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Abstract A measurement of the production cross-section
for top quark pairs (t t̄) 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 two dif-
ferent topologies: single lepton (electron e or muon μ) with
large missing transverse energy and at least four jets, and
dilepton (ee, μμ or eμ) with large missing transverse en-
ergy and at least two jets. In a data sample of 2.9 pb−1, 37
candidate events are observed in the single-lepton topology
and 9 events in the dilepton topology. The corresponding ex-
pected backgrounds from non-t t̄ Standard Model processes
are estimated using data-driven methods and determined to
be 12.2 ± 3.9 events and 2.5 ± 0.6 events, respectively. The
kinematic properties of the selected events are consistent
with SM t t̄ production. The inclusive top quark pair pro-
duction cross-section is measured to be

σtt̄ = 145 ± 31(stat.)+42
−27(syst.) pb.

The measurement agrees with perturbative QCD calcula-
tions.

1 Introduction

The observation of top quark pair (t t̄) production is one of
the milestones for the early LHC physics programme. The
measurement of the top quark pair production cross-section
(σt t̄ ) in the various decay channels is interesting for sev-
eral reasons. Uncertainties on the theoretical predictions are
now at the level of 10% and a comparison with experimen-
tal measurements performed in different channels will ul-
timately allow a precision test of the predictions of pertur-
bative QCD. In addition, the abundant t t̄ sample which is
expected to be produced in the first years of data-taking can
be exploited for improving many aspects of detector perfor-
mance. Finally, t t̄ production is an important background
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in various searches for physics beyond the Standard Model,
and new physics may also give rise to additional t t̄ pro-
duction mechanisms or modification of the top quark decay
channels.

In the Standard Model (SM) [1–3] the t t̄ production
cross-section in pp collisions is calculated to be 164.6
+11.4
−15.7 pb at approximate NNLO precision [4, 5]1 at a cen-
tre of mass energy

√
s = 7 TeV assuming a top mass of

172.5 GeV, and top quarks are predicted to decay to a W

boson and a b-quark (t → Wb) nearly 100% of the time.
Events with a t t̄ pair can be classified as ‘single-lepton’,
‘dilepton’, or ‘all hadronic’ by the decays of the two W

bosons: a pair of quarks (W → qq̄) or a lepton-neutrino pair
(W → �ν), where � refers to a lepton. At the Tevatron the
dominant production mechanism is qq̄ annihilation, and the
t t̄ cross section at

√
s = 1.8 TeV and at

√
s = 1.96 TeV

have been measured by D0 and CDF [6–9] in all channels.
The production of t t̄ at the LHC is dominated by gg fu-
sion. Recently, the CMS collaboration has presented a cross-
section measurement, σtt̄ = 194 ± 72 (stat.) ± 24 (syst.) ±
21 (lumi.) pb in the dilepton channel using 3.1 pb−1 of
data [10].

The results described in this paper are based on recon-
structed electrons and muons and include small contribu-
tions from leptonically decaying tau leptons. The single-
lepton mode, with a branching ratio2 of 37.9% (combining
e and μ channels), and the dilepton mode, with a branching
ratio of 6.5% (combining ee, μμ and eμ channels), both
give rise to final states with at least one lepton, missing
transverse energy and jets, some with b flavour. The cross-
section measurements in both modes are based on a straight-
forward counting method. The number of signal events is

1Predictions in the paper are calculated with Hathor [52] with mtop =
172.5 GeV, CTEQ66 [19], where PDF and scale uncertainties are
added linearly.
2The quoted branching ratios are based on the values reported in [11]
assuming lepton universality, and include small contributions from lep-
tonically decaying taus.
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obtained in a signal enriched sample after background sub-
traction. The main background contributions are determined
using data-driven methods, since the theoretical uncertain-
ties on the normalisation of these backgrounds are relatively
large. For both single-lepton and dilepton channels, alterna-
tive methods of signal extraction and/or background estima-
tion are explored. In particular, two template shape fitting
methods, which use additional signal regions to exploit the
kinematic information in the events, are developed for the
single-lepton mode. In this paper these two fitting methods
serve as cross-checks of the counting method. The meth-
ods also provide alternative data-driven estimates of back-
grounds and are expected to become more precise when
more data become available.

2 Detector and data sample

The ATLAS detector [12] at the LHC covers nearly the en-
tire solid angle3 around the collision point. It consists of
an inner tracking detector surrounded by a thin supercon-
ducting solenoid, electromagnetic and hadronic calorime-
ters, and an external muon spectrometer incorporating three
large superconducting toroid magnet assemblies.

The inner-detector system is immersed in a 2 T axial
magnetic field and provides charged particle tracking in the
range |η| < 2.5. The high-granularity silicon pixel detec-
tor covers the vertex region and provides typically three
measurements per track, followed by the silicon microstrip
tracker (SCT) which provides four measurements from eight
strip layers. These silicon detectors are complemented by
the transition radiation tracker (TRT), which enables ex-
tended track reconstruction up to |η| = 2.0. In giving typ-
ically more than 30 straw-tube measurements per track, the
TRT is essential to the inner detector momentum resolution,
and also provides electron identification information.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap lead-liquid
argon (LAr) electromagnetic calorimeters, with an addi-
tional thin LAr presampler covering |η| < 1.8 to correct
for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillating-
tile calorimeter, segmented into three barrel structures
within |η| < 1.7, and two copper/LAr hadronic endcap
calorimeters. The solid angle coverage is completed with

3In the right-handed ATLAS coordinate system, the pseudorapidity η

is defined as η = − ln[tan(θ/2)], where the polar angle θ is measured
with respect to the LHC beamline. The azimuthal angle φ is measured
with respect to the x-axis, which points towards the centre of the LHC
ring. The z-axis is parallel to the anti-clockwise beam viewed from
above. Transverse momentum and energy are defined as pT = p sin θ

and ET = E sin θ , respectively.

forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic measurements
respectively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field with a bending integral from
2 to 8 Tm in the central region, generated by three super-
conducting air-core toroids. The precision chamber system
covers the region |η| < 2.7 with three layers of monitored
drift tubes, complemented by cathode strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive plate
chambers in the barrel, and thin gap chambers in the endcap
regions.

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.

Only data where all subsystems described above are fully
operational are used. Applying these requirements to

√
s =

7 TeV pp collision data taken in stable beam conditions and
recorded until 30th August 2010 results in a data sample of
2.9 pb−1. This luminosity value has a relative uncertainty of
11% [13].

3 Simulated event samples

Monte-Carlo simulation samples are used to develop and
validate the analysis procedures, to calculate the acceptance
for t t̄ events and to evaluate the contributions from some
background processes. For the t t̄ signal the next-to-leading
order (NLO) generator MC@NLO v3.41 [14–16], is used
with an assumed top-quark mass of 172.5 GeV and with the
NLO parton density function (PDF) set CTEQ66 [17].

For the main backgrounds, consisting of QCD multi-jet
events and W/Z boson production in association with mul-
tiple jets, ALPGEN v2.13 [18] is used, which implements
the exact LO matrix elements for final states with up to 6
partons.4 Using the LO PDF set CTEQ6L1 [19], the fol-
lowing backgrounds are generated: W + jets events with up
to 5 partons, Z/γ ∗ + jets events with up to 5 partons and
with the dilepton invariant mass m�� > 40 GeV; QCD multi-
jet events with up to 6 partons, and diboson WW + jets,
WZ + jets and ZZ + jets events. A separate sample of Z

boson production generated with PYTHIA is used to cover
the region 10 GeV < m�� < 40 GeV. For all but the dibo-
son processes, separate samples are generated that include

4The ‘MLM’ matching scheme of the ALPGEN generator is used to re-
move overlaps between the n and n+1 parton samples with parameters
RCLUS= 0.7 and ETCLUS= 20 GeV.
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bb̄ and cc̄ quark pair production at the matrix element level.
In addition, for the W + jets process, a separate sample con-
taining W + c + jets events is produced. For the small back-
ground of single-top production MC@NLO is used, invok-
ing the ‘diagram removal scheme’ [20] to remove overlaps
between the single-top and the t t̄ final states.

In simulation, the cross-section of t t̄ production is nor-
malised to 164.6 pb obtained from approximate NNLO cal-
culations [4, 5]. The cross-sections for W/Z + jets and
diboson with jets have been rescaled by a factor 1.22 to
match NNLO calculations of their inclusive cross-sections,
as is done in [21]. The QCD multi-jet sample has not been
rescaled as it is only used for validation studies.

Unless otherwise noted, all events are hadronised with
HERWIG [22, 23], using JIMMY [24] for the underlying
event model. Details on generator and underlying event
tunes used for these samples are given in [25]. After event
generation, all samples are processed by the standard AT-
LAS detector and trigger simulation [26] and subject to the
same reconstruction algorithms as the data.

3.1 Systematic uncertainties on the simulated samples

The use of simulated t t̄ samples to calculate the signal
acceptance gives rise to systematic uncertainties from the
choice of generator, the amount of initial and final state ra-
diation (ISR/FSR) and uncertainties on the PDF. The un-
certainty due to the choice of generator is evaluated by
comparing the predictions of MC@NLO with those of
POWHEG [27] interfaced to both HERWIG or PYTHIA. The
uncertainty due to ISR/FSR is evaluated by studies using
the ACERMC generator [28] interfaced to PYTHIA, and by
varying the parameters controlling ISR and FSR. For the
ISR the variation ranges are similar to the ranges used in
Perugia Soft and Perugia Hard tunes [29]. For the FSR the
parameter variation ranges are larger those recommended
in [30]. Finally, the uncertainty in the PDFs used to generate
t t̄ and single-top events is evaluated using a range of current
PDF sets with the procedure described in [21]. In addition,
the impact of the assumed top-quark mass is tested with a
set of samples generated with different masses.

Simulation-based predictions of W/Z + jets background
events have uncertainties on their total cross-section, on the
contribution of events with jets from heavy-flavour (b, c)
quarks, and on the shape of kinematic distributions. The pre-
dictions of the total cross-section have uncertainties of up
to O(50%) [31] increasing with jet multiplicity. Total W/Z

cross-section predictions are not used in the cross-section
analysis, but are used in simulation predictions shown in se-
lected Figures. The heavy-flavor fractions in the W/Z + jets
samples are always taken from simulation, as the present
data sample is too small to measure them. Here a fully cor-
related 100% uncertainty on the predicted fractions of bb̄

and cc̄ quark pairs is assumed, as well as a separate 100%
uncertainty on the fraction of events with a single c quark.
The uncertainty on the shape of W + jets kinematic distri-
butions, used in fit-based cross-checks of the single-lepton
analysis, is assessed by changing the choice of factorisation
scale from m(W)2 + ∑

p2
T (jet) to m(W)2, and by compar-

ing ALPGEN with SHERPA [32]. No systematic uncertain-
ties are evaluated for the QCD multi-jet samples, as these
are only used in validation studies.

For the small backgrounds from single-top and diboson
production, only overall normalisation uncertainties are con-
sidered and these are taken to be 10%, determined from a
comparison of MCFM and MC@NLO predictions, and 5%,
determined from MCFM studies on scale and PDF uncer-
tainties.

4 Object and event selection

For both the single lepton and the dilepton analysis, events
are triggered by a single lepton trigger (electron or
muon) [33]. The detailed trigger requirements vary through
the data-taking period due to the rapidly increasing LHC lu-
minosity and the commissioning of the trigger system, but
the thresholds are always low enough to ensure that leptons
with pT > 20 GeV lie in the efficiency plateau.

The electron selection requires a level-1 electromagnetic
cluster with pT > 10 GeV. A more refined electromagnetic
cluster selection is required in the level-2 trigger. Subse-
quently, a match between the selected calorimeter electro-
magnetic cluster and an inner detector track is required in
the event filter. Muons are selected requiring a pT > 10 GeV
momentum threshold muon trigger chamber track at level-1,
matched by a muon reconstructed in the precision chambers
at the event filter.

After the trigger selections, events must have at least
one offline-reconstructed primary vertex with at least five
tracks, and are discarded if any jet with pT > 10 GeV at the
EM scale is identified as out-of-time activity or calorimeter
noise [34].

The reconstruction of t t̄ events makes use of electrons,
muons and jets, and of missing transverse energy Emiss

T
which is a measure of the energy imbalance in the transverse
plane and is used as an indicator of undetected neutrinos.

Electron candidates are required to pass the electron se-
lection as defined in Ref. [33], with pT > 20 GeV and
|ηcluster| < 2.47, where ηcluster is the pseudorapidity of the
calorimeter cluster associated to the candidate. Candidates
in the calorimeter transition region at 1.37 < |ηcluster| < 1.52
are excluded. In addition, the ratio E/p of electron clus-
ter energy measured in the calorimeter to momentum in the
tracker must be consistent with that expected for an elec-
tron. Also, in order to suppress the background from photon
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conversions, the track must have an associated hit in the in-
nermost pixel layer, except when the track passes through
one of the 2% of pixel modules known to be dead. Muon
candidates are reconstructed from track segments in the dif-
ferent layers of the muon chambers [35]. These segments are
then combined starting from the outermost layer, with a pro-
cedure that takes material effects into account, and matched
with tracks found in the inner detector. The final candidates
are refitted using the complete track information from both
detector systems, and required to satisfy pT > 20 GeV and
|η| < 2.5.

To reduce the background due to leptons from decays
of hadrons (including heavy flavours) produced in jets, the
leptons in each event are required to be isolated. For elec-
trons, the ET deposited in the calorimeter towers in a cone
in η–φ space of radius 
R = 0.2 around the electron po-
sition5 is summed, and the ET due to the electron (Ee

T) is
subtracted. The remaining ET is required to be less than
4 GeV+0.023 ·Ee

T. For muons, the corresponding calorime-
ter isolation energy in a cone of 
R = 0.3 is required to
be less than 4 GeV, and the scalar sum of track transverse
momenta in a cone of 
R = 0.3 is also required to be less
than 4 GeV after subtraction of the muon pT. Additionally,
muons are required to have a separation 
R > 0.4 from any
jet with pT > 20 GeV, to further suppress muons from heavy
flavour decays inside jets.

