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Introduction 
  The LHC provides many      events at high di-top masses 
  New Physics is expected to couple to the top quark 

Lepton+Jets 
arXiv: 1205.5371 (resolved) 
arXiv: 1207.2409 (boosted) 

Dileptons: 
arXiv:1205.5371 

Fully-Hadronic: 
ATLAS-CONF-2012-102 

Show results with 2011 pp data in all three channels… 
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No dedicated search with 
hadronically decaying taus  
(leptonic tau decays  
included in e/mu 
branching fractions) 

€ 

tt 



What are we looking for? 
New particles decaying to 
Benchmark models: 
  Z’ boson 

  Leptophobic topcolor model 
  Narrow:   
  Phys. Rev. D 49 (1994) 4454 

arXiv:hep-ph/9911288 
arXiv:1112.4928 

  Kaluza-Klein gluon (KKG) 
  Colored resonance 
  Randall-Sundrum extra dimension models 
      
  Phys. Rev. D 77 (2008) 015003  

Phys. Rev. D 76 (2007) 115016  
JHEP 09 (2007) 074  
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II. LHC SIGNALS

The primary challenge in obtaining a signal at the LHC
for gauge KK modes is that the production is suppressed
due to the small couplings to the proton constituents as
seen in Eq. 1.

We used both CalcHEP 2.42 [15] and Sherpa ver-
sion 1.0.8 [16] 1 for the numerical calculations. The
CTEQ6M parton distribution function (PDF) with the
QCD renormalization and factorization scales equal to
the KK gluon mass (MKKG) was used in CalcHEP 2.42.
The CTEQ6L1 PDF set was used in Sherpa, employing
a running scheme for !S with !S(MZ) = 0.118. We find
that the results do not change significantly between the
two PDF sets 2.

For KK gluons, CalcHEP yields a moderate cross-
section of ! 100 fb for MKKG ! 3 TeV as indicated in
Fig. 1. The cross section falls very quickly for higher KK
masses, where for MKKG ! 5 TeV the cross-section drops
to ! 10 fb - probably beyond the reach of LHC (as dis-
cussed below). The dominant production mechanism is
through uū, dd̄ annihilation. We note the production rate
for the EW KK gauge fields is suppressed by (gZ/gQCD)2

relative to KK gluon production.
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FIG. 1: The total cross section of KK gluon production at
the LHC as a function of its mass (MKKG).

Another challenge is that, based again on the couplings
in Eq. 1, the fermionic decays of the gauge KK particles
(in general) are expected to be dominated by the 3rd gen-

1 The authors are grateful to the Sherpa team, especially Tanju
Gleisberg, for the help in embedding the RS1 KK gluon into
Sherpa.

2 This should not be interpreted as indication of small uncertain-
ties due to PDF’s in the cross section since the two PDF sets
might be correlated. One of the main points of our study is to
identify observables which depend rather weakly on the PDF’s
uncertainties.

eration quarks, especially the top quark, due to enhance-
ment of the corresponding couplings. For example, the
branching ratios for KK gluon decay are shown in Fig. 2.
In the case of EW gauge KK modes (W/Z), decays to
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FIG. 2: The branching ratios of the KK gluon as a function
of its mass.

longitudinal weak gauge bosons and the Higgs field are
also important due to similarly enhanced couplings. In
particular, the leptonic decay channel for KK Z is highly
suppressed. In the absence of golden decays modes for
KK Z/W , we focus on signals for the KK gluon which
has the larger production cross-section. 3

A third challenge is related to the fact that due to the
strong coupling to top pair (and in case of KK W/Z to
Higgs and longitudinal W/Z), a heavy gauge KK mode
is rather broad. For example, a KK gluon above 1 TeV
(as required by precision tests) has decay width of about
MKKG/6 as presented in Fig. 3. Decay widths of KK
Z/W are smaller by ! (gZ/gQCD)2. This large width of
KK gauge states creates additional problems for discrim-
inating signal against the background.

A. KK gluons

In the interesting region of MKKG, well above the
tt̄ threshold, the KK gluon decays mainly to tt̄ with
the branching ratio of about 95% (see Fig. 2). Hence,
our main focus here will be on the (ultra-relativistic)
tt̄ pairs from decays of KK gluons. 4 Within the SM
there are two dominant production mechanisms for tt̄,
namely gg (gluon fusion) and qq̄ (quark pair annihila-
tion). At the LHC, tt̄ production proceeds primarily

3 For a related work on KK gluon but with universal couplings
see [13, 14].

4 For the decays of KK gluon to light quarks (which has small BR
in any case), the SM QCD background will also be very large.

KKG branching ratio  
as a function of mass 
 [Phys. Rev. D 77 - 015003 ] 

July 17, 2012 – 19 : 01 DRAFT 1

1 Introduction19

Many models of new physics beyond the Standard Model (SM) predict in the TeV mass range resonances20

which decay primarily into top quark pairs and can be produced in pp collisions at the Large Hadron21

