction starting from the muon system is limited to muons with a transverse
momentum pT > 3.5 GeV/c. With the development of dedicated muon identification, the
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second approach will be exploited with the aim to increase the muon identification efficiency.
12.2.4.4

Lepton b-tagging

Jet b-tagging purity is increased through the use of an adaptive nonlinear discriminant function, i.e. a feed-forward neural network, applied to some of the lepton and jet parameters.
The desired trade-off between efficiency and purity can be achieved by varying the cut on
the network’s output. The current implementation gives higher purity, with correspondingly
lower efficiency, as the cut value is increased in the range [0.0, 1.0].
The parameters currently used for the lepton and the jet are:
• The lepton transverse momentum relative to the lepton-excluded jet axis, calculated as the pT -weighted average of the other charged tracks inside the jet.
• The ratio of the lepton momentum and the jet energy.

• The significance of the three dimensional lepton impact parameter (Section 12.2.2).

• The pseudoangular distance in the η-φ plane between the lepton and the leptonexcluded jet axis.
Additionally, different neural networks or neural network parameters can be used for the
different jet energy and pseudorapidity regions and to take lepton flavour into account.
The neural network for electron b-tagging has been trained on the QCD and tt samples described in Section 12.2.4.2.
Further improvements in the performance of the neural network can be achieved by taking
into account the various possible origins of the lepton:
• The prompt decay of a bottom hadron.

• The prompt decay of a charm hadron, originating from a bottom hadron.
• The prompt decay of a primary charm hadron.

• The decay of light hadrons coming either from the primary hadronization or from
the decay of heavier hadrons.
The neural network for soft muon b tagging has been trained on flavour-enriched dijet samples to give an approximation of the a posteriori Bayesian probability for a muon to belong
to each of these classes [297]. Since the a priori class probabilities, i.e., the relative abundance
of bottom, charm, and light jets, in actual applications will generally be quite different from
those in the training samples, the neural network outputs should be scaled and normalized
accordingly.
The use of Bayesian a posteriori probabilities has three advantages over simpler nonlinear discriminants. First, assigning a pattern to the most probable class minimizes misidentification
probabilities [298]. Second, the use of (approximate) probabilities makes it easier to combine
the soft lepton tag with other b-tagging algorithms. Last, having a separate output for each
class makes it possible to apply different trade-offs between the bottom jet tagging efficiency,
charm jet mistag rate, and light jet mistag rate.
A parallel study is being performed, using the same tagging variables except impact parameter significance. Such an algorithm will be directly applicable to a staging scenario for the
pixel detectors, and is expected to be more robust against detector misalignment. It will
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also be statistically independent from the other b-tagging algorithm, and thus more easily
combined with them.

12.2.5

Performance of b-tagging algorithms
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In this section, the offline performance of the b-tagging algorithms described in previous
sections is presented. All event samples used for these studies have been simulated with

10-1

10-2

10-3

10-4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10-5

1

10-2

10-3

10-3

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

10-5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

b-jet efficiency

1

10-1

10-2

-3

10

10-4

10-5

10-2

b-jet efficiency
non b-jet efficiency

non b-jet efficiency

10-1

10-1

10-4

b-jet efficiency
1

1

10-4

0.02

0.04

0.06

0.08

0.1

b-jet efficiency

-5

10

0.02

0.04

0.06

0.08

0.1

0.12

0.14

b-jet efficiency

Figure 12.29: Non-b jet mistagging efficiency versus b-jet tagging efficiency for c-jets (triangles), uds-jets (circles) and g-jets (stars) for the track counting algorithm (top left), the track
probability algorithm (top middle) and the combined secondary vertex algorithm (top right).
For these algorithms, jets in a QCD sample with transverse jet momenta between 50 GeV/c
and 80 GeV/c in the barrel region (|η| < 1.4) of the detector have been used. For the soft
muon algorithm (bottom left) and the soft electron algorithm (bottom middle), fully leptonic
and semileptonic tt events as well as QCD jets with transverse momenta between 50 GeV/c
and 230 GeV/c in the barrel region (|η| < 1.4) of the detector have been used.
pile-up events corresponding to a luminosity of L = 2 × 1033 cm−2 s−1 .

