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1 Introduction

Many models of new phenomena beyond the Standard Model (SM) predict resonances in

the TeV mass range that decay primarily into top-antitop quark pairs1 (tt̄). This Letter

reports on a search for such phenomena in proton-proton (pp) collisions at the Large Hadron

Collider (LHC) where both top quarks are reconstructed in their fully hadronic final states

and have large transverse momentum (pT). The decay products of each high-pT top quark

are collimated and merge into one jet with large invariant mass.

Previous searches mostly considered cases where in one or both of the top-quark decays,

the intermediate W boson decays leptonically and hence the top-quark decays result in one

or two isolated leptons, missing energy from the neutrinos, and jets in the final state [1–8].

The requirements of a well-identified charged lepton isolated from nearby hadronic energy

deposits and missing transverse energy reject a large fraction of background from multijet

production. However, difficulties arise in these final states when the top-quark decay

1In the following “top quark” refers to both the top quark and its anti-particle.
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particles are collimated, since leptons from the top-quark decay are no longer isolated and

thus background contributions with lepton candidates originating from hadronic jets are

more difficult to distinguish from the signal.

An alternative approach that is reported in this Letter is to consider final states with

high-pT top quarks that decay hadronically and where the decay products are collimated in

the direction of the top-quark. Such searches require the top quarks to have pT in excess of

200-300 GeV and require rejection of the large background of gluon jets, light-quark jets, as

well as c- and b-jets. The CMS Collaboration employed this technique in a recent study [9].

In the present analysis, two complementary algorithms are used to identify top-quark

decays and reconstruct the top-quark momentum for data collected with the ATLAS

detector at a centre-of-mass energy of 7 TeV. The first algorithm is the HEPTopTag-

ger method [10, 11] that tests the substructure of a jet reconstructed with the Cam-

bridge/Aachen (C/A) algorithm [12] with a large distance parameter R = 1.5 (“fat jets”)

for its compatibility with a hadronic top-quark decay. This method is effective in identify-

ing top-quark jets with pT > 200 GeV. The second algorithm is the Top Template Tagger

method [13, 14] that uses a large set of possible patterns of energy deposits (templates) from

hadronic top-quark decays to identify the best match to the observed energy deposits. The

quality of the match is used to reject light quark and gluon jets. The Top Template Tagger

uses jets reconstructed with the anti-kt algorithm [15] with a smaller distance parameter

of R = 1.0 and is optimised to identify top quarks with pT > 450 GeV. The invariant

mass distributions of the tt̄ pair candidates identified using each algorithm are examined

for evidence of resonance structure.

Two specific models that predict resonances of masses m with narrow and broad decay

widths Γ are considered: leptophobic topcolour Z ′ bosons with Γ/m = 1.2% [16] and

Kaluza-Klein (KK) gluons from the bulk Randall-Sundrum model (RS)2 with Γ/m =

15.3% [17–19]. The theoretical cross sections for the Z ′ boson model and the bulk Randall-

Sundrum model (RS) are calculated with the Pythia v6.421 MC generator [20] and the

Madgraph v4.4.51 [21] MC generator, respectively. A k-factor of 1.3 is applied to the

Z ′ boson cross sections to account for NLO effects [22]. Recent results from the ATLAS

Collaboration in the lepton plus jets channel [7, 8] exclude Z ′ bosons (KK gluons) with

masses 0.5-1.15 TeV (0.5-1.5 TeV) at 95% credibility level (CL). The CMS Collaboration

obtained similar results [9, 23] excluding 0.50-1.49 TeV for narrow (Γ/m = 1.2%) Z ′ signals,

0.50-2.04 TeV for broad (Γ/m = 10%) Z ′ signals, and 1.00-1.82 TeV for KK gluon signals.

This Letter is organised as follows: section 2 describes the ATLAS detector and sec-

tion 3 summarises the data samples and Monte Carlo (MC) event generators used in the

analysis. The event selection and the definition of the reconstructed objects are given

in section 4. The HEPTopTagger and Top Template Tagger algorithms are described in

section 5 and section 6, respectively. Estimates of the background rates and systematic

uncertainties are given in section 7 and section 8, respectively. In section 9 the resulting

tt̄ mass spectrum and exclusion limits are presented.

2The left-handed (gL) and right-handed (gR) couplings to quarks in this model are: gL = gR = −0.2gS
for light quarks including charm, where gS =

√
4παs; gL = gS and gR = −0.2gS for bottom quarks; and

gL = gS and gR = 4gS for the top quark.
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2 ATLAS detector

The ATLAS detector [24] at the LHC [25] covers nearly the entire solid angle3 around the pp

collision point. The inner tracking detector (ID) comprises a silicon pixel detector, a silicon

microstrip detector, and a transition radiation tracker, providing tracking capability within

|η| < 2.5. The ID is surrounded by a thin superconducting solenoid providing a 2 T axial

magnetic field and by liquid-argon (LAr) electromagnetic sampling calorimeters with high

granularity. An iron/scintillator tile calorimeter provides hadronic energy measurements

in the central rapidity range (|η| < 1.7). The end-cap and forward regions, covering 1.37 <

|η| < 4.9, are instrumented with LAr calorimeters for both electromagnetic and hadronic

energy measurements. The calorimeter system is surrounded by a muon spectrometer

incorporating three superconducting toroid magnet assemblies.

A three-level trigger system is used to select the events for subsequent analysis. The

level-1 trigger is implemented in hardware and uses a subset of the detector information

to reduce the rate to at most 75 kHz. This is followed by two software-based trigger levels

that together reduce the event rate to a maximum of 400 Hz.

3 Data and Monte Carlo samples

The analysis is performed using pp collision data collected in 2011 corresponding to an

integrated luminosity of 4.7±0.2 fb−1 [26, 27]. With the increasing instantaneous luminosity

of the LHC, the average number of simultaneous pp interactions per beam crossing (pile-

up) at the beginning of a given fill of the LHC increased from about 6 to 17 during the

2011 data-taking period. The 2011 data pile-up conditions are included in the Monte

Carlo simulation.

The main background contributions to a resonant signal in the tt̄ channel consist of SM

tt̄ production and multijet events from gluon and non-top-quark production. Fully hadronic

SM tt̄ production is simulated using the MC@NLO v4.01 generator [28, 29] with CT10

parton distribution functions (PDFs) [30] and assuming a top-quark mass of 172.5 GeV.

Final-state parton showers are simulated and hadronised using the Herwig v6.5 [31] pro-

gram in association with the Jimmy underlying event model [32]. A tt̄ production cross

section of 167 pb is used, calculated at approximate next-to-next-to-leading order (NNLO)

in QCD using the Hathor v1.2 Monte Carlo program [33]. This prediction employs the

MSTW2008 NNLO PDF sets [34].

The other background contributions, dominated by multijet events arising from the

production of light quarks and gluons, but also including smaller background contributions

such as W+jets production and any remaining contributions from tt̄ events where one of

the top quarks decays semileptonically (lepton+jet events), are estimated from data in

signal-depleted control regions. These are referred to as the multijet background in the

3ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse

(x, y) plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of

the polar angle θ as η = − ln tan(θ/2). Distances in (η, φ) space are given as ∆R =
√

(∆φ)2 + (∆η)2.
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following. Cross-checks of these background estimates are performed using Pythia [35]

MC dijet samples.

Simulated signal samples for the pp→ Z ′ → tt̄ process are produced using the Pythia

v6.421 MC generator with MSTW2008 PDFs [34]. KK gluon final states are generated

with the Madgraph v4.4.51 [21] MC generator with CTEQ6L1 PDFs [36] and using

the Pythia MC to model the parton shower and hadronization. These are calculated with

leading-order matrix elements. Possible interference effects between the tt̄ resonances and

the SM tt̄ continuum are not taken into account.

