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Abstract

This paper outlines the analysis searching for a vector-like top partner T → Zt decay.
A number of leading theories of physics beyond the Standard Model suggest the existence
of heavy vector-like quarks with masses on the TeV scale. The discovery of such a particle
would provide insight into strong dynamics at the TeV scale, the Higgs Mechanism and the
mass hierarchy problem. In this analysis, the Z boson is required to decay leptonically; the
top quark is required to decay hadronically, with both resolved and boosted top quarks con-
sidered. Simulated Monte Carlo signal samples and background are compared to 6.63 pb-1

of data from Run 2 at the LHC. Cuts are optimized for a discovery of the vector-like top
partner T at 10 fb-1 of integrated luminosity.
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1 Introduction

1.1 The Standard Model of Particle Physics and its Limitations

The Standard Model of Particle Physics was formulated in the 1970s and remains the most complete and
experimentally validated theory of particle physics. It classifies the elementary particles and describes the
electromagnetic, weak and strong interactions between them. Fermions are half-spin particles that can
be divided into two groups of matter: quarks, which make up protons and neutrons; and leptons, which
include electrons, muons and neutrinos. Quarks and leptons are further subdivided into three generations,
or flavors. Gauge bosons, including photons, gluons, the W+/- and the Z bosons, are force carriers
that mediate the interactions between the fermions. The photon, which mediates the electromagnetic
interaction between charged particles, and the gluon, which mediates the strong interaction between
quarks, are both massless; however, the W and the Z bosons, which mediate the weak interaction, have
mass. The Higgs boson is not a gauge boson but instead mediates particles’ interaction with the Higgs
Field, which is responsible for giving mass to particles [1].

Despite the overwhelming consistency of the Standard Model with experimental results, many funda-
mental questions about our universe remain. First, while the Standard Model predicts phenomena quite
well, it does not explain why things are as they are. For example, the relative strengths of the fundamental
forces are very different: at our energy scale, the strong force is roughly two and six orders of magnitude
stronger than the electromagnetic and weak forces, respectively. Many theorists are trying to reconcile
Einsteins theory of general relativity with the concept of gravity as a particle physics phenomenon. At
very high energies, it has been shown that the electromagnetic force and the weak force merge into a
combined electroweak force, analogous to how the electric force and the magnetic force were shown to
be different aspects of the same electromagnetic interaction. This electroweak unification has lead to
Grand Unified theories, which posit that on a even higher energy scale, known as the Planck scale, the
electroweak and strong forces merge into one. Supersymmetric and string theorists seek to formulate
elegant models that both describe and explain the nature of the universe.

Figure 1: Diagram of Standard Model elementary particles.
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1.2 The Large Hadron Collider

The Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) is the
most powerful particle accelerator in the world. Located underground near Geneva, Switzerland, the
facility accelerates beams of protons traveling in opposite directions to nearly the speed of light using
a series of ever-growing circular accelerators until the beam reaches the final 27 km circular tunnel [5].
The proton beams are comprised of evenly-spaced bunches of protons that are guided by superconducting
magnets and can collide at rates up to 40 MHz. Recent upgrades to the LHC allow for collision energies
of up to 13 TeV.

Figure 2: A view of the LHC near Geneva, Switzerland with the locations of various experiments la-
belled. The main LHC tunnel is drawn in yellow.

1.3 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment at CERN is one of several international collabora-
tions that conduct research at the LHC. Over 3000 scientists from 174 institutions and 38 countries work
on the operation.

The cylindrical ATLAS detector is comprised of multiple layers that surround the proton beam axis
and extend radially outward. The inner detector sits just a few centimeters away from the beam and mea-
sures the charge and momentum of charged particles by tracking the curvature of their path in an inner
magnetic field, generated by a solenoid. Next, the electromagnetic calorimeter absorbs and measures the
energies of light particles that interact electromagnetically, primarily electrons, positrons and photons.
The hadronic calorimeter then measures the energies of heavier particles, such as hadrons. The muon
spectrometer forms the outermost layer of the detector; it measures the charge and momentum of muons
by tracking their curvature in a magnetic field. The outer magnetic field used to bend the paths of the
muons is produced by a system of large toroidal superconducting magnets [4]. The ATLAS detector uses
a number of rapid triggering systems to filter the large amount of data generated. Once data is stored,
signatures from the detector are characterized and analyzed around the world.
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Figure 3: Diagram of the ATLAS detector.

