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1 Introduction

New heavy color-triplet spin-1/2 fermions with nonchiral couplings, referred to as vector-
like quarks (VLQs), are predicted in many extensions of the standard model (SM) [1–6] in
order to resolve theoretical issues, such as the hierarchy problem. While the masses of the
SM chiral quarks arise from Yukawa couplings to the Higgs field, for VLQs non-Yukawa
coupling terms in the Lagrangian are allowed. The existence of VLQs is not yet excluded by
precision SM measurements, unlike the case of chiral quarks from a fourth generation [7].
Pair production of VLQs occurs via strong interaction processes while single production,
which dominates for VLQ masses above ≈1TeV owing to the larger phase space, occurs
via electroweak interaction processes.

This paper presents a search for the single production of a vector-like T quark with
charge 2/3 e, where the T quark decays to a top quark (t) and a Z boson. The analysis
is performed in proton-proton (pp) collision data at

√
s = 13TeV collected with the CMS

detector in Run 2 of the CERN LHC in 2016–2018. An example of a leading-order (LO)
Feynman diagram for single T quark production and decay is shown in figure 1.

This analysis targets tZ final states where the top quark decays hadronically via t →
Wb → q′q̄b and the Z boson decays to neutrinos. Neutrinos are not detected in the
experimental apparatus, therefore a full reconstruction of the T quark four-momentum
cannot be performed, and signal events are characterized by a large transverse momentum
(pT) imbalance.

In addition to the tZ decay channel, a T quark can also decay to a bottom quark
(b) and a W boson, or a top quark and a Higgs boson (H), with branching fractions that
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Figure 1. A representative leading-order Feynman diagram for the production of a single vector-
like quark T decaying into a Z boson and a top quark.

are a function of the model-dependent couplings with SM third-generation quarks. For a
singlet T quark model [3] the branching fractions for the bW, tZ, and tH decay channels
are approximately 0.5, 0.25, and 0.25, respectively.

Searches for pair production of T quarks at 13TeV, targeting a variety of possible
final states from the above decay channels, have been performed by the ATLAS [8–13] and
CMS [14–18] Collaborations. In particular, the paper [13] presenting the combination of
the searches at 13TeV by the ATLAS Collaboration has set a lower limit of 1.3TeV at 95%
confidence level on the mass of a T quark in the singlet T quark model [3].

A search for single production of T quarks exploiting the same final state as in this
analysis, and based on the 2015–2016 data set only, has been reported by the ATLAS
Collaboration [19]. Searches in the tZ channel using final states where the Z boson decays
to a pair of muons or electrons have been published by both the ATLAS and CMS Col-
laborations [10, 20]. A search exploiting fully hadronic final states, targeting tZ and tH
channels, has been reported in a recent paper [21] by the CMS Collaboration. Also the bW
channel has been investigated at 13TeV in final states where the W boson decays lepton-
ically [22, 23]. No deviations have been observed in any of these searches with respect to
the expected SM background. All the above searches are based on data sets corresponding
to a maximum integrated luminosity of about 36 fb−1, which is almost a factor of four less
than the 137 fb−1 used for the analysis described in this paper.

As shown in figure 1, final states of signal events are characterized by a top or bottom
quark produced in association with the T quark as well as a quark that tends to be emitted
at a low angle with respect to the beam axis, in the forward region of the detector. For the
interpretation of our search, we assume a singlet T quark model [5] in which the production
process is the associated production with a bottom quark. This process has a much larger
cross section, the production in association with a top quark being suppressed owing to
the higher top quark mass [5]. However, no specific requirement on the associated top or
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bottom quark is considered in the analysis selection and strategy, and by design the results
of this search may also be interpreted in terms of other models with a single top quark and
missing transverse momentum in the final state.

The considered mass values for the T quark range from 0.6 to 1.8TeV. Multiple hy-
potheses for the T quark width (Γ) are probed for the first time in this channel, with
values varying from 1 to 30% of the T quark mass, by employing simulated signal samples
generated using different width hypotheses. A novel and distinctive feature of this search
is that the analysis exploits the fact that the T quark’s final state appears differently in
the detector, depending on its mass. Accordingly, different reconstruction strategies for
the top quark are employed for different mass ranges of the T quark. For lower mass values
the quarks from the top quark decay tend to be reconstructed as individual, narrow-cone
jets. As the T quark mass increases, the decay products of the boosted top quark become
highly collimated, producing jets that overlap either completely or partially. Therefore,
for the case of large T quark masses, large-radius jets are studied with the aid of substruc-
ture techniques in order to identify jets originating from the top quark or the W boson,
enhancing the analysis sensitivity.

Tabulated results are provided in the HEPData record for this analysis [24].

