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1 Introduction

A number of theories beyond the Standard Model (SM) of particle physics address the nat-

uralness problem [1] and offer mechanisms through which the quadratic divergences, which

arise from the radiative corrections to the Higgs boson mass, are resolved. A straight-

forward extension of the SM is the inclusion of a heavy fourth generation. However,

fourth-generation quarks with SM-like chiral couplings are excluded as they contribute

through loops to the couplings of the Higgs boson, altering the Higgs boson production

cross-sections to values incompatible with observation [2, 3]. These constraints on chiral

quarks can be evaded by vector-like quarks (VLQs) [4, 5], hypothetical spin-1/2 coloured

particles whose left-handed and right-handed states have the same electroweak coupling.

Vector-like quarks could dampen the unnaturally large quadratic corrections to the Higgs

boson mass by contributing significantly to loop corrections. They appear mainly in the

“Little Higgs” [6, 7] and “Composite Higgs” [8] classes of models.

In this analysis, a vector-like top quark partner (T ) with a charge of Q = +2/3 |e|
is searched for. When assuming couplings to only the third generation of quarks [9], as

favoured by their large masses [10], the three possible decay modes are T → Zt, T → Ht,

and T → Wb. For T quark masses above about 0.8 TeV the branching ratios converge

to B (T → Wb) ≃ 50% and B (T → Zt) ≃ B (T → Ht) ≃ 25% for a weak-isospin singlet

model and to B (T → Zt) ≃ B (T → Ht) ≃ 50% for a model with a weak-isospin doublet

of vector-like quarks. The doublet prediction is valid for a (X5/3, T ) doublet, where the

superscript refers to the charge of the particle, as well as for a (T,B−1/3) doublet, as long

as the generalised CKM (Cabibbo-Kobayashi-Maskawa) matrix elements fulfil |VTb| ≪
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Figure 1. Representative diagram for the production and decay of a vector-like top quark pair.

|VBt| [9, 11]. In addition to these two models, the case of arbitrary branching ratios of the

three possible decay modes is considered.

Vector-like top (VLT) quarks could be produced singly or in pairs at the CERN Large

Hadron Collider (LHC) [12]. This analysis targets the pair production pp → T T̄ channel,

as shown in figure 1. The production cross-section is predicted to be 0.044 ± 0.005 pb for

a T quark mass of 1 TeV, calculated at next-to-next-to-leading order (NNLO) in quantum

chromodynamics (QCD) including next-to-next-to-leading logarithmic (NNLL) soft-gluon

resummation using Top++ 2.0 [13–18]. Previous searches for pair-produced vector-like T

quarks by the ATLAS and CMS collaborations at centre-of-mass energies of 8 TeV [19–22]

and 13 TeV [23] set lower limits on the VLT mass in the range of 550–900 GeV, at the 95%

confidence level (CL), depending on the branching ratio considered.

This analysis focuses on the channel T T̄ → Zt + X, where the Z boson decays into a

neutrino pair and exactly one charged lepton is produced in either the top quark decay or

from the other leg of the VLT pair decay. This channel gives rise to a final state with one

lepton, multiple jets and a high missing transverse momentum (Emiss
T ) mainly due to the

invisibly decaying Z boson. A single-bin signal region (SR) is defined by an event selection

that maximises the sensitivity to this particular channel. Control regions (CRs) and val-

idation regions (VRs) are defined that are enriched in the various background processes.

They are orthogonal to the SR and orthogonal to each other. The statistical interpretation

is based on a simultaneous fit to the CRs and the SR, in which the background normal-

isations and a possible signal contribution are determined, while taking into account the

experimental and theoretical systematic uncertainties.

2 ATLAS detector and data sample

The ATLAS detector [24] is a multi-purpose particle detector at the LHC with nearly

4π coverage around the collision point.1 Closest to the beam is the inner detector (ID),

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

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

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

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

polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R =
√

(∆η)2 + (∆φ)2.

– 2 –



J
H
E
P
0
8
(
2
0
1
7
)
0
5
2

which provides charged-particle tracking in the range |η| < 2.5. During the LHC shutdown

between Run 1 and Run 2, a new innermost layer of silicon pixels was added, which

improves the track impact parameter resolution and vertex position resolution perfor-

mance [25–27]. The ID is surrounded by a superconducting solenoid providing a 2 T axial

magnetic field, followed by an electromagnetic lead/liquid-argon (LAr) sampling calorime-

ter and a hadronic (steel/scintillator-tile) calorimeter. The endcap and forward regions

are instrumented with LAr calorimeters for both the electromagnetic and hadronic energy

measurements up to |η| = 4.9. The outer part of the detector consists of a muon spectrom-

eter (MS) with high-precision tracking chambers for coverage up to |η| = 2.7, fast detectors

for triggering over |η| < 2.4, and three large superconducting toroidal magnets with eight

coils each. Events are selected by a two-level trigger system consisting of a hardware-based

trigger for the first level and a software-based system for the second level [28].

The data used in this analysis were recorded in 2015 and 2016, corresponding to an

integrated luminosity of 36.1 fb−1 in total, with an uncertainty of 3.2%, derived following a

methodology similar to that in ref. [29]. The data were collected using triggers that select

events with high missing transverse momentum, with online thresholds of 70 GeV in 2015

and 90 GeV to 110 GeV in 2016. The triggers have an efficiency greater than 99% for an

offline Emiss
T requirement of at least 300 GeV.

