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Figure 2: Total cross-section for production of the first KK gluon, as a function of KK mass.

3 Discovery

3.1 Cross Section

The KK excitations of the gluons will appear as resonances in the process pp → qq̄, primarily
decaying in the tt̄ channel. The branching ratio for g(1) → tt̄ is 92.5% (and another 5.5% is
to bb̄, with the rest to light quark jets). To study the signal we have simulated the process
qq̄ → g(1) → qq̄ using MADGRAPH and MADEVENT [12]. A plot of the inclusive cross section
as a function of the resonance mass is shown in Fig. 2. The width of this resonance with the
fermion configuration in Eq. 3 is

Γ/M ≈ 0.17. (6)

Figure 3 shows the tt̄ invariant mass distribution from KK resonances, demonstrating that
with efficient top quark identification it should be visible above the SM tt̄ background up to
relatively high masses. This will require reconstructing the tt̄ pair to identify the relatively
narrow resonance in the mtt̄ distribution. Clearly, identifying the top pairs will be crucial to
the discovery and study of the KK-gluon and experiments will have to be as efficient as possible
in identifying tops.

To emphasize the importance of top ID, consider the worst case scenario in which a top
jet is not distinguished from a QCD jet. We compare the signal with QCD dijet production.
We show the rates for dijets, with both pseudo-rapidities < 0.5 and the leading jet pT > 500
GeV in Fig. 4. We see that even selecting the events to be very central and containing high
pT jets, signal identification is difficult. The raw dijet rate is overwhelming even with these
cuts. Although more refined cuts could reduce the background, they are probably not enough
without some top-quark ID.
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FIG. 1. Cross sections at the Tevatron at
√
s = 2 TeV, for

σZ′B(Z′ → tt̄), with different choices of the resonance width.
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FIG. 2. Cross sections at the LHC at
√
s = 7 TeV, for

σZ′B(Z′ → tt̄), with different choices of the resonance width.

LHC for different values of
√
s between 7 − 14 TeV, us-

ing Eq. 2 and taking into account the spin-color factor in
Eq. 7. We calculate the cross section for different choices
of ΓZ′ , equal to 1%, 1.2%, 2%, and 10% of MZ′ . The first
three widths qualify as narrow resonances at the LHC,
and the integration in Eq. 2 is performed using the full
available phase space of 2mt < m <

√
s. The integration

for ΓZ′ = 10%MZ′ is performed using the mass interval
MZ′ − 3ΓZ′ < m < MZ′ + 3ΓZ′ in order to sample bet-
ter the cross section around the peak of the resonance.
The results are tabulated in Tables II-V, and displayed
in Figs. 2-5.

VI. CONCLUSIONS

We have presented cross section calculations of the lep-
tophobic topcolor Z ′ decaying to tt̄. These calculations
update the results presented in Ref. [3] for the Tevatron,
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FIG. 3. Cross sections at the LHC at
√
s = 8 TeV, for

σZ′B(Z′ → tt̄), with different choices of the resonance width.
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FIG. 4. Cross sections at the LHC at
√
s = 10 TeV, for

σZ′B(Z′ → tt̄), with different choices of the resonance width.
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FIG. 5. Cross sections at the LHC at
√
s = 14 TeV, for

σZ′B(Z′ → tt̄), with different choices of the resonance width.

•  Narrow Z’ (EWSB) 
–  Predicted by topcolor assisted technicolor [arXiv:hep-ph/9411426v2] 
–  Can be leptophobic and decay to ttbar 

•  Kaluza-Klein gluon (Hierarchy problem) 
–  Predicted by Randall-Sundrum warped extra dimension [arXiv:hep-ph/0701166v1] 
–  Most strongly coupled of KK modes, decays primarily to ttbar 

•  Vector like quarks 
–  Pair produced t’ singlet/doublet, coupling to 

3rd generation [arXiv:0907.3155v2] 
–  Singly produced degenerate doublet, coupling to 

light quarks [arXiv:1102.1987] 
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–  Z’, KK-gluons 

–  High pT jets 

–  Handle on multi-jet background 

–  Z’, KK-gluons 

–  Very high pT jets 

–  Handle on leptonic backgrounds 

–  Substructure 

 

–  Islated lepton + high jet multiplicity 

 

–  Isolated lepton(s) + at least 2 jets 
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Final states to work with 

tt̄ → �+ Emiss
T + jets

“resolved” 

“boosted” 
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Final states to work with 

tt̄ → �+ Emiss
T + jets

tt̄ → jets

t
�
t̄
� → HtHt, ZtHt,WbHt (H → bb)

Q+ jet → W + jets, Z + jets
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Complicated final states è lots of fun analysis techniques! 

•  b-tagging 

•  Fat jets 

•  Jet substructure 
–  HEPTopTagger – re-clustering 

–  Top Template Tagger – topology matching 

•  Data-driven background estimation 
–  Matrix method for multi-jet background 

–  W charge asymmetry method for W+jets background 

6 

Analysis toolbox 26 April 2013 
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Data: 4.66 fb-1, 7 TeV 

 

Selection: 

•  Triggered either by single lepton or single fat jet trigger, pT > 240 GeV 

•  Exactly one isolated lepton with pT > 25 GeV, |η| < 2.5 (2.47 for electrons) 

•  MET > 20 – 35 GeV depending on lepton flavor 

•  Require 1 boosted R=1.0 jet + a b-jet – OR IF FAILS – 4 resolved R=0.4 jets  
(3 if one has mT > 60 GeV) 

 

Model:  