Jets are reconstructed with the anti-kt algorithm [36]
(
R = 0.4) from topological clusters [37] of energy de-
posits in the calorimeters, calibrated at the electromagnetic
(EM) scale appropriate for the energy deposited by electrons
or photons. These jets are then calibrated to the hadronic en-
ergy scale, using a correction factor obtained from simula-
tion [37] which depends upon pT and η. If the closest object
to an electron candidate is a jet with a separation 
R < 0.2
the jet is removed in order to avoid double-counting of elec-
trons as jets.

Jets originating from b-quarks are selected by exploiting
the long lifetime of b-hadrons (about 1.5 ps) which leads
to typical flight paths of a few millimetres which are ob-
servable in the detector. The SV0 b-tagging algorithm [38]
used in this analysis explicitly reconstructs a displaced ver-
tex from the decay products of the long-lived b-hadron. As
input, the SV0 tagging algorithm is given a list of tracks
associated to the calorimeter jet. Only tracks fulfilling cer-
tain quality criteria are used in the secondary vertex fit. Sec-
ondary vertices are reconstructed in an inclusive way start-
ing from two-track vertices which are merged into a com-
mon vertex. Tracks giving large χ2 contributions are then
iteratively removed until the reconstructed vertex fulfils cer-
tain quality criteria. Two-track vertices at a radius consis-
tent with the radius of one of the three pixel detector layers

5The radius 
R between the object axis and the edge of the object

cone is defined as 
R =
√


φ2 + 
η2.

are removed, as these vertices likely originate from mate-
rial interactions. A jet is considered b-tagged if it contains a
secondary vertex, reconstructed with the SV0 tagging algo-
rithm, with L/σ(L) > 5.72, where L is the decay length and
σ(L) its uncertainty. This operating point yields a 50% b-
tagging efficiency in simulated t t̄ events The sign of L/σ(L)

is given by the sign of the projection of the decay length vec-
tor on the jet axis. The typical probability for a light jet to be
mis-identified as a b-jet ranges from 0.002 to 0.01 for jets
with pT ranging 20 and 200 GeV [38].

The missing transverse energy is constructed from the
vector sum of all calorimeter cells contained in topologi-
cal clusters. Calorimeter cells are associated with a parent
physics object in a chosen order: electrons, jets and muons,
such that a cell is uniquely associated to a single physics ob-
ject [39]. Cells belonging to electrons are calibrated at the
electron energy scale, but omitting the out-of-cluster correc-
tion to avoid double cell-energy counting, while cells be-
longing to jets are taken at the corrected energy scale used
for jets. Finally, the contributions from muons passing selec-
tion requirements are included, and the contributions from
any calorimeter cells associated to the muons are subtracted.
The remaining clustered energies not associated to electrons
or jets are included at the EM scale.

The modelled acceptances and efficiencies are verified by
comparing Monte-Carlo simulations with data in control re-
gions which are depleted of t t̄ events. Lepton efficiencies
are derived from data in the Z boson mass window. The ac-
ceptances for the jet multiplicity and Emiss

T cuts are validated
using a number of control regions surrounding the t t̄ signal
region in phase-space.

4.1 Systematic uncertainties for reconstructed objects

The uncertainties due to Monte-Carlo simulation modelling
of the lepton trigger, reconstruction and selection efficien-
cies are assessed using leptons from Z → ee and Z → μμ

events selected from the same data sample used for the t t̄

analyses. Scale factors are applied to Monte-Carlo samples
when calculating acceptances. The statistical and systematic
uncertainties on the scale factors are included in the un-
certainties on the acceptance values. The modelling of the
lepton energy scale and resolution are studied using recon-
structed Z boson mass distributions, and used to adjust the
simulation accordingly.

The jet energy scale (JES) and its uncertainty are derived
by combining information from test-beam data, LHC colli-
sion data and simulation [37]. The JES uncertainty varies in
the range 6–10% as a function of jet pT and η. The jet en-
ergy resolution (JER) and jet finding efficiency measured in
data and in simulation are in agreement. The limited statis-
tical precision of the comparisons for the energy resolution
(14%) and the efficiency (1%) are taken as the systematic
uncertainties in each case.
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The b-tagging efficiency and mistag fraction of the SV0
b-tagging algorithm have been measured on data [38]. The
efficiency measurement is based on a sample of jets con-
taining muons and makes use of the transverse momentum
of a muon relative to the jet axis. The measurement of the
mistag fraction is performed on an inclusive jet sample and
includes two methods, one which uses the invariant mass
spectrum of tracks associated to reconstructed secondary
vertices to separate light- and heavy-flavour jets and one
which is based on the rate at which secondary vertices with
negative decay-length significance are present in the data.
Both the b-tagging efficiency and mistag fraction measured
in data depend strongly on the jet kinematics. In the range
25 < pT(jet) < 85 GeV, the b-tagging efficiency rises from
40% to 60%, while the mistag fraction increases from 0.2%
to 1% between 20 and 150 GeV. The measurements of the
b-tagging efficiencies and mistag fractions are provided in
the form of pT-dependent scale factors correcting the b-
tagging performance in simulation to that observed in data.
The relative statistical (systematic) uncertainties for the b-
tagging efficiency range from 3% to 10% (10% to 12%).
For the b-tagging efficiency, the scale factor is close to one
for all values of jet pT. For light-flavour jets we correct the
tagging efficiencies by factors of 1.27 ± 0.26 for jets with
pT < 40 GeV and 1.07 ± 0.25 for jets with pT > 40 GeV.

The LHC instantaneous luminosity varied by several or-
ders of magnitude during the data-taking period consid-
ered for this measurement, reaching a peak of about 1 ×
1031 cm−2 s−1. At this luminosity, an average of about
two extra pp interactions were superimposed on each hard
proton-proton interaction. This ‘pileup’ background pro-
duces additional activity in the detector, affecting variables
like jet reconstruction and isolation energy. No attempts to
correct the event reconstruction for these effects are made,
since the data-driven determination of object identification
and trigger efficiencies and backgrounds naturally include
them. The residual effects on the t t̄ event acceptance are
assessed by using t t̄ simulation samples with additional
pileup interactions, simulated with PYTHIA, that were over-
layed during event digitisation and reconstruction. In a sce-
nario where on average two pileup interactions are added to
each event, corresponding to conditions that exceed those
observed during the data taking period, the largest rela-
tive change of acceptance observed in any of the channels
is 3.6%. As the effect of pileup is small even in this pes-
simistic scenario, it is neglected in the acceptance systemat-
ics evaluation.

5 Single lepton analysis

5.1 Event selection

The single lepton t t̄ final state is characterised by an isolated
lepton with relatively high pT and missing transverse energy

corresponding to the neutrino from the leptonic W decay,
two b quark jets and two light jets from the hadronic W

decay.
The selection of events for the single-lepton analysis con-

sists of a series of requirements on the reconstructed objects
defined in Sect. 4, designed to select events with the above
topology. For each lepton flavour, the following event selec-
tions are first applied:

– The appropriate single-electron or single-muon trigger
has fired.

– The event contains one and only one reconstructed lep-
ton (electron or muon) with pT > 20 GeV. Electrons are
required to match the corresponding high-level trigger ob-
ject.

– Emiss
T > 20 GeV and Emiss

T +mT(W) > 60 GeV.6 The cut
on Emiss

T rejects a significant fraction of the QCD multi-jet
background. Further rejection can be achieved by apply-
ing a cut in the (Emiss

T , mT(W)) plane; true W → �ν de-
cays with large Emiss

T have also large mT(W), while mis-
measured jets in QCD multi-jet events may result in large
Emiss

T but small mT(W). The requirement on the sum of
Emiss

T and mT(W) discriminates between the two cases.
– Finally, the event is required to have ≥ 1 jet with pT >

25 GeV and |η| < 2.5. The requirement on the pT and the
pseudorapidity of the jets is a compromise between the
efficiency of the t t̄ events selection, and the rejection of
W + jets and QCD multi-jet background.

Events are then classified by the number of jets with pT >

25 GeV and |η| < 2.5, being either 1, 2, 3 or at least 4. These
samples are labelled ‘1-jet pre-tag’ through ‘≥4-jet pre-tag’,
where the number corresponds to the jet multiplicity as de-
fined above and pre-tag refers to the fact that no b-tagging
information has been used. Subsets of these samples are then
defined with the additional requirement that at least one of
the jets with pT > 25 GeV is tagged as a b-jet. They are re-
ferred to as the ‘1-jet tagged’ through ‘≥4-jet tagged’ sam-
ples.

Figure 1 shows the observed jet multiplicity for events in
the pre-tag and tagged samples, together with the sum of all
expected contributions as expected from simulation, except
for QCD multi-jet, which is taken from a data-driven tech-
nique discussed in Sect. 5.2. The largest fraction of t t̄ events
is concentrated in ≥4-jets bin of the tagged sample, which
is defined as the signal region and used for the t t̄ signal ex-
traction in the primary method described in Sect. 5.5.1. One
of the cross-check methods, discussed in Sect. 5.5.2, uses in
addition the 3-jet tagged sample for signal extraction. Other

6Here mT(W) is the W -boson transverse mass, defined as
√

2p�
Tpν

T(1 − cos(φ� − φν)) where the measured missing ET vector
provides the neutrino information.
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Fig. 1 Jet multiplicity distributions (i.e. number of jets with pT >

25 GeV). Top row—pre-tag samples: a electron channel, b muon
channel and c electron/muon combined. Bottom row—tagged sam-
ples: d electron channel, e muon channel and f electron/muon com-
bined. The data are compared to the sum of all expected contributions.

For the totals shown, simulation estimates are used for all contribu-
tions except QCD multi-jet, where a data-driven technique is used. The
background uncertainty on the total expectation is represented by the
hatched area. The ≥4-jet bin in the tagged sample represents the signal
region

regions are used as control samples for the determination of
backgrounds.

Table 1 lists the numbers of events in the four tagged
samples, as well as the number of events in the 3-jet and
≥4-jet zero-tag samples, which comprise the events not con-
taining b-tagged jets. These events are used for background
normalisation in the second cross-check method described
in Sect. 5.5.2. For all samples, Table 1 also lists the con-
tributions estimated from Monte Carlo simulation for t t̄ ,
W + jets, Z + jets and single-top events. The quoted uncer-
tainties are from object reconstruction and identification. For
the data-driven estimates of W + jets and QCD multi-jet, the
results of the procedures that will be detailed in Sects. 5.3
and 5.4 are quoted. The uncertainty on the background pre-

diction is mostly systematic and largely correlated between
bins, and is also different in the electron and muon chan-
nels due to different sample composition in terms of QCD
multi-jet and W + jets fractions. QCD multi-jet is larger
than W + jets in the electron channel, while it is smaller
for muons.

The estimated product of acceptance and branching frac-
tion for t t̄ events in the ≥4-jet tagged signal region, mea-
sured from Monte-Carlo samples, are (3.1 ± 0.7)% and
(3.2 ± 0.7)% for e + jets and μ + jets, respectively. About
90% of the selected t t̄ events come from the correspond-
ing t → W → e or μ decay including leptonic τ decays,
and the acceptance for those events is 15 ± 3%. The remain-
ing 10% comes from dilepton events where one of the lep-
tons was not reconstructed as electron or muon. The con-
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Table 1 Number of tagged and zero-tag events with different jet mul-
tiplicities in (a) the e + jets and (b) the μ + jets channel. The observed
number of events are shown, together with the Monte-Carlo simula-
tion estimates (MC) for t t̄ , W + jets, Z + jets and single-top events,
normalised to the data integrated luminosity of 2.9 pb−1. The data-
driven estimates (DD) for QCD multi-jet (see Sect. 5.3) and W + jets

(see Sect. 5.4) backgrounds are also shown. The ‘Total (non t t̄ )’ row
uses the simulation estimate for W + jets for all samples. The uncer-
tainties on all data-driven background estimates include the statistical
uncertainty and all systematic uncertainties. The numbers in the ‘To-
tal expected’ rows are rounded to a precision commensurate with the
uncertainty

(a)

e + jets channel

1-jet 2-jet 3-jet ≥4-jet 3-jet ≥4-jet

tagged tagged tagged tagged zero-tag zero-tag

QCD (DD) 21.9 ± 3.4 16.4 ± 4.0 4.9 ± 2.7 4.8 ± 3.1 52.0 ± 19 23.0 ± 11

W + jets (MC) 14.5 ± 10 9.5 ± 6.6 3.4 ± 2.7 1.5 ± 1.4 55.1 ± 26 15.1 ± 10

W + jets (DD) – – – 1.9 ± 1.1 – 9.3 ± 4.0

Z + jets (MC) 0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 4.6 ± 2.2 1.7 ± 1.3

Single top (MC) 1.6 ± 0.3 2.6 ± 0.6 1.3 ± 0.3 0.7 ± 0.2 0.9 ± 0.2 0.4 ± 0.1

Total (non t t̄) 38.1 ± 11 28.8 ± 7.7 9.7 ± 3.8 7.2 ± 3.4 112.6 ± 32 40.2 ± 15

t t̄ (MC) 0.6 ± 0.2 4.0 ± 1.0 8.8 ± 1.8 14.9 ± 3.5 4.5 ± 0.8 5.4 ± 1.2

Total expected 39 ± 11 33 ± 8 19 ± 4 22 ± 5 117 ± 32 46 ± 15

Observed 30 21 14 17 106 39

(b)

μ + jets channel

1-jet 2-jet 3-jet ≥4-jet 3-jet ≥4-jet

tagged tagged tagged tagged zero-tag zero-tag

QCD (DD) 6.1 ± 2.9 3.4 ± 1.8 1.5 ± 0.8 0.8 ± 0.5 4.9 ± 2.3 1.7 ± 1.1

W + jets (MC) 17.8 ± 12 10.5 ± 7.4 4.3 ± 3.3 1.7 ± 1.6 63.6 ± 28 17.6 ± 12

W + jets (DD) – – – 3.2 ± 1.7 – 15.7 ± 4.5

Z + jets (MC) 0.3 ± 0.1 0.4 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 3.3 ± 1.6 1.3 ± 0.8

Single top (MC) 1.7 ± 0.4 2.5 ± 0.5 1.5 ± 0.3 0.7 ± 0.2 1.1 ± 0.2 0.3 ± 0.1

Total (non t t̄) 25.9 ± 13 16.8 ± 7.6 7.4 ± 3.4 3.3 ± 1.7 72.9 ± 29 20.9 ± 13

t t̄ (MC) 0.7 ± 0.2 4.1 ± 1.1 9.0 ± 1.8 15.0 ± 3.4 4.6 ± 0.7 5.5 ± 1.2

Total expected 27 ± 13 21 ± 8 16 ± 4 18 ±4 78 ± 29 26 ± 13

Observed 30 30 18 20 80 36

tribution from fully hadronic t t̄ events is negligible. The
uncertainties on the acceptance originate from physics pro-
cess modelling and object selection uncertainties detailed in
Sects. 3.1 and 4.1.

