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Abstract

A search for single production of vector-like top quark partners (T) decaying into a
Higgs boson and a top quark is performed using data from pp collisions at a centre-
of-mass energy of 13 TeV collected by the CMS experiment at the CERN LHC, corre-
sponding to an integrated luminosity of 2.3fb™'. The top quark decay includes an
electron or a muon while the Higgs boson decays into a pair of b quarks. No signif-
icant excess over standard model backgrounds is observed. Exclusion limits on the
product of the production cross section and the branching fraction are derived in the
T quark mass range 700 to 1800 GeV. For a mass of 1000 GeV, values of the product
of the production cross section and the branching fraction greater than 0.8 and 0.7 pb
are excluded at 95% confidence level, assuming left- and right-handed coupling of
the T quark to standard model particles, respectively. This is the first analysis set-
ting exclusion limits on the cross section of singly produced vector-like T quarks at a
centre-of-mass energy of 13 TeV.

Published in Physics Letters Bas doi:10.1016/j.physletb.2017.05.019.

(©2017 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

*See Appendixfor the list of collaboration members


http://dx.doi.org/10.1016/j.physletb.2017.05.019
http://creativecommons.org/licenses/by/3.0




1 Introduction

Over the past decades several theoretical models have been formulated trying to give new in-
sights into electroweak symmetry breaking and the mechanisms that stabilise the mass of the
Higgs boson. Many of these models predict the existence of heavy vector-like quarks. Exam-
ples are little Higgs models [1H3], models with extra dimensions [4, 5], and composite Higgs
boson models [6H10].

The distinctive property of vector-like quarks is that their left- and right-handed components
transform in the same way under the electroweak symmetry group SU(2)1, x U(1)y of the stan-
dard model (SM). As a consequence, vector-like quarks can obtain mass through direct mass
terms in the Lagrangian of the form mipyp, unlike the SM chiral quarks, which obtain mass
through Yukawa coupling.

The discovery of a Higgs boson by the ATLAS [11] and CMS [12} 13] Collaborations and the
electroweak fits within the framework of the SM [14] strongly disfavour the existence of a
fourth generation of chiral fermions. Given the limited impact that vector-like quarks have on
the properties of the SM Higgs boson, they are not similarly constrained [15].

This letter presents the results of the first search for singly produced vector-like top quark
partners with charge +2/3 (T) at a centre-of-mass energy of /s = 13 TeV. Single production
is of particular interest, since its rate dominates over the rate of pair production at large quark
masses. Many of the models mentioned above predict that the T quark will predominantly
decay to third-generation SM quarks via three channels: tH, tZ, and bW [15]. Searches for T
quarks have been performed by the ATLAS and CMS Collaborations setting lower limits on
the T quark mass ranging from 715 to 950 GeV for various T quark branching fractions [16-22].

While most of the past searches considered pair production of the T quarks via the strong
interaction, the single production mode where the T quark is produced via the weak interaction
has recently been investigated by the ATLAS Collaboration [16,[19}20] at 8 TeV, and is targeted
in this letter. The strength of the T quark coupling to electroweak bosons has an effect both
on the cross section and the width of the T quark [23]. There are no a priori constraints on
the electroweak T quark coupling. Therefore, not only the general coupling to the electroweak
sector but the couplings of the T quark to bW, tZ, and tH can also take arbitrary values. The
present analysis targets decays of the T quark into a Higgs boson and a top quark. It will
be sensitive to the existence of a T quark only if sufficiently large couplings to bW or tZ are
present as well, since the T quark production through a Higgs boson is strongly suppressed.
An example of a Feynman diagram for this process is shown in Fig.

The analysis is performed on the proton-proton collision data collected during 2015 by the
CMS experiment at the CERN LHC at /s = 13TeV. The search is optimised for decays of
the T quark into a Higgs boson and a top quark, where the top quark decay includes a lepton
(electron or muon) and the Higgs boson is required to decay into b quarks. For a T quark mass
in the TeV range, the Higgs boson and the top quark obtain large Lorentz boosts leading to
merged jets and nonisolated leptons in the final state. Jet substructure analysis in combination
with algorithms for the identification of b quark jets (b tagging) can efficiently identify boosted
decays of the Higgs boson into b quark pairs [22]. An additional distinctive feature of the
signal is the presence of a jet in the regions close to the beam pipe, a so-called forward jet.
This jet results from the light-flavour quark that is produced in association with the T quark.
Background processes due to top quark pair production are dominant, followed by W-+jets and
quantum chromodynamics (QCD) multijet processes.

