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A search for electroweak production of a single vectorlike 7" quark in association with a bottom (b) quark
in the all-hadronic decay channel is presented. This search uses proton-proton collision data at /s =
13 TeV collected by the CMS experiment at the CERN LHC during 20162018, corresponding to an
integrated luminosity of 138 fb~!. The T quark is assumed to have charge 2/3 and decay to a top () quark
and a Higgs (H) or Z boson. Hadronic decays of the 7 quark and the H or Z boson are reconstructed from
the kinematic properties of jets, including those containing b hadrons. No deviation from the standard
model prediction is observed in the reconstructed tH and ¢Z invariant mass distributions. The
95% confidence level upper limits on the product of the production cross section and branching fraction
of a T quark produced in association with a b quark and decaying via tH or tZ range from 1260 to 68 fb for

T quark masses of 600-1200 GeV.
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I. INTRODUCTION

Vectorlike quarks (VLQs) appear in many extensions of
the standard model (SM) as they provide a solution to the
hierarchy problem by protecting the Higgs (H) boson mass
from large radiative corrections [1-4]. They are assumed to
mix with the third-generation SM quarks, and in contrast to
SM chiral quarks, have both vector and axial vectorlike
couplings. These nonchiral couplings allow VLQs to avoid
the strong experimental constraints, which now exclude
additional generations of chiral quarks [5-7].

The VLQs can either be produced in pairs via the strong
interaction or singly via the electroweak interactions, in
association with additional quarks. Figure 1 shows a possible
electroweak production diagram for a vectorlike top quark
partner T of charge 2/3. While the pair production cross
section depends only on the 7" quark mass, the electroweak
production of a single 7" quark depends on the initial-state
coupling. These couplings are typically constrained to small
values by precision measurements [2], thus resulting in low
production cross sections. However, in some models, such as
a composite Higgs scenario [8], a cross section of up to two
orders of magnitude larger is possible.

The T quark may decay into a bottom (b) quark and a W
boson (bW), a top (¢) quark and a Z boson (¢Z), or a top
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quark and a Higgs boson (¢H). The branching fractions are
model dependent. For the singlet model presented in
Ref. [9], the branching fractions are 50% for decays to
bW and 25% each for decays to tZ or tH. In contrast, if the
T quark occurs in a doublet with a vectorlike bottom quark
partner B of charge —1/3, its branching fractions is 50% for
decays to either ¢Z or tH.

We search for electroweak production of a 7' quark in
association with a b quark, which requires a nonzero TWb
coupling for production. We consider a T quark with a
narrow width (I'/M < 1%) in the singlet model with a 50%
branching fraction to bW and 25% branching fractions each
to tZ and tH.

The ATLAS and CMS Collaborations have reported
many searches for pair production of narrow-width VLQs
in various final states using proton-proton (p p) collisions at
\/s = 13 TeV [10-14]. Both Collaborations have set con-
straints on electroweak production of VLQs [15-17]. The
CMS Collaboration has searched for 7 — bW [18], tZ
[19,20], and ¢tH [21,22], primarily focusing on signatures
with a large Lorentz boost of the T" quark decay products.

In the fully hadronic final state, a signature of single T
quark production is a resonant peak in the reconstructed
t + bb mass distribution, with the bb pair originating from
the decay of either a H or Z boson. Events with five jets
consistent with hadronic decays of a top quark and a H or Z
boson are selected. The reconstruction of the H or Z boson
candidate is achieved using b tagging techniques and
dedicated kinematic selections. This signature is particu-
larly effective for 7 masses when the final state jets can be
resolved. For masses above 1000 GeV, some decay prod-
ucts may merge into a single jet, requiring targeted
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FIG. 1. Example of Feynman diagram for electroweak pro-

duction of a vectorlike T quark.

reconstruction algorithms not considered in this analysis.
The search presented in this paper uses pp collision data
collected at /s = 13 TeV over the 2016, 2017, and 2018,
and corresponds to an integrated luminosity of 138 fb~!.
The analysis is focused on 7' quark masses between 600—
1200 GeV and extends results reported by CMS in Ref. [23]
that are based on the 2016 data.

The paper is organized as follows. In Sec. II the CMS
detector and event reconstruction are described, modeling
of signal and background processes is discussed in Sec. III.
Methods for reconstructing the 7 quark mass and event
selection are presented in Sec. IV, and background esti-
mation method is described in Sec. V. Section VI discusses
the systematic uncertainties considered, results are shown
in Sec. VII and a summary is given in Sec. VIIL

II. THE CMS DETECTOR AND EVENT
RECONSTRUCTION

The central feature of the CMS apparatus is a super-
conducting 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 (1) coverage provided by the
barrel and endcap detectors. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

The silicon tracker used in 2016 measured charged
particles within the range |n| < 2.5. For nonisolated par-
ticles of transverse momentum 1 < pr < 10 GeV and
|| < 1.4, the track resolutions were typically 1.5% in
pr and 25-90 (45-150) pm in the transverse (longitudinal)
impact parameter [24]. At the start of 2017, a new pixel
detector was installed [25]; the upgraded tracker measured
particles up to || < 3.0 with typical resolutions of 1.5% in

pr and 20-75 pm in the transverse impact parameter [26]
for nonisolated particles of 1 < pp < 10 GeV.