•  ttbar – MC@NLO, Herwig 

•  Single top – MC@NLO, Herwig  //  AcerMC, Pythia 

•  W/Z+jets – Alpgen, W+jets normalization from data 

•  Diboson – Herwig, Jimmy 

•  Multijet events – data-driven from matrix method 

•  Signal model from Monte Carlo (LO*k-factor) – Z’ (Pythia), KK-gluon (Madgraph) 

26 April 2013 
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ttbar à lepton + jets 
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Event reconstruction 

•  In the case of 3 – 4 resolved jets, a chi-square algorithm is used to select the 
jet corresponding to semi-leptonically decaying top 

 

–  Correctly matches partons in 65% of ttbar events passing selection 
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e+jets control 
region 

from the two top quarks are required to be in different hemispheres through the cuts ∆φ(", j1.0) > 2.3

and ∆R( j0.4, j1.0) > 1.5, where j0.4 and j1.0 denote the jet with R = 0.4 and R = 1.0, respectively.

The ∆R( j0.4, j1.0) requirement guarantees that there is no energy overlap between the two jets [12]. The

highest-pT R = 1.0 jet passing these criteria is taken as the hadronically decaying top candidate. Finally,

at least one of the R = 0.4 jets fulfilling the common event pre-selection has to be b-tagged.

6 Event reconstruction

The tt̄ invariant mass, mtt̄, is computed from the four-momenta of the two reconstructed top quarks. For

the semi-leptonically decaying top quark, in both the resolved and the boosted selections, the longitudinal

component of the neutrino momentum, pz, is computed by imposing an on-shellW boson mass constraint

on the lepton plus Emiss
T

system5 [54, 55].

For the resolved reconstruction, a χ2 algorithm is used to select the best assignment of jets to the

hadronically and semi-leptonically decaying top quarks. The χ2 uses the reconstructed top quark and W

boson masses as constraints:

χ2 =

[

mj j − mW

σW

]2

+

[

mj jb − mj j − mth−W

σth−W

]2

+

[

mj"ν − mt"

σt"

]2

+

[

(pT, j jb − pT, j"ν) − (pT,th − pT,t" )

σdiffpT

]2

, (2)

where th and t" denote the hadronically and semi-leptonically decaying top quarks respectively. The

second term corresponds to the invariant mass of the hadronically decaying top quark, but since mj j

and mj jb are heavily correlated, the hadronically decaying W boson is subtracted to decouple this term

from the first term. The parameters are determined from Monte Carlo simulation studies comparing

partons from the top quark decay with reconstructed objects. The values used are mW = 83.2 GeV,

mth−W = 90.9 GeV, mt" = 167.6 GeV, σW = 10.7 GeV, σth−W = 12.8 GeV, σt" = 20.5 GeV, pT,th − pT,t" =
−7.4 GeV and σdiffpT = 64.0 GeV. All R = 0.4 jets satisfying the object selection requirements of

Section 4 are tried and the permutation with the lowest χ2 is used to calculate mtt̄. The correct parton

assignment is achieved in approximately 65% of the tt̄ events for which all the decay products of the top

quarks are in the acceptance of the detector and can be matched to reconstructed objects. If one of the

jets has a mass larger than 60 GeV, the χ2 is slightly modified to allow the merged jets to contain either

the two light quarks from the W boson decay or one quark from the W boson and the b-quark from the

top quark decay. The reconstructed tt̄ invariant mass is shown in Fig. 1(a) for a selection of simulated Z′

and gKK mass points.

For boosted reconstruction, the hadronically decaying top quark four-momentum is taken to be that

of the anti-kt R = 1.0 jet, while the semi-leptonically decaying top quark four-momentum is formed

from the neutrino solution from the W boson mass constraint, the high-pT lepton and the nearest anti-

kt R = 0.4 jet. In this case there is no ambiguity in the assignments of the objects to the original top

quarks. The reconstructed tt̄ invariant mass of a selection of simulated Z′ and gKK mass points is shown

in Fig. 1(b).

The mtt̄ spectra used to search for tt̄ resonances are constructed using events that have passed boosted

event selection and those events that have failed the selection for boosted reconstruction but have passed

the resolved selection. Four independent spectra are used corresponding to boosted and resolved selec-

tions in the e+jets and µ+jets decay channels. In the remainder of the note, resolved selection refers to

the sample of events passing the resolved but not the boosted selection criteria.

5If only one real solution to pz exists, this is used. If two real solutions exist, the solution with the smallest |pz| is chosen
or both are tested, depending on the reconstruction algorithm. In events where no real solution is found, the Emiss

T is rescaled

and rotated, applying the minimum variation necessary to find exactly one real solution. This procedure is justified since mis-

measurements of the missing transverse energy is the likeliest explanation for a lack of solution to the pz equation, assuming

that the lepton indeed comes from a W boson decay.