For every event, a T quark candidate four-momentum is reconstructed, with mass Mr. Events
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Figure 1: Feynman diagram of the production and decay mechanisms of a vector-like T quark,
as targeted in this analysis.

are selected by imposing requirements on the T quark candidate and other attributes of the
event. The My variable is used as the final discriminant in a combined signal plus background
fit to the data. The shape of the total background is estimated from a signal-depleted region in
the recorded data.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal dia-
meter, 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 scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the coverage provided by the barrel and endcap detectors to regions
close to the beam pipe. Muons are measured in gas-ionisation detectors embedded in the steel
flux-return yoke outside the solenoid. A more detailed description of the CMS detector, to-
gether with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [24].

A particle-flow (PF) algorithm [25} 26] is used to combine information from all CMS subdetec-
tors in order to reconstruct and identify individual particles in the event: photons, electrons,
muons, and charged and neutral hadrons. The energy of photons is directly obtained from the
ECAL measurement. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex determined by the tracker, the energy of the
corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially com-
patible with originating from the electron track. The momentum resolution for electrons with
transverse momentum pr ~ 45GeV and above from Z — ee decays ranges from 1.7% for non-
showering electrons in the barrel region to 4.5% for showering electrons in the endcaps [27].
Muons are measured in the pseudorapidity range |1| < 2.4 with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching
muons to tracks measured in the silicon tracker results in a relative pt resolution of 1.2-2.0% for
muons with 20 < pr < 100 GeV in the barrel and better than 6% in the endcaps. The pr resolu-
tion in the barrel is better than 10% for muons with pr up to 1 TeV [28]. The energy of charged
hadrons is determined from a combination of their momentum measured in the tracker and
the matching of 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 energy.



Jets are reconstructed from the individual particles identified by the PF event algorithm, clus-
tered by the anti-k; algorithm [29),30]. Two different jet sizes are used independently: jets with
a size parameter of 0.4 (“AK4 jets”) and 0.8 (“AKS jets”). Jet momentum is determined as the
vector sum of the charged particle momenta in the jet that are identified as originating from
the primary interaction vertex, and the neutral particle momenta. An area-based correction
is applied to jet energies to take into account the contribution from additional proton-proton
interactions within the same or adjacent bunch crossings (“pileup”) [31]. The energy of a jet
is found from simulation to be within 5-10% of the true jet momentum at particle level over
the entire pr spectrum and detector acceptance. Jet energy corrections are derived from simula-
tion, and are confirmed with in situ measurements of the energy balance in dijet and photon+jet
events [32]. A smearing of the jet energy is applied to simulated events to mimic detector reso-
lution effects observed in data. For the identification of b jets, the combined secondary vertex b
tagging algorithm is used [33]. The algorithm uses information from secondary b hadron decay
vertices to distinguish b jets from other jet flavours. The jet energy resolution is typically 15%
at 10GeV, 8% at 100 GeV, and 4% at 1 TeV. Jets are reconstructed up to || = 5 while b tagging
is restricted by the tracker acceptance to || < 2.4.

The missing transverse momentum vector ps is defined as the negative vector sum of the pr
of all PF particle candidates in an event. Its magnitude is referred to as EF"*.

3 Data and simulated samples

Events in the electron channel are selected using an electron trigger, which requires an electron
with pr > 45GeV and the additional presence of at least two jets, with pt > 200GeV and
50 GeV, respectively for the jets with the highest and second highest pr. Events in the muon
channel are collected with a single-muon trigger, requiring the presence of a muon candidate
with pr > 45GeV and || < 2.1. The muon trigger does not require a jet. Neither of the
triggers places any requirement on the isolation of the leptons. If an event is selected by both
the electron and the muon trigger, which happens almost exclusively in top quark pair events
containing an electron and a muon, it is assigned to the muon channel. The data collected
with the muon trigger correspond to a luminosity of £ = 2.3fb~!, while the electron trigger
provides a luminosity £ = 2.2 fb~1.