2 The CMS detector, data, and simulation

This analysis is based on pp collision data at
√
s = 13TeV collected with the CMS detector

in Run 2 of the LHC during the years 2016–2018, and corresponding to integrated lumi-
nosities of 36.3, 40.7, and 59.8 fb−1, for the 2016, 2017, and 2018 data sets, respectively.
The central feature of the CMS apparatus is a superconducting solenoid of 6m internal
diameter, providing a magnetic field of 3.8T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters, made of steel and quartz-fibres, extend the pseu-
dorapidity (η) coverage provided by the barrel and endcap detectors. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A
more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in ref. [25].

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of about
4µs [26]. The second level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software optimized for fast pro-
cessing, and reduces the event rate to around 1 kHz before data storage [27]. Signal events
of this analysis, because of the presence of a boosted Z boson decaying to a pair of neutrinos,
are selected online by triggers which require a large transverse momentum imbalance.

Simulated background samples are generated at LO with MadGraph5_amc@nlo [28]
for W+jets, Z+jets, and for events with jets arising exclusively from quantum chromody-
namics (QCD) interactions (multijet events). The next-to-LO (NLO) generator powheg
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2.0 [29–31] is used to simulate top quark-antiquark pairs produced in association with jets
(tt̄+jets) [32] and single top quark [33] events. The MadGraph5_amc@nlo version is
2.2.2 (2.4.2) for simulated events used with 2016 (2017 and 2018) data. Diboson events
with inclusive final states are generated at LO using pythia 8.2 [34]. Diboson events with
exclusive final states, generated at NLO with MadGraph5_amc@nlo and powheg 2.0,
are employed in specific signal regions defined in the analysis to improve the statistical
precision of the background estimates. Finally, MadGraph5_amc@nlo at NLO is used
for tt̄+V and tZq samples, which are minor backgrounds. The powheg 2.0 and Mad-
Graph5_amc@nlo generators are interfaced with pythia 8.2 with the following versions
and underlying event tunes: version 8.226 and tune CUETP8M1 [35] for the simulated
events used with 2016 data, and version 8.230 and tune CP5 [36] for those used with 2017
and 2018 data. The event tune CUETP8M2T4 [37] is employed for the simulated tt̄+jets
events used with 2016 data, and the pythia version 8.240 is adopted for simulated tt̄+jets
events used for 2017 and 2018 data. The background processes are initially normalized to
their theoretical cross sections, using the highest order available. The W+jets and Z+jets
events are further normalized to account for NLO in electroweak and next-to-NLO (NNLO)
in QCD corrections to the cross sections from ref. [38]. The cross section for the tt̄ back-
ground is computed at NNLO in perturbative QCD using a soft-gluon resummation at
next-to-next-to-leading logarithmic accuracy with the Top++ 2.0 program [39]. For single
top quark production, NLO calculations are performed with HATHOR 2.1 [40].

Signal event samples are generated in the 4-flavor scheme at LO using Mad-
Graph5_amc@nlo interfaced to pythia 8.2. A singlet T quark is assumed that is
produced in association with a bottom quark with suppressed right-handed coupling to
SM particles [41]. The contribution of the associated production with a top quark is
within the theory uncertainty of the dominant production with a bottom quark and is
considered negligible. The generated T quark mass in the samples ranges from 0.6 up
to 1.8TeV, and several hypotheses for the T quark width are considered. Narrow-width
samples are generated in mass steps of 0.1TeV and with Γ set to 10GeV, which is much
smaller than the experimental resolution. Large-width samples are generated in mass steps
of 0.2TeV with Γ set to 10, 20, and 30% of the resonance mass mT. Again, the version
MadGraph5_amc@nlo 2.2.2 (2.4.2) is used for 2016 (2017 and 2018) simulated events.
The choice of the interval and granularity for the large-width samples, both in mT and Γ,
takes into account the sensitivity of the discriminating observables to these variables. All
possible decays of the top quark and Z boson have been considered for the signal process.
The total cross section for a singly produced T quark that decays to tZ is computed using
the interpretation framework described in ref. [42]. The cross section values for the Γ/mT
hypotheses of 1, 10, 20, and 30% are obtained from computations performed at LO QCD
with the full width calculation, based on ref. [43]. The cross section values for the single
production of a vector-like singlet T quark with Γ/mT of 1, 10, 20, and 30% are reported
in table 1. An additional benchmark is considered for a value of Γ/mT of 5%, and the
same narrow width signal sample is used in this case as for the hypothesis with 1% for
Γ/mT. The cross section values for the 5% mass points are extrapolated from the values
corresponding to the 1 and 10% hypotheses using the procedure described in ref. [21].
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σ(pp→ Tbq → tZbq) [fb]
mT [TeV] Γ/mT = 1% Γ/mT = 10% Γ/mT = 20% Γ/mT = 30%