The electron momentum is estimated by combining the
energy measurement in the ECAL with the momentum
measurement in the tracker. The momentum resolution for
electrons with pr =45 GeV from Z — ee decays ranges
from 1.6 to 5%. It is generally better in the barrel region
than in the end caps, and also depends on the bremsstrah-
lung energy emitted by the electron as it traverses the
material in front of the ECAL [27,28]. In the region
|| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and 0.087 in azimuth (¢). In the n— ¢
plane and for || < 1.48, the HCAL cells map on to 5 X 5
arrays of ECAL crystals to form calorimeter towers
projecting radially outwards from close to the nominal
interaction point. For || > 1.74, the coverage of the towers
increases progressively to a maximum of 0.174 in Axn and
A¢. Within each tower, the energy deposits in ECAL and
HCAL cells are summed to define the calorimeter tower
energies, subsequently used to provide the energies and
directions of hadronic jets.

A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [29].

Events of interest are selected using a two-tiered trigger
system [30]. The first level, 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 time interval of about 4 ps. 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 around 1 kHz before data storage.

The primary pp interaction vertex is taken to be the
vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in
Sec. 9.4.1 of Ref. [31].

The particle-flow (PF) algorithm [32] aims to reconstruct
and identify each individual particle (PF candidate) 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 primary interaction vertex 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.
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The current search targets hadronic decays of the vector-
like T quark that result in at least five jets in the final state.
Jets are reconstructed offline from the energy deposits in
the calorimeter towers, clustered using the anti-kt algo-
rithm [33,34] with a distance parameter of 0.4. In this
process, the contribution from each calorimeter tower is
assigned a momentum, the absolute value and the direction
of which are given by the energy measured in the tower, and
the coordinates of the tower. The raw jet energy is obtained
from the sum of the tower energies, and the raw jet
momentum by the vectorial sum of the tower momenta,
which results in a nonzero jet mass. The raw jet energies are
then corrected to establish a uniform relative response of
the calorimeter in # and a calibrated absolute response in
pt- Additional pp interactions within the same or nearby
bunch crossings (pileup) can contribute additional tracks
and calorimetric energy depositions, increasing the appar-
ent jet momentum. To mitigate this effect, tracks identified
to be originating from pileup vertices are discarded, and an
offset correction is applied to correct for remaining con-
tributions [35]. 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 multijet events are used to
determine any residual differences between the jet energy
scale in data and in simulation, and appropriate corrections
are made [36]. Additional selection criteria are applied to
each jet to remove jets potentially dominated by instru-
mental effects or reconstruction failures [35]. The jet
energy resolution amounts typically to 15-20% at
30 GeV, 10% at 100 GeV, and 5% at 1 TeV [36].

Jets originating from the hadronization of a bottom quark
can be tagged as b jets. The DeepCSV discriminator is used
[37]. It relies on a deep neural network trained to classify
the different jet flavors using information from the tracks
and secondary vertices. Three working points [37] are
defined: loose, medium, and tight, which correspond to a
misidentification rate for light quark or gluon jets of 10, 1,
and 0.1%, respectively. The efficiency for these working
points, as measured in simulated samples of top quark-
antiquark (¢7) production, ranges from around 80% for the
loose working point to around 45% for the tight one.

III. MODELING OF SIGNALS AND
BACKGROUNDS

Simulated samples for the signal process, pp — Thq
with the 7" quark decaying to a ¢ quark and either a Higgs or
a Z boson, are generated at leading order (LO) using the
Monte Carlo (MC) event generator MadGraph5_aMC@NLO
[38] 2.2.2 (for data recorded in 2016) and 2.4.2 (for data
recorded in 2017-2018). The T quark is assumed to have a
width of 10 GeV, which is small compared to the
experimental resolution, and left-handed chirality. The
mass of the top quark is set to 172.5 GeV and the mass

of the Higgs boson to 125 GeV. Both particles decay
inclusively, with B(H — bb) set to 58% [39].

The MadGraph5_aMC@NLO generator is interfaced with
PYTHIA 8.212 [40] for the description of parton fragmenta-
tion and hadronization, using CUETP8MI1 [41] (2016) and
CP5 [42] (2017 and 2018) underlying event tunes. Parton
distribution function (PDF) sets used are LO NNPDF 3.0
[43] (2016) and next-to-next-to-LO NNPDF 3.1 [44] (2017
and 2018). Simulation of the CMS detector is based on
Geant4 [45]. Simulated minimum-bias events are mixed with
the hard interactions in simulated events to reproduce the
effect of pileup. Finally, all simulated events are reweighted
such that the distribution of the number of collisions per
bunch crossing matches the one observed in data, with an
average of approximately 23 (32) [46—48] in 2016
(2017-2018).

