
Measuring b-tag efficiency in top quark pairs 
sample with 4.7 fb-1 of data from ATLAS detector

Introduction
• LHC is a top factory
• top decays ~100% to Wb
⇒ at least 2 b-jets in event

• clear event signature if at least 1 W boson 
decays leptonically

• in 4.7 fb-1 of data collected in 2011 
~0.5 million dilepton and single lepton 
events

•     calibration methods nicely complement the currently used calibration with jets containing muons 
in dijet samples

• many physics analyses in ATLAS depend on the reconstruction of b-jets, often with high pT

•     methods are able to extend the b-tagging calibration to high pT jets
•     events are rich in b-jets and the final states (high pT leptons, ETmiss and multiple jets) are similar to 

other physics analyses of interest
• calibration of 4 b-tagging algorithms in all together 12 working points, including new multivariate 

algorithms MV1 making use of both impact parameters and secondary vertex information
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single lepton
• single e or single µ trigger
• exactly 1 isolated lepton with pT > 25 GeV (e) or 

pT > 20 GeV (µ)
• at least 4 jets with pT > 25 GeV, |η| < 2.5 
• e+jets: ETmiss  > 30 GeV, mT(lν) > 30 GeV
• µ+jets: ETmiss  > 20 GeV, ETmiss + mT(lν) > 60 GeV

dilepton
• single e or single µ trigger
• exactly 2 oppositely charged isolated leptons with 

pT > 25 GeV (e) or pT > 20 GeV (µ)
• at least 2 jets with pT > 25 GeV, |η| < 2.5 
• ee/µµ: ETmiss > 60 GeV, 

|mll − mZ| > 10 GeV and mll > 15 GeV
• eµ: HT(leptons,jets) > 130 GeV
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Source Nee Nµµ Neµ
tt̄ 530 ± 50 1680 ± 170 4200 ± 400
Z ! ee + jets 16 ± 6 – –

Z ! µµ + jets – 71 ± 28 –

Z ! !! + jets 18 ± 7 70 ± 26 180 ± 70
diboson 8.4 ± 0.4 23.4 ± 1.2 67.2 ± 3.4
single top (Wt-channel) 26.8 ± 1.9 78 ± 6 204 ± 15
fake leptons 80 ± 40 43 ± 22 340 ± 170
!

MC + fake leptons 680 ± 60 1970 ± 180 5000 ± 400
observed 716 1970 5341

Table 2: The number of events passing the dilepton selection requirements presented for the correspond-

ing ""-channel separately. Shown uncertainties are the theoretical uncertainties on the cross section for

simulation.

with associated jets, single top in s- and t-channel, the single lepton decay of tt̄ pairs and multijet events.138

Those are processes where at least one reconstructed lepton is faked, for example by a lepton originating139

from a decay of a heavy flavour hadron within a jet or by an electron-like jet itself. All background140

processes which contain two prompt leptons (diboson, Z+jets and single top in the Wt-channel) are141

directly taken from the simulation.142

The final yields for the three di!erent channels are presented in Table 2, while control plots, showing143

the leading jet pT or #, invariant dilepton mass, E
miss
T
and HT, can be found in Figure 3 and Figure 4. All144

control plots show a good agreement between data and simulation.145

• fit observed b-tagged jet multiplicity distribution to expected using 
a binned maximum likelihood method

• floating parameters: top cross section, b-tagging efficiency

 b-tagged jetsn
0 1 2  3*

Ev
en

ts

0

0.5

1

1.5

310×

µµ

-1 L dt = 4.7 fb0
Data
tt

Z+jets
Other
Fake Leptons
uncertainty

ATLAS Preliminary

 b-tagged jetsn
0 1 2  3*

Ev
en

ts

0

10

20

30

310×

 +jetsµtagged 

-1 L dt = 4.7 fb0
Data
tt

W+jets
Other
Fake Leptons
uncertainty

ATLAS Preliminary

June 19, 2012 – 21 : 05 DRAFT 10

b-tagged jets can be calculated and compared to the corresponding number of events observed in data to181

extract the b-tagging e!ciency.182

The tag counting method is applied to both single lepton and dilepton final states. Di"erent ap-183

proaches are considered in the two cases to take into account the contributions from background events.184

In the single lepton channel, the multijet and W+jets backgrounds dominate, especially in the 0-tag bin.185

Therefore, the 0-tag bin is not used, and in the remaining n-tag bins the multijet background is subtracted186

before applying the fit. For the remaining background processes, mostly W+jets, F
bkg
i jk
values are cal-187

culated and contribute to the b-tagging e!ciency measurement. In the dilepton channel no background188

subtraction is applied. Instead the main background obtained fromMonte Carlo simulation, being Z+jets,189

is included into the Fi jk parameters. The 0-tag bin is kept to maximise the statistical precision.190

