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Abstract In this document, a measurement of the top1

quark pair production cross section in the final state2

with a hadronically decaying tau lepton and jets is pre-3

sented. The analysis is based on proton-proton colli-4

sion data recorded by the ATLAS experiment at the5

LHC, with a centre-of-mass energy of 7 TeV. The data6

sample used corresponds to an integrated luminosity of7

1.67 fb−1. The cross section is measured to be σtt̄ =8

194 ± 18 (stat.) ± 46 (syst.) pb and is in agreement9

with other measurements and with the Standard Model10

prediction.11

1 Introduction12

At the Large Hadron Collider (LHC), top quark pairs13

(tt̄) are produced in abundance due to the high centre-14

of-mass energy of 7 TeV. The large sample of tt̄ events15

collected with the ATLAS detector, corresponding to16

an integrated luminosity of 1.67 fb−1, makes it possi-17

ble to study experimentally challenging decay channels18

and topologies. This paper describes a measurement of19

the tt̄ production cross section. The studied final state20

consists of a hadronically decaying tau lepton (τhad)21

and jets, corresponding to the tt̄ → [bτhadντ ][bqq] decay,22

where b and q are used to denote b-quarks and lighter23

quarks, respectively. Such an event topology with a24

hadronically decaying tau lepton corresponds to ap-25

proximately 10% of all tt̄ decays [1].26

A tt̄ cross section measurement in the final state27

with tau leptons makes it possible to probe flavour-28

dependent effects in top quark decays. It is also rele-29

vant in the scope of searches for processes beyond the30

Standard Model, where tt̄ events with tau leptons in31

the final state are a dominant background. This is par-32

ticularly important for an hypothetical charged Higgs33

boson production [2–5] in top quark decays, where the 34

existence of a charged Higgs boson would lead to an en- 35

hancement in the cross section for the considered tt̄ final 36

state which cannot be seen in other channels. The mea- 37

surement presented here is complementary to the previ- 38

ously published tau + lepton channel measurement [6]. 39

The most recent cross section measurements of the tau 40

+ jets decay channel have been performed by the CDF 41

and D0 experiments in proton-antiproton collisions at 42√
s = 1.96 TeV [7, 8]. This is the first measurement 43

conducted in this specific channel at the LHC. 44

In this analysis, events with at least five jets are 45

selected, where two of the jets are identified as hav- 46

ing originated from b-quarks. One of the remaining jets 47

is selected as the τhad candidate based on the recon- 48

struction of the top quark decays. The τhad contribution 49

is separated from quark- or gluon-initiated jets with a 50

one-dimensional fit to the number of tracks associated 51

with the τhad candidate. Since the τhad decays pref- 52

erentially to one or three charged particles (and other 53

neutral decay products), this variable offers a good sep- 54

aration between hadronically-decaying tau leptons and 55

jets, as the latter typically produce a large number of 56

charged particles. The main backgrounds to the tt̄ sig- 57

nal come from multijet events, tt̄ events with a different 58

final state or signal events where the wrong jet is chosen 59

as the τhad candidate. A small contribution from single 60

top and W+jets events is also present. The distribu- 61

tions for the backgrounds used in the fit are obtained 62

with data-driven methods. 63

2 The ATLAS Detector 64

The ATLAS detector [9] is a multipurpose particle physics 65

detector with an approximately forward-backward sym- 66
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metric cylindrical geometry and a near-4π coverage in67

