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ABSTRACT: A search for single production of a vector-like T quark with charge 2e/3, decaying
to a top quark and a neutral scalar boson is presented. The boson can be a standard model
Higgs boson (H) or a new scalar boson (¢). In the first case, a branching fraction of 25% is
assumed for the decay T — tH, while in the second case the T quark is assumed to decay
exclusively to t¢. The top quark is identified via its lepton+jets decay, and the neutral
boson via its decay into a bottom quark-antiquark pair. Final states with Lorentz-boosted
topologies are considered and machine-learning techniques are exploited for optimal event
classification. The analysis uses data collected by the CMS experiment in proton-proton
collisions at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity
of 138 fb ™! recorded at the CERN LHC in 2016-2018. Upper limits at 95% confidence level
are set on the product of cross section and branching fraction for a T quark in a narrow-
width approximation. They vary between 14.7 and 0.1 fb, for T quark masses in the range
1.3-3.0 TeV and ¢ boson masses in the range 25-250 GeV. These are the first exclusion limits
set on the production of a single T quark decaying into a top quark and a new neutral scalar
boson. For the decay channel into a top quark and a standard model Higgs boson, the results
provide the best limits on production cross sections to date, for T quark masses above 2 TeV.
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1 Introduction

Several extensions of the standard model (SM) predict the existence of heavy partners of SM
quarks, referred to as vector-like quarks (VLQs) [1-7], which provide solutions to unresolved
issues of the theory such as the large gap between the Planck scale and the electroweak scale,
known as the hierarchy problem. These VLQs are colored spin-1/2 fermions with symmetric
chirality under the electroweak gauge symmetry group. Therefore, unlike the chiral quarks
of the SM, VLQs do not receive their masses from Yukawa couplings. While precision SM
measurements have put tight constraints on the existence of a fourth generation of chiral
quarks [8], this is not the case for VLQs. At the CERN LHC, VLQs may be produced in pairs
mainly via strong processes, or singly via electroweak processes. The latter mode dominates
for VLQ masses above 1TeV owing to the larger phase space.

This paper presents a search for the production of a single vector-like T quark with charge
2e/3 in proton-proton (pp) collision data at /s = 13 TeV collected with the CMS detector in
20162018 and corresponding to an integrated luminosity of 138 fb~!. The decay channels
analyzed are T — t¢ and T — tH where t is a top quark, ¢ is a new neutral scalar boson, and
H is the SM Higgs boson. An example of a leading-order (LO) Feynman diagram for single T
quark production, where the T quark is produced in association with a bottom (b) quark in
the final state (bTq production) is shown in figure 1, with the T quark decaying to t¢ or tH.

In minimal scenarios, which have been typically considered for VLQ searches, the T quark
couples to third-generation SM quarks and weak bosons, leading to decay channels into a
bottom quark and a W boson, or a top quark and a Z boson. It also couples to the Higgs
boson, resulting in the tH decay. Branching fractions are a function of the model-dependent



Figure 1. A representative leading-order Feynman diagram for the production of a single vector-like
quark T decaying into a top quark and a neutral scalar boson, which may be a new scalar boson or
an SM Higgs boson. Associated production with a bottom quark in the final state is shown.

values of the couplings. In this search, we assume a singlet T quark, which decays into tH
with a branching fraction of 25% [1, 9]. A nonminimal scenario, where the T quark decays
to a top quark and a beyond-the-SM scalar boson with a 100% branching fraction [10-12],
is also considered in this search.

Recent reviews of VLQ searches in Run 2 of the LHC have been published by the
ATLAS [13] and CMS [9] Collaborations. Searches for pair production of T quarks at
a center-of-mass energy of 13 TeV, targeting a variety of possible final states, have been
performed by ATLAS [14-23] and CMS [24-29]. Searches for single production of T quarks
in the tH decay channel, exploiting fully hadronic final states, have also been reported by
ATLAS [30] and CMS [31, 32]. A search in the tH and tZ channels using final states with
one lepton has been published by ATLAS [33], while a search exploiting the diphoton decay
mode of the Higgs boson has been published by CMS [34]. The tZ and bW decay channels
have also been investigated, with results reported by both ATLAS [35-39] and CMS [40-42].

The search reported in this paper targets final states where the top quark decays in the
lepton+jets channel via t — Wb — fvb and the scalar boson decays to a bottom quark-
antiquark pair (H,¢ — bb). The experimental signature consists of one electron or muon
(denoted as ¢ in this paper), the hadronization products of the b quarks, and a neutrino that
is not reconstructed in the detector, causing an imbalance in the total transverse momentum
(pt) of the reconstructed events. As shown in figure 1, in addition to the bottom quark
produced in association with the T quark, final states of signal events are also characterized
by a light-flavor quark that tends to be emitted at a low angle with respect to the beam
axis, in the forward region of the detector. Mass values in the 1-3 TeV range for the T quark,
and 25-250 GeV for the ¢ boson, are considered in the analysis.

The analysis is designed to be sensitive to signatures with a large Lorentz boost of the T
quark decay products. The ¢ boson is reconstructed as a large-radius jet, since in this regime
the b quarks from its decay produce jets that tend to be collimated. Similarly, the lepton and



jet from the top quark decay tend to overlap, which makes the top quark reconstruction more
challenging. A top quark identification algorithm, based on machine-learning techniques,
has been developed for this analysis in order to optimize the identification efficiency for
the top quark decay.