To apply the method as a function of pT, the Fi jk fractions are computed in pT-bins using only jets191

in the event that fall within the pT range of the bin. For both signal and background the dominant Fi jk192

fraction is F000 which occurs when no jets fall in that particular pT bin. This method allows for sharing193

of events between pT bins since a single event can contribute to several pT bins which maximizes the use194

of the sample.195

The expected number of tt̄ signal events with n b-tagged jets, < Nn >, is calculated as196

< Nn > =
!
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where i, j and k (i", j" and k") are the number of b-, c- and light-flavour jets with # = i, j, k for the three197

jet flavours. The dominant tt̄ Fi jk contributions in the lepton+jets channel are shown in Table 3 for all198

jets with pT above 25 GeV and Table 4 for the 30-40 GeV pT bin. The corresponding tables for the199

dilepton channels are show in Table 5. BF is the branching fraction to each final state, (e+jets, µ+jets200

,ee, µµ and eµ), including leptonically decaying $ leptons, Att̄ is the event selection e!ciency for that201

particular final state (see section 2.2.1 and 2.2.3 ) and L is the integrated luminosity. The e!ciency to202

mis-tag a c-jet or light flavour jet as a b-jet, "c and "l respectively, are fixed to the values found in Monte203

Carlo simulation but with data driven scale factors applied [23]. The Nbkg · F
bkg
i jk
term is the background204

contribution and is analogous to the tt term. For the dilepton channel, the expected number of Z+jets205

background events, NZ+jets, is treated separately with respect to the expected number of events from other206

backgrounds sources, Nother, since it gives the largest contribution of all simulated background processes.207

Fi jk tt̄ e channel Fi jk e channel backgrounds Fi jk tt̄ µ channel Fi jk µ channel backgrounds

F202 29.1±0.1% F004 51.0±0.5% F202 28.9±0.1% F004 53.0±0.4%
F211 14.8±0.1% F013 13.6±0.2% F211 15.1±0.1% F013 13.8±0.1%
F203 12.9±0.1% F005 12.0±0.2% F203 12.9±0.1% F005 10.8±0.2%
F103 9.3±0.1% F103 3.8±0.1% F103 9.2±0.1% F103 4.0±0.1%
F212 8.3±0.1% F014 3.4±0.1% F212 8.4±0.1% F022 3.4±0.1%

Table 3: The leading inclusive Fi jk for jets with pT > 25 GeV in the e+jets and µ+jets channels, obtained

from the simulated tt̄ and inclusive background samples. Uncertainties are statistical only.

The extraction of parameters in Equation 3 from the data is performed using a likelihood fit with the208

MIGRAD program. The likelihood function used is209

L = Gaus(!tt|!tt,MC , %!tt,rmMC ) Gaus(Nbkg|Nbkg,MC, %Nbkg )
&

n#tags
Pois(Nn| < Nn >). (4)
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Kinematic Selection (single lepton & dilepton)
• check the tagging rate of jets in the selected events
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3.2 Kinematic selection method217

In the kinematic selection method, the b-tagging e!ciency is measured in a sample of tt̄ dilepton and218

single lepton candidate events. The method relies on the knowledge of the flavour composition of the219

tt̄ signal and background sample. Whereas for most of them this information is retrieved from Monte220

Carlo simulation, the flavour composition of the multijet (in the single lepton channel) and fake leptons221

(in the dilepton channel) sample is not studied, instead an additional mis-tag e!ciency !fake for jets222

coming from these background processes is introduced. Additionally, in the single lepton channel, to223

W+jets simulated events corrections based on studies in data are taken into account as mentioned in224

Section 2.2.2.225

Given an expected number of b-, c- and light flavour jets, as well as c- and light-jet mis-tag e!ciency,226

the b-tagging e!ciency is extracted from the number of observed b-tagged jets. The main assumption of227

this method is that the total number of tagged jets is given by228

Nb!tag = !bNb!jets + !cNc!jets + !lNl!jets + !fakeNfake, (5)

where Nb!jets, Nc!jets and Nl!jets denote the number of b, c and light jets respectively, while !b stands229

for the tagging e!ciency of b-jets. The mis-tag e!ciencies for c- and light-flavour jets to be tagged as230

b-jets, !c and !l, are taken from Monte Carlo simulation, corrected for data-to-simulation scale factors231

from [24, 25], and are obtained from the sum of simulated events from all processes, assuming the232

expected jet kinematics and the expected signal and background contributions to the analysed sample.233