2 Vector-Like Quarks

Vector-like quarks are hypothetical massive particles that decay into a quark and a gauge boson. They
are often referred to as ”partners” of the top and bottom quarks because they couple preferentially to
these heavier third generation quarks. They also couple with the W+/−, Z and Higgs bosons and may be
produced by their gauge coupling to gluons. The three proposed decay modes of a vector-like top partner
are T → Zt, T → Ht and T → Wb.

Figure 4: A Feynman diagram of TT̄ pair production and decay.

Vector-like quarks are a simple example of colored fermions still allowed by experimental data:
electroweak precision tests and measurements of Higgs-mediated cross sections suggest that additional
particles with asymmetric chiral couplings, such as fourth-generation quarks, cannot exist. Unlike forms
of matter already discovered, however, vector-like quarks have symmetric chiral couplings: their left-
and right-handed components have the same color and electroweak quantum numbers and transform the
same way under the electroweak interaction [3].

The discovery of a vector-like quark would carry great implications for our understanding of the
Higgs Mechanism, the mass hierarchy problem, strong dynamics at the TeV scale, and the composition
of our universe. The Higgs Mechanism, mediated by the Higgs boson, explains why elementary particles
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have mass; however, the Higgs Mechanism does not explain why higher generations of fermions are far
more massive than lower ones. The top quark, for example, is about five orders of magnitude heavier
than its first generation cousin, the up quark. The existence of a vector-like quark could help explain
this discrepancy because of its preferential coupling to the heavier top and bottom quarks. The hierarchy
problem, another mystery beyond the Standard Model, is the fact that we do not yet understand why
the Higgs boson is so light compared to the Planck scale. The existence of heavier particles, such as
a vector-like quark, might resolve this question. CP violations, which are instances in which a particle
and its charge-conjugate mirror-image do not interact in symmetric ways, are sources that many believe
might explain the mystery of why matter so greatly dominates over antimatter in our universe. A vector-
like quark may be another source of CP violation and offer further insight about the composition of our
universe [3].

Experimental data from Run 1 at the LHC has determined that the lower bound on the mass of such
a particle is close to 600 GeV [3]. Theories predict that the mass is on the TeV scale, making such a
particle possible to be discovered during Run 2 of the LHC. Vector-like quarks not only are consistent
with Higgs data but also are required for many theories of physics beyond the Standard Model. For
example, if the Higgs is a pseudo-Goldstone boson, vector-like quarks at the TeV mass scale would
introduce electroweak symmetry breaking and explain the lightness of the Higgs. Some models that
describe quarks as propagating in extra dimensions also require vector-like quarks on the TeV mass
scale. The existence of vector-like quarks is also consistent with Grand Unified and String Theories,
though their mass is not specified [3].

3 Search Strategy

This analysis will focus on the vector-like top partner T → Zt decay, which is assumed to have a
branching ratio of one-third. This analysis includes 6.63 pb-1 of data from Run 2 of the LHC; however,
much more data than what is currently available is required to find and confirm the existence of a heavy
vector-like quark. Therefore, this analysis primarily considers what 10 fb-1 of data might look like.

The analysis first selects for the leptonic Z boson decay Z → e+e− or Z → µ+µ−. A selection
for a leptonically decaying Z produces a clear signature with low background; however, it has a small
branching ratio of about 6.8%. The analysis is then broken up into electron and muon channels depending
on the flavor of leptons that the Z decayed to.