Signal samples are generated using MADGRAPH 5_.aMC@NLO 2.2.2 [34] at leading order (LO)
QCD accuracy. The cross section to produce a heavy T quark decaying to top quark and Higgs
boson in association with a bottom or top quark is set to 1 pb unless indicated differently. Sig-
nal masses are simulated between 700 and 1800 GeV in steps of 100 GeV, assuming a fixed T
quark width of 10GeV. This width corresponds to a narrow width approximation, meaning
that the experimental resolution is much larger than the width used in generating the samples.
Generation of both the T quark and its antiquark are included, with the positive charge having
a higher occurrence because of the larger density of positively charged u quarks in the proton.
Only the left- (right-) handed T quark chiralities in association with a bottom (top) quark are
considered, as only those are allowed in the singlet (doublet) scenario of the simplest Simpli-
fied Model [23]. Left- and right-handed production of the T quark are simulated in separate
samples.

Background events from top quark pair production and electroweak production of a single top
quark in the tW-channel are simulated at next-to-leading order (NLO) with the POWHEG 2.0
generator [35H38]. The MADGRAPH 5.aMC@NLO at NLO accuracy is used to generate samples
of single top quarks in the s- and t-channels. The generation of the W+jets and Z+jets events is
performed at LO with the MADGRAPH 5_.aMC@NLO , with up to four partons included in the
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matrix element calculations, matched to parton showers using the so-called MLM scheme [39].
All samples are interfaced with PYTHIA 8.212 [40, 41], tune CUETP8M1 [42] for the description
of hadronisation and fragmentation. The QCD multijet background events are generated with
PYTHIA for both matrix element and showering descriptions.

All samples are generated using NNPDF 3.0 [43] parton distribution functions (PDFs) either at
LO or at NLO, to match the precision of the matrix element calculation. The effects of pileup
are simulated in all samples by adding simulated minimum bias events to the hard scattering
process, according to a distribution having an average multiplicity of 11 collisions per bunch
crossing, as observed in data.

All events are processed through a full simulation of the CMS detector using GEANT4 [44), 145]].

4 Event reconstruction and selection

Primary vertices are reconstructed using a deterministic annealing filtering algorithm [46]. The
leading vertex of the event is defined as the one with the largest sum of squared pt of associated
tracks. Its position is reconstructed using an adaptive vertex fit [47] and is required to be within
24 cm in the z direction and 2 cm in the x-y plane of the nominal interaction point.

Events are required to have at least one lepton. For large T quark masses, the top quark from
the T — tH decay has a significant Lorentz boost causing its products to be approximately
collinear. Thus as the lepton is not isolated from the b quark jet (“b jet”), no conventional
isolation requirement (i.e. requiring the energy deposited in a cone around the lepton to be
small) is applied. In order to suppress QCD multijet events with a lepton (electron or muon)
contained within an AK4 jet, the selection criteria AR(¢,j) > 0.4 or pi'(¢,j) > 40GeV are
applied, where ¢ indicates the lepton and j indicates the AK4 jet with lowest angular separation

from the lepton. The angular distance is defined as AR = V/(A7)? + (A¢)?, where A¢ (An) is
the difference in azimuthal angle (pseudorapidity) between the AK4 jet and the lepton, and prTel
is the projection of the three-momentum of the lepton onto a plane perpendicular to the jet axis.
In addition to this selection, electrons (muons) must have pr > 50 (47) GeV and || < 2.5(2.1),
to fall within a region where the trigger efficiency is constant. In the case of more than one
reconstructed lepton in the given channel, only the lepton with the highest pt is used in the
evaluation of physics quantities needed for this analysis and shown in the plots below. The
lepton isolation and trigger selection efficiencies are measured in the data and simulation as a

function of 77 and pr of the lepton and are found to agree within their uncertainties.