5.2 Background determination strategy

The expected dominant backgrounds in the single-lepton
channel are W + jet events, which can give rise to the same
final state as t t̄ signal, and QCD multi-jet events. QCD
multi-jet events only contribute to the signal selection if the
reconstructed Emiss

T is sufficiently large and a fake lepton
is reconstructed. Fake leptons originate in misidentified jets

or are non-prompt leptons, e.g. from semileptonic decays of
heavy quarks.

In the pre-tag samples both W + jets and QCD multi-jet
are dominated by events with light quarks and gluons. In
the b-tagged samples, light-quark and gluon final states are
strongly suppressed and their contributions become compa-
rable to those with bb̄ pairs, cc̄ pairs and single c quarks,
which are all of a similar magnitude.

The contribution of W + jet events and QCD multi-jet
events to the ≥4-jet bin are both measured with data-driven
methods, as detector simulation and/or theoretical predic-
tions are insufficiently precise. The remaining smaller back-
grounds, notably single-top production and Z + jets produc-
tion, are estimated from simulation.
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5.3 Background with fake and non-prompt leptons

5.3.1 Background estimate in the μ + jets channel

In the μ + jets channel, the background to ‘real’ (prompt)
muons coming from ‘fake’ muons in QCD multi-jet events,
is predominantly due to final states with a non-prompt
muon. As all other processes (t t̄ , W + jets, Z + jets and
single-top) in this channel feature a prompt muon from a W

or Z boson decay, it is sufficient to estimate the number of
events with a non-prompt muon to quantify the QCD multi-
jet background.

The number of events in the sample with a non-prompt
muon can be extracted from the data by considering the
event count in the signal region with two sets of muon identi-
fication criteria. The ‘standard’ and ‘loose’ criteria comprise
the standard muon definition described in Sect. 4, with and
without, respectively, the requirements on the lepton isola-
tion.

The procedure followed at this point is a so-called ‘ma-
trix method’: the number of events selected by the loose and
by the standard cuts, N loose and N std respectively, can be ex-
pressed as linear combinations of the number of events with
a ‘real’ (prompt) or a ‘fake’ muon:

N loose = N loose
real + N loose

fake ,

N std = rN loose
real + f N loose

fake ,
(1)

where r is the fraction of ‘real’ (prompt) muons in the loose
selection that also pass the standard selection and f is the
fraction of ‘fake’ (non-prompt) muons in the loose selection
that also pass the standard selection. If r and f are known,
the number of events with non-prompt muons can be calcu-
lated from (1) given a measured N loose and N std. The rel-
ative efficiencies r and f are measured in data in control
samples enriched in either prompt or non-prompt muons.
The key issue in selecting these control regions is that they
should be kinematically representative of the signal region
so that the measured control-region efficiency can be applied
in the signal region.

An inclusive Z → μ+μ− control sample is used to mea-
sure the prompt muon efficiency r = 0.990 ± 0.003. No sta-
tistically significant dependence on the jet multiplicity is ob-
served. For the measurement of the non-prompt muon effi-
ciency two control regions are used: a Sample A with low
missing transverse energy (Emiss

T < 10 GeV) and at least
one jet with pT > 25 GeV, and a Sample B with the nominal
missing transverse energy requirement (Emiss

T > 20 GeV), at
least one jet with pT > 25 GeV, and a high muon impact pa-
rameter significance. Sample A is dominated by QCD multi-
jet events as most QCD multi-jet events have little real Emiss

T
and the cross-section is comparatively large. The contribu-
tion from events with prompt muons from W /Z+ jets which

remains in the Emiss
T < 10 GeV region has to be subtracted.

Since the contribution of these processes is not accurately
known, it is evaluated in an iterative procedure: the initial
value obtained for f is used to predict the number of leptons
in the full Emiss

T range. The excess of candidate lepton events
in data is attributed to prompt muons from W /Z + jets,
whose contribution to the Emiss

T < 10 GeV region is then
subtracted, obtaining a new value for f . The procedure con-
verges in few iterations and it results in f A = 0.382±0.007,
where the quoted uncertainty is statistical only. Sample B is
kinematically close to the signal region, but the large im-
pact parameter significance requirement selects muons that
are incompatible with originating from the primary vertex
and the sample is thus enriched in non-prompt muons. Here
a value f B = 0.295 ± 0.025 is measured, where the uncer-
tainty is again statistical only.

Since both samples A and B are reasonable, but im-
perfect, approximations of the signal region in terms of
event kinematics, the unweighted average f = 0.339 ±
0.013 (stat.)±0.061 (syst.) is taken as the central value. The
systematic uncertainty is determined by half the difference
between the control regions, multiplied by

√
2 to obtain an

unbiased estimate of the underlying uncertainty, assuming
that the two control regions have similar kinematics as the
signal region. A single value of f is used to estimate the
background in each of the four pre-tag μ + jets samples us-
ing (1). The validity of this approach has been verified on
samples of simulated events.

For the tagged samples, the estimated background in
each pre-tag sample is multiplied by the measured prob-
ability for a similar QCD multi-jet event to have at least
one b-tagged jet. This results in a more precise measure-
ment of the tagged event rate than a measurement of f in
a tagged control sample, which has a large statistical uncer-
tainty due to the relatively small number of tagged events.
The b-tagging probabilities for QCD multi-jet events are
0.09 ± 0.02, 0.17 ± 0.03, 0.23 ± 0.06 and 0.31 ± 0.10 for
1 through ≥4-jet, respectively. These per-event b-tag proba-
bilities have been measured in a sample defined by the pre-
tag criteria, but without the Emiss

T cut, and by relaxing the
muon selection to the loose criteria. The systematic uncer-
tainty on this per-event tagging probability is evaluated by
varying the selection criteria of the sample used for the mea-
surement.

The estimated yields of QCD multi-jet events in the
tagged μ + (1,2,3 and ≥4-jet), zero-tag μ + (3 and ≥4-
jet) and the pre-tag μ + (1 and 2-jet) are summarised in Ta-
ble 1(b) and also shown in Table 2. Figure 2(a) shows the
distribution of mT(W) for the 1-jet pre-tag sample without
the Emiss

T + mT(W) requirement, while Figs. 2(b) and (c)
show mT(W) for the 2-jet pre-tag and for the 2-jet tagged
samples respectively after the Emiss

T + mT(W) requirement.
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Table 2 Observed event yields in the pre-tag 1-jet and 2-jet samples
and estimated contributions from non-W processes and W → τν. The
estimation for QCD multi-jet events is data-driven (DD), all other es-

timates are based on simulation (MC). The last row gives the number
of W(lν) + jet events, estimated as the observed event count minus all
other contributions

1-jet pre-tag e 1-jet pre-tag μ 2-jet pre-tag e 2-jet pre-tag μ

Observed 1815 1593 404 370

QCD multijet (DD) 517 ± 89 65 ± 28 190 ± 43 20.0 ± 9.7

W(τν) + jets (MC) 39 ± 10 43 ± 11 11.7 ± 4.4 13.6 ± 5.1

Z + jets (MC) 19.0 ± 9.1 48 ± 12 11.6 ± 5.2 14.0 ± 4.8

t t̄ (MC) 1.7 ± 0.8 1.7 ± 0.8 7.0 ± 3.0 7.7 ± 3.3

single-t (MC) 4.4 ± 0.7 5.0 ± 0.8 5.2 ± 0.8 5.1 ± 0.8

diboson (MC) 4.8 ± 4.8 5.7 ± 5.7 3.8 ± 3.8 4.4 ± 4.4

Total (non W(lν) + jets) 585 ± 90 168 ± 33 229 ± 44 65 ± 13

Estimated W(lν) + jets 1230 ± 100 1425 ± 52 175 ± 49 305 ± 23

Fig. 2 Distributions of mT(W). Top row—μ + jets channel: a the 1-
jet pre-tag sample (where the Emiss

T + mT(W) requirement is not ap-
plied), b the 2-jet pre-tag sample and c the 2-jet tagged sample. Bottom
row—e + jets channel: d the 1-jet pre-tag sample, e the 2-jet pre-tag

sample and f the 3-jet tagged sample. In each plot data are compared to
the sum of the data-driven QCD estimate plus the contributions from
W/Z + jets and top from simulation. The background uncertainty on
the total expectation is represented by the hatched area
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Good agreement is observed comparing the data to the esti-
mated rate of QCD multi-jet events summed with the other
(non-QCD) simulation predictions.

The full QCD multi-jet background estimation procedure
has been validated by applying the procedure on a sample of
simulated events and comparing the result with the known
amount of QCD multi-jet background in the sample. The
systematic uncertainty on the μ + jets multi-jet background
estimate is due to the control region uncertainty described
above, and up to a relative 30% uncertainty originating from
the method validation studies on the simulation and, for the
tagged samples, the uncertainty originating from the per-
event b-tagging probabilities.

5.3.2 Background estimate in the e + jets channel

In the e+ jets channel, the background consists of both non-
prompt electrons and fake electrons where the latter include
both electrons from photon conversion and misidentified jets
with high EM fractions. The relative magnitude of the non-
prompt and fake components is not well known, as it de-
pends on the details of electron misreconstruction effects
that are not perfectly modelled in the simulation as well as
on the fraction of QCD multi-jet events with non-prompt
electrons in the final state. As the ratio also varies with the
event kinematics, the method of (1), which relies on a repre-
sentative control region to measure the input values of f , is
not well suited for the electron channel.

A method, based on a binned likelihood template fit of
the Emiss

T distribution, is used for the background estimate.
For each previously defined pre-tag and tagged sample, the
data are fitted to a sum of four templates describing the Emiss

T
distribution of the QCD multi-jet, t t̄ , W + jets and Z + jets
components respectively. The fit is performed in the region
with Emiss

T < 20 GeV which is complementary to the signal
region. To improve the statistical precision the requirement
on Emiss

T + mT(W) is not applied. The templates for the t t̄ ,
W + jets and Z + jets components are taken from Monte-
Carlo simulation, while the templates for the QCD multi-jet
Emiss

T distributions are obtained from two data control sam-
ples. In the first sample called ‘jet-electrons’, events are se-
lected which have, instead of the standard electron, an addi-
tional jet which passes the standard electron kinematic cuts
and has at least 4 tracks and an EM fraction of 80–95%. In
the second sample called ‘non-electrons’, the standard event
selection is applied, except that the electron candidate must
fail the track quality cut in the innermost layers of the track-
ing detector.

The fraction of QCD multi-jet events in the signal re-
gion is calculated by extrapolating the expected fraction
of events for each component to the signal region using
the template shape and accounting for the efficiency of the
Emiss

T +mT(W) cut for each template. The output of the fit is

ρQCD, the predicted fraction of QCD multi-jet events in the
signal region, which is then multiplied by the observed event
count. Since both control samples are approximations of the
signal region in terms of event kinematics, the unweighted
average of ρQCD predicted by the template fits using the jet-
electron and non-electron templates, respectively, is taken
for the QCD multi-jet component. The uncertainty on ρQCD

has a component from the template fit uncertainty, a compo-
nent that quantifies the uncertainty related to the choice of
control sample, evaluated as the difference in ρQCD from the
two samples divided by

√
2, and a component related to the

method calibration performed on simulation samples. The
latter varies between 2% and 36% depending on the sample.

The results for the QCD multi-jet background contribu-
tion to the e + jets channel are summarised in Table 1(a),
and are also shown in Table 2. The estimates for the tagged
e + jets samples are performed directly in tagged control
samples which have a sufficiently large number of events,
and no per-event b-tagging probabilities are used.

Figure 2 (bottom row) shows the distributions of mT(W)

for (d) the e + 1-jet pre-tag, (e) the e + 2-jet pre-tag, and
(f) the e + 3-jet tagged samples. Acceptable agreement is
observed between data and the sum of the QCD multi-jet
background estimated with the fitting method and the other
backgrounds estimated from simulation.