The generated events are passed through a full simulation of the ATLAS detector [37]

based on Geant4 [38] and then processed with the same reconstruction algorithms used

for the pp collision data events.

4 Event selection and physics object reconstruction

The events for this analysis are selected with triggers matched to efficiently identify colli-

sions that meet the subsequent selection requirements. The trigger for the HEPTopTagger

selection uses the logical OR of two triggers based on jets defined using the anti-kt algo-

rithm with a distance parameter R = 0.4. The first one requires the transverse energy

(ET) of at least one jet to satisfy ET > 100 GeV and the scalar sum of all jets to satisfy∑
ET > 350 GeV (> 400 GeV for later data-taking periods). The second trigger requires at

least five jets with ET > 30 GeV. The combined single-jet and
∑
ET trigger is useful as it

does not rely on the precise topology of the tt̄ decay, which may change due to the splitting

and merging of jets, but relies mainly on the total energy deposited in the calorimeter.

The high-jet-multiplicity trigger is used to increase the efficiency at low tt̄ invariant mass

(mtt̄) where the top-quark decay products are often reconstructed individually at trigger

level. The trigger for the Top Template Tagger selection requires an event to have at least

one anti-kt jet with a distance parameter R = 1.0 and ET > 240 GeV.

The events for both tagger selections are required to have a primary vertex with at

least five tracks with pT > 0.4 GeV. In the case of multiple vertex candidates the primary

vertex is defined as the one with the largest
∑
p2

T of the tracks associated with it.

The analysis uses various jet-finder algorithms and distance parameters to recon-

struct top-quark candidates and to suppress background. These jets are formed from

topologically-related calorimeter energy deposits (‘topoclusters’) [39, 40] using the Fast-

Jet software [41, 42]. The topoclusters are calibrated using the local cluster weighting

method (LCW [43]).

Events for the HEPTopTagger selection are required to contain at least two fat jets

with pT > 200 GeV and |η| < 2.5. Each of these fat jets is subjected to the HEPTopTagger

algorithm (explained in detail in the following section), which either rejects the jet as

being incompatible with a hadronic top-quark decay or reconstructs a top-quark candidate

four-momentum. To ensure high reconstruction efficiency, only top-quark candidates with

pT > 200 GeV are considered in the following.
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Events for the Top Template Tagger selection are required to have at least two jets

reconstructed with the anti-kt algorithm with a distance parameter of R = 1.0, with one

jet with pT > 500 GeV and |η| < 2.0, and a second jet with pT > 450 GeV and |η| < 2.0.

In both selections, the leading and next-to-leading jets are required to satisfy one of the

top-quark tagging algorithms. The tt̄ invariant mass is constructed from the four-momenta

of these two top-quark candidates.

To further suppress background events in which multiple light-quark and/or gluon jets

satisfy the kinematic requirements, a neural-network-based b-tagging algorithm is used [44].

This algorithm uses information on the impact parameter, the secondary vertex, and the

decay topology as its input.

Candidate b-quark jets are defined using the anti-kt algorithm with a distance param-

eter R = 0.4, with each jet calibrated to the energy scale of hadronic jets [40]. These b-jets

must satisfy the requirements pT > 25 GeV and |η| < 2.5. In addition, more than 75% of

the transverse momentum of the tracks associated with the jet must be carried by tracks

with pT > 0.5 GeV originating from the primary vertex. In the HEPTopTagger (Top Tem-

plate Tagger) selection, the b-quark candidates must lie within ∆R = 1.4 (1.0) of a fat jet

axis such that each tagged top-quark jet is associated with a unique b-quark tagged jet.

The b-tagging efficiency for b-jets from decays of high-pT top quarks ranges from 50% to

70%, decreasing with increasing jet pT because of the increasing collimation of the charged

particles in the jet. With the same algorithm, about 3.5% (7%) of light-quark and gluon

jets are mistagged as b-jets at pT = 200 GeV (pT = 1 TeV).

Additional data quality criteria are applied, rejecting events that contain anti-kt R =

0.4 jets that are identified as likely resulting from instrumental failure or non-collision

background (e.g. cosmic rays, beam gas and beam halo) [40].

The selected event samples are made complementary to samples used in searches for tt̄

resonances in the lepton+jet and dilepton channels by rejecting events that contain at least

one isolated electron (with pT > 25 GeV) or muon candidate (with pT > 20 GeV) [45].

5 The HEPTopTagger algorithm

The HEPTopTagger method is designed to reconstruct hadronically decaying top quarks

that are sufficiently boosted for their decay products to lie inside a single fat jet. The

performance of the HEPTopTagger has been studied extensively using ATLAS pp collision

data and simulated events [46].

The HEPTopTagger method operates on a fat jet that has been constructed using the

C/A jet algorithm. The same algorithm is employed to re-cluster the fat jet constituents

into subjets. Previous studies [47] have shown that, compared to the kt and SISCone [48]

jet finders, the C/A algorithm provides the best signal efficiency and background rejection

in the presence of underlying event activity for top-quark taggers like the HEPTopTagger.

In the following the term “top-quark candidate” refers to the object resulting from the

HEPTopTagger procedure.
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The main steps of the method are described in the following; for a detailed description

see ref. [11]. In a first phase, the input fat jet is split into subjets by undoing the last

C/A clustering steps. This procedure is repeated until all subjet masses are below 50 GeV.

These subjets form the basis of the substructure analysis. All combinations of three subjets

(“triplets” in the following) are tested for compatibility with a hadronic top-quark decay

using the following procedure. First, contributions from the underlying event and pile-up

are removed in a filtering step: The C/A algorithm is re-run on the topoclusters of the

triplet subjets with a distance parameter equal to half of the smallest pair-wise distance

between the triplet subjets (but at most 0.3), and only the resulting five most energetic

subjets are kept; the remaining activity is discarded. More than three subjets are poten-

tially retained to account for possible QCD radiation in order to improve the reconstruction

of the top-quark decay.

The constituents of those five subjets are then re-clustered exclusively [42, 49] into

three subjets again using the C/A algorithm. The reconstructed energy of the subjets is

calibrated to the energy of the incoming hadron jet using a simulation of the calorimeter

response to particle jets [40]. The three sub-jets are then tested for compatibility with

being products of a t → Wb → q′q̄b decay, using invariant mass ratios. If the mass ratio

requirements are met, the top-quark candidate four-momentum is obtained by summing

the four-momenta of the subjets. The invariant mass mt of the top-quark candidate is

required to lie in the range from 140 to 210 GeV, otherwise this triplet is discarded. If a

top-quark candidate is found in more than one triplet, only the one with its mass closest

to the measured top-quark mass [50] of 172.3 GeV is used.

Distributions are shown in figure 1 of the mean reconstructed top-quark candidate

mass (a) and the reconstructed tt̄ mass averaged over the whole mass spectrum (b) as a

function of the average number of interactions per bunch-crossing for data and simulated

tt̄ events. The events are required to satisfy the HEPTopTagger selection and to have two

top-quark candidates. No systematic shift of the mass with increased pile-up is observed

within the statistical uncertainties.

The reconstructed tt̄ mass predicted by the MC simulations for various Z ′ and

KK gluon masses is shown in figure 2.