All AK4 jets are required to have pr > 30GeV. If a selected lepton is found within a cone
of AR(j,¢) < 0.4 around the jet axis, the lepton four-momentum is subtracted from the un-
corrected jet four-momentum and all jet energy corrections are applied thereafter. AK4 jets
with |y| > 2.4 are defined as “forward jets”. An event must have at least two AK4 jets. The
leading (subleading) AK4 jet pr is required to exceed 250 (70) GeV in the electron channel and
100 (50) GeV in the muon channel. The different pr thresholds for the two channels are due to
the tighter criteria of the electron trigger, which selects events with two high-pr jets (Section ).

Since the decay of a heavy T quark would produce high-energy final-state particles, all events
are required to have St > 400 GeV, where St is defined as the scalar sum over EF"**, the pr of
the lepton and the transverse momenta of all selected AK4 jets in the event.

The AKS jets are required to have pr > 200 GeV and || < 2.4. The modified mass drop tagger
algorithm [48], also known as the “soft-drop” algorithm with angular exponent f = 0, soft
threshold zq,t < 0.1, and characteristic radius Ry = 0.8 [49], is used to remove soft, wide-



angle radiation from the jet. Subjets of AKS jets are identified in the last reclustering step of
the soft-drop algorithm. The soft-drop jet mass scale and resolution have been estimated using
a tt control region. This control region is defined by the baseline selection (see below) and
additionally requiring two b-tagged AK4 jets as well as the N-subjettiness ratio 7,/7; to be
smaller than 0.4 [50, 51] for the Higgs boson candidate (see below). The mass scale is found to
be compatible between data and simulation within uncertainties. A degradation of the jet mass
resolution of 10% is applied in the simulation to match the resolution found in the data.

For the identification of b jets, the combined secondary vertex b tagging algorithm is used.
In this analysis, it is only applied to the final two soft-drop subjets of AKS8 jets. A working
point that typically yields b tagging efficiencies of approximately 80% and misidentification
rates from light-flavour jets of about 10% in tt events [33] is chosen. The b tagging of subjets
results in a better performance compared to the b tagging of AK4 jets in tt events, reducing the
misidentification rate at the working point by a factor of approximately two.

In order to identify decays of the boosted Higgs boson to b quark pairs (H tagging) [22], the
soft-drop mass of the jet, My, is required to be within 90 < My < 160 GeV. At least one Higgs
boson candidate is required to be present and to have an angular separation of AR(H, ¢) > 1.0
from the lepton. The number of b tagged subjets of the Higgs boson candidate is used to define
the signal and background control regions.

To reconstruct the top quark, its decay into a bottom quark and a W boson, with the W bo-
son subsequently decaying into a muon or electron and a neutrino, is assumed. Using the x
and y components of FIss, the lepton four-momentum, and the nominal mass of the W boson
(80.4GeV), [52] the z component of the neutrino momentum is reconstructed by solving a qua-
dratic equation, resulting in up to two solutions. If a complex solution is obtained, only the
real part is used. Combining the four-momenta of these neutrino hypotheses and the lepton,
up to two W boson candidates are obtained. Each W boson candidate is paired to every central
AK4 jet in the event, giving a number of reconstruction hypotheses for the top quark. In or-
der to accommodate final-state radiation from the top quark, further top quark reconstruction
hypotheses are found by the addition of one more AK4 jet, such that one top quark candidate
is established for every single AK4 jet and every possible combination of two AK4 jets. The b
tagging information is not used in the top quark reconstruction.

Top quark and Higgs boson candidates are combined into pairs. Combinations are rejected if
any AK4 jet (jy) of the top quark candidate overlaps with the Higgs boson candidate within
AR(j, H) < 1.0. This requirement ensures that there is no overlap or double counting of jets
from the two jet collections with jet sizes 0.4 and 0.8. The pair of candidates yielding the small-
est x2 value is used in the following analysis, where the x? function is defined as follows:

2= <MH,MC - MH>2 L (Mt,MC - Mt>2 4 (AR(’CIH)MC — AR(t,H) )2
OMy MC UM MC TARMC

Here, M denotes the mass of a candidate, and the H and t subscripts stand for the Higgs bo-
son and top quark candidates, respectively. The “MC” subscript denotes that a quantity is
derived from the signal simulation, using the correct pairing of the reconstructed objects based
on Monte Carlo information. Other quantities are obtained from the pair of top quark and
Higgs boson candidates.