The f7 events that are simulated with POWHEG 2.0 [49-52]
are used to cross check details of the analysis. The same
generator is used for the single top quark production.
Simulated events from other SM background processes are
used for cross checking the analysis strategy. The
MadGraph5_aMC@NLO generator is used to simulate the
SM Higgs boson production in association with top quarks
(tH, ftH) [53], or with a vector boson (VH) [54]. The
background processes W/Z + jets are simulated with
MadGraph5_aMC@NLO. Diboson and other SM events com-
posed uniquely of jets produced through the strong inter-
action, referred to as quantum chromodynamics (QCD)
multijet events, are produced at the leading order with
PYTHIA 8.205 [40]. The PDF sets are identical to the signal
ones and both change with the year.

The analysis uses data directly to estimate the background.

IV. EVENT SELECTION

The analysis targets the decay of a T’ quark to a top quark
and a Higgs or Z boson, where t - bW — bqq' and
H/Z — bb. The final state is composed of at least seven
jets, where five of them arise from the 7" quark decay, three of
which are b jets. As shown in Fig. 1, when the T quark is
singly produced, two additional jets are present in the event.

Events are selected online using a combination (logical
“OR”) of hadronic trigger criteria. These triggers require a
scalar pr sum of the jets (Ht) above a certain threshold:
400 GeV in 2016, and 300 GeV in 2017 and 2018. For the
2016 data, this combination includes a trigger requiring at
least six jets with pp > 30 GeV, with at least two of them
passing the online b tagging criteria. For the 2017 and 2018
data-taking years, two main trigger paths are used: one
requiring at least four jets with three of them b tagged, and
a second requiring at least six jets with two of them b
tagged. For these triggers, the jet pt threshold was
increased to 32 GeV. The trigger efficiency with respect
to the offline selection is measured in data and found to be
about 97% for 2016, 95% for 2017, and 97% for 2018 with
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a dedicated trigger path. The set of triggers records events
with an invariant mass of around 300 GeV or above.

The invariant mass reconstructed from five jets is used as
the main discriminating variable. In the fully hadronic final
state, the main background processes are multijet and 77 +
jets events. Signal events are expected to exhibit a peak in
the five-jet invariant mass distribution at the resonance
mass, while background events, in the absence of selection
criteria, would have a smoothly falling shape.

Based on the online requirements, at least six jets with
pr > 40 GeV and || < 4.5 are required offline. As signal
jets result from the decay of a high-mass resonance, the pr
thresholds are increased to 170, 130, and 80 GeV for the
leading, second-leading, and third-leading jets, respec-
tively. In addition, at least three b-tagged jets using the
tight DeepcsV working point [37] are required among the
jets with || < 2.4 (2.5) in 2016 (2017 and 2018) data.
The || range is extended in 2017 and 2018 data because of
the increased coverage of the upgraded pixel detector [25].

A. Identification of T quark candidates

A multistep y?> minimization algorithm is used to identify
the best Higgs or Z boson and top quark candidates among
all five-jet combinations as in Ref. [23]. Resonance mass
peaks are expected for the H/Z/W boson and the top
quark, which are examined to increase the efficiency of
identifying the correct jet assignment.

The algorithm first minimizes ;(%1 17 defined as

| = 1
AHjz = SMC ’ (1)
H/Z

where mp7% is the measured invariant mass of a given pair
of b-tagged jets and p;, and o};f, denote the expected
mean and standard deviation mass values obtained from
Gaussian fits to the distribution of the invariant mass
computed from matched reconstructed jets in simulated
signal samples. The reconstructed jets are matched to the
generated particles if the AR between them is less than 0.4.
The minimization is performed over all possible pairs of
b-tagged jets. The chosen b-tagged jets are removed from
consideration for the subsequent steps.

The remaining jets are considered for forming a W boson
candidate, consisting of two jets, and a top quark candidate,
consisting of the W boson candidate and an additional b-
tagged jet. For these candidates, y%, and y? are calculated as

meas MC\ 2
2= (T —Hw
w Gl\u/}C ?
meas MC\ 2
N L )
i=\—mc |- (2)
O

with the analogous definitions of m™, yMC and eMC for
each resonance. Finally, the total y> function

TABLEI. Mean and standard deviation values from a Gaussian
fit of the H/Z/W boson and top quark mass distributions in the
700 GeV T quark sample, requiring the jet kinematic criteria
described above and matching to generated particles. All quan-
tities are in units of GeV. The year-to-year variations are within
the jet energy scale uncertainties.

2016 2017 2018
Particle JMC SMC JMC SMC JMC SMC
H 121.9 13.5 118.9 14.7 120.2 14.3
z 909 114 892 120 909 113
w 83.8 10.9 82.5 12.6 83.9 10.8
t 173.8 16.0 172.8 18.9 175.9 17.2
X=Xy T a0 (3)

is minimized using all possible jet combinations for the W
boson and top quark candidates. This multistep procedure
improves the signal-to-background ratio for a signal with a
T mass of 700 GeV by 30% compared to simply choosing
the jet combination with the best total y>.