For the interpretation of search, a singlet T quark model [5] is assumed, in which the
production process is associated bTq production. This process has a much larger cross
section than the associated production with a top quark tTq, which is in fact suppressed
because of the higher masses of top quark as compared to bottom quark [5], and is therefore
not considered as part of the signal. However, no specific requirement on the associated top
or 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, such as composite
Higgs or little Higgs models [6], with the same final state.

Tabulated results are provided in the HEPData record for this analysis [43].

2 The CMS detector, data, and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. 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 extend the pseudorapidity coverage provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors interleaved with the
layers of the steel flux-return yoke outside the solenoid. More detailed descriptions of the
CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in refs. [44, 45].

Events of interest are selected using a two-tiered trigger system. The first level (Level-1),
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 4 us [46].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to a few kHz before data storage [47, 48].

Signal events of this analysis are selected online by triggers that require a muon, an
electron, a photon, or a large-radius jet to be present in the final state. The photon
requirement is added to recover efficiency for events with a very high pr electron. Different
trigger thresholds are used in the different data-taking periods because of changes in the
instantaneous luminosity and detector configuration. The high-level trigger selection requires
an event to satisfy at least one of the following criteria: presence of a muon with pp > 50 GeV,
or an isolated muon with pp > 24 (27) GeV for 2016 and 2018 (2017) data; presence of an
isolated electron with pr > 27(32) GeV for 2016 (2017-2018) data; presence of a photon
with pp > 175 (200) GeV for 2016 (2017-2018) data; presence of a large-radius jet with mass
>30 GeV and pt > 360, 500 and 400 GeV for 2016, 2017 and 2018 data, respectively.

The combination of the above trigger requirements has an efficiency above 90% for signal
events, estimated from simulated samples whose details are described in the following.



Simulated background samples are generated at LO with MADGRAPH5__aMC@NLO [49],
version 2.6.5, for W+jets events and for events with jets arising exclusively from quantum
chromodynamics (QCD) interactions, henceforth referred to as QCD multijet events. The next-
to-LO (NLO) generator POWHEG 2.0 [50-52] is used to simulate top quark-antiquark pair (tt)
events [53], production of tt events in association with a Higgs boson (ttH) [54], and single top
quark events produced in the ¢ channel [55] or in association with a W boson [56]. Single top
quark events produced in the s channel are generated at NLO with MADGRAPH5_ aMC@NLO;
this generator and the POWHEG are interfaced with PYTHIA 8.240 [57] for hadronization and
parton shower simulation, with the CP5 underlying event tune [58]. The background processes
are initially normalized to their theoretical cross sections, using the highest order available.
The cross section for the tt background is computed at next-to-NLO (NNLO) in perturbative
QCD using a soft-gluon resummation at next-to-next-to-leading logarithmic precision with the
Top++ 2.0 program [59]. For single top quark production, NLO calculations are performed
with HATHOR 2.1 [60]. The W+jets cross section is calculated at LO and corrected with an
inclusive K factor to account for NLO electroweak and NNLO QCD corrections [61].

Signal event samples are generated at LO using MADGRAPH5_aMCQNLO interfaced to
PYTHIA. We assume a singlet T quark that is produced in association with a bottom quark
with suppressed right-handed coupling to SM particles [62]. The generated T quark mass
in the samples ranges from 1 to 3'TeV, in steps of 0.1 TeV, and the T quark width I" is set
to 10 GeV, a value much smaller than the experimental resolution, which is of the order of
200-300 GeV. The generated mass of the ¢ boson ranges from 25 to 200 GeV, in steps of
25 GeV. An additional sample is generated with a mass of 250 GeV. All possible leptonic
decays of the top quark are simulated for the signal process.

For the interpretation of the results in the case of the tH decay channel, the total cross
section is computed at NLO in the narrow-width approximation using the simplified approach
from refs. [6, 7], for a singlet T quark assuming a resonance width I" of 5 or 1% of the mass.

The simulated samples are generated using the NNLO NNPDF 3.1 [63] parton distribution
function (PDF) sets.

The generated events are passed through a simulation of the CMS detector based on
GEANT4 [64, 65]. Additional interactions in the same or adjacent bunch crossings (pileup)
are included in the simulation, with their multiplicity distribution adjusted to match that
observed in data.

3 Event reconstruction and selection

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as described in section 9.4.1 of
ref. [66]. It must be within 24 cm of the nominal interaction point along the beam axis and
within 2cm in the transverse plane.

A particle-flow (PF) algorithm [67] aims to reconstruct and identify each individual
particle in an event, with an optimized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from the ECAL measurement. The
energy of electrons is determined from a combination of the electron momentum at the PV
as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy



sum of all bremsstrahlung photons spatially compatible with originating from the electron
track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