Collider (LHC). This note reports a search for such phenomena where both top quarks are reconstructed22

in their fully hadronic final states by requiring two high transverse momentum (pT) jets with a large23

invariant mass.24

Most of the previous searches considered only cases where in one or two of the top quarks decays25

the intermediate W-boson decays leptonically and hence the top quark decays resulted in one or two26

leptons, missing energy from the neutrinos, and jets in the final state [1, 2, 3, 4, 5, 6, 7]. The requirement27

of a well-identified and isolated charged lepton and missing transverse energy rejects a large fraction28

of background from multijet production. However, the branching ratio of these final states is smaller29

compared to the hadronic modes, and difficulties arise when the top quark decay particles are collimated30

since the efficiency for separating isolated leptons from background sources such as fake or non-isolated31

leptons is thereby reduced.32

An alternative approach is to consider final states in which both top quarks produced with high33

momentum decay hadronically and their decay products are found in a cone around the top quark flight34

direction. Such searches require the top quarks to have pT in excess of 200-300 GeV and require rejection35

of the large background of light gluon and quark jets, including b-jets. The CMS Collaboration employed36

this technique in a recent study [8]. In the present note the HEPTopTagger algorithm [9] is used to37

identify hadronic top quark decays and to reconstruct the top quark momentum. The invariant mass38

distribution of the tt̄ pairs is searched for resonances. Two specific models that predict resonances of39

different masses m with narrow and broad decay widths Γ are considered: leptophobic topcolor Z� bosons40

with Γ/m = 1.2% [10] and Kaluza-Klein (KK) gluons with Γ/m = 15.3% [11, 12]. Recent results by the41

ATLAS collaboration [7, 13] exclude Z� bosons (KK gluons) with masses between 0.5 and 1.2 TeV (0.542

and 1.5 TeV). The CMS collaboration obtained similar results [8, 14, 15] ranging up to 1.5 TeV(2.0 TeV)43

for narrow (broad) tt̄ resonances.44

The note is organised as follows. Section 2 describes the ATLAS detector and Section 3 summarises45

the data samples and Monte Carlo (MC) event generators used in the analysis. The event selection and the46

definition of the reconstructed objects are given in Section 4. The HEPTopTagger algorithm is described47

in Section 5. Estimations of the background and systematic uncertainties are given in Section 6 and48

Section 7, respectively. In Section 8 the resulting di-top mass spectrum is presented, and exclusion limits49

are presented.50

2 ATLAS Detector51

The ATLAS detector [16] at the LHC covers nearly the entire solid angle
1

around the proton–proton52

collision point. The inner tracking detector (ID) comprises a silicon pixel detector, a silicon microstrip53

detector, and a transition radiation tracker, providing tracking capability within |η| < 2.5. The ID is54

surrounded by a thin superconducting solenoid providing a 2 T magnetic field, and by liquid-argon55

(LAr) electromagnetic sampling calorimeters with high granularity. An iron-scintillator tile calorimeter56

provides hadronic energy measurements in the central rapidity range (|η| < 1.7). The end-cap and forward57

regions, covering 1.37 < |η| < 4.9, are instrumented with LAr calorimetry for both electromagnetic58

1
ATLAS 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 = − ln tan(θ/2). Distances in (η, φ) space are given as

∆R =
�

(∆φ)2 + (∆η)2.
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Dilepton final state 
Object & event selection 
  Electron (e): 

  pT > 25 GeV 
  |η| <2.47 (exclude 1.37 <|η|<1.52) 

  Muon (µ): 
  pT > 25 GeV 
  |η| <2.5 

  2 isolated leptons (e or µ) 
 Opposite charge 

  Single Lepton Trigger: 
  20 GeV or 22 GeV for e 
  20 GeV for µ   

•  ≥2 anti-kT (R=0.4) jets 
•  pT>25 GeV 
•  |η| <2.5 

•  |mll-mZ| > 10 GeV 
•  ET

miss>40 GeV 
•  mll>10 GeV 
•  For e+µ: 

•  HT=∑pT
Leptons+∑i=1..2pT,i

Jets  
•  HT > 130 GeV 

Acceptance x efficiency: 1.5% for 
benchmark signal (KK gluon, 1100 
GeV) 
Only KKG signals are considered in 
this channel. 
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Background estimate 
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8 The ATLAS Collaboration
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Fig. 3 Reconstructed tt̄ mass in the lepton plus jets channel
after all cuts, with the expectation from SM background and
two signal masses, a Z

� boson with mgZ� = 800 GeV and a
KK gluon with mgKK = 1300 GeV. The electron and muon
channels have been added together and all events beyond the
range of the histogram have been added to the last bin. The
hatched area shows the background normalization uncertain-
ties.

agreement between data and expected background in
the event yields as well as the shapes of kinematic dis-
tributions.

11 Results

The results of this search are obtained by comparing
the mtt̄ and HT+E

miss
T distributions with background-

only and signal-plus-background hypotheses. The sig-
nificance of a potential signal is summarized by a p-
value, the probability of observing, in the absence of
signal, an excess at least as signal-like as the one ob-
served in data. The outcome of the search is ranked
using the BumpHunter [62] algorithm for the lepton
plus jets channel and a likelihood ratio test statistic for

Table 3 Number of expected and observed events in the
dilepton channel after applying all selection cuts described
in Section 6. The uncertainties shown are all normalization
uncertainties as described in Section 9. Statistical uncertain-
ties on these numbers are small.

Dilepton channel

tt̄ 4020 ± 470
Single top 210 ± 30
Z plus jets 570 ± 70
Diboson 185 ± 30
W plus jets and Multijet 190 ± 145
Total expected 5200 ± 500

Data observed 5304
mgZ� = 800 GeV 77
mgKK = 1100 GeV 75
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Fig. 4 The HT+E
miss
T distribution after all selection require-

ments in the dilepton channel with a KK-gluon signal of mass
mgKK =1100 GeV for comparison. The hatched area shows the
background normalization uncertainties.

the dilepton channel. No significant deviations from SM
expectations are observed.