After event reconstruction, the selection is further refined by requiring a large separation of
AR(t,H) > 2.0 between the top quark and Higgs boson candidates. The top quark candidate
must have pt > 100 GeV.



4 Event reconstruction and selection

The selection criteria described above define the “baseline selection”. Distributions of some
relevant variables after the baseline selection are shown in Figs. 2l and 3 The background
contributions are estimated from simulated events. The hypothetical signal is scaled to a cross
section of 20 pb as indicated in the legend of the figure. The simulated background events and
data are found to be in agreement.
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Figure 2: Distributions of kinematic variables after baseline selection. Electron and muon pr
distributions are depicted in the upper-left and upper-right panels. The lower-left panel shows
St in the electron channel while the soft-drop mass of the Higgs boson candidate in the muon
channel is depicted in the lower right. The different background contributions are shown using
full histograms while the open histograms are signal yields and the data are shown as solid cir-
cles. The hatched bands represent the statistical and systematic uncertainties of the simulated
event samples. The systematic uncertainties include those discussed in Section [6] except the
forward jet uncertainty. Signal cross sections are enhanced to 20 pb.

After the baseline selection, two event categories are defined. The signal region is used for
signal extraction and is defined by requiring that both soft-drop subjets of the Higgs boson
candidate are b tagged and that there is at least one forward jet. The “control region” for back-
ground estimation is defined by requiring the absence of forward jets and that exactly one of
the soft-drop subjets of the Higgs boson candidates is b tagged. In addition, two validation re-
gions with zero subjet b-tags, “region A” and “region B”, are defined. These validation regions
are used to cross-check the background estimation method as described in Section[5| The event
selection criteria of all regions are summarised in Table
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Figure 3: Mass (left) and pr (right) distributions of the reconstructed top quark candidate in the
muon channel after the baseline selection. The different background contributions are shown
using full histograms while the open histograms are signal yields and the data are shown as
solid circles. The hatched bands represent the statistical and systematic uncertainties of the
simulated event samples. The systematic uncertainties include those discussed in Section [6)
except the forward jet uncertainty. Signal cross sections are enhanced to 20 pb.

Table 1: Event selection criteria: required number of b tagged subjets for the Higgs boson
candidate, and number of forward jets.

Validation | Validation
Region Signal region | Control region | region A | region B
Subjet b tags (H candidate) exactly 2 exactly 1 exactly 0 | exactly 0
Forward jets at least 1 exactly 0 exactly 0 | atleast1l

The T quark candidate is reconstructed from the sum of the Higgs boson and the top quark
candidate four-momenta. The Mr is used as the discriminating variable in the limit setting
procedure. Figure [ shows the simulated signal and background distributions of Mt in the
signal region. In the electron (muon) channel 35 (134) data events are selected, as summarised
in Table 2| along with the event yields and selection efficiencies for three of the signal samples.
The signal selection efficiency is depicted as a function of the generated T quark mass in Fig.
The denominator of the efficiency includes all decay modes of the top quark and the Higgs
boson, i.e. the product of the branching fractions for the top quark decaying to final states in-
cluding a lepton, and the Higgs boson decaying to bottom quarks, amounting to approximately
8%, is included in the signal selection efficiency. The selection efficiency is notably larger for
the right-handed signal samples, because of the harder pr spectrum of leptons stemming from
right-handed T quarks, and the presence of additional leptons from the associated top quark
production.

5 Background Estimate

The combined shape of the Mt distribution of all background processes is provided by the data
in the control region. It is used together with the simulated signal distribution in a fit of signal
plus background distributions to the observed data. The normalization of the background
distribution is estimated in the fit.