0.6 175 (34) 1750 (340) 3500 (690) 5200 (1000)
0.7 78 (16) 780 (160) 1520 (310) 2240 (710)
0.8 41.5 (8.6) 409 (85) 790 (170) 1150 (250)
0.9 23.3 (5.0) 228 (49) 437 (94) 630 (140)
1.0 13.6 (3.0) 132 (29) 251 (55) 360 (80)
1.1 8.2 (1.8) 79 (18) 150 (34) 214 (48)
1.2 5.1 (1.2) 49 (11) 93 (21) 131 (30)
1.3 3.25 (0.75) 31.2 (7.3) 59 (14) 82 (19)
1.4 2.12 (0.50) 20.3 (4.8) 37.9 (9.0) 54 (13)
1.5 1.41 (0.34) 13.4 (3.2) 25.0 (6.0) 35.2 (8.4)
1.6 0.94 (0.23) 9.0 (2.2) 16.8 (4.1) 23.5 (5.7)
1.7 0.64 (0.16) 6.2 (1.5) 11.5 (2.8) 16.0 (3.9)
1.8 0.45 (0.11) 4.2 (1.1) 7.9 (2.0) 11.0 (2.8)

Table 1. Theoretical cross sections, in fb, for single production of a vector-like singlet T quark in
association with a bottom quark, with the T quark decaying to tZ, for mass hypotheses between 0.6
and 1.8TeV in steps of 0.1TeV, and for resonance widths that are 1, 10, 20, and 30% of its mass. The
framework for the computation is described in refs. [42, 43]. The uncertainties, given in parentheses,
are obtained by halving and doubling the values of QCD renormalization and factorization scales.

The simulated samples are generated using the LO NNPDF 3.0 [44] parton distribution
function (PDF) sets for 2016, except for tt̄ and single top quark events, which adopt NLO
PDF sets in this case, and using the NNLO NNPDF 3.1 [45] PDF sets for 2017 and
2018. The generated events are passed through a simulation of the CMS detector based on
Geant4 [46, 47]. Additional interactions in the same or adjacent bunch crossings (pileup)
are included in the simulation, with their frequency distribution adjusted to match that
observed in data.

3 Event reconstruction and selection

The candidate vertex with the largest value of summed physics-object p2
T is taken to be

the primary pp interaction vertex. The physics objects are the jets, clustered using the
jet finding algorithm [48, 49] with the tracks assigned to candidate vertices as inputs, and
the associated missing transverse momentum, taken as the negative vector sum of the pT
of those jets. The primary vertex must be within 24 cm of the nominal interaction point
along the beam axis and within 2 cm in the transverse plane.

Particle candidates in the event are reconstructed using the particle-flow (PF) al-
gorithm [50], which performs a global event reconstruction by combining the information
from the various elements of the CMS detector, and which provides identification of muons,
electrons, photons, and charged and neutral hadrons. Jets are clustered from the PF can-
didates using the anti-kT algorithm [48] with distance parameters of 0.4 (AK4 jets) and
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0.8 (AK8 jets). An algorithm [51] is applied to the AK4 jets to remove charged hadrons
not originating from the primary vertex, while for the AK8 jets the pileup per particle
identification algorithm [52] is employed, which assigns a weight to charged and neutral
PF candidates, according to the likelihood that the particle originates from a pileup inter-
action. The weight is then used to rescale the particle four-momentum. Correction factors
as a function of the pT, η, energy density, and the area of the jet are applied to calibrate
the jet energy scale. The jet energy resolution for simulated jets is adjusted to reproduce
the resolution in data [53].

The missing transverse momentum vector ~pmiss
T is defined as the negative vector pT

sum of all the PF candidates in an event, and its magnitude is denoted as pmiss
T [54]. The

missing hadronic activity ~Hmiss
T is defined as the negative vector sum of the AK4 jets

pT, and its magnitude is denoted as Hmiss
T . The ~pmiss

T and ~Hmiss
T are modified to account

for corrections to the energy scale of the reconstructed jets in the event. The missing
transverse momentum and the missing hadronic activity are computed also at online level,
using algorithms similar to the offline versions. Events are selected at the HLT if they have
pmiss

T and Hmiss
T greater than 120GeV.

At offline level, the AK4 jets selected for the analysis must have pT > 30GeV, while
the AK8 jets must have pT > 200GeV. Central AK4 or AK8 jets must have |η| < 2.4.
Central AK4 jets are used as input to the b tagging algorithm to identify jets originating
from the hadronization of a bottom quark. Forward jets are defined as AK4 jets in the
region 2.4 ≤ |η| ≤ 4.0. Jets with larger values of |η| are not included in the count of forward
jets, in order to reduce the contribution from pileup interactions.