3 Signal modelling and Monte Carlo simulation

Monte Carlo (MC) simulated events are used for the description of the backgrounds and to

model the VLT signals. Signal samples are generated at leading order (LO) with Protos

v2.2 [9, 11], interfaced with Pythia 8.186 [30] for the parton shower (PS) and hadronisa-

tion. The samples are produced assuming vector-like T quark couplings according to the

weak-isospin singlet model, but with equal branching ratios into each of the three decay

modes (Zt, Ht, Wb). Desired branching ratios are obtained by reweighting the samples

based on generator information. To test potential kinematic biases from the assumed cou-

plings, a comparison to a sample in which the T quark is in a weak-isospin doublet was

carried out. For a T quark mass of 950 GeV a relative acceptance increase of 10% is ob-

served in the doublet case. This effect is neglected in the analysis and results in slightly

more conservative limits for the doublet model.

For the background samples, several matrix element event generators are combined

with parton shower and hadronisation programs. Powheg-Box v2 [31–34] interfaced to

Pythia v6.428 [35] is used to simulate tt̄ production as well as single-top production in

association with a W boson, while electroweak t-channel single-top quark events are gener-

ated using the Powheg-Box v1 generator. Events containing W bosons with associated

jets (W+jets) are simulated using the Sherpa v2.2.0 event generator [36–38], while for di-

boson events Sherpa v2.1.1 is used. For the simulation of tt̄ events with additional vector

bosons (tt̄ + V ) the MadGraph5 aMC@NLO v2.3.2 [39] event generator interfaced with

Pythia 8 is used.

All MC samples are normalised using the highest-order inclusive cross-sections avail-

able at
√
s = 13 TeV. The dominant backgrounds tt̄ and W+jets are available at NNLO

– 3 –
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in QCD [13, 40]. The parton distribution function (PDF) sets used are CT10 [41] for

the Powheg-Box and Sherpa v2.1.1 generators, NNPDF 3.0 NNLO [42] for Sherpa

v2.2.0, and NNPDF 2.3 LO [43] for Protos and MadGraph5 aMC@NLO. The sam-

ples produced with Protos, MadGraph5 aMC@NLO and Powheg-Box use EvtGen

v1.2.0 [44] for the modelling of b-hadron decays. All simulated samples are processed with

the full simulation of the ATLAS detector [45] using Geant 4 [46], and with varying

numbers of simulated minimum-bias interactions generated with Pythia 8 overlaid on the

hard-scattering event to account for the multiple pp interactions in the same or nearby

bunch crossings (pile-up). The average number of interactions per bunch crossing in simu-

lation matches the distribution in data. Additional details of the simulation set-up can be

found in refs. [47–50].

4 Event reconstruction and object selection

Events are required to have at least one vertex candidate with at least two tracks with

pT > 500 MeV. The primary vertex is taken to be the vertex candidate with the largest

sum of squared transverse momenta of all associated tracks. Two sets of quality and

kinematic requirements are imposed on physics objects in this analysis, labelled baseline

and signal requirements, where the latter label describes a tighter selection than the former.

Electron candidates are reconstructed from cell clusters in the electromagnetic

calorimeter which are matched to ID tracks. Baseline electrons are required to have

pT > 7 GeV, |η| < 2.47, and satisfy ‘VeryLoose’ likelihood identification criteria, defined

following the methodology described in ref. [51]. Signal electrons must pass all baseline re-

quirements, have pT > 28 GeV, and satisfy the ‘Tight’ likelihood identification criteria [51].

In addition, the distance of closest approach to the beam in the transverse plane (d0) and

the longitudinal distance of this point to the primary vertex along the beam direction (z0)

are required to satisfy |z0 sin θ| < 0.5 mm and |d0|/σd0 < 5, where σd0 is the uncertainty in

d0. Furthermore, signal electrons must be isolated, requiring that the scalar pT sum of all

tracks in a cone of size ∆R < 10 GeV/peT around the electron momentum, with a maximum

cone size of 0.2, is lower than 6% of the electron pT.

Muon candidates are reconstructed from combined tracks that are formed from ID and

MS tracks, ID tracks matched to MS track segments, standalone MS tracks, or ID tracks

matched to a calorimeter energy deposit compatible with a minimum-ionising particle

(referred to as calo-tagged muons) [52]. Baseline muons are required to have pT > 6 GeV,

|η| < 2.7, and satisfy the ‘Loose’ identification criteria [52]. Signal muons must satisfy the

‘Medium’ identification criteria, are required to have pT > 28 GeV, and impact parameters

|z0 sin θ| < 0.5 mm and |d0|/σd0 < 3. In addition, they must be isolated, requiring that the

scalar pT sum of all tracks in a cone of size ∆R < 10 GeV/pµT around the muon momentum,

with a maximum cone size of 0.3, is lower than 6% of the muon pT.

Jet candidates are reconstructed from topological clusters [53, 54], built from energy

deposits in the calorimeters calibrated to the electromagnetic scale, using the anti-kt al-

gorithm with radius parameter R = 0.4 [55]. Baseline (signal) jets are required to have

pT > 20 GeV (pT > 25 GeV) and |η| < 4.4 (|η| < 2.5). To reject jets originating from pile-
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up collisions, signal jets with pT < 60 GeV and |η| < 2.4 are required to satisfy jet vertex

tagger criteria [56]. In order to suppress detector noise and non-collision backgrounds [57],

0.3% of the events are vetoed as a baseline jet in an event does not pass the ‘Loose’ jet

quality requirements of ref. [58]. A b-tagging algorithm based on multivariate techniques

is used to identify jets containing b-hadrons, so-called b-jets [59, 60]. The working point

used provides an average tagging efficiency of 77% for b-jets in simulated tt̄ events, as well

as a rejection factor of about 130 for light-quark flavour (u, d, s) and gluon jets and about

6 for charm jets.