Figure [p| shows the reconstructed mass of the T quark candidates in the control region, where
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Figure 4: Vector-like T quark candidate mass in the signal region for the electron (left) and
muon (right) channels. The different background contributions are shown using full his-
tograms while the open histograms are signal yields and the data are shown as solid circles.
The hatched bands represent the statistical and systematic uncertainties of the simulated event
samples. The systematic uncertainties include those discussed in Section |6}

Table 2: Number of selected events N, and selection efficiency e for the signal region includ-
ing both statistical (stat) and systematic (sys) uncertainties. For the background, the post-fit
value (as described in Sections[5|land [7) is quoted. The left- (right-) handed T quark production
in association with a bottom (top) quark is denoted by a subscript lh (rh) and following b (t).
All signal samples are normalized to a cross section of 1pb, i.e. the product of the branching
fractions for the top quark decaying to final states including a lepton, and the Higgs boson
decaying to bottom quarks, amounting to approximately 8%, is included in the signal selection
efficiency.

Electron channel Muon channel
NgejEstatEsys  €ge (%) | NgeiEstatEsys — €ger (%)
T 1r(700) b 1.2+1.14+0.3 0.05 6.0+24+12 0.26
T 1,(1200) b 144+09+26 0.65 22.84+1.14+3.9 0.98
T 1,(1700) b 1534+09+27  0.69 229+1.1+4+3.9 0.99
T 1(700) t 64+25+11 029 |142+38+23 061
T 1,(1200) t 203+1.0+34 0.91 33.6+13+£54 1.45
T 1, (1700) t 21.7+1.1+3.5 0.98 346+14+57 1.49
N, Estattfit N, Estattfit

Background (post-fit) 348+14+42 133 £3+16
Data 35 134

the signal cross section is increased by a factor of 20. Data and simulation is observed to agree.
The control region features a signal-to-background ratio of approximately 5% of that found
in the signal region and can therefore be used to estimate the background with low signal
contamination.

Both the signal and control regions contain 50-60% top quark pair background and 20-30%
Wjets background. The relative background composition is therefore similar in the signal and
control regions. Also the kinematic configuration of the top quark and Higgs boson candi-
dates are similar. These two features facilitate the derivation of the background shape from the
control region in data without any further corrections. This procedure is validated by a shape
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SM particles in associated production with bottom and top quarks, respectively, are shown
separately.

comparison of the M distribution between the signal and control regions in simulated events,
as shown in Fig. @ The compatibility of the distributions is evaluated with a x? test [53], includ-
ing the statistical uncertainties of the simulation as weights in the test. The p-values obtained in
the electron and muon channels are 0.22 and 0.09, respectively. Therefore, the Mt distributions
are assumed to be compatible in the signal and control regions. In addition Fig. [/] shows fur-
ther cross checks using zero subjet b tags on the Higgs boson candidate, thereby enriching the
contribution of the W+jets and QCD backgrounds. Also these regions are in good agreement.

The aforementioned shape comparison is repeated for systematic uncertainties that can change
the shape of the Mr distribution in either the signal or the control region. These are the jet
energy scale and resolution uncertainties, as well as uncertainties in the b tag status of a Higgs
boson candidate subjet. Background cross sections are varied by twice their uncertainty, except
for the multijet background, which is varied by half the estimated value. Each variation in a
systematic uncertainty is applied consistently in both regions.

The compatibility between the validation regions and the control region is also checked in data,
as shown in Fig.|8| Agreement between the corresponding regions is observed in all cases.

In the control region, 632 (2949) events are selected in the electron (muon) channel. These
relatively large numbers of events ensure that the statistical uncertainty is negligible compared
to that in the signal region. In Fig. 0| the background estimate is shown with the distribution of
M in data.

