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Abstract

A search is performed for electroweak production of a vector-like top quark partner T
of charge 2/3 in association with a standard model top or bottom quark, using 2.3 fb ™~
of proton-proton collision data at y/s = 13 TeV collected by the CMS experiment at the
CERN LHC. The search targets T quarks decaying to a top quark and a Higgs boson
in fully hadronic final states. For a T quark with mass above 1TeV the daughter top
quark and Higgs boson are highly Lorentz-boosted and can each appear as a single
hadronic jet. Jet substructure and b tagging techniques are used to identify the top
quark and Higgs boson jets, and to suppress the standard model backgrounds. An
excess of events is searched for in the T quark candidate mass distribution in the
data, which is found to be consistent with the expected backgrounds. Upper limits
at 95% confidence level are set on the product of the single T quark production cross
sections and the branching fraction B(T — tH), and these vary between 0.31 and
0.93pb for T quark masses in the range 1000-1800 GeV. This is the first search for
single electroweak production of a vector-like T quark in fully hadronic final states.
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1 Introduction

We report on a search for a vector-like top quark partner (T) of charge 2/3. The T quark appears
in many extensions of the standard model (SM) and usually mixes with the SM top quark [1-6].
Vector-like quarks (VLQs) like the T could have a role in regularizing the SM Higgs boson (H)
mass, thus offering a solution to the hierarchy problem [7, [8]. The production of VLQs can be
in pairs via the strong interaction, or singly in association with the SM top or bottom quarks
via the electroweak interaction. The electroweak couplings of the T quarks to the SM third-
generation quarks are highly model dependent. These couplings determine the rates of the
single T quark production modes, shown in Fig. [l The expected decay channels of a T quark
coupling to the SM top or bottom quarks are T — bW, T — tZ, and T — tH [9]. Probing such
processes could shed light on the mixing of VLQs with the SM third-generation quarks.

The VLQs are non-chiral particles, i.e., their left-handed (LH) and right-handed (RH) com-
ponents are part of the same multiplet under a weak isospin symmetry transformation. As
a consequence, their masses are not restricted by their Yukawa couplings to the Higgs field;
hence these particles are not ruled out by constraints from measurements of the production
and decay rates of the Higgs boson [10].

Searches for pair-production of T quarks have been conducted by the ATLAS and CMS collab-
orations at the CERN LHC using proton-proton (pp) collision data at /s = 8TeV, and limits
placed on the mass between 720 and 950 GeV, depending on the decay mode [11}[12]. A search
for single production of T quarks decaying to Wb was conducted by the ATLAS collaboration
using pp collision data at /s = 8 TeV, and a limit on the T quark mass was set at 950 GeV [13].
For high VLQ masses, the pair-production cross section rapidly decreases as the phase space
for producing two massive particles is limited. Above the TeV range, single production via the
electroweak process is expected to dominate over pair production [14], and is thus the focus of
this search.
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Figure 1: Example production diagrams for the processes pp — Tbq via the charged current
(left) and pp — Ttq via the neutral current (right).

In this Letter we present a search for a singly produced T quark using pp collision data col-
lected at /s = 13 TeV with the CMS experiment in 2015, and corresponding to an integrated
luminosity of 2.3fb~!. The production processes considered are pp — Tbq and pp — Ttq,
as shown in Fig. (Il We consider the decay mode T — tH with the top quark decaying fully
hadronically (t = bW — bqq’) and the SM Higgs boson decaying to bb. For a SM Higgs bo-
son with a mass close to 125GeV [15], the decay branching fraction B(H — bB) = 58% [16].
Recently, a companion CMS analysis has searched for a singly-produced T quark with T — tH
using this 13 TeV data set in a leptonic final state [17], and set limits on the product of the T
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quark cross section and the branching fraction B(T — tH) in the mass range 1000-1800 GeV.