5
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Systematics 

•  ttbar xsec – 11% 

•  W+jets normalization – 10% (resolved) to 20% (boosted) 

•  Multijets normalization – 60% 

•  JES – 8% to 17% on background yield 
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

(b,d,f) Kaluza-Klein gluons at 95% CL. In the top row, the resolved selection has been used (excluding

events that also pass the boosted selection) in the middle row the boosted selection has been used and

the bottom row shows the combination of the resolved and the boosted selections. Both systematic and

statistic uncertainties have been included.
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

(b,d,f) Kaluza-Klein gluons at 95% CL. In the top row, the resolved selection has been used (excluding

events that also pass the boosted selection) in the middle row the boosted selection has been used and

the bottom row shows the combination of the resolved and the boosted selections. Both systematic and

statistic uncertainties have been included.
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Data: 4.7 fb-1, 7 TeV 

 

Selection: 

•  Events triggered by high ET jets, or large jet multiplicity 

•  Want at least 2 fat jets tagged as tops 
–  HEPTopTagger – jet pT > 200 GeV 

–  Top Template Tagger – jet pT > 450 GeV 

•  Each fat jet must have an associated b-tagged jet nearby 

Model: 

•  ttbar – MC@NLO, Herwig 

•  Multijet events – data-driven from control region extrapolation 

•  Signal model from Monte Carlo (LO) – Z’ (Pythia), KK-gluon (Madgraph) 
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Systematics 

•  Largest uncertainties from  
–  b-tagging efficiency – as large as 50% at very high pT 

–  JES – 2.3% to 6.8% 
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

(b,d,f) Kaluza-Klein gluons at 95% CL. In the top row, the resolved selection has been used (excluding

events that also pass the boosted selection) in the middle row the boosted selection has been used and

the bottom row shows the combination of the resolved and the boosted selections. Both systematic and

statistic uncertainties have been included.
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Figure 14. Expected and observed 95% CL upper limits on the production cross section times
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J. Webster 

Data: 14.3 fb-1, 8 TeV 

 

Selection: 

•  Single lepton trigger 

•  Exactly 1 isolated lepton with pT > 25 GeV, |η| < 2.5 (2.47 for electrons) 

•  MET > 20 GeV 

•  At least 6 jets with at least 2 b-tags 

 

Model:  
•  ttbar + jets – Alpgen, Herwig 

•  W/Z+jets – Alpgen, W+jets normalization from data 

•  Multijet events – data-driven using matrix method 

•  Single top – MC@NLO, Herwig // AcerMC, Pythia 

•  ttV – Madgraph, Pythia 

•  ttH (125 GeV) – Pythia 

•  Diboson – Herwig 

•  t’ signal - Protos 

26 April 2013 
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•  Discrimination from HT = scalar sum of all pT in event 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Systematics 

•  Uncertainty on background normalization largest for ≥ 4 b-tags, 42% 
–  Dominant uncertainties from ttbar modeling/xsec (32%), b-tag/c-tag efficiency (16%/11%), 

and JES (11%) 

•  Uncertainty on signal normalization largest for ≥ 4 b-tags, 21% 
–  Dominated by b-tag efficiency 
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Pair produced VLQs 
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Data: 4.64 fb-1, 7 TeV 

 

Selection: 

•  Single or 2 lepton trigger depending on channel 

•  Select W or Z decaying to lepton(s) 

•  2 or more jets, one with pT > 60 GeV 

 

Model: 

•  Function fit to data 

•  MC used to determine fit function, optimize cuts 
–  W/Z+jets – Alpgen, Herwig 

–  ttbar – MC@NLO, Herwig 

–  Diboson – Herwig 

•  Signal generated seperately in W/Z channels in Madgraph 
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Modeling 

•  Final background estimation comes from a fit to data using form 

–  Cross-checked on MC and in control regions  

•  A set of optimized rectangular cuts on uncorrelated variables 
–  Acceptance ranges from 13 – 42% 

 

Systematics 

•  Fit uncertainty varies from 5 – 15% across mVLQ distribution 

•  Dominant signal normalization uncertainties from JES 
–  5 – 8% overall 
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Singly produced VLQs 

• |∆φ(", ")| < 1.5 rad

• |∆η(", ")| < 1.6

• |∆φ(Z, leading jet)| > 2.1 rad

• |∆η(Z, leading jet)| < 1.1

• |∆η(Z, associated jet)| > 0.9

• |∆η(leading jet, associated jet)| > 0.9

Optimization was also tested using higher mass VLQ MC, but the resulting cuts were not found to

provide any increase in signal significance.

5 Background Estimation

The final background is estimated by fitting the reconstructed VLQ mass, calculated as the invariant mass

of the four-vectors reconstructed from the W or Z and the leading pT jet, in data after the full selection.

The smooth functional form chosen to describe the background is

f (m; p0,1,2,3) = p0 ·
(1 − x)p1

xp2+p3·ln(x)
, (1)

where x is the reconstructed VLQ mass mQ (in units of 7 TeV) and p0,1,2,3 are four free parameters. This

fit is performed on a binned distribution, where the binning is chosen to reflect the reconstructed width

of the VLQ signal, which ranges from ∼40 GeV for masses near 400 GeV to ∼130 GeV for masses near

2 TeV. If the initial fit is found to have a χ2 probability of less than 1%, the most discrepant region of

the distribution is removed and the remaining sidebands are refit, thus preventing the possible presence

of signal from biasing the background shape.

As a cross-check, the data are compared to the simulated background model to ensure the under-

standing of the primary backgrounds. This is done in control regions where the selections in Sec. 4 are

applied, but one of the optimized angular variable cuts is reversed. The data are found to be modeled

well by the background estimates in all of the control regions tested in each channel. This comparison

is also done in the signal regions, as shown in Fig. 2, and no obvious signal is found to be present in

the data. To estimate the background coming from multi-jet events, included in the figure, data-driven

techniques are used. A multi-jet enriched sample is obtained by inverting the lepton isolation criteria for

the muon channel, or reconstruction quality criteria for the electron channel, allowing events where a jet

either contains or has been mis-identified as a high-pT lepton. In the CC channel, a template fit of the

data-driven multi-jet background and the combined MC components is performed on the distribution of

Emiss
T

to obtain a normalization factor. The fraction of multi-jet events in the final signal region is found to

be 7.4% in the W → eν channel and 1.2% in the W → µν channel. In the NC channel, the normalization

factor is obtained from a template fit on the dilepton invariant mass spectrum of the MC and multi-jet

backgrounds. This technique shows that the multi-jet background is negligible, below 1% after the full

NC event selection. These data-driven estimates serve foremost as checks that the multi-jet contribution

to the background is small enough that it can be neglected in the optimization of the search.

