
ar
X

iv
:1

20
1.

18
89

v2
  [

he
p-

ex
]  

26
 A

pr
 2

01
2

CERN-PH-EP-2011-201

Measurement of the top quark pair production cross-section
with ATLAS in the single lepton channel

The ATLAS Collaboration1

Abstract

A measurement of the production cross-section for top quarkpairs (tt̄) in pp collisions at
√

s = 7 TeV is presented using data
recorded with the ATLAS detector at the Large Hadron Collider. Events are selected in the single lepton topology by requiring
an electron or muon, large missing transverse momentum and at least three jets. With a data sample of 35 pb−1, two different
multivariate methods, one of which usesb-quark jet identification while the other does not, use kinematic variables to obtain cross-
section measurements ofσtt̄ = 187± 11(stat.)+18

−17(syst.) ± 6(lumi.) pb andσtt̄ = 173± 17(stat.)+18
−16(syst.) ± 6(lumi.) pb respectively.

The two measurements are in agreement with each other and with QCD calculations. The first measurement has a better a priori
sensitivity and constitutes the main result of this Letter.

Keywords:
high-energy collider experiment, cross-section, top physics

1. Introduction

Measurements of the production and decay properties of top
quarks are of central importance to the Large Hadron Collider
(LHC) physics programme. Uncertainties on the theoretical
predictions for the top quark pair production cross-section are
now less than 10%, and comparisons with experimental mea-
surements allow a precision test of the predictions of Quantum
Chromodynamics. Furthermore, top quark pair production isan
important background in many searches for physics beyond the
Standard Model (SM). New physics may also give rise to ad-
ditional tt̄ production mechanisms or modifications of the top
quark decay channels, which can affect the measuredtt̄ cross-
section.

In the SM thett̄ production cross-section inpp collisions is
calculated to be 165+11

−16 pb [1, 2, 3] at a centre-of-mass en-
ergy

√
s = 7 TeV, assuming a top quark mass of 172.5 GeV.

Top quarks are predicted to decay to aW-boson and ab-quark
(t → Wb) nearly 100% of the time. Events with att̄ pair can
be classified as ‘single lepton’, ‘dilepton’, or ‘all hadronic’ ac-
cording to the decays of the twoW-bosons: each can decay
into quark-antiquark pairs (W → q1q̄2) or a lepton-neutrino pair
(W → ℓν). Events in the single lepton channel, when the lep-
ton is an electron or a muon, are characterised by an isolated,
prompt, energetic lepton, jets, and missing transverse momen-
tum from the neutrino. At the Tevatron thett̄ cross-sections
at
√

s = 1.8 TeV and at
√

s = 1.96 TeV have been measured
by CDF [4, 5] and DØ [6, 7] in most channels. ATLAS and
CMS have measured thett̄ cross-section at

√
s = 7 TeV at the

LHC [8, 9, 10, 11].

1See Appendix for the list of collaboration members

This Letter describes measurements of thett̄ cross-section in
the single lepton plus jets channel with 35 pb−1 of data recorded
by ATLAS in 2010. Taking advantage of the increased data
sample, the measurement techniques developed in Ref. [8] were
extended to employ kinematic likelihood discriminants to sep-
arate signal from background and measure the cross-section.
Two multivariate methods, one that includesb-quark jet iden-
tification (b-tagging) and one which does not, use several vari-
ables each to discriminatett̄ events from the background. The
two analyses are sensitive to different sources of systematic un-
certainty. For instance, the analysis withoutb-tagging is more
sensitive to the multijet background, whereas the analysiswith
b-tagging is sensitive to the background fromW-boson produc-
tion in association withb- andc-quarks. The clearer separation
of signal and background leads to a smaller statistical uncer-
tainty for the analysis withb-tagging. Another significant dif-
ference between the two measurements is that the analysis with
b-tagging uses a profile likelihood that implements anin situ
fit of the dominant systematic uncertainties, which improves its
performance considerably.

2. The ATLAS detector

The ATLAS detector [12] consists of an inner tracking sys-
tem (inner detector, or ID) surrounded by a thin superconduct-
ing solenoid providing a 2 T magnetic field, electromagnetic
and hadronic calorimeters and a muon spectrometer (MS). The
ID consists of silicon pixel and microstrip detectors, surrounded
by a transition radiation tracker. The electromagnetic calorime-
ter is a lead/liquid-argon (LAr) detector. Hadron calorimetry is
based on two different detector technologies, with scintillator
tiles or LAr as active media, and with either steel, copper, or

Preprint submitted to Physics Letters B April 27, 2012

SLAC-PUB-17007

This material is based upon work supported by the U.S. Department of Energy, 
Office of Science, under Contract No. DE-AC02-76SF00515.

http://arxiv.org/abs/1201.1889v2


tungsten as the absorber material. The MS includes three large
superconducting toroids arranged with an eight-fold azimuthal
coil symmetry around the calorimeters, and a system of three
stations of chambers for the trigger and for track measurements.

A three-level trigger system is used to select interesting
events. The level-1 trigger is implemented in hardware and
uses a subset of detector information to reduce the event rate
to a design value of at most 75 kHz. This is followed by two
software-based trigger levels, level-2 and the event filter, which
together reduce the event rate to about 200 Hz which is recorded
for analysis.