The figures shown in the following have been obtained by scanning the cut on each of the
discriminators used by the different algorithms.
Figure 12.29 shows the non-b jet mistag efficiency versus the b-jet tagging efficiency for the
lifetime based algorithms (track counting, track probability, combined secondary vertex)
and the soft lepton based algorithms. For the lifetime based algorithms, the performance
is shown in the barrel part of the detector (|η| < 1.4) for QCD jets with transverse momenta
between 50 GeV/c and 80 GeV/c. This momentum range is characteristic of many relevant
physics processes and is a domain in which good b-tagging performance can be obtained.
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Figure 12.30: Non-b jet mistagging efficiency versus b-jet tagging efficiency for c-jets (triangles) and uds-jets (circles) as obtained in a sample of semi-leptonic tt events for jets with
transverse momentum larger than 30 GeV/c in the barrel region (|η| < 1.4, left) and forward
region (1.4 < |η| < 2.4, right) of the detector for the combined secondary vertex algorithm.
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For the soft lepton based algorithms, fully leptonic and semileptonic tt events as well as
QCD jets with transverse momenta between 50 GeV/c and 230 GeV/c in the barrel part of
the detector (|η| < 1.4) have been used. It can be clearly seen that the splitting of gluons
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Figure 12.31: The non-b jet mistagging efficiencies for a fixed b-jet tagging efficiency of 0.5 as
a function of the jet transverse momentum (left, jets with |η| < 2.4 have been considered; the
transverse momentum shown on the x-axis is the one of the underlying initial parton) and
pseudorapidity (right, jets with transverse momenta between 50 GeV/c and 80 GeV/c have
been considered) for c-jets (triangles), uds-jets (circles) and gluon jets (stars) obtained for jets
in an event sample of QCD events for the combined secondary vertex algorithm.
into bb and cc pairs limits the rejection power as compared with light quark jets (u, d, and

12.2. b-tagging tools

473

s). For comparison, the performance in a sample of semi-leptonic tt events is shown in Figure 12.30 for the combined secondary vertex algorithm for jets with transverse momentum
larger than 30 GeV/c. This transverse momentum cut corresponds to a typical requirement
in tt analyses.
The dependence of the b-tagging performance on jet transverse momentum (transverse momentum of the underlying initial parton) and pseudorapidity are illustrated in Figure 12.31
for the combined secondary vertex algorithm and the soft muon algorithm. Displayed are
the non-b jet mistagging efficiencies for a fixed b-tagging efficiency of 0.5. All lifetime based
algorithms show a similar behaviour.
The main factors limiting rejection in the case of light quark and gluon jets come from V 0
decays, interactions in the detector material, gluon splitting into cc and bb pairs and limited
detector resolution. In the case of c-jets the rejection is obviously limited by the lifetime of
charmed hadrons giving signatures similar to b-hadron decays.
As can be seen in Figure 12.31, the optimum performance is obtained in the central region
of the detector and for transverse jet momenta of about 60–90 GeV/c. The performance degrades at larger pseudorapidities mainly because of the increase in material traversed and
degraded detector resolution. The slow degradation for larger transverse momenta is caused
by an increased splitting rate of gluons to heavy quark pairs, an increased track multiplicity
from fragmentation and the increasingly difficult pattern recognition associated with dense
jets. The steep fall of performance toward lower transverse momenta is mainly due to increased multiple scattering that results in worse separation of primary and secondary vertices, and more limited jet reconstruction.

12.2.6

HLT b tag

The identification of b-jets in the final state is an important tool during the offline selection
for a large range of physics channels—from top physics to MSSM Higgs searches. But also
in the online selection, b-tagging may provide a useful handle to reject background events
while maintaining a high signal efficiency.
On top of the performance requirements relevant for the offline selection of b-jets, a few
additional constraints exist that make the use of b-tagging in the online selection less than
straightforward:
• The time constraints in the High-Level Trigger are quite restrictive for the notoriously slow process of track reconstruction. There are several solutions to this
problem. An important gain is made by combining the b-tagging information
with another requirement that offers fast rejection of a large fraction of events.
Furthermore, the development of faster tracking algorithms (pixel-only tracking,
regional and conditional tracking) can result in significant time gains.
• In an online environment, robustness and calibration independence of the algorithm become much more important. Therefore, only the simplest algorithms are
considered here. Special attention is paid to the beam spot determination.
In the following section, the b-tagging performance of 2 fast algorithms is discussed. A more
detailed write-up can be found in reference [299].
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Algorithm description