5.4 W + jets background

The data-driven estimate for the W + jets background in
both electron and muon channels is constructed by multiply-
ing the corresponding background contribution in the pre-
tag sample by the per-event b-tagging probability:

W
≥4-jet
tagged = W

≥4-jet
pre-tag · f ≥4-jet

tagged . (2)

Here W
≥4-jet
pre-tag is an estimate of the W + jets event count in

the pre-tag ≥4 jet sample and f
≥4-jet
tagged is the fraction of these

events that are tagged, calculated as

f
≥4-jet
tagged = f

2-jet
tagged · f corr

2→≥4, (3)

where f
2−jet
tagged is a measurement of the W + jets tag fraction

in the 2-jet sample and f corr
2→≥4 accounts for the difference

in flavour composition between the 2-jet and ≥4-jet sam-
ples as well as differences in the per-flavour event tagging
probabilities, which may lead to different event rates after
b-tagging.

For the first ingredient, W
≥4-jet
pre-tag, the fact that the ratio of

W +n+1 jets to W +n jets is expected to be approximately
constant as a function of n is exploited [40–42]. This is sup-
ported by the good agreement with the Standard Model ex-
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pectation as shown in Fig. 1. The number of W events in the
≥4-jet pre-tag sample can thus be estimated as

W
≥4-jet
pre−tag = W

2-jet
pre-tag ·

∞∑

n=2

(
W

2-jet
pre-tag/W

1-jet
pre-tag

)n
, (4)

where the sum is used to extrapolate to a sample with four or
more jets. These rates are obtained by subtracting the esti-
mated non-W boson contributions from the event count in
the pre-tag 1-jet and 2-jet bins. The QCD multi-jet con-
tribution is estimated from data as described in Sect. 5.3
and simulation-based estimates are used for the other back-
grounds. The scaling behaviour of (4) does not apply to
W → τν events as their selection efficiency depends sig-
nificantly on the jet multiplicity. This contribution is sub-
tracted from the observed event count in the W

1-jet
pre−tag and

W
2-jet
pre-tag control samples and is estimated separately in the

electron and the muon channel using the simulation to pre-
dict the ratio of (W → τν/W → �ν). The data-driven tech-
nique is used for the estimation of the W → eν background
in the electron channel and the W → μν background in the
muon channel. Table 2 compares the observed event yields
in both the 1-jet and 2-jet samples with the estimated pre-tag
backgrounds for both the electron and muon channels. Fig-
ures 2(b) and (e) show the mT(W) distribution for the 2-jet
pre-tag samples in the muon and electron channels, respec-
tively.

The ratio between the 2-jet and 1-jet rates is measured
with significantly poorer precision in the electron channel,
because of the larger QCD multi-jet contamination. Since
the ratio between the 2-jet and 1-jet rates is expected to be
independent of the W boson decay mode, the muon channel
estimation is used also for the electron channel, giving

W
≥4-jet
pre-tag = 11.2 ± 2.2(stat.) ± 4.0(syst.), e channel,

W
≥4-jet
pre-tag = 18.9 ± 4.1(stat.) ± 5.0(syst.), μ channel.

The leading systematic uncertainties are the uncertainty on
the purity of the low jet multiplicity control samples and the
uncertainty associated with the assumption that the (W +
n + 1 jets)/(W + n jets) ratio is constant. The latter relative
uncertainty has been evaluated to be 24% from the results
reported in [43].

For the second ingredient, f
2-jet
tagged, the pre-tag yield is

taken from Table 2 and the pre-tag non-W boson back-
grounds (also from Table 2) are subtracted from this yield.
This gives an estimate of the W + jets contribution in the 2-
jet pre-tag sample. The same is done in the tagged sample:
the estimated non-W boson backgrounds, as shown in Ta-
ble 1, are subtracted from the measured yield after applying
the tagging criteria resulting in an estimate of the W + jets
contribution in the 2-jet sample after tagging. The ratio of

the tagged to the pre-tag contributions represents the esti-
mate of the fraction of tagged events in the 2-jet sample

f
2−jet
tagged = 0.060 ± 0.018(stat.) ± 0.007(syst.).

This quantity is computed from the muon channel only, due
to the large uncertainty originating from the QCD multi-jet
contamination in the electron channel. Figures 2(b) and (c)
show the distribution of the transverse mass mT(W) for the
μ+ jets 2-jet pre-tag and tagged samples respectively. Clear
W signals are evident in both samples.

The final ingredient, the correction factor f corr
2→≥4, is de-

fined as f corr
2→≥4 = f

≥4-jet
tagged /f

2-jet
tagged. It is obtained from simu-

lation studies on ALPGEN W + jets events and is determined
to be:

f corr
2→≥4 = 2.8 ± 0.8(syst.). (5)

The quoted uncertainty on f corr
2→≥4 reflects uncertainties on

the assumed flavour composition of the pre-tag 2-jet sam-
ple, the uncertainty on the scaling factors for the b-tagging
efficiency for b, c and light-quark jets, and the uncertainty
on the ratio of fractions in the 2-jet bin and the ≥4-jet bin for
W + bb̄ + jets, W + cc̄ + jets and W + c + jets. The lead-
ing uncertainty on f corr

2→≥4 is due to the uncertainty on the
predicted ratios of flavour fractions in the 2-jet and ≥4-jet
bin. This is estimated by the variation of several ALPGEN

generator parameters that are known to influence these ra-
tios [18], and adds up to a relative 40%–60% per ratio. The
uncertainty on the flavour composition in the 2-jet bin, while
large in itself, has a small effect on f corr

2→≥4 due to effective
cancellations in the ratio.

Applying (2) and (3) the estimated yields for W + jets in
the ≥4-jet tagged samples are

W
≥4−jet
tagged = 1.9 ± 0.7(stat.) ± 0.9(syst.), e channel,

W
≥4-jet
tagged = 3.2 ± 1.2(stat.) ± 1.2(syst.), μ channel.

as reported in Table 1.

5.5 Cross-section measurement

5.5.1 Counting-based measurement of the cross-section
in the ≥4-jet bin

In the ≥4-jet tagged sample the t t̄ signal yield is obtained
by subtracting the estimated rate of all backgrounds from
the observed event yield. This method depends crucially on
the understanding of the background, but makes minimal as-
sumptions on t t̄ signal properties for the yield calculation.
For the QCD multi-jet and W + jets backgrounds, the data-
driven estimates described in detail in Sects. 5.3 and 5.4 are
used, while for the expected background from Z + jets and
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single-top production, simulation estimates are used. Table 1
shows the complete overview of background contributions
that are used in this calculation. The observed yields, the to-
tal expected background yields and the resulting t t̄ signal
yields for the e + jets, μ + jets and combined channels are
shown in Table 3.

The product of acceptance and branching fraction of t t̄

events in the ≥4-jet tagged signal region, measured from
Monte-Carlo samples and quoted in Sect. 5.1, is used to-
gether with the value of the integrated luminosity to extract
the cross-section (σtt̄ ) from the observed event yield. The
resulting cross-sections are shown in Sect. 5.5.3.

Table 3 Observed event yield, estimated total background and t t̄ sig-
nal using the counting method in the b-tagged ≥4-jet bin, for electrons
and muons separately and combined. The total background consists of
the sum of individual backgrounds listed in Table 1, choosing the data-
driven estimate for W + jets (instead of the simulation-based W + jets
estimate used in the ‘total (non-t t̄ )’ row of Table 1). The uncertainty
on the total background includes statistical uncertainties in control re-
gions and systematic uncertainties. The first quoted uncertainty on the
t t̄ signal yield is statistical, while the second is from the systematics on
the background estimation

e + jets μ + jets combined

Observed 17 20 37

Estimated
background

7.5 ± 3.1 4.7 ± 1.7 12.2 ± 3.9

t t̄ 9.5 ± 4.1 ± 3.1 15.3 ± 4.4 ± 1.7 24.8 ± 6.1 ± 3.9

Table 4 provides a detailed breakdown of the total sys-
tematic uncertainties on the cross-section for this method.
The components listed under ‘Object selection’ relate to
sources discussed in Sect. 4.1. The components listed un-
der ‘Background rates’ relate to the uncertainties on back-
ground estimates detailed in Sects. 5.3 and 5.4. The com-
ponents listed under ‘Signal simulation’ relate to sources
discussed in Sect. 3.1. The largest systematic uncertainty is
due to the normalisation of the QCD multi-jet background
in the e + jets channel, followed by the uncertainties which
affect mainly the t t̄ acceptance, like jet energy reconstruc-
tion, b-tagging and ISR/FSR. The dependence of the mea-
sured cross-section on the assumed top-quark mass is small.
A change of ±1 GeV in the assumed top-quark mass results
in a change of ∓1% in the cross-section.

While not used in the counting method, further informa-
tion can be gained from the use of kinematic event prop-
erties: in the t t̄ candidate events, three of the reconstructed
jets are expected to come from a top quark which has de-
cayed into hadrons. Following [21], the hadronic top quark
candidate is empirically defined as the combination of three
jets (with pT > 20 GeV) having the highest vector sum pT.
This algorithm does not make use of the b-tagging informa-
tion and selects the correct combination of the reconstructed
jets in about 25% of cases. The observed distributions of
the invariant mass (mjjj) of the hadronic top quark candi-
dates in the various ≥4-jet samples, shown in Figs. 3(a)–
(c), demonstrate good agreement between the data and the

Table 4 Summary of individual
systematic uncertainty
contributions to the
single-lepton cross-section
determination using the
counting method. The combined
uncertainties listed in the
bottom two rows include the
luminosity uncertainty

Relative cross-section uncertainty [%]

Source e + jets μ + jets

Statistical uncertainty ±43 ±29

Object selection

Lepton reconstruction, identification, trigger ±3 ±2

Jet energy reconstruction ±13 ±11

b-tagging −10/+15 −10/+14

Background rates

QCD normalisation ±30 ±2

W + jets normalisation ±11 ±11

Other backgrounds normalisation ±1 ±1

Signal simulation

Initial/final state radiation −6/+13 ±8

Parton distribution functions ±2 ±2

Parton shower and hadronisation ±1 ±3

Next-to-leading-order generator ±4 ±6

Integrated luminosity −11/+14 −10/+13

Total systematic uncertainty −38/+43 −23/+27

Statistical + systematic uncertainty −58/+61 −37/+40
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Fig. 3 Distributions of the
invariant mass of the 3-jet
combination having the highest
pT for a the ≥4-jet tagged
e + jets sample, b the ≥4-jet
tagged μ + jets sample, c the
≥4-jet tagged samples
combined and d the combined
3-jet tagged sample. The data is
compared to the sum of all
expected contributions. For the
totals shown, simulation
estimates are used for all
contributions except QCD
multi-jet, where a data-driven
technique is used. The
background uncertainty on the
total expectation is represented
by the hatched area

signal + background expectation. Figure 3(d) highlights a
substantial contribution of t t̄ signal events in the 3-jet tagged
sample and demonstrates further information which is also
not exploited by the baseline counting method.

5.5.2 Fit based cross-section measurement in the 3-jet
and ≥4-jet samples

A complementary approach to measuring the cross-section
exploits the data in both the 3-jet and ≥4-jet samples. With
the current data sample, it provides an important cross-check
of the counting method, as it makes different physics as-
sumptions for the signal and background modelling. This
technique is expected to become more precise once more
data has been collected.

In the first approach (A), the tagged 3-jet and ≥4-jet sam-
ples are used. The mjjj distribution for each sample is de-
scribed by the sum of four templates for t t̄ , W + jets, QCD
multi-jet and other backgrounds respectively. This method
fits simultaneously the t t̄ and W + jets components, relying
mostly on shape information. The shapes of the templates
for t t̄ , W + jets and smaller backgrounds are taken from sim-
ulation. The template for the QCD multi-jet background is
taken from a data sample using a modified lepton definition,
which requires at least one of the selection criteria listed in
Sect. 4 to fail. A constraint is introduced on the ratio of the
W + jets yields in the 3-jet and ≥4-jet samples, based on the
simulation expectation of this ratio and accounting for its
systematic uncertainty. This ratio and its uncertainty is sim-
ilar to the f corr

2→≥4 correction factor discussed in Sect. 5.4,
and is calculated with the same procedure. Additionally, the
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W + jets yields in the e + jets and μ + jets channels are
related by their respective acceptances.

In the second approach (B), the tagged and zero-tag ≥4-
jet samples are used to extract the cross section, with a tem-
plate describing the sum of all backgrounds in each of these
two samples. The 3-jet zero-tag and tagged samples, which
have more background and less signal, are used to perform
an auxiliary measurement of the fraction of the background
that is tagged. This fraction is applied as a constraint on the
relative rate of background events in the ≥4-jet zero-tag and
≥4-jet tagged samples. A simulation-based correction is ap-
plied to the 3-jet tagged background fraction to obtain the
4-jet tagged background fraction that accounts for expected
differences in the background composition. The assumed
rate of t t̄ events in the 3-jet bin, used in the determination of
the background yield in that bin, is iteratively adjusted to the
measured cross-section. The template for t t̄ and the relative
contributions to the different samples are taken from simula-
tion. As the shape of the W + jets background is compatible
with the shape of the QCD background within the statistical
uncertainty, the template for the sum of all backgrounds, is
taken from a QCD multi-jet enhanced sample in data.

5.5.3 Results

The cross-sections obtained with the baseline counting
method in the e+ jets and μ+ jets channels are shown in Ta-
ble 5. The fit methods make different assumptions about the
signal and background and therefore serve as good cross-
checks; their cross-sections are also shown in Table 5 and
are in good agreement with those obtained from the baseline
counting method. Additionally, the estimate for the W + jets
background in ≥4-jet tagged sample as measured in fit A
is in agreement with the estimate quoted in Sect. 5.4. Ta-
ble 5 also shows the cross-section obtained with the count-
ing method for the e + jets and μ + jets channels, combined
using the procedure described in Sect. 7. For the fit methods,
the combined cross-sections are obtained from a simultane-
ous fit to the electron and muon samples.