The values used for the particle mass mean and standard
deviation are given in Table I and vary slightly for each
data-taking year. Using masses obtained by fitting the
signal MC samples, improves the signal efficiency by
1-3% compared to using world-average values.

B. Mass categorization

We impose additional selection criteria to reduce the
background contribution and ensure correct identification
of the H/Z/W boson and top quark candidates. In addition
to the kinematic selection described above, the baseline
selection includes the following criteria.

(i) The total y?> < 15.

(i) The reconstructed Higgs (Z) boson must have a
mass larger (smaller) than 100 GeV. This ensures
the two channels do not overlap.

(iii) The “second top quark mass” is defined as the
invariant mass of the H/Z candidate and the highest
pr jet that is not used to form the primary top quark
candidate. The second top quark mass must be greater
than 250 GeV.

The second top quark mass requirement removes a large
fraction of /7 events while retaining nearly all signal events,
improving the signal-to-ff ratio by more than 10%.
Although three b-tagged jets are required in the signal
region (SR) of this search, a charm (c¢) quark from the W
boson decay misidentified as a b quark could form a H/Z
boson candidate with the genuine b quark from the other
top quark decay. The ¢ quark misidentification by the b
tagging algorithms, which is at the level of a few percent,
introduces a large 77 background. These events are more
likely than signal events to contain a second top quark
candidate with a mass near 172 GeV.
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Further selection criteria, described below, are intended
to improve the quality of the H/Z/W boson, and top quark
candidates to reduce the background. These criteria are
chosen to be as model-independent as possible.

Different selection criteria are used for low- and high-
mass 7 quark candidates in the mass range 600-800 and
above 800 GeV, respectively. The variables used for both
selections are the same and are identical to those used in an
earlier version of the analysis [23]. The high-mass selection
consists of simple fixed-threshold requirements on the
variables, while the low-mass requirements are chosen to
avoid distorting the five-jet invariant mass distribution and
producing artificial peaks.

The SR with the highest signal-to-background ratio is the
3T one requiring three tight b-tagged jets. The 3M SR
contains events with three medium b-tagged jets, but no
events with three tight b-tagged jets. The 2MIL SR
contains events with two medium and one loose b-tagged
jets, but no events with three medium b-tagged jets. These
conditions, along with the 3T SR, create three mutually
exclusive regions. The 2M 1L SR is enriched in background
events, while the 3M region provides a transition region
between background- and signal-enriched regions. Both
regions have kinematic distributions similar to the 3T region.

1. High-mass T selection

High efficiency for 7" quark masses above 800 GeV is
achieved through selection criteria that are independent of
the reconstructed 7 quark mass.

(1) We require relative Hr, defined as the scalar pr sum
of the H/Z boson and ¢ quark candidates divided by
the total Ht of the event (scalar pr sum of all jets
with pp > 30 GeV in the event) to be greater than
0.4. In single T quark production most of the
momentum is carried by the top quark and H/Z
boson, therefore the relative Hp discriminates
against /7 and QCD multijet events.

TABLE II.

(ii) We require max (y3; . xiy- x7) < 3.0. The individual
x? values are required to have small values to
decrease the rate of H/Z/W/t misidentification.
This criterion effectively imposes a mass window of
no more than ++1/3 times the mass resolution for
each candidate.

(iii) AR < 1.1 separation is required between by, and

by /z jets that form the H/Z candidate where AR =

(An)* + (A¢)? and An and Ag are the separations
in pseudorapidity and azimuthal angle, respectively.
In signal events, the H/Z boson tends to have a
moderate Lorentz boost (pp < 400 GeV), such that
the two b-tagged jets are near each other without being
completely merged.

(iv) For the tH (tZ) channel, we require y%, 1z < 1.5(1.0)
because almost all background events do not contain
a genuine H/Z boson. This criterion is equivalent to
a mass window of +17 (12) GeV around the H (Z)
boson mass.

(v) We require AR(jw,j'w) < 1.75 between two jets
Jw» J'w comprising the W boson candidate because
most signal events contain W bosons with moderate
Lorentz boost.

(vi) We also require AR(b;, W) < 1.2 between the b jet
forming the top quark candidate and the W boson
candidate because most signal events contain top
quarks with moderate Lorentz boost.

The Table II summarizes the selection criteria for the
signal regions. In the SR, called the 3T region, we addition-
ally require three jets passing the tight b tagging criterion of
the DeepCsvalgorithm, yielding 1256 events in data with 15.1
signal events expected for a T quark mass of 900 GeV. The
estimated selection efficiencies for a 900 GeV T quark signal
and various background processes in the tH channel and the
2016 data-taking year are presented in Table III. The
efficiencies vary slightly in the 2017 and 2018 data-taking
years.

Definitions of the signal and control regions for the high-mass selection. If the same selection is

applied in all SRs and CRes, this is indicated by the + symbol in the latter. If no selection is applied, this is indicated
by the ... symbol. The “3T,” “3M,” and “2T1L/2MI1L” represent region with three tight, three medium, and two
tight/medium plus one loose b tagging requirements on the jets, respectively.