Jets and associated tracks are also used to identify hadronically decaying τ leptons

using the ‘Loose’ identification criteria described in ref. [61]. The τ candidates are required

to have one or three associated tracks, with total electric charge opposite to that of the

selected electron or muon, pT > 20 GeV, and |η| < 2.5.

The missing transverse momentum is reconstructed from the negative vector sum of

the transverse momenta of baseline electrons, muons, jets, and a soft-term built from high-

quality tracks that are associated with the primary vertex but not with the baseline physics

objects [62, 63].

Energy deposits reconstructed as two different particle candidates are resolved by re-

moving one of the candidates according to the following procedure:

1. Electron/jet: if a baseline electron and a baseline jet are found within ∆R < 0.2 the

overlapping jet is removed.

2. Muon/jet: if a baseline muon overlaps with a baseline jet within ∆R < 0.4 the

overlapping jet is removed if the jet has fewer than three tracks with pT > 500 MeV.

3. Jet/lepton:

• If a jet that passes the previous steps overlaps with a muon in a cone of size

∆R = 0.04 + 10 GeV/pµT, up to a maximum size of 0.4, the muon is removed.

• If a jet that passes the previous steps overlaps with an electron in a cone of size

∆R = 0.4, the electron is removed.

4. Electron/τ : if an electron that passes the previous steps overlaps with a τ candidate

in a cone of size ∆R = 0.1, the τ is removed.

Large-radius jets are constructed from signal jets using the anti-kt algorithm with

R = 1.0. Constituent small-radius jets with pT less than 5% of the large-radius jet pT are

removed, mainly in order to reduce the impact of soft radiation.

5 Event selection and background estimation

Events are required to have exactly one signal lepton (L=e, µ), at least four signal jets and

Emiss
T >300 GeV. A veto on events with a second lepton, fulfilling the baseline requirements,

is used to suppress tt̄ events with two leptons in the final state (dileptonic tt̄). Further

event selection is performed using objects fulfilling the signal requirements described in the

– 5 –
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Figure 2. Comparison of data and prediction in the Emiss
T distribution (left) and the mW

T distri-

bution (right) after the preselection. The lower panels show the ratio of the data to the prediction.

The error bands include statistical and systematic uncertainties. The last bin contains the over-

flow events.

previous section. The azimuthal angles between the missing transverse momentum vector
~Emiss
T and both the leading (j1) and sub-leading (j2) jets, ordered in pT, must satisfy the

condition |∆φ(ji, ~E
miss
T )| > 0.4 with i ∈ {1, 2}, which rejects events with Emiss

T arising from

mismeasured jets. In addition, at least one b-tagged jet is required.

After applying these requirements, the dominant backgrounds are single-lepton plus

jets (1L) tt̄ events, where the lepton originates either directly from the W decay or from

a subsequent τ decay, and W+jets production. This can be seen in figure 2, which shows

a comparison of data and SM expectation as a function of Emiss
T and mW

T at the so-called

preselection level as defined in table 1. Here mW
T is defined as the transverse mass2 of

the signal lepton and the missing transverse momentum. Requiring mW
T to be well above

the W boson mass strongly reduces 1L tt̄ events and W+jets production as can be seen

from the right panel of figure 2. The remaining events at large mW
T are mostly from tt̄

production where both W bosons decay leptonically. The two cases of either two leptons

(2L) and one lepton and a hadronically decaying τ (1L 1τ) are shown separately.

Additional variables are used to reduce these dileptonic tt̄ backgrounds. The mT2

variable [64] is a generalisation of the transverse mass applied to signatures where two or

more particles are not directly detected [65, 66], defined as

mT2 ≡ min
~qTa+~qTb= ~Emiss

T

{max(mTa,mTb)} .

2The transverse mass mW
T is defined as mW

T =
√

2plepT Emiss
T [1− cos(∆φ)], where ∆φ is the azimuthal an-

gle between the lepton and the missing transverse momentum direction and plepT is the transverse momentum

of the charged lepton.
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Variable Preselection SR TCR WCR

Emiss
T > 300 GeV > 350 GeV > 300 GeV

mW
T > 30 GeV > 170 GeV ∈ [30, 90] GeV

amT2 — > 175 GeV > 100 GeV

mτ
T2 — > 80 GeV > 80 GeV

Hmiss
T,sig — > 12 —

Jet pT > 25 GeV > 120, 80, 50, 25 GeV > 120, 80, 50, 25 GeV

|∆φ(ji, E
miss
T )|, i = 1, 2 > 0.4 > 0.4 > 0.4

# b-tagged jets ≥ 1 ≥ 1 ≥ 1 = 0

# large-radius jets — ≥ 2 ≥ 2

Large-radius jet mass — > 80, 60 GeV > 80, 60 GeV

Large-radius jet pT —
> 290 GeV if Emiss

T < 450 GeV
> 200 GeV

> 200 GeV if Emiss
T > 450 GeV

Table 1. Overview of the event selections for the signal region (SR) and the background control

regions for tt̄ (TCR) and W+jets (WCR) processes. For jet pT and large-radius jet masses the

numbers refer to the objects ordered in pT.

In this formula, mTa and mTb are transverse masses calculated using two sets of one

or more visible particles, denoted a and b, respectively, and all possible combinations of

missing transverse momenta ~qTa and ~qTb, with ~qTa + ~qTb = ~Emiss
T . This analysis uses two

specific choices for the sets of visible particles a and b, and the corresponding variables are

referred to as amT2 and mτ
T2. The amT2 variable is used to suppress dileptonic tt̄ events

where one lepton goes undetected. Thus, the sets of visible particles for the amT2 are

combinations of the identified lepton and the two jets with the highest b-tagging weights,

where the lepton is combined with either jet and the combination with the lowest resulting

amT2 is taken. For dileptonic tt̄ events amT2 has a kinematic endpoint at the top quark

mass but is expected to extend much higher for processes with additional sources of Emiss
T .