The pp — Tbq with T — tH channel contains seven outgoing partons while the pp — Ttq with
T — tH channel contains nine, from the hard scattering process. These partons subsequently
hadronize to produce jets. For T quarks with a mass above 1TeV, the decay products of the
top quark and the Higgs boson are highly Lorentz-boosted and collimated, producing two
hadronic jets. The accompanying jets are softer. Thus, the signature of a massive T quark would
be the presence of highly boosted jets with masses corresponding to those of the top quark and
the Higgs boson, and an overall large hadronic activity in the event. The T quark candidates
are reconstructed using the top quark and Higgs boson jets. In the T quark candidate mass
distribution, a localized excess of events above the SM background is expected in the presence
of a signal.

This is the first search for single electroweak production of a vector-like T quark in fully hadronic
final states. Jet substructure and b tagging techniques are employed to identify the highly
Lorentz-boosted top quark and Higgs boson arising from the decay of a TeV scale resonance.
The search in these final states exploits the ability of jet substructure techniques to reconstruct
hadronically decaying SM particles in a challenging fully hadronic environment.

2 Signal and background modeling

The single T quark production cross section and the branching fraction B(T — tH) are highly
model dependent. The Simplest Simplified Model (SSM) framework [18] is used to model the
signal events. In this framework, the coupling factors CE‘;VR and ciZ/R determine the strengths of
the charged and neutral current interactions, as shown in Fig. [I{left and right, respectively, up
to a factor of the electroweak coupling constant gw. Signal events for the processes pp — Tbq
and pp — Ttq are generated for LH or RH interactions, with each of the corresponding LH
or RH coupling factors set to unity, while the other is set to zero. Events are generated using
the tree-level Monte Carlo (MC) event generator MADGRAPH 5.1.3.30 [19] for T quark masses
from 1000 to 1800 GeV, in steps of 100 GeV. The signal widths are set to 10 GeV for all masses.

The NNPDF3.0 [20] parton distribution function (PDF) set is used.

The main SM background processes are tt+jets and multijet production through the strong in-
teraction. A smaller contribution comes from W+jets events. Events with a single top quark
and a W boson (tW) are found to make a negligible contribution to the overall background
composition. The tt+jets, W+jets, and tW background events are estimated using MC simula-
tions. As it is difficult to accurately simulate multijet production, the contributions from these
processes are estimated from data. All other SM processes have a negligible contribution to the
background.

A next-to-next-to-leading order (NNLO) tt+jets production cross section of 8321“%1? pb [21], cor-
responding to a top quark mass of 172.5 GeV, is used to estimate the tt+jets rate. The NNLO tW
production cross section is taken as 71.7 & 3.8 pb [22] 23]]. The tt+jets events and the tW events
are simulated using POWHEG V2 [24H27] with inclusive top quark decays.

The W+jets events cross section is estimated to be 95.1 + 3.6 pb, calculated at NNLO with
FEwz 3.1 [28]. This cross section is calculated in the region of phase space where the sum
of the parton transverse momenta pr is greater than 600 GeV, in keeping with the signal event
topology requiring highly boosted jets. The W+jets production sample, simulated with MAD-
GRAPH 5.1.3.30, is restricted to this phase space and to events with hadronic W boson decays.
The uncertainties in the cross sections of these processes derive from the uncertainties in the



PDFs, the quantum chromodynamics (QCD) factorization and renormalization scales, and the
strong coupling constant.

The multijet samples are generated using MADGRAPH 5.1.3.30 with up to four partons in-
cluded in the matrix element calculation, and are used only to optimize the event selection and
validate the background estimation procedure.

The samples generated using the MADGRAPH 5.1.3.30 or POWHEG V2 programs are interfaced
with PYTHIA 8.212 [29] for showering and hadronization, using the underlying event tune
CUETP8M1 [30], and with the MLM matching scheme [31] to match the additional partons
from the hard process with those simulated using the parton shower algorithm. In all sim-
ulations, the mass of the Higgs boson is set to 125GeV, while the top quark mass is set to
172.5GeV.

Additional pp interactions (pileup) in concurrence with the hard interaction are simulated by
overlaying low pr QCD interactions, using the PYTHIA 8.212 MC generator and a total inelastic
pp cross section of 69 mb [32]. The distribution of the number of pileup events in the simulated
samples is reweighted to match the distribution observed in the data. The generated signal
events are processed using a GEANT4-based [33}34] simulation of the CMS detector.