The nominalpp interaction point at the centre of the detec-
tor is defined as the origin of a right-handed coordinate system.
The positivex-axis is defined by the direction from the interac-
tion point to the centre of the LHC ring, with the positivey-axis
pointing upwards, while thez-axis is along the beam direction.
The azimuthal angleφ is measured around the beam axis and
the polar angleθ is the angle from thez-axis. The pseudorapid-
ity is defined asη = − ln tan(θ/2).

3. Simulated event samples

Monte Carlo (MC) simulation was used for various aspects of
the analysis. The simulation consists of an event generatorin-
terfaced to a parton shower and hadronisation model, the results
of which are passed through a full simulation of the ATLAS de-
tector and trigger system [13, 14]. MC simulation was used
when data-driven techniques were not available or to evaluate
relatively small backgrounds and certain sources of systematic
uncertainty.

For the calculation of the acceptance of thett̄ signal the next-
to-leading order (NLO) generator MC@NLO v3.41 [15] was
used with the top quark mass set to 172.5 GeV and with the
NLO parton density function (PDF) set CTEQ66 [16].

W- andZ-boson production in association with jets was sim-
ulated with Alpgen v2.13, which implements the exact leading
order (LO) matrix elements for final states with up to six partons
and uses the ‘MLM’ matching procedure to remove the overlaps
between samples withn andn + 1 final state partons [17]. The
LO PDF set CTEQ6L1 [16] was used to generateW+jets and
Z+jets events with up to five partons. Diboson,WW, WZ and
ZZ events were generated with Herwig [18, 19]. Like the dibo-
son production, single-top is also a relatively small background
and is simulated using MC@NLO, invoking the ‘diagram re-
moval scheme’ [20] to remove overlaps between single-top and
tt̄ final states.

Unless otherwise noted, all events were hadronised with
Herwig, using Jimmy [21] for the underlying event model. De-
tails of the generator and underlying event tunes used are given
in Ref. [22].

3.1. Systematic uncertainties on signal and background mod-
elling

The use of simulatedtt̄ samples to calculate the signal accep-
tance gives rise to various sources of systematic uncertainty.
These arise from the choice of the event generator and PDF

set, and from the modelling of initial and final state radiation
(ISR and FSR). The uncertainties due to the choice of genera-
tor and parton shower model were evaluated by comparing the
results obtained with MC@NLO to those of Powheg [23], with
events hadronised with either Herwig or Pythia [24]. The un-
certainty due to the modelling of ISR/FSR was evaluated using
the AcerMC generator [25] interfaced to Pythia and by varying
the parameters controlling the ISR/FSR emission by a factor of
two up and down. The variation ranges used are comparable
to those in [26] for ISR and [27] for FSR. Finally, the uncer-
tainty in the PDF set used to generatett̄ samples was evaluated
using a range of current PDF sets with the procedure described
in Ref. [28, 29, 30].

The production of theW+jets background based on MC sim-
ulation has uncertainties on the total cross-section, on the con-
tribution of events with jets from heavy-flavour (b, c) quarks,
and on the shape of kinematic distributions. The predictions
of the total cross-section have uncertainties of order 50% [31],
increasing with jet multiplicity. TotalW+jets cross-section pre-
dictions were not used in the cross-section measurement as
this background was extracted from the fit to the data (see
Section 7), but were used in the MC simulation shown in
Figs. 1 to 4. A combination of the fitting method described in
[32] and a counting method described here, both relying upon
final states with one and two jets, was used to estimate the heavy
flavour fractions inW+jets events. Since these bins are domi-
nated byW+jet events, the totalW+jet contribution to these
events can be obtained, both with and without requiring at least
oneb-tagged jet. These four numbers are then used to constrain
the following four event types which make up theW+jets sam-
ple: W+bb̄, W+cc̄, W+c andW+light flavours. Additionally it
was assumed that the k-factors forW +bb̄ andW +cc̄ are equal.
MC simulation with Alpgen was used to estimate theb-tagging
efficiencies for each sub-sample as well as to extrapolate from
the one-jet to the two-jet bin. The dominant uncertainties in this
method arise from jet energy scale andb-tagging uncertainties.
As a result of this study, it was found that theW+bb̄ andW+cc̄
sub-samples of events in the Alpgen MC simulation were to be
rescaled by 1.30±0.65, whereasW + c events were rescaled by
1.0±0.4. An additional 25% relative uncertainty per jet bin was
assigned to these flavour fractions when applied to the signal
region based upon studies with Alpgen MC simulation.

The uncertainty on the shape ofW+jets kinematic distribu-
tions was assessed by changing the factorisation and renormal-
isation scales by a factor of two up and down; and by varying
the minimumpT of the final state quarks and gluons from 10 to
25 GeV, with 15 GeV being the default.