Given the absence of a signal, upper limits are set on
cross-section times branching ratio (σ× BR) as a func-
tion of mass using a Bayesian approach [63]. For the
limit setting, the lepton plus jets channel uses variable-
size binning, with bins ranging in size from 40 GeV
to 500 GeV bins for narrow resonances, and 80 GeV to
500 GeV for Kaluza-Klein gluons. These values are close
to the mass resolution while limiting bin-by-bin statis-
tical fluctuations. Mass values below 500 GeV, i.e. the tt̄
threshold region, are not considered. A single bin con-
tains all events with mtt̄ > 2.5 TeV. In the dilepton
channel variable-sized bins are used with bins ranging
in size from 50 GeV to 200 GeV to maximize sensitivity
while limiting bin-by-bin statistical fluctuations. The
last bin contains all events with HT+E

miss
T > 1.1 TeV.

The likelihood function is defined as the product
of the Poisson probabilities over all bins of the recon-
structed tt̄ invariant mass or HT+E

miss
T distribution in

the lepton plus jets or dilepton channel, respectively.
The Poisson probability in each bin is evaluated for
the observed number of data events given the back-
ground and signal template expectation. The total sig-
nal acceptance as a function of mass is propagated into
the expectation. To calculate a likelihood for combined
channels, the likelihoods of the individual channels are
multiplied.

The posterior probability density is calculated using
Bayes’ theorem, with a flat positive prior in the signal
cross-section which is found to be a good approximation
of the reference prior [64]. Systematic uncertainties are
incorporated using nuisance parameters that smear the
parameters of the Poisson probability in each bin. For
each systematic uncertainty a Gaussian prior controls

•   , single top, Z+jets: 
•  MC corrected from data 

•  Fake leptons: 
•  Measured from data 

•  Diboson: 
•  MC 
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Mass reconstruction 
  Two neutrinos make mass reconstruction difficult 
  Use effective mass: HT+ET

miss 

Data and prediction for eff. mass  
in the signal region 

Correlation of eff. mass  
with true di-top mass 
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Systematic uncertainties 
Yield only: 
  Luminosity (3.7%) 
  Trigger & lepton reconstruction (≤1.5%) 
  Background normalizations 

      (+7.0%
-9.6%) 

  Single top (10%) 
  Diboson (5%) 
  Z+jets (12%) 
  W+jets & multijet (76%) 

7 

Yield and shape: 
  Initial State/Final State Radiation 

1% / 5.1% (background / mGKK = 1 TeV) 
  Jet Energy Scale 

2.5% / 3.0% 
  PDFs 

3.7% / 0.6% 

  Negligible: 
  MC modelling 
  object reconstruction 
  momentum measurement 
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Exclusion limits 
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 uncertainty#Exp. 1
 uncertainty#Exp. 2

Kaluza-Klein gluon

 = 7 TeVs
-1 = 2.05 fbdt L

  $
ATLAS

95% C.L. upper limits on  
σ x BR as a function of  
mass (Bayesian approach): 
0.5 TeV < m(gKK) < 1.08 TeV 
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Lepton+jets (resolved) 
Object & event selection 
  Same trigger and lepton definition 

as di-lepton analysis 
  exactly 1 isolated lepton (e or µ) 
  e-channel: 

  ET
miss>35 GeV 

  mT>25 GeV 
  µ-channel 

  ET
miss>20 GeV 

  ET
miss+mT>60 GeV 

9 

  anti-kT (R=0.4) jets (|η| <2.5): 
  Leading pT > 60 GeV 
  ≥1 b-tagged jet  

(using lifetime, 60% eff. working 
point, light quark rejection of 345) 

  Either one mj>60 GeV, ≥3 jets with 
pT>25 GeV 

  Or ≥4 jets with pT>25 GeV  
  Acceptance x efficiency:  

  7.3% KK gluon (1300 GeV)  
  7.4% Z’ (800 GeV) 

e+jets 17%

+jets 17%µ



e+jets 17%

+jets 17%µ

Background estimate 
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•     , single top, W+jets: 
•  MC corrected from data 

•  QCD multijet: 
•  Measured from data 

•  Everything else: 
•  MC 

A search for tt̄ resonances with the ATLAS detector in 2.05 fb−1 of proton-proton collisions at
√
s = 7 TeV 7
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Fig. 2 (a) Reconstructed versus true tt̄ pair invariant mass
in the lepton plus jets channel and (b) effective mass
(HT+E

miss
T ) versus true tt̄ invariant mass in the dilepton

channel. The spectrum is normalized to unity for each bin
in the true tt̄ mass to show the correlation over a large mass
range better.

Systematic uncertainties that affect only the nor-

malization of the different backgrounds come from the

uncertainty on the integrated luminosity (3.7%); the

lepton trigger and reconstruction efficiencies (≤ 1.5%);

and background normalizations: tt̄ (
+7.0
−9.6% [24]), single

top (10%), diboson (5%), W or Z plus jets in the lep-

ton plus jets channel (48%), Z plus jets in the dilepton

channel (12%), W plus jets and multijet in the dilepton

channel (76%), multijet in the lepton plus jets channel

(50%).