In the following subsections 2 fast b-tagging algorithms are described. The 2 algorithms
represent 2 different optimizations with respect to performance versus speed. They are envisaged to run in series: the first algorithm (referred to as Level-2.5 from now on) is used
to quickly reject those events that definitely do not containing b-jets or whose b-jets are not
easily taggable. The second algorithm (labelled Level-3) makes use of the full tracking power
of the CMS detector for the final trigger decision.
12.2.6.2 HLT – Level-2.5
This algorithm is optimized to work relatively early in the HLT, where the rate can be as high
as 1 kHz. Therefore, the emphasis is on speed, rather than on precision. Full track reconstruction cannot be sustained at this level. Instead, fast track reconstruction is performed within
the pixel detector. A detailed description of pixel-only track finding is found in Section 6.4.7
of this document and reference [192].
Due to the granularity and precision of the pixel detector, the pattern recognition with only
3 space points in dense environments of high ET jets is very successful. Importantly, the
fake rate is controlled to ≈ 10 %. A tight constraint on the compatibility of the tracks with
the longitudinal position of the primary vertex yields an improvement to the level of a few
percent. Of course, the efficiency for finding hit triplets in 3 pixel layers depends strongly on
the hit finding efficiency of the layers. Pixel layer efficiency loss mechanisms are described
in Section 6.1.2.
A drawback of the use of pixel-only tracks is the small lever arm and consequently poor
transverse momentum resolution. This causes a severe deterioration of the sensitivity for
the transverse impact parameter: the resolution ranges from ≈ 150 µm for 1 GeV/c tracks
to an asymptotic value of 80 µm from about 10 GeV/c, a considerable degradation with
respect to the results for the full tracker shown in Figures 6.16. The longitudinal impact
parameter is much less degraded with respect to tracks reconstructed in the full inner tracker:
the resolution ranges from ≈ 120 µm for 1 GeV/c tracks to an asymptotic value of ≈ 70 µm
beyond ≈ 10 GeV/c.

The tracks based on triplets of pixel hits are sufficiently pure and accurate that meaningful
b-tagging can be performed.
Use of a three-dimensional impact parameter requires the primary vertex of the event to be
precisely reconstructed. In the transverse plane, the algorithms rely on the beam spot position to be accurately known (Section 6.5.6.4). Several algorithms for event-by-event determination of the primary vertex based on globally reconstructed pixel-hit triplets are described
in Section 6.5.3. For the event topologies of interest for a b-jets trigger—moderate to hard
dijet production—the divisive algorithm yields a primary vertex finding and selection efficiency greater than 95 % (p̂T > 50 GeV/c), reaching 99% for p̂T > 120 GeV/c. The resolution
for the primary vertex position along the beam line is better than 35 µm for p̂T > 50 GeV/c.
As the timing overhead from the b-tagging algorithm is negligible, the standard b-tagging
algorithms can be used at this point.
The track counting algorithm, described in Section 12.2.2.1, offers very good performance.
Moreover, the algorithm is simple and does not require calibration (except of course the track
error determination).
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The number of jets for which the b-tagging is invoked is a free parameter of the algorithm. In
the default implementation discussed here, the OR of the 2 leading jets (in ET ) is taken. The
parameters of the b-tagging algorithm are chosen so that a rejection of a factor 5 is obtained
with respect to Level-2.
12.2.6.3

HLT – Level-3

For the events that pass the initial selection based on pixel tracks, tracks are reconstructed
in regions-of-interest around jets identified as b-jets in the previous step. At this late stage
in the HLT—with a much reduced rate—the full-fledged offline combinatorial Kalman filter
track finding algorithm is applied.
The region is constructed by setting limits on the direction with respect to the jet axis (∆η <
0.4, ∆φ < 0.4), on the minimum transverse momentum (pT > 1 GeV/c) and requiring compatibility with the primary vertex determined at Level-2.5. Only seeds within this region
are reconstructed. The standard combinatorial Kalman filter track finder then follows the
seeds through the tracker volume. Thus, tracks of nearly “offline” quality are obtained. A
slight reduction toward the edges of the region—due to the finite resolution of the seeds—is
observed.
This step is optimized to achieve a rejection of a factor 4 with respect to the previous level.
12.2.6.4 b-tagging Performance
The performance of the b-tagging algorithms is measured on the 2 leading jets ( in an ET ordered list) in a sample of events simulating the hadronic decay of top pairs in low-luminosity
running conditions.
For events with true b-quark content, the results of the 2 b-tagging algorithms are extremely
correlated: events that do not satisfy the softer requirement at Level-2.5 in general would
not have triggered Level-3. For the benchmark channel studied, fully hadronic decays of top
pairs, the signal efficiency is virtually unchanged if Level-2.5 is removed.
12.2.6.5