The total selection efficiency including both the HEPTopTagger and b-tagging require-

ments is given in table 1 for various Z ′ boson and KK gluon masses, in events where

the top quarks decay hadronically. The efficiency is dominated by the top-tagging and

b-tagging efficiencies, which vary as a function of the top- and bottom-quark momenta and

are limited from above by

ε2
b-tag, max · ε2

top-tag, max ≈ 10%, (5.1)

where εb-tag, max is the maximum b-tagging efficiency of 80% and εtop-tag, max is the max-

imum top-tagging efficiency of 40% for hadronically-decaying top quarks. The efficiency

drops for higher masses because of the decreasing b-tagging efficiency.
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Figure 1. Distributions of (a) mean HEPTopTagger top-quark candidate mass and (b) mean

reconstructed tt̄ mass as a function of the average number of interactions per bunch-crossing, 〈µ〉,
for data and simulated tt̄ events with the full selection applied. Only statistical uncertainties are

shown.
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Figure 2. Distributions of the reconstructed tt̄ mass predicted by MC simulations for (a) Z ′ boson

and (b) KK gluon benchmark models with various mass values for the HEPTopTagger analysis with

the full selection applied. For each model, σ(pp→ Z ′/KK gluon)×BR(Z ′/KK gluon→ tt̄) is fixed

to 1 pb and an integrated luminosity of 4.7 fb−1 is assumed.
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Model Total Efficiency (%)

HEPTopTagger Template Tagger

Z ′ (0.5 TeV) 0.03± 0.01 —

Z ′ (0.8 TeV) 2.96± 0.08 —

Z ′ (1.0 TeV) 4.76± 0.09 0.48± 0.05

Z ′ (1.3 TeV) 5.67± 0.11 6.37± 0.13

Z ′ (1.6 TeV) 5.40± 0.10 8.13± 0.16

Z ′ (2.0 TeV) 4.44± 0.10 6.26± 0.13

gKK (0.7 TeV) 1.70± 0.13 —

gKK (1.0 TeV) 4.13± 0.21 0.74± 0.10

gKK (1.3 TeV) 5.14± 0.23 5.02± 0.25

gKK (1.6 TeV) 4.72± 0.22 6.43± 0.26

gKK (2.0 TeV) 4.44± 0.22 5.22± 0.21

Table 1. Total efficiency (in %) for selecting Z ′ bosons and KK gluons (gKK) that have decayed to

tt̄ pairs. These are the efficiencies determined by the MC calculations divided by the SM branching

fraction of 46% for both top quarks to decay hadronically. All uncertainties are statistical only.

6 The Top Template Tagger method

The Top Template Tagger method [13, 14] is based on the concept that an infrared-safe

set of observables can be defined that quantify the overlap between the observed energy

flow inside a jet and the four-momenta of the partons arising from a top-quark decay. An

“overlap function” ranging from 0 to 1 is defined that quantifies the agreement in energy

flow between a given top-quark decay hypothesis (a template) and an observed jet. One

then cycles over a large set of templates chosen to cover uniformly the 3-body phase space

for a top-quark decay at a given pT and finds the template that maximises this overlap,

denoted as OV3. A requirement of OV3 > 0.7 is made.

Sets (or “libraries”) of approximately 300,000 templates are generated in steps of top-

quark pT of 100 GeV starting from 450 GeV by calculating the parton-level daughters for a

top quark in its rest frame and then boosting the daughters to the pT of the given library.

Studies of the top-quark jet tagging efficiency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the pT steps and the min-

imum number of templates for each library that maximise the top-quark tagging efficiency

while retaining high rejection against light quark/gluon jets. For each jet candidate, the

overlap function is defined as

OV3 = max
{τn}

exp

[
−

3∑
i=1

1

2σ2
i

(
Ei −

∑
∆R(topo,i)

<0.2

Etopo

)2
]
, (6.1)

where {τn} is the set of templates defined for the given jet pT, Ei are the parton energies of

the top-quark decay daughters for the given template, Etopo is the energy of a topocluster,
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Figure 3. The OV3 distributions for the leading jets in the 2 TeV Z ′ → tt̄ MC sample, a multijet-

dominated 2011 data sample, and the multijet MC sample. The data and multijet MC distributions

are from the samples prior to making any b-tagging or jet mass requirements on either jet, and so

are dominated by light quark/gluon jets.

and ∆R(topo, i) is the η − φ distance between the ith parton and a given topocluster.

The first sum is over the three partons in the template and the second sum is over all

topoclusters that are within ∆R(topo, i) = 0.2 and that have pT > 2 GeV. The weighting

variable is

σi = Ei/3. (6.2)

The three tunable parameters in the OV3 calculation — the size of the cone used to

match topoclusters with the parton, the minimum pT requirement on the topocluster, and

the weight σi — have been determined from studies of the tagger’s performance judged by

tagging efficiency and background rejection. The overall performance is insensitive to the

specific parameter values chosen. The OV3 distributions for a Z ′ MC sample, a multijet-

dominated 2011 data sample, and the multijet MC sample are shown in figure 3, illustrating

the separation of top-quark jets from the light quark/gluon jets in the large OV3 region.

The jet mass, mj , defined as the invariant mass of the topoclusters added together

as massless four-momenta [51], has been shown to be an effective discriminant between

top-quark jets and light quark/gluon jets, even in the presence of multiple pp interac-

tions [52, 53]. A data-driven pile-up correction scheme for the jet mass is used, which

measures the average mass shift experienced by jets using the flow of energy far from the

jet as a function of the number of multiple interactions in the event [54, 55]. The discrimi-

nation of the pile-up-corrected jet mass between light quark/gluon jets and top-quark jets

is illustrated in figure 4 for the leading and next-to-leading (or recoil) jet in the MC events

that satisfy the Top Template Tagger selection.

The jet mass mj is required to be within ±50 GeV of the top-quark mass.
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Figure 4. Pile-up-corrected jet mass distribution in the multijet and tt̄ MC samples for (a) the

leading and (b) recoil jets. In both cases, the jet mass requirement has been applied on the opposing

jet in the event. The distributions are independently normalised to unit area.
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The jet mass and OV3 > 0.7 requirements together have a rejection power of ∼ 10 for

light quark/gluon jets that satisfy the kinematic requirements imposed on the jets, based

on studies of samples dominated by light quark/gluon jets, with an overall MC efficiency

for selecting top-quark jets of ∼ 75%. Although OV3 and mj are found to be correlated for

a given jet, the addition of the jet mass requirement increases the rejection against light

quark/gluon jets after an OV3 requirement by a factor of two. The combination of the OV3

and mj requirements is therefore the core element of the Top Template Tagger.

To verify that the tagger behaviour on top-quark jets is well modelled in the MC

simulations, an auxiliary analysis of the Top Template Tagger sample is performed in

which the mj and OV3 requirements are relaxed on the leading jet. The resulting jet mass

distribution, shown in figure 5(a), illustrates a clear peak from top-quark jets on top of a

large background from light quark/gluon jets. The number of top-quark jets in this sample

is measured by performing a fit to the background and top-quark jet signal, where the

background shape is determined from those events where the b-tag requirement has been

removed from the recoil jet and the top-quark signal shape is obtained from the SM tt̄ MC

simulations. A smooth parameterisation has been used to describe the two distributions

in the fit. The number of top-quark jets that survive the jet mass and OV3 requirements

on the leading jet is determined by subtracting the background in the signal region. This

results in a measured efficiency of the jet mass and OV3 requirement on top-quark jets of

0.81±0.25, which is in agreement with the estimate from the MC simulations of 0.75±0.07

(both statistical and systematic sources of uncertainty are included).

A similar analysis can be performed, interchanging the role of the leading jet and the

recoil jet in the event. This results in the jet mass distribution shown in figure 5(b), and

in a top-quark tagging efficiency for the recoil jet of 0.62± 0.20, to be compared with the

MC prediction of 0.62± 0.05.

The overall efficiency of the Top Template Tagger selection on various signal samples

is summarized in table 1.

7 Background estimates

The background contributions for both tagging analyses are estimated using control regions

defined by loosening the selection requirements for top-quark candidates and for associated

b-tagged jets.