The dominant uncertainties that affect both yields

and shape in the lepton plus jets channel arise from

the b-tagging efficiency [56], with 13% (17%) variation

in the background (mZ� = 800 GeV signal) yields, jet

energy scale including pile-up effects, 15% (4%) [49],

and modelling of initial- and final-state radiation, 7%

(6%). The first two have been determined from data by

comparing results from different methods and/or data

Table 2 Number of expected and observed events for the
electron and muon plus jets channels after applying all se-
lection cuts described in Section 6. The uncertainties given
are the normalization uncertainties as described in Section 9.
Statistical uncertainties on these numbers are small.

Electron channel Muon channel

tt̄ 7830 ± 750 10000 ± 960
Single top 470 ± 50 570 ± 60
W plus jets 1120 ± 540 1450 ± 700
Z plus jets 85 ± 40 90 ± 45
Diboson 18 ± 1 18 ± 1
Multijet 340 ± 170 470 ± 240
Total expected 9860 ± 940 12600 ± 1210

Data observed 9622 12706

mgZ� = 800 GeV 200 224
mgKK = 1300 GeV 59 65

samples, while the last has been estimated from MC

simulations in which the relevant parameters were var-

ied [61].

The largest shape uncertainties in the dilepton chan-

nel arise from the modelling of initial- and final-state

radiation, with 1.0% (5.1%) variation in the background

(mgKK = 1000 GeV signal) yields, the jet energy scale

2.5% (3.0%) and PDFs 3.7% (0.6%).

Other uncertainties arising from MC modelling as

well as object identification and momentum measure-

ments have smaller impact. These include the follow-

ing: jet energy resolution and reconstruction efficiency,

muon pT resolution, electron energy scale and energy

resolution, E
miss
T measurement, mtt̄ shape (as evalu-

ated by comparison of Powheg with MC@NLO), par-

ton shower and fragmentation (Pythia versus Her-
wig), W plus jets shape (evaluated by varying Alpgen
generation parameters), W plus jets composition (from

the uncertainty in Wc and Wcc̄+Wbb̄ fractions), mis-

modelling of the multijet background shape, as well as

potential effects due to mis-modelling of pile-up effects.

10 Comparison of data and background
expectation

Tables 2 and 3 compare the predicted and observed

event yields after applying the event selection cuts de-

scribed in Section 6 for the lepton plus jets and dilepton

channels, respectively. The reconstructed mtt̄ distribu-

tion is shown for data and background expectation as

well as two signal masses in Fig. 3. Figure 4 shows the

HT+E
miss
T distribution for data and SM expectation to-

gether with a hypothetical KK-gluon signal with a mass

of 1100 GeV for comparison. (The dilepton channel has

very limited sensitivity to topcolour Z � bosons.) In both

the lepton plus jets and dilepton channels we find good
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e+jets 17%

+jets 17%µ
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Mass reconstruction 
  Determine neutrino pz via W mass 

constraint 
  Use jets with pT>20 GeV 
  If mj>60 GeV: 

  Combine with closest jet (ΔR) for 
hadronic top candidate 

  Lepton+ET
miss+closest jet for 

leptonic top candidate 
  Otherwise: 

  Remove jets with large ΔR to 
other jets or lepton (Initial State 
Radiation) 

  Calculate di-top mass from 
leading 3 or 4 jets, ET

miss and 
lepton  

 mass [GeV]tReconstructed t
0 500 1000 1500 2000

Ev
en

t F
ra

ct
io

n

0

0.05

0.1

0.15

0.2

=500 GeVZ'm
=700 GeVZ'm
=1000 GeVZ'm
=1300 GeVKKm

ATLAS
=7 TeVsSimulation  

Di-top mass resolution 

Data and prediction for di-top 
mass in the signal region 11 



Systematic uncertainties 
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Yield only: 
  Luminosity (3.7%) 
  Trigger & lepton reconstruction (≤1.5%) 
  Background normalizations 

      (+7.0%
-9.6%) 

  Single top (10%) 
  Diboson (5%) 
  W+jets or Z+jets (48%) 
  multijet (50%) 

Yield and shape: 
  b-tagging 

13% / 17% (background / mZ’ = 0.8 TeV) 
  Jet Energy Scale 

15% / 4% 
  ISR/FSR 

7% / 6% 

  Smaller effect from other MC modelling 
and object reconstruction and  
momentum measurement uncertainties 

€ 

tt 

e+jets 17%

+jets 17%µ



Results 

95% C.L. excluded mass 
ranges: 
0.5 TeV < m(Z')   < 0.88 TeV 
0.5 TeV < m(gKK) < 1.13 TeV 

13 
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+jets 17%µ

Z' mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

) [
pb

]
t t

!
 B

R(
Z'

" 
#

-110

1

10

210

Lepton + jets
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Leptophobic Z'

Lepton + jets
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Leptophobic Z'

ATLAS

-1 = 2.05 fbdt L
  $

 = 7 TeVs

 mass [GeV]KKg
600 800 1000 1200 1400 1600 1800

) [
pb

]
t t

!
KK

 B
R(

g
" 

#

-110

1

10

210

Lepton + jets
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Kaluza-Klein gluon

Lepton + jets
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Kaluza-Klein gluon

ATLAS

-1 = 2.05 fbdt L
  $

 = 7 TeVs



Lepton+jets (boosted) 
Object & event selection 
  Same e and µ and trigger 

requirements as resolved analysis 
  Leptonic top candidate 

  Take closest jet with pT>30 GeV 
with  
0.4 < ΔR(lepton,jet) <1.5 

  Use W mass hypothesis for 
neutrino pZ 

  Hadronic top candidate 
  1 anti-kT (R=1.0) fat jet 
  Large distance to jet from 

leptonic top: 
ΔR(fat jet,leptonic top jet)>1.5 

  pT>250 GeV, mj>100 GeV 
  Recluster (using FastJet) with 

kT-Algorithm and require last 
splitting scale 
           > 40 GeV 

top decay (i.e. the two top quarks are emitted in opposite directions in the transverse plane,

and the top quark boost ensures that their decay products retain the approximate direc-

tion of the top quarks). We require at least one (R = 1.0) jet at a minimum distance

∆R(j, j) > 1.5 from the jet associated with the semi-leptonic top candidate. With this

∆R(j, j) requirement, moreover, we avoid that clusters of energy deposits in the calorime-

ter are shared between the two types of jets. The fat jet is required to have pT > 250 GeV.