Requirement

SR 3T/3M/2MIL

CR Multijet 3T/3M/2MIL  CR 7 2T1L/2MIL

t quark candidate b-tagged jet

;{2 <15
Relative Hy >0.4
max (x3; 7. Xy A7) <3

;(12 <3

AR(bp/z:bhyz) <Ll
Ve /7 (tH channel) <15
Ve /7 (IZ channel) <1.0
AR(jw. j'w) <1.75
AR(b,, W) <12

e T/M
<50 <50
5-20 3-5
>1 <1.5
+ <1.5
+ <3.0
+ <3.0
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TABLE III. Cumulative efficiencies of the high-mass selection criteria for signal and various simulated
backgrounds in 2016 data. The first and last lines indicate the expected number of events normalized to an
integrated luminosity of 35.9 tb~!. Only statistical uncertainties are reported. The “Other backgrounds” column
includes W/Z + jets, single ¢, t7H, and 17Z background processes. The 77H and f7Z processes do not form a
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resonance and have production rates roughly the same as the signal rate.

Cuts T (900 GeV) Multijet tt Other backgrounds
Baseline selection (35.9 fb™!) 95+03 9360 4+ 810 2610 4+ 30 353+ 23
Relative Hy 89.5% 42.8% 51.9% 52.9%
maX(Zz/z’Z%v’)(%) 55.9% 14.1% 25.1% 21.8%
AR(byz. Z’H/z) 51.1% 7.5% 11.9% 8.9%

){%-I/Z 45.6% 4.9% 9.3% 7.1%
AR(jw,J'w) 39.2% 3.2% 7.2% 5.6%
AR(b;, W) 34.1% 1.9% 4.5% 2.5%
High-mass selection (35.9 tb~1) 32402 181 +52 117+ 6 93+0.6

Such a selection has the drawback of sculpting the five-
jet invariant mass distribution as shown in Fig. 2.

2. Low-mass T selection

For the low-mass T selection, we first identify the criteria
listed above that modify the five-jet invariant mass dis-
tribution. The two y? criteria do not affect the five-jet
invariant mass distribution, therefore the corresponding
selections are unchanged.

For the other selection criteria, the threshold values are
modified depending on the five-jet invariant mass in order
to preserve the shape of the five-jet invariant mass falling

CMS 60 fb™ (13 TeV)
T I I T

[ e ]

50001 2M1L region p
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FIG. 2. The five-jet invariant mass distribution in the 2MIL
region after the high-mass (green crosses) and low-mass (black
circles) selections in 2018 data. The rightmost bin of the
distribution is an overflow bin. The low-mass selection results
in a mass distribution that is smoothly falling, unlike the high-
mass selection. The high-mass selection is more efficient for T
quark masses above 700 GeV by up to 25% while maintaining a
similar background level, as detailed in Sec. IV B 1.

spectrum. We consider the distributions of the variables
AR(by/z.buyz). AR(jw. j'w), relative Hy, and AR(b,, W)
in bins of the five-jet invariant mass. For each mass bin, a
threshold is defined in order to keep a given fraction of
events. The resulting threshold values for a given variable
are fit as a function of the five-jet invariant mass. These
fitted functions represent the mass-dependent criteria for
each variable. The quantile is chosen to provide the same
signal efficiency as the high-mass selection for a 7" quark
mass of 700 GeV.

The functions obtained from this procedure are polyno-
mials of degree 5-7. To mitigate the potentially large
systematic uncertainty from the limited size of the MC
sample of events with at least 3 tight b-tagged jets, data are
used directly. The functions are derived using events from
2018 data in the two medium and one loose b-tagged jet
(2ZM1L) region, which excludes events with three medium b-
tagged jets. To test for potential bias from the particular
choice of function, we perform studies using alternative
functional forms. The presence of signal contamination at the
signal strengths considered in this analysis would also have a
negligible effect on the background model. We find that
neither small signal contamination nor the particular choice
of function biases the selection. The same functions are
applied to the tH and ¢Z channels and to the other data-taking
years. As the low-mass selection always preserves the same
fraction of events regardless of the five-jet invariant mass, for
larger masses, the number of events is reduced compared to
the high-mass selection corresponding to a lower signal
efficiency. Figure 2 compares the five-jet invariant mass
distributions (M) after the low- and high-mass selections in
the 2M1L region of the tH channel in 2018 data. With the
low-mass selection, the five-jet invariant mass distribution is
a smoothly falling spectrum above 400 GeV.

V. BACKGROUND ESTIMATION AND
VALIDATION

While signal events follow a resonance in the five-jet
invariant mass, SM background events, without any
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selection, form a smoothly falling distribution. The back-
ground distribution is inferred from regions with relaxed b
tagging requirements. As described in Sec. IV B, the high-
mass selection sculpts the mass distribution. The validation
of the background estimation method is mainly conducted
in this region as it has a more complex shape.