The mτ
T2 variable targets tt̄ events where one of the W bosons decays via a hadronically

decaying τ . It is only constructed in events where a hadronically decaying τ candidate is

found. The τ candidate and the signal lepton are used as the two visible particles. For these

events, mτ
T2 is required to be greater than 80 GeV as it has a kinematic endpoint at the W

boson mass for tt̄ events. If fulfilled, the τ candidate is no longer used and instead the jet

candidate, from which the τ is identified, is considered for the rest of the computations.

The Hmiss
T,sig [67] variable is used to reduce the number of events with mis-reconstructed

Emiss
T . It is defined as Hmiss

T,sig ≡ (Hmiss
T −100 GeV)/σHmiss

T
, where the exact value of the con-

stant has no impact on this analysis and was optimised for the search mentioned above [68].

Here Hmiss
T is the magnitude of the vectorial sum of the signal lepton and jets transverse

momenta and σHmiss
T

is the approximate resolution of Hmiss
T , computed using the per-event

jet energy resolution [69].
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5.1 Signal region selection

The signal region selection is optimised to target a benchmark signal with a T quark mass

of 1 TeV, a branching ratio for the T → Zt decay of 80%, and equal branching ratios for

the other two decay modes (T → Ht, T → Wb). This benchmark signal was chosen due

to its mass being at the expected sensitivity reach of this analysis, and its high branching

ratio into the required Zt decay mode, while at the same time allowing for decays into

other final states. A summary of the SR selection is given in table 1. Due to the invisible

decay of the Z boson, a high-Emiss
T requirement of at least 350 GeV is set. As discussed

above, the mW
T and amT2 variables are used to reduce the tt̄ and W+jets backgrounds.

The properties of large-radius jets are used to exploit the structure of the high-mass VLT

decay. At least two large-radius jets with high pT and large mass are required. These

target a hadronically decaying top quark, or the subsequent hadronic W boson decay, as

well as a second, hadronically decaying massive boson. At very high Emiss
T the backgrounds

are sufficiently reduced to allow looser requirements on the large-radius jet pT. For the

benchmark signal, 13.4±0.5 events are expected in the SR, with 95% of them containing an

invisibly decaying Z boson. This number decreases to 75% for the singlet model with a T

quark mass of 1 TeV, where B (T → Zt) ≃ 25%. The efficiency of the full event selection for

the benchmark signal is 1%, taking all decay modes into account. For events with Z → νν̄

and one leptonically decaying W boson from a top quark decay, the selection efficiency is

about 10%.

5.2 Background estimation

The dominant background in the SR is due to tt̄ production, followed by about equal

contributions from W+jets and single-top production. In order to derive the normalisation

of the tt̄ and W+jets processes from data, dedicated control regions are defined and referred

to as TCR and WCR, respectively. The background normalisation and a possible signal

contribution are determined simultaneously in a maximum-likelihood fit to the event yields

in the signal region and the control regions.

The CRs are defined by modifying the requirement on mW
T to a window around the W

boson mass, ensuring orthogonality between the CRs and the SR. Requirements on Emiss
T ,

amT2, H
miss
T,sig and the large-R jet pT are loosened in order to increase the statistical power of

the CRs. In the W+jets control region, a veto on b-tagged jets is used to enrich the W+jets

contribution and make the selection orthogonal to the tt̄ control region. Table 1 details the

CR selection in comparison to the SR requirements. The normalisation factors, obtained

in a fit to the control regions, for tt̄ and W+jets are µtt̄ = 1.05 ± 0.17 and µW+jets =

0.70 ± 0.10, where the error includes both the statistical and systematic uncertainties.

Applying these normalisation factors, a comparison of data and simulation in the Emiss
T

and Hmiss
T,sig distributions is shown in both CRs in figure 3. The normalisation factors, in

particular the one for W+jets, are tested further as described in section 5.3 and section 6.

The single-top background is taken from simulation. Additional backgrounds consid-

ered in the analysis are diboson production as well as tt̄ production in association with a

vector boson. These backgrounds make a small contribution to the SR and are also taken

from simulation. Rare backgrounds, such as the associated production of tt̄ with a Higgs

– 8 –
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Figure 3. Comparison of data and prediction in the Emiss
T distribution (left) and the Hmiss

T,sig

distribution (right) in the tt̄ (top) and the W+jets control regions (bottom). The tt̄ and W+jets

normalisation factors are applied as indicated in the legend. The lower panels show the ratio

of the data to the prediction. The error bands include statistical and systematic uncertainties.

The last bin contains the overflow events. For the Hmiss
T,sig distributions the first bin also contains

underflow events.

boson, contribute less than 1% to the total expected background in the SR and are not

considered further. The contribution of multi-jet events is negligible after the requirements

on Emiss
T and |∆φ(ji, ~E

miss
T )|.