For the smaller backgrounds arising fromZ+jets, single-top
and diboson production, only the overall normalisation uncer-
tainties were considered, taken to be 30% forZ+jets produc-
tion, 10% for single-top production, determined from compar-
isons of MCFM [33] and MC@NLO predictions, and 5% for
diboson production, determined from MCFM studies of scale
and PDF uncertainties.
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4. Object selection

Single leptontt̄ events are characterised by the presence
of an electron or muon, jets, and missing transverse momen-
tum, which is an indicator of undetected neutrinos, in the fi-
nal state. The events used in this analysis were triggered by
single-lepton triggers. The electron trigger required a level-1
electromagnetic cluster in the calorimeter with transverse mo-
mentumET > 10 GeV. A more refined cluster selection was
applied in the level-2 trigger, and a match between the electro-
magnetic cluster and an ID track was required in the event filter.
The muon trigger required a track with transverse momentum
pT > 10 GeV in the muon trigger chambers at level-1, matched
to a muon ofpT > 13 GeV reconstructed in the precision cham-
bers and combined with an ID track at the event filter.

The same object definition used for the previoustt̄ cross-
section measurement [8] was used in this analysis, except for
more stringent electron selection criteria and ID track quality
requirements for muons. Electron candidates were defined as
electromagnetic clusters consistent with the energy deposition
of an electron in the calorimeters and with an associated well-
measured track. They were required to satisfypT > 20 GeV
and |ηcluster| < 2.47, whereηcluster is the pseudorapidity of the
cluster associated with the candidate. Candidates in the barrel
to endcap calorimeter transition region 1.37< |ηcluster| < 1.52
were excluded. Muon candidate tracks were reconstructed from
track segments in the different layers of the muon chambers.
These segments were combined starting from the outermost
layer, with a procedure that takes material effects into account,
and matched with tracks found in the inner detector. The final
candidates were refitted using the complete track information
from both detector systems and required to satisfypT > 20
GeV and|η| < 2.5.

To further reduce background from leptons produced in
heavy-flavour or in-flight hadron decays the selected leptons
were required to be ‘isolated’. For electrons the transverse mo-
mentum,ET , deposited in the calorimeter cells inside an iso-
lation cone of size∆R =

√

(∆η)2 + (∆φ)2 = 0.2 around the
electron position was corrected to take into account the leakage
of the electron energy into this cone. The remainingET was
required to be less than 4 GeV. Muons were required to have a
distance∆R greater than 0.4 from any jet withpT > 20 GeV,
which suppresses muons from heavy-flavour decays inside jets.
Furthermore, the calorimeter transverse momentum in a cone
of size∆R = 0.3 around the muon direction was required to be
less than 4 GeV, and the sum of track transverse momenta, other
than the muon track, in a cone of size∆R = 0.3 was required to
be less than 4 GeV.

Pure samples of prompt muons and electrons were obtained
from Z-boson events in the data and were used to correct the
lepton trigger, and the reconstruction and selection efficiencies
in MC simulation to match those in the data. The corrections
were found to be small.

Jets were reconstructed [34] with the anti-kt algorithm [35,
36] with radius parameter 0.4 from clusters of adjacent
calorimeter cells. If the closest object to an electron candi-
date (before the above electron isolation requirement) wasa jet

within a distance∆R < 0.2, the jet was removed. The jet en-
ergy scale (JES) and its uncertainty were derived by combining
information from test-beam data, LHC collision data and simu-
lation. The JES uncertainty was found to vary from 2% to 7%
as a function of jetpT andη [37].

Jets arising from the hadronisation ofb-quarks were identi-
fied using an algorithm (JetProb) [38] which relies upon the
transverse impact parameterd0 of each track in the jet: this is
the distance of closest approach in the transversex-y plane of
a track to the primary vertex. It is signed with respect to the
jet direction: the sign is positive if the track crosses the jet axis
in front of the primary vertex, negative otherwise. The signed
impact parameter significance,d0/σd0, of each selected track is
compared to a resolution function for prompt tracks, to assess
the probability that the track originates from the primary vertex.
Here,σd0 is the uncertainty ond0. The individual track proba-
bilities are then combined into a global probability that the jet
originates from the primary vertex. The simulated data were
smeared to reproduce the resolution found in collision data.

The b-tagging efficiencies and mistag rates were calibrated
with data for a wide range ofb-tagging efficiency requirements.
The efficiency was measured in a sample of jets containing
muons, making use of the transverse momentum of the muon
relative to the jet axis. The mistag rates were measured on an
inclusive jet sample with two methods, one using the invariant
mass spectrum of tracks associated to reconstructed secondary
vertices to separate light- and heavy-flavour jets, and the other
based on the fraction of secondary vertices in data with neg-
ative decay-length significance. The results of these measure-
ments were applied in the form ofpT -dependent scale factors
to correct theb-tagging performance in simulation to match the
data. For ab-tagging efficiency around 50%, the scale factor
was found to be approximately 0.9 in all bins of jetpT , and
the relativeb-tagging efficiency uncertainty was found to range
from 5% to 14% depending on the jetpT [38]. The mistag rate
and mistag scale factors are approximately 1% and 1.1, respec-
tively, in the jetpT region of interest, 20< pT < 100 GeV. The
analysis includingb-tagging used the probabilities returned by
the JetProb algorithm as a discriminating variable, as explained
in Section 7.