Nfake is the number of jets from fake lepton (multijet) background and is determined from data.234

For the b-tagging e!ciency measurement in data, the flavour fractions as predicted by Monte Carlo235

simulation are used, therefore Equation 5 has to be divided by the total number of jets Nall to get the236

corresponding fractions fi:237

fb!tag = !b fb!jets + !c fc!jets + !l fl!jets + !fake ffake. (6)

The flavour fractions fb!jets, fc!jets and fl!jets are the expected fractions of b-, c- and light flavour jets238

from the simulated events and are calculated with respect to the sum of jets from Monte Carlo simulation239

and jets from the fake lepton (multijet) events estimation. The flavour fractions follow the relation240

fb!jets + fc!jets + fl!jets + ffake = 1. The fraction of b-tagged jets fb!tag is measured in data. The flavour241

composition of the jet sample obtained applying a dilepton selection is shown in Figure 6 binned in pT242

or ".243

Rearranging Equation 6 leads directly to the b-tag e!ciency244

!b =
1

fb!jets
·
!

fb!tag ! !c fc!jets ! !l fl!jets ! !fake ffake
"

. (7)

In the single lepton channel in addition to the selection from Section 2.2.1 event is required to have245

at least one jet b-tagged with the MV1 tagger at e!ciency of 70%. This allows to increase the signal to246

background ratio, as well as the purity in the analysed sample. However the information of which jets247

were b-tagged in the event selection is not further used in this analysis and all jets from selected events248

are used for calibration. In the measurement of the b-tagging e!ciency only the four jets with the highest249

pT are taken into account, assuming those are coming from a top quark pair decay. The fraction fb!tag of250

jets b-tagged with the algorithm under test is measured with slightly expanded tag and probe method, by251

applying two exclusive selections:252

• if the leading jet is b-tagged, the b-tagging rate of the next three jets is measured (L234 sample)253

• if the next-to-leading jet is b-tagged, the b-tagging rate of the leading jet is measured (L1 sample)254

• BF - branching fraction, Att - event selection efficiency, L  - int. luminosity
• εc, εl - mis-tag efficiencies for c- and light jets (from sim. corrected by the corresponding measured 

scale factors)
• Fijk - fractions of events containing i b-jets, j c-jets and k light flavour jets (from sim.)
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• fb-tag - fraction of b-tagged jets in data, fractions fb, fc, fl and ffake from a composition of simulated events and estimation 
from data for multijet (single lepton) or fake leptons (dilepton) and:

• εc and εl mis-tag efficiencies for c- and light jets (from sim. corrected by the corresponding measured scale factors) 
• εfake - ratio of b-tagged jets to the total number of jets in the multijet (fake leptons) sample, estimated in data

✦ single lepton: estimated in a control region with events after loose lepton (less strict isolation criteria) selection
✦ dilepton: measured with events containing same sign leptons 
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pT are taken into account, assuming those are coming from a top quark pair decay. The fraction fb!tag of250

jets b-tagged with the algorithm under test is measured with slightly expanded tag and probe method, by251

applying two exclusive selections:252
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Kinematic Fit (single lepton)
• select events using kinematic fit to obtain pure b-jet sample and measure efficiency 

from its b-tag weight distribution
• fit is based on a χ2 minimisation (constraints from mW and mt)
• subtract non-b contamination by using an orthogonal background sample 
⇒ no MC inputs
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tt̄

more details in ATLAS-COM-CONF-2012-089

varies from 5% to 20% depending on the pT bin and method
systematic uncertainties from simulation modelling are the dominating 
ones for all methods
• modelling of initial/final state radiation
• choice of       generator (MC@NLO vs. Powheg)
• Herwig vs. Pythia parton showering

significant systematic uncertainties also from modeling of jet properties
• jet energy scale, energy resolution, reconstruction efficiency, vertex 

fraction

significant contribution from the dominant background normalisation 
(estimated from data)
• W+jets (single lepton)
• multijet/fake leptons (including εfake)

tt̄
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• events with high values of χ2 - wrong mappings in both samples
• background sample prediction is normalised at high χ2 values (χ2 > 25) by 

a scale factor

• b-tagging efficiency measured from background-subtracted distribution of the 
b-tag weight

June 19, 2012 – 21 : 05 DRAFT 17

the scale factor340

S BG =

! !
25
d!2S

! !
25
d!2B

. (9)

