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SEARCHES FOR tt̄ RESONANCES IN ATLAS
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On behalf of the ATLAS collaboration

A search for tt̄ resonances has been performed using 2.05 fb−1 of pp collisions at
√

s = 7 TeV
recorded by ATLAS in 2011. The dilepton, resolved lepton+jets and a boosted lepton+jets
topology have been considered. No evidence of a resonance was found. Limits were set on
the production cross-section times branching ratio to tt̄ for narrow and wide resonances. The
search excludes at 95% confidence level narrow leptophobic topcolor Z′ bosons with masses
between 500 and 1150 GeV and wider Kaluza-Klein gluons with masses between 500 and
1500 GeV.

1 Introduction

The top quark is the heaviest elementary particle known, with a mass close to the scale of
electroweak symmetry breaking. The large top quark mass hints at an intimate connection
between the top quark and beyond the Standard Model (BSM) physics. So far, searches for
manifestations for such physics have remained unsuccessful, and such searches therefore continue
to explore a wide spectrum of possible signatures. A promising approach are BSM theories
predicting the existence of new heavy particles decaying into top quark pairs.

In the SM, the top quark decays approximately 99% of the time into a W boson and a
b-quark. The top quark decay final states are determined by the decay of the W , which de-
cays approximately 33% into a charged lepton-neutrino (leptonic decay) pair and 67% into a
quark-antiquark pair (hadronic decay). If the lepton is a τ , it will decay subsequently into an
electron/muon-neutrino pair or hadronically. This results in three decay topologies: hadronic,
lepton plus jets and dilepton.

This report summarizes recent results of the search for new heavy particles decaying to tt̄

pairs using the ATLAS detector 1 at the CERN Large Hadron Collider (LHC) in three different
final state topologies: the dilepton channel 2, the resolved lepton plus jets channel 2,3 and the
boosted lepton plus jets channel4. The latter is increasingly important in searches for resonances
with masses above 1 TeV where the hadronically decaying top quark daughters merge into one
or two jets. Only final state topologies containing at least one electron or muon expected to
come from the decay of one of the W bosons produced in the top quark decays are considered.
All analyses use 2.05 fb−1 of data collected by ATLAS in the first half of 2011.

The benchmark model used to quantify the experimental sensitivity to narrow resonances
is a leptophobic Z ′ boson arising in models of strong electroweak symmetry breaking through
top quark condensation (specifically the leptophobic scenario known as Model IV 5). The model
used for wide resonances is a Kaluza-Klein (KK) gluon gKK, which appears in Randall-Sundrum



(RS) models with one warped extra dimension 6,7,8. This model is taken as a proxy for coloured
resonances. Previous searches for tt̄ resonances recently carried out did not show evidence for
new resonances and limits were set on the mass of a Z ′ boson excluding mZ′ > 900 GeV 9 as
well as placing upper limits on the coupling strengths of a heavy colour-octet vector particle.

2 Event selection

Events are selected using a single lepton trigger. Each event is required to have at least one
offline-reconstructed primary vertex with at least five tracks, and it is discarded if any jet with
pT > 20 GeV is identified as out-of-time activity or calorimeter noise.

2.1 Dilepton channel

The event must contain exactly two isolated leptons of opposite charge. Electron candidates
are required to have pT > 25 GeV and |η| < 2.47 a, while muon candidates are required to have
pT > 20 GeV and |η| < 2.5. Two or more jets with pT > 25 GeV and |η| < 2.5 are also required.
Jets are reconstructed using the anti-kt algorithm (R = 0.4) 10 and calibrated using a correction
factor obtained from simulation 11. To suppress the Z plus jets background, events are required
to have Emiss

T
> 40 GeV and an invariant dilepton mass not compatible with the Z boson mass

range (|mZ − mll| > 10 GeV) for ee and µµ events, where Emiss

T
is the module of the missing

transverse momentum in the event. In the eµ channel the non-tt̄ background is suppressed by
requiring the scalar sum of the transverse momenta of the leptons and jets, HT, to be larger
than 130 GeV.

2.2 Resolved lepton plus jets channel

The event must contain exactly one isolated lepton. Electrons must have pT > 25 GeV and
|η| < 2.47, while muons must have pT > 20 GeV and |η| < 2.5. Events where an electron
shares an inner detector track with a non-isolated muon or with a second lepton with pT >

15 GeV are rejected. The total event fraction of tt̄ is increased by applying the following event
cuts: first, in the electron channel, Emiss

T
> 35 GeV and MT(lepton,Emiss

T
) > 25 GeV, where

MT(lepton,Emiss

T
) is the lepton-Emiss

T
transverse mass. In the muon channel, Emiss

T
> 20 GeV and

Emiss

T
+MT(lepton,Emiss

T
) > 60 GeV is required. Finally, the leading jet must have pT > 60 GeV

and the event must contain at least four jets with pT > 25 GeV and |η| < 2.5, where at least
one of the jets must be tagged as a b-quark jet using the MV1 algorithm 12. The jet multiplicity
requirement is relaxed to at least three jets if one of the jets has jet mass mj > 60 GeV, since
for boosted top quarks two of the quark daughters from the hadronic top quark decay can be
merged into a single jet. Jets are reconstructed using the anti-kt algorithm (R = 0.4).