The reconstruction of the missing transverse momentum
Emiss

T [39] was based upon the vector sum of the transverse mo-
menta of the reconstructed objects (electrons, muons, jets) as
well as the transverse energy deposited in calorimeter cells not
associated with these objects. The electrons, muons and jets
were used in theEmiss

T calculation consistently with the defini-
tions and uncertainties stated above.

5. Event selection

Events that passed the trigger selection were required to
contain exactly one reconstructed lepton withpT > 20 GeV,
matching the corresponding event filter object. Selected events
were required to have at least one reconstructed primary ver-
tex with at least five tracks. Events were discarded if any jet
with pT > 20 GeV was identified to be due to calorimeter noise

3



or activity out of time with respect to the LHC beam cross-
ings. TheEmiss

T was required to be greater than 35 (20) GeV
in the electron (muon) channel and the transverse mass con-
structed from the lepton andEmiss

T transverse momentum vec-
tors was required to be greater than 25 GeV (60 GeV−Emiss

T ) in
the electron (muon) channel. The muon requirement is referred
to as the ‘triangular cut’. The requirements were stronger in
the electron channel to suppress the larger multijet background.
Finally, events were required to have three or more jets with
pT > 25 GeV and|η| < 2.5. The selected events were then clas-
sified by the number of jets fulfilling these requirements andby
the lepton flavour. Table 1 shows the number of selected events
in the data in the electron and muon channels, together with the
SM expectations for the signal and the different backgrounds.
All predictions were obtained from MC simulation except the
multijet background estimate which was obtained from data as
described in the next section.

Table 1: Number of observed events in the data in the electron and
muon channels after the selection cuts as a function of the jet multiplic-
ity. The expected signal and background contributions are also given.
All simulated processes are normalized to theoretical SM predictions,
except the multijet background which uses the normalisation presented
in Sec. 6. The quoted uncertainties include statistical, systematic and
theoretical components, except for the multijet background. All num-
bers correspond to an integrated luminosity of 35 pb−1.

Electron channel 3 jets 4 jets ≥ 5 jets
tt̄ 117± 16 109± 15 76± 19
W+jets 524± 225 124± 77 35± 23
Multijet 64 ± 32 12± 6 8± 4
Single top 21± 5 7± 3 3± 2
Z+jets 60± 28 21± 15 8± 6
Diboson 9± 3 1.9± 1.5 0.4± 0.8
Predicted 795± 236 275± 84 130± 35
Observed 755 261 123

Muon channel 3 jets 4 jets ≥ 5 jets
tt̄ 165± 22 156± 18 108± 27
W+jets 976± 414 222± 139 58± 38
Multijet 79 ± 24 18± 6 11± 3
Single top 31± 7 10± 4 4± 2
Z+jets 58± 26 14± 10 5± 4
Diboson 16± 4 3± 2 0.6± 0.8
Predicted 1325± 422 423± 143 186± 51
Observed 1289 436 190

6. Background evaluation

The main backgrounds tott̄ signal events in the single lep-
ton plus jets channel arise fromW-boson production in associ-
ation with jets, in which theW decays leptonically, and from
multijet production. Smaller backgrounds arise fromZ+jets,
diboson and single-top production. These smaller backgrounds
have been estimated from MC simulation and normalised to the
latest theoretical predictions, as discussed in Section 3.

The W+jets background is difficult to predict from theory,
particularly in the high jet-multiplicity bins. A data-driven
cross-check following methods similar to those described in
Ref. [8] was therefore performed. The results obtained with
data were found to agree with the MC predictions within the
uncertainties. Both analyses presented here rely on the assump-
tion that the MC simulation correctly describes the kinematic
properties of theW+jets events, whereas the normalisation of
theW+jets cross-section was fitted from the data, as described
in Section 7. In the analysis usingb-tagging the theoretical un-
certainty on the normalisation was used as a constraint in the
fit, whereas in the other analysis it was allowed to vary freely.

The multijet background was measured with a data-driven
approach. In the muon channel, the background from multi-
jet events is dominated by ‘non-prompt’ muons arising from
the decay of heavy-flavour hadrons, in contrast to thett̄ signal
where muons arise from the ‘prompt’ decays ofW-bosons. The
multijet background can be estimated by defining two samples
of muons, ‘loose’ and ‘tight’. The tight sample is the one de-
fined in the event selection described above, whilst the loose
sample satisfy the same criteriaexcept the muon isolation re-
quirements. Since the reconstructed muons from background
are associated with jets, they tend to be much less isolated than
the leptons intt̄ decays. Any sample of muons is composed of
prompt and non-prompt muons and it is assumed that the tight
muon sample is a subsample of the loose sample:

N loose = N loose
prompt+ N loose

non−prompt,

Ntight = ǫpromptN
loose
prompt+ ǫnon−promptN

loose
non−prompt, (1)

whereN loose
non−prompt is the number of loose, non-prompt muons

(with the otherNx
y ’s defined similarly) andǫprompt (ǫnon−prompt)

represents the probability for a prompt (non-prompt) muon that
satisfies the loose criteria to also satisfy the tight ones. The
probability ǫprompt was measured from the data using high-
purity samples dominated byZ-bosons decaying into muons.
The probabilityǫnon−prompt for a non-isolated lepton to pass the
isolation cuts was measured by defining control samples dom-
inated by multijet events. Two different control samples were
defined to have at least one jet plus a muon (i) with high impact
parameter significance or (ii) with low transverse mass of the
muon-Emiss

T system plus reversed triangular cut. These control
samples gave consistent results. Contamination of the multijet
control samples by muons fromW andZ events was determined
from MC simulation. The results of these studies areǫnon−prompt

andǫprompt as a function of the muonη, from which the multijet
background expectations can be obtained as a function of any
variable. A 30% systematic uncertainty was assigned to this
estimate based on the observation that the method gives agree-
ment to within 30% across the different jet multiplicities.