solid angle1. The inner tracking detector covers the68

pseudorapidity range | η | < 2.5, and consists of a sili-69

con pixel detector, a silicon microstrip detector (SCT),70

and, for | η | < 2.0, a transition radiation tracker. The71

inner detector is surrounded by a thin superconduct-72

ing solenoid providing a 2 T magnetic field along the73

beam direction. A high-granularity liquid-argon sam-74

pling electromagnetic calorimeter covers the region | η |75

< 3.2. An iron-scintillator tile hadronic calorimeter pro-76

vides coverage in the range | η | < 1.7. The end-cap and77

forward regions, spanning 1.5 < | η | < 4.9, are instru-78

mented with liquid-argon calorimeters for both electro-79

magnetic and hadronic measurements. The muon spec-80

trometer surrounds the calorimeters. It consists of three81

large air-core superconducting toroid systems and sep-82

arate trigger and high-precision tracking chambers pro-83

viding accurate muon tracking for | η | < 2.7.84

3 Data and Simulation Samples85

The data used in this analysis were collected during the86

first half of the 2011 data taking period and correspond87

to a total integrated luminosity of L = 1.67 fb−1. The88

data sample was selected with a b-jet trigger that re-89

quires at least four jets identified with | η | < 3.2 and a90

transverse energy (ET) above 10 GeV. Two of these jets91

are required to be identified as b-jets using a dedicated92

high-level-trigger b-tagging algorithm [10].93

The selection efficiency for the tt̄ → τhad + jets sig-94

nal is derived from Monte Carlo (MC) simulations. The95

MC@NLO v4.01 [11] generator, with the parton distribu-96

tion function (PDF) set CT10 [12], is used for the tt̄97

signal. The theoretical prediction of the tt̄ cross sec-98

tion for proton-proton collisions at a centre-of-mass en-99

ergy of
√
s = 7 TeV is σtt̄ = 167+17

−18 pb for a top100

quark mass of 172.5 GeV. It has been calculated at101

approximate next-to-next-to-leading order (NNLO) in102

QCD with Hathor 1.2 [13] using the MSTW2008 90%103

CL NNLO PDF sets [14], incorporating PDF+αS un-104

certainties according to the MSTW prescription [15] and105

cross checked with the NLO+NNLL calculation of Cacciari106

et al. [16] as implemented in Top++ 1.0 [17]. Tau lepton107

1ATLAS uses a right-handed coordinate system with its ori-
gin at the nominal interaction point (IP) in the centre of
the detector and the z-axis along the beam pipe. The x-axis
points from the IP to the centre of the LHC ring, and the
y axis points upward. Cylindrical coordinates (r,φ) are used
in the transverse plane, φ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2). The variable ∆R is used
to evaluate the distance between objects, and is defined as
∆R =

√

(∆φ)2 + (∆η)2.

decays are modeled with TAUOLA [18]. Samples of simu- 108

lated events are also used to estimate the small contri- 109

butions from W+jets, Z+jets, single top and diboson 110

events, as described in [19]. The generated events were 111

processed through the full ATLAS detector simulation 112

using GEANT4 [20, 21], followed by the trigger and offline 113

reconstruction. The distribution of the number of pile- 114

up events (i.e. collisions in the same bunch crossing as 115

the hard-scattering event) was adjusted to match the 116

occupancies measured in the data. 117

4 Event Selection 118

Jets are reconstructed from clusters of calorimeter cells [22]119
using the anti-kt algorithm [23, 24] with a distance pa- 120

rameter R = 0.4. The jets are calibrated using trans- 121

verse momentum- and η-dependent corrections obtained 122

from simulation and validated with collision data [25]. 123

Candidate events are required to contain at least five 124

jets with a transverse momentum (pT) larger than 20 GeV 125

and | η | < 2.5. 126

The identification of jets originating from b-quarks 127

is performed using algorithms that combine secondary 128

vertex properties and track impact parameters [26]. The 129

algorithm identifies b-jets with an average efficiency of 130

60% and provides a light-quark jet rejection factor of 131

about 340 in tt̄ topologies. The likelihood of misiden- 132

tifying a τhad as a b-jet in a tt̄ event is approximately 133

5%. The two b-jets with the highest b-tag probability 134

are chosen as the event b-candidates; events with less 135

than two b-jets are rejected. 136

The missing transverse momentum (Emiss
T ) is recon- 137

structed from energy clusters in the calorimeters. The 138

calibration of each cluster is dependent on the type of 139

physical object associated with the cluster. The trans- 140

verse momenta of muons in the event are also taken into 141

account. The Emiss
T significance (SEmiss

T
) is defined as 142

Emiss
T /(0.5 [

√
GeV] ·

√
Σ ET), where Σ ET is the scalar 143

sum of the transverse momenta of all objects. Using 144

a SEmiss
T

requirement instead of a direct Emiss
T require- 145

ment allows the rejection of multijet events where the 146

Emiss
T arises from energy resolution effects, while still 147

retaining high efficiency for signal events with Emiss
T 148

coming from particles which do not interact with the 149

detector [27]. Candidate events are required to have 150

SEmiss
T

> 8. 151

To reduce the background due to events containing 152

W bosons that decay leptonically and to avoid overlap 153

with other tt̄ cross section measurements, events con- 154

taining a reconstructed electron or muon [28, 29] with 155

pT > 15 GeV and | η | < 2.5 are vetoed. 156

Ahmed Hasib
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In each event, a single τhad candidate is selected157