7.1 Background determination for the HEPTopTagger analysis

Six classes of events are created for the HEPTopTagger analysis, as outlined in table 2.

They depend on the number of top-quark candidates and b-tagged jets. Regions Y and Z

contain the events with at least two b-tags, with region Y (Z) additionally containing events

with one (two or more) top-quark candidate(s). Region Z constitutes the signal region.

The contribution of SM tt̄ production to each region is estimated from simulation and

validated with data in region Y as follows: the top-quark candidate mass distribution in

data, shown in figure 6, is fitted with the sum of a tt̄ template and a multijet background

template, to extract the tt̄ background fraction, exploiting the different shapes. The tt̄
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Figure 5. The jet mass distributions for the leading (a) and for the recoil (b) jet when all other

requirements have been made on the sample except the mass and OV3 requirements on the jet being

considered. The fits are described in the text.
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1 top-tag ≥ 2 top-tags

no b-tag U(0.3%) V(2.4%)

1 b-tag W(3.2%) X(24.3%)

≥ 2 b-tags Y(22.5%) Z(80.9%)

Table 2. The classes of events used to calculate the data-driven prediction for multijet background

events in the HEPTopTagger analysis. The numbers in parentheses are the estimated tt̄ purities in

each region, given by the expected number of events arising from SM tt̄ production divided by the

number of observed events in that region.
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Figure 6. The distribution of the HEPTopTagger top-quark jet candidate mass in the sideband

region Y for data, the templates for multijet background and SM tt̄ production and the fitted sum.

template is taken from simulation. The multijet background template is defined as the

data distribution in region W after subtracting the small contribution expected from SM

tt̄ production in that region.

The result is shown in figure 6. The selection of the top-quark candidate closest in

mass to the top-quark mass when multiple top-quark candidates are reconstructed causes

a small bias in the multijet background distribution, as seen in the figure. The ratio of

the fitted tt̄ event yield to the predicted yield is 1.01 ± 0.09, where the uncertainty is

statistical. This ratio is used to correct the normalisation of the SM tt̄ contribution in the

determination of the multijet background in the signal region. The resulting SM tt̄ yield

in signal region Z is estimated to be 770+220
−180 (stat.⊕syst.) events.

The multijet background is estimated by exploiting the fact that the number of b-tags

and the number of top-quark tags are uncorrelated for this background.4 The shape of the

4The HEPTopTagger does not use b-tagging information internally and hence the probability for a

multijet background event to fake a top-quark signal is independent of the probability for it to fake a
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multijet background for a given variable (e.g. mtt̄) is estimated from the weighted average

of the distribution of that variable in regions V and X, normalised by the yields in regions

U and W respectively, and scaled by the event count in region Y:

dnZ
dmtt̄

=

(
1

nU
× dnV

dmtt̄
+

1

nW
× dnX

dmtt̄

)
× nY

2
, (7.1)

in which ni is the number of events in region i after subtracting the expected SM tt̄

background normalised to the observed tt̄ yield. Hence the tt̄ and multijet background

contributions are anti-correlated. The resulting estimate for the multijet background in

the signal region is 130± 70 (stat.⊕syst.) events.

To check that the multijet and SM tt̄ background predictions are consistent with the

data and to illustrate that the HEPTopTagger identifies top-quark jets effectively, figures 7

and 8 show comparisons of predicted and observed distributions in the signal region: of the

fat-jet mass (figure 7(a)), the top-quark candidate mass (figure 7(b)), and the substructure

variables m23/m123 (figure 8(a)) and arctan(m13/m12) (figure 8(b)). In these ratios m123

is the invariant mass of all three subjets and mij is the invariant mass of subjets i and j,

where the subjets have been sorted by pT in descending order. The data are consistent

with the sum of the multijet and SM tt̄ background predictions for all distributions.

7.2 Background determination in the Top Template Tagger analysis

The multijet background for the Top Template Tagger analysis is estimated in a manner

similar to the HEPTopTagger analysis. Various control regions are used in order to reduce

biases resulting from the observed correlations in Top Template Tagger tagging efficiencies

between the recoil and leading jet.

The sample of events in the Top Template Tagger analysis prior to requiring either

top-quark tags or b-quark tags is divided into 16 discrete and non-overlapping subsamples,

as shown in figure 9. The jet mass requirement has been applied to both the leading

and recoil jets in all subsamples. An expected correlation in the masses of the leading

and recoil jets [56] leads to a non-negligible correlation in the top-quark tagging efficiency

for the two jets in dijet events. On the other hand, the b-quark tagging efficiency of the

two jets is uncorrelated. Jets produced from bb̄ pairs would create a small correlation,

but their overall rate is expected to be negligible in the samples used below to calculate

the multijet background.

The rate of multijet background events in the signal region (subsample P) is calculated

with an iterative method that uses the lack of correlation in b-tagging efficiencies between

the leading and recoil jets. In its simple form, a two-dimensional-sideband counting tech-

nique for background estimation requires events to be selected using pairs of uncorrelated

variables. For example, in our subsample grid, the top-tagging state of the leading jet is not

correlated to the b-tagging state of the recoil jet in multijet background events. Therefore,

the ratio of background events in region D to region C should be the same as the ratio of

background events in region B to region A. This relation can be used to predict the back-

ground rate in region D using the observed rates in the other three regions. The predicted

b-quark signal. This is verified using dijet MC samples.
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Figure 7. Signal region distributions of (a) the mass of the leading pT fat jet and (b) the mass

of the leading pT top-quark candidate. Also shown are the prediction for SM tt̄ production, the

multijet background contribution as estimated from data, and a hypothetical Z ′ boson signal.
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Figure 8. Signal region distributions of the top-quark candidate substructure variables m23/m123

(a) and arctan(m13/m12) (b). Also shown are the prediction for SM tt̄ production, the multijet

background contribution as estimated from data, and a hypothetical Z ′ boson signal.
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Figure 9. The 16 subsamples into which the Top Template Tagger data are divided, based on

whether the leading and recoil jets have a b-quark tag, and on whether they satisfy the Top Template

tag requirements of OV3 > 0.7. The jet mass requirement of |mj −mt| < 50 GeV is applied to both

jets for all subsamples. The colour coding (in the online version) reflects the anticipated level of

expected signal from both SM tt̄ production and possible production of tt̄ states through resonant

production: < 0.25% (light green: A,C,E), 0.25−10% (shades of yellow: B, D, F-J, O), and > 10%

(red: K-N).

number of SM tt̄ events in each subsample (which is of order 1% or less for each region

used in the background calculation) is subtracted before this calculation is performed.

A number of the subsamples (regions K, L, M, and N) can contain potential tt̄ con-

tributions from beyond-the-SM processes and therefore cannot be used in this method.

Furthermore, the AJOP grid cannot be used to predict the background rate in region P,

due to the correlation in the top-tagging rates for the leading and recoil jets. An iterative

calculation is performed: background rates in subsamples K and M are determined with

subsamples not potentially contaminated with top-quark jets, and these predicted rates are

then used in a subsequent step to predict the background rate in the Top Template Tagger

signal region:

K ′ = NJ ×
NF

NE
(7.2)

M ′ = NF ×
NO

NC
(7.3)

P ′ = K ′ × M ′

NF
=
NJ ×NO ×NF

NE ×NC
, (7.4)

where the NX in these equations are the observed number of events in subsample X and

K ′, M ′, and P ′ are the predicted multijet background contributions in the associated

subsample.
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Subsamples Predicted Events

(J × F ×O)/(E × C) 51± 3

(J × F ×H ×O)/(E ×D × I) 56± 6

(J × F ×H ×O)/(B × C ×G) 54± 6

(J × F × I ×O)/(A× C ×G) 51± 4

(J × F ×B ×O)/(A× E ×D) 52± 4

Average 53± 3

Table 3. Results of the different predictions for the multijet background rates in the Top Tem-

plate Tagger signal region. The table lists the calculation performed and the corresponding predicted

number of multijet background events. The uncertainties shown are statistical.