3 The CMS detector and event reconstruction

The CMS detector, its coordinate system, and its kinematic variables are detailed in Ref. [35].
The detector consists of a superconducting solenoid of 6 m internal diameter at its core, pro-
viding a magnetic field of 3.8 T. Within the field volume are housed a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each of which is divided into a barrel and two endcap sections.
The tracker extends from —2.5 to +2.5 in pseudorapidity 7 while the ECAL and the HCAL ex-
tend up to || = 3. Extensive forward calorimetry, up to || = 5, complements the coverage
provided by the barrel and endcap detectors. Muons are measured in gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid, covering a region of |1| < 2.4.

Events are selected using a two-stage trigger system, requiring the presence of hadronic jets
in the detector. The level-1 trigger selects events with jets, reconstructed from energy deposits
in the ECAL and the HCAL, for further processing by the high-level trigger (HLT). The HLT
reconstructs jets with p > 40GeV and || < 3 that are clustered using the particle flow (PF)
algorithm [36] 37] described below. The scalar sum of the jet pr (Ht) is required to be greater
than 800 GeV for the event to be selected by the HLT for further processing.

Charged particle tracks are used to reconstruct the interaction vertices. The vertex with the
highest sum of the p% of clusters of associated tracks is chosen as the primary vertex. The PF
event reconstruction algorithm reconstructs and identifies stable particles in the detector using
an optimized combination of information from all subdetectors. The PF candidates are used to
reconstruct jets using the anti-kt algorithm [38] implemented using the FASTJET package [39,
40]. Charged particles not originating from the primary vertex are omitted in the jet clustering.
The jet momentum is the vector sum of the momenta of all particles clustered in the jet.

The jet energy scale is determined from a detailed simulation of the CMS detector. The es-
timated pileup contribution to the jet energy is subtracted using an event-by-event jet area
based correction [41] 42]. Further corrections are applied to account for the detector response
to hadrons as a function of the jet pr and 7. Additional corrections are then applied to the data
to account for any remaining differences with the simulations in the jet energy measurement.
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From simulations, the average jet momentum is found to be within 5% of the true momentum
over the whole range of detector acceptance. The jet energy resolution varies from 15-20% at
30GeV to 5% at 1 TeV [43].

Two non-exclusive jet collections are reconstructed, one by clustering the PF candidates using
the anti-kt distance parameter, in the 77-¢ plane, of 0.4 (AK4 jets), and the other using a distance
parameter of 0.8 (AKS jets). The former is used to calculate the Hy, while the latter is used
to reconstruct Lorentz-boosted top quark and Higgs boson jets. Jets are required to pass a
standard set of quality criteria to reject detector and electronics noise misidentified as jets [44].

4 Event selection

Events passing the jet-based trigger are further required to have at least four AK4 jets with
pr > 30GeV and |57| < 5, and at least one AKS8 jet with pr > 300GeV and || < 2.4. We further
require that the Ht of such an event, where the sum of the pr is taken of all selected AK4 jets, is
greater than 1100 GeV. These together constitute the preselection criteria for further processing
of an event. The trigger efficiency of events passing the preselection criteria is found to be 100%
with negligible uncertainty.

Jet grooming techniques [45] are applied to AKS jets to identify hadronic decays of Lorentz-
boosted massive particles like H — bb or t — bqq’. The pruning [46] and soft-drop [47, 48]
grooming algorithms are employed to remove soft contributions to the jet energy from the
underlying event and pileup, and to reveal subjets coming from the hadronization of the hard
partons arising from the massive particle decay. The mass of the jet is thus closer to that of
the massive parent particle after grooming, and the subjets can be associated with its decay
products. The groomed AKS jets are required to pass further selection criteria to be identified
either as Higgs boson-tagged (H-tagged), or top quark-tagged (t-tagged) jets. Values chosen
for the selection parameters associated with the jet pruning and soft-drop algorithms, as well
as with the N-subjettiness algorithm described below, are based on detailed studies of their
performance in a sample of semileptonic tt+jets events with t-tagged or W boson-tagged jets,
as described in Refs. [49, 50].