Timing

The time constraint in the HLT is a crucial factor in the choice of the algorithm. The CPU
requirement of global track reconstruction in the full tracker is prohibitive. Timing measurements indicate that the CPU load of global pixel triplet reconstruction—as used for the
Level-2.5 step and the determination of the primary vertex—is well within the available budget. Full-fledged Kalman-filter based reconstruction of the tracks in a region around a large
ET jet takes approximately 300 ms on a 1 GHz CPU, provided the z-position of the primary
vertex is constrained.
While it is clear that track reconstruction poses a heavy CPU load, in the case of a b-jets
trigger a large gain is obtained by early rejection of events. The b-jets High-Level Trigger is
invoked at a rate of 20 kHz. However, the tracker information is not accessed in 98% of these
events as the Level-2 jet selection reduces the number of events by a factor 50.
For the majority of the events for which b-tagging has to be performed (400 Hz), only pixel
reconstruction is invoked. Only for 1 in 5 events (80 Hz) are tracks reconstructed in the
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Figure 12.32: Regional (leftmost figure) and pixel-only (rightmost figure) reconstruction btagging efficiency and light jet rejection for the track counting algorithm on a sample of
hadronically decaying top pairs. The curves are obtained by scanning over the signed 3D IP
significance for the N th track in the jet (ordered in order of decreasing significance), where
N = 2 for pixel-only reconstruction and N = 3 for regional reconstruction. The curve for
b-jets versus light jets is shown with open markers, while that for b-jets versus c jets has filled
markers.
full tracker (and only certain regions). Thus, even though the track reconstruction may be
relatively slow, its weight on the time employed for the average event is very small.
12.2.6.6

Performance for different scenarios

The b-tagging performance depends crucially on those measurements that are closest to the
interaction vertex. In scenarios where the pixel detector is not present, b-tagging is essentially
reduced to the use of leptons.
Moreover, the lifetime based algorithms rely heavily on the correctness of the track parameter error estimates. Provided that the error estimates are reasonably accurate, the b-jet trigger
should not be very sensitive to the envisaged misalignment of the pixel detector.
Finally, the impact parameter in the transverse plane is determined with respect to the nominal beam position. The algorithms thus rely on an accurate measurement of the beam spot to
be available, even in the HLT environment. This issue is further discussed in Section 6.5.6.4.

12.2.7

Robustness of the performance

The performance studies shown for the different algorithms in the previous sections have
been carried out under the assumption of a complete and perfectly aligned detector. However, in reality, the alignment will always be somewhat imperfect and at the beginning of data
taking some detector components may be missing. The effect of a missing layer of the pixel
detectors will be studied in Volume 2 of this document. The focus here will be on the performance that can be expected for an imperfectly aligned tracking detector. Since the pixel
and silicon strip detectors are extremely precise devices with spatial resolutions of about
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10 µm for the innermost layers, alignment of tracker modules with comparable precision is
particularly challenging.
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Figure 12.33: Non-b jet mistagging efficiencies versus b-jet tagging efficiency comparing the
different misalignment scenarios for the track probability algorithm (left) and the combined
secondary vertex algorithm (right). The scenarios considered are: perfect alignment (full
circles), long term (open circles) and first data taking (triangles). The upper and lower set of
curves correspond to c-jets and uds-jets, respectively. A semi-leptonic tt sample was used for
these studies.
Two misalignment scenarios (Section 6.6.4) have been defined, a “First Data Taking Scenario”
(accuracy as expected from mounting precision, the laser system and some track based alignment for the pixel detectors as expected after an integrated luminosity of less than 1 f b−1 )
and a “Long Term Scenario” (ultimate precision as expected from the track based alignment
after a period of data taking with sufficient integrated luminosity, about 10 f b−1 ). The assumed accuracy for the Long Term Scenario is typically about a factor 10 better than for the
First Data Taking Scenario, apart for the pixel detectors where similar alignment precisions of
about 10 µm are assumed for both scenarios. The alignment errors are added in quadrature
to the nominal hit errors. Details of the alignment procedures and misalignment scenarios
can be found in Section 6.6. Figure 12.33 shows the performance of the track probability algorithm and combined secondary vertex algorithm comparing a perfectly aligned detector
and misaligned detectors according to the 2 scenarios described above. For these studies,
calibration functions (e.g. as needed for the track probability and the combined secondary
vertex algorithm) are same as those used for the perfectly aligned detector. The degradation
of the performance for light quark (u, d, and s) and gluon jets is very similar for the two
misalignment scenarios. The reason for this behaviour is that impact parameter resolution,
which is dominated by the pixel detectors, is much more important than momentum resolution for which the contribution from the strip detectors is also significant. As mentioned
above, both misalignment scenarios use similar alignment precision for the pixel detectors.
Furthermore, hadrons in jets have typical momenta of a few GeV/c and the track impact parameter error resulting from multiple scattering is bigger than the alignment error assumed
here. Therefore, comparing to the scenario of a perfectly aligned detector, the loss in performance is acceptable. It can be seen that there is essentially no effect on the mistagging
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efficiency of c-jets if the b-tagging efficiency is kept constant. This can be explained by the
fact, that for a large fraction of c-jets tagged as b-jets, the real lifetime of charm hadrons is the
origin of the mistag. Variables sensitive to the lifetimes of heavy hadrons thus vary in a very
similar way for c- and b-jets when applying the various misalignment scenarios.