The mass of an AK8 jet is measured after applying jet grooming techniques, in
which the constituents of the AK8 jets are reclustered using the Cambridge-Aachen al-
gorithm [55, 56]. The modified mass drop tagger algorithm [57, 58], also known as the
soft-drop (SD) algorithm, with an angular exponent β = 0, soft cutoff threshold zcut < 0.1,
and characteristic radius R0 = 0.8 [59], is applied to remove soft and wide-angle radiation
from the jet.

Jets containing b hadrons (b jets) are identified using a version of the combined sec-
ondary vertex algorithm based on a deep neural network [60, 61]. A working point with an
identification efficiency of 70% for genuine b jets and a rejection of 99% for light-flavor jets
is used for AK4 jets. The b tagging efficiencies in simulated event samples are corrected
to match those measured in data.

The AK8 jets may be tagged as originating from a W boson decaying to q′q̄ (W jet)
or from a top quark decaying into a fully hadronic final state (t jet). An AK8 jet is
identified as a W jet by using the groomed SD mass mjet, which is required to be between
65 and 105GeV. A requirement on the decorrelated N -subjettiness ratio denoted as τDDT

21 ,
which is constructed to decorrelate the dependence on the jet pT scale and mass [62, 63],
is also applied. We first define τ21 = τ2/τ1 [64], and then the decorrelated ratio is τDDT

21 =
τ21−M ln[m2

jet/(p
jet
T µ)], where pjet

T is the jet pT, µ = 1GeV, and M is a parameter equal to
−0.080 (−0.082) for 2016 (2017 and 2018) data. The requirement τDDT

21 < 0.43 is applied,
corresponding to an efficiency varying between 9 and 31% over the kinematic range of this
analysis for the combined mjet and τDDT

21 requirements, and an efficiency of incorrectly
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tagging a jet from a quark or gluon between 0.4 and 3.6%, increasing with the jet pT. The
variables for W tagging are calibrated in a tt̄ sample enriched in hadronically decaying
W bosons [65].

The combined secondary vertex algorithm for b tagging is also applied to the subjets
that constitute the internal structure of an AK8 jet after the removal of the recognized soft
radiation. In this case a looser working point, with an identification efficiency of 85% for
genuine b jets and a rejection of 90% for light-flavor jets, is applied.

An AK8 jet is identified as a t jet if it has a pT > 400GeV, at least one subjet b
tagged, a groomed SD mass between 105 and 220GeV, and if it satisfies the requirement
on the N -subjettiness ratio τ32 = τ3/τ2 < 0.65. A decorrelated N -subjettiness ratio has
not been constructed in this case, but the overall performances of tagging criteria have
been optimized targeting specifically the identification of top quarks. The variables for top
tagging are calibrated in a tt̄-enriched sample [66]. The combined SD mass and τ32 require-
ments correspond to a t jet tagging efficiency of about 39%, and an efficiency of incorrectly
identifying a jet from another quark as a t jet of between 1.8 and 3.5%, depending on the
data-taking year.

Electron and muon candidates are reconstructed in order to reject background events
containing leptons. Electron candidates are reconstructed in the fiducial region |η| < 2.5
by matching the energy deposits in the ECAL with tracks reconstructed in the tracker [67].
Electron identification criteria are based on the energy distribution in the ECAL, on the
ratio of the energies measured in the HCAL and ECAL in the region around the electron
candidate, and on the compatibility of the track with the primary vertex of event. Muon
candidates are reconstructed within the acceptance of the CMS muon system |η| < 2.4
by using information from both the muon and tracker systems [68]. Muon identification
criteria are based on the track impact parameter, the track reconstruction quality, and the
number of hits observed in the tracker and muon systems. Tracks of leptons (electrons
and muons) are required to be isolated from unassociated energy deposits in the event. An
upper threshold is applied to an isolation variable [67, 68] defined as the scalar pT sum of
the charged and neutral hadrons and photons in a cone around the lepton direction of size
∆R =

√
(∆η)2 + (∆φ)2, where φ is the azimuthal angle in radians. The cone size is 0.4 for

muons and 0.3 for electrons. The sum is then corrected for pileup effects and divided by
the lepton pT.

In the offline analysis, events are selected if they have at least one AK4 jet with
pT > 30GeV and |η| < 4.0, and pmiss

T > 200GeV. In order to suppress multijet background
events, the angular separation ∆φjet,~p miss

T
between every AK4 jet and the ~pmiss

T must be
greater than 0.6. Events containing identified electrons or muons are vetoed.

Three different top quark candidate reconstruction strategies are exploited. A top
quark candidate can be identified as a single t jet (merged case), or it can be reconstructed
from the combination of one W jet and one b jet (partially merged case), or of three AK4
jets (resolved case).