6 Systematic Uncertainties

The systematic uncertainties considered for the background estimation are fully contained within the un-

certainty of the fitting procedure described in Sec. 5. To determine this uncertainty, the data in the signal

5
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Singly produced VLQs – W channel 
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Figure 2: Monte Carlo estimated backgrounds for the combined electron and muon channels for the

CC (top) and NC (bottom) channel. A 1.1 TeV VLQ signal is overlaid in each case, normalized to the

nominal VLQ cross section assuming a coupling of κ̃qQ =
mQ

v κqQ = 1 and 100% branching fraction to

a W or Z and a light quark. The data is also plotted. Note that for calculation of sensitivity and setting

limits on σ × BR the background estimate is taken from a fit to data.
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Singly produced VLQs 

W channel Z channel 
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Figure 4: Expected and observed 95% C.L. upper limits on σ(pp → qQ) × BR(Q → Wq) where Q

is a D or X (top) and σ(pp → qU) × BR(U → Zq) (bottom) calculated in the CC and NC channels,

respectively. The nominal theoretical predictions are overlaid. Both cases assume a coupling κ̃qQ = 1,

and 100% branching fraction to a W or Z boson and a light quark. The band around the theoretical

predictions is the uncertainty due to the PDF set and the factorization and renormalization scales.
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Figure 4: Expected and observed 95% C.L. upper limits on σ(pp → qQ) × BR(Q → Wq) where Q

is a D or X (top) and σ(pp → qU) × BR(U → Zq) (bottom) calculated in the CC and NC channels,

respectively. The nominal theoretical predictions are overlaid. Both cases assume a coupling κ̃qQ = 1,

and 100% branching fraction to a W or Z boson and a light quark. The band around the theoretical

predictions is the uncertainty due to the PDF set and the factorization and renormalization scales.
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•  ATLAS results in these channels are so far consistent with SM 
•  Limits set on ttbar resonance models and VLQs 

•  MV tools for hadronic top tagging, b-tagging, jet substructure, are shown to be 
robust and expand the possibility for creativity in top channels 

•  Room for updates, higher energy data will offer a nice boost in sensitivity! 
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Conclusion 
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VLQ theory plots 
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Reconstructing hadronically decaying tops 

 
 
HEPTopTagger 

•  Driven by jet substructure and the C/A jet algorithm 

•  Use R = 1.5 jets, pT > 200 GeV 

•  Maximum efficiency on signal: 

 

Top Template Tagger 
•  Compare jet topology to library of 300K templates 

•  Use R = 1.0 jets, pT > 450 GeV 

•  Efficiency for top quark  
selection near 75% 
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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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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 Fig. 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 tt̄mass predicted by the MC simulations for various Z �
and KK gluon

masses is shown in Fig. 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

ε2b-tag, max · ε2top-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.

– 6 –

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 Fig. 3, illustrating

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

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 interactions [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 discrimination of the pile-

– 10 –

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.

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

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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Data-driven components 

•  Control regions defined by loosening t/b-tag 
–  Taking advantage of the fact that the t/b tags are uncorrelated 

 

•  For HEPTopTagger selection 
–  Multi-jet shape averaged over control regions with 2 top-tags,  

normalization from region with 1 top-tag (< 2 b-tags) 

•  For Top Template Tagger selection 
–  Multi-jet prediction from iterative technique, avoiding directly 

using data from regions with potential BSM contamination 
  è    53 +/- 3 (stat) multijet events in SR 

25 

ttbar à jets – more multi-jet details 

è                                         multijet events in SR 

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

region.

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.

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%)

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 Fig. 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

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 Fig. 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

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.

4
The 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

b-quark signal. This is verified using dijet MC samples.
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HEPTopTagger Analysis 
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Analysis 

multijet 

Ttbar 
normalization 
validation 
 
Correction factor 
= 1.01 +/- 0.09 

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

region.

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.

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%)

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 Fig. 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

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 Fig. 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

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.

4
The 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

b-quark signal. This is verified using dijet MC samples.
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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).

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

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

region.

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.

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%)

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 Fig. 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

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 Fig. 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

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.

4
The 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

b-quark signal. This is verified using dijet MC samples.
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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.

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, Figs. 7

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

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

variables m23/m123 (Fig. 8(a)) and arctan(m13/m12) (Fig. 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 Fig. 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
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Data-driven components 
•  W+jets normalization scaled to agree with data, using a  

ratio of estimated and predicted charge uncertainty 

•  Multijet normalization and shape from matrix method,  
cross-checked with jet-electron method 
–  validated in low MET control region 
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(b) Boosted reconstruction.

Figure 1: Reconstructed tt̄ invariant mass, mtt̄, using the (a) resolved and (b) boosted selection, for a

selection of simulated Z′ masses. The broad Kaluza–Klein gluon resonance at mass 1.3 TeV is also

shown for comparison.