12.2.8
12.2.8.1

Performance studies with data
Offline calibration strategies

Due to the high energy and luminosity of the LHC, a completely new method to calibrate
b-tagging algorithms can be exploited [300]. Indeed, during the first years of operation, the
LHC will produce more than 8 million tt pairs each year. With t → W ± b ≈ 100%, these
tt events can be used to isolate a highly enriched b-jet sample that can then be exploited to
calibrate b-jet identification algorithms.
Two methods to extract a b-jet enriched jet sample in tt events are presented. The two methods yield three samples that can be used to measure b-tagging performance. A method based
on a likelihood ratio to perform this measurement is presented, along with estimates of the
most important systematic uncertainties. The expected precision of the measurement of the
b-jet identification performance is estimated and serves as direct input to physics analyses
that rely on the b-tagging algorithms considered. [294, 295, 296].
Selection of a b-enriched jet sample
To measure b-tagging efficiencies, a jet sample with an enriched b-jet content needs to be
selected. For this purpose, tt decay channels in which one or both of the W bosons decay
leptonically were investigated with GEANT 4 simulated Monte Carlo events. These channels
are of particular interest, as the presence of an isolated energetic lepton can be triggered
upon with high efficiency. In the semileptonic decay channel tt → bbqq " 5ν, events are required
to have either an isolated muon or electron, four jets, and missing transverse momentum.
To fight the large W ± + jets background an extra requirement of 1 b-tagged jet is imposed.
In the fully leptonic decay channel tt → bbeνe µνµ , 1 muon and 1 electron of opposite charge,
2 jets and missing transverse momentum are required for an event to be selected. These
selection criteria suppress the large Z+ jets background, and to a lesser extent the W W and
ZW backgrounds.
In the case of the semileptonic events, the 12 possible ways of associating jets to partons from
the two top quarks were each considered in a kinematic fit that imposed W ± and top mass
constraints [301]. The best jet pairing was chosen by combining the fit results with several
other observables into a combined likelihood ratio. In the case of fully leptonic events, the
kinematics are underconstrained, but several event observables can still be combined into a
similar likelihood function.
In both cases, a cut can be made on the corresponding likelihood ratio to select well reconstructed events. The sample of jets associated with t → b5ν decays in the semileptonic case,
and the jet sample from both jets in the fully leptonic case, can be enriched in b-content with
such a cut. In Figure 12.34 the b-jet purity for the different jet samples is shown as a function
of the cut on the likelihood ratios.
Systematic uncertainties in the determination of sample purity
In order to ascertain the degree of confidence in the Monte Carlo b-jet sample purity, various