The top quark undergoes the decay t → Wb over 99% of the time, and the W decays into two quarks
more than two-thirds of the time. The vast majority of the time, therefore, the decay products of a top
quark include at least one b-jet and two other jets. This paper contains two main channels of analysis:
the boosted top selection and the resolved top selection. The boosted top selection looks for events with
a large jet as a top quark candidate. The resolved top selection looks to reconstruct the top quark from
three different jets in the event, one of which is required to be a b-jet.

Each analysis channel contains a number of selections, or cuts, that are designed to maximize the
chance of the discovery of a vector-like top partner. Cut optimization is sequential: cuts are optimized
in the order in which they are implemented, and the optimized value for each cut depends on that of
its predecessors. This analysis aims to maximize both the ratio of the signal over the square-root of the
background and the number of signal events passing the cut; however, in many cases, it is impossible
to maximize one without significantly sacrificing the other. Loose cuts are therefore preferred over tight
cuts.

The snalysis further depends on the mass of the signal sample. After the reconstruction of the Z
boson, cuts are only considered for events that have a reconstructed vector-like quark candidate within
150 GeV from the signal sample. While many of the optimized cuts for samples with different masses
turn out to be the same, some cuts do vary with the signal mass.
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4 Data and Monte Carlo Simulations

The data analyzed in this search were collected with the ATLAS detector in May and June of 2015 during
LHC proton-proton collisions at

√
s = 13 TeV corresponding to an integrated luminosity of 6.63 pb−1.

Only events recorded by single electron or muon triggers under stable beam conditions and with fully
operational detector subsystems are considered. Monte Carlo signal events were generated using protos
v2.2 interfaced with pythia v8.1 for parton shower and fragmentation [8] [2]. The vector-like quark
signal samples include pair-produced TT̄ with masses of 0.9 TeV and 1.1 TeV. The pair-produced cross
sections of these particles are 90 fb and 22 fb, respectively. Monte Carlo background samples include
Z + jets and tt̄ events. The Z + jets MC was generated with SHERPA v1.1 and tt̄ was generated with
Powheg + Pythia [6] [7] [8].

5 Reconstruction of Z Bosons

This analysis selects for events that have at least one pair of opposite-sign same-flavor (OSSF) leptons
in order to reconstruct the Z boson. Every combination of OSSF lepton pairs is considered in each
event, and the pair with the invariant mass closest that that of the Z boson is chosen as the Z candidate.
Figure 5 shows the invariant mass of the Z boson candidate, both compared to experimental data and
unit normalized to illustrate shape. A cut on the Z mass is then implemented with a mass window within
20 GeV of the mass of the Z.
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Figure 5: Invariant mass of the reconstructed Z boson in the electron channel. (a) MC is scaled to
6.63 pb-1 compared to 6.63 pb-1 of data. (b) MC signal and background are unit normalized to illustrate
shape.

6 Reconstruction of Top Quarks

6.1 Jets and Large Jets

When a lone quark is produced in the LHC, it almost immediately produces a shower, or jet, of hadrons.
These jets of hadrons appear in the hadronic calorimeter as collections of localized energies. Algorithms
at the lower levels of the ATLAS data analysis find and characterize jets and determine their energies and
trajectories; however, information about jets is much less precise than that about electrons or photons.
Furthermore, jets that are produced by different quarks are nearly indistinguishable. An exception to this
case is the bottom quark, which, due to its unusually long lifetime, produces a jet with a secondary vertex
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a few millimeters away from the primary vertex of the event. b-tagging is the process of identifying the
jets that have been produced by a bottom quark.

Boosted objects are particles that have a very high transverse momentum. Because the LHC is
capable of operating at energies higher than ever before, boosted objects are becoming an increasingly
salient area of research, particularly in the context of quark reconstruction. For example, top quarks often
undergo multi-body decays, which result in the production of multiple jets from the single quark. When
a top quark is at rest, the resulting jets will go in opposite directions; however, if the top quark is boosted,
the resulting jets may overlap with each other such that their signature in the detector looks like a larger,
more energetic jet. A resolved top quark produces three distinctive jets, while a fully boosted top quark
produces a single large jet.