In the electron channel, the multijet background also in-
cludes photons inside jets undergoingconversions into electron-
positron pairs and jets with high electromagnetic fractions. A
different method was used, based on a binned likelihood fit of
the Emiss

T distribution in the regionEmiss
T < 35 GeV. The data

was fitted to the sum of four templates: multijet,tt̄, W+jets and
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Z+jets. The templates for the latter three processes were ob-
tained from MC simulation whereas the multijet template was
obtained from the data in a control region defined by the full
event selection criteria except that the electron candidate fails
one or more of the identification cuts. The multijet background
was obtained by extrapolating the fraction of multijet events
from the fit at lowEmiss

T to the signal region at highEmiss
T . Sev-

eral choices of electron identification cuts were considered and
the largest relative uncertainty among these (50%) was usedas a
conservative estimate of the systematic uncertainty of this back-
ground evaluation.

7. Cross-section extraction

The tt̄ production cross-section was extracted by exploiting
the kinematical properties oftt̄ events compared to those from
the dominant background (W+jets) by means of likelihood dis-
criminants (D) constructed from several variables. Templates
of the distributionsD for signal and all background samples
were created using the TMVA package [40]. The variables were
selected for their good discriminating power, small correlation
with each other, and low sensitivity to potentially large uncer-
tainties such as jet energy calibration. The variables are:

• The pseudorapidityη of the lepton, since leptons produced
in tt̄ events are more central than those inW+jet events.

• The aplanarityA, defined as 3/2 times the small-
est eigenvalue of the momentum tensorMi j =
∑Nobjects

k=1 pik p jk/
∑Nobjects

k=1 p2
k , wherepik is thei-th momentum

component of thek-th object andpk is the modulus of its
momentum. The lepton and the four leading jets are the
objects included in the sum. To increase the separation
power of the aplanarity distribution, the transformed vari-
able exp (−8× A) was used. This variable exploits the
fact thattt̄ events are more isotropic thanW+jets events.

• The charge of the leptonqlepton, which uses the fact that a
sample oftt̄ events should contain the same number of pos-
itively and negatively charged leptons, whileW+jet events
produce an excess of positively charged leptons inpp col-
lisions.

• HT,3p, defined as the sum of the transverse energies of
the third and fourth leading jets normalised to the sum
of the absolute values of the longitudinal momenta of the
four leading jets, the lepton and the neutrino,HT,3p =
∑4

i=3 |p
jet
T,i|/
∑Nobjects

j=1 |pz, j|, where pT is the transverse mo-
mentum andpz the longitudinal momentum. The longi-
tudinal momentum of the neutrino was obtained using the
quadraticW mass constraint and taking the solution with
the smaller neutrinopz value. To increase the separation
power of theHT,3p distribution, the transformed variable
exp (−4× HT,3p) was used.

• The averagewJP of wJP = − log10 Pl for the two jets with
lowest Pl in the event. Pl is the probability for a jet to
be a light jet from the JetProbb-tagging algorithm. These

correspond to the jets that have the highest probability to
be heavy-flavour jets.

Two complementary analyses were performed, one which re-
lied upon the use ofb-tagging information (i.e. the variablewJP)
and one which did not. We refer to the analyses as ‘tagged’ and
‘untagged’, respectively. The untagged analysis employedthe
first three variables, whereas the tagged analysis did not con-
sider the lepton charge but usedHT,3p andwJP. wJP was not
included in the three-jet bin. Figures 1 to 4 show the distribu-
tions of the discriminating variables for the selected datasuper-
imposed on the signal and background SM predictions for the
different jet multiplicities.

The tt̄ cross-section was extracted by means of a likelihood
fit of the signal and background discriminant distributionsto
those of the data. The fit yields the fractions oftt̄ signal and
backgrounds in the data sample. The fit was performed simul-
taneously to four samples (three-jet exclusive and four-jet inclu-
sive, electron and muon) in the untagged analysis and six sam-
ples (three-jet exclusive, four-jet exclusive and five-jetinclu-
sive, electron and muon) in the tagged analysis, as these were
the combinations that provided maximum sensitivity. The dis-
criminants were built separately for each jet multiplicityand
lepton flavour subsample, and the different channels were com-
bined in the likelihood fit by multiplying the individual likeli-
hood functions.