In the partially merged case, if multiple W jets are present in the event, the one with
the highest pT is chosen for the top quark reconstruction, and b jets are considered for top
quark reconstruction only if they are separated from the W jet by ∆RW,b > 1.2. For the
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resolved top quark reconstruction, at least one of the three jets used for the combination
must have been tagged as one b jet. In all three cases, if multiple top quark candidates of
the same type are reconstructed, the one with the largest pT is selected for the subsequent
steps of the analysis.

Each selected event is assigned to one of six exclusive categories, defined according
to the type of the reconstructed top quark candidate, i.e., merged, partially merged, or
resolved case, and to the presence or not of at least one forward jet. If multiple types of
top quark candidates are reconstructed, the event is assigned to only one category according
to the following hierarchy, established after an optimization procedure aimed at achieving
the best expected exclusion limit over the whole mass range: first the merged category, then
the partially merged category, and finally the resolved category. Additional requirements
are applied to events in the resolved category in order to enhance the sensitivity: the
resolved top quark candidate must have pT > 250GeV, and the event HT, defined as the
scalar sum of the AK4 jets pT, must be greater than 200GeV.

The signal selection efficiency, including both the contribution from detector accep-
tance and selection efficiency, in each of the six event categories is reported in figure 2, for
all the masses and widths of the T quark considered in the analysis. All possible decays of
the top quark and Z boson are considered. The efficiency is averaged over the three data-
taking years according to the respective integrated luminosities. The figure shows that, for
the resolved analysis, the signal efficiency reaches the highest value for the mass hypotheses
around 0.8TeV after correction for threshold effects due to kinematic requirements applied,
and decreases as the hypothesized resonance mass increases. The opposite trend can be
seen for the merged analysis, which in contrast displays an efficiency that increases with
the mass hypothesis. This behavior is consistent with the top quark decay products being
more collimated for higher top quark momentum regimes, corresponding to higher T quark
mass hypotheses. The partially merged analysis has a lower efficiency than the other two;
nonetheless, it helps to recover signal events that are not selected by the merged and re-
solved analyses. The wide width interpretations feature similar efficiencies to the narrow
width case, except for the lower mass points, where the broader mass distribution allows
more events to pass the momentum thresholds required in the selections.

The signal extraction is based on a simultaneous fit to the transverse mass of the top
quark candidate and ~pmiss

T system, MT =
√

2pt
Tp

miss
T (1− cos ∆φt,~p miss

T
), in the six analysis

categories.

4 Background estimation

The major sources of background after the event selection are tt̄+jets, W+jets, and Z+jets
events where the Z boson decays to neutrinos. For the merged categories the Z+jets
background is the largest, followed by significant contributions from W+jets and tt̄+jets
events. For the partially merged categories the tt̄+jets background is dominant. For
the resolved categories the tt̄+jets background is the leading one, followed by significant
contributions from W+jets and Z+jets events. The contributions from minor backgrounds,
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Figure 2. The product of the signal acceptance and efficiency, averaged over the three data-taking
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such as single top quark and multijet events, are estimated from simulation, since their
contribution is smaller than the other two by more than one order of magnitude.

Corrections to the simulations are derived from dedicated background-enriched samples
in data, referred to as control regions, and then applied to the background transverse mass
(MT) distributions in the signal regions before performing the fit.

Different strategies for the determination of the correction factors are employed for the
resolved, the merged, and partially merged categories, because the amount of data in the
control regions and the mismodeling corrections are different.

For events in the resolved category, possible discrepancies between data and simulation
distributions of the discriminating variables are likely to be due to unaccounted higher-
order corrections in perturbative QCD or quantum electrodynamics calculations. In this
case, the large numbers of events in the control regions allow the correction factors to be
determined as functions of HT and pmiss

T .
For events in the merged and partially merged categories, background processes can

satisfy the selection requirements of the signal region because of jets that occasionally sat-
isfy the requirements to be identified as t and W jets. For such events data and simulation
can differ because of fluctuations in the hadronic jets background and the lack of higher-
order corrections in the simulation. In the signal regions, such jets are mostly produced
in association with W or Z bosons. In this case, the correction factors are determined in
ranges of the observable MT, and a smoothing procedure is applied.

Independent sets of control regions are defined for the resolved, the merged, and the
partially merged categories. Starting from the baseline selection of each category, one or
more requirements are inverted in order to obtain a properly background-enriched sample
of events. In the following, only the requirements that have been inverted with respect to
the signal selection for each category are described, while all the others stay the same.

In the resolved category, the tt̄ control region is defined by requiring at least one
identified lepton in the event. The W+jets control region is defined by selecting events
with at least one identified lepton and no b jets. The Z+jets control region is defined by
selecting events with no b jets.

In the merged category, the tt̄ control region is defined by requiring at least one
identified lepton in the event and removing the requirement on the minimum ∆φjet,~p miss

T
from the selection. A single control region is defined for Z+jets and W+jets by requiring
that no subjet of the merged top quark candidate has been identified as one b jet.