Figure 6: Diagram of a resolved, partially boosted, and fully boosted top quark t → Wb decay.

There are a number of different strategies to analyze and quantify the substructure of large jets. Large
jets often contain clumps of energy within themselves, representative of individual subjets. One way to
measure the energy distribution is to quantify how symmetric or asymmetric these clumps of energies
are. If the large jet is largely symmetric, it most likely came from a W decay; if the large jet is asym-
metric, it more likely came from a top quark. The large jet splitting index quantifies the symmetry or
asymmetry of the contents of a large jet. The splitting parameter

√
d12 is given by:

√
d12 = min(pTi, pTj) × ∆Ri,j,

where ∆Ri,j is the distance between the two largest subjets.

6.2 Boosted Top Quark Reconstruction

The first step in the boosted top reconstruction is the selection of the appropriate large jet as a top
candidate. The ATLAS detector is unable to accurately characterize large jets if they appear too far from
the center of the detector; therefore, the large jet that is selected as a top candidate must have an η within
-1.6 and 1.6. Furthermore, the angular parameter, φ, between the selected Z boson and the large jet must
be less than 2.8 radians, as shown in Figure 7. If more than one jet passes these selections, the one with
the mass closest to that of the top quark is selected.
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Figure 7: ∆φ between the reconstructed Z boson and the large jet selected as the top quark candidate in
the electron channel. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized
to illustrate shape.

6.3 Resolved Top Quark Reconstruction

In order to reconstruct the resolved t → Wb decay, it is necessary to find the combination of a single
b-jet and two regular jets which best represents a top quark candidate. This analysis takes into account all
appropriate combinations of jets and implements a χ2 algorithm for each combination; the combination
with the lowest χ2 value is then selected as the top quark candidate. The χ2 formula is:

χ2 =
[m j j−mW

σW

]2
+
[m j jb−m j j−mt−W

σt−W

]2
,

with terms referring to the masses and standard deviations of particles given by m and σ, respectively.
The first term represents the mass constraint for the hadronically decaying W boson, while the second
corresponds to the hadronically decaying top. Terms that correspond to the mass of the W and W candi-
date are subtracted in the second term to decouple it from the first one. The terms m j j and m j jb represent
the invariant masses of the W boson and top quark candidates, respectively; the terms mW and mt−W

represent the masses of the W and the the top minus the W, respectively.

7 Analysis and Optimization

7.1 Boosted Selection

The analysis on the boosted top selection implements a number of optimized cuts to maximize the chance
of discovering a vector-like quark. A large jet that is a top quark candidate is likely to have high pT
because it comes from a top that is boosted, as shown in Figure 8(b). An optimized lower-bound cut of
400 GeV on the pT of the selected large jet is therefore implemented.

Figure 9 shows the invariant mass of the large jet with unit-normalized background and 0.9 TeV
signal. The background and the signal both have peaks around 80 GeV, which represent a hadronically
decaying boosted W or Z boson. The lower-bound mass cut of 100 GeV, therefore, serves to both
to eliminate background events and remove signal events that do not have likely large jet top quark
candidates.

The next selection requires that the the splitting parameter,
√

d12, is greater than 30. Figure 10
illustrates plots of the parameter and illustrates some of the statistical fluctuations of the MC; the single
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Figure 8: pt of the large jet top candidate in the electron channel using the 0.9 TeV MC signal. (a) MC is
scaled to 10 fb-1. (b) MC signal and background are unit normalized to illustrate shape.
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Figure 9: Invariant mass of the large jet top candidate in the electron channel using the 0.9 TeV MC
signal. (a) MC is scaled to 10 fb-1. (b) MC signal and background are unit normalized to illustrate shape.

or double bin-width peaks in the background are due to limited MC statistics and therefore have no
physical significance. This phenomenon further supports the notion that loose cuts are preferred in this
analysis.