Table 5 Inclusive t t̄ cross-section measured in the single-lepton chan-
nel using the counting method and the template shape fitting techniques
(A and B). The uncertainties represent respectively the statistical and
systematic uncertainty including luminosity. The top row shows the
counting-method results that are used for the combination presented in
Sect. 7

Method e + jets μ + jets e/μ + jets

combined

Counting σtt̄ [pb] 105 ± 46 +45
−40 168 ± 49 +46

−38 142 ± 34 +50
−31

Fitted σtt̄ (A) [pb] 98 ± 58 +34
−28 167 ± 68 +46

−39 130 ± 44 +38
−30

Fitted σtt̄ (B) [pb] 110 ± 50 ± 39 134 ± 52 ± 39 118 ± 34 ± 34

The systematic uncertainties of both fit-based methods
are dominated by acceptance-related systematic uncertain-
ties. Compared to the counting method, both fit-based tech-
niques have a reduced sensitivity to the QCD multi-jet back-
ground rate but have method specific systematics: the ratio
of tagged W + jets in the 3-jet and ≥4-jet bins and shape-
modelling uncertainties for fit A, and the modelling of the
b-tagged fraction for fit B. This trade-off results in a com-
parable total uncertainty for both methods compared to the
counting method.

6 Dilepton analysis

6.1 Event selection

The dilepton t t̄ final state is characterised by two isolated
leptons with relatively high pT, missing transverse energy
corresponding to the neutrinos from the W leptonic decays,
and two b quark jets. The selection of events in the signal
region for the dilepton analysis consists of a series of kine-
matic requirements on the reconstructed objects defined in
Sect. 4 and designed to select an orthogonal sample to the
one described in Sect. 5.1:

– Exactly two oppositely-charged leptons (ee, μμ or eμ)
each satisfying pT > 20 GeV, where at least one must be
associated to a leptonic high-level trigger object.

– At least two jets with pT > 20 GeV and with |η| < 2.5 are
required, but no b-tagging requirements are imposed.

– To suppress backgrounds from Z + jets and QCD multi-
jet events in the ee channel, the missing transverse energy
must satisfy Emiss

T > 40 GeV, and the invariant mass of
the two leptons must differ by at least 5 GeV from the Z

boson mass, i.e. |mee −mZ| > 5 GeV. For the muon chan-
nel, the corresponding requirements are Emiss

T > 30 GeV
and |mμμ − mZ| > 10 GeV.

– For the eμ channel, no Emiss
T or Z boson mass veto cuts

are applied. However, the event HT, defined as the scalar
sum of the transverse energies of the two leptons and
all selected jets, must satisfy HT > 150 GeV to suppress
backgrounds from Z + jets production.

– To remove events with cosmic-ray muons, events with
two identified muons with large, oppositely signed trans-
verse impact parameters (d0 > 500 µm) and consistent
with being back-to-back in the r − φ plane are discarded.

The Emiss
T , Z boson mass window, and HT cuts are de-

rived from a grid scan significance optimisation on simu-
lated events which includes systematic uncertainties. The
estimated t t̄ acceptance, given a dilepton event, in each of
the dilepton channels are 14.8 ± 1.6% (ee), 23.3 ± 1.8%
(μμ) and 24.8±1.2% (eμ). The corresponding acceptances
including the t t̄ branching ratios are 0.24% (ee), 0.38%
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Fig. 4 The Emiss
T distribution in the signal region for a the ee channel

without the Emiss
T > 40 GeV requirement, b the μμ channel without

the Emiss
T > 30 GeV requirement, and c the distribution of the HT,

defined as the scalar sum of the transverse energies of the two leptons
and all selected jets, in the signal region without the HT > 150 GeV
requirement

Fig. 5 Jet multiplicities for the signal region omitting the Njets ≥ 2 requirement in a the ee channel, b the μμ channel and c the eμ channel

(μμ) and 0.81% (eμ). The final numbers of expected and

measured events in the signal region are shown in Table 6.

Figure 4 shows the predicted and observed distributions of

Emiss
T for the ee and μμ channels and of HT for the eμ chan-

nel. The predicted and observed multiplicities of all jets and

b-tagged jets are compared in Figs. 5 and 6 for each channel

individually, and in Fig. 7 for all channels combined. Fig-

ure 7(b) shows that a majority of the selected events have

at least one b-tagged jet, consistent with the hypothesis that

the excess of events over the estimated background origi-

nates from t t̄ decay. In each of these plots the selection has

been relaxed to omit the cut on the observable shown.

6.2 Background determination strategy

The expected dominant backgrounds in the dilepton channel
are Z boson production in association with jets, which can
give rise to the same final state as t t̄ signal, and W + jets.
The latter can only contribute to the signal selection if the
event contains at least one fake lepton.

Both Z+ jets background and backgrounds with fake lep-
tons are estimated from the data. The contributions from re-
maining electroweak background processes, such as single-
top, WW , ZZ and WZ boson production are estimated from
Monte-Carlo simulations.
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Fig. 6 The b-tagged jet multiplicities in the signal region for a the ee channel, b the μμ channel and c the eμ channel

Fig. 7 a Jet multiplicity in the
signal region without the
Njets ≥ 2 requirement and b the
b-tagged jet multiplicity in the
signal region, both for the
combined dilepton channels

6.3 Non-Z lepton backgrounds

True t t̄ dilepton events contain two leptons from W boson
decays; the background comes predominantly from W + jets
events and single-lepton t t̄ production with a fake lepton and
a real lepton, though there is a smaller contribution with two
fake leptons coming from QCD multi-jet production. As in
the single-lepton analysis, in the case of muons, the dom-
inant fake-lepton mechanism is a semi-leptonic decay of a
heavy-flavour hadron, in which a muon survives the isola-
tion requirement. In the case of electrons, the three mecha-
nisms are heavy flavour decay, light flavour jets with a lead-
ing π0 overlapping with a charged particle, and conversion
of photons. Here ‘fake’ is used to mean both non-prompt

leptons and π0s, conversions etc misidentified as leptons
taken together.

The ‘matrix method’ introduced in Sect. 5.3.1 is extended
here to measure the fraction of the dilepton sample that
comes from fake leptons. A looser lepton selection is de-
fined, and then it is used to count the number of observed
dilepton events with zero, one or two tight (‘T’) leptons to-
gether with two, one or zero loose (‘L’) leptons, respectively
(NLL, NTL and NLT, NTT, respectively). Then two probabil-
ities are defined, r(f ), to be the probability that real (fake)
leptons that pass the loose identification criteria, will also
pass the tight criteria. Using r and f , linear expressions
are then obtained for the observed yields as a function of
the number or events with zero, one and two real leptons
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together with two, one and zero fake leptons, respectively
(NFF, NFR and NRF, NRR, respectively).

The method explicitly accounts for the presence of events
with two fake leptons. These linear expressions form a ma-
trix that is inverted in order to extract the real and fake con-
tent of the observed dilepton event sample:

⎡

⎢
⎣

NTT

NTL

NLT

NLL

⎤

⎥
⎦ =

⎡

⎣

r2 rf f r f 2

r(1 − r) r(1 − f ) f (1 − r) f (1 − f )

(1 − r)r (1 − r)f (1 − f )r (1 − f )f

(1 − r)2 (1 − r)(1 − f ) (1 − f )(1 − r) (1 − f )2

⎤

⎦

×
⎡

⎢
⎣

NRR

NRF

NFR

NFF

⎤

⎥
⎦ . (6)

For muons, the loose selection is identical to the one
described in Sect. 5.3.1. For loose electrons, the E/p cut
and isolation requirements are dropped, and the ‘medium’
electron identification criteria as defined in Ref. [33] is re-
placed with the corresponding loose definition, with looser
calorimeter and tracking cuts.

The efficiency for a real loose lepton to pass the full tight
criteria, r , is measured in data in a sample of Z → �� events
as a function of jet multiplicity. The corresponding effi-
ciency for fake leptons, f , is measured in data in events with

Table 6 The full breakdown of the expected t t̄ -signal and background
in the signal region compared to the observed event yields, for each of
the dilepton channels (MC is simulation based, DD is data driven). All
systematic uncertainties are included

ee μμ eμ

Z + jets (DD) 0.25 ± 0.18 0.67 ± 0.38 –

Z(→ ττ) + jets (MC) 0.07 ± 0.04 0.14 ± 0.07 0.13 ± 0.06

Non-Z leptons (DD) 0.16 ± 0.18 −0.08 ± 0.07 0.47 ± 0.28

Single top (MC) 0.08 ± 0.02 0.07 ± 0.03 0.22 ± 0.04

Dibosons (MC) 0.04 ± 0.02 0.07 ± 0.03 0.15 ± 0.05

Total (non t t̄) 0.60 ± 0.27 0.88 ± 0.40 0.97 ± 0.30

t t̄ (MC) 1.19 ± 0.19 1.87 ± 0.26 3.85 ± 0.51

Total expected 1.79 ± 0.38 2.75 ± 0.55 4.82 ± 0.65

Observed 2 3 4

a single loose lepton, which are dominated by QCD di-jet
production. Contributions from real leptons due to W + jets
in the fake lepton control region are subtracted using simu-
lated data.

The dominant systematic uncertainty on the W + jets
background, as determined by the matrix method, comes
from the possible difference in the mixture of processes
where the efficiency for fake leptons f is measured, di-jet
events and, where it is applied, the signal region. For elec-
trons, a larger contribution is expected from heavy flavour
events in the signal region due to t t̄ → �νbjjb events. This
effect is accounted for by measuring the dependence of
the efficiency for fake leptons on the heavy-flavour frac-
tion and calculating a corrected efficiency for fake leptons
based on the expected heavy-flavour fraction in the signal
region in simulation studies. The fake estimate in the data
includes contributions from events with tight and loose lep-
tons, whose contributions have opposite signs. This can lead
to some negative background estimates in the case of small
statistics, but always consistent with zero. The results of the
matrix method for the non-Z background are shown in Ta-
ble 7 for 0, 1 and ≥2 jet bins. The results for the signal
region (≥2 jets) is also reported in Table 6.

The most important cross-check comes from comparing
the matrix method with two additional methods. The first
(the ‘weighting method’) uses fake candidates in the single
lepton sample and a fake rate to build an event weight for
the fake lepton event. It uses a less restrictive loose defini-
tion and so probes the extrapolation of the fake rate f to
the signal region. The method gives results consistent with
the matrix method, as shown in Table 7. The second (the
‘fitting method’) makes no assumptions about the relative
mixture of fake-lepton mechanisms, but uses data-derived
templates in variables which can discriminate between real
and fake leptons to fit for the fake-lepton fraction in the sig-
nal region. These variables are the expected lepton isolation
and the number of high-threshold hits in the transition radi-
ation tracker, allowing to distinguish electrons from heavy
flavour decays or conversions. For the signal region the fit-
ting method predicts 0.01+0.97

−0 ± 0.01 non-W boson events

for the ee channel, 0.01+0.29
−0 ±0.01 for the μμ channel, and

0.13+0.42
−0.13 ± 0.14 for the eμ channel. The estimate from the

Table 7 Overview of the
estimated non-Z background
yields in the signal region using
two different data-driven
methods with their statistical
and systematic uncertainties
respectively. The matrix method
is the baseline method, the
weighting method is used as a
cross-check

Method Njets ee μμ eμ

Matrix 0 −0.07 ± 0.05 ± 0.05 −0.09 ± 0.05 ± 0.07 0.00 ± 0.01 ± 0.01

1 0.09 ± 0.14 ± 0.07 −0.03 ± 0.03 ± 0.04 0.28 ± 0.20 ± 0.09

≥2 0.16 ± 0.17 ± 0.06 −0.08 ± 0.04 ± 0.06 0.47 ± 0.26 ± 0.11

Weighting 0 0.03 ± 0.03 ± 0.02 0.34 ± 0.14 ± 0.32 0.00 ± 0.04 ± 0.04

1 0.06 ± 0.04 ± 0.06 0.10 ± 0.07 ± 0.11 0.08 ± 0.06 ± 0.06

≥2 0.10 ± 0.06 ± 0.08 0.00 ± 0.04 ± 0.04 0.10 ± 0.05 ± 0.09
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Table 8 Yields and uncertainties for the estimates of the Z+ jets back-
ground. The uncertainties are statistical and systematic, respectively

ee μμ

Z + jets (Monte-Carlo) 0.14 ± 0.03 ± 0.16 0.56 ± 0.06 ± 0.39

Z + jets (data-driven) 0.25 ± 0.09 ± 0.16 0.67 ± 0.22 ± 0.31

fitting method is based on data in the signal region, whereas
the other methods provide estimates for the signal region
based on measurement in control regions.

6.4 Z + jets background

Although the t t̄ event selection is designed to reject Z + jets
events, a small fraction of events which populate the Emiss

T
tails and dilepton invariant mass more than 5 GeV (for ee)
or 10 GeV (for μμ) away from the Z boson mass will en-
ter the signal sample. These events are difficult to model in
simulations due to large uncertainties on the non-Gaussian
missing energy tails, the Z boson cross-section for higher jet
multiplicities, and the lepton energy resolution. The Z + jets
events are expected to have significant Emiss

T tails, primarily
originating from mis-measurements of the jet energies.

The Z + jets background is estimated by extrapolating
from a control region orthogonal to the top quark signal re-
gion. This control region is defined using the cuts for the
signal region, but with an inverted Z boson mass window
(requiring |m�� −mZ| < 5 GeV for ee and |m�� −mZ| < 10
GeV for μμ) and lowering the Emiss

T requirement to Emiss
T >

20 GeV. For Emiss
T below the signal region the Z boson mass

window is extended to |m�� −MZ| < 15 GeV to reduce sys-
tematic uncertainties from the lepton energy scale and res-
olution. A scale factor from Z + jets simulation is used to
extrapolate from the observed yield in the control region to
the expected yield in the signal region. The small non-Z bo-
son background in the control region is corrected using the
Monte-Carlo expectation.