The prediction is verified through similar calculations using different combinations of

subsamples, as shown in table 3. The corresponding average of the predictions for the

dijet mass distribution from these calculations is shown in figure 10. The results from the

different calculations are in good agreement with one another, as shown by the envelope of

predictions in figure 10. The averages of the individual predictions as a function of the dijet

mass are used as the estimate of the rate and shape of the multijet background in the signal

region. An independent check of this multijet background estimate is made by using the

observed rate of jets in the events prior to making the Top Template Tagger requirements,

as shown in figure 5, and then using the measured rejection of light quark/gluon jets

to estimate the final background rate. The result, 55 ± 5 (stat.) events, is in excellent

agreement with the background estimate from the iterative calculation.

The SM tt̄ background in the signal region has been modelled using the SM Monte

Carlo calculation. This leads to an expected yield of 59+27
−26(stat.⊕syst.) events.

Figures 11 and 12 show the predicted and observed pT and jet mass distributions in

the Top Template Tagger signal region. There is good agreement between the observed

data and predicted background-only distributions.

8 Systematic uncertainties

The following systematic uncertainties are considered and propagated to the predicted mtt̄

distributions for both analyses. These are presented in order of their relative size, with

the b-tagging efficiency and the jet energy scale being the two largest sources of systematic

uncertainty.

The uncertainty due to the b-tagging efficiency [44, 57, 58] is evaluated by re-weighting

MC events according to uncertainties on the tagging efficiency and mistag rate for b-jets,

c-jets, and light-quark and gluon jets. The b-tagging efficiency has a maximum at pT ∼
100 GeV. The b-tagging efficiency uncertainty in the region pT < 200 GeV is determined

from data using muon-tagged b-jet candidates [44]. An additional systematic uncertainty

that can be as large as 50% for jets with pT > 800 GeV results from limitations in the

understanding of the tracking response in dense tracking environments. This additional

uncertainty is added in quadrature to the uncertainty measured from data for lower pT.
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Figure 10. The data-driven prediction of the tt̄ mass distribution for the multijet background

in the Top Template Tagger signal region. The points are the average prediction and statistical

uncertainties from the five calculations, and the envelope is the range of the predictions in each bin.

For the HEPTopTagger analysis differences in the jet energy scale (JES) between data

and simulation are determined from a comparison of the jet energy measured with the

calorimeter and the energy measured with charged tracks associated with the jet. The

differences vary between 2.3% and 6.8%, depending on the jet distance parameter, jet pT

and η. The differences have been studied independently in a sample of QCD dijet events

in which jets originate mainly from light quarks and gluons, and in a sample enriched in tt̄

events. For the latter sample, a lepton+jet tt̄ selection is made as described in ref. [46] and

a fat jet is required with pT > 200 GeV. According to simulation this sample consists of

40% tt̄ events. The remaining events are characterised by the production of W bosons in

association with light-quark and gluon jets. This sample has a mix of quark flavours similar

to the final sample in the present analysis and also exhibits the same boosted top-quark

decay topology in which the jets are close-by. A similar uncertainty is found for the QCD

dijet and tt̄-enhanced samples; the maximum value is used. The jet energy resolution

(JER) for the HEPTopTagger jets has been measured using the pT asymmetry in dijet

events. The impact of differences between data and simulation is evaluated by worsening

the resolution in simulation such that it corresponds to that measured in data.

The JES uncertainty for the jets used in the Top Template Tagger analysis ranges

between 4% and 5%, depending on the jet pT and η. The JER uncertainty has been

increased by 50% of that predicted by MC simulations to account for differences in the

JER measured in data and the simulations.

The PDF eigenvector approach is applied to determine the sensitivity of the resulting

invariant mass distribution to the PDF uncertainties. The envelope of the CT10 [30],
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Figure 11. Transverse momentum distributions for the leading (a) and recoil (b) jets in the

Top Template Tagger signal region. Shown are the data distribution, the predicted SM tt̄ contri-

bution and the multijet background contributions as estimated from data.
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Figure 12. Jet mass distributions (a) for the leading and (b) recoil jets in the Top Template Tagger

signal region. Shown are the data distribution, the predicted SM tt̄ contribution and the multijet

background contributions as estimated from data.
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MSTW2008 [59] and NNPDF2.0 [60] next-to-leading-order (NLO) PDF sets is used in

this procedure [61]. The uncertainty on the integrated luminosity is 3.9% [26, 27], which

affects the uncertainy on the resonance yield and the SM tt̄ background.

The uncertainty due to higher-order QCD corrections to the SM tt̄ background predic-

tion is assessed by using two alternative samples produced with the MC@NLO generator

in which the renormalisation and factorisation scales have been simultaneously increased

or decreased by a factor of two.

The impact on the shape of the mtt̄ distribution of the choice of models for QCD initial

and final state radiation (ISR/FSR) and for parton showers is evaluated for the tt̄ sample

by comparing two different simulated samples. The differences between the distributions

are symmetrised and taken as the systematic uncertainty. The variations considered are:

• ISR/FSR: AcerMC simulated [62, 63] samples with two different Pythia tunes for

the simulation of ISR/FSR.

• Parton shower model: two Powheg MC [64] simulated samples, one created using

the Herwig parton shower and hadronisation models and the other created with the

Pythia model.

The uncertainty on the mtt̄ distribution due to electroweak virtual corrections is esti-

mated by adding an additional uncertainty on the SM tt̄ differential cross section that is the

size of the expected reduction in the SM tt̄ production cross section as a function of mtt̄ [65].

The SM tt̄ normalisation uncertainty is treated differently in the two analyses due to

the different kinematic reach. In the statistical analysis of the HEPTopTagger results, the

normalisation of the tt̄ contribution is left to be constrained in the limit-setting procedure

within a variation from +100% to −50%. The width of the posterior variation is much

smaller. In the Top Template Tagger analysis the uncertainty on the SM tt̄ rate and the mtt̄

shape uncertainty are estimated for each systematic source. The theoretical uncertainty

on the SM tt̄ contribution is constrained to the 10% uncertainty on the production cross

section, convolved with the uncertainty arising from the virtual electroweak corrections.

The cross-checks described in section 5 and section 6 show that the internal variables

used for the top-quark tagging methods model the data well. In addition, as all uncertain-

ties on the input objects (such as the JES) are fully propagated into the two analyses no

additional uncertainty for the modelling of top-tagging variables is added.

The trigger efficiency in the simulation is found to agree well with data, within the

uncertainty of the jet energy scale, such that no additional trigger efficiency uncertainty

is needed.

The multijet background is estimated in a data-driven procedure that includes sub-

traction of the predicted SM tt̄ contribution as described in section 7. The systematic

uncertainties on the tt̄ contribution are propagated to the multijet estimate. An additional

uncertainty on the multijet background is obtained by comparing the mtt̄ predictions using

the various subsamples as described in section 7.
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9 Results

There are 953 and 123 events observed in the HEPTopTagger and Top Template Tagger

signal regions, respectively. For the HEPTopTagger selection, the SM tt̄ background is

770+220
−180 (stat.⊕syst.) events and the multijet background is 130± 70 (stat.⊕syst.) events.

For the Top Template Tagger selection, the SM tt̄ background is 59+27
−26(stat.⊕syst.) events

and the multijet background is 53± 6 (stat.⊕syst.) events. The predicted SM event rates

are in good agreement with the observation.