6 Systematic Uncertainties

Sources of systematic uncertainty may influence the rate and shape of the signal predictions
as well as the shape of the background distribution. The background shape uncertainty is
taken as the uncertainty in each bin of the distribution of its estimate. Note that there is no
rate uncertainty associated with the background prediction described in Section 5| since its
normalization is not used to obtain the final results. In the above figures, several rate and
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Figure 6: Vector-like T quark candidate mass in the control region for the electron (left) and
muon (right) channels. Signal samples are normalized to 20 pb, which is a factor of 20 larger
than what is used in Figure[d] The shape of the data distribution provides the background esti-
mate. The different background contributions are shown using full histograms while the open
histogram are signal yields and the data are shown as solid circles. The hatched bands repre-
sent the statistical and systematic uncertainties of the simulated event samples. The systematic
uncertainties include those discussed in Section@ except the forward jet uncertainty.
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Figure 7: Shape comparison of the T quark candidate mass distributions in the signal (violet
solid line) and control (shaded histogram) regions as well as the validation regions A (dark blue
dashed line) and B (light blue dashed line) for the electron (left) and muon (right) channels.
The distributions show the sum of all simulated backgrounds, with the statistical uncertainties
indicated as the error bars (signal region) or the hatched band (control region).
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the fit, as detailed in Section[6} The normalization of the background estimate is taken from the
fit, its uncertainty is 12% (not included in the hatched uncertainty band).
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shape uncertainties are considered, for the simulations of both the signal and the background.
The one with the largest effect on the final result originates from the uncertainty in the forward
jet selection efficiency. The next largest contributions arise from the uncertainties in the b tag
efficiency and jet energy corrections. The impacts of the systematic uncertainties on the event
rates are listed in Table[3

Table 3: Impacts of the largest systematic uncertainties in the signal event yields. The signal
samples for Tjb production are shown. The uncertainties in the forward jet, and lepton iso-
lation and trigger are rate uncertainties, all other uncertainties are evaluated bin-by-bin. All
values are reported as percentage of the signal event yield.

Electron channel Muon channel
Tih(700) T (1200) Tpk(1700) | Tjp(700) T (1200) Ty (1700)
b tagging, heavy flavour 7.8 7.6 8.7 6.0 7.5 8.5
b tagging, light flavour 0.7 0.7 0.5 1.2 0.6 0.7
Forward jet 15 15 15 15 15 15
Jet energy resolution 7.0 0.6 0.2 0.2 2.3 0.9
Jet energy scale 9.0 42 49 3.8 3.8 4.4
Lepton isolation and trigger | 5.0 5.0 5.0 5.0 5.0 5.0
Soft-drop mass 3.1 1.1 0.3 0.5 0.3 1.3
PDF 4.8 2.7 4.2 4.8 2.8 41
Luminosity 2.7 2.7 2.7 2.7 2.7 2.7
Pileup 1.4 0.6 0.1 1.3 0.7 1.1

Scale factors for the b tagging efficiency are applied to simulated events to match the b tagging
performance observed in data [33]. The scale factors have a systematic uncertainty of 2-5%
for jets originating from b hadrons, 4-10% for ¢ quark jets and 7-10% for light-flavour jets, all
depending on the pr of the jet. Those uncertainties are propagated to the final result, where
the uncertainties for heavy-flavour (b and c) jets and light-flavour (u, d, s, g) jets are treated
as correlated within their group, but the uncertainties for heavy-flavour jets are assumed to be
uncorrelated with those for light-flavour jets.

Jet energy scale and resolution corrections depend on the jet pr and 7. The associated uncer-
tainties are typically a few percent. The resulting uncertainty in the signal yield is derived by
applying the £1¢ variations simultaneously to AK4 and AKS jets and also propagating the
variation of jet momenta into the calculation of ETS at the same time. The +1¢ variations for
the resolution smearing in the soft-drop mass are evaluated separately. Additionally, as the
reconstruction efficiency of forward jets has been observed to be larger in the simulation com-
pared to the data, a rate uncertainty of +=15% is assigned to the signal samples. This uncertainty
is determined by evaluating the event selection efficiency using forward jets in two control re-
gions requiring an event to be selected by the baseline selection and additionally having either
zero subjet b tags or exactly one, in association with the H boson candidate. The central region
is well modelled by the simulation.

To estimate the uncertainty in the pileup simulation, a variation of +5% in the inelastic cross
section value [54], controlling the average pileup multiplicity, is used. The uncertainty in the
luminosity measurement is £2.7% [55]. Systematic identification and trigger uncertainties for
electrons and muons are taken into account for the signal processes. The combined trigger and
lepton isolation (AR (Y, j) or pi!(Z, j)) selection efficiency has a rate uncertainty of +5%. For the
PDF uncertainty the complete set of NNPDF 3.0 PDF eigenvectors are evaluated, following the
PDF4LHC prescription [56].
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7 Resulis

No significant deviation is observed from the shape predicted by the SM (see Fig.[9). The p-
values of the compatibility tests between the predicted and observed distributions are 0.97 and
0.51 in the electron and muon channels, respectively.