In the partially merged category, the background is largely given by tt̄ events, there-
fore only a control region for tt̄ is used, which is defined by requiring the minimum
∆φjet,~p miss

T
< 0.6.

The strategy employed for the background prediction in the merged and partially
merged categories is tested in an independent sample, defined with the same selection as
the merged category but with the AK8 jet SD mass being outside the interval 105–220GeV.
For the resolved categories, the background estimation method is validated in a sample
obtained from a looser selection, defined by removing the requirement on at least one b jet
in the event. Figures 3 and 4 show the comparison of data and the predicted backgrounds
in the above validation samples for the merged and resolved categories, respectively.
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Figure 3. Distributions of the transverse massMT of the reconstructed top quark and ~pmiss
T system,

for events in validation samples selected as in the merged categories, but with the AK8 jet SD mass
outside the interval 105–220GeV, for events with no forward jet (left) and at least one forward jet
(right), and for 2016 (upper), 2017 (central), and 2018 (lower). The overflow is included in the last
bin. The predictions of the main background components have been determined in simulation with
scale factors applied to match data extracted from control regions. The uncertainties after the fit
to data in the validation regions are shown.
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Figure 4. Distributions of the transverse mass MT of the reconstructed top quark and ~pmiss
T

system, for events in validation samples selected as in the resolved categories, but without the
requirement of at least one b jet in the event, for events with no forward jet (left) and at least
one forward jet (right), and for 2016 (upper), 2017 (central), and 2018 (lower). The predictions of
the main background components have been determined in simulation with scale factors applied to
match data extracted from control regions. The uncertainties before the fit to data in the validation
regions are shown.
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5 Systematic uncertainties

Systematic uncertainties, both of theoretical and of experimental origin, affect the back-
ground and signal prediction in terms of the pre-fit event rate, or the shape of the transverse
mass (MT) distributions, or both. Most of the uncertainties are related to corrections that
are applied to simulated events in order to account for the known discrepancies with data.
The background determination procedure described in section 4, including the derivation
of the correction factors, is repeated for each systematic uncertainty variation in order
to derive the corresponding modified background MT distributions. A summary of the
systematic uncertainties and their effect in the analysis is reported in table 2.

The total 2016–2018 integrated luminosity has an uncertainty of 1.6% [69], which
applies to the overall event rates of all simulated processes.

The uncertainty associated with the mismodeling of pileup is evaluated by varying
the pp total inelastic cross section used to compute the pileup distribution in data by
±4.6% [70], resulting in a change in the normalization in the range 0.2–3%, depending on
the category, the year, and the signal or background component.

Systematic uncertainties due to differences in the trigger efficiency between data and
simulation are found to be 1–3%. During the 2016 and 2017 data-taking, a gradual shift
in the timing of the inputs of the ECAL L1 trigger in the region |η| > 2.0 caused a
specific trigger inefficiency. For events containing a jet with pT & 100GeV in the region
2.5 < |η| < 3.0, the efficiency loss is approximately 10–20%, depending on pT, η, and
data-taking period [26]. Correction factors were computed from data and applied to the
acceptance evaluated by simulation, resulting in a systematic uncertainty of 0.2–3%.

The jet four-momenta are varied according to the jet energy scale and resolution un-
certainties, resulting in a systematic uncertainty of 2–18 and 1–5%, respectively. The
uncertainty in the b tagging efficiency for the b, c, and light-flavor quarks or gluon has
been evaluated by varying the corrections applied to simulation by their uncertainties, giv-
ing a change in the normalization in the range 0.5–1.2%. A similar procedure is done with
the t and W jet tagging uncertainties, giving a variation in the normalization of 9–10 and
7–8%, respectively.

The uncertainties from the choice of the PDF are evaluated by reweighting the simu-
lated signal and background events using the NNPDF 3.0 or 3.1 sets of eigenvectors [71].

The choice of the factorization and renormalization scales, µF and µR, affects both
the cross section and the acceptance of each background. The uncertainties are estimated
separately for each background by halving or doubling both scales together, compared to
the nominal values used in simulation. The changes in the background rates are found to
be between 10–30%. For the signal this source of uncertainty affects only the acceptance.

The uncertainties associated with the PDF choice, the b tagging efficiencies and mistag
rates, and the pileup simulation are found to have negligible effects on the shape of the
MT distribution, so only their effects on the overall event rates are considered.