Jets are clustered from the PF candidates using the anti-kr algorithm [68, 69] with
distance parameters of 0.4 (AK4 jets) and 0.8 (AKS jets). Jet momentum is determined
as the vectorial sum of all particle momenta in the jet, and is found from simulation to
be, on average, within 5-10% of the true momentum over the entire spectrum and detector
acceptance. Pileup interactions can contribute additional tracks and calorimetric energy
depositions, increasing the apparent jet momentum. To mitigate this effect for the AK4
jets, tracks identified to be originating from pileup vertices are discarded and an offset
correction is applied to correct for remaining contributions [70]. For the AK8 jets the pileup-
per-particle identification algorithm [70, 71] is used to mitigate the effect of pileup at the
reconstructed-particle level, making use of local shape information, event pileup properties,
and tracking information. A local shape variable is defined, which distinguishes between
collinear and soft diffuse distributions of other particles surrounding the particle under
consideration. The former is attributed to particles originating from the hard scatter and
the latter to particles originating from pileup interactions. Charged particles identified to
be originating from pileup vertices are discarded. For each neutral particle, a local shape
variable is computed using the surrounding charged particles compatible with the PV within
the tracker acceptance (|n| < 2.5), and using both charged and neutral particles in the region
outside of the tracker coverage. The momenta of the neutral particles are then rescaled
according to their probability to originate from the PV, deduced from the local shape variable,
superseding the need for jet-based pileup corrections [70]. Jet energy corrections are derived
from simulation studies so that the average measured energy of jets becomes identical to that
of particle level jets. In situ measurements of the momentum balance in dijet, photon+jet,
Z+jet, and QCD multijet events are used to determine any residual differences between
the jet energy scale in data and in simulation, and appropriate corrections are made [72].
Additional selection criteria are applied to each jet to remove jets dominated by instrumental
effects or reconstruction failures [70].

The AK4 jets selected for the analysis must have pr > 30 GeV. In order to remove jets
originating from pileup, jets with 30 < pp < 50 GeV are required to pass the tight working
point (WP) of a boosted decision tree (BDT) discriminator [70], which takes jet shapes and
kinematic variables as inputs. Signal events are characterized by the presence of a forward
jet. At reconstruction level, forward jets are defined as AK4 jets in the region 2.4 < |n| < 4.0.
Jets with larger values of |n| are not included in the count of forward jets, in order to reduce
the contribution from pileup interactions.

Muon (electron) candidates selected for the analysis must have pp > 30 (35) GeV, |n| <
2.4(2.5), a transverse distance from the PV less than 0.02(0.05) cm, and satisfy loose
identification criteria [73, 74]. Electron candidates are excluded if they are in the ECAL
barrel-endcap transition region 1.44 < |n| < 1.57. Selected events must have only one lepton



passing the above requirements, in order to reduce contamination from tt with two leptons in
the final state. Signal events are characterized by a prompt lepton from the top quark decay.
In order to discriminate prompt leptons from misidentified ones or leptons from hadronic
decay chains, a relative isolation variable I(¢) [73, 74] is defined as the scalar pp sum of the
hadrons (charged and neutral) and photons in a cone around the lepton direction of size
AR = V(An)® + (A9)?, where A and A¢ are the differences with respect to the lepton
direction in n and ¢. 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 pp. A modified relative isolation
variable referred to as mini-isolation I,,;,;(¢), originally suggested in ref. [75], is also defined,
which is optimized for leptons produced in boosted top quark decays by using a pp-dependent
cone size. No isolation requirements are applied on muon and electron candidates used as
input for top quark reconstruction; instead, the I(¢) and I,,;,;(¢) variables are employed as
input variables to train a top quark tagging algorithm, based on a BDT and described in
section 4, to identify true top quark candidates.

The missing transverse momentum vector pp 55 is defined as the negative vector pp sum
of all the PF candidates in an event, and its magnitude is denoted as p'™* [76]. The g™
is modified to account for corrections to the energy scale of the reconstructed jets in the
event. Selected events must have p™ > 25 GeV.

4 Boson and top quark candidate reconstruction

For the reconstruction of the ¢ boson candidates, AKS8 jets with pp > 500 GeV and |n| < 2.4
are used as input. An AKS jet is tagged as originating from a Lorentz-boosted heavy-boson
decay to a bottom quark-antiquark pair (X, jet) by employing PARTICLENET-MD [77], a
mass-decorrelated (MD) algorithm. It is based on a dynamic graph convolutional neural
network, for identifying two-body hadronic decays of highly boosted particles. The algorithm
provides probability-like scores for the AKS jet to originate from two-prong hadronic decays
of the type X — bb, X — ¢¢, and X — qq, or to be a background jet from QCD multijet
events. The use of an MD algorithm allows different hypotheses for the ¢ boson mass to be
probed without losing signal efficiency. The PARTICLENET-MD scores p(X,,;,) and p(QCD)
are combined in the XbbVsQCD variable:

p(Xpp)
p(Xyp,) +p(QCD)’

and a threshold on the XbbVsQCD variable is then employed to tag X, jets.

The mass of an AKS jet is reconstructed by employing a mass regression technique based
on PARTICLENET-MD. Events are selected if they have at least one AKS8 jet passing a loose
WP threshold of the XbbVsQCD tagger with a rejection rate for background jets of 90% and
an efficiency for signal jets of 70%, evaluated on jets from simulated QCD multijet and signal

XbbVsQCD =

(4.1)

events, or if there is at least one AKS8 jet with a mass between 60 and 220 GeV.
Top quark candidates are reconstructed from the combination of one lepton candidate ¢,
one AK4 jet with |n| < 2.4, and the 1 of event, following the algorithm described in ref. [78].
—1Miss

Here, the neutrino pr is assumed to be equal to p1 ~ and the longitudinal component of the
neutrino momentum is computed by requiring the invariant mass of the lepton-neutrino pair



to be equal to the W boson mass [79]. If more than one top quark candidate is reconstructed
in the event, all of the candidates are retained for further processing.