Exclusion limits are set on the product of the production cross section and the branching frac-
tion for single production of a vector-like T quark decaying to a top quark and a Higgs bo-
son. The 95% confidence level (CL) exclusion limits are derived with a Bayesian statistical
method [57] 58], where background and signal templates in the Mt distribution are used to
make a combined fit to the data in the electron and muon channels. Systematic uncertainties
are included as nuisance parameters. For rate-only uncertainties a log-normal prior is assigned.
A flat prior is used for the signal strength. Shape uncertainties in the signal templates are taken
into account using template morphing with cubic-linear interpolation, where the cubic inter-
polation is used up to the one sigma deviation and the linear interpolation beyond that. For
the background normalization a Gaussian prior with 100% width is used. The statistical un-
certainty in the background estimate is included with the “Barlow-Beeston light” method [59],
which uses a Gaussian approximation of the uncertainty in each bin. A bias-test is performed
by injecting a signal into the fitted data. The biases are observed to be negligible.

The obtained exclusion limits are compared with predictions from two benchmark models. For
Tib production, branching fractions of 50/25/25% for the T quark decay to bW /tZ/tH are
considered. These branching fractions correspond to the predictions for a vector-like isospin
singlet. A scenario with neutral currents only and equal couplings to tZ and tH is used for Tyt
production (0/50/50%), corresponding to the prediction for an isospin doublet. Signal cross
sections are taken from NLO calculations [23,60] and multiplied with a factor of 0.25 and 0.5 in
order to accommodate the branching fraction B(tH) = B(bW)/2 and B(tH) = B(tZ) for Tj,b
and T,,t production, respectively. Single vector-like quark production is parametrised with a
coupling constant to the electroweak sector. For the coupling of a left- (right-) handed T quark

to a quark and boson pair, qV, the coupling strength, as defined in Ref. [23]], of CE‘E\;()tZ) =0.51is

assumed in production, where c is a factor multiplying the weak coupling constant g,. For a
coupling parameter of 0.5, it has been verified that the experimental resolution is much larger
than the width of the T quark in the simplified model.

In the simplest Simplified Model [23], only the left- (right-) handed couplings are allowed for
bW (tZ)
R(L)
the T quark. Therefore, only fully left- (right-) handed polarisations are considered for the
exclusion limits.

the singlet (doublet) scenarios, i.e. ¢ = 0, simultaneously for production and decay of

Figure[I0]shows the 95% CL upper limits on the product of the cross section and the branching
fraction, along with the predictions of the simplest Simplified Model with coupling to third
generation SM quarks only. It can be seen that the excluded cross sections are an order of
magnitude higher than the predictions, and the current data do not place constraints on this
particular model. This is the first search for singly produced VLQ by the CMS Collaboration. In
the future, results in this channel will become more sensitive by combining results with other
final states, and it is anticipated that such Simplified Model cross sections will be probed with
the large expected LHC Run 2 dataset.
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Figure 10: Exclusion limits on the product of the cross section and the branching fraction of
single T quark production and T — tH decay. A simultaneous fit is made to the electron and
muon channels. Left- (right-) handed T quark production in association with a bottom (top)
quark is shown in the left- (right-) diagram.

8 Summary

A search for a singly produced vector-like T quark decaying to a top quark and a Higgs boson
has been presented, where the top quark decay includes an electron or a muon and the Higgs
boson decays into a pair of b quarks. For every event, the four-momentum of the vector-like
T quark candidate is reconstructed and its mass is evaluated. No excess over the estimated
backgrounds is observed. Upper limits are placed on the product of the cross section and the
branching fraction for vector-like T quarks to a top quark and a Higgs boson in the mass range
of 700 to 1800 GeV, at 95% confidence level. For a T quark with a mass of 1000 GeV with left-
(right-) handed coupling to standard model particles, we exclude a value of the product of the
production cross section and the branching fraction greater than 0.8 (0.7) pb. This is the first
analysis setting exclusion limits on the cross section of singly produced vector-like T quarks at
a centre-of-mass energy of 13 TeV.
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