As the selection variables are not correlated with the b
tagging criteria, the shape of the five-jet invariant mass
distribution for the SM backgrounds can be modeled from
data in regions with loosely b-tagged jets without intro-
ducing a significant bias.

The background-dominated regions are defined by
relaxing the b tagging requirements on three jets used to
form the 7" quark candidate. With the large sample sizes in
the 2M1L SR, the background distributions are determined
with high statistical precision.

The background prediction is constructed bin by bin
using a simultaneous binned maximum likelihood fit. For
each bin of the five-jet invariant mass, the total expected
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FIG. 3.

Poisson mean yield under the signal-plus-background
hypothesis is composed of a background component and
a signal component scaled by the signal strength ,

Aar = /1§T + IMEST
Asm = Ay + HA3y

AomiL = My + # oy (4)

where Ax, A2, and A5, represent the expected total, back-
ground, and signal yields in a given bin and region X,
respectively. Each 13 is determined from simulation. The
transfer functions connect the predictions in different
regions,

B _ B
/13T - NSM—>3Tf3M—>3Ti3M

v = Nomit—amSomiL—3mAiL - (5)
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Weights from b tagging ratios (open markers) as functions of the five-jet invariant mass in 2018 data for the low-mass (upper)

and high-mass (lower) selections. The left graphs show weights connecting the 2M1L and 3M regions, and the right graphs show
weights connecting the 3M and 3T regions. The red line corresponds to the central value of the transfer function and the shaded area
represents the 95% confidence level uncertainty band. For the low-mass (high-mass) analysis only signals with mass below (above)
800 GeV are tested, so primarily the lower (upper) part of the distribution contributes to the final result.
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where Ny_y is an overall normalization factor, which
corresponds to the ratio of the overall selection efficiency
for region Y to that for region X and fx_y is the value of
the transfer function from region X to Y for a given bin
correcting for small efficiency differences between the
regions as described below. The two normalization factors,
signal strength, and 4%,;,; are simultaneously determined
during the fit to data. The fit procedure incorporates the
systematic uncertainties as nuisance parameters described
in the next section.

The transfer function accounts for b tagging efficiencies
for a given b tagging working point to vary slightly
depending on the b-tagged jet kinematics. To correctly
model the background shape in a region with different b
tagging criteria, we reweight events based on the ratio of
jets between loose and medium b-tagged jets, and between
medium and tight b-tagged jets obtained in the multijet
validation sample described below after requiring the
baseline criteria. Since pr and 5 are highly correlated,
we parametrize the ratios as functions of the total jet
momentum and 7.

The weight applied to each jet is calculated according to
its kinematics, and the total event weight is the product of
all the jet weights. This event weight corrects for the
difference in kinematics in b tagging efficiency between the
3M and 3T (or 2T1L, corresponding to two tight and one
loose b-tagged jets) regions, and between the 2M1L and
3M regions.

Transfer functions are derived by fitting a combination of
two linear functions continuous at their connection to the
weight distributions as functions of the five-jet invariant
mass. One transfer function connects the 3M and 3T regions,
and a second transfer function connects the 2M1L and 3M
regions. Figure 3 shows both transfer functions for the low-
and high-mass selections in the tH channel for the 2018 data.
The difference between the functions for the two selections is
largely driven by the difference in the five-jet invariant mass
shapes. Similar functions are observed for the Z channel and
the other data-taking years. The range of the corrections is up
to 5% for the transfer function from the 2M 1L to the 3M SRs
and up to 30% for the high-mass transfer function from 3M
SR to the 3T SR.

The background shape estimation method is validated in
control regions (CRs) enriched in multijet or 77 events
where similar subsamples with different b tagging criteria
are defined. Both samples include events with total
x> <50. The multijet sample requires the maximum
individual particle y* to be in the range 5-20, while the
t1 sample requires it to be in the range 3-5. Both validation
samples are mutually exclusive from the SRs where the
maximum individual particle y? is less than 3. In addition,
the QCD multijet sample requires y? > 1 to reduce the
number of /7 events, while the /7 sample requires y? < 1.5
along with an inverted y7,,, > 1.5 (1.0) requirement for the
tH (tZ) channel. The QCD multijet sample consists of
approximately 80% QCD multijet events and 20% 7 events
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FIG. 4. The five-jet invariant mass distribution in the tH channel (black markers) after the high-mass selection in the QCD multijet 3T
control region (left), the /7 2T1L control region (middle), and the 3M signal region (right) for the 2018 data. The histograms are the
corresponding reweighted 2M 1L distributions. The background distribution is normalized to the number of entries in the data. The
shaded area corresponds to the statistical uncertainties in the 2M1L control regions. A potential 900 GeV T signal (red cross-hatched
histogram) is added to the background histogram demonstrating a negligible contribution. Similar results are observed in the ¢Z channel,
and for the other years, but with slightly larger statistical uncertainties.
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FIG. 5. Five-jet invariant mass distributions after a background-only fit (blue histogram) to the complete dataset (black markers) in the

2MIL (upper), 3M (middle), and 3T (lower) regions for low-mass (left) and the high-mass (right) selections. The dashed blue band represents
the uncertainty on the fitted background estimate, and red dashed line shows the expected signal distribution for a 700 GeV (low-mass
selection) and a 900 GeV (high-mass selection) 7" quark. The fit is performed on the combined data from all three years in the all-#H channel.

while the 77 sample contains approximately 70% 7 events
and 30% QCD multijet events. Both samples are further
subdivided by the b tag content using the same criteria as
the background-dominated SRs described previously.