In order to suppress combinatorial background, the distance between the lepton and jet
directions in the 7-¢ plane, AR,;, must be less than 2. If AR,; < 0.4, the lepton is likely to
overlap with the jet, and the top quark candidate is said to be in the merged configuration.
In this case, the lepton four-momentum is subtracted from the jet four-momentum before
computing the top quark candidate four-momentum. Otherwise, if 0.4 < ARy; < 2.0, the
top quark candidate is said to be in the resolved configuration. A deep neural network based
tagger, DEEPJET [80-82], is used to identify AK4 jets stemming from the hadronization of
b quarks, by exploiting information from the tracks, neutral particles, and the secondary
vertices within the jet. The output of the b tagger is employed as one of the input variables
of the top quark tagging algorithm, based on a BDT, which is described below.

Simulated samples are used to train a machine learning algorithm to identify top quark
decays. In these samples, generator information at parton level is employed to perform an
angular matching of the top quark decay products with the leptons and jets reconstructed in
the event. A successful matching of both the lepton and the jet defines what we henceforth
refer to as a true top quark candidate (t,,.). The properties of t,,, candidates with respect
to the combinatorial background have been studied. Background candidates where neither
the lepton nor the AK4 jet originate from the decay of a top quark, which are typical of QCD
multijet events (tqcp candidates), are distinguished from all other types of background (t g,
candidates). The latter category includes, for instance, combinatorial candidates in genuine
top quark events, in which the lepton and the AK4 jet do not both originate from the decay of
the same top quark, which are typical of tt background events. A multiclass BDT algorithm,
making use of the XGBoost library [83], is trained to distinguish ty,,, from toop and t.g,
candidates. Separate BDTs are trained for the merged or resolved configuration of the top
quark candidate, for each lepton flavor (muon or electron), and for a top quark candidate with
transverse momentum pr above 500 GeV (high-pt candidate) or below (low-pt candidate).

In total, eight different trainings have been performed, each using a different set of input
variables, which are related to the top quark candidate as well as to the associated lepton
and AK4 jet. The input variables are:

e the pr of the jet (pp(4));

e the mass of the jet (M(j));

e the value of the DEEPJET b tagger score for the jet (b tag(j));
e the pp of the lepton (pp(4));

e the distance of closest approach of the lepton with respect to the PV in the transverse
plane (d,,(£)) and its uncertainty (o, ());

e the distance of closest approach of the lepton with respect to the PV along the
longitudinal direction (d,(¢)) and its uncertainty (o, (¢));

e the lepton isolation (I(¢)) and mini-isolation (I,in;(¢));



e the ratio of the lepton to jet p;
e the separation AR,; between the lepton and jet directions in the 7-¢ plane;
e the component of the lepton momentum orthogonal to the jet axis (pr{?l(ﬁ));

e the cosine of the angle between the lepton and the jet in the top quark candidate
reference frame (cosfy;);

e the invariant mass of the lepton+jet system (M (£75));
e the pr of the lepton+jet system (pr(€j));
e the invariant mass of the top quark candidate (M (¢vj));

e the transverse mass of the top quark candidate (M (¢vj));

the pr of the top quark candidate (pp(¢vj)).

The set of variables used in each of the trainings is reported in table 1.

For a given top quark candidate, the BDT classifier provides three probability-like scores:
P(tirue)s P(tqep), and p(tog,). Two variables, TopVsQCD and TopVsOther, are defined as
follows in order to discriminate t,,, candidates from tgcp and t., background candidates,
respectively:

p(ttrue)
TopVsQCD = ; 4.2
( true) +p tQCD) ( )

t
TopVsOther = P(ttrue)
( true) +p(to )

The discrimination powers of the TopVsQCD and TopVsOther top quark tagging variables

(4.3)

are illustrated in figure 2, showing their respective receiver operating characteristic curves. A
comparison with a cut-based selection is also shown; this selection requires the lepton to be
isolated and applies a b tagging score threshold with a background efficiency of 1%. The
top quark candidate for the cut-based approach is then chosen as the one with the lowest
difference in mass with respect to the nominal top quark mass value taken from ref. [79]. For
a background misidentification rate of about 6%, the selection based on the BDT gives a
relative improvement on the true top quark candidate identification efficiency of about 30%.

Top quark candidates are required to be above a threshold of the TopVsQCD score,
with a signal efficiency of 99%, and to satisfy the loose or the tight WP requirement of
the TopVsOther variable, which respectively correspond to a background rejection rate of
90 and 99%. The signal efficiency and background misidentification rate are evaluated on
top quark candidates with an associated muon, with pp > 500 GeV and in the merged
configuration in simulated tt events.

Events are selected if at least one top quark candidate passes the loose WP of the
TopVsOther tagger. Events with no loosely tagged top quark candidates are still selected if
the lepton satisfies tight identification requirements (referred to in the following as “tight
lepton”); these events are employed to calibrate the X, tagging as described in section 6.



Electron channel Muon channel

Resolved Merged Resolved Merged
Low-pr High-pr Low-pr High-pt Low-py High-pr Low-pr High-pp
M(35) v v v v v v v v
pr(j) v v v v
b tag(j) v v v v v v v v
pr(€) v
dyy(£) v v v v v v v v
Ouy(f) v v
d,(¢) v v v v v v v
o,(0) v v
1(¢) v v v v v v v v
Iini(0) v v v v v v v v
pr(€)/p(j) v v v v
M((tvy) v v v v v v v v
pr(€vy) v v v v v
M(¢j) v v v v
pr(4j) v
My (0vy) v v v v v v
PN v v v v v v v
cos 0y ; v v v v
ARy v v v v v

Table 1. List of the variables employed for each of the eight trainings of the multiclass BDT algorithm
for top quark candidate identification. The trainings are different for each lepton channel, for the
merged or resolved configuration of the top quark candidate, and for the pr range of the top quark
candidate with a threshold of 500 GeV.