The fat jet mass mj is expected to reflect the large top quark mass, and is required to be

greater than 100 GeV. Finally, the jet components are reclustered using the kt algorithm in

FastJet [57], and the last splitting scale
√
d12 [56] is required to be greater than 40 GeV. If

more than one fat jet is found, the leading pT jet is retained as the hadronic top candidate.

The four-vector momentum associated with the tt̄ system is reconstructed by adding the

four-momenta of the semi-leptonically decaying top quark candidate and the hadronically

decaying top quark candidate.
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Figure 2. Estimate from Monte Carlo simulation of the selection efficiency for the leptophobic

Z � benchmark model. Only events with the targeted final state are considered (tt̄ → W+bW−b̄ →
�ν�bb̄jj, where � is either an electron or a muon, corresponding to approximately 30% of tt̄ events).
The error bars shown correspond to the Monte Carlo statistical uncertainty.

The sample event display in Figure 1 illustrates the reconstruction procedure. Of the

three jets reconstructed with R = 0.4, the jet closest to the lepton is associated with the

leptonic top quark candidate. The two remaining R = 0.4 jets in the opposite hemisphere

merge into a single fat jet (pT = 641 GeV, jet mass mj = 138 GeV,
√
d12 = 107 GeV) when

the event is reclustered with R = 1.0. The invariant mass of the system formed by the two

top quark candidates is approximately 2.5 TeV.

The efficiency times acceptance for signal events due to resonant pp → Z � → tt̄ pro-

duction is shown in Figure 2 and is seen to depend strongly on the resonance mass, with

a relatively steep turn-on at approximately 800 GeV. For resonances with a mass greater

– 8 –

Signal reconstruction efficiency 
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Background estimate 
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•  W+jets: 
•  MC normalized to data 

•  QCD multijet: 
•  Measured in data 

•  Everything else: 
•  MC 

estimated from simulation. The shape uncertainty includes the impact of the systematic

uncertainties on jets and a W+jets modelling uncertainty obtained by varying a number

of parameters in Alpgen, such as the factorization scale and the scale governing the value

of the strong coupling constant αs used in the parton splittings.

A constant normalization uncertainty of 50% is applied to the data-driven multijet

background estimation, as well as a shape uncertainty derived by comparing two different

loose lepton selection criteria.

The uncertainties related to charged lepton reconstruction are labelled as “Electron”

and “Muon” in the table. The Emiss
T uncertainty is negligible and is not listed in Table 2.

Among the uncertainties on reconstructed objects, those related to jets are the most impor-

tant. The uncertainty on the scales for the jet energy and mass measurements is estimated

from a combination of in situ measurements, test beam data and Monte Carlo studies [54].

The energy scale uncertainty for anti-kt jets with R = 0.4 is less than 3% in the range of

energies relevant for this search. The energy scale for R = 1.0 jets is only slightly larger,

while the uncertainty on the jet mass scale (JMS) is approximately 4−5% [56]. Energy

deposits due to additional proton-proton interactions (pile-up) have a strong impact on the

measured mass of fat jets. An additional 1% uncertainty on the JMS accounts for imper-

fections in the pile-up model and non-closure of the Monte Carlo reweighting procedure.

The effects of these uncertainties on the event yields and sensitivity are shown in Table 2.

9 Comparison of data to the Standard Model prediction

The selection described in Section 5 yields a total of 1837 data events, in agreement with

the Standard Model prediction (1840±130 events). The background expectation is broken

down by source in Table 3, separately for e+jets and µ+jets channels.

Table 3. Selected data events and expected background yields after the full selection. The uncer-
tainties on the normalization of the expected background yield are also listed.

Type e+jets µ+jets Sum

tt̄ 510 ± 40 620 ± 50 1130 ± 90

W+jets 202 ± 34 300 ± 50 500 ± 80

Multijets 45 ± 23 30 ± 15 75 ± 38

Z+jets 41 ± 20 34 ± 16 75 ± 36

Single top 21 ± 2 27 ± 3 48 ± 5

Dibosons 3.4 ± 0.2 4.5 ± 0.2 7.9 ± 0.4

Total 830 ± 60 1010 ± 70 1840 ± 130

Data 803 1034 1837

The distributions of two key observables, the transverse momentum and the invariant

mass of the fat R = 1.0 jet that is selected as the hadronically decaying top quark candidate,

are compared with the Standard Model predictions in Figure 5. The data are found to agree

with the expectation within the error band that indicates the normalization uncertainty.

– 14 –



Event display 
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Good agreement for leptonic W 
and top confirms background 
estimation. 
Hadronic top mass described 
reasonably well.  