The background-subtracted weight distribution is consequently derived by subtracting the appropri-341

ately scaled background tag weight distribution from the signal distribution and applying Equation 8 as342

shown in Figure 8. If specific working points are desired as opposed to continuous e!ciencies, the tag343

weight histograms can be binned accordingly.344

Besides events where a non-b jet is mapped to the leptonic b-jet of the tt̄ event, incorrect combinations345

also include permutations that have a b-jet assigned to that jet: Events, in which the fit swaps the b-jets346

while correctly assigning the jets to the W-decay have a chance to pass the signal sample requirements.347

Likewise, a mapping that maps one b-jet to the hadronicW-decay and the other to the leptonic b-jet could348

pass the background sample cuts.349

For the estimate of the amount of non-b background in the signal sample to be accurate it is impera-350

tive that the non-b portion of the background sample correctly describes the non-b portion of the signal351

sample in the !2 distribution after the scaling. This is shown to be the case in the upper left plot of352

Figure 8. With a correct estimate of the amount of background the subtraction can be performed given353

that the shapes of both the b-jet and non-b-jet contribution of the background sample are compatible with354

the respective signal sample shapes as both will be subtracted from it. This is shown to be the case for355

the JetFitterCombNN tagger in Figure 9 and holds true for all taggers.356

3.3.2 E!ciency measurement357

The complete sequence of calibration steps for the MV1 tagger in the inclusive bin (25 GeV < pT <358

200 GeV) is presented in Figure 8. After a correct scaling (upper row) the prescription results in a359

background-subtracted distribution of the MV1 weight (lower left plot). Using Equation 8 the e!ciency360

is derived (lower right). It is shown that the method applied to simulated events (“expected”) describes the361

distribution obtained from truth information well. The scaling factor quoted is the ratio of the e!ciency362

measured in data and the e!ciency calculated from Monte Carlo truth information.363

4 b-Tagging calibration results364

In this section, the results for all tt̄ based b-tagging e!ciency measurements are given. The main results365

relevant for analyses making use of b-tagging are the scale factors " depending on pT:366

"data/sim#b (pT) =
#data
b
(pT)

#sim
b
(pT)
. (10)

The uncertainty of the scale factors are given on one hand by the data statistics and on the other hand sys-367

tematic uncertainties a"ecting either the numerator or the denominator of Equation 10 on the systematic368

uncertainty of the measurements as well those from the Monte Carlo simulation.369

4.1 Systematic uncertainties370

The estimates of systematic uncertainties in the tt̄ analyses follow closely those used in the tt̄ cross371

section analyses [23].372
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The b-tag e!ciency is then measured on the leptonic side of the event based on the so-called b-tag285

weight distribution. The b-tag algorithms described in Section 2.3 deliver a probability weight w. Lower286

values of w are assigned to light, c and !-lepton induced jets, whereas the purity of b-jets is increasing287

with w. The b-tag e!ciency corresponding to a given b-jet weight cut wc for a given tagger can be288

calculated using the (normalised to unity) b-weight distribution T (w) of the selected b-jet sample after289

the background subtraction by integration above the threshold wc as defined as :290

"(wc) =

! !

wc

T (w) dw. (8)

Depending on the available statistics the measurement of the b-tag e!ciency can be binned in any param-291

eter, for example pT or #. Furthermore, di"erent working points (i.e. weight cuts wc) can be calibrated292

in parallel. In fact, a continuous b-weight calibration is feasible, as the full tag weight distribution is293

reconstructed.294

The kinematic information in a single-lepton tt̄ event is almost completely described by the momenta295

of the four jets, the momentum of the lepton and the missing transverse momentum of the neutrino.296

Even if the longitudinal momentum component is unmeasured, it can be reconstructed from the W mass297

constraint (pe,µ + p$)
2 = M2W , where the transverse components of the neutrino momentum are assumed298

to correspond to the measured Emiss
T
. The kinematic fit is using the two top- andW-masses as constraints299

leading to four constraints in total with one unmeasured parameter resulting in three degrees of freedom.300

The fit is performed on permutations of the six leading jets with the highest pT, and the permutation301

with the lowest value in %2 (highest probability P(%2, nDoF)) is retained. The fit is based on a %2-302

minimisation method which uses Lagrange factors to take into account the constraints from theW-boson303

and the top-quark masses. Within the resolution, the transverse momenta for the jets can be shifted by304

the fit according to the mass constraints.305

While the kinematic fit selects the correct jet association with a reasonably high e!ciency (" 60%),306

the permutation with the lowest %2 is not always the correct one. Additionally, the sample still contains307

combinatorial and physics backgrounds, such as single top and W+jets events. Therefore, a high purity308

b-jet sample can only be obtained from data by using a statistical background subtraction. This subtrac-309

tion is done by dividing the sample into two orthogonal sub-samples based on information of the jets310

associated to the statistically independent hadronic side of the event: the first sub-sample (“signal sam-311

ple”) results from applying additional cuts resulting in a higher fraction of correct mappings, while the312

second sub-sample (“background sample”) is enriched in wrong mappings. As this subtraction scheme is313

performed on data, one significant advantage of this method is the reduced dependence on Monte Carlo314

simulation. The additional cuts applied to the signal sample are:315

• to suppress W+jets events and wrong permutations, the jet associated by the kinematic fit to the316

b-jet on the hadronic side of the event needs to be the b-tagged jet from the pretag;317