5 Event categorization

Selected events are assigned to mutually exclusive categories, which are used for signal
extraction or as background control regions (CRs). Where there are multiple reconstructed
top quark or ¢ boson candidates in an event, a procedure is defined to select only one of
them, as described below.

Three exclusive event categories are defined, based on the tagging quality of the recon-
structed top quark candidates. A block diagram illustrating the workflow to assign an event
to one of these three top quark tagging categories is shown in figure 3 (left). An event is
assigned to the TopT category if there is at least one top quark candidate passing the tight
WP requirement of the TopVsOther tagger. Events with no top quark candidates passing the
above selection, but with at least one candidate passing the loose WP of the TopVsOther
tagger, are assigned to the TopL category.
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Figure 2. The receiver operating characteristic curve for the TopVsQCD (left) and TopVsOther
(right) top quark taggers. The signal efficiency and background misidentification rate are evaluated on
top quark candidates with an associated muon, with pp > 500 GeV and in the merged configuration in
simulated tt events. The red triangle in the left plot corresponds to the requirement on the TopVsQCD
variable providing a signal efficiency of 99%; the blue triangle and the green square in the right plot
correspond to the loose and tight WP of the TopVsOther tagger, respectively. A comparison with a
cut-based selection (red point) is also shown in the TopVsOther case.

If there are multiple top quark candidates passing the tight (loose) WP in the TopT (TopL)
category, they are ordered as follows, and the highest in the order is selected as the top quark
candidate in the event. The highest priority is given to a high-pt top quark candidate in the
merged configuration, then to a low-pt (then high-pr) candidate in the resolved configuration,
and lastly to a low-pp candidate in the merged configuration. Top quark candidates with the
same priority are ordered by descending values of the TopVsOther tagger output.

Events not assigned to any of the above categories are required to contain one tight
lepton and assigned to the LeptonTight (LepT) category.

In order to further reduce the tt and QCD multijet background, the events must also
pass the following requirements:

e for events in the TopT or TopL category, the top quark candidate must have
TopVsQCD > 0.6;

e to exploit the fact that the top quark and ¢ boson are produced mainly back-to-back
in the CMS rest frame, there must be at least one AKS8 jet that is separated from the
top quark candidate by AR > 1.2, from the AK4 jet of the top quark candidate by
AR > 1.2, and from the lepton of the top quark candidate by AR > 0.8;

e for events in the LepT category, there must be at least one AKS jet that is separated
from the tight lepton of the event by AR > 0.8.

The AKS jet with the largest value of the XbbVsQCD tagger, selected among the ones
passing the above AR requirements, is chosen as the ¢ boson candidate of the event and,

,10,
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Figure 3. Left: block diagram showing the event classification based on top quark tagging. Right:
schematic view of the signal, validation, and control regions defined in the analysis. The label BestTop
(Best AKS) refers to the top quark candidate (AKS jet) with the highest value of the TopVsOther
(XbbVsQCD) tagger. The labels TopT (Top Tight) and TopL (Top Loose) refer to events where there
is a top quark passing a tight working point for the TopVsOther tagger with a background rejection
of 99%, or a loose working point with a background rejection of 90% while vetoing the tight working
point to ensure statistical independence of the categories. The label LepT refers to events that are
neither in the TopT or TopL categories, but where a top quark candidate is built via a lepton and b-jet
pair. The XbbT, XbbL, and XbbV labels refer to the fact that the largest score of the XbbVsQCD
tagger evaluated on AKS jets selected in the event is in the XbbVsQCD range of (>0.98), (0.80-0.98),
or (<0.80), respectively. Additionally, for the event to be included in the XbbV category, the mass of
the jet with the largest score is required to be in the 60-220 GeV range.

depending on the value of the tagger output, the event is assigned to one of three exclusive
categories as follows: if XbbVsQCD > 0.98 or 0.80 < XbbVsQCD < 0.98, the event is assigned
to the XbbTight (XbbT) or XbbLoose (XbbL) category, respectively; if XbbVsQCD < 0.80
and the AKS8 jet mass is in the 60-220 GeV range, the event is assigned to the XbbVeto
(XbbV) category; otherwise the event is discarded.

Nine independent event regions are thus defined, based on all the possible combinations
of the three top quark tagging categories (TopT, TopL, LepT) and the three X, tagging
categories (XbbT, XbbL, XbbV) the event may belong to, as shown in figure 3 (right).

Events in the (TopT, XbbT) and (TopL, XbbT) regions, which have the largest signal-to-
background ratio across all regions, are used for signal extraction (signal regions, SRs). Events
in the signal-depleted regions (TopT, XbbL) and (TopL, XbbL) are employed as validation
regions (VRs) to verify that good agreement is found between data and background prediction,
and to constrain the background in the final fit. The events in each of these regions are further
divided in subcategories, depending on the flavor of the lepton (muon or electron) of the top
quark candidate and the presence or absence of at least one forward jet, to exploit the presence
in signal events of high-pt quarks produced at low angle with respect to the beam axis.