5.3 Background validation

The background estimates are tested in validation regions, which are not included in the

maximum-likelihood fit. The background normalisation factors determined in the CRs are

applied in the VRs. All VRs are defined by requiring exactly one large-radius jet, to ensure

orthogonality with the event selection defining the signal and control regions. Furthermore,

some SR requirements are relaxed in order to increase the statistical power. Three VRs

are defined, for the tt̄, single-top and W+jets processes. The definitions are summarised
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Variable Signal Region TVR WVR STVR

Emiss
T > 350 GeV > 300 GeV

mW
T > 170 GeV > 120 GeV > 60 GeV

amT2 > 175 GeV ∈ [100, 200] GeV > 100 GeV > 200 GeV

mτ
T2 > 80 GeV > 80 GeV

Hmiss
T,sig > 12 —

Jet pT > 120, 80, 50, 25 GeV > 120, 80, 50, 25 GeV

|∆φ(ji, E
miss
T )|, i = 1, 2 > 0.4 > 0.4

# b-tagged jets ≥ 1 ≥ 1 = 0 ≥ 2

# large-radius jets ≥ 2 = 1

Large-radius jet mass > 80, 60 GeV > 80 GeV

Large-radius jet pT
> 290 GeV if Emiss

T < 450 GeV
> 200 GeV

> 200 GeV if Emiss
T > 450 GeV

Table 2. Overview of the event selections for the tt̄ (TVR), W+jets (WVR) and single-top (STVR)

validation regions, compared to the signal region. For jet pT and large-radius jet masses the numbers

refer to the objects ordered in pT.

in table 2. No indication of mismodelling is observed in any of the VRs. For example, the

Emiss
T and mW

T distributions are shown in figure 4.

6 Systematic uncertainties

Systematic uncertainties from experimental sources and from the theoretical predictions

affect the signal and background estimates. They are included as nuisance parameters

with Gaussian constraints and are profiled in the likelihood fits that determine the back-

ground normalisation factors and the possible signal contribution. The uncertainties are

not constrained further in the fits as the analysis has as many bins as free parameters. The

uncertainties in the tt̄ and W+jets backgrounds in the SR result from the relative difference

of each systematic source in the SR to the respective CR due to the normalisation in the

fit. In general the systematic uncertainties are smaller than the statistical uncertainties.

Dominant experimental uncertainties come from imperfect knowledge of the scale and

resolution of both jet energies and masses as well as the modelling of the b-tagging efficiency

for b-jets, c-jets and light-flavour jets. The jet energy scale uncertainty is split into three

components [70]. The relative uncertainty in the estimated background yields in the SR

from these sources is 1%–5%. In addition, the uncertainty in the mass scale and the

resolution of the small-radius jets is considered. It has a small effect on the background, but

affects the signal because hadronically decaying Z and W bosons can be reconstructed as a

single small-radius jet. Additional small experimental uncertainties are due to the scale and

resolution of the Emiss
T soft-term, which captures all tracks not associated with calibrated

objects in the event, the modelling of lepton-related quantities, the trigger efficiency, as

well as the uncertainty in the integrated luminosity and the pile-up profile.

The uncertainties in the modelling of the tt̄ background come from the choice of MC

event generator, the hadronisation and fragmentation modelling, and the amount of initial-

– 10 –
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Figure 4. Comparison of data and prediction in the Emiss
T distribution (left) and the mW

T distribu-

tion (right) in the tt̄ (top), W+jets (middle) and single-top validation regions (bottom). The tt̄ and

W+jets normalisation factors are applied as indicated in the legend. The lower panels show the

ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.

The last bin contains the overflow events.
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Uncertainty SR

Total background prediction 6.1

Total statistical (
√
nexp) ±2.5

Total background uncertainty ±1.9 [31%]

tt̄ MC generator ±1.1 [17%]

tt̄ fragmentation ±0.8 [14%]

tt̄ radiation ±0.7 [11%]

MC stat. (nominal samples) ±0.7 [11%]

tt̄ Single-top interference ±0.6 [11%]

Single-top radiation ±0.4 [6.6%]

µtt̄ ±0.4 [6.6%]

Diboson fact. scale ±0.4 [6.5%]

Diboson renorm. scale ±0.4 [6.1%]

W+jets heavy flavour fraction ±0.3 [5.3%]

Jet mass resolution ±0.3 [5.0%]

Diboson resum. scale ±0.3 [4.7%]

Flavour-tagging light-jet mistag rate ±0.3 [4.5%]

Single-top fragmentation ±0.2 [3.5%]

Flavour-tagging c-jet mistag rate ±0.2 [3.4%]

W+jets MC generator ±0.2 [3.1%]

tt̄ PDF ±0.2 [2.8%]

µW+jets ±0.2 [2.4%]

W+jets merging scale ±0.1 [2.4%]

W+jets renorm. scale ±0.1 [2.3%]

W+jets resum. scale ±0.1 [2.3%]

W+jets fact. scale ±0.1 [2.3%]

Jet energy scale (1st component) ±0.1 [2.0%]

tt̄ + V cross-section ±0.1 [1.9%]

tt̄ + V scale ±0.1 [1.5%]

Jet energy scale (2nd component) ±0.1 [1.4%]

Jet energy resolution ±0.1 [1.3%]

Trigger efficiency ±0.1 [1.0%]

Table 3. Breakdown of the leading systematic uncertainties in the total background prediction

in the signal region. The statistical precision is included in uncertainties derived from the com-

parison of MC samples. The individual uncertainties are correlated, and do not necessarily add in

quadrature to the total background uncertainty.
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and final-state radiation. The MC generator uncertainty is estimated by comparing events

produced with Powheg-Box and with MadGraph5 aMC@NLO, both in conjunction

with Herwig++ [71], and is the dominant uncertainty in the tt̄ modelling, amounting to

an uncertainty of 17% in the total background yield in the SR. The hadronisation and

fragmentation uncertainty is about 13%, assessed by comparing events generated with

Powheg-Box and hadronised with either Pythia or Herwig++. Powheg-Box–Pythia

samples with different parton-shower radiation settings, different settings of QCD radiation

at NLO accuracy, and factorisation and renormalisation scales varied by factors of 0.5 and

2 [49] yield an uncertainty of 11%.