2.3 Boosted lepton plus jets channel

The lepton selection and multijet background rejection is similar to the one used in the lepton
plus jets resolved channel. The jet selection is modified for the expected boosted topology. The
lepton and the jet from the leptonic top quark decay are expected to be collimated, therefore a jet
with pT > 30 GeV and with an η−φ separation ∆R from the lepton candidate of 0.4 < ∆R < 1.5
of the selected lepton is required. The decay products from the hadronic top quark decay are

aATLAS 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 plane, φ
being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle θ as
η = −lntan(θ/2).



expected to be merged into a single fat jet back-to-back to the leptonic top quark decay. Fat
jet candidates are reconstructed using the anti-kt algorithm with a distance parameter R = 1.0.
Fat jets that potentially overlap with the jet associated with the leptonic top quark decay are
not considered (∆R(j, j) > 1.5).

An analysis of the substructure of the fat jet can be used to increase the tt̄ signal. To this
end two observables are considered in this analysis. The first one is the jet mass, mj , obtained
by adding the four vectors of all jet constituents (topological clusters). The second one is the
last splitting scale,

√
d12

13. Jet constituents are reclustered with the kt algorithm and
√

d12

represent the scale at which the fat jet would split into two, i.e the last step of the clustering
sequence. For fat jets containing the hadronic decay of a boosted top quark is typically around
the W−mass. Therefore, at least one fat jet must satisfy

√
d12 > 40 GeV, pT > 250 GeV and

mj > 100 GeV. The leading fat jet is taken as the hadronic top quark candidate.

3 Backgrounds and signals

The irreducible SM tt̄ and electroweak single top quark backgrounds are simulated using the
MC@NLO generator 14,15 interfaced to the Herwig 16 parton showering and hadronization
model and the Jimmy17 underlying event model. In the dilepton channel, the small contribution
of events with at least one fake lepton is estimated from data using the Matrix Method 18 which
accounts for small backgrounds with both one (W plus jets) and two fake leptons (multijet
background). In the lepton plus jets channel, the W plus jets samples are simulated with the
Alpgen generator and they are normalized using data-driven techniques. In the lepton plus jets
resolved channel, the multijet background is derived from a jet-triggered sample where exactly
one jet is required with a high electromagnetic fraction. The full Emiss

T
distribution of this

sample and the simulated tt̄, single top, W plus jets and Z plus jets background samples are
fitted to the data to calculate its normalization. In the lepton plus jets boosted channel the
Matrix Method is used to estimate the multijet background contribution. The Z plus jets events
are simulated using the Alpgen 19 Monte Carlo. In the dilepton channel, this background is
normalized in a data control sample orthogonal to the signal sample. Diboson WW , ZZ and
WZ samples are produced using the Herwig generator and Jimmy model.

Samples for topcolor Z ′ bosons were generated with the Pythia 20 Monte Carlo. Samples
for KK gluons were generated with Madgraph21 showered with the Pythia Monte Carlo. Any
interferences with SM processes were assumed to be negligible.

4 tt̄ mass reconstruction

4.1 Dilepton channel

In the dilepton channel the tt̄ mass reconstruction present ambiguities due to the presence
of two neutrinos. The effective mass, defined as the scalar sum of HT + Emiss

T
, is used as

the discriminating variable. Figure 1(c) shows the HT + Emiss

T
distribution for data and SM

expectation.

4.2 Resolved lepton plus jets channel

In this channel, the event Emiss

T
corresponds to the neutrino’s transverse momentum pT and

the neutrino’s longitudinal momentum (pz) is determined by imposing the W boson mass con-
straint. The leptonically decaying W boson candidate is reconstructed from the lepton and the
reconstructed neutrino.

The tt̄ pair is reconstructed differently depending on the highest mass jet in the event. For
events where all jets have masses below 60 GeV, the dRmin algorithm 2 is used to identify as



tt̄ final state daughters those jets whose η − φ separation, ∆R, with the lepton or closest jet
satisfies: ∆R > 2.5 − 0.015 × mj . If a jet was discarded and more than three jets remain,
the procedure is iterated. The tt̄ mass is reconstructed from the lepton, the neutrino and the
leading four jets or three jets (if only three jets remain). For events where there is a jet with
a mass greater than 60 GeV, the hadronic top quark candidate is built combining this jet with
closest jet in ∆R and the leptonic top quark candidate is built combining the reconstructed
leptonically decaying W boson candidate with the closest jet, among the remaining jets. The tt̄

mass spectrum is presented in Figure 1(a).