The pruning parameters used are z.yt = 0.1 and D¢yt = 0.5, while the soft-drop parameters are
set to zcut = 0.1 and B = 0. Both the pruning and the soft-drop algorithms are applied to the
same set of AKS jets, yielding the pruned and soft-drop masses, respectively. The H-tagged jets
require a pruned mass between 105-135 GeV. The t-tagged jets require a soft-drop mass within
110-210GeV. The soft-drop subjets are further used for b tagging, for both the H-tagged and
t-tagged jets. The combination of pruned mass for H tagging [51] and soft-drop mass for t
tagging [52] was found to give the best rejection of pileup events and other backgrounds.

Besides the pruning and the soft-drop algorithms, the N-subjettiness algorithm [53]], based
on the computation of the inclusive jet shape variables Ty, is used. These variables quantify
“lobes” of energy flow inside a jet [53]. A jet compatible with two substructures would have
values of the ratio 7/ 11 much less than unity, as in a boosted H — bb decay. Likewise, a jet
from a boosted t — bqq’ decay, with three substructures, would have the value of 73/ much
less than one. In contrast, jets with no substructure would exhibit larger values for both 7o/
and 13/7. Thus these variables provide good discrimination against multijet backgrounds.
The requirements on the ratios /71 < 0.6 and 13/ < 0.54 are used for H and t tagging,
respectively.

The soft-drop subjets are b-tagged to further suppress backgrounds. The combined secondary



vertex b tagging algorithm (CSVv2) identifies subjets containing B hadrons using a combina-
tion of track and secondary vertex related variables [54]. For H tagging, the CSVv2 discrim-
inator threshold is chosen to give a mistag rate of 10% for subjets from light flavored quarks
and gluons, and a signal efficiency of 40-70%, depending on the subjet pr [55]. Both of the
subjets are required to pass the b tagging requirement. Boosted jets with both subjets failing
the b tagging criteria but otherwise satisfying the H tagging criteria (“anti-H-tagged”) are used
to define a control region for background estimation. For t tagging, one subjet is required to
have a CSVv2 discriminator value that exceeds a more stringent threshold, to give an overall
mistag rate of about 0.1% [50].

Jet energy scale corrections are applied to the H-tagged jet mass to obtain a better agreement
with the Higgs boson mass. The H-tagged jet mass resolution in the simulations is degraded to
match the observed W jet mass resolution in the data in a sample of tt+jets events with boosted
hadronically decaying W bosons. The W jets are tagged in the same way as H-tagged jets,
except that the pruned mass is required to be within the range 65-105GeV, and the subjets
are not b-tagged. The W jets are also used to obtain the ratio of the N-subjettiness selection
efficiencies between the data and the simulations, which is applied to the simulated H jets as
a scale factor. A simulation-based correction factor is applied to account for the difference in
the jet shower profile of W — qq’ and H — bb decays. The b tagging efficiency scale factors,
measured on a sample of jets with subjets required to contain a muon to enrich them in B
hadron flavor [55], are likewise applied. The t jet tagging efficiency scale factor is obtained
from boosted hadronically decaying top quarks where the decay products of the daughter W
boson and the b quarks are merged and clustered as one AKS jet [49,50].

It is observed that the MC simulations of the background do not model well the jet pr and Ht
distributions after the preselection [17]. The data/MC ratio of the Hr distribution is described
within statistical uncertainties by a 2-parameter linear fit with a significant negative slope pa-
rameter. The Hr distributions of background components obtained from MC simulations are
reweighted using the results of this fit. Cross-checks are performed in different control regions
confirming the validity of this correction factor. The correction factor is applied to the predicted
background, with a small impact on the background T quark candidate mass distribution. The
Ht reweighting has a negligible effect on the signal and is considered only as a systematic
uncertainty.

The H-tagged and t-tagged jets are required to have pt values greater than 300 and 400 GeV,
respectively. An AKS jet that is simultaneously H-tagged and t-tagged is assigned to the latter
category, although this occurs in less than 1% of the events. Furthermore, the H-tagged and
t-tagged jets must have a separation in the #-¢ plane, AR(H, t) > 2.0. These selection criteria
define the signal region. The highest pt H-tagged and t-tagged jets satisfying the above re-
quirements in each signal event are paired to form the T quark candidate, where the T quark
mass, M(T), is taken to be the invariant mass of the dijet system.