• the b-jet weights of the jets associated to the hadronic W-decay must be not b-tagged using the318

MV1 tagger at the 70% working point.319

• only events with not more than six jets with pT > 20 GeV are considered.320

The background sample is defined by removing the requirement on the hadronic b-jet and jet multi-321

plicity and inverting the cut on the jets associated to the W decay:322

• one of the jets assigned by the kinematic fit to the hadronicW decay is required to be the b-tagged323

jet from the pretag.324

To assess the quality of the fit and verify the desired composition of the signal and background325

samples, a truth-match based on a #R cut to the original partons of the hard interactions may be attempted326
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Systematic Uncertainties

• single lepton: multijet background subtracted before fitting. Dominant background  is W+jets. 0-tag bin is not considered in the 
measurement due to high background contribution 

• dilepton: dominant background is Z+jets

✦ single lepton: 4 jets with highest pT ✦ dilepton: 2 jets with highest pT

• test on simulated events
✦ signal: high fraction of correct mappings
✦ background: almost exclusively wrong mappings

signal:
- require b-jet on hadronic side to be b-tagged
- require the 2 jets from the W decay to not be 

b-tagged
- not more than 6 jets with pT > 25 GeV

background:
- require 1 jet from W decay to be b-tagged
- no requirement on the maximum number of jets
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is defined as the ratio of the pT of matched tracks originating from that vertex to the total pT of all96

tracks matched to the jet, interpreted as the probability of the jet to originate from that vertex:97

JVF(jeti, vtx j) =

!

k pT(trk
jeti
k
, vtx j)

!

n

!

l pT(trk
jeti
l
, vtxn)

. (2)

2.2.2 Background estimation in the single lepton channel98

The dominant background in the single lepton channel is from W boson production with associated99

jets (W+jets). Its estimate is based on the prediction of Monte Carlo simulation corrected with scale100

factors derived directly from data. The correction of the overall normalisation is obtained with a charge101

asymmetry method [20], which uses the fact that the probabilities for production of W+ and W! in a pp102

collision are not equal, and their ratio is predicted by theory with a higher precision than production of103

W boson with four or more jets [21]. The flavour composition is measured with a tag counting method,104

which is very similar to the method used for the b-tagging calibration described in Section 3.1. It provides105

scale factors forWbb̄/cc̄+jets,Wc+jets and W with light flavour jets events.106

The second most important contribution to the background comes from multijet production and is107

measured directly in data using the matrix method which relies on finding a relationship between events108

with real and fake leptons which is described in [22].109

Information about other processes, such as single top, diboson and Z+jets production are obtained110

from Monte Carlo simulation. Figures 1-2 show a good agreement between the predicted background111

and signal contributions and measured data. Figure 1 shows the transverse mass mT(l!) of the lepton and112

Emiss
T
vector, as well as Emiss

T
spectrum and in Figure 2 the jet multiplicity and jet pT is presented. Those113

distributions are sensitive to a correct description of the multijet andW+jets backgrounds.114

The final yields of the event selection for e+jets and µ+jets channels are presented in Table 1.115

Source e+jets µ+jets

tt̄ 17300 ± 1700 28600 ± 2800

W+jets 2800 ± 400 5400 ± 700

multijet 2300 ± 1100 1800 ± 400

single top 1430 ± 110 2420 ± 190

Z+jets 510 ± 310 558 ± 330

diboson 55.9 ± 2.8 86 ± 4
!

24500 ± 2100 38900 ± 2900

Observed 4.7 fb!1 21978 38188

Table 1: The number of events passing the single lepton selection requirements. Shown uncertainties are

theoretical uncertainties on the cross section for simulation for tt̄, single top and Z+jets and uncertainties

from data driven estimates for W+jets and multijet background processes.
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• εbsim - fraction of b-jets which are tagged in simulated events
• pTrel+system8: combination of results from calibration methods 

using jets containing muons from dijet events (available only for jets 
with pT < 200 GeV

• all methods show a good agreement with each other
• combination of results from      methods with pTrel and system8 is in 

preparation
✦ will reduce the b-tagging calibration uncertainty for many physics 

analyses