from the reconstructed jets using the following proce-158

dure. First, the reconstruction of the hadronically de-159

caying top-quark is attempted by selecting the three160

jets (including exactly one of the two b-candidates) that161

give the highest four-vector pT sum. The remaining162

jet with the highest pT, excluding the remaining b-163

candidate, is selected as the τhad candidate. Events where164

the τhad candidate pT is below 40 GeV are rejected.165

The main contributions to the selected τhad candi-166

dates in the signal region come from the signal (τhad167

from tt̄ events), electrons from tt̄ events and misiden-168

tified jets from tt̄, single top, W + jets and multijet169

events. The contributions from Z/γ" + jets and dibo-170

son processes are negligible.171

5 Data Analysis172

The majority of τhad decays are characterised by the173

presence of one or three charged hadrons in the fi-174

nal state, which can be reconstructed as charged parti-175

cle tracks in the inner detector. The number of tracks176

(ntrack) originating from the interaction point is used to177

separate τhad from the misidentified jet backgrounds.178

trackn
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Fig. 1 Distribution of ntrack for τhad from MC tt̄ events
(solid black line), electrons from MC tt̄ events (dashed red
line), and for jets from multijet events from data (blue tri-
angles). The multijet event selection uses a SEmiss

T

sideband
region as described in Section 5. All distributions are nor-
malised to unity.