The search is performed by looking for a localized excess in the M(T) distribution above the SM
background. The simulated reconstructed M(T) distributions for a few representative masses
are shown in Fig. 2l The estimated mass resolution of the T quark candidates is about 5% for
all simulated T quark masses. Table|l|gives some representative signal efficiencies for different
T quark masses, for the pp — Tbq and pp — Ttq processes with LH couplings. The effective
integrated luminosities of the simulated signal samples are much larger than the integrated
luminosity corresponding to the data; hence the statistical uncertainties in the efficiencies are
negligible. The efficiencies for the RH couplings are very similar to those for the LH couplings
of the corresponding models.
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Figure 2: The simulated M(T) distributions for the pp — Tbq and the pp — Ttq production
modes with left-handed coupling for the T quark masses 1000, 1200, 1500, and 1800 GeV, after
all selection criteria have been applied. The values of the product of the signal cross sections
and the branching fraction B(T — tH) are taken to be 1 pb.

Table 1: The signal efficiencies for successive event selections for the pp — Tbq and pp — Ttq
models with left-handed couplings. The preselection criteria are more efficient for the pp —
Ttq process compared to the pp — Tbq process owing to the larger number of jets, and hence
a higher Hr per event, in the former. This is more pronounced for low T quark mass samples,
where the Hr is close to the trigger threshold of 800 GeV.

Efficiency (%)

Mass (GeV) | pp — Tbq, T — tH (LH) pp — Ttq, T — tH (LH)

Preselection Htag ttag | Preselection Htag ttag
1000 15.7 31 035 51.5 9.1 0.8
1100 249 5.7 0.8 61.1 114 11
1200 36.4 8.7 1.1 69.1 128 13
1300 44.6 106 14 74.8 13.8 14
1400 52.0 11.8 16 79.4 149 16
1500 57.1 126 17 82.1 151 1.6
1700 63.3 129 15 86.3 158 17
1800 65.6 132 14 87.9 155 15

5 Background estimation

The main backgrounds in the signal region are tt+jets, multijets, and, to a lesser extent, W+jets.
The tW background is negligible, with none of the simulated events passing the full event
selection, from a sample whose corresponding integrated luminosity is much larger than that
of the data sample. All backgrounds except multijets are estimated using simulations.

The multijet background is estimated from the data by using four selection regions A, B, C,
and D. Events in region A are required to have at least one anti-H-tagged jet and no H-tagged
or t-tagged jets, while those in region B are required to have at least one anti-H-tagged jet and
at least one t-tagged jet, and zero H-tagged jets. Events in region C should have at least one
H-tagged jet and zero t-tagged jets. Region D is the signal region and contains events with at
least one H-tagged and one t-tagged jet, as defined in the previous section. The tt+jets, W+jets,
and the tW backgrounds all contribute to the A, B, and C regions.



The independence of the two variables that span the A, B, C, and D regions, i.e., the H tagging
or anti-H-tagging, and the t tagging criteria, was validated using simulations. Since the two
variables are uncorrelated, the number of events Ny p ¢ p for the corresponding regions should
follow the relation N4/Np = N¢/Np. Thus, the number of background events in the signal
region D would be determined by the number of events in the three control regions: Np =
Np Nc/Na.

The ABCD method is also used to obtain the background M(T) distribution for the signal
region. The anti-H-tagged and t-tagged jets are paired to reconstruct the M(T) shape in the
control region B. When multiplied by the ratio N¢/ Ny, this gives the background M(T) shape
in the signal region. A validation of the procedure is performed using simulations. The com-
patibility of the shapes in the B and D regions are verified using simulated QCD multijet sam-
ples. Moreover, the shapes of the data and simulation distributions in region B are found to
be consistent, and thus the ABCD method is also expected to correctly predict the multijet
background in the signal region D from the data in regions A, B, and C.