The 7 sample is split into two mutually exclusive 2M 1L
and 2T1L regions. In the 2T1L (2MI1L) 7 CR, one of the
tight (medium) b-tagged jets must form part of the 7 quark
candidate. Table I summarizes the definition of the signal
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region and control regions for the high-mass selection,
highlighting the differences required to separate the sam-
ples. In addition to these two CRs for the tH and tZ
channels, more CRs are created by changing the M€ input
to the y? variable: instead of setting it to the top quark mass,
the value is fixed to either 140 or 250 GeV. Regions
analogous to those in Table II are then defined leading to
five additional CRs. The CRs with gM¢ = 250 GeV con-
tain fewer events than the others. The fraction of expected
signal events is ~3% in the QCD multijet CR and ~1% in
the 77 CR.

Validation of the background model is performed in the
QCD multijet and 7 CRs. Events in the 2M1L CRs are
reweighted to model the five-jet invariant mass distribu-
tions in the QCD multijet 3T or 3M CRs or #7 2T1L CRs.
Kolmogorov-Smirnov tests [55-57] are used to compare
the reweighted distributions with the data in the tighter
regions, and they are found to be consistent with each other.
Figure 4 shows the five-jet invariant mass distributions in
the CRs (QCD multijet 3T and ¢#7 2T1L) and the 3M SR in
2018 data, with the prediction from the corresponding
reweighted 2MI1L distributions. A potential signal with a
mass of 900 GeV is overlaid. The shapes are similarin 2016
and 2017 data, and in the ¢Z channel. In total, 45 CRs have
been examined.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the analysis can be
divided into two categories: those that affect the overall
yields of the signal and background processes and those that
affect the shape of the invariant mass distributions. A 3 (5)%
uncertainty, uncorrelated between years, is assigned to the
trigger efficiency for the 2016 (2017 and 2018) data. The jet
energy scale and resolution uncertainties affect the overall
normalization and shapes of the signal mass distributions,
leading to changes of a couple of percent in the mean and
sigma of the Gaussian. Correlations among the years are
taken into account. The b tagging efficiency scale factor
uncertainties for jets are measured in multijet and 7 4 jets
samples, separately for b jets and light-quark and gluon jets.
These uncertainties affect only the total event yields and are
uncorrelated over the years.

The PDF uncertainties are evaluated using the PDFALHC
procedure [58] and the NNPDF3.0 or NNPDF3.1 PDF sets,
and are found to change the overall event yields by 0.5-1%.
The uncertainty in the measurement of the integrated
luminosity amounts to 2.5% [46] for 2016, 2.3% [47] for
2017,and 2.5% [48] for 2018 and affects the normalization of
all simulated processes. The uncertainty in the mismodeling
of the pileup is evaluated based on a 4.6% variation of the pp
total inelastic cross section [59] and affects the normalization
of the simulated events. This systematic uncertainty is
correlated between the years.

The systematic uncertainties in the background estima-
tion are assessed by multiplying the statistical uncertainties

in the transfer function slope parameters by 4 for the
transfer function from the 2M1L to the 3M SR and by 3 for
the transfer function from the 3M to the 3T SR. These
factors cover the differences observed when the weights are
computed in a 7f sample, enriched in heavy-flavor jets,
compared to the multijet sample, populated mainly by
light-flavor jets, as well as other uncertainties in the b
tagging efficiency. These uncertainties are uncorrelated
across data-taking years because they are measured in
statistically independent data sets.

VII. RESULTS

The shape of the signal is parametrized from simulation as
a Gaussian distribution for each generated value of T quark
mass and separately for the low- and high-mass selections.
The background shape is determined from the 2M 1L and 3M
SRs using the corresponding transfer functions, while
accounting for the potential presence of signal events.

Binned maximum likelihood fits are performed in the five-
jet invariant mass distribution in each region including
contributions from background and signal, scaled by the
signal strength. Systematic uncertainties, described in
Sec. VI, are incorporated as nuisance parameters. The fit
is performed separately in the tH and ¢Z channels. Up to 20%
reconstructed tH events are misidentified as #Z candidates.
For such events, the shape of the signal remains Gaussian,
except the five-jet invariant mass distribution is shifted to
lower values compared to the tH channel. Combination of
these events with the tH is denoted as “all-tH ” channel.

Figure 5 displays the background-only fits in each of the
tH channel search regions for the combined 2016, 2017,
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FIG. 6. Observed p-values when considering the tH channel
for each year and their combination.