7 Backgrounds determined from data

While most backgrounds are estimated using Monte Carlo simulation, two backgrounds and their uncer-

tainties are largely determined directly from data, namely multi-jets and W+jets. The expected shape of

theW+jets background is estimated using Alpgen simulation samples, but the overall normalization and

flavor fractions are scaled to agree with data. The total number of W+jets events in data, NW+ + NW− , is

estimated from the observed charge asymmetry in data [56, 57] and the predicted charge asymmetry in

W+jets events from Monte Carlo:

NW+ + NW− =

(

rMC + 1

rMC − 1

)

(Dcorr+ − Dcorr−), (3)

where rMC is the predicted ratio in Monte Carlo of the W+ to W− boson cross sections after event

selection criteria are applied (but without b-tagging) and Dcorr+(−) is the number of observed events with

a positively (negatively) charged lepton. Charge symmetric contributions from tt̄ and Z+jets processes

cancel in the difference and the contributions from the remaining, slightly charge asymmetric processes

are accounted for byMonte Carlo simulation. To increase the sample size for the boosted selection, the b-

tagging requirement is omitted and the jet mass and the
√
d12 requirements are not applied, furthermore

the pT cut on the anti-kt jet with R = 1.0 is relaxed to 300 GeV. From stability tests performed by

varying the pT cut, it was concluded that no additional uncertainty from the extrapolation to the signal

region is needed. The resulting scale factors for the W+jets normalization agree with unity within their

uncertainties (10% – 20%) for both boosted and resolved selections.

Data are similarly used to determine scale factors for the relative fraction of events with heavy flavor

jets. A system of three equations is solved to determine the flavor fractions Fbb,i, Fcc,i, Fc,i and Flight,i in

events with i jets without any b-tagging requirement. The ratio Fbb,i/Fcc,i fractions is taken from Monte

Carlo and for each sample of i jets, the sum of the four flavor components is constrained to unity. By

comparing the number of pre-tagged to b-tagged events with i jets (separately for positive and negative

leptons) between data and Monte Carlo, correction factors for the flavor fractions for each jet bin i are

determined [37, 57, 58].

The normalization and shape of the multi-jets background are determined directly from data using

the matrix method [37] for both resolved and boosted selections. An alternative method, called the jet-

electron [55] method is used to estimate the systematic uncertainty of the shape of the invariant mass

6

the signal samples, for which a fast simulation of the calorimeter response is used. All simulated samples
are processed through the same reconstruction software as the data. Simulated events are corrected so
that the object identification efficiencies, energy scales and energy resolutions match those determined
in data control samples.

6 Data-Driven Background Estimates

6.1 Multijet Background

Multijet events can enter the selected data sample through several production and mis-reconstruction
mechanisms. In the electron channel, the multijet background consists of both non-prompt electrons
and “fake” electrons, where the latter include both electrons from photon conversions and mis-identified
jets with a high fraction of their energy deposited in the EM calorimeter. In the muon channel, the
background contributed by multijet events is predominantly due to final states with non-prompt muons,
such as those from semileptonic b- or c-hadron decays.

The multijet background normalisation and shape are estimated directly from data by using the “Ma-
trix Method” (MM) technique [29]. The MM exploits differences in lepton identification-related proper-
ties between prompt, isolated leptons from W and Z boson decays (referred to as “real leptons” below)
and those where the leptons are either non-isolated or result from the mis-identification of photons or jets.
For this purpose, two samples are defined after imposing the final kinematic selection criteria, differing
only in the lepton identification criteria: a “tight” sample and a “loose” sample, the former being a subset
of the latter. The tight selection employs the final lepton identification criteria used in the analysis. For
the loose selection the lepton isolation requirements are omitted. The method assumes that the number
of selected events in each sample (Nloose and Ntight) can be expressed as a linear combination of the
numbers of events with real and fake leptons, in such a way that the following system of equations can
be defined:

Nloose = Nloose
real + Nloose

fake ,

Ntight = �realNloose
real + �fakeNloose

fake , (1)

where �real (�fake) represents the probability for a real (fake) lepton that satisfies the loose criteria to also
satisfy the tight ones, and both are measured in data control samples. To measure �real samples enriched
in real leptons from W bosons decays are selected by requiring high Emiss

T or mT. The average �real is
∼0.75 (∼0.98) in the electron (muon) channel. To measure �fake samples enriched in multijet background
are selected by requiring either low Emiss

T (electron channel) or high impact parameter significance for the
lepton track (muon channel). The average �fake value is ∼0.35 (∼0.20) in the electron (muon) channel.
Dependences of �real and �fake on quantities such as lepton pT and η, ∆R between the lepton and the
closest jet, or number of b-tagged jets, are parameterized in order to obtain a more accurate estimate.

6.2 W+jets Background

The estimate of the W+jets background is based on data for its overall normalisation and on the simula-
tion for its shape. In proton-proton collisions W+jets production is charge asymmetric. The total number
of W+jets events in data, NW = NW+ + NW− , can be estimated based on the measured difference between
the number of positively- and negatively-charged W bosons, (NW+ − NW−)meas, and the ratio of W+- to
W−-boson production, rMC, determined from the simulation:

NW =

�
rMC + 1
rMC − 1

�
(NW+ − NW−)meas . (2)
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ttbar à lepton + jets results in separate channels 
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Figure 7: The first kt splitting scale,
√
d12 of the hadronic top jet after the boosted selection, except the

requirement
√
d12 > 40 GeV. The shaded areas indicate the total systematic uncertainties.
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Figure 8: The tt̄ invariant mass spectra for the two channels and the selection methods. The smaller plots

show the data/MC ratio. The shaded areas indicate the total systematic uncertainties.
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Table 2: Selected data events and expected background yields after the resolved or boosted selection.

The statistical uncertainty on the observed number of events and the uncertainties on the normalization

of the expected background yield are listed.