The normalisation of thett̄ signal templates is the parame-
ter of interest in the fit and was allowed to vary freely in both
analyses. Thett̄ cross-section was assumed to be common to
all channels and the number oftt̄ events in each subsample re-
turned by the fit was related to thett̄ cross-section by the ex-
pressionσtt̄ = Nsig/

(∫

Ldt × ǫsig

)

, whereNsig is the number of

tt̄ events,
∫

Ldt is the integrated luminosity andǫsig is the prod-
uct of the signal acceptance, selection efficiency and branching
ratio, obtained fromtt̄ simulation. The normalisation of the
backgrounds was treated differently in the two analyses. In the
untagged analysis the multijet and small backgrounds (single-
top, diboson andZ+jets production) were fixed in the fit to their
expected contributions, whereas theW+jets background was al-
lowed to vary freely in each channel. In the tagged analysis
all backgrounds were allowed to vary within the uncertainties
of their assumed cross-sections, described in Sections 3 and 6.
These uncertainties were used as Gaussian constraints on the
cross-section normalisation. The robustness of this fitting ap-
proach was checked with ensemble tests. The central value and
uncertainties returned by the fit were shown to be unbiased for
a wide range of input cross-sections.

8. Systematic uncertainties

The evaluation of the systematic uncertainties was per-
formed differently in the two analyses. The untagged analysis
performed pseudo-experiments (PEs) with simulated samples
which included the various sources of uncertainty. For exam-
ple, for the JES uncertainty, PEs were performed with jet ener-
gies scaled up and down according to their uncertainties andthe
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Figure 1: Input variables to the likelihood discriminants in the exclusive three-
jet bin for the muon channel: leptonη (top), exp(−8 × A) (second from top),
lepton charge (third from top) and exp(−4×HT,3p) (bottom). All simulated pro-
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ground which uses the normalisation presented in Sec. 6. Thetwo top distribu-
tions are used in the untagged and the tagged analyses, the third distribution in
the untagged analysis, and the bottom distribution in the tagged analysis.
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impact on the cross-section was evaluated. The tagged analysis,
on the other hand, accounted for most of the changes in the nor-
malisation and shape of the templates due to systematic uncer-
tainties by adding ‘nuisance’ terms to the fit [41]. Templates of
the samples with one standard deviation ’up’ and ’down’ vari-
ations of the systematic uncertainty source under study were
generated in addition to the nominal templates. The fit interpo-
lated between these templates with a continuous parameter by
means of a Gaussian constraint. Before the fit, the constraint
was such that the mean value was zero and the width was one; a
fitted width less than one means that the data were able to con-
strain that particular source of uncertainty. The effects due to
the modelling of theW+jets and multijet background shapes,
initial and final state radiation, parton density function of the
tt̄ signal, NLO generator, hadronisation and template statistics
cannot be fully described by a simple linear parameter control-
ling the template interpolation. As a consequence, they were
not treated as nuisance terms but obtained by performing PEs
with modified simulated samples, as was done in the untagged
analysis.

The nuisance parameters of the systematic uncertainties were
all fitted together taking into account the correlations among
them in the minimisation process. As a consequence, the un-
certainties on the fitted quantities obtained from the fit include
both the statistical and the total systematic components. There-
fore, to obtain an estimation of the individual contributions to
the total uncertainty in the tagged analysis, each individual sys-
tematic uncertainty was obtained as the difference in quadrature
between the total uncertainty and the uncertainty obtainedafter
having fixed the corresponding nuisance parameter to its fitted
value. The central values of the nuisance parameters after the fit
agreed with their input values. The fit was cross-checked using
PEs where the starting value of the nuisance parameters was
different than the nominal value. The result was found to be
unbiased. In addition, large variations of the kinematic depen-
dence of the nuisance parameters (e.g. the JES as a function of
the jetpT ) were considered and resulted in a negligible impact
on the result of the fit.

The systematic uncertainties on the cross-section for both
methods are summarised in Table 2. The dominant effects in the
untagged analysis were JES, multijet andW+jets backgrounds
shape and ISR/FSR. The latter was also important in the tagged
analysis, together with the uncertainty related to the signal MC
generator. In addition, this analysis was sensitive to effects re-
lated tob-tagging, specifically the determination of the heavy-
flavour content of theW+jets background and the calibration of
theb-tagging algorithm itself. The luminosity uncertainty was
3.4% [42, 43].

Several cross-checks of the cross-section measurements were
performed. These included the results of the likelihoods applied
to individual lepton channels andtt̄ cross-section measurements
done with simpler and complementary approaches, including
cut-and-count methods and fits to kinematic variables such as
the reconstructed top mass. These cross-checks gave consistent
results within the uncertainties.

Table 2: Statistical and systematic uncertainties on the measuredtt̄
cross-section in the untagged and tagged analyses. Multijet and small
backgrounds normalisation uncertainties are already included in the
statistical uncertainty (a/i) in the tagged analysis.W+jets heavy-
flavour content andb-tagging calibration do not apply (n/a) to the un-
tagged analysis. The luminosity uncertainty is not included in the ta-
ble.