For each event belonging to the SRs or VRs, a T quark candidate is reconstructed by
summing together the four-momenta of the reconstructed top quark candidate and of the
AKS jet chosen as the ¢ boson candidate. The distribution of the invariant mass of the T
quark candidate Mpy}j is then used in the final fit for signal extraction.
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The regions (TopT, XbbV) and (TopL, XbbV), as well as the regions (LepT, XbbT)
and (LepT, XbbL), are employed as CRs for top quark tagging and X, tagging calibration,
respectively. The signal-to-background ratio in the CRs is lower by a factor of 15-30
compared to the SRs.

6 Background estimation

After the event selection, the major sources of background in the SRs are mainly tt events,
followed by single top quark events, and, to a lesser extent, ttH, QCD multijet and W +jets
events. Other sources, such as diboson processes and top quarks produced in association
with vector bosons, are found to be negligible both in the SRs and CRs.

The event rates and distribution shapes used as input to the final fit for signal extraction
are derived from simulated events. Data-to-simulation correction factors are applied to
simulated events in order to correct small discrepancies between data and simulation in
the trigger and reconstruction efficiencies, and for the lack of higher-orders corrections in
the simulation.

A relevant aspect of the analysis is the usage of top quark and X, tagging to identify
the top quark and ¢ boson candidates, respectively. Data-to-simulation correction factors for
the tagger efficiency and mistag rate are determined from the CRs, and applied to simulated
signal and background events. The corrections correspond to variations from the predicted
efficiency or mistag rate in the range between 5 and 15%.

Events in the (TopT, XbbV) and (TopL, XbbV) regions have a top quark candidate
satisfying top quark tagging criteria. They are employed to calibrate the top quark tagger
efficiency and mistag rate by means of a background-only fit to the b tag(j) distribution of
the AK4 jet associated to the top quark candidate. In the fit, the templates of the background
distributions are divided in three components, according to the type of the reconstructed top
quark candidate (tgye; tQeps OF torn), as inferred from generator-level information, and the
top quark tagging correction factors are determined from the fitted yields of these components.
The fit takes into account the correlation of event yields in the TopL and TopT categories,
since a change in the top quark tagging efficiency may cause migration of events from one
category to the other. Different correction factors are determined for events in the muon and
electron channels. All the systematic effects, which are described in section 7, are included
in the fit by means of nuisance parameters.

Background events in the (LepT, XbbT) and (LepT, XbbL) regions have an AKS8 jet
misidentified as a ¢ boson candidate and are employed to calibrate the mistag rate of the
Xy, tagger. Correction factors are determined from the fitted event yields of the background
components in a fit to the distribution of reconstructed mass Mx, of the Xy, jet selected
as the ¢ boson candidate. Only events with My, > 110 GeV are considered for the fit, since
in this mass range the background compositions of the CRs agrees with those of the SRs
and VRs. The templates of the background distributions are divided in two components:
resonant background events from all-hadronic top quark decays and nonresonant background
events. The fit takes into account the correlation of event yields in the XbbL and XbbT
categories, since a change in the X, tagging efficiency may cause migration of events from
one category to the other. All the systematic effects, which are described in section 7, are
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Figure 4. Distribution of the My ~mass of the AKS jet selected as the ¢ boson candidate for data

and simulated background events in the (TopT, XbbL) (upper), in the (TopL, XbbL) (lower) VRs,
for the muon (left) and electron channels (right). The distributions are shown before the final fit for
signal extraction.

included in the fit by means of nuisance parameters. As a proof that the mistag correction
factors are independent of My, ., figure 4 shows the Mx, distribution for events in the
VRs (TopT, XbbL) and (TopL, XbbL), with all the correction factors applied and before
the final fit for signal extraction.

The efficiency of the Xy, tagger to identify correctly an X, jet is calibrated using
data with energetic gluons splitting to bottom quarks [84]. Data-to-simulation correction
factors are derived in bins of the AKS8 jet pr and applied to simulated signal events and
ttH background events.
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7 Systematic effects and uncertainties

Systematic uncertainties, both of theoretical and experimental origin, affect the event rate
of the background and signal predictions, the shape of My, ; invariant mass distribution,
or both. Depending on the source, the uncertainties are treated as fully correlated or fully
uncorrelated among the different data-taking periods, or decomposed into a correlated and
an uncorrelated component.

Most of the uncertainties are related to the corrections that are applied to simulated
events in order to account for the known discrepancies with data. In this case, and for each
systematic correction, modified signal and background distributions are obtained by shifting
the nominal value of the correction up and down by one standard deviation. A summary
of the systematic uncertainties is reported in table 2.

The integrated luminosity of the entire 20162018 dataset has an uncertainty of 1.6% [85—
87], which applies to the overall event rates of all simulated processes.

The uncertainty associated with the mismodeling of pileup is evaluated by varying the
total inelastic pp cross section used to compute the pileup distribution in data by +4.6% [88].

Lepton and jet trigger efficiencies are measured in data and simulated samples as a
function of lepton pr and 1, and AK8 jet pr and mass. Data-to-simulation scale factors (SF)
are then obtained and applied to simulated events.

During the 2016-2017 data taking, a gradual shift in the timing of the inputs of the ECAL
L1 trigger in the region |n| > 2.0 caused a specific trigger inefficiency. For events containing
a jet with pp 2 100 GeV in the region 2.5 < |n| < 3.0, the efficiency loss is approximately
10-20%, depending on pr, 1, and data-taking period [46]. Correction factors are computed
from data and applied to the acceptance evaluated from simulation.