All selected tracks with pT > 1 GeV located in a179

core region of size ∆R < 0.2 around the jet axis are180

counted. To increase the discriminating power, tracks181

in the outer cone 0.2 < ∆R < 0.6 are also counted,182

using a variable pT requirement that is dependent on183

both the ∆R of the outer track and the pT of the core184

tracks. This variable pT requirement was designed to185

reduce the contribution from pile-up and underlying186

event tracks, and is explained in [30]. The separation 187

power of the ntrack variable is illustrated in Fig. 1 where 188

a comparison of the ntrack distribution is shown for τhad, 189

electrons and misidentified jets from multijet events. 190

To extract the signal from the ntrack distribution, 191

the data sample is fitted with three probability distri- 192

bution functions (templates): a tau/electron template, 193

a gluon-jet template and a quark-jet template. The τhad 194

component from tt̄ events constitutes the signal in the 195

event sample. Real electrons (either prompt or from 196

leptonic tau decays) from tt̄ events which failed to be 197

rejected by the veto also contribute significantly to the 198

event sample. The electron and τhad templates are com- 199

bined into a single tau/electron template to ensure a 200

stable fit. The tau/electron template is obtained from 201

simulated tt̄ events. The small expected contributions 202

to the real tau/electron component of the fit from sin- 203

gle top and W + jets events do not change the shape 204

of the template. 205

The remaining significant contributions come from 206

misidentified jets, and are separated into two templates. 207

The gluon-jet template describes the multijet processes 208

which are dominated by gluon-initiated jets, and the 209

quark-jet template describes the remaining processes 210

(tt̄, single top andW + jets) that are enriched in quark- 211

initiated jets. 212

The gluon-jet template is determined using a side- 213

band region where the SEmiss
T

requirement is relaxed to 214

3 < SEmiss
T

< 4. This selections greatly enhances the 215

contribution from multijet events, reducing other con- 216

tributions (e.g. from tt̄ events) to less than 1%. The 217

regions defined by the selection 2 < SEmiss
T

< 3 and 4 218

< SEmiss
T

< 5 are also used to study any correlations 219

between the SEmiss
T

criteria and the ntrack distribution. 220

The quark-jet template is obtained from a tt̄ control 221

sample where the τhad candidate is replaced by a muon 222

candidate. The reconstructed muon [29] is required to 223

have pT > 20 GeV, | η | < 2.5 and no jet within ∆R 224

< 0.4. The requirement on the number of non-b-tagged 225

jets is changed from three to two as the jet correspond- 226

ing to the τhad is now replaced by a muon. The other 227

selection requirements are the same as for the signal 228

region. This isolates tt̄ events with very high purity: 229

the contribution from backgrounds is at the 5% level, 230

mainly from single top and W + jets events. The two 231

highest pT jets that are not identified as b-jet candi- 232

dates are selected as τhad candidates. The template is 233

corrected using MC simulations for differences in the 234

transverse momentum distribution between the signal 235

region and the control sample, and for the expected con- 236

tribution to the control sample from tt̄ dilepton events 237

(tt̄ → µ+ τhad +X, tt̄ → µ+ e+X). 238
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6 Results239
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Fig. 2 The ntrack distribution for τhad candidates after all
selection cuts. The black points correspond to data, while
the solid black line is the result of the fit. The red (dashed),
blue (dotted) and magenta (dash-dotted) histograms show
the fitted contributions from the tau/electron signal, and the
gluon-jet and quark-jet backgrounds, respectively.

An extended binned-likelihood fit is used to extract240

the different contributions from the ntrack distribution.241

To improve the fit stability, the ratio of the number of242

quark-jet events to tau/electron events is constrained243

with a Gaussian uncertainty. Both contributions are244

dominated by events from the same process (tt̄ events),245

and their relative production rate is consequently well246

understood. The width of the Gaussian is determined247

to be 19% of its central value based on studies of the248

associated systematic uncertainties. The statistical un-249

certainties on the fit parameters are calculated using the250

shape of the fit likelihood. The systematic uncertainties251

on the shapes of the templates are propagated using a252

pseudo-experiment approach, taking into account the253

bin-by-bin correlations. This yields a final number of254

tau/electron events of 270 ± 24 (stat.) ± 11 (syst.).255

The fit results are shown in Fig. 2. A comparison256

between the fit results, and the expected event yields257

from the MC predictions is presented in Tab. 1. The258

numbers are in good agreement.259

To extract the number of signal events, predictions260

from simulation are used to subtract the backgrounds261

from W + jets and single top events (9 ± 5 and 12 ±262

2, respectively) from the fitted number of tau/electron263

events. The number is then scaled by the expected ra-264

tio of τhad and electrons passing the selection in the tt̄265

sample. This ratio, Nτ/(Nτ +Ne), is estimated from266

MC simulation to be 0.78 ± 0.03 (stat.) ± 0.03 (syst.).267

This yields a final number of observed signal events of:268

Nτ = 194 ± 18 (stat.) ± 11 (syst.).269

Source Number of events

tau/electron

tt̄ (τhad) 170 ± 40
tt̄ (electrons) 47 ± 11
Single top 12 ± 2
W + jets 9 ± 5

Total expected 240 ± 50

Fit result 270 ± 24 (stat.) ± 11 (syst.)

quark-jet

tt̄ (jets) 540 ± 160
Single top 24 ± 4
W + jets 21 ± 12

Total expected 580 ± 160

Fit result 520 ± 97 (stat.) ± 78 (syst.)

gluon-jet

Fit result 960 ± 77 (stat.) ± 74 (syst.)

Table 1 Comparison of the numbers of events from MC ex-
pectations and from the results of the fit to the data for the
three templates. The uncertainties on the MC expectations
include the systematic uncertainties of the selection efficiency
described in Section 7. No MC predictions are available for
the gluon-jet contribution.