The analysis further requires that each event have at least one b-jet. The presence of b-jets is an
indication that an event has high energy and mass scales, such as one that might produce a heavy vector-
like quark. Tables 6-9 show the cut efficiencies of this b-jet selection. For the 0.9 TeV signal in the
electron channel, it seems that requiring at least three b-jets in an event would greatly improve the ratio
of the signal over the square root of the background; however, because the 0.9 TeV signal in the muon
channel does not exhibit the same trend, this cut is not made in case it is a statistical fluctuation. Further
investigation of the number of minimum b-jets required may be useful in future analyses.

The HT of an event is the scalar sum of the pT of all jets in that event and conveys the mass scale of
that event. Like the b-jet selection, this cut is intended to select events with high energy and mass scales.
The final cut made in the boosted analysis requires the HT to be greater than 1000 GeV. Figure 11 shows
the distribution shape of the HT between the MC 0.9 TeV sample and the overall background. Table 2
shows the overall cutflow of the boosted analysis for the 0.9 TeV signal sample in the electron channel.

9



 sqrt(d12) parameter of large jet
0 10 20 30 40 50 60 70 80 90 100

 E
v
e

n
ts

1

10

210

tt Z + jets

TT 0.9 TeV

ATLAS Internal

1
 L dt = 10 fb∫
 = 13 TeVs

(a)

 sqrt(d12) parameter of large jet
0 10 20 30 40 50 60 70 80 90 100

 E
v
e

n
ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
tBackground: Z + Jets + t TT 0.9 TeV

ATLAS Internal

 = 13 TeVs

(b)

Figure 10: Splitting parameter
√

d12 of the large jet top candidate in the electron channel using the
0.9 TeV MC signal. (a) MC is scaled to 10 fb-1. (b) MC signal and background are unit normalized to
illustrate shape.
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Figure 11: HT of events with boosted top quark candidates in the electron channel using the 0.9 TeV MC
signal. (a) MC is scaled to 10 fb-1. (b) MC signal and background are unit normalized to illustrate shape.

Table 1: The overall cutflow of the boosted analysis for the 0.9 TeV signal in the electron channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.045 44.54 923102 49036
OSSF lepton 0.034 18.76 393306 7366.91
Large Jet Selected 0.14 18.65 16851.3 364.74
LJ pT > 400 GeV 0.41 12.44 886.20 22.51
LJ mass > 100 GeV 0.46 10.34 492.19 13.51
√

d12 > 30 0.46 10.20 476.24 13.51
HT >1000 GeV 0.97 9.23 77.44 13.51
T mass window +/- 150 GeV 1.43 2.51 3.07 0
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7.2 Resolved Selection

Like the boosted selection, the analysis for the resolved top implements optimized cuts. The first is an
optimized lower-bound cut and a loose upper-bound cut on the invariant mass of the top candidate. The
resulting mass window selects for invariant masses between 120 and 250 GeV. While the lower-bound
cut is designed to eliminate background, the upper-bound cut is designed to remove both signal and
background events that have most likely misidentified the top quark candidate. Figure 12 shows the
invariant mass plot of the top quark candidate.
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Figure 12: Invariant mass of the resolved top candidate in the electron channel using the 0.9 TeV MC
signal. (a) MC is scaled to 10 fb-1. (b) MC signal and background are unit normalized to illustrate shape.

The next and final cut for the resolved top quark analysis is an HT cut. In the resolved selection, the
optimized cut on the HT varies greatly with the mass of the signal: the lower-bound HT cut is 950 GeV
for the 0.9 TeV signal and 1200 GeV for the 1.1 TeV signal. Figures 13 and 21 show that the HT peaks at
different values for the different signal masses. Table 2 shows the overall cutflow of the resolved analysis
for the 0.9 TeV signal sample in the electron channel.
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Figure 13: HT of events with resolved top quark candidates in the electron channel using the 0.9 TeV
MC signal. (a) MC is scaled to 10 fb-1. (b) MC signal and background are unit normalized to illustrate
shape.
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Table 2: The overall cutflow of the resolved analysis for the 0.9 TeV signal in the electron channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.045 44.54 923102 49036
OSSF lepton 0.034 18.76 393306 7366.91
Minimum 3 jets 0.17 25.31 19706.3 2494.65
Top candidate selected 0.42 15.77 1167.16 229.65
Top mass >120 GeV, < 250 GeV 0.56 12.39 434.76 58.54
HT >950 GeV 0.97 11.29 77.14 58.54
T mass window +/- 150 GeV 1.05 3.86 4.40 9.01