Type Resolved selection Boosted selection

tt̄ 44 000 ± 4 700 950 ± 100

Single top 3 250 ± 250 49 ± 4

Multi-jets e+jets 2 500 ± 1 500 12 ± 7

Multi-jets µ+jet 1 010 ± 610 20 ± 12

W+jets 6 940 ± 730 82 ± 15

Z+jets 840 ± 410 11 ± 5

Di-bosons 124 ± 43 0.88 ± 0.30

Total 58 700 ± 5 300 1 120 ± 100

Data 61 954 1079

effect into account over the full mass spectrum. The most prominent bump found is at 2.0–3.0 TeV, in

the boosted e+jets spectrum (Figure 8(c)), with a significance of less than 1σ after accounting for the

systematic uncertainties.

Given that no significant excess is observed, upper limits are set on the cross sections times branching

ratio of the Z′ and KK gluon benchmark models using a Bayesian technique, implemented in a tool

developed by the D0 collaboration [68]. The Bayesian limits are in good agreement with results obtained

using the CLs method [69, 70]. For each of the models investigated, 95% credibility level (CL) upper

limits are set on the product of production cross section and tt̄ branching ratio.

The upper cross section limits with systematic and statistical uncertainties are given for the two

benchmark models for the resolved selection (Figs. 10(a) and 10(b)), the boosted selection (Figs. 10(c)

and 10(d)) and for the combined samples (Figs. 10(e) and 10(f)). The numerical values of the upper

cross section limits are given in Table 3 (Z′) and Table 4 (gKK). In the combination, the four independent

spectra are used, corresponding to boosted and resolved selections and e+jets and µ+jets decay channels.

Using the combined upper cross section limits, a leptophobic topcolor Z′ boson (Kaluza–Klein gluon)

with masses between 0.5 and 1.7 TeV (0.7 and 1.9 TeV) is excluded at 95% CL.

Table 3: Upper cross section limits times branching ratio on a leptophobic topcolor Z′ decaying to tt̄,

using the combination of all four samples. The observed and expected limits for each mass point are

given, as well as the ±1σ variation.

Mass (TeV) Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)

0.50 6.37 7.08 3.97 10.82

0.60 7.73 4.37 2.50 6.54

0.70 3.21 2.46 1.51 3.78

0.80 1.32 1.36 0.89 2.17

1.00 0.43 0.50 0.31 0.77

1.30 0.13 0.16 0.09 0.23

1.60 0.07 0.09 0.05 0.13

2.00 0.05 0.05 0.03 0.09
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of the systematic uncertainties have a significant dependence on the reconstructed tt̄ mass which is fully

taken into account in the analysis.

Table 1: Average impact of the dominant systematic effects on the total background yield and on the

estimated yield of a Z′ with m = 1.6 TeV. The shift is given in percent of the nominal value.

Resolved selection Boosted selection

Impact on yield [%] yield [%]

Systematic effect total bgr. Z′ total bgr. Z′

ISR/FSR 0.3 − 5.9 −
PDF 3.5 − 7.9 −
tt̄ normalization 8.0 − 9.0 −
EW Sudakov 1.9 − 4.2 −
tt̄ higher order QCD corr. 1.2 − 9.0 −
W + heavy flavor 1.3 − 1.2 −
Multi-jets norm, e+jets 2.6 − 0.6 −
Multi-jets norm, µ+jets 1.0 − 1.1 −
Parton shower 0.2 − 7.3 −
JES, anti-kt R = 0.4 jets 7.8 2.9 0.5 0.5

JES, anti-kt R = 1.0 jets 0.2 4.8 17.0 2.8

b-tag efficiency 3.8 7.7 6.0 3.5

c-tag efficiency 1.2 0.6 0.1 2.5

Mistag rate 1.0 0.3 0.7 0.1

9 Comparison of data and expected background

After all event selection criteria are applied, 61 954 resolved and 1079 boosted events remain. A total of

701 events pass both selection criteria. The event yields from data and from the expected backgrounds

are listed in Table 2, along with the normalization uncertainties. The full treatment of systematic uncer-

tainties is described in Sec. 8.

A good agreement between data and the expected background is achieved. Figs. 3 and 4 show the

transverse momentum of the leading jet after the full resolved selection and the transverse momentum

of the selected R = 1.0 jet after the boosted selection respectively. In Figs. 5 and 6, the reconstructed

mass of the semi-leptonically and hadronically decaying top quarks are shown, using the boosted event

selection. Figure 7 shows the first kt splitting scale of the selected R = 1.0 jet.

The tt̄ invariant mass spectra for the resolved and the boosted selections in the e+jets and µ+jets

decay channels are shown in Fig. 8. Figure 9 shows the tt̄ invariant mass spectrum for all channels added

together.

10 Results

After the reconstruction of the tt̄ mass spectra, the data and expected background distributions are com-

pared to search for hints of new physics in the form of bumps or dips in the spectrum. The search

procedure is done systematically using BumpHunter [67], a hypothesis testing tool that searches for

local excesses or deficits in the data compared to the expected background, taking the look-elsewhere
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ttbar à jets exclusions 

ttbar à lepton + jets limits in separate 
“resolved” and “boosted” searches 

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.

Figs. 14 and 15 show the HEPTopTagger and Top Template Tagger 95% CL exclusion

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 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 %).

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.