479

1
0.8
0.6

1.2

b-Purity Jet Sample

1.2

b-Purity Jet Sample

b-Purity Jet Sample

12.2. b-tagging tools

1
0.8
0.6

1.2
1
0.8
0.6

0.4

0.4

0.4

0.2

0.2

0.2

0

0

0.2

0.4

0.6

0.8

0

1

Combined Likelihood Ratio Cut

0

0.2

0.4

0.6

0.8

0

1

Combined Likelihood Ratio Cut

0

0.2

0.4

0.6

0.8

1

Combined Likelihood Ratio Cut

Figure 12.34: The b-jet purity of the different jet samples (semileptonic with muon, semileptonic with electron and fully leptonic), as a function of the cut on the corresponding combined likelihood ratio.
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systematic uncertainties in the purity were evaluated [302, 300]. For both decay channels, the
most relevant contributions come from uncertainties in the Monte Carlo modelling of initial
and final state gluon radiation and uncertainties in the signal and background cross sections.
In semileptonic events, due to the demand for a b-tagged jet in the event selection, the uncertainty on the b-tag efficiency itself results in an additional small systematic uncertainty
in the sample purity. In Figure 12.35 the various contributions to the systematic uncertainties and their combined total are shown for the 3 samples (semileptonic decays with muons,
semileptonic decays with electrons, and fully leptonic decays) as a function of the cut on the
combined likelihood ratio. Uncertainties from the parton distribution functions, underlying
event, pile-up, luminosity, light- and b-quark fragmentation do not contribute significantly.
Additionally, for semileptonic events, the jet energy scale and top mass uncertainty were
checked and found to be negligible.
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Figure 12.35: Systematic uncertainties on the b-purity of the different jet samples (semileptonic with muon, semileptonic with electron and fully leptonic), as a function of the cut on
the corresponding combined likelihood ratio.
Measurement of b-tagging efficiencies in data
For both jet samples the same technique can be used to measure the b-tagging efficiencies.
Defining xb as the b-purity of the jet sample, previously estimated from Monte Carlo, and
xtag as the measured fraction of jets tagged by the b-tagging algorithm, then the b-tagging
efficiency is
0b = [xtag − 0o (1 − xb )] /xb ,
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where 0o is the mistag rate for non-b jets in the sample. This mistag rate is determined from
the simulated data here but can of course be measured with real data when it becomes available.
It is possible to perform the measurement of 0b for different cuts on the likelihood ratio. As
the value chosen for the likelihood ratio cut increases, the systematic uncertainty falls but
is offset by a rise in the statistical uncertainty. Hence, there exists a point of minimum total
uncertainty and this is the point where the estimation of 0b is performed for a specific sample.
Sample independent calibration
Identification efficiencies for b jets depend on many sample-specific jet parameter distributions, of which the most important are the transverse energy ET and the pseudorapidity η of
the jet. To make the calibration of the b-tagging algorithms sample-independent, measurements of efficiencies were performed as a function of these 2 parameters.
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In Figure 12.36 the combined result from the 3 samples (semileptonic decays with muons,
semileptonic decays with electrons, and fully leptonic decays) of this ET -dependent measurement of 0b is shown for jets in the barrel (|η| < 1.5) and endcap (|η| > 1.5) regions
respectively, for 1 fb−1 of data. The b-tagging was performed using the combined secondary
vertex discriminant (Section 12.2.3). The working point chosen for these studies corresponds
to an average b-tagging efficiency of about 50%, and mistag probabilities for light quark jets
of less than 1% and for charm quark jets of about 6%. Figure 12.37 shows the corresponding absolute and relative uncertainty expectations, together with an extrapolation, assuming
unchanged systematic uncertainties, to 10 fb−1 of integrated luminosity. The relative uncertainty on the b-efficiency measurement is expected to be about 6% (4%) in the barrel and 10%
(5%) in the endcaps for 1 fb−1 (10 fb−1 ) of integrated luminosity.
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Figure 12.36: b-tagging efficiency measurement, as a function of the jet ET for jets in the
barrel (|η| < 1.5) and endcaps (|η| > 1.5).
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Figure 12.37: Uncertainty on the b-tag efficiency, as a function of the jet ET for jets in the
barrel (|η| < 1.5) and endcaps (|η| > 1.5) for 1 fb−1 and 10 fb−1 of integrated luminosity.
12.2.8.2 Other possibilities
An alternative method to measure b-tagging efficiencies makes use of the ratio of single and
double tagged events in a sample where 2 b-jets are present in each event. Fully leptonic
dectt events can also be used with this technique. Other possibilities include the use of the
fully leptonic e + e and µ + µ samples with the requirement of at least one b-tagged jet for
greater background rejection, jet samples from Z + jets, Zbb, exploiting almost uncorrelated
taggers, etc. Finally, for c-jet misidentification rates, a simultaneous determination with btagging efficiencies can be envisaged in semileptonic tt events.
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