Method Untagged Tagged

Statistical Error (%) +10.1 −10.1 +5.8 −5.7

Object selection (%)
JES and jet energy resolution +4.1 −5.4 +3.9 −2.9
Lepton reconstruction,

identification and trigger +1.7 −1.6 +2.1 −1.8
Background modelling (%)

Multijet shape +3.5 −3.5 +0.8 −0.8
Multijet normalisation +1.1 −1.2 a/i
Small backgrounds norm. +0.6 −0.6 a/i
W+jets shape +3.9 −3.9 +1.0 −1.0
W+jets heavy-flavour content n/a +2.7 −2.4
b-tagging calibration n/a +4.1 −3.8

tt̄ signal modelling (%)
ISR/FSR +6.3 −2.1 +5.2 −5.2
NLO generator +3.3 −3.3 +4.2 −4.2
Hadronisation +2.1 −2.1 +0.4 −0.4
PDF +1.8 −1.8 +1.5 −1.5

Others (%)
Simulation of pile-up +1.2 −1.2 < 0.1
Template statistics +1.3 −1.3 +1.1 −1.1

Systematic Error (%) +10.5 −9.4 +9.7 −9.0

9. Results and conclusions

The results of the likelihood fits applied to the data are
shown in Figs. 5 and 6, where the distributions of the dis-
criminants in data are overlaid on the fitted discriminant dis-
tributions of the signal and backgrounds. The final measured
cross-section results are:σtt̄ = 173 ± 17(stat.) +18

−16(syst.) ±
6(lumi.) pb = 173+25

−24 pb in the untagged analysis andσtt̄ =

187±11(stat.) +18
−17(syst.)±6(lumi.) pb= 187+22

−21 pb in the tagged
analysis. The two measurements are in agreement with each
other. The latter has a better a priori sensitivity and thus con-
stitutes the main result of this Letter. It is the most precise tt̄
cross-section measurement at the LHC published to date and is
in good agreement with the SM prediction calculated at NLO
plus next-to-leading-log order 165+11

−16 pb [1, 2, 3].
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B. Budick107, V. Büscher80, L. Bugge116, D. Buira-Clark117, O. Bulekov95, M. Bunse42, T. Buran116, H. Burckhart29, S. Burdin72,
T. Burgess13, S. Burke128, E. Busato33, P. Bussey53, C.P. Buszello165, F. Butin29, B. Butler142, J.M. Butler21, C.M. Buttar53,
J.M. Butterworth76, W. Buttinger27, S. Cabrera Urbán166, D. Caforio19a,19b, O. Cakir3a, P. Calafiura14, G. Calderini77,
P. Calfayan97, R. Calkins105, L.P. Caloba23a, R. Caloi131a,131b, D. Calvet33, S. Calvet33, R. Camacho Toro33, P. Camarri132a,132b,
M. Cambiaghi118a,118b, D. Cameron116, L.M. Caminada14, S. Campana29, M. Campanelli76, V. Canale101a,101b, F. Canelli30,g,
A. Canepa158a, J. Cantero79, L. Capasso101a,101b, M.D.M. Capeans Garrido29, I. Caprini25a, M. Caprini25a, D. Capriotti98,
M. Capua36a,36b, R. Caputo147, C. Caramarcu24, R. Cardarelli132a, T. Carli29, G. Carlino101a, L. Carminati88a,88b, B. Caron84,
S. Caron48, G.D. Carrillo Montoya171, A.A. Carter74, J.R. Carter27, J. Carvalho123a,h, D. Casadei107, M.P. Casado11,
M. Cascella121a,121b, C. Caso50a,50b,∗, A.M. Castaneda Hernandez171, E. Castaneda-Miranda171, V. Castillo Gimenez166,
N.F. Castro123a, G. Cataldi71a, F. Cataneo29, A. Catinaccio29, J.R. Catmore29, A. Cattai29, G. Cattani132a,132b, S. Caughron87,
D. Cauz163a,163c, P. Cavalleri77, D. Cavalli88a, M. Cavalli-Sforza11, V. Cavasinni121a,121b, F. Ceradini133a,133b, A.S. Cerqueira23b,