Since only the multijet background is estimated using the ABCD method, the simulated tt+jets,
Wjets, and tW backgrounds are subtracted from the data in each of the A, B, and C regions
to obtain the predicted multijet background in data for that region. The resulting numbers of
events in the control regions are given in Table 2| The ratio Nc /Ny is found to be (7.4 £0.1) x
102

Table 2: Numbers of events for the control regions A, B, and C in the non-multijet backgrounds,
and the differences between numbers of events in the data and these backgrounds. These
differences are attributed to the multijet background. The uncertainties are statistical only.

A B C
Data 94126 207 7251
tt+jets  812+6 539+15  366+4
Non-multijet bkg. W+jets 1258 £ 25 6.0=18 1094+8
tW 27+2 05£02 127£11
Data — non-multijet bkg. 92029 £26 146.6+£24 6763L9

The total estimated background from all sources is given in Table [3| along with the number
of observed events in the data. Since the backgrounds estimated using MC simulations are
subtracted from the data in the control regions to estimate the multijets component of the back-
ground, the associated systematic uncertainties are anticorrelated between the simulated back-
grounds and the multijets background. Hence the uncertainty in the total background is less
than what one would obtain if the uncertainties in the individual backgrounds were added in
quadrature. The Hr and M(T) distributions in the data, estimated backgrounds, and the simu-
lated signal are shown in Fig.|3| The overall level of agreement between the observed number
of events and the background from the SM processes is within the estimated uncertainties (dis-
cussed in Section [f).

6 Systematic uncertainties

There are two types of systematic uncertainties in the signal and background predictions: those
that affect only the total rate, and those that affect the rate and the M(T) distribution. Among
the former are the integrated luminosity uncertainty of 2.7% [56], the pileup reweighting un-
certainty of 5% in the total inelastic pp collision cross section, the cross section uncertainties
in the simulated background predictions, and the uncertainties of 1-3% from the choice of the
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Table 3: Estimated background and the number of observed events in the signal region after all
selection criteria. The combined statistical and systematic uncertainty is shown.

Process Events
Multijets (using data) 10.8£5.5
tt+jets (using MC) 243+8.1
Wjets (using MC) 0.6+0.6
Total background 35.7£5.6
Observed events 30
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Figure 3: The Hr (left) and M(T) (right) distributions after full event selection. The black
markers with error bars are the data. The various background components are shown as filled
histograms, and are estimated using simulations (tt+jets and W+jets) and the data (non-tt+jets
and non-W+jets multijets component). The simulated T quark signal distributions for two T
quark masses are also shown. The values of the product of the signal cross sections and the
branching fraction B(T — tH) are taken to be 1 pb.

PDF set, estimated using the PDFALHC procedure [57]. The scale factor uncertainty due to the
N-subjettiness selection for H tagging is 12.5%, and affects only the total event rate.

The jet energy and mass correction and resolution uncertainties affect the shapes of the M(T)
distributions for both the simulated signal and background processes. The jet energy scale
uncertainty is 1-2% and the jet energy resolution uncertainty is about 1%, while the jet mass
correction uncertainty is 10%. The Hr-reweighting has an uncertainty of 1-3% for the A-D
regions used in the background estimation.

The subjet b tagging and the t tagging scale factor uncertainties also affect the M(T) shape.
The t tagging scale factor uncertainty is the largest at about 15-30% over the entire pt range.
The subjet b tagging scale factor systematic uncertainties are 2-5% for subjets from b quarks;
they are a factor of two larger for ¢ quarks, and about 10% for light quark and gluon subjets.
As discussed in Section 5] the systematic uncertainties in the estimated multijets background is
anticorrelated with those for the simulated tt+jets, W-+jets, and tW backgrounds.

7 Resulis

We set limits on the product of the signal cross sections and the branching fraction B(T — tH)
for the T quark produced in association with a top or a bottom through electroweak interac-



tions. A binned likelihood fit to the data with the shapes of the M(T) candidate distributions
for the background and the signal is made to obtain the 95% confidence level (CL) upper limit
on the signal. The systematic uncertainties, treated as nuisance parameters in the likelihood
function, are marginalized following a Bayesian approach [58, 59].