8 Integrated Results

Figures 14 and 15 show the invariant mass of the boosted and resolved T→Zt for the 0.9 TeV signals
in the electron channel after all cuts. Figures 24 and 25 show the same for the 1.1 TeV signal. For
both signals, the boosted selection produces narrower invariant mass peaks than the resolved selection;
however, the resolved selection produces slightly higher peaks relative to the background.

Tables 3 and 4 show the final cut efficiencies for the boosted and resolved selections for the 0.9 TeV
and 1.1 TeV signals in both the electron and muon channels. In terms of the final ratio of the signal
over the square root of the background, the resolved analysis performs better than the boosted analysis
for the 0.9 TeV signal in both the electron and muon channels. In contrast, the boosted and resolved
selections are comparable for the 1.1 TeV signal. An explanation for this discrepancy is that a particle
with a higher mass will produce relatively more boosted objects than a particle with a lower mass. It
is therefore expected that the boosted analysis will increasingly outperform the resolved analysis as the
mass of signal increases.

Table 5 shows the combined results from the boosted and resolved analyses in both the electron
and muon channels. The 0.9 TeV signal shows much more promise for a discovery than the 1.1 TeV
signal; this is expected because the cross section of a pair-produced vector-like quark steeply declines
with increasing particle mass.
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Figure 14: Invariant mass of the vector-like quark top partner T → Zt with a boosted top quark candidate
in the electron channel using the 0.9 TeV MC signal. (a) MC is scaled to 10 fb-1. (b) MC signal and
background are unit normalized to illustrate shape.

12



 Mass of reconstucted T [GeV]
600 700 800 900 10001100120013001400

 E
v
e

n
ts

2−10

1−10

1

tt Z + jets

TT 0.9 TeV

ATLAS Internal

1
 L dt = 10 fb∫
 = 13 TeVs

(a)

 Mass of reconstucted T [GeV]
600 700 800 900 10001100120013001400

 E
v
e

n
ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16 tBackground: Z + Jets + t TT 0.9 TeV

ATLAS Internal

 = 13 TeVs

(b)

Figure 15: Invariant mass of the vector-like quark top partner T → Zt with a resolved top quark candidate
in the electron channel using the 0.9 TeV MC signal. (a) MC is scaled to 10 fb-1. (b) MC signal and
background are unit normalized to illustrate shape.

Table 3: Efficiency of Boosted Selection

Cut Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
No Cuts 0.045 44.54 923102 49036
Final Cut: 0.9 TeV; ee 1.43 2.51 3.07 0
Final Cut: 0.9 TeV; mumu 1.05 3.90 4.40 9.01
Final Cut: 1.1 TeV; ee 0.48 0.73 2.32 0
Final Cut: 1.1 TeV; mumu 0.40 1.09 2.99 4.50

Table 4: Efficiency of Resolved Selection

Cut Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
No Cuts 0.045 44.54 923102 49036
Final Cut: 0.9 TeV; ee 2.19 2.19 1.00 0
Final Cut: 0.9 TeV; mumu 1.63 3.04 3.49 0
Final Cut: 1.1 TeV; ee 0.50 0.38 0.57 0
Final Cut: 1.1 TeV; mumu 0.45 0.51 1.30 0

Table 5: Integrated efficiency: includes the boosted and resolved analyses as well as both the electron
and muon channels.