The uncertainty in the modelling of the W+jets process is estimated by comparing the

nominal simulation to a MadGraph5 aMC@NLO simulation. In addition, the effects of

independently varying the scales for the renormalisation, factorisation, and resummation

by factors of 0.5 and 2 are taken into account. Also, the scale of the matching scheme

related to the merging of matrix elements and parton showers is varied between 15 GeV

and 30 GeV . Since the W+jets background is normalised in a CR with a veto on b-tagged

jets, additional uncertainties of about 30% in the flavour composition of the W+jets events

are applied in all regions requiring at least one b-tagged jet. These uncertainties are based

on the measurement reported in ref. [72], extrapolated to higher jet multiplicities. As

a further check, a region with at least one b-tagged jet is defined, which is enriched in,

though not dominated by, the W+jets contribution. Good agreement between data and

SM expectation is found when applying the normalisation factors obtained in the CRs.

The total uncertainty in the W+jets modelling in the SR is about 40%, resulting in a 6%

uncertainty in the total background estimate.

The dominant uncertainty in the single-top processes stems from the modelling of the

interference between the tt̄ and Wt processes at NLO, leading to an uncertainty of 11% in

the total background yield in the SR. The uncertainty is estimated using inclusive WWbb

events, generated using MadGraph at LO, which are compared with the sum of the tt̄

and Wt processes. To account for the different orders in αS, the number of events in the

inclusive WWbb sample is scaled to the sum of the tt̄ and Wt events after an event selection

requiring only Emiss
T > 200 GeV, four jets and exactly one lepton. Uncertainties from the

MC event generator, the hadronisation and fragmentation modelling, and the amount of

initial- and final-state radiation are estimated in the same way as for tt̄. Additionally, an

uncertainty of 5.3% [73] in the single-top cross-section is taken into account, amounting to

an uncertainty of less than 1% in the total background yield in the SR.

Since the diboson and tt̄ + V backgrounds are not normalised in control regions, the

analysis is sensitive to their respective cross-section uncertainties. Additionally, the effects

of varying the renormalisation, factorisation and resummation scales are taken into account.

These uncertainties have a negligible impact on the final results.

The effect of PDF uncertainties on the acceptance for the signal and the tt̄ background

is included but found to be negligible. A breakdown of the leading systematic uncertainties

is summarised in table 3.
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7 Results

The number of events observed in the SR, CRs and the VRs is shown in table 4, together

with the backgrounds estimated in the simultaneous fit. The results are also summarised

in the left panel of figure 5. Good agreement of data and simulation is observed in the VRs.

No significant excess above the SM background is found in the SR. The Emiss
T distribution

in the SR for data and SM expectation is presented in the right panel of figure 5, where

the additional contribution from a T quark signal with a mass of 1.1 TeV is shown. For

this particular choice of signal, an additional nine events would be expected. The largest

signal contribution is expected at about half the T mass.

Upper limits on the signal cross-section as a function of the VLT mass are derived at

95% CL using profile-likelihood ratio tests following the CLs prescription [74–76]. They are

calculated for the weak-isospin singlet and doublet models, which feature mass-dependent

branching ratios [4], as well as for pure T → Zt decays, using MC samples generated for

15 different VLT masses between 500 GeV and 1.4 TeV . The contribution from additional

vector-like quarks, in particular from the X or B quark in the (X5/3, T ) or (T,B) doublets,

is neglected. This results in conservative limits in the case of the doublet model, where the

X or B quarks are expected to always decay to a Wt final state [9], leading to about 50%

more events in the SR for the case of a T quark mass of 1 TeV and a second X or B quark

with the same mass. The additional contribution in the TCR is less than 10%.

The cross-section times branching ratio limits as a function of mass are shown in

figure 6 for the pure T → Zt decay, as well as for the singlet and doublet cases. Comparing

the cross-section limits to the theoretical expectation, lower limits on the T quark mass

can be derived. The limits are summarised in table 5. The sensitivity to the singlet model

is lower due to the low B (T → Zt), which approaches 25% in the high-mass limit.

Figure 7 shows the 95% CL observed and expected lower limits on the signal mass

as a function of the decay branching ratios. The highest sensitivity is found in the re-

gion of B (T → Zt) ≃ 100%. The sensitivity to the mixed ZtHt decay mode is larger

than to the ZtWb decay mode. As an example, masses of mT < 1 TeV are excluded for

B (T → Ht) < 65% (70% expected) in the former decay mode and for B (T → Wb) < 45%

(50% expected) in the latter.

8 Conclusion

A search for the pair production of vector-like top quarks in final states with exactly

one lepton, at least four jets and high missing transverse momentum is presented. The

analysis follows a cut and count strategy, with a single-bin signal region and dedicated

control regions for the tt̄ and W+jets backgrounds. The search is based on 36.1 fb−1 of√
s = 13 TeV LHC pp collision data recorded by ATLAS in 2015 and 2016. No significant

excess above the SM background is observed in the signal region and 95% CL limits are

set on the vector-like top quark mass. For the singlet and doublet models, masses below

870 GeV (890 GeV expected) and 1.05 TeV (1.06 TeV expected), respectively, are excluded.

For the pure Zt decay, lower limits are set on the mass at 1.16 TeV (1.17 TeV expected).