Differences between data and simulation in the efficiency of lepton reconstruction and
identification (ID) are corrected by applying SFs, which are functions of lepton pt and 7,
to simulated events.

The SFs are also applied to simulated events in order to reproduce the efficiency of
the pileup BDT discriminator cut applied to AK4 jets with 30 < pp < 50 GeV to remove
jets originating from pileup.

Systematic effects due to differences in the jet energy scale between data and simulation
are evaluated by varying the jet four-momenta in simulated events, according to the pr and
n-dependent uncertainties in the jet energy scale. Similarly, in order to evaluate systematic
effects due to differences in the jet energy resolution between data and simulation, a smear-
ing is applied to simulated events by increasing or decreasing the jet resolutions by their

uncertainties [72]. The variations in jet four-momenta are also propagated to the FE.

Correction factors for the top quark and X, tagging are derived from fits to data in the
CRs, as described in section 6, and by using data events with energetic gluons splitting to
bottom quarks [84]. The uncertainties in the correction factors are taken as the systematic
uncertainties in the top quark and X, tagging.

The uncertainties from the choice of the PDFs are evaluated by reweighting the simulated
signal and background events using the NNPDF 3.1 Hessian uncertainties [89].
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Source Rate/shape Correlation Impact (mp = 1.8 TeV) [%]

X, tagging shape correlated + uncorrelated 20-90
Top quark tagging shape correlated + uncorrelated 1040
Simulated samples size shape uncorrelated 40-60
UR, UF shape correlated 10-20
Parton distribution functions shape correlated 5-8
Top quark p reweighting shape correlated <1
Pileup jet identification shape correlated 5-15
ECAL L1 trigger inefficiency shape correlated 4-5
Jet energy scale shape uncorrelated 3-5
Jet energy resolution shape uncorrelated 3-5
Jet pileup identification shape correlated <1
Trigger shape uncorrelated 2-5
Lepton reconstruction and ID shape correlated + uncorrelated 2-5
Integrated luminosity rate correlated 1-2

Table 2. List of systematic uncertainties, showing whether a source modifies the event rate or the
distribution shape, and whether the effect is correlated or uncorrelated across the years of data taking.
All the listed sources affect both signal and background processes. The relative impact on the postfit
signal strength is shown for a representative set of signals with a T mass (my) hypothesis of 1.8 TeV
and varying the mass of ¢ boson.

Simulated tt events are corrected by applying event weights derived from the ratio of top
quark pp, measured in data at parton level, and NNLO predictions [90]. An uncertainty of
+50% of the applied correction is assigned to this event reweighting.

The choice of the factorization and renormalization scales, pup and pg, affects both
the cross section and the acceptance of each background. The uncertainties are estimated
separately for each background by halving or doubling each of the scales, compared to the
nominal values used in simulation.

The statistical uncertainty due to the limited size of simulated event samples is evaluated
for each bin with the Barlow—Beeston “lite” method [91, 92]. The impact of this systematic
effect on the result of the fit is large in the high-mass bins of the My} ; distribution, in
particular above 1.5 TeV, due to the fall-off of standard model background processes. This
systematic uncertainty is also not reduced by the simultaneous fit to VR and SR, since it
is uncorrelated across bins and regions.

8 Results

The signal extraction procedure is based on a simultaneous maximum likelihood fit to the
invariant mass distribution of the T quark candidates My, 5 in the (TopT, XbbT) and (TopL,
XbbT) SRs, and (TopT, XbbL) and (TopL, XbbL) VRs. The events are divided into 16
categories defined according to the specific SR or VR, the lepton channel, and the presence
or absence of at least one forward jet. Systematic uncertainties are treated in the fit as
nuisance parameters, assumed to be described by a log-normal probability density function
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my [GeV] My, requirement [GeV]

25 20, 34]
50 41, 73]
75 60, 100]
100 [78,130]
125 97, 160]
150 [120, 190]
175 140, 210]
200 160, 230]
250 >190

Table 3. Requirement on the reconstructed My = mass of the ¢ boson candidate, as a function of

the m, boson mass hypothesis being tested. The My —mass must fall within the specified interval.

for those that affect the rate, or a Gaussian probability density function for those that also
affect the shape of the distributions.

Events used as input to the fit must satisfy a requirement on the reconstructed MXbb
mass of the ¢ boson candidate, which is defined such that it selects 95% of signal events
and depends on the ¢ boson mass (mg) hypothesis being tested, as shown in table 3. The
requirement is asymmetric with respect to the m, value, because of the asymmetric tails
of the My, mass distribution, with the left tail becoming broader as my increases. In the
hypothesis of the SM Higgs boson (T — tH decay), the requirement 110 < Mx, , <140 GeV
is imposed, to optimize the analysis sensitivity. Figure 5 shows the fitted M,y,; distributions
of the T quark candidates for events in the SRs (TopT, XbbT), and (TopL, XbbT), with at
least one forward jet, and passing the Mx, selection of the T — tH decay analysis.

The following results have been determined using COMBINE [93], the CMS statistical
analysis tool, which is based on the ROOFIT [94] and ROOSTATS [95] frameworks.