Cut Ratio TT̄ signal/
√

bg Passing TT̄ Signal Passing Z + jets Passing tt̄
No Cuts 0.045 44.54 923102 49036
Final Cut: 0.9 TeV 2.54 11.64 11.96 9.01
Final Cut: 1.1 TeV .79 2.71 7.18 4.5
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9 Conclusion

Run 2 at the LHC shows promise of a potential discovery of a vector-like quark. In order to maximize the
chance of a discovery, the boosted and resolved analyses should be performed in conjunction with one
another. If the analysis outlined in this paper is performed on experimental data from Run 2 at the LHC,
about 40 fb-1 is required to confirm the existence of a vector-like quark with a mass close to 0.9 TeV, an
amount expected within Run 2 of the LHC. About 400 fb-1 is required to do so for one with a mass close
to 1.1 TeV, an amount expected by the end of the 2020s. If the T → Ht and T → Wb produce similar
results, all with similar branching ratios, then further combining results from the different decay modes
may cut the amount of data required by nearly a factor of two.
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Figure 16: Invariant mass of the reconstructed Z boson in the electron channel using the 1.1 TeV MC
signal. (a) MC scaled to 6.63 pb-1 compared to 6.63 pb-1 of data. (b) MC signal and background have
been unit normalized to illustrate shape.
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Figure 17: ∆φ between the reconstructed Z boson and the large jet selected as the top quark candidate
in the electron channel using the 1.1 TeV MC signal. (a) MC scaled to 10 fb-1. (b) MC signal and
background have been unit normalized to illustrate shape.
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Figure 18: pt of the large jet top candidate in the electron channel using the 1.1 TeV MC signal. (a) MC
scaled to 10 fb-1. (b) MC signal and background have been unit normalized to illustrate shape.
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Figure 19: Invariant mass of the large jet top candidate in the electron channel using the 1.1 TeV MC
signal. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized to illustrate
shape.
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Figure 20: Splitting parameter
√

d12 of the large jet top candidate in the electron channel using the
1.1 TeV MC signal. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized
to illustrate shape.
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Figure 21: HT of events with boosted top quark candidates in the electron channel using the 1.1 TeV MC
signal. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized to illustrate
shape.
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Figure 22: Invariant mass of the resolved top candidate in the electron channel using the 1.1 TeV MC
signal. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized to illustrate
shape.
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Figure 23: HT of events with resolved top quark candidates in the electron channel using the 1.1 TeV MC
signal. (a) MC scaled to 10 fb-1. (b) MC signal and background have been unit normalized to illustrate
shape.
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Figure 24: Invariant mass of the vector-like quark top partner T → Zt with a boosted top quark candidate
in the electron channel using the 1.1 TeV MC signal. (a) MC scaled to 10 fb-1. (b) MC signal and
background have been unit normalized to illustrate shape.
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Figure 25: Invariant mass of the vector-like quark top partner T → Zt with a resolved top quark candidate
in the electron channel using the 1.1 TeV MC signal. (a) MC scaled to 10 fb-1. (b) MC signal and
background have been unit normalized to illustrate shape.

B Optimization and Cutflow Tables

Table 6: Optimization for the minimum number of b-jets for the 0.9 TeV signal in the electron channel.

Min. number of b-jets Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
0 0.47 3.73 63.58 0
1 1.07 3.35 9.78 0
2 1.83 2.16 1.39 0
3 3.36 0.79 0.055 0
4 2.92 0.24 0.0067 0

Table 7: Optimization for the minimum number of b-jets for the 0.9 TeV signal in the muon channel.

Min. number of b-jets Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
0 0.41 5.67 170.76 18.01
1 0.79 5.17 24.97 18.01
2 0.63 3.40 11.51 18.01
3 0.45 1.35 0.117 9.01
4 0.19 0.39 0.013 4.50
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Table 8: Optimization for the minimum number of b-jets for the 1.1 TeV signal in the electron channel.

Min. number of b-jets Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
0 0.18 1.01 32.65 0
1 0.32 0.88 7.78 0
2 0.47 0.55 1.39 0
3 0.98 0.20 0.04 0
4 1.18 0.056 0.0022 0

Table 9: Optimization for the minimum number of b-jets for the 1.1 TeV signal in the muon channel.