Limits are also set on the mass as a function of the decay branching ratios, excluding large

parts of the parameter space for masses below 1 TeV.
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Region SR TCR WCR TVR WVR STVR

Observed events 7 437 303 112 131 143

Fitted bkg events 6.1 ± 1.9 437 ± 21 303 ± 17 109 ± 35 127 ± 31 125 ± 27

Fitted tt̄ events 2.5 ± 1.7 280 ± 40 38 ± 15 90 ± 40 15 ± 8 53 ± 23

Fitted W + jets events 1.1 ± 0.7 70 ± 28 224 ± 27 3.5 ± 2.0 77 ± 30 15 ± 7

Fitted singletop events 1.1 ± 0.7 63 ± 24 10 ± 5 4.2 ± 2.6 3.3+3.5
−3.3 46 ± 17

Fitted tt̄ + V events 0.91 ± 0.20 9.7 ± 1.6 1.03 ± 0.30 7.0 ± 1.4 1.9 ± 0.7 8.3 ± 1.4

Fitted diboson events 0.6 ± 0.6 11 ± 5 30 ± 12 1.3 ± 1.3 31 ± 9 1.7 ± 1.1

MC exp. bkg events 6.5 450 398 106 160 129

Table 4. Number of events observed in the signal, control and validation regions, together with the

estimated SM backgrounds. The normalisation factors determined in the simultaneous fit are ap-

plied. The uncertainties include all statistical and systematic sources. The individual uncertainties

are correlated, and do not necessarily add in quadrature to the total background uncertainty.
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Figure 5. Left panel: comparison of the observed data (nobs) with the predicted background (nexp)

in the VRs and SR. The bottom panel shows the significance of the difference between data and

predicted background, where the significance is based on the total uncertainty (σtot). Right panel:

comparison of data and prediction in the Emiss
T distribution in the SR. The error bands include

statistical and systematic uncertainties. The expected shape for a signal with mT = 1.1 TeV and

B (T → Zt) = 80% is added on top of the SM prediction.

Signal Obs. 95% CL Exp. 95% CL

lower mass limit lower mass limit

T → Zt 1.16 TeV 1.17 TeV

Singlet 0.87 TeV 0.89 TeV

Doublet 1.05 TeV 1.06 TeV

Table 5. Observed and expected 95% CL lower limits on the T quark mass for the pure T → Zt,

the singlet model and the doublet model. Contributions from the X or B quark in the (X5/3, T )

or (T,B) doublet models are neglected, leading to conservative limits.
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Figure 6. Observed and expected 95% CL upper limit on the cross-section times branching ratio

for VLT pair production as a function of the T mass for B (T → Zt) = 100% (top) and for branching

ratios according to the singlet model (bottom left) and the doublet model (bottom right). Contri-

butions from the X or B quark in the (X5/3, T ) or (T,B) doublet models are neglected, leading to

conservative limits. The thickness of the theory curve represents the theoretical uncertainty from

PDFs, scale and the strong coupling constant αS.
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function of the decay branching ratios into Wb and Ht. The markers indicate the branching ratios
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independent of the T quark mass.
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J. Mamuzic170, G. Mancini50, I. Mandić78, J. Maneira128a,128b, L. Manhaes de Andrade Filho26b,

J. Manjarres Ramos47, K.H. Mankinen84, A. Mann102, A. Manousos32, B. Mansoulie138,

J.D. Mansour35a, R. Mantifel90, M. Mantoani57, S. Manzoni94a,94b, L. Mapelli32, G. Marceca29,

L. March52, L. Marchese122, G. Marchiori83, M. Marcisovsky129, M. Marjanovic37, D.E. Marley92,

F. Marroquim26a, S.P. Marsden87, Z. Marshall16, M.U.F Martensson168, S. Marti-Garcia170,

C.B. Martin113, T.A. Martin173, V.J. Martin49, B. Martin dit Latour15, M. Martinez13,v,

V.I. Martinez Outschoorn169, S. Martin-Haugh133, V.S. Martoiu28b, A.C. Martyniuk81,

– 28 –



J
H
E
P
0
8
(
2
0
1
7
)
0
5
2

A. Marzin32, L. Masetti86, T. Mashimo157, R. Mashinistov98, J. Masik87, A.L. Maslennikov111,c,

L. Massa135a,135b, P. Mastrandrea5, A. Mastroberardino40a,40b, T. Masubuchi157, P. Mättig178,

J. Maurer28b, S.J. Maxfield77, D.A. Maximov111,c, R. Mazini153, I. Maznas156, S.M. Mazza94a,94b,

N.C. Mc Fadden107, G. Mc Goldrick161, S.P. Mc Kee92, A. McCarn92, R.L. McCarthy150,

T.G. McCarthy103, L.I. McClymont81, E.F. McDonald91, J.A. Mcfayden81, G. Mchedlidze57,

S.J. McMahon133, P.C. McNamara91, R.A. McPherson172,o, S. Meehan140, T.J. Megy51,

S. Mehlhase102, A. Mehta77, T. Meideck58, K. Meier60a, B. Meirose44, D. Melini170,aj ,

B.R. Mellado Garcia147c, J.D. Mellenthin57, M. Melo146a, F. Meloni18, A. Melzer23,

S.B. Menary87, L. Meng77, X.T. Meng92, A. Mengarelli22a,22b, S. Menke103, E. Meoni40a,40b,

S. Mergelmeyer17, P. Mermod52, L. Merola106a,106b, C. Meroni94a, F.S. Merritt33,

A. Messina134a,134b, J. Metcalfe6, A.S. Mete166, C. Meyer124, J-P. Meyer138, J. Meyer109,

H. Meyer Zu Theenhausen60a, F. Miano151, R.P. Middleton133, S. Miglioranzi53a,53b, L. Mijović49,
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A. Vallier5, J.A. Valls Ferrer170, W. Van Den Wollenberg109, H. van der Graaf109,

P. van Gemmeren6, J. Van Nieuwkoop144, I. van Vulpen109, M.C. van Woerden109,

M. Vanadia135a,135b, W. Vandelli32, A. Vaniachine160, P. Vankov109, G. Vardanyan180, R. Vari134a,

E.W. Varnes7, C. Varni53a,53b, T. Varol43, D. Varouchas119, A. Vartapetian8, K.E. Varvell152,