The tt̄ mass distributions for the data and the expected backgrounds are shown in

figure 13. The tt̄ mass binning at the lower masses is chosen to correspond approximately

to the tt̄ mass resolution. For illustration, a hypothetical Z ′ boson signal with mass 1 TeV is

shown for the HEPTopTagger tt̄ mass distribution and a hypothetical KK gluon signal with

mass 1.6 TeV is shown for the Top Template Tagger tt̄ mass distribution. No statistically

significant excess over the SM tt̄ expectation plus multijet background is observed at any

mass value.

As no signal is observed in either selection, 95% CL upper limits are set on the produc-

tion cross section times branching ratio to tt̄ final states for each model using a Bayesian

approach [66]. A binned likelihood function based on Poisson distributions for each tt̄

invariant mass bin is used.

The limits are determined for resonance masses ranging from 0.5 to 2.0 TeV for the

Z ′ boson model and 0.7 to 2.0 TeV for the KK gluon model. The systematic uncertain-

ties are treated as nuisance parameters with Gaussian prior distributions reflecting their

uncertainty and are then marginalised to set credibility intervals.

The large uncertainty on the SM tt̄ normalisation in the HEPTopTagger selection by

construction precludes other nuisance parameters that are sensitive to this normalisation

to be strongly constrained. To prevent regions with low mtt̄, where high event yields result

in small statistical uncertainties, constraining regions with high mtt̄, the jet energy scale

uncertainty is treated as being uncorrelated between different bins in jet pT. Studies of the

posterior distributions of the nuisance parameters have been performed to ensure that the

uncertainties arising from the parton shower model and ISR/FSR do not over-constrain

the uncertainties.

To estimate the a priori sensitivity of this search, background-only pseudo-experiments

are randomly drawn from the background prediction. All nuisance parameters are allowed

to vary in a manner consistent with their prior distributions for each pseudo-experiment.

The median of the distribution is chosen to represent the expected limit. The ensemble

of limits is also used to define the 68% and 95% CL envelope of limits as a function of

resonance mass.

The dominant systematic uncertainties in both analyses come from the uncertainties

on b-tagging efficiency, jet energy scale and SM tt̄ normalisation.

Figures 14 and 15 show the HEPTopTagger and Top Template Tagger 95% CL ex-

clusion limits on the cross section times branching ratio for the two models. They are

interpreted as mass limits by comparing the cross-section limits to theoretical cross-section
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Figure 13. Distributions of the tt̄ invariant mass mtt̄. The HEPTopTagger data, the SM tt̄

background prediction, the multijet background prediction and a hypothetical Z ′ signal with mZ′ =

1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the

multijet background prediction and a hypothetical KK gluon signal with mKKg = 1.6 TeV are

shown in (b). Data points show statistical uncertainties only.
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Model Obs. Limit (TeV) Exp. Limit (TeV)

HEPTopTagger

Z ′ 0.70 < mZ′ < 1.00 0.68 < mZ′ < 1.16

1.28 < mZ′ < 1.32

KK gluon 0.70 < mgKK < 1.48 0.70 < mgKK < 1.52

Top Template Tagger

KK gluon 1.02 < mgKK < 1.62 1.08 < mgKK < 1.62

Table 4. Expected (Exp.) and observed (Obs.) exclusion regions on the leptophobic Z ′ boson

mass and on the KK gluon mass in the Randall-Sundrum model.

predictions as a function of mass from specific benchmark models. The expected and

observed mass limits are shown in table 4.

As described in ref. [67], the colour structure of the KK resonance can affect the tagging

efficiency. This effect is small, but the results presented here are valid only for resonances

with the same colour structure as the KK gluon (e.g., the sensitivity for a KK photon with

the same mass and width as a KK gluon will differ by ≈ 10 %).

The data samples for the two analyses are statistically correlated. However, the ex-

pected limits are different for the two analyses and illustrate their complementarity: The

HEPTopTagger selection is able to exclude Z ′ boson resonances over part of the mass

range between 0.70 and 1.32 TeV and KK gluons with masses between 0.70 and 1.48 TeV.

The Top Template Tagger selection is not able to set an exclusion limit on Z ′ boson res-

onances but is able to exclude the wider-width KK gluon resonances for masses between

1.02 and 1.62 TeV.

To combine the limits from these two analyses, the results from the tagger with the

lower expected exclusion limit are selected. The HEPTopTagger selection provides lower

expected limits for Z ′ boson masses up to 1.3 TeV, and for KK gluons with masses between

0.7 and 1.3 TeV. The Top Template Tagger selection provides the lower expected limits for

both Z ′ bosons and KK gluons with masses above 1.4 TeV. These two analyses together

are able to exclude the Z ′ boson model with masses 0.70 < mZ′ < 1.00 TeV and 1.28 <

mZ′ < 1.32 TeV, and KK gluons with masses 0.70 < mgKK < 1.62 TeV, all at 95% CL.

10 Conclusions

A search for massive resonances, characterised by a narrow state such as a Z ′ boson or a

wider object such as a KK gluon, decaying into tt̄ pairs in the fully hadronic final state is

presented. The analysis uses a dataset corresponding to 4.7fb−1, collected with the ATLAS

detector during the 2011 pp run of the LHC at a centre-of-mass energy of 7 TeV. Two top-

quark tagging schemes, the HEPTopTagger and Top Template Tagger methods, are used

to identify and reconstruct top-quark pairs in their hadronic decay mode for boosted top

quarks with transverse momenta between 200 GeV and approximately 1 TeV.

The reconstructed mtt̄ spectra are compared to predictions for SM tt̄ production and

background from massive jets produced through QCD interactions. No evidence for res-
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Figure 14. Expected and observed 95% CL upper limits on the production cross section times

branching fraction σ × BR as a function of (a) the Z ′ boson mass and (b) the KK gluon mass

for the HEPTopTagger selection. The red bands are the model predictions including theoretical

uncertainties. The Z ′ boson leading-order (LO) cross section is multiplied by 1.3 to account for

expected higher-order corrections. The KK gluon LO cross section is used.
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Figure 15. Expected and observed 95% CL upper limits on the production cross section times

branching fraction σ × BR as a function of (a) the Z ′ boson mass and (b) the KK gluon mass for

the Top Template Tagger selection. The red bands are the model predictions including theoretical

uncertainties. The Z ′ boson LO cross section is multiplied by 1.3 to account for expected higher

order corrections. The KK gluon LO cross section is used.
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onant tt̄ production is found using either top-quark tagging method. These two anal-

yses together exclude the Z ′ boson model with masses 0.70 < mZ′ < 1.00 TeV and

1.28 < mZ′ < 1.32 TeV, and KK gluons with masses 0.70 < mgKK < 1.62 TeV, all at

95% CL. These results extend the previous ATLAS limits on Z ′ bosons and KK gluons

production that were based on the lepton plus jets final state.
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[35] T. Sjöstrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 physics and manual, JHEP 05

(2006) 026 [hep-ph/0603175] [INSPIRE].

[36] J. Pumplin, D. Stump, J. Huston, H. Lai, P.M. Nadolsky, et al., New generation of parton

distributions with uncertainties from global QCD analysis, JHEP 07 (2002) 012

[hep-ph/0201195] [INSPIRE].

[37] ATLAS collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 (2010) 823

[arXiv:1005.4568] [INSPIRE].

[38] GEANT4 collaboration, S. Agostinelli et al., GEANT4: a simulation toolkit, Nucl. Instrum.

Meth. A 506 (2003) 250 [INSPIRE].

[39] W. Lampl et al., Calorimeter clustering algorithms: description and performance,

ATL-LARG-PUB-2008-002 (2008).