4.3 Boosted lepton plus jets channel

The tt̄ system is reconstructed adding the four-momenta of the hadronically decaying top quark
candidate, with the semileptonically decaying top quark candidate reconstructed from the lep-
tonically decaying W boson candidate and the closest jet. The reconstructed tt̄ mass spectrum
is presented in Figure 1(b).

(a) (b) (c)

Figure 1: HT + Emiss

T distribution in the dilepton channel (a) and reconstructed tt̄ mass in the lepton plus jets
channel resolved (b) and boosted (c) after all the selection requirements. The hatched area shows the background

normalization uncertainties 3,4.

5 Results

Figure 1 shows good agreement between data distributions and background expectations for
the different discriminant variables used without visible evidence of a resonance structure above
the expected backgrounds. Good agreement is seen in the shapes of kinematic distributions as
well. The tt̄ mass and HT + Emiss

T
distributions are compared with the background-only and

signal-plus-background hypothesis to verify that no statistically significant excess is observed.
This was done using the BumpHunter 22 tool for the lepton plus jets channels and a likelihood
ratio test statistic for the dilepton channel. No significant excess was found. Given the absence
of a new physics signal, limits were set using a Bayesian approach 23 (taking into account all the
normalization and shape systematic uncertainties) on the cross-section times branching ratio as
a function of mass. The predicted resonance cross-sections versus mass are used to convert the
cross-section upper limits into mass limits.

For the dilepton channel, the observed (expected) limit for a Kaluza-Klein gluon in Randall-
Sundrum models, gKK, ranges from 18.5 (11.3) pb at mgKK

= 600 GeV to 2.3 (2.7) pb at
mgKK

= 1300 GeV, excluding mgKK
between 500 (500) GeV and 1080 (1070) GeV at 95% CL.

No mass limit is set on a narrow leptophobic topcolour Z ′ boson mass, mZ′ , since this channel
has insufficient sensitivity to it. Limits on the gKK production cross section time branching
fraction are shown in Figure 2.



Figure 2: Observed (black points) and expected (dashed line) upper limits on σ × BR(Z′ → tt̄) (a) and σ ×
BR(gKK → tt̄) for the dilepton channel. The dark and light green bands show the range in which the limit is

expected to lie in 68% and 95% of experiments, respectively 2.

For the lepton plus jets resolved channel, the observed (expected) limit for σ×BR(Z ′ → tt̄)
ranges between 4.8 (6.0) pb at mZ′ = 600 GeV and 0.95 (0.62) pb at mZ′ = 1300 GeV. The mass
range 500 < mZ′ < 880 GeV (500 < mZ′ < 1010 GeV) is excluded at 95% C.L. The observed
(expected) limit for σ × BR(gKK → tt̄) ranges between 5.0 (6.0) pb at mgKK

= 500 GeV and
1.6 (0.9) pb at mgKK

= 1300 GeV. The mass range 500 < mgKK
< 1130 GeV (500 < mZ′ <

1360 GeV) is excluded at 95% C.L., as shown in Figure 3.

(a) (b)

Figure 3: Observed (black points) and expected (dashed line) upper limits on σ × BR(Z′ → tt̄) (a) and σ ×
BR(gKK → tt̄) for the lepton plus jets resolved channel. The dark and light green bands show the range in which

the limit is expected to lie in 68% and 95% of experiments, respectively 2.

For the lepton plus jets boosted channel, the observed (expected) limit for σ×BR(Z ′ → tt̄)
ranges between 7.7 (10.4) pb at mZ′ = 600 GeV to 0.56 (0.39) pb at mZ′ = 1300 GeV. The
mass range between 600 < mZ′ < 1200 GeV is excluded at 95% C.L. The observed (expected)
limit for σ × BR(gKK → tt̄) ranges between 2.8 (2.9) pb at mgKK

= 700 GeV to 0.8 (0.6) pb at
mgKK

= 1300 GeV. The mass range between 700 < mgKK
< 1500 GeV is excluded at 95% C.L.

6 Conclusion

Results of a search for tt̄ resonances in the resolved lepton plus jets, boosted lepton plus jets and
dilepton topologies have been presented. The different analyses use 2.05 fb−1 of pp collisions
at

√
s = 7 TeV collected with the ATLAS detector in 2011. The data was compared to SM

background prediction and found to be compatible within uncertainties. The tt̄ mass (HT +



(a) (b)

Figure 4: Observed (black points) and expected (dashed line) upper limits on σ × BR(Z′ → tt̄) (a) and σ ×
BR(gKK → tt̄) for the lepton plus jets boosted channel. The dark and light green bands show the range in which

the limit is expected to lie in 68% and 95% of experiments, respectively 4.

Emiss

T
) distribution in the lepton plus jets (dilepton) channels was used to set upper limits at

95% C.L. on the cross-section times branching ratio to tt̄ of a narrow leptophobic topcolor Z ′

boson and a wide Kaluza-Klein gluon excitation gKK in the Randall-Sundrum model. They
exclude Z ′ bosons with masses between 500 and 1150 GeV and KK gluons with masses between
500 and 1500 GeV.
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