The yield estimates obtained with this procedure are
shown in Table 8, along with estimates of Z + jets back-
ground based on simulation only. The comparison demon-
strates that data-driven normalisation using the control re-
gions helps to reduce the effect of the systematic uncertain-
ties. The estimated yields from data are higher than those
from the Monte-Carlo prediction. This trend is also observed
in the control regions involving Emiss

T where jets are used in
the selection.

Due to the very limited data statistics, simulation is used
for the Z → ττ contribution instead of the data-driven
method used to estimate Z → ee and Z → μμ contribu-
tions. The modelling of the Z → ττ is cross-checked in the
eμ channel in the 0-jet bin, where five events are observed
in data versus a total expectation of 3.1 events, with an ex-
pected Z → ττ contribution of 2.4 events. The largest sys-

Table 9 Measured cross-sections in each individual dilepton channel
and in the combined fit. The uncertainties represent the statistical and
combined systematic uncertainty, respectively

Channel σtt̄ [pb]

ee 193 +243
−152

+84
−48

μμ 185 +184
−124

+56
−47

eμ 129 +100
−72

+32
−18

Combined 151 +78
−62

+37
−24

tematic uncertainty comes from that on the integrated lumi-
nosity. The estimated Z + jets backgrounds are summarised
in Table 6.

Data-driven backgrounds and simulated acceptances and
efficiencies are validated in control regions which are de-
pleted of t t̄ events: inside the Z boson peak for the same-
flavour channels; the 0- and 1-jet bin for the eμ channel.

Figure 8(a) and (b) show the jet multiplicity for events
where the dilepton mass lies inside the Z boson peak and
tests the initial state radiation (ISR) modelling of jets for
Z + jets processes. The dilepton mass plots, Figs. 8(c) and
(d), probe the lepton energy scale and resolution.

The understanding of γ → e+e− conversions can be
tested by using same-sign events. Five same-sign events
are observed inside the Z boson peak in the inclusive ee

channel and they are compatible, within the limited statis-
tics, with the conversions modelled by the simulations. No
same-sign events have been observed in the μμ or eμ chan-
nels.

6.5 Cross-section determination in the dilepton channels

The cross-section is measured in each dilepton channel and
translated into an inclusive t t̄ cross-section using the W →
�ν and τ → �νντ branching ratios. The cross-sections and
uncertainties in the individual channels are estimated using
the likelihood method as will be described in Sect. 7. The
cross-sections are summarised in Table 9, and the break-
down of the individual sources of cross-section uncertain-
ties are listed in Table 10. The dependence of the mea-
sured cross-section on the assumed top-quark mass is small.
A change of ±1 GeV in the assumed mass results in a
change of ∓0.5% in the cross-section.

7 Combination of the single lepton
and the dilepton channels

The combined measurement of the t t̄ production cross-
section is based on a likelihood fit in which the number of
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Fig. 8 Top row: Number of jets
in events with the measured
dilepton mass inside the Z

boson mass window with
inverted requirement on Emiss

T
for a the ee channel and b the
μμ channel. Bottom row:
Invariant mass of
opposite-signed lepton pairs in
events with ≥2 jets with
inverted requirement on Emiss

T
for c the ee channel and d the
μμ channel

expected events is modelled as

Nexp(σt t̄ , αj ) = L · εt t̄ (αj ) · σtt̄

+
∑

bkg

L · εbkg(αj ) · σbkg(αj )

+ NDD(αj ), (7)

where L is the integrated luminosity, εt t̄ is the signal ac-
ceptance, εbkg , σbkg are the efficiency and cross-section for
backgrounds as obtained from MC simulation respectively,
and NDD is the number of expected events from data-driven
estimates. The acceptance and background estimates depend
on sources of systematic uncertainty labelled as αj . The

likelihood for a single channel is defined as

L(σt t̄ ,L,αj ) = Poisson
(
Nobs | Nexp(σt t̄ , αj )

)

× Gauss(L0 | L,δL) ×
∏

j∈syst

�j (αj ), (8)

where L0 is the integrated luminosity of the data sample
and δL = 11% · L0. Sources of systematic uncertainties are
grouped into subsets that are uncorrelated to each other.
However each group can have correlated effects on multi-
ple signal and background estimates. The relationship be-
tween the channels is enforced by identifying the αj com-
mon to different channels in the construction of the com-
bined likelihood function. Ensembles of pseudo-data were
generated and the resulting estimate of the cross-section was
confirmed to be unbiased. The method is the same as the
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Table 10 Individual systematic
uncertainties on the t t̄

cross-section in the dilepton
channels. The combined
uncertainties listed in the
bottom two rows include the
luminosity uncertainty

Relative cross-section uncertainty [%]

Source ee μμ eμ

Statistical uncertainty −79/+126 −67/+100 −56/+77

Object selection

Lepton reconstruction, identification, trigger −2/+11 −4/+3 −1/+3

Jet energy reconstruction −7/+13 −14/+9 −3/+5

Background rates

Fake leptons −31/+24 −4/+1 −15/+8

Z + jets −12/+4 −19/+5 −2/+1

Monte-Carlo simulation statistics −5/+3 −3/+4 ±2

Theoretical cross-sections ± 3 −5/+4 ±3

Signal simulation

Initial/final state radiation −4/+5 −2/+3 −2/+3

Parton distribution functions −2/+1 −2/+3 −2/+3

Parton shower and hadronisation −9/+14 −6/+9 ±3

Next-to-leading order generator −8/+11 −11/+13 −3/+4

Integrated luminosity −11/+16 −11/+16 −12/+14

Total systematic uncertainty −25/+44 −25/+30 −14/+25

Statistical + systematic uncertainty −83/+134 −72/+104 −57/+81

Table 11 Summary of t t̄ cross-section and signal significance calcu-
lated by combining the single lepton and dilepton channels individually
and for all channels combined

Cross-section [pb] Signal significance [σ ]

Single lepton channels 142 ± 34 +50
−31 4.0

Dilepton channels 151 +78
−62

+37
−24 2.8

All channels 145 ± 31 +42
−27 4.8

one used in [44] and described in [45]; however, in this case
systematic uncertainties are modelled with gamma distribu-
tions, which are more suitable priors for large systematics
than truncated Gaussians [46]. In the small systematic un-
certainty limit, the gamma distribution coincides with the
conventional choice of a Gaussian.

Table 11 lists the cross-sections and signal significance
for the single-lepton, dilepton and the combined channels
with the corresponding statistical and systematic uncertain-
ties extracted from the likelihood fit. By combining all five
channels, the background-only hypothesis is excluded at a
significance of 4.8σ obtained with the approximate method
of [45]. If Gaussian distributions are assumed for all system-
atic uncertainties, a significance of 5.1σ is obtained. The ab-
sence of bias in the fit is validated by pseudo-experiments.
Similarly, the traditional hybrid Bayesian-frequentist ap-
proach in which the αj are randomised in an ensemble of
pseudo-experiments finds a signal significance consistent
with the results from the likelihood method within 0.1σ . The

results also agree with those obtained from an alternative
method based on a purely Bayesian methodology.

8 Summary

Measurements of the t t̄ production cross-section in the
single-lepton and dilepton channels using the ATLAS de-
tector are reported. In a sample of 2.9 pb−1, 37 t t̄ candidate
events are observed in the single-lepton topology, as well as
9 candidate events in the dilepton topology, resulting in a
measurement of the inclusive t t̄ cross-section of

σtt̄ = 145 ± 31 +42
−27 pb.

This is the first ATLAS Collaboration measurement making
simultaneous use of reconstructed electrons, muons, jets, b-
tagged jets and missing transverse energy, therefore exploit-
ing the full capacity of the detector. The combined measure-
ment, consisting of the first measurement of the t t̄ cross-
section in the single-lepton channel at the LHC and a mea-
surement in the dilepton channel, is the most precise mea-
surement to date of the t t̄ cross-section at

√
s = 7 TeV.

The cross-sections measured in each of the five sub-
channels are consistent with each other and kinematic prop-
erties of the selected events are consistent with SM t t̄ pro-
duction. The measured t t̄ cross-section is in good agreement
with the measurement in the dilepton channel by CMS [10],
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Fig. 9 Top quark pair-production cross-section at hadron colliders as
measured by CDF and D0 at Tevatron, CMS and ATLAS (this measure-
ment). The theoretical predictions for pp and pp̄ collisions include the
scale and PDF uncertainties, obtained using the HATHOR tool with the
CTEQ6.6 PDFs and assume a top-quark mass of 172.5 GeV

as well as with NLO QCD predictions [47–51] and the ap-
proximate NNLO top quark cross-section calculation [52].
Figure 9 shows the ATLAS and CMS measurements to-
gether with previous Tevatron measurements [6–9].

With the prospect of accumulation of larger data samples,
the statistical and systematic uncertainty on the t t̄ cross-
section will decrease and a precise measurement can chal-
lenge the SM prediction based on QCD calculations and
constrain the parton distribution functions. Larger samples
of t t̄ events will also be instrumental in precision studies of
the production, mass and decay properties of top quarks, and
be vital in new physics searches in which SM t t̄ production
is an important background.

Acknowledgements We wish to thank CERN for the efficient com-
missioning and operation of the LHC during this initial high-energy
data-taking period as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIEN-
CIAS, Colombia; MEYS (MSMT), MPO and CCRC, Czech Republic;
DNRF, DNSRC and Lundbeck Foundation, Denmark; ARTEMIS, Eu-
ropean Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Geor-
gia; BMBF, DFG, HGF, MPG and AvH Foundation, Germany; GSRT,
Greece; ISF, MINERVA, GIF, DIP and Benoziyo Center, Israel; INFN,
Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO,
Netherlands; RCN, Norway; MNiSW, Poland; GRICES and FCT, Por-
tugal; MERYS (MECTS), Romania; MES of Russia and ROSATOM,
Russian Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS
and MVZT, Slovenia; DST/NRF, South Africa; MICINN, Spain; SRC
and Wallenberg Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the
Royal Society and Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS Tier-1
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),

CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy),
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and
BNL (USA) and in the Tier-2 facilities worldwide.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. S.L. Glashow, Partial symmetries of weak interactions. Nucl.
Phys. 22, 579 (1961)

2. S. Weinberg, A model of leptons. Phys. Rev. Lett. 19, 1264 (1967)
3. A. Salam, Weak and electromagnetic interactions, in Elementary

Particle Theory, ed. by N. Svartholm (Almqvist and Wiksell,
Stockholm, 1968), p. 367

4. S. Moch, P. Uwer, Theoretical status and prospects for top-quark
pair production at hadron colliders. Phys. Rev. D 78, 034003
(2008)

5. U. Langenfeld, S. Moch, P. Uwer, New results for t t̄ production at
hadron colliders, in Proc. XVII Int. Workshop on Deep-Inelastic
Scattering and Related Topics (2009). 10.3360/dis.2009.131.
arXiv:0907.2527 [hep-ph]

6. T. Affolder et al. (CDF Run I), Measurement of the t t̄ production
cross-section in pp̄ collisions at

√
s = 1.8 TeV. Phys. Rev. D 64,

032002 (2001). erratum-ibid. D 67, 119901 (2003)
7. T. Affolder et al. (CDF Run I), CDF public note 10137 (2010)

(Run II)
8. V.M. Abazov et al. (D0 Run I), t t̄ production cross section in pp̄

collisions at
√

s = 1.8 TeV. Phys. Rev. D 67, 012004 (2003)
9. V.M. Abazov et al. (D0 Run I), D0 note 6037-CONF (2010)

(Run II)
10. The CMS Collaboration, First measurement of the cross sec-

tion for top-quark pair production in proton-proton collisions at√
s = 7 TeV. Phys. Lett. B 695, 424 (2011). arXiv:1010.5994

[hep-ex]
11. K. Nakamura et al. (Particle Data Group), The review of particle

physics. J. Phys. G 37, 075021 (2010)
12. ATLAS Collaboration, The ATLAS experiment at the CERN

Large Hadron Collider. J. Instrum. 3, S08003 (2008)
13. ATLAS Collaboration, Luminosity determination using the AT-

LAS detector. ATLAS-CONF-2010-060. cdsweb.cern.ch/record/
1281333

14. S. Frixione, B.R. Webber, Matching NLO QCD computations and
parton shower simulations. J. High Energy Phys. 06, 029 (2002)

15. S. Frixione, P. Nason, B.R. Webber, Matching NLO QCD and par-
ton showers in heavy flavour production. J. High Energy Phys. 08,
007 (2003)

16. S. Frixione, E. Laenen, P. Motylinski, Single-top production in
MC@NLO. J. High Energy Phys. 03, 092 (2006)

17. P.M. Nadolsky et al., Implications of CTEQ global analysis for
collider observables. Phys. Rev. D 78, 013004 (2008)

18. M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau, A.D. Polosa,
ALPGEN, a generator for hard multiparton processes in hadronic
collisions. J. High Energy Phys. 07, 001 (2003)

19. J. Pumplin et al., New generation of parton distributions with un-
certainties from global QCD analysis. J. High Energy Phys. 07,
012 (2002)

20. S. Frixione, E. Laenen, P. Motylinski, B.R. Webber, C.D. White,
Single-top hadroproduction in association with a W boson. J. High
Energy Phys. 07, 029 (2008)