Hadronic Top m [GeV] 

Leptonic Top m [GeV] 

Leptonic W mT(l,neutrino) [GeV] 
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Systematic uncertainties 
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Table 2. Systematic uncertainties and their impact on the sensitivity. All uncertainties except
“luminosity” and those labelled “normalization” affect the yield and the shape of the reconstructed
mass distribution. In the first two columns the relative impact (in percent) is shown on the total
expected background yield (nominally 1840 events) and on the number of selected signal events (a
Z � with a mass 1.3 TeV is chosen as the benchmark). The shape variations do not affect the overall
normalization. The third column lists the relative variation for this benchmark of the expected
limit on the production cross section times branching fraction if the corresponding systematic effect
is ignored. The limit-setting procedure is explained in detail in Section 10.

Systematic effect Impact on yield [%] Impact on

background Z �1.3 TeV sensitivity [%]

Luminosity 2.5 3.7 0.4

PDF uncertainty 3.1 1.0 0.2

tt̄ normalization 4.9 — 0.7

tt̄ ISR, FSR 6.3 — 0.7

tt̄ fragmentation & parton shower 3.4 — 0.9

tt̄ generator dependence 2.8 — 2.2

W+ jets normalization 4.3 — 1.4

W+ jets shape norm. — 0.1

Multijets normalization 2.1 — 0.2

Multijets shape norm. — 1.1

Z+ jets normalization 2.0 — 0.5

Jet energy and mass scale 6.7 2.0 5.2

Jet energy and mass resolution 4.7 4.0 1.2

Electron ID and reconstruction 1.1 1.3 1.0

Muon ID and reconstruction 2.2 2.1 4.8

affected by the uncertainty in the theoretical prediction of the tt̄ production cross section.

The impact of the luminosity uncertainty (nominally 3.7%) is reduced for the back-

ground, compared with the signal, because two of the backgrounds, W+jets and multijets,

are determined from data.

The normalization of the W+jets background using the charge asymmetry method is

described in Section 7. The statistical uncertainty on the W+jets yield amounts to less

than 10%. A systematic uncertainty of 14% is assigned to account for systematic uncertain-

ties in the background subtraction (normalization of the subtracted backgrounds is varied

by 100%), the PDFs, the jet energy scale uncertainty and the W+jets modelling. The un-

certainty in normalization and shape of the W+jets contribution due to the extrapolation

from the control region to the signal region is accounted for in the jet scale and resolution

uncertainty in Table 2. If this contribution is added, the total uncertainty on the W+jets

yield amounts to approximately 35%. Repeating the normalization procedure on several

W+jets validation regions we find that the result is always consistent within the assigned

systematic uncertainty. The shape of the W+jets contribution to the mtt̄ distribution is

– 13 –
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Exclusion limits 

95% C.L. excluded mass ranges: 
0.6 TeV < m(Z’) < 1.15 TeV 
0.7 TeV < m(gKK) < 1.5 TeV 

20 
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Fully-hadronic 
Object & event selection 
  0 isolated leptons (e or µ) 
  Trigger: 

  Either: 
  ≥ 5 jets (anti-kT, R=0.4) with  

ET>30 GeV 
  Or:  

  1 jet (anti-kT, R=0.4) with  
ET>100 GeV 

  and scalar sum of jet-ET>350 GeV 
(400 GeV for late data-taking 
Periods)   

21 

  ≥2 Cambridge/Aachen (R=1.5) 
“fat” jets, pT>200 GeV  
  Tagged as top quark using 

HEPTopTagger algorithm 
  Details on next slides 

  ≥2 b-jets 
  anti-kT (R=0.4) 
  pT>25 GeV 
  ΔR(b-jet, fat jet)<1.4 
  Using neural network with impact 

parameter, secondary vertex and 
decay topology information, 70% 
eff. working point, light quark 
rejection of 140 



HEPTopTagger algorithm 

22 

  Algorithm by Plehn, Spannowsky, Takeuchi, Zerwas 
  Stop Reconstruction with Tagged Tops, arxiv:1006.2833 

  Indentify top->hadron decays with pT(top)>200 GeV 
  Use substructure of R=1.5 Cambridge/Aachen jets (fat jets) 
  Filtering against Underlying Event/Pile Up 
  Identify top quark via mass ratios 
  Calibrate subjets  

Top pT>200  -> R=1.5 

[1006.2833, Fig.2] 



23 Find subjets Keep 5 hardest subjets Recluster to 3 subjets 
Identify top via mass ratios 

fat jet, R=1.5 
Undo last clustering  
steps until mj<50 GeV 

Drop activity outside 
substructure 

HEPTopTagger Algorithm (II) 



Large-R Jet m [GeV]
0 100 200 300 400 500 600

La
rg

e-
R

 J
et

s

0

200

400

600

800

1000

tt
! l "W 
 ll"* #Z/

Single Top
stat.
Data 2011

ATLAS Preliminary-1 L dt = 4.7 fb$

Top Mass [GeV]
0 20 40 60 80 100 120 140 160 180 200 220 240

To
p 

C
an

di
da

te
s

0

50

100

150

200

250

tt
! l "W 
 ll"* #Z/

Single Top
stat.
Data 2011

ATLAS Preliminary-1 L dt = 4.7 fb$

Tested in l+jets channel 
  Tested on 2011 data in semi-leptonic channel 
  Good data/MC agreement before and after tagging 
  Performance of large-R jets and jet substructure reconstruction 

with the ATLAS detector  
  ATLAS-CONF-2012-065 

  Details in Sebastian’s talk on Monday 
  More on ATLAS substructure presented by Emily, Mishra & John 

pre-tag tagged &  
filtered 
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Backgrounds 
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Backgrounds 
•    :  