072012-10



SEARCH FOR PRODUCTION OF A SINGLE VECTORLIKE ...

PHYS. REV. D 110, 072012 (2024)

CMS 138 b (13 TeV)

& 25 )
g pp —> tHbg, [/M; = 0.01 ]
|3 - Singlet T model, I'/M; = 0.01 -
._9 2 C —— Observed 95% CL upper limit ]|
L — — Expected 95% CL upper limit |

T F I Expected limit + 1o 1

_.I_' 15 [ Expected limit + 2 7
Tt f

b L |
Q[ 1r p
% L |

= I ]
050 ]
T ]

g ot |

Y 600 700 800 900 1000 1100 1200

M [GeV]
CMS 138 fb™" (13 TeV)

25 T T T T T

pp— Thq, I'/M; = 0.01
Singlet T model, I'/M; = 0.01

o(pp — T b) x B(T — tbb) [pb]

—— Observed 95% CL upper limit
— — Expected 95% CL upper limit
I Expected limit + 1o

Expected limit + 2¢

0.5

Pl I AT

600 700 800 900 1000 1100 1200
M, [GeV]

CMS 138 fb™' (13 TeV)
-5-2_57”“‘H“‘H‘HH‘HH‘HH‘HH,H?
ke i pp — tZbq, I[/M; = 0.01 ]
o L —— Singlet T model, I/M; = 0.01
4'9- 2r- —— Observed 95% CL upper limit ]|

i — — Expected 95% CL upper limit |
T F I Expected limit + 16 B
N 150 Expected limit + 2 N
0 [ ]
=0 ]
Q 1 B

X L .
o) [ ]
— 05 ]
T ]
=N PO D v ]
a olelo T [ B

v 600 700 800 900 1000 1100 1200

M; [GeV]

. CMS 138 fb™' (13 TeV)
-;8-,7H|HH“H“HH‘HH‘HH‘HH,H?
= I pp—> Tbq, T/M; = 0.01 ]
i) - —— Singlet T model, [/M; = 0.01
e} 2 —— Observed 95% CL upper limit ]|
T L — — Expected 95% CL upper limit |
F I Expected limit + 1 B

= i Expected limit + 2c ]
= 1.5 b
Qo ]
X L i
— L i
o] 1 _
= ]
a L n
2 05} ]
SN | i
© N i
[N SN PO R e ]

600 700 800 900 1000 1100 1200
M, [GeV]

FIG. 7. The observed and expected 95% CL limits on the cross section for associated production with a b quark for final states tHbq
(upper left), tZbq (upper right), their sum tHbq + tZbq (lower left), and tHbq + tZbq including the leakage of tH events into the tZ
channel (lower right) for different assumed values of the T quark mass. The vertical dashed line represents the crossover point in
sensitivity: for masses to the left, the low-mass selection is used to set limits, while for masses to the right, the high-mass selection is
used to set limits. The red lines indicate the theoretical cross section for the singlet model [9].

and 2018 data and both the low-mass and high-mass
selections. Each figure includes the expected signal dis-
tribution for a 700 GeV (low-mass selection) or 900 GeV
(high-mass selection) 7' quark. An upward fluctuation near
680 GeV of the tH spectrum is observed in 2016 data that
vanishes once all data-taking years are combined. Figure 6
presents the observed p-values [60].

To evaluate the 95% confidence level (CL) observed and
expected limits on the cross section for 7" quark production,
we follow the LHC CL criterion [61,62] using the profile
likelihood ratio test statistic [63] and the asymptotic
formula [64]. The 95% CL upper limits on the cross
sections found from the search signatures are derived for
T quark masses from 600 to 1200 GeV. The limits are
computed for each of the channels: tH, tZ, their combi-
nation, and the combination of all-tH channel and tZ
channel, as shown in Fig. 7.

For T quark masses above 700 GeV, the observed limits
are consistent with the expected ones. Across the full
considered 7 quark mass range of [600,1200] GeV, the
narrow-width approximation model cannot be excluded
with the current data set. Tabulated results are provided in
the HEPData record for this analysis [65].

VIII. SUMMARY

A search for a vectorlike top quark 7' in the single
production mode was performed using proton-proton
collision events at /s = 13 TeV collected by the CMS
experiment in 2016-2018. In this search, the 7" quark is
assumed to couple only to standard model third-generation
quarks. We consider signatures containing a top quark and
a Higgs (tH) or Z (tZ) boson decaying to a bottom quark-
antiquark pair. The major background processes are top

072012-11



A. HAYRAPETYAN et al.

PHYS. REV. D 110, 072012 (2024)

quark-antiquark pair and multijet production. The feature in
the tH final state found in the previous search [23] is not
confirmed with a larger dataset and improved event
selection. No evidence for the T quark production in the
pp — Tbq process is seen and 95% confidence level upper
limits are set on the product of the production cross section
and branching fraction to tH and ¢Z that range from 1260 to
68 fb for 7' quark masses of 600-1200 GeV. The limits are
stronger than those in the previous search by at least a factor
of three.
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