11



A. Cerri29, L. Cerrito74, F. Cerutti47, S.A. Cetin18b, F. Cevenini101a,101b, A. Chafaq134a, D. Chakraborty105, K. Chan2,
B. Chapleau84, J.D. Chapman27, J.W. Chapman86, E. Chareyre77, D.G. Charlton17, V. Chavda81, C.A. Chavez Barajas29,
S. Cheatham84, S. Chekanov5, S.V. Chekulaev158a, G.A. Chelkov64, M.A. Chelstowska103, C. Chen63, H. Chen24, S. Chen32c,
T. Chen32c, X. Chen171, S. Cheng32a, A. Cheplakov64, V.F. Chepurnov64, R. Cherkaoui El Moursli134e, V. Chernyatin24, E. Cheu6,
S.L. Cheung157, L. Chevalier135, G. Chiefari101a,101b, L. Chikovani51a, J.T. Childers58a, A. Chilingarov70, G. Chiodini71a,
M.V. Chizhov64, G. Choudalakis30, S. Chouridou136, I.A. Christidi76, A. Christov48, D. Chromek-Burckhart29, M.L. Chu150,
J. Chudoba124, G. Ciapetti131a,131b, K. Ciba37, A.K. Ciftci3a, R. Ciftci3a, D. Cinca33, V. Cindro73, M.D. Ciobotaru162, C. Ciocca19a,
A. Ciocio14, M. Cirilli 86, M. Citterio88a, M. Ciubancan25a, A. Clark49, P.J. Clark45, W. Cleland122, J.C. Clemens82, B. Clement55,
C. Clement145a,145b, R.W. Clifft128, Y. Coadou82, M. Cobal163a,163c, A. Coccaro50a,50b, J. Cochran63, P. Coe117, J.G. Cogan142,
J. Coggeshall164, E. Cogneras176, C.D. Cojocaru28, J. Colas4, A.P. Colijn104, N.J. Collins17, C. Collins-Tooth53, J. Collot55,
G. Colon83, P. Conde Muiño123a, E. Coniavitis117, M.C. Conidi11, M. Consonni103, V. Consorti48, S. Constantinescu25a,
C. Conta118a,118b, F. Conventi101a,i, J. Cook29, M. Cooke14, B.D. Cooper76, A.M. Cooper-Sarkar117, K. Copic14, T. Cornelissen173,
M. Corradi19a, F. Corriveau84, j, A. Cortes-Gonzalez164, G. Cortiana98, G. Costa88a, M.J. Costa166, D. Costanzo138, T. Costin30,
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T. Koffas28, E. Koffeman104, F. Kohn54, Z. Kohout126, T. Kohriki65, T. Koi142, T. Kokott20, G.M. Kolachev106, H. Kolanoski15,
V. Kolesnikov64, I. Koletsou88a, J. Koll87, D. Kollar29, M. Kollefrath48, S.D. Kolya81, A.A. Komar93, Y. Komori154, T. Kondo65,
T. Kono41,p, A.I. Kononov48, R. Konoplich107,q, N. Konstantinidis76, A. Kootz173, S. Koperny37, S.V. Kopikov127, K. Korcyl38,
K. Kordas153, V. Koreshev127, A. Korn117, A. Korol106, I. Korolkov11, E.V. Korolkova138, V.A. Korotkov127, O. Kortner98,
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T. Kruker16, N. Krumnack63, Z.V. Krumshteyn64, A. Kruth20, T. Kubota85, S. Kuehn48, A. Kugel58c, T. Kuhl41, D. Kuhn61,
V. Kukhtin64, Y. Kulchitsky89, S. Kuleshov31b, C. Kummer97, M. Kuna77, N. Kundu117, J. Kunkle119, A. Kupco124, H. Kurashige66,
M. Kurata159, Y.A. Kurochkin89, V. Kus124, M. Kuze156, J. Kvita29, R. Kwee15, A. La Rosa49, L. La Rotonda36a,36b, L. Labarga79,
J. Labbe4, S. Lablak134a, C. Lacasta166, F. Lacava131a,131b, H. Lacker15, D. Lacour77, V.R. Lacuesta166, E. Ladygin64, R. Lafaye4,
B. Laforge77, T. Lagouri79, S. Lai48, E. Laisne55, M. Lamanna29, C.L. Lampen6, W. Lampl6, E. Lancon135, U. Landgraf48,
M.P.J. Landon74, H. Landsman151, J.L. Lane81, C. Lange41, A.J. Lankford162, F. Lanni24, K. Lantzsch173, S. Laplace77,
C. Lapoire20, J.F. Laporte135, T. Lari88a, A.V. Larionov127, A. Larner117, C. Lasseur29, M. Lassnig29, P. Laurelli47, W. Lavrijsen14,
P. Laycock72, A.B. Lazarev64, O. Le Dortz77, E. Le Guirriec82, C. Le Maner157, E. Le Menedeu135, C. Lebel92, T. LeCompte5,
F. Ledroit-Guillon55, H. Lee104, J.S.H. Lee115, S.C. Lee150, L. Lee174, M. Lefebvre168, M. Legendre135, A. Leger49,
B.C. LeGeyt119, F. Legger97, C. Leggett14, M. Lehmacher20, G. Lehmann Miotto29, X. Lei6, M.A.L. Leite23d, R. Leitner125,
D. Lellouch170, M. Leltchouk34, B. Lemmer54, V. Lendermann58a, K.J.C. Leney144b, T. Lenz104, G. Lenzen173, B. Lenzi29,
K. Leonhardt43, S. Leontsinis9, C. Leroy92, J-R. Lessard168, J. Lesser145a, C.G. Lester27, A. Leung Fook Cheong171, J. Levêque4,
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S. Mohapatra147, W. Mohr48, S. Mohrdieck-Möck98, A.M. Moisseev127,∗, R. Moles-Valls166, J. Molina-Perez29, J. Monk76,
E. Monnier82, S. Montesano88a,88b, F. Monticelli69, S. Monzani19a,19b, R.W. Moore2, G.F. Moorhead85, C. Mora Herrera49,
A. Moraes53, N. Morange135, J. Morel54, G. Morello36a,36b, D. Moreno80, M. Moreno Llácer166, P. Morettini50a, M. Morii57,
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France
∗ Deceased

21


	1 Introduction
	2 The ATLAS detector
	3 Simulated event samples
	3.1 Systematic uncertainties on signal and background modelling

	4 Object selection
	5 Event selection
	6 Background evaluation
	7 Cross-section extraction
	8 Systematic uncertainties
	9 Results and conclusions
	10 Acknowledgements