The cross section is obtained using σtt̄ = Nτ/(L · ε). 270

The efficiency (ε) is estimated from MC simulation to 271

be (6.0 ± 1.4) ×10−4. It includes the branching frac- 272

tions for the different tt̄ decays and the acceptance. The 273

efficiency is corrected for a 13% difference between MC 274

simulation and data in the trigger and b-tagging effi- 275

ciencies [26]. The method used for obtaining the uncer- 276

tainty on the cross section is detailed in Section 7. 277

The cross section is measured to be σtt̄ = 194 ± 278

18 (stat.) ± 46 (syst.) pb. 279

7 Systematic Uncertainties 280

A summary of all systematic uncertainties on the cross 281

section is given in Table 2. 282

The uncertainty on the selection efficiency due to 283

the choice of MC simulation configuration is estimated 284

by using alternative MC samples and reweighting pro- 285

cedures. The difference in the efficiency obtained from 286

different configurations is taken as the uncertainty. The 287

full details of the samples, generators and procedures 288

used for this study are documented in detail in Ref. [19]. 289

Uncertainties are evaluated on the initial- and final- 290

state radiation (ISR/FSR), hadronisation and pile-up 291

modeling, choice of MC event generator and PDFs. 292

Uncertainties on the simulation of the detector re- 293

sponse are taken into account using dedicated studies 294

of the reconstructed physics objects (electrons, muons, 295

jets, Emiss
T ). The considered uncertainties are associ- 296
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Source of uncertainty Relative uncertainty

ISR/FSR 15%
Event generator 11%
Hadronisation model 6%
PDFs 2%
Pile-up 1%

b-jet tagging efficiency 9%
Jet energy scale 5%
Emiss

T
significance mismodeling 5%

b-jet trigger efficiency 3%
Jet energy resolution 2%

Fit systematic uncertainties 4%

Luminosity 4%

Total uncertainty 24%

Table 2 Systematic uncertainties on the tt̄ cross section.

ated with the jet energy scale, jet energy resolution,297

b-tagging efficiency, trigger efficiency and Emiss
T calcu-298

lation. The uncertainty due to a mismodeling of the299

lepton veto is estimated using the uncertainties on the300

muon and electron reconstruction efficiencies determined301

from independent data samples, and is found to be neg-302

ligible.303

To obtain the uncertainty on the fit results, vari-304

ations are applied to the templates to describe vari-305

ous systematic effects. As the tau/electron template is306

taken directly fromMC-simulated tt̄ events, the system-307

atics on this template are taken from estimates of the308

mismodeling of the simulation. The dominant contribu-309

tions come from variations in the amount of ISR/FSR310

in the simulation (1%) [31], the modeling of the pile-311

up (1%), and the statistical uncertainties (1%). Uncer-312

tainties on the track reconstruction efficiency, jet en-313

ergy scale, and ratio of τhad to electrons were found314

to be negligible. The quark-jet template is obtained315

from a tt̄ µ + jets control sample in data. The domi-316

nant contributions come from the statistical uncertain-317

ties (4%), the difference in shape between the µ + jets318

template and the expected quark-jet distribution, esti-319

mated from MC samples (2%), and the MC-based sub-320

traction of the dilepton contribution (1%). The uncer-321

tainty on the MC-based kinematic correction is found322

to be negligible. The gluon-jet template is derived from323

a background-dominated sideband region with low val-324

ues of SEmiss
T

. The two sources of uncertainties are the325

dependence of the template on the SEmiss
T

criteria of326

the control region, obtained by varying the SEmiss
T

re-327

quirements (1%), and the statistical uncertainty of the328

control region (1%). The total systematic uncertainty329

on the fit is found to be 4%.330

The uncertainty on the luminosity is calculated to 331

be 4% as described in Ref. [32]. The total uncertainty 332

on the cross section is 24%. 333

8 Conclusions 334

This document presents a measurement of the top quark 335

pair production cross section in the final state corre- 336

sponding to the tt̄ → [bτhadντ ][bqq] decay. The mea- 337

surement uses a dataset corresponding to an integrated 338

luminosity of 1.67 fb−1 of proton-proton collision data 339

at a centre-of-mass energy of 7 TeV recorded by the AT- 340

LAS experiment at the LHC. The signal was extracted 341

by fitting the number of tracks associated to the tau lep- 342

ton candidate with templates derived from simulation 343

for the tt̄ signal and from the data for the backgrounds. 344

The tt̄ production cross section is measured to be 345

σtt̄ = 194 ± 18 (stat.) ± 46 (syst.) pb. The result pre- 346

sented here is in agreement with the theoretical predic- 347

tion of 167+17
−18 pb, as well as the latest combination of 348

different ATLAS analyses yielding 177 ± 3 (stat.) +8
−7 349

(syst.) ± 7 (lumi.) pb [33]. 350
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