For each background contribution, the statistical uncertainty in each bin of the MT
distribution is taken into account. All uncertainties are considered fully correlated across
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Source Effect (%) Type
Integrated luminosity 1.8 rate
Pileup 0.2–3 rate
b tagging 0.5–1.2 rate
t tagging 9–10 rate, shape
W tagging 7–8 rate, shape
Trigger efficiency 1–3 rate, shape
ECAL L1 trigger inefficiency 0.2–3 rate, shape
Jet energy scale 2–18 rate, shape
Jet energy resolution 2–5 rate, shape
PDF 1–5 rate
µR, µF 10–30 rate, shape
Background scale factors 5–50 rate, shape

Table 2. Summary of the systematic uncertainties. The maximum range of change in the pre-fit
event rate of signals and backgrounds across all years and categories for one standard deviation
change in the systematic uncertainty is reported in the “Effect” column. All uncertainties are
considered fully correlated across the three years of data-taking, except for those corresponding to
the ECAL L1 trigger inefficiency and the background scale factors. The third column indicates
whether the uncertainty affects both the rate and the shape of the distributions or the rate only.
Except for the background scale factors, all the uncertainties affect both signal and background
inputs to the fit.

the three years of data-taking, except for those corresponding to the ECAL L1 trigger
inefficiency and the background scale factors.

The effect on the background MT distribution of the statistical uncertainties in the
scale factors, due to the limited number of events in the data control regions and in simula-
tion, is treated as follows: first the statistical uncertainty in the scale factors is estimated,
then two possible uncertainties in the overall background distribution are considered. The
first uncertainty considers the envelope of all bin variations, thus all scale factors variations
are treated as fully correlated over each bin of the MT spectrum. The second uncertainty
considers the scale factor variation in each bin of MT to linearly decrease from the maxi-
mum value at one extreme of the MT spectrum to the minimum value at the other. This
uncertainty corresponds to the maximum variation in the MT slope allowed in data, and
it is not uniform over the MT spectrum, because the statistical uncertainty grows larger
at the higher end of the spectrum. All these uncertainties are independently derived for
each year and fit simultaneously to data by employing separate nuisance parameters. This
parametrization has been chosen to reduce the dependency on bin-by-bin statistical fluc-
tuations, which may cause a bias on the signal yield extracted in the statistical procedure.
The number of nuisance parameters considered is the minimum that allows closure in data
validation regions, showing that the respective variation encompass the statistical variation
seen in data.
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6 Results

The transverse mass (MT) distributions of the selected events in the merged, partially
merged, and resolved categories are shown in figures 5–7, respectively. The predictions for
the background processes have been obtained with the procedure described in section 4.

The signal extraction procedure is based on a simultaneous maximum likelihood fit to
the MT distributions in all signal regions. Systematic uncertainties are treated as nuisance
parameters, assumed to be described by a log-normal probability density function, for
systematic uncertainties that affect the rate, or a Gaussian probability density function, for
systematic uncertainties that affect the MT distribution shape. Templates for background
and signal are also shown in figures 5–7.

No evidence of a statistically significant signal is found from the fit to the data. The
largest excess over the expected background, corresponding to a significance of 2.5 standard
deviations, is found in the narrow-width hypothesis for a T quark mass of 1.4TeV. The
global significance to have such an excess over the entire mass range 0.6–1.8TeV is 2.2
standard deviations. This deviation from the expected background is mainly due to a broad
excess of events in the transverse mass distribution for MT > 1TeV, observed in 2016 data
for events in the resolved category and with at least one forward jet (see figure 7).

Upper limits at 95% confidence level (CL) are set on the product of the single T quark
production cross section and T → tZ channel branching fraction. The limits are determined
using the CLs method [72–75], taking the profile likelihood ratio as the test statistic with
the asymptotic limit approximation.

The observed and expected combined upper limits from the six event categories, as
functions of the T quark mass mT, and for several hypotheses on its width, are shown
in figures 8 and 9 respectively. The limits at low values of mT are mostly driven by
the resolved categories, while the merged categories are the most effective at high values,
reflecting the different sensitivities in different mT ranges. The limits at intermediate values
of mT benefit from the sensitivity of all the event categories employed in the analysis. The
high limit at 1.4TeV is driven by the excess seen in the resolved category.

Assuming a narrow-width resonance, values of the product of production cross section
and branching fraction greater than 602 to 15 fb are excluded at 95% CL for masses in the
range 0.6–1.8TeV.

For a resonance of width in the range 10–30% of its mass, values greater than 836 to
16 fb are excluded at 95% CL for masses in the range 0.6–1.8TeV.

These results set the most stringent limits on the product of the cross section for single
T quark production and the branching fraction into the tZ decay channel over the mass
ranges 0.6–1.2 and 1.5–1.8TeV. For mass values in the range 1.2–1.5TeV, the measurements
reported in [19–21] give a comparable or lower limit because of the excess of events observed
in this region in our data.