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

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 resonances

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
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

(b,d,f) Kaluza-Klein gluons at 95% CL. In the top row, the resolved selection has been used (excluding

events that also pass the boosted selection) in the middle row the boosted selection has been used and

the bottom row shows the combination of the resolved and the boosted selections. Both systematic and

statistic uncertainties have been included.
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Pair produced VLQ treatment of systematics 

Systematic uncertainty Type Components
Luminosity N 1
Lepton ID+reco+trigger N 1
Jet vertex fraction efficiency S 1
Jet energy scale SN 8
Jet energy resolution SN 1
b-tagging efficiency SN 9
c-tagging efficiency SN 5
Light jet-tagging efficiency SN 1
tt̄ cross section N 1
tt̄V cross section N 1
tt̄H cross section N 1
Single top cross section N 1
Dibosons cross section N 1
V+jets normalisation N 1
Multijet normalisation N 1
tt̄ modelling SN 3
tt̄+heavy-flavour fractions N 1

Table 2: List of systematic uncertainties considered. A “N” means that the uncertainty is taken as
normalisation-only for all processes and channels affected. A “SN” means that the uncertainty is taken
as both shape and normalisation, although for small backgrounds only the normalisation uncertainty is
considered. Some of the systematic uncertainties are split into several different components for a more
accurate treatment.

8.2.1 Lepton Reconstruction, Identification and Trigger

The reconstruction and identification efficiency of electrons and muons, as well as the efficiency of the
triggers used to record the events, differ between data and simulation. Scale factors are derived using
tag-and-probe techniques on Z → �+�− (� = e, µ) data and simulated samples to correct the simulation
for these discrepancies. Since this analysis combines the e+jets and µ+jets channels, a single per-lepton
uncertainty of 2.1% is estimated from the quadratic sum of all above contributions on the combined
e+jets and µ+jets yields.

8.2.2 Lepton Momentum Scale and Resolution

The accuracy of lepton momentum scale and resolution in simulation is checked using reconstructed
distributions of the Z → �+�− and J/ψ → �+�− masses. In the case of electrons, E/p studies using
W → eν events are also used. Small discrepancies are observed between data and simulation, and
corrections for the lepton energy scale and resolution in the latter are applied. In the case of electrons,
energy scale corrections need to be applied to data (all regions) and simulation (calorimeter transition
region), while energy resolution corrections are applied to the simulation only. In the case of muons,
momentum scale and resolution corrections are only applied to the simulation. Uncertainties on both
the momentum scale and resolution are considered, and varied separately. The resulting uncertainties
on the total yields predicted by the simulation are at the sub-percent level and therefore neglected in the
analysis.
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Pair produced VLQ yields  

≥ 6 jets, 2 b-tags ≥ 6 jets, 3 b-tags ≥ 6 jets, ≥ 4 b-tags

tt̄+heavy-flavour jets 1500 ± 900 900 ± 400 170 ± 70
tt̄+light-flavour jets 9600 ± 1000 1900 ± 350 75 ± 22
W+jets 250 ± 130 50 ± 30 5 ± 3
Z+jets 50 ± 40 9 ± 6 0.5 ± 0.9
Single top 300 ± 70 75 ± 18 7 ± 3
Diboson 1.7 ± 0.6 0.3 ± 0.1 0.03 ± 0.03
tt̄V 70 ± 20 36 ± 12 7 ± 3
tt̄H 28 ± 4 31 ± 6 12 ± 3
Multijet 49 ± 23 1.7 ± 0.8 0.15 ± 0.06

Total background 11860 ± 260 2990 ± 210 270 ± 60

Data 11885 2922 318

Doublet

t
�
t̄�(400) 550 ± 70 1100 ± 100 790 ± 160

t
�
t̄�(600) 4.3 ± 1.2 94 ± 7 79 ± 18

t
�
t̄�(800) 0.12 ± 0.05 10.7 ± 0.8 9.1 ± 2.1

Singlet

t
�
t̄�(400) 290 ± 30 650 ± 80 330 ± 70

t
�
t̄�(600) 2.3 ± 0.4 61 ± 7 36 ± 9

t
�
t̄�(800) 0.06 ± 0.01 6.9 ± 0.7 4.2 ± 1.1

Table 1: Predicted and observed yields in the combined e+jets and µ+jets channels with ≥ 6 jets as
a function of b-tag multiplicity. The tt̄ background prediction is after fitting to data using the full HT
spectrum (see text for details). Also shown is the expected t

�
t̄� signal in both the doublet and singlet

scenarios for mt� = 400, 600 and 800 GeV. The uncertainties shown are post-fit and include the effect
of statistical and systematic uncertainties. The uncertainty on the total background is smaller than the
sum in quadrature of the uncertainties on the individual background sources due to the anti-correlation
between the tt̄+light jets and tt̄+heavy-flavour jets components resulting from the fit.

shape and normalisation. The total prior systematic uncertainty in the background normalisation in the
≥ 4 b-tags channel is ∼42%, with the dominant uncertainties being from b tagging efficiency (16%), c

tagging efficiency (11%), jet energy scale (11%), tt̄ modelling (11%), tt̄+heavy-flavour fractions (32%)
and tt̄ cross section (10%). As a result of the two-parameter fit, the total background uncertainty is
reduced by about 80% in this channel. The total systematic uncertainty in the signal normalisation in the
≥ 4 b-tags channel is ∼21%, completely dominated by the uncertainty in the b tagging efficiency. The
following sections describe each of the systematic uncertainties considered in the analysis.

8.1 Luminosity

The luminosity estimate has an uncertainty of 3.6% [61]. This systematic uncertainty is applied to all
processes except the multijet background.