•  MC, measure normalisation 
in data 

•  QCD multijet:  
•  estimate from data 
•  ABCD method 
•  also includes other negligible 

backgrounds like W+jets 

    normalisation in control  
region 

Draft version 1.32

ATLAS NOTE

July 10, 2012

Search for Resonances Decaying into Top Quark Pairs Using Fully1

Hadronic Decays in pp Collisions with ATLAS at
√

s = 7 TeV2

The ATLAS Collaboration3

Abstract4

A search for heavy resonances decaying into top quark pairs is presented. Proton–proton5

collison events recorded with the ATLAS detector at the Large Hadron Collider running at6

a centre-of-mass energy of 7 TeV that correspond to an integrated luminosity of 4.7 fb
−1

7

are used. The tt̄ events are reconstructed by selecting two top quarks in their fully hadronic8

decay modes which are reconstructed using the Cambridge/Aachen jet finder algorithm with9

a radius parameter of 1.5. The substructure of the jets is analysed using the HEPTopTagger10

algorithm to separate top quark jets from those originating from gluons and lighter quark11

jets. The jets are also required to be associated with a b-tagged jet of smaller radius. The12

invariant mass spectrum of the data is compared to the Standard Model prediction, and no13

evidence for resonant production of top quark pairs is found. The data are used to set upper14

limits on the cross section times branching ratio for resonant tt̄ production in two models15

at 95% confidence level. Leptophobic Z� bosons with masses between 700 and 1300 GeV16

and Kaluza–Klein–Gluons with masses between 700 and 1500 GeV are excluded at the 95%17

confidence level.18

c� Copyright 2012 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Fully-hadronic control plots 

Hadronic top candidate 
mass is well reconstructed 
and supports background 
prediction. 

Substructure variables 
m23/m123 ~ mW/mtop ~ 0.46 
indicates that sub-leading 
and sub-sub-leading (in 
pT) are W decays products 

Top candidate mass 
robust against pile-up. 
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Systematic uncertainties 

Uncertainty Effect on Sensitivity 
 (1.3 TeV Z’) 

b-tagging efficiency 15.9% 
    normalisation 9.3% 
jet energy scale 3.5% 
parton shower modelling 3.1% 
    generator 1.8% 

The effect of other uncertainties  
(PDF, QCD estimate, ISR/FSR) is below 1% 
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Data and prediction for di-top 
mass in the signal region 

28 

(lin) 
(log) 



Z' mass [GeV]
500 1000 1500 2000 2500 3000

) [
pb

]
t t

!
 B

R(
Z'

" 
#

-110

1

10

210 Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Leptophobic Z'

ATLAS Preliminary

-1 = 4.70 fbdt L
  $

 = 7 TeVs

KK gluon mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

) [
pb

]
t t

!
KK

 B
R(

g
" 

#

-110

1

10

210
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertainty#Exp. 1 
 uncertainty#Exp. 2 

Kaluza-Klein gluon

ATLAS Preliminary

-1 = 4.70 fbdt L
  $

 = 7 TeVs

Limits  

95% C.L. excluded mass ranges: 
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29 



Summary 

Article/
Note 

arXiv:
1205.5371 

arXiv:
1205.5371 

arXiv: 
1207.2409 

ATLAS-
CONF-2012-102 

Integrated 
Luminosity 2 fb-1 2 fb-1 2 fb-1 4.7 fb-1 

Z’ limits - 0.5-0.88 TeV 0.6-1.15 TeV 0.7-1.3 TeV 

KKG limits 0.5-1.08 TeV 0.5-1.13 TeV 0.6-1.5 TeV 0.7-1.5 TeV 

  Presented recent ATLAS results for all     decay topologies 
  Substructure methods are critical for extending reach 
  Stay tuned, more to come! Thank You! 30 
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1 Introduction19

Many models of new physics beyond the Standard Model (SM) predict in the TeV mass range resonances20

which decay primarily into top quark pairs and can be produced in pp collisions at the Large Hadron21

Collider (LHC). This note reports a search for such phenomena where both top quarks are reconstructed22

in their fully hadronic final states by requiring two high transverse momentum (pT) jets with a large23

invariant mass.24

Most of the previous searches considered only cases where in one or two of the top quarks decays25

the intermediate W-boson decays leptonically and hence the top quark decays resulted in one or two26

leptons, missing energy from the neutrinos, and jets in the final state [1, 2, 3, 4, 5, 6, 7]. The requirement27

of a well-identified and isolated charged lepton and missing transverse energy rejects a large fraction28

of background from multijet production. However, the branching ratio of these final states is smaller29

compared to the hadronic modes, and difficulties arise when the top quark decay particles are collimated30

since the efficiency for separating isolated leptons from background sources such as fake or non-isolated31

leptons is thereby reduced.32

An alternative approach is to consider final states in which both top quarks produced with high33

momentum decay hadronically and their decay products are found in a cone around the top quark flight34

direction. Such searches require the top quarks to have pT in excess of 200-300 GeV and require rejection35

of the large background of light gluon and quark jets, including b-jets. The CMS Collaboration employed36

this technique in a recent study [8]. In the present note the HEPTopTagger algorithm [9] is used to37

identify hadronic top quark decays and to reconstruct the top quark momentum. The invariant mass38

distribution of the tt̄ pairs is searched for resonances. Two specific models that predict resonances of39

different masses m with narrow and broad decay widths Γ are considered: leptophobic topcolor Z� bosons40

with Γ/m = 1.2% [10] and Kaluza-Klein (KK) gluons with Γ/m = 15.3% [11, 12]. Recent results by the41