21. ATLAS Collaboration, Expected performance of the ATLAS
experiment—detector, trigger and physics. CERN-OPEN-2008-
020, pp. 874–881. arXiv:0901.0512 [hep-ex]

http://dx.doi.org/10.3360/dis.2009.131
http://arxiv.org/abs/arXiv:0907.2527
http://arxiv.org/abs/arXiv:1010.5994
http://cdsweb.cern.ch/record/1281333
http://cdsweb.cern.ch/record/1281333
http://arxiv.org/abs/arXiv:0901.0512


Page 22 of 36 Eur. Phys. J. C (2011) 71: 1577

22. G. Corcella et al., HERWIG 6.5: an event generator for hadron
emission reactions with interfering gluons (including supersym-
metric processes). J. High Energy Phys. 01, 010 (2001)

23. G. Corcella et al., HERWIG 6.5 release notes. arXiv:hep-ph/
0210213

24. J.M. Butterworth et al., Multiparton interactions in photoproduc-
tion at HERA. Z. Phys. C 72, 637 (1996)

25. ATLAS Collaboration, ATLAS Monte Carlo tunes for MC09,
ATLAS-PHYS-PUB-2010-002

26. ATLAS Collaboration, The ATLAS Simulation Infrastructure.
Eur. Phys. J. C (2010). doi:10.1140/epjc/s10052-010-1429-9.
arXiv:1005.4568

27. P. Nason, A new method for combining NLO QCD with shower
Monte Carlo algorithms. J. High Energy Phys. 11546, 040 (2004)

28. B.P. Kersevan, E. Richter-Was, The Monte Carlo event generator
AcerMC version 2.0 with interfaces to PYTHIA 6.2 and HERWIG
6.5. arXiv:hep-ph/0405247

29. P. Skands, Tuning Monte Carlo generators: The Perugia tunes.
Phys. Rev. D 82, 074018 (2010)

30. A. Buckley et al., Systematic event generator tuning for the LHC.
Eur. Phys. J. C 65, 331–357 (2010)

31. M. Mangano, Understanding the Standard Model, as a bridge to
the discovery of new phenomena at the LHC, CERN-PH-TH-
2008-019. arXiv:0802.0026 [hep-ph]

32. T. Gleisberg et al., Event generation with SHERPA 1.1. J. High
Energy Phys. 02, 007 (2009)

33. ATLAS Collaboration, Measurement of the W → �ν and
Z/γ ∗ → �� production cross-sections in proton-proton collisions
at

√
s = 7 TeV with the ATLAS detector. J. High Energy Phys. 12,

060 (2010). arXiv:1010.2130 [hep-ex]
34. ATLAS Collaboration, Data-quality requirements and event clean-

ing for jets and missing transverse energy reconstruction with
the ATLAS detector in proton-proton collisions at a center-
of-mass energy of

√
s = 7 TeV. ATLAS-CONF-2010-038.

cdsweb.cern.ch/record/1277678
35. ATLAS Collaboration, Muon performance in minimum bias pp

collision data at
√

s = 7 TeV with ATLAS. ATLAS-CONF-2010-
036. cdsweb.cern.ch/record/1277675

36. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-
rithm. J. High Energy Phys. 0804, 063 (2008)

37. ATLAS Collaboration, Measurement of inclusive jet and dijet
cross-sections in proton-proton collisions at 7 TeV centre-of-mass
energy with the ATLAS detector. Eur. Phys. J. C 71, 1512 (2011).
arXiv:1009.5908

38. ATLAS Collaboration, Calibrating the b-tag and mistag efficien-
cies of the SV0 b-tagging algorithm in 3 pb−1 of data with

the ATLAS detector. ATLAS-CONF-2010-099. cdsweb.cern.ch/
record/1312145

39. ATLAS Collaboration, Performance of the missing transverse en-
ergy reconstruction and calibration in proton-proton collisions at
a center-of-mass energy of

√
s = 7 TeV with the ATLAS detector.

ATLAS-CONF-2010-057. cdsweb.cern.ch/record/1281330
40. F.A. Berends, W.T. Giele, H. Kuijf, R. Kleiss, W.J. Stirling, Nucl.

Phys. B 357, 1 (1991)
41. C.F. Berger et al., Precise predictions for W + 4 jet production

at the Large Hadron Collider., September 2010. 5pp. Temporary
entry e-Print: arXiv:1009.2338 [hep-ph]

42. S.D. Ellis, R. Kleiss, W.J. Stirling, W ’s, Z’s and jets. Phys. Lett.
B 154, 435 (1985)

43. J. Alwall et al., Comparative study of various algorithms for the
merging of parton showers and matrix elements in hadronic colli-
sions. Eur. J. Phys. C 53, 473 (2008)

44. ATLAS Collaboration, Prospects for measuring top pair produc-
tion in the dilepton channel with early ATLAS data at

√
s =

10 TeV. ATL-PHYS-PUB-2009-086. cdsweb.cern.ch/record/
1200287

45. G. Cowan, K. Cranmer, E. Gross, O. Vitelles, Asymptotic formu-
lae for likelihood-based test of new physics. Eur. Phys. J. (submit-
ted). arXiv:1007.1727 [hep-ex]

46. R.D. Cousins, J. Linnemann, J. Tucker, Evaluation of three meth-
ods for calculating statistical significance when incorporating a
systematic uncertainty into a test of the background-only hypothe-
sis for a Poisson process. Nucl. Instrum. Methods Phys. Res., Sect.
A, Accel. Spectrom. Detect. Assoc. Equip. 595, 480–501 (2008)

47. P. Nason, S. Dawson, R.K. Ellis, The total cross-section for the
production of heavy quarks in hadronic collisions. Nucl. Phys. B
303, 607 (1988)

48. W. Beenakker, H. Kuijf, W.L. van Neerven, J. Smith, QCD cor-
rections to heavy quark production in pp̄ collisions. Phys. Rev. D
40, 54–82 (1989)

49. M. Czakon, A. Mitov, Inclusive heavy flavor hadroproduction in
NLO QCD: the exact analytic result. Nucl. Phys. B 824, 111–135
(2010)

50. S. Moch, P. Uwer, Theoretical status and prospects for top-quark
pair production at hadron colliders. Phys. Rev. D 78, 034003
(2008)

51. M. Beneke, M. Czakon, P. Falgari, A. Mitov, C. Schwinn, Thresh-
old expansion of the gg(qq̄) → QQ̄ + X cross section at O(α4

s ).
Phys. Lett. B 690, 483–490 (2010)

52. M. Aliev et al., HATHOR—HAdronic Top and Heavy quarks
crOss section calculatoR. arXiv:1007.1327 [hep-ph]

The ATLAS Collaboration

G. Aad48, B. Abbott111, J. Abdallah11, A.A. Abdelalim49, A. Abdesselam118, O. Abdinov10, B. Abi112, M. Abolins88,
H. Abramowicz153, H. Abreu115, E. Acerbi89a,89b, B.S. Acharya164a,164b, M. Ackers20, D.L. Adams24, T.N. Addy56,
J. Adelman175, M. Aderholz99, S. Adomeit98, P. Adragna75, T. Adye129, S. Aefsky22, J.A. Aguilar-Saavedra124b,a,
M. Aharrouche81, S.P. Ahlen21, F. Ahles48, A. Ahmad148, H. Ahmed2, M. Ahsan40, G. Aielli133a,133b, T. Akdo-
gan18a, T.P.A. Åkesson79, G. Akimoto155, A.V. Akimov 94, M.S. Alam1, M.A. Alam76, S. Albrand55, M. Aleksa29,

http://arxiv.org/abs/arXiv:hep-ph/0210213
http://arxiv.org/abs/arXiv:hep-ph/0210213
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/arXiv:1005.4568
http://arxiv.org/abs/arXiv:hep-ph/0405247
http://arxiv.org/abs/arXiv:0802.0026
http://arxiv.org/abs/arXiv:1010.2130
http://cdsweb.cern.ch/record/1277678
http://cdsweb.cern.ch/record/1277675
http://arxiv.org/abs/arXiv:1009.5908
http://cdsweb.cern.ch/record/1312145
http://cdsweb.cern.ch/record/1312145
http://cdsweb.cern.ch/record/1281330
http://arxiv.org/abs/arXiv:1009.2338
http://cdsweb.cern.ch/record/1200287
http://cdsweb.cern.ch/record/1200287
http://arxiv.org/abs/arXiv:1007.1727
http://arxiv.org/abs/arXiv:1007.1327


Eur. Phys. J. C (2011) 71: 1577 Page 23 of 36

I.N. Aleksandrov65, M. Aleppo89a,89b, F. Alessandria89a, C. Alexa25a, G. Alexander153, G. Alexandre49, T. Alexopou-
los9, M. Alhroob20, M. Aliev15, G. Alimonti89a, J. Alison120, M. Aliyev10, P.P. Allport73, S.E. Allwood-Spiers53, J. Al-
mond82, A. Aloisio102a,102b, R. Alon171, A. Alonso79, J. Alonso14, M.G. Alviggi102a,102b, K. Amako66, P. Amaral29,
C. Amelung22, V.V. Ammosov128, A. Amorim124a,b, G. Amorós167, N. Amram153, C. Anastopoulos139, T. Andeen34,
C.F. Anders20, K.J. Anderson30, A. Andreazza89a,89b, V. Andrei58a, M.-L. Andrieux55, X.S. Anduaga70, A. Angerami34,
F. Anghinolfi29, N. Anjos124a, A. Annovi47, A. Antonaki8, M. Antonelli47, S. Antonelli19a,19b, J. Antos144b, B. Antunovic41,
F. Anulli132a, S. Aoun83, L. Aperio Bella4, R. Apolle118, G. Arabidze88, I. Aracena143, Y. Arai66, A.T.H. Arce44, J.P. Ar-
chambault28, S. Arfaoui29,c, J.-F. Arguin14, E. Arik18a,*, M. Arik18a, A.J. Armbruster87, K.E. Arms109, S.R. Armstrong24,
O. Arnaez81, C. Arnault115, A. Artamonov95, G. Artoni132a,132b, D. Arutinov20, S. Asai155, R. Asfandiyarov172, S. Ask27,
B. Åsman146a,146b, L. Asquith5, K. Assamagan24, A. Astbury169, A. Astvatsatourov52, G. Atoian175, B. Aubert4, B. Auer-
bach175, E. Auge115, K. Augsten127, M. Aurousseau4, N. Austin73, R. Avramidou9, D. Axen168, C. Ay54, G. Azue-
los93,d, Y. Azuma155, M.A. Baak29, G. Baccaglioni89a, C. Bacci134a,134b, A.M. Bach14, H. Bachacou136, K. Bachas29,
G. Bachy29, M. Backes49, E. Badescu25a, P. Bagnaia132a,132b, S. Bahinipati2, Y. Bai32a, D.C. Bailey158, T. Bain158,
J.T. Baines129, O.K. Baker175, S. Baker77, F. Baltasar Dos Santos Pedrosa29, E. Banas38, P. Banerjee93, Sw. Banerjee169,
D. Banfi89a,89b, A. Bangert137, V. Bansal169, H.S. Bansil17, L. Barak171, S.P. Baranov94, A. Barashkou65, A. Barbaro
Galtieri14, T. Barber27, E.L. Barberio86, D. Barberis50a,50b, M. Barbero20, D.Y. Bardin65, T. Barillari99, M. Barisonzi174,
T. Barklow143, N. Barlow27, B.M. Barnett129, R.M. Barnett14, A. Baroncelli134a, A.J. Barr118, F. Barreiro80, J. Barreiro
Guimar aes da Costa57, P. Barrillon115, R. Bartoldus143, A.E. Barton71, D. Bartsch20, R.L. Bates53, L. Batkova144a, J.R. Bat-
ley27, A. Battaglia16, M. Battistin29, G. Battistoni89a, F. Bauer136, H.S. Bawa143, B. Beare158, T. Beau78, P.H. Beau-
chemin118, R. Beccherle50a, P. Bechtle41, H.P. Beck16, M. Beckingham48, K.H. Becks174, A.J. Beddall18c, A. Beddall18c,
V.A. Bednyakov65, C. Bee83, M. Begel24, S. Behar Harpaz152, P.K. Behera63, M. Beimforde99, C. Belanger-Champagne166,
B. Belhorma55, P.J. Bell49, W.H. Bell49, G. Bella153, L. Bellagamba19a, F. Bellina29, G. Bellomo89a,89b, M. Bellomo119a,
A. Belloni57, K. Belotskiy96, O. Beltramello29, S. Ben Ami152, O. Benary153, D. Benchekroun135a, C. Benchouk83,
M. Bendel81, B.H. Benedict163, N. Benekos165, Y. Benhammou153, D.P. Benjamin44, M. Benoit115, J.R. Bensinger22,
K. Benslama130, S. Bentvelsen105, D. Berge29, E. Bergeaas Kuutmann41, N. Berger4, F. Berghaus169, E. Berglund49,
J. Beringer14, K. Bernardet83, P. Bernat115, R. Bernhard48, C. Bernius24, T. Berry76, A. Bertin19a,19b, F. Bertinelli29,
F. Bertolucci122a,122b, M.I. Besana89a,89b, N. Besson136, S. Bethke99, W. Bhimji45, R.M. Bianchi48, M. Bianco72a,72b,
O. Biebel98, J. Biesiada14, M. Biglietti132a,132b, H. Bilokon47, M. Bindi19a,19b, A. Bingul18c, C. Bini132a,132b, C. Biscarat177,
R. Bischof62, U. Bitenc48, K.M. Black21, R.E. Blair5, J.-B. Blanchard115, G. Blanchot29, C. Blocker22, J. Blocki38, A. Blon-
del49, W. Blum81, U. Blumenschein54, C. Boaretto132a,132b, G.J. Bobbink105, V.B. Bobrovnikov107, A. Bocci44, R. Bock29,
C.R. Boddy118, M. Boehler41, J. Boek174, N. Boelaert35, S. Böser77, J.A. Bogaerts29, A. Bogdanchikov107, A. Bogouch90,*,
C. Bohm146a, V. Boisvert76, T. Bold163,e, V. Boldea25a, M. Boonekamp136, G. Boorman76, C.N. Booth139, P. Booth139,
J.R.A. Booth17, S. Bordoni78, C. Borer16, A. Borisov128, G. Borissov71, I. Borjanovic12a, S. Borroni132a,132b, K. Bos105,
D. Boscherini19a, M. Bosman11, H. Boterenbrood105, D. Botterill129, J. Bouchami93, J. Boudreau123, E.V. Bouhova-
Thacker71, C. Boulahouache123, C. Bourdarios115, N. Bousson83, A. Boveia30, J. Boyd29, I.R. Boyko65, N.I. Bozhko128,
I. Bozovic-Jelisavcic12b, S. Braccini47, J. Bracinik17, A. Braem29, E. Brambilla72a,72b, P. Branchini134a, G.W. Brandenburg57,
A. Brandt7, G. Brandt41, O. Brandt54, U. Bratzler156, B. Brau84, J.E. Brau114, H.M. Braun174, B. Brelier158, J. Bremer29,
R. Brenner166, S. Bressler152, D. Breton115, N.D. Brett118, P.G. Bright-Thomas17, D. Britton53, F.M. Brochu27, I. Brock20,
R. Brock88, T.J. Brodbeck71, E. Brodet153, F. Broggi89a, C. Bromberg88, G. Brooijmans34, W.K. Brooks31b, G. Brown82,
E. Brubaker30, P.A. Bruckman de Renstrom38, D. Bruncko144b, R. Bruneliere48, S. Brunet61, A. Bruni19a, G. Bruni19a,
M. Bruschi19a, T. Buanes13, F. Bucci49, J. Buchanan118, N.J. Buchanan2, P. Buchholz141, R.M. Buckingham118, A.G. Buck-
ley45, S.I. Buda25a, I.A. Budagov65, B. Budick108, V. Büscher81, L. Bugge117, D. Buira-Clark118, E.J. Buis105, O. Bulekov96,
M. Bunse42, T. Buran117, H. Burckhart29, S. Burdin73, T. Burgess13, S. Burke129, E. Busato33, P. Bussey53, C.P. Buszello166,
F. Butin29, B. Butler143, J.M. Butler21, C.M. Buttar53, J.M. Butterworth77, W. Buttinger27, T. Byatt77, S. Cabrera Urbán167,
M. Caccia89a,89b, D. Caforio19a,19b, O. Cakir3a, P. Calafiura14, G. Calderini78, P. Calfayan98, R. Calkins106, L.P. Caloba23a,
R. Caloi132a,132b, D. Calvet33, S. Calvet33, A. Camard78, P. Camarri133a,133b, M. Cambiaghi119a,119b, D. Cameron117, J. Cam-
min20, S. Campana29, M. Campanelli77, V. Canale102a,102b, F. Canelli30, A. Canepa159a, J. Cantero80, L. Capasso102a,102b,
M.D.M. Capeans Garrido29, I. Caprini25a, M. Caprini25a, M. Caprio102a,102b, D. Capriotti99, M. Capua36a,36b, R. Caputo148,
C. Caramarcu25a, R. Cardarelli133a, T. Carli29, G. Carlino102a, L. Carminati89a,89b, B. Caron159a, S. Caron48, C. Carpen-
tieri48, G.D. Carrillo Montoya172, S. Carron Montero158, A.A. Carter75, J.R. Carter27, J. Carvalho124a,f, D. Casadei108,
M.P. Casado11, M. Cascella122a,122b, C. Caso50a,50b,*, A.M. Castaneda Hernandez172, E. Castaneda-Miranda172, V. Castillo
Gimenez167, N.F. Castro124b,a, G. Cataldi72a, F. Cataneo29, A. Catinaccio29, J.R. Catmore71, A. Cattai29, G. Cattani133a,133b,
S. Caughron34, A. Cavallari132a,132b, P. Cavalleri78, D. Cavalli89a, M. Cavalli-Sforza11, V. Cavasinni122a,122b, A. Caz-
zato72a,72b, F. Ceradini134a,134b, C. Cerna83, A.S. Cerqueira23a, A. Cerri29, L. Cerrito75, F. Cerutti47, M. Cervetto50a,50b,