8.2 Physics Objects

In this section uncertainties in the reconstruction of leptons, jets, and b-, c-, and light flavour-tagging are
considered.
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Pair produced VLQ model dependent limits 
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Singly produced VLQ NC results , leading jet) [GeV]νm(lepton, 
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Figure 2: Monte Carlo estimated backgrounds for the combined electron and muon channels for the

CC (top) and NC (bottom) channel. A 1.1 TeV VLQ signal is overlaid in each case, normalized to the

nominal VLQ cross section assuming a coupling of κ̃qQ =
mQ

v κqQ = 1 and 100% branching fraction to

a W or Z and a light quark. The data is also plotted. Note that for calculation of sensitivity and setting

limits on σ × BR the background estimate is taken from a fit to data.
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Figure 3: The BumpHunter results for combined electron and muon channels for the CC (top) and NC

(bottom) channels showing the local deviation of the data from the smooth background hypothesis and

the most significant deviation and corresponding region bounded by blue lines. The width of each bin is

chosen to be roughly equal to the VLQ mass resolution, calculated using MC.
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Singly produced VLQ limits with negative lepton selection 
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Figure 6: Expected and observed 95% C.L. upper limits σ(pp → qD) × BR(D → Wq) after requiring

the final state lepton to have negative charge. The nominal theoretical prediction for D−
1
3 is overlaid

assuming a coupling κ̃qD = 1 and a 100% branching fraction to a W and a light quark. The band around

it is the theoretical uncertainty due to the PDF set and the factorization and renormalization scales.

range from 3 (1.9) pb at 400 GeV to 0.03 (0.07) pb at 2.0 TeV. For a coupling κ̃qQ = 1, the observed

(expected) 95% confidence level lower limits on the VLQ mass are obtained at 1120 GeV (1160 GeV)

and 1420 GeV (1570 GeV) for VLQs of charge -1/3 and +5/3 in the CC channel, and at 1080 GeV

(1090 GeV) in the NC channel.

8 Conclusion

A search for heavy VLQs has been performed in 4.64 fb−1 of pp collision data taken in 2011 by the

ATLAS experiment at a center-of-mass energy of 7 TeV. No evidence of VLQs is observed in the recon-

structed VLQ candidate mass distributions, and limits are set on the production cross section and cou-

pling for signal masses between 400 GeV and 2 TeV. For the benchmark model with coupling κ̃qQ = 1,

VLQs with charge 2/3 and -1/3 with masses below 1120 GeV and 1080 GeV, are excluded at 95% confi-

dence level. For the charge +5/3 VLQ, which decays to a W boson and a light quark, masses below 1420

GeV are excluded.
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Figure 5: Expected and observed 95% C.L. upper limits on κ̃2qD, κ̃2qX , and κ̃2qU . The band around the

theoretical predictions is the uncertainty due to the PDF set and the factorization and renormalization

scales.

11

1 Introduction

Many extensions of the Standard Model (SM) predict the existence of vector-like quarks (VLQs) [1–10],

defined as quarks for which both chiralities have the same transformation properties under SU(2)×U(1).

VLQs are often introduced, notably, as a top partner to cancel quadratic divergence of the top loop

in the Higgs propagator. Their masses are not bounded by vacuum stability arguments or by Higgs

properties [11, 12].

Although VLQs are generally assumed to mix primarily with third-generation SM quarks in order

to satisfy constraints from electroweak (EWK) precision measurements and flavor observables, mixing

to first generations is not excluded, since in some models [13–15], corrections to the quark mixings can

cancel, relaxing these constraints. Such scenarios could lead to sizable cross sections for VLQ production

at the Large Hadron Collider (LHC). A benchmark model [15] has two degenerate VLQ doublets, with

hypercharges 1/6 and 7/6, that mix only with the up quark and have as particle content two quarks U and

Y of charge +2/3, one quark D of charge −1/3 and one quark X of charge +5/3. The mass degeneracy

ensures that corrections to SM quark couplings are not induced by the mixing. Following the notation

of [16] for a model-independent approach, the effective coupling between light quarks and VLQs is

written κqQ = (v/mQ)κ̃qQ where q is a light quark, Q is the VLQ, v is the Higgs vacuum expectation value

and κ̃qQ is a model-dependent parameter which could be of O(1).

If the coupling between light quarks and VLQs is large, single production of VLQs is expected to

occur with a higher cross section than pair production [15, 16]. Both s and t channels contribute to the

charged current (CC) and neutral current (NC) processes (Fig. 1). They lead to a final state with a vector

boson and two jets, one of which has high transverse momentum, pT (denoted as q in Fig. 1). For the

dominant t-channel process, the low pT jet will be in a forward direction (denoted as q′′ in Fig. 1).

/lν

l

W/Z

W* */Z

q'

q"

q
Q

q

W/Z

lν/

q

W*/Z*

l

Q

l

q

q'

q"

Figure 1: Feynman diagrams showing production and decay of VLQ (denoted as Q in red) in the t-

channel (left) and s-channel (right).

This note reports on a search for singly produced VLQs in the ATLAS detector at the LHC. The D,

X, and U quarks described above are searched for in events with a W or Z boson produced in association

with at least two jets, and in which the vector boson decays with an electron or muon in the final state.

The D and X quarks are reconstructed through their decays to Wu, and the U quark is reconstructed

through its decay to Zu. Here, the VLQs are not necessarily assumed to be from the benchmark model

above to allow the results of this analysis to be reinterpreted in terms of a general model. NC and CC

cross sections for processes involving other VLQs can be found in [16].

Searches for single production of the D and U quarks in these channels have previously been reported

by ATLAS [17], CDF [18] and D0 [19]. Here, an update of the ATLAS search is performed with the

X quark included, and with optimized selection criteria, using the full 2011 dataset of 4.64± 0.08 fb−1 at

a center of mass energy of
√

s = 7 TeV.
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T
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q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL
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