The expected and observed limits are shown in Fig. |4 for different T quark masses, and with
LH and RH couplings of the T quark to the third-generation SM quarks. The limits are listed in
Table[d] The cross section limits are derived with a signal sample simulated using the narrow
width of 10GeV. Studies on samples generated using larger widths have established that the
reconstructed M(T) distributions do not change significantly compared to the narrow width
approximation for T quarks having a width of up to 10% of their masses. The signal selection
efficiency is estimated to decrease by about 7% for a T quark with a width of 10%, which is well
within the uncertainties of the measurement. Hence, the measured limits on the cross sections
are valid within uncertainties for a T quark of width of up to 10%.

A comparison is made with the Simplest Simplified Model for a singlet and a doublet T quark.
The branching fractions for the singlet case are B(T — bW) : B(T — tZ) : B(T — tH) = 0.5:
0.25 : 0.25, while for the doublet, B(T — bW) : B(T — tZ) : B(T — tH) = 0: 0.5 : 0.5. In the
SSM , only the LH coupling c?" is allowed for the singlet scenario, while for the doublet case
there is only the RH coupling ct. The cross sections are calculated assuming ¢ = 0.5 and
2 = 0.5 for the singlet and doublet scenarios, respectively. The values of the coupling factors
correspond to a relatively narrow width for the T quark over the mass range searched for.

The SSM does not predict a RH singlet or a LH doublet, and thus theoretical curves are not
shown for the upper right and the lower left plots of Fig. @l However, it should be noted
that such couplings may still be possible in a non-minimal model. Furthermore, the observed
limits on the cross sections correspond to values of the coupling factors that are larger than
those associated with narrow resonances in the SSM. For a resonance width of 10% of the mass,
which is the largest value for which the quoted limits are valid, the expected couplings lie
between 0.6-0.3 for a T quark of mass between 1000-1800 GeV.

Table 4: The observed and expected 95% confidence level upper limits on the product of the
signal cross sections and the branching fraction B(T — tH), for various masses of the T quark.

pp — Tbq (LH) | pp — Tbq (RH) | pp — Ttq (LH) | pp — Ttq (RH)
Mass (GeV) Limits in pb

Obs. Exp. Obs. Exp. Obs.  Exp. Obs. Exp.
1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

8 Summary

A search for a vector-like top quark partner T in the single production mode is performed
using proton-proton collision events at /s = 13 TeV collected by the CMS experiment in 2015.
The T quarks are assumed to couple only to the standard model third-generation quarks. The
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Figure 4: The expected and observed 95% confidence level upper limits on the product of the
signal cross section and the branching fraction B(T — tH) for the processes pp — Tbq (upper
figures) and pp — Ttq (lower figures), for different assumed values of the T quark mass, and
with left-handed (left figures) and right-handed (right figures) couplings to the standard model
third-generation quarks. The expected 1 and 2 standard deviation (s. d.) uncertainty bands are
also shown. The limits are obtained assuming a resonance width of 10 GeV for the T quark.
The dot-dashed curves in the upper left and lower right figures correspond to those predicted
by the Simplest Simplified Model of Refs. [18}160], which predicts the existence of a left-handed
and right-handed coupling for a singlet and doublet T quark, respectively. The benchmark
coupling parameter values of ¢V = 0.5 and c¥ = 0.5 are chosen for the comparison.

decay channel studied is T — tH, with hadronic top quark decay and H — bb. Boosted
H and t tagging techniques are used to identify the Higgs boson and the top quark decays
in the final state, and the invariant mass of the two gives the T quark candidate mass. The
background is mostly due to the standard model tt+jets, with some contribution from multijet
and W+jets processes. No significant excess of data above the background is observed in the
T quark candidate mass distribution. The 95% confidence level upper limits on the product of
the signal cross sections and the branching fraction B(T — tH) are set using Bayesian statistics.
These vary between 0.31-0.93 pb for a T quark of mass ranging from 1000 to 1800 GeV, in the
pp — Tbq and pp — Ttq production channels with left-handed and right-handed couplings
to the standard model third-generation quarks. In the mass range considered for this analysis,
the search sensitivity is essentially the same as that using leptonic final states [17]. The use
of boosted techniques has led to an extension of the search region beyond those of previous
analyses. This is the first time fully hadronic final states have been exploited in the search for
single electroweak production of vector-like quarks at a hadron collider.
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