[40] ATLAS collaboration, Jet energy measurement with the ATLAS detector in proton-proton

collisions at
√
s = 7 TeV, arXiv:1112.6426 [INSPIRE].

– 31 –

http://dx.doi.org/10.1103/PhysRevD.82.014020
http://dx.doi.org/10.1103/PhysRevD.82.014020
http://arxiv.org/abs/1004.0876
http://dx.doi.org/10.1007/JHEP12(2012)015
http://arxiv.org/abs/1209.4397
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.4397
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://inspirehep.net/search?p=find+J+JINST,3,S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://inspirehep.net/search?p=find+J+JINST,3,S08001
http://cds.cern.ch/record/1460392
http://dx.doi.org/10.1140/epjc/s10052-011-1630-5
http://arxiv.org/abs/1101.2185
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.2185
http://dx.doi.org/10.1088/1126-6708/2002/06/029
http://arxiv.org/abs/hep-ph/0204244
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0204244
http://dx.doi.org/10.1088/1126-6708/2003/08/007
http://arxiv.org/abs/hep-ph/0305252
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0305252
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2241
http://arxiv.org/abs/hep-ph/0210213
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0210213
http://dx.doi.org/10.1007/BF02909195
http://arxiv.org/abs/hep-ph/9601371
http://dx.doi.org/10.1016/j.cpc.2010.12.040
http://dx.doi.org/10.1016/j.cpc.2010.12.040
http://arxiv.org/abs/1007.1327
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.0002
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://inspirehep.net/search?p=find+J+JHEP,0207,012
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://inspirehep.net/search?p=find+J+Nucl.Instr.Meth.,A506,250
http://cds.cern.ch/record/1099735
http://arxiv.org/abs/1112.6426
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.6426


J
H
E
P
0
1
(
2
0
1
3
)
1
1
6

[41] M. Cacciari, G.P. Salam and G. Soyez, The k̄t jet clustering algorithm, JHEP 04 (2008) 063

[arXiv:0802.1189] [INSPIRE].

[42] M. Cacciari, G.P. Salam and G. Soyez, FastJet user manual, Eur. Phys. J. C 72 (2012) 1896

[arXiv:1111.6097] [INSPIRE].

[43] ATLAS collaboration, Properties of jets and inputs to jet reconstruction and calibration with

the atlas detector using proton-proton collisions at
√
s = 7 TeV, ATLAS-CONF-2010-053

(2010).

[44] ATLAS collaboration, Measurement of the b-tag efficiency in a sample of jets containing

muons with 5 fb−1 of data from the ATLAS detector, ATLAS-CONF-2012-043 (2012).

[45] ATLAS collaboration, A search for tt̄ resonances in the lepton plus jets final state using

4.66 fb−1 of pp collisions at
√
s = 7 TeV, ATLAS-CONF-2012-136 (2012).

[46] ATLAS collaboration, Performance of large-R jets and jet substructure reconstruction with

the ATLAS detector, ATLAS-CONF-2012-065 (2012).

[47] J.M. Butterworth, A.R. Davison, M. Rubin and G.P. Salam, Jet substructure as a new Higgs

search channel at the LHC, Phys. Rev. Lett. 100 (2008) 242001 [arXiv:0802.2470]

[INSPIRE].

[48] G.P. Salam and G. Soyez, A practical seedless infrared-safe cone jet algorithm, JHEP 05

(2007) 086 [arXiv:0704.0292] [INSPIRE].

[49] S. Catani, Y.L. Dokshitzer, M. Seymour and B. Webber, Longitudinally invariant Kt

clustering algorithms for hadron hadron collisions, Nucl. Phys. B 406 (1993) 187 [INSPIRE].

[50] Tevatron Electroweak Working Group, CDF, D0 collaborations, Combination of

CDF and D0 results on the mass of the top quark using up to 5.8 fb−1 of data,

arXiv:1107.5255 [INSPIRE].

[51] G.C. Blazey, J.R. Dittmann, S.D. Ellis, V.D. Elvira, K. Frame, et al., Run II jet physics,

hep-ex/0005012 [INSPIRE].

[52] ATLAS collaboration, Jet mass and substructure of inclusive jets in
√
s = 7 TeV pp collisions

with the ATLAS experiment, JHEP 5 (2012) 128 [arXiv:1203.4606].

[53] ATLAS collaboration, ATLAS measurements of the properties of jets for boosted particle

searches, Phys. Rev. D 86 (2012) 072006 [arXiv:1206.5369] [INSPIRE].

[54] R. Alon, E. Duchovni, G. Perez, A.P. Pranko and P.K. Sinervo, Data-driven method of

pile-up correction for the substructure of massive jets, Phys. Rev. D 84 (2011) 114025

[arXiv:1101.3002].

[55] CDF collaboration, Study of substructure of high transverse momentum jets produced in

proton-antiproton collisions at
√
s = 1.96 TeV, Phys. Rev. D 85 (2012) 091101

[arXiv:1106.5952] [INSPIRE].

[56] K. Blum, C. Delaunay, O. Gedalia, Y. Hochberg, S.J. Lee, et al., Implications of the CDF tt̄

forward-backward asymmetry for boosted top physics, Phys. Lett. B 702 (2011) 364

[arXiv:1102.3133] [INSPIRE].

[57] ATLAS collaboration, Measurement of the mistag rate with 5 fb−1 of data collected by the

ATLAS detector, ATLAS-CONF-2012-040 (2012).

[58] ATLAS collaboration, Measuring the b-tag efficiency in a top-pair sample with 4.7 fb−1 of

data from the ATLAS detector, ATLAS-CONF-2012-097 (2012).

– 32 –

http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6097
http://cds.cern.ch/record/1281310
http://cds.cern.ch/record/1435197
http://cds.cern.ch/record/1478974
http://cds.cern.ch/record/1459530
http://dx.doi.org/10.1103/PhysRevLett.100.242001
http://arxiv.org/abs/0802.2470
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.2470
http://dx.doi.org/10.1088/1126-6708/2007/05/086
http://dx.doi.org/10.1088/1126-6708/2007/05/086
http://arxiv.org/abs/0704.0292
http://inspirehep.net/search?p=find+EPRINT+arXiv:0704.0292
http://dx.doi.org/10.1016/0550-3213(93)90166-M
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B406,187
http://arxiv.org/abs/1107.5255
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5255
http://arxiv.org/abs/hep-ex/0005012
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0005012
http://dx.doi.org/10.1007/JHEP05(2012)128
http://arxiv.org/abs/1203.4606
http://dx.doi.org/10.1103/PhysRevD.86.072006
http://arxiv.org/abs/1206.5369
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5369
http://dx.doi.org/10.1103/PhysRevD.84.114025
http://arxiv.org/abs/1101.3002
http://dx.doi.org/10.1103/PhysRevD.85.091101
http://arxiv.org/abs/1106.5952
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.5952
http://dx.doi.org/10.1016/j.physletb.2011.07.020
http://arxiv.org/abs/1102.3133
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.3133
http://cds.cern.ch/record/1435194
http://cds.cern.ch/record/1460443


J
H
E
P
0
1
(
2
0
1
3
)
1
1
6

[59] A. Martin, W. Stirling, R. Thorne and G. Watt, Uncertainties on αs in global PDF analyses

and implications for predicted hadronic cross sections, Eur. Phys. J. C 64 (2009) 653

[arXiv:0905.3531] [INSPIRE].

[60] NNPDF collaboration, R.D. Ball et al., Unbiased global determination of parton

distributions and their uncertainties at NNLO and at LO, Nucl. Phys. B 855 (2012) 153

[arXiv:1107.2652] [INSPIRE].

[61] M. Botje, J. Butterworth, A. Cooper-Sarkar, A. de Roeck, J. Feltesse, et al., The PDF4LHC

working group interim recommendations, arXiv:1101.0538 [INSPIRE].