No evidence of a statistically significant signal is found from the fit to the data. An
upper limit at 95% confidence level (CL) is set on the product of the production cross section
and T — t0 — blvbb branching fraction as a function of the T quark mass (mr) and My
hypotheses, as shown in figure 6. The limits are determined using the CLg method [96-99],
taking the profile likelihood ratio as the test statistic with the asymptotic limit approximation.
For a fixed my, the upper limit tends to increase with my, because the looser requirement
applied on MXbb increases the amount of the selected background.

Figures 7 and 8 show the 95% CL upper limits on the single T quark product of cross
section and T — t¢ — blvbb branching fraction as a function of m for fixed values of i
in the range [25,250] GeV. For m, = 25 (250) GeV, values greater than 2.3 to 0.1 (14.7 to
0.3) tb are excluded at 95% CL for my between 1.0 and 3.0 (1.3 and 3.0) TeV.

In the case of the T — tH decay analysis, the 95% CL upper limits on the product of the
production cross section and T — tH branching fraction as a function of mt are shown in
figure 9. Values greater than 100 to 1.0 fb are excluded at 95% CL for my between 1 and
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Figure 5. Invariant mass distribution of the T quark candidates selected in the T — tH channel, for
events with at least one forward jet and in the SRs for (TopT, XbbT) (upper) and (TopL, XbbT)
(lower). For these events, the reconstructed mass of the Higgs boson candidate is required to be
between 110 and 140 GeV. Distributions are shown for events in the muon (left) and electron (right)
channel. The first (last) bin of each distribution also includes underflow (overflow) events. Background
distributions are normalized to the results of the background-only fit, while signal distributions are
overlaid, normalized to the expected cross section computed at NLO for a singlet T quark with a
resonance width I' of 1% of the mass. The lower panels show the difference between the number of
events in data and that expected from the background-only fit, normalized to the statistical uncertainty
of the data. When no events are observed in data, the Poissonian upper limit at 68% CL is used for
the calculation of the pull. The orange band represents the systematic uncertainties, also normalized
to the statistical uncertainty of the data.

3TeV. The limits are compared with theoretical expectations assuming a singlet T quark with
a resonance width T" of 5 or 1% of the mass. As a result of a reconstruction strategy optimized
for large Lorentz boost of the T quark decay products, the analysis is particularly sensitive
to signal production for large mr values. In the singlet scenario, this analysis improves
on all previous searches performed in CMS [9, 31, 32, 34, 41] for my values of 1.3 TeV and
above, and it provides the strongest limits to date for mp > 2TeV. Nevertheless, the analysis
sensitivity is also comparable with other searches in the range 1.1 < mp < 1.3 TeV and, for a
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Figure 6. Observed 95% CL upper limits on the single T quark product of cross section and branching
ratio for the T — t¢ — blvbb channel, as a function of my and Mg Mmasses.

I'/mqy ratio of 5%, it is near the level of excluding m around 1.2 TeV. As a comparison, the T
quark search exploiting final states with one lepton and multiple jets reported by the ATLAS
Collaboration [33], and targeting the tH and tZ decay channels, excluded T quark masses,
in the singlet scenario and for a I'/mr ratio of 5%, from 1 to almost 1.2 TeV at 95% CL.
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Figure 7. Observed (solid lines) and expected (dashed lines) 95% CL upper limits on the single T
quark product of cross section and branching ratio for the T — t¢ — bfvbb channel as a function
of mr, for fixed values of my, from 25 up to 100 GeV. The inner (green) and outer (yellow) bands
represent the regions containing 68 and 95%, respectively, of the limit values expected under the
background-only hypothesis.
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Figure 9. Observed (solid black line) and expected (dashed line) 95% CL upper limit on the single
T quark production cross section times branching fraction for the T — tH channel as a function of
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95%, respectively, of the limit values expected under the background-only hypothesis. The solid blue
(dashed red) curve shows the theoretical expectation at NLO for a singlet T quark assuming a narrow
resonance with width 5% (1%) of the resonance mass [6, 7).
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9 Summary

A search for the single production of a vector-like quark T with charge 2¢/3 decaying to a
top quark and a neutral scalar boson, which can be a standard model Higgs boson (H) or a
new scalar boson (¢), has been presented. In the first case, a branching fraction of 25% is
assumed for the decay T — tH, while in the second case the T quark is assumed to decay
exclusively to t¢. Final states where the top quark decays in the lepton+jets channel and the
neutral scalar boson decays into a bottom quark-antiquark pair are considered. The analysis
is based on LHC proton-proton collision data, corresponding to an integrated luminosity of
138fb~*. No significant deviation is observed between the data and the expected background.
Upper limits at 95% confidence level (CL) are set on the product of the production cross
section and T — t¢ — blvbb branching fraction as functions of the masses of T quark (mr)
and of ¢ boson (m,), and assuming a T quark in a narrow-width approximation produced in
association with a bottom quark. For an my of 25 (250) GeV, values greater than 2.3 to 0.1
(14.7 to 0.3) fb are excluded at 95% CL for my between 1.0 and 3.0 (1.3 and 3.0) TeV.

These are the first exclusion limits set on the production of a single T quark decaying
into a top quark and a new neutral scalar boson. The case of a vector-like quark T decaying
to a top quark and a standard model Higgs boson has been studied as well, and upper limits
at 95% CL are set on the product of the production cross section and T — tH branching
fraction: values greater than 100 to 1.0 fb are excluded at 95% CL for my between 1.0 and
3.0TeV. These results provide the best exclusion limits to date for mp > 2 TeV.
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