These results also set the best lower limits on the T quark mass in the singlet model,
for various resonance width hypotheses: values of T quark mass lower than 0.98, 1.1, 1.3,
and 1.4TeV are excluded for resonance widths 5, 10, 20, and 30% of the mass, respectively.
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Figure 5. Distributions of the transverse massMT of the reconstructed top quark and ~pmiss
T system,

for the selected events in the merged categories, for events with no forward jet (left) and at least one
forward jet (right), and for 2016 (upper), 2017 (central), and 2018 (lower). The overflow is included
in the last bin. The distributions for the main background components have been determined in
simulation with scale factors extracted from control regions. All background processes and the
respective uncertainties are derived from the fit to data, while the distributions of signal processes
are represented according to the expectation before the fit. The lines show the signal predictions
for three benchmark mass values (0.8, 1.2, and 1.6TeV) of a T quark of negligible resonance width.
Illustrative signal yields are multiplied by a factor of 50 to improve their visibility.
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Figure 6. Distributions of the transverse mass MT of the reconstructed top quark and ~pmiss
T

system, for the selected events in the partially merged categories, for events with no forward jet
(left) and at least one forward jet (right), and for 2016 (upper), 2017 (central), and 2018 (lower).
The overflow is included in the last bin. The distributions for the main background components have
been determined in simulation with scale factors extracted from control regions. All background
processes and the respective uncertainties are derived from the fit to data, while the distributions
of signal processes are represented according to the expectation before the fit. The lines show the
signal predictions for three benchmark mass values (0.8, 1.2, and 1.6TeV) of a T quark of negligible
resonance width. Signal yields are multiplied by a factor of 50 to improve their visibility.
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Figure 7. Distributions of the transverse massMT of the reconstructed top quark and ~pmiss
T system,

for the selected events in the resolved categories, for events with no forward jet (left) and at least
one forward jet (right), and for 2016 (upper), 2017 (central), and 2018 (lower). The distributions for
the main background components have been determined in simulation with scale factors extracted
from control regions. All background processes and the respective uncertainties are derived from the
fit to data, while the distributions of signal processes are represented according to the expectation
before the fit. The lines show the signal predictions for three benchmark mass values (0.8, 1.2, and
1.6TeV) of a T quark of negligible resonance width. Signal yields are multiplied by a factor of 50
to improve their visibility.
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Figure 8. Observed and expected 95% CL upper limits on the product of the single production
cross section for a singlet VLQ T quark and the T → tZ branching fraction, as functions of the T
quark mass mT for a narrow-width resonance (upper left), and a width of 10% (upper right), 20%
(lower left), and 30% (lower right) of the T quark mass. A singlet T quark is assumed, produced
in association with a bottom quark. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The solid curves show the theoretical expectation at NLO. In the case
of a narrow-width resonance, the width of 1 (5)% of the resonance mass is indicated with a red
(blue) curve.

7 Summary

A search for the single production of a vector-like quark T with charge 2/3 e decaying to
a top quark and a Z boson has been presented. The analysis is based on LHC proton-
proton collision data collected by the CMS experiment, corresponding to an integrated
luminosity of 137 fb−1. Upper limits at 95% confidence level are set on the product of the
production cross section and the T → tZ channel branching fraction. Values greater than
602 to 15 fb for T quark masses between 0.6 and 1.8TeV are excluded at 95% confidence
level for a T quark of negligible resonance width produced in association with a bottom
quark. Values greater than 836 to 16 fb for masses between 0.6 and 1.8TeV are excluded at
95% confidence level for a T quark of resonance width from 10 to 30% of its mass. These
results provide the best exclusion limits on the production of single vector-like T quarks

– 19 –



J
H
E
P
0
5
(
2
0
2
2
)
0
9
3

 [TeV]Tm

0.6 0.8 1 1.2 1.4 1.6 1.8

 [
%

]
T

/m
Γ

5

10

15

20

25

30

 t
Z

b
q

) 
[p

b
]

→
 T

b
q

 
→

(p
p

 
σ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

 (13 TeV)-1137 fbCMS

Excluded

Figure 9. Observed 95% CL upper limit on the product of the single production cross section for a
singlet VLQ T quark and the T → tZ branching fraction, as a function of the T quark mass mT and
width Γ, for widths from 5 to 30% of the mass. A singlet T quark that is produced in association
with a bottom quark is assumed. The solid red line indicates the boundary of the excluded region
(on the hatched side) of theoretical cross sections, as reported in table 1.

in the tZ decay channel over the mass range from 0.6 to 1.2TeV and from 1.5 to 1.8TeV.
An interpretation of these results within a theoretical framework in which the T quark is
a singlet, and assuming a resonance width of 5% of the mass, leads to the exclusion of a
T quark of mass below 0.98TeV. The excluded mass range extends up to 1.4TeV for a
resonance width 30% of the mass. This is the first search for single T quark production
based on the full LHC Run 2 data set.
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