Page 24 of 36 Eur. Phys. J. C (2011) 71: 1577

S.A. Cetin18b, F. Cevenini102a,102b, A. Chafaq135a, D. Chakraborty106, K. Chan2, B. Chapleau85, J.D. Chapman27, J.W. Chap-
man87, E. Chareyre78, D.G. Charlton17, V. Chavda82, S. Cheatham71, S. Chekanov5, S.V. Chekulaev159a, G.A. Chelkov65,
H. Chen24, L. Chen2, S. Chen32c, T. Chen32c, X. Chen172, S. Cheng32a, A. Cheplakov65, V.F. Chepurnov65, R. Cherkaoui
El Moursli135d, V. Chernyatin24, E. Cheu6, S.L. Cheung158, L. Chevalier136, F. Chevallier136, G. Chiefari102a,102b, L. Chiko-
vani51, J.T. Childers58a, A. Chilingarov71, G. Chiodini72a, M.V. Chizhov65, G. Choudalakis30, S. Chouridou137, I.A. Chris-
tidi77, A. Christov48, D. Chromek-Burckhart29, M.L. Chu151, J. Chudoba125, G. Ciapetti132a,132b, A.K. Ciftci3a, R. Ciftci3a,
D. Cinca33, V. Cindro74, M.D. Ciobotaru163, C. Ciocca19a,19b, A. Ciocio14, M. Cirilli87, A. Clark49, P.J. Clark45, W. Cle-
land123, J.C. Clemens83, B. Clement55, C. Clement146a,146b, R.W. Clifft129, Y. Coadou83, M. Cobal164a,164c, A. Coc-
caro50a,50b, J. Cochran64, P. Coe118, J.G. Cogan143, J. Coggeshall165, E. Cogneras177, C.D. Cojocaru28, J. Colas4,
A.P. Colijn105, C. Collard115, N.J. Collins17, C. Collins-Tooth53, J. Collot55, G. Colon84, R. Coluccia72a,72b, G. Co-
mune88, P. Conde Mui no124a, E. Coniavitis118, M.C. Conidi11, M. Consonni104, S. Constantinescu25a, C. Conta119a,119b,
F. Conventi102a,g, J. Cook29, M. Cooke14, B.D. Cooper75, A.M. Cooper-Sarkar118, N.J. Cooper-Smith76, K. Copic34,
T. Cornelissen50a,50b, M. Corradi19a, S. Correard83, F. Corriveau85,h, A. Cortes-Gonzalez165, G. Cortiana99, G. Costa89a,
M.J. Costa167, D. Costanzo139, T. Costin30, D. Côté29, R. Coura Torres23a, L. Courneyea169, G. Cowan76, C. Cowden27,
B.E. Cox82, K. Cranmer108, M. Cristinziani20, G. Crosetti36a,36b, R. Crupi72a,72b, S. Crépé-Renaudin55, C. Cuenca Alme-
nar175, T. Cuhadar Donszelmann139, S. Cuneo50a,50b, M. Curatolo47, C.J. Curtis17, P. Cwetanski61, H. Czirr141, Z. Czy-
czula175, S. D’Auria53, M. D’Onofrio73, A. D’Orazio132a,132b, A. Da Rocha Gesualdi Mello23a, P.V.M. Da Silva23a, C. Da
Via82, W. Dabrowski37, A. Dahlhoff48, T. Dai87, C. Dallapiccola84, S.J. Dallison129,*, M. Dam35, M. Dameri50a,50b,
D.S. Damiani137, H.O. Danielsson29, R. Dankers105, D. Dannheim99, V. Dao49, G. Darbo50a, G.L. Darlea25b, C. Daum105,
J.P. Dauvergne29, W. Davey86, T. Davidek126, N. Davidson86, R. Davidson71, M. Davies93, A.R. Davison77, E. Dawe142,
I. Dawson139, J.W. Dawson5,*, R.K. Daya39, K. De7, R. de Asmundis102a, S. De Castro19a,19b, S. De Cecco78, J. de Graat98,
N. De Groot104, P. de Jong105, E. De La Cruz-Burelo87, C. De La Taille115, B. De Lotto164a,164c, L. De Mora71,
L. De Nooij105, M. De Oliveira Branco29, D. De Pedis132a, P. de Saintignon55, A. De Salvo132a, U. De Sanctis164a,164c,
A. De Santo149, J.B. De Vivie De Regie115, S. Dean77, G. Dedes99, D.V. Dedovich65, J. Degenhardt120, M. Dehchar118,
M. Deile98, C. Del Papa164a,164c, J. Del Peso80, T. Del Prete122a,122b, A. Dell’Acqua29, L. Dell’Asta89a,89b, M. Della
Pietra102a,g, D. della Volpe102a,102b, M. Delmastro29, P. Delpierre83, N. Delruelle29, P.A. Delsart55, C. Deluca148, S. De-
mers175, M. Demichev65, B. Demirkoz11, J. Deng163, S.P. Denisov128, C. Dennis118, D. Derendarz38, J.E. Derkaoui135c,
F. Derue78, P. Dervan73, K. Desch20, E. Devetak148, P.O. Deviveiros158, A. Dewhurst129, B. DeWilde148, S. Dhaliwal158,
R. Dhullipudi24,i, A. Di Ciaccio133a,133b, L. Di Ciaccio4, A. Di Girolamo29, B. Di Girolamo29, S. Di Luise134a,134b, A. Di
Mattia88, R. Di Nardo133a,133b, A. Di Simone133a,133b, R. Di Sipio19a,19b, M.A. Diaz31a, M.M. Diaz Gomez49, F. Di-
blen18c, E.B. Diehl87, H. Dietl99, J. Dietrich48, T.A. Dietzsch58a, S. Diglio115, K. Dindar Yagci39, J. Dingfelder20, C. Dion-
isi132a,132b, P. Dita25a, S. Dita25a, F. Dittus29, F. Djama83, R. Djilkibaev108, T. Djobava51, M.A.B. do Vale23a, A. Do Valle
Wemans124a, T.K.O. Doan4, M. Dobbs85, R. Dobinson 29,*, D. Dobos42, E. Dobson29, M. Dobson163, J. Dodd34, O.B. Do-
gan18a,*, C. Doglioni118, T. Doherty53, Y. Doi66, J. Dolejsi126, I. Dolenc74, Z. Dolezal126, B.A. Dolgoshein96, T. Dohmae155,
M. Donadelli23b, M. Donega120, J. Donini55, J. Dopke174, A. Doria102a, A. Dos Anjos172, M. Dosil11, A. Dotti122a,122b,
M.T. Dova70, J.D. Dowell17, A.D. Doxiadis105, A.T. Doyle53, Z. Drasal126, J. Drees174, N. Dressnandt120, H. Drever-
mann29, C. Driouichi35, M. Dris9, J.G. Drohan77, J. Dubbert99, T. Dubbs137, S. Dube14, E. Duchovni171, G. Duckeck98,
A. Dudarev29, F. Dudziak115, M. Dührssen 29, I.P. Duerdoth82, L. Duflot115, M.-A. Dufour85, M. Dunford29, H. Du-
ran Yildiz3b, R. Duxfield139, M. Dwuznik37, F. Dydak 29, D. Dzahini55, M. Düren52, J. Ebke98, S. Eckert48, S. Eck-
weiler81, K. Edmonds81, C.A. Edwards76, I. Efthymiopoulos49, W. Ehrenfeld41, T. Ehrich99, T. Eifert29, G. Eigen13, K. Ein-
sweiler14, E. Eisenhandler75, T. Ekelof166, M. El Kacimi4, M. Ellert166, S. Elles4, F. Ellinghaus81, K. Ellis75, N. Ellis29,
J. Elmsheuser98, M. Elsing29, R. Ely14, D. Emeliyanov129, R. Engelmann148, A. Engl98, B. Epp62, A. Eppig87, J. Erd-
mann54, A. Ereditato16, D. Eriksson146a, J. Ernst1, M. Ernst24, J. Ernwein136, D. Errede165, S. Errede165, E. Ertel81,
M. Escalier115, C. Escobar167, X. Espinal Curull11, B. Esposito47, F. Etienne83, A.I. Etienvre136, E. Etzion153, D. Evan-
gelakou54, H. Evans61, L. Fabbri19a,19b, C. Fabre29, K. Facius35, R.M. Fakhrutdinov128, S. Falciano132a, A.C. Falou115,
Y. Fang172, M. Fanti89a,89b, A. Farbin7, A. Farilla134a, J. Farley148, T. Farooque158, S.M. Farrington118, P. Farthouat29,
D. Fasching172, P. Fassnacht29, D. Fassouliotis8, B. Fatholahzadeh158, L. Fayard115, S. Fazio36a,36b, R. Febbraro33, P. Fed-
eric144a, O.L. Fedin121, I. Fedorko29, W. Fedorko29, M. Fehling-Kaschek48, L. Feligioni83, D. Fellmann5, C.U. Felz-
mann86, C. Feng32d, E.J. Feng30, A.B. Fenyuk128, J. Ferencei144b, D. Ferguson172, J. Ferland93, B. Fernandes124a,j, W. Fer-
nando109, S. Ferrag53, J. Ferrando118, V. Ferrara41, A. Ferrari166, P. Ferrari105, R. Ferrari119a, A. Ferrer167, M.L. Fer-
rer47, D. Ferrere49, C. Ferretti87, A. Ferretto Parodi50a,50b, F. Ferro50a,50b, M. Fiascaris30, F. Fiedler81, A. Filipčič74,
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