[62] B.P. Kersevan and E. Richter-Was, The Monte Carlo event generator AcerMC version 2.0

with interfaces to PYTHIA 6.2 and HERWIG 6.5, hep-ph/0405247 [INSPIRE].

[63] ATLAS collaboration, Measurement of tt̄ production with a veto on additional central jet

activity in pp collisions at
√
s = 7 TeV using the ATLAS detector, Eur. Phys. J. C 72 (2012)

2043 [arXiv:1203.5015] [INSPIRE].

[64] S. Frixione, P. Nason and C. Oleari, Matching NLO QCD computations with parton shower

simulations: the POWHEG method, JHEP 11 (2007) 070 [arXiv:0709.2092] [INSPIRE].

[65] A.V. Manohar and M. Trott, Electroweak Sudakov corrections and the top quark

forward-backward asymmetry, Phys. Lett. B 711 (2012) 313 [arXiv:1201.3926] [INSPIRE].

[66] D0 collaboration, A recipe for the construction of confidence limits, FERMILAB-TM-2104

(2000).

[67] K. Joshi, A.D. Pilkington and M. Spannowsky, The dependency of boosted tagging algorithms

on the event colour structure, Phys. Rev. D 86 (2012) 114016 [arXiv:1207.6066] [INSPIRE].

– 33 –

http://dx.doi.org/10.1140/epjc/s10052-009-1164-2
http://arxiv.org/abs/0905.3531
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.3531
http://dx.doi.org/10.1016/j.nuclphysb.2011.09.024
http://arxiv.org/abs/1107.2652
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2652
http://arxiv.org/abs/1101.0538
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0538
http://arxiv.org/abs/hep-ph/0405247
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0405247
http://dx.doi.org/10.1140/epjc/s10052-012-2043-9
http://dx.doi.org/10.1140/epjc/s10052-012-2043-9
http://arxiv.org/abs/1203.5015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.5015
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
http://inspirehep.net/search?p=find+EPRINT+arXiv:0709.2092
http://dx.doi.org/10.1016/j.physletb.2012.04.013
http://arxiv.org/abs/1201.3926
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.3926
http://dx.doi.org/10.1103/PhysRevD.86.114016
http://arxiv.org/abs/1207.6066
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.6066


J
H
E
P
0
1
(
2
0
1
3
)
1
1
6

The ATLAS collaboration

G. Aad48, T. Abajyan21, B. Abbott111, J. Abdallah12, S. Abdel Khalek115, A.A. Abdelalim49,

O. Abdinov11, R. Aben105, B. Abi112, M. Abolins88, O.S. AbouZeid158, H. Abramowicz153,

H. Abreu136, B.S. Acharya164a,164b, L. Adamczyk38, D.L. Adams25, T.N. Addy56, J. Adelman176,

S. Adomeit98, P. Adragna75, T. Adye129, S. Aefsky23, J.A. Aguilar-Saavedra124b,a, M. Agustoni17,

M. Aharrouche81, S.P. Ahlen22, F. Ahles48, A. Ahmad148, M. Ahsan41, G. Aielli133a,133b,
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C. Garćıa167, J.E. Garćıa Navarro167, R.W. Gardner31, N. Garelli30, H. Garitaonandia105,

V. Garonne30, C. Gatti47, G. Gaudio119a, B. Gaur141, L. Gauthier136, P. Gauzzi132a,132b,

I.L. Gavrilenko94, C. Gay168, G. Gaycken21, E.N. Gazis10, P. Ge33d, Z. Gecse168, C.N.P. Gee129,

D.A.A. Geerts105, Ch. Geich-Gimbel21, K. Gellerstedt146a,146b, C. Gemme50a, A. Gemmell53,

M.H. Genest55, S. Gentile132a,132b, M. George54, S. George76, P. Gerlach175, A. Gershon153,

C. Geweniger58a, H. Ghazlane135b, N. Ghodbane34, B. Giacobbe20a, S. Giagu132a,132b,

V. Giakoumopoulou9, V. Giangiobbe12, F. Gianotti30, B. Gibbard25, A. Gibson158,

S.M. Gibson30, M. Gilchriese15, D. Gillberg29, A.R. Gillman129, D.M. Gingrich3,e, J. Ginzburg153,

N. Giokaris9, M.P. Giordani164c, R. Giordano102a,102b, F.M. Giorgi16, P. Giovannini99,

P.F. Giraud136, D. Giugni89a, M. Giunta93, B.K. Gjelsten117, L.K. Gladilin97, C. Glasman80,

J. Glatzer21, A. Glazov42, K.W. Glitza175, G.L. Glonti64, J.R. Goddard75, J. Godfrey142,
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T.B. Sjursen14, L.A. Skinnari15, H.P. Skottowe57, K. Skovpen107, P. Skubic111, M. Slater18,

T. Slavicek127, K. Sliwa161, V. Smakhtin172, B.H. Smart46, L. Smestad117, S.Yu. Smirnov96,

Y. Smirnov96, L.N. Smirnova97, O. Smirnova79, B.C. Smith57, D. Smith143, K.M. Smith53,

M. Smizanska71, K. Smolek127, A.A. Snesarev94, S.W. Snow82, J. Snow111, S. Snyder25,

R. Sobie169,k, J. Sodomka127, A. Soffer153, C.A. Solans167, M. Solar127, J. Solc127,

E.Yu. Soldatov96, U. Soldevila167, E. Solfaroli Camillocci132a,132b, A.A. Solodkov128,

O.V. Solovyanov128, V. Solovyev121, N. Soni1, A. Sood15, V. Sopko127, B. Sopko127, M. Sosebee8,

R. Soualah164a,164c, A. Soukharev107, S. Spagnolo72a,72b, F. Spanò76, R. Spighi20a, G. Spigo30,
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83 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
84 Department of Physics, University of Massachusetts, Amherst MA, United States of America
85 Department of Physics, McGill University, Montreal QC, Canada
86 School of Physics, University of Melbourne, Victoria, Australia
87 Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
88 Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States

of America
89 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano, Italy
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sciences, Université Mohammed V-Agdal, Rabat, Morocco
136 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay

(Commissariat a l’Energie Atomique), Gif-sur-Yvette, France
137 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA,

United States of America
138 Department of Physics, University of Washington, Seattle WA, United States of America
139 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
140 Department of Physics, Shinshu University, Nagano, Japan
141 Fachbereich Physik, Universität Siegen, Siegen, Germany
142 Department of Physics, Simon Fraser University, Burnaby BC, Canada
143 SLAC National Accelerator Laboratory, Stanford CA, United States of America
144 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava; (b)

Department of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of

Sciences, Kosice, Slovak Republic
145 (a) Department of Physics, University of Johannesburg, Johannesburg; (b) School of Physics,

University of the Witwatersrand, Johannesburg, South Africa
146 (a) Department of Physics, Stockholm University; (b) The Oskar Klein Centre, Stockholm, Sweden
147 Physics Department, Royal Institute of Technology, Stockholm, Sweden
148 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY,

United States of America
149 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
150 School of Physics, University of Sydney, Sydney, Australia
151 Institute of Physics, Academia Sinica, Taipei, Taiwan
152 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
153 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,

Israel
154 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
155 International Center for Elementary Particle Physics and Department of Physics, The University

of Tokyo, Tokyo, Japan
156 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
157 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
158 Department of Physics, University of Toronto, Toronto ON, Canada
159 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto

ON, Canada
160 Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan
161 Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
162 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
163 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of

America
164 (a) INFN Gruppo Collegato di Udine; (b) ICTP, Trieste; (c) Dipartimento di Chimica, Fisica e
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