Min. number of b-jets Ratio TT̄ /
√

background Passing TT̄ Signal Passing Z + jets Passing tt̄
0 0.143943 1.47267 95.6659 9.0059
1 0.21082 1.313 2 9.783 9.0059
2 0.212 0.806802 9.98021 4.50295
3 0.14 0.30 0.086 4.50
4 0.87 0.078 0.0081 0

Table 10: The overall cutflow of the boosted analysis for the 0.9 TeV signal in the muon channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.045 44.54 923102 49036
OSSF lepton 0.035 26.19 529796 41670.8
Large Jet Selected 0.17 25.31 19706.3 2494.65
LJ pT > 400 GeV 0.42 15.77 1167.16 229.65
LJ mass > 100 GeV 0.52 12.56 513.90 63.04
√

d12 > 30 0.56 12.39 434.76 58.54
HT >1000 GeV 0.97 11.29 77.13 58.54
T mass window +/- 150 GeV 1.053 3.86 4.40 9.01

Table 11: The overall cutflow of the resolved analysis for the 0.9 TeV signal in the muon channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.045 44.54 923102 49036
OSSF lepton 0.034 18.76 393306 7366.91
Minimum 3 jets 0.10 25.24 41068.3 17580.1
Top candidate selected 0.23 21.10 2272.85 6313.17
Top mass >120 GeV, < 250 GeV 0.17 13.82 1569.11 4746.09
HT >950 GeV 1.023 9.30 28.57 54.03
T mass window +/- 150 GeV 1.63 3.04 3.49 0
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Table 12: The overall cutflow of the boosted analysis for the 1.1 TeV signal in the electron channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.01 11.53 923102 49036
OSSF lepton 0.0077 4.86 393306 7366.91
Large Jet Selected 0.037 4.84 16851.3 364.74
LJ pT > 400 GeV 0.12 3.75 886.20 22.51
LJ mass > 100 GeV 0.14 3.10 492.19 13.51
√

d12 > 30 0.14 3.06 476.24 13.51
HT >1000 GeV 0.28 2.70 77.44 13.51
T mass window +/- 150 GeV 0.48 0.73 2.32 0

Table 13: The overall cutflow of the resolved analysis for the 1.1 TeV signal in the electron channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.012 11.53 923102 49036
OSSF lepton 0.0077 4.86 393306 7366.91
Minimum 3 jets 0.028 4.68 24567.8 2670.27
Top candidate selected 0.077 3.77 1430.13 932.11
Top mass >120 GeV, < 250 GeV 0.056 2.28 1018.77 666.44
HT >950 GeV 0.56 1.59 7.95 0
T mass window +/- 150 GeV 0.50 0.38 0.57 0

Table 14: The overall cutflow of the boosted analysis for the 1.1 TeV signal in the muon channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.012 11.53 923102 49036
OSSF lepton 0.0077 4.86 393306 7366.91
Large Jet Selected 0.045 6.68 19706.3 2494.65
LJ pT > 400 GeV 0.13 4.80 1167.16 229.65
LJ mass > 100 GeV 0.16 3.83 513.90 63.04
√

d12 > 30 0.17 3.77 434.76 58.54
HT >1000 GeV 0.29 3.38 77.14 58.54
T mass window +/- 150 GeV 0.40 1.09 3.00 4.50

Table 15: The overall cutflow of the resolved analysis for the 1.1 TeV signal in the muon channel.

Cut Ratio TT̄ /
√

bkg Passing TT̄ Signal Passing Z + jets Passing tt̄
No cut 0.012 11.53 923102 49036
OSSF lepton 0.0090 6.79 529796 41670.8
Minimum 3 jets 0.027 6.56 41068.3 17580.1
Top candidate selected 0.058 5.39 2272.85 6313.17
Top mass >120 GeV, < 250 GeV 0.041 3.28 1569.11 4746.09
HT >950 GeV 0.38 2.27 13.88 22.51
T mass window +/- 150 GeV 0.45 0.51 1.30 0
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