J.G. Vasquez179, G.A. Vasquez34b, F. Vazeille37, T. Vazquez Schroeder90, J. Veatch57,

V. Veeraraghavan7, L.M. Veloce161, F. Veloso128a,128c, S. Veneziano134a, A. Ventura76a,76b,

M. Venturi172, N. Venturi32, A. Venturini25, V. Vercesi123a, M. Verducci136a,136b, W. Verkerke109,

A.T. Vermeulen109, J.C. Vermeulen109, M.C. Vetterli144,d, N. Viaux Maira34b, O. Viazlo84,

I. Vichou169,∗, T. Vickey141, O.E. Vickey Boeriu141, G.H.A. Viehhauser122, S. Viel16, L. Vigani122,

M. Villa22a,22b, M. Villaplana Perez94a,94b, E. Vilucchi50, M.G. Vincter31, V.B. Vinogradov68,

A. Vishwakarma45, C. Vittori22a,22b, I. Vivarelli151, S. Vlachos10, M. Vogel178, P. Vokac130,

G. Volpi126a,126b, H. von der Schmitt103, E. von Toerne23, V. Vorobel131, K. Vorobev100,

M. Vos170, R. Voss32, J.H. Vossebeld77, N. Vranjes14, M. Vranjes Milosavljevic14, V. Vrba130,

M. Vreeswijk109, R. Vuillermet32, I. Vukotic33, P. Wagner23, W. Wagner178, J. Wagner-Kuhr102,

H. Wahlberg74, S. Wahrmund47, J. Wakabayashi105, J. Walder75, R. Walker102, W. Walkowiak143,

V. Wallangen148a,148b, C. Wang35b, C. Wang36b,av, F. Wang176, H. Wang16, H. Wang3,

J. Wang45, J. Wang152, Q. Wang115, R. Wang6, S.M. Wang153, T. Wang38, W. Wang153,aw,

W. Wang36a, Z. Wang36c, C. Wanotayaroj118, A. Warburton90, C.P. Ward30, D.R. Wardrope81,

A. Washbrook49, P.M. Watkins19, A.T. Watson19, M.F. Watson19, G. Watts140, S. Watts87,

B.M. Waugh81, A.F. Webb11, S. Webb86, M.S. Weber18, S.W. Weber177, S.A. Weber31,

J.S. Webster6, A.R. Weidberg122, B. Weinert64, J. Weingarten57, M. Weirich86, C. Weiser51,

H. Weits109, P.S. Wells32, T. Wenaus27, T. Wengler32, S. Wenig32, N. Wermes23, M.D. Werner67,

P. Werner32, M. Wessels60a, K. Whalen118, N.L. Whallon140, A.M. Wharton75, A.S. White92,

– 32 –



J
H
E
P
0
8
(
2
0
1
7
)
0
5
2

A. White8, M.J. White1, R. White34b, D. Whiteson166, B.W. Whitmore75, F.J. Wickens133,

W. Wiedenmann176, M. Wielers133, C. Wiglesworth39, L.A.M. Wiik-Fuchs51, A. Wildauer103,

F. Wilk87, H.G. Wilkens32, H.H. Williams124, S. Williams109, C. Willis93, S. Willocq89,

J.A. Wilson19, I. Wingerter-Seez5, E. Winkels151, F. Winklmeier118, O.J. Winston151,

B.T. Winter23, M. Wittgen145, M. Wobisch82,u, T.M.H. Wolf109, R. Wolff88, M.W. Wolter42,

H. Wolters128a,128c, V.W.S. Wong171, S.D. Worm19, B.K. Wosiek42, J. Wotschack32,

K.W. Wozniak42, M. Wu33, S.L. Wu176, X. Wu52, Y. Wu92, T.R. Wyatt87, B.M. Wynne49,

S. Xella39, Z. Xi92, L. Xia35c, D. Xu35a, L. Xu27, T. Xu138, B. Yabsley152, S. Yacoob147a,

D. Yamaguchi159, Y. Yamaguchi120, A. Yamamoto69, S. Yamamoto157, T. Yamanaka157,

M. Yamatani157, K. Yamauchi105, Y. Yamazaki70, Z. Yan24, H. Yang36c, H. Yang16, Y. Yang153,

Z. Yang15, W-M. Yao16, Y.C. Yap83, Y. Yasu69, E. Yatsenko5, K.H. Yau Wong23, J. Ye43, S. Ye27,

I. Yeletskikh68, E. Yigitbasi24, E. Yildirim86, K. Yorita174, K. Yoshihara124, C. Young145,

C.J.S. Young32, J. Yu8, J. Yu67, S.P.Y. Yuen23, I. Yusuff30,ax, B. Zabinski42, G. Zacharis10,

R. Zaidan13, A.M. Zaitsev132,al, N. Zakharchuk45, J. Zalieckas15, A. Zaman150, S. Zambito59,

D. Zanzi91, C. Zeitnitz178, G. Zemaityte122, A. Zemla41a, J.C. Zeng169, Q. Zeng145, O. Zenin132,
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107 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States

of America
108 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University

Nijmegen/Nikhef, Nijmegen, Netherlands
109 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam,

Netherlands
110 Department of Physics, Northern Illinois University, DeKalb IL, United States of America
111 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
112 Department of Physics, New York University, New York NY, United States of America
113 Ohio State University, Columbus OH, United States of America
114 Faculty of Science, Okayama University, Okayama, Japan
115 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,

United States of America
116 Department of Physics, Oklahoma State University, Stillwater OK, United States of America
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