ATLAS collaboration [7, 13] exclude Z� bosons (KK gluons) with masses between 0.5 and 1.2 TeV (0.542

and 1.5 TeV). The CMS collaboration obtained similar results [8, 14, 15] ranging up to 1.5 TeV(2.0 TeV)43

for narrow (broad) tt̄ resonances.44

The note is organised as follows. Section 2 describes the ATLAS detector and Section 3 summarises45

the data samples and Monte Carlo (MC) event generators used in the analysis. The event selection and the46

definition of the reconstructed objects are given in Section 4. The HEPTopTagger algorithm is described47

in Section 5. Estimations of the background and systematic uncertainties are given in Section 6 and48

Section 7, respectively. In Section 8 the resulting di-top mass spectrum is presented, and exclusion limits49

are presented.50

2 ATLAS Detector51

The ATLAS detector [16] at the LHC covers nearly the entire solid angle
1

around the proton–proton52

collision point. The inner tracking detector (ID) comprises a silicon pixel detector, a silicon microstrip53

detector, and a transition radiation tracker, providing tracking capability within |η| < 2.5. The ID is54

surrounded by a thin superconducting solenoid providing a 2 T magnetic field, and by liquid-argon55

(LAr) electromagnetic sampling calorimeters with high granularity. An iron-scintillator tile calorimeter56

provides hadronic energy measurements in the central rapidity range (|η| < 1.7). The end-cap and forward57

regions, covering 1.37 < |η| < 4.9, are instrumented with LAr calorimetry for both electromagnetic58

1
ATLAS 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 = − ln tan(θ/2). Distances in (η, φ) space are given as

∆R =
�

(∆φ)2 + (∆η)2.
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Many models of new physics beyond the Standard Model (SM) predict in the TeV mass range resonances20

which decay primarily into top quark pairs and can be produced in pp collisions at the Large Hadron21

Collider (LHC). This note reports a search for such phenomena where both top quarks are reconstructed22

in their fully hadronic final states by requiring two high transverse momentum (pT) jets with a large23

invariant mass.24

Most of the previous searches considered only cases where in one or two of the top quarks decays25

the intermediate W-boson decays leptonically and hence the top quark decays resulted in one or two26

leptons, missing energy from the neutrinos, and jets in the final state [1, 2, 3, 4, 5, 6, 7]. The requirement27

of a well-identified and isolated charged lepton and missing transverse energy rejects a large fraction28

of background from multijet production. However, the branching ratio of these final states is smaller29

compared to the hadronic modes, and difficulties arise when the top quark decay particles are collimated30

since the efficiency for separating isolated leptons from background sources such as fake or non-isolated31

leptons is thereby reduced.32

An alternative approach is to consider final states in which both top quarks produced with high33

momentum decay hadronically and their decay products are found in a cone around the top quark flight34

direction. Such searches require the top quarks to have pT in excess of 200-300 GeV and require rejection35

of the large background of light gluon and quark jets, including b-jets. The CMS Collaboration employed36

this technique in a recent study [8]. In the present note the HEPTopTagger algorithm [9] is used to37

identify hadronic top quark decays and to reconstruct the top quark momentum. The invariant mass38

distribution of the tt̄ pairs is searched for resonances. Two specific models that predict resonances of39

different masses m with narrow and broad decay widths Γ are considered: leptophobic topcolor Z� bosons40

with Γ/m = 1.2% [10] and Kaluza-Klein (KK) gluons with Γ/m = 15.3% [11, 12]. Recent results by the41

ATLAS collaboration [7, 13] exclude Z� bosons (KK gluons) with masses between 0.5 and 1.2 TeV (0.542

and 1.5 TeV). The CMS collaboration obtained similar results [8, 14, 15] ranging up to 1.5 TeV(2.0 TeV)43

for narrow (broad) tt̄ resonances.44

The note is organised as follows. Section 2 describes the ATLAS detector and Section 3 summarises45

the data samples and Monte Carlo (MC) event generators used in the analysis. The event selection and the46

definition of the reconstructed objects are given in Section 4. The HEPTopTagger algorithm is described47

in Section 5. Estimations of the background and systematic uncertainties are given in Section 6 and48

Section 7, respectively. In Section 8 the resulting di-top mass spectrum is presented, and exclusion limits49

are presented.50

2 ATLAS Detector51

The ATLAS detector [16] at the LHC covers nearly the entire solid angle
1

around the proton–proton52

collision point. The inner tracking detector (ID) comprises a silicon pixel detector, a silicon microstrip53

detector, and a transition radiation tracker, providing tracking capability within |η| < 2.5. The ID is54

surrounded by a thin superconducting solenoid providing a 2 T magnetic field, and by liquid-argon55

(LAr) electromagnetic sampling calorimeters with high granularity. An iron-scintillator tile calorimeter56

provides hadronic energy measurements in the central rapidity range (|η| < 1.7). The end-cap and forward57

regions, covering 1.37 < |η| < 4.9, are instrumented with LAr calorimetry for both electromagnetic58

1
ATLAS 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 = − ln tan(θ/2). Distances in (η, φ) space are given as

∆R =
�

(∆φ)2 + (∆η)2.
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