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A search is described for the production of a pair of bottom-type vectorlike quarks (VLQs), each
decaying into a b or b̄ quark and either a Higgs or a Z boson, with a mass greater than 1000 GeV. The
analysis is based on data from proton-proton collisions at a 13 TeV center-of-mass energy recorded at the
CERN LHC, corresponding to a total integrated luminosity of 137 fb−1. As the predominant decay modes
of the Higgs and Z bosons are to a pair of quarks, the analysis focuses on final states consisting of jets
resulting from the six quarks produced in the events. Since the two jets produced in the decay of a highly
Lorentz-boosted Higgs or Z boson can merge to form a single jet, nine independent analyses are performed,
categorized by the number of observed jets and the reconstructed event mode. No signal in excess of the
expected background is observed. Lower limits are set on the VLQ mass at 95% confidence level equal to
1570 GeV in the case where the VLQ decays exclusively to a b quark and a Higgs boson, 1390 GeV for
when it decays exclusively to a b quark and a Z boson, and 1450 GeV for when it decays equally in these
two modes. These limits represent significant improvements over the previously published VLQ limits.
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I. INTRODUCTION

One of the biggest puzzles in elementary particle physics
concerns the large difference between the electroweak scale
and the Planck scale, and the related problem of the
unexpectedly low value of the Higgs boson mass [1]. In
the standard model (SM), the Higgs boson H is assumed to
be a fundamental scalar (spin-0) particle. Unlike the
fundamental fermions (leptons and quarks) and the vector
gauge bosons, the corrections to the Higgs boson mass due
to vacuum energy fluctuations are quadratic, driving the
Higgs boson mass to the cutoff value of the vacuum energy
fluctuations. In the absence of any new physics below the
Planck scale, this cutoff is about 1019 GeV. In that case, the
Higgs boson mass would naturally be expected to be
seventeen orders of magnitude greater than its measured
mass of 125 GeV.
Although supersymmetry provides an elegant solution to

this problem [2,3], the lack of evidence for the production
of supersymmetric particles at the CERN LHC indicates
that, if supersymmetry is realized in nature, it is broken at
an energy scale greater than a few TeVand, therefore, does
not solve the fine tuning of the 125 GeV Higgs boson mass.

Several alternative theories have been proposed for solving
this fine tuning problem. These theories include composite
Higgs models [4–6], in which the Higgs boson is not a
fundamental particle, but rather contains constituents
bound by a new type of gauge interaction, and little
Higgs models [7,8], in which the Higgs boson is a
pseudo-Nambu–Goldstone boson that arises from sponta-
neous breaking of a global symmetry at the TeV energy
scale. Both of these types of models predict a new class of
vectorlike fermions [9] with the same charges as the SM
fermions, but with purely vector current couplings to the
weak gauge bosons. In composite Higgs models, the
vectorlike quarks (VLQs) are excited bound-state resonan-
ces, while in little Higgs models they are fundamental
particles that cancel loop divergences.
Since the VLQs are nonchiral, Lagrangian mass terms

not arising from Yukawa couplings to the Higgs field are
allowed, thereby avoiding the constraints on heavy, sequen-
tial fourth-generation quarks set by the measured cross
section for Higgs boson production at the LHC [10,11].
Requiring VLQs to have renormalizable couplings to
the SM quarks permits only four types of VLQs, defined
by their charge q: q ¼ −1=3 ðBÞ, q ¼ þ2=3 ðTÞ, q ¼
−4=3 ðXÞ, and q ¼ þ5=3 ðYÞ [12]. These are arranged
into seven multiplets: two singlets (T and B), three doublets
(TB, XT, and YB), and two triplets (XTB and TBY) [13].
This analysis focuses on the q ¼ −1=3 ðBÞ type of VLQ.
The branching fractions B of the T and B are model

specific and depend upon the VLQ multiplet configuration,
the mass of the VLQ, and the coupling of the VLQ to chiral
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quarks [14]. In general, up-type quark mass eigenstates will
be mixtures of the chiral up-type quarks with the T VLQ,
while down-type quark mass eigenstates will be mixtures of
the chiral down-type quarks and the B VLQ. Precision
measurements of the couplings of the first and second
generation SM quarks constrain their mixings with VLQs
and indicate that the only sizable couplings of the T and B
VLQs allowed are to SM quarks of the third generation,
although couplings to other quarks are not excluded
[13,15,16]. In this analysis, we assume the B VLQ has
three decay modes: B → bZ, B → bH, and B→ tW. In
most models, for a B VLQ mass greater than the current
limit of approximately 1000 GeV, there is a small difference
between BðB → bZÞ and BðB → bHÞ, depending on the
VLQ mass, but the difference is essentially zero for masses
greater than 2000 GeV. The expected values of BðB → bZÞ
and BðB→ bHÞ also depend upon the multiplet configu-
ration. They are 50% for both the XTB triplet and the BY
doublet, and 25% for the TBY triplet and the B singlet. The
branching fractions for the TB doublet depend upon the
mixing of the T and B VLQs with chiral quarks. If the Tt
mixing is zero, the B → bH and B → bZ branching
fractions are 50%. If the Tt and Bb mixing are equal,
these branching fractions are 25%. If the Bbmixing is zero,
these branching fractions are zero [12].
Results from both the ATLAS and CMS Collaborations

using events with fully hadronic final states, based on data

from proton-proton (pp) collisions at
ffiffiffi

s
p ¼ 13 TeV with

an integrated luminosity of 36 fb−1, have excluded a pair-
produced B with mass up to approximately 1100 GeV. The
ATLAS analysis [17] was based on a classification of event
signatures using neural networks, while the CMS analysis
[18] used event shapes to identify Lorentz-boosted objects.
The ATLAS (CMS) results exclude masses, at 95% con-
fidence level (C.L.), up to 1010 (980), 710 (1070), and
950 (1025) GeV for the 100% B → bH, 100% B → bZ,
and the BY doublet cases, respectively. In addition, an
ATLAS analysis [19] combining both fully hadronic and
leptonic channels excludes values of the B mass up to
1140 GeV for the BY doublet case. The analysis presented
here improves on these results by using the full 137 fb−1

dataset collected by CMS in 2016–2018, and by fully
reconstructing the event kinematics, thereby allowing the
mass of the B to be reconstructed.

II. ANALYSIS OVERVIEW

This analysis involves a search for the production
of a pair of bottom-type VLQs with mass greater than
1000 GeV, using data from pp collisions at

ffiffiffi

s
p ¼ 13 TeV

at the LHC collected by the CMS detector during
2016–2018, corresponding to an integrated luminosity of
137 fb−1. The analysis is focused on events in which each
of the VLQs decays to a b or b̄ quark and to either a Higgs

FIG. 1. Dominant diagrams of the pair production of bottom-type VLQs (B) that subsequently decay to a b or b̄ quark and either a
Higgs or Z boson. In events targeted by this analysis, the Z boson then decays to a pair of quarks, where q denotes any quark other than a
top quark, while the Higgs boson decays to b quarks. Upper left: bHbH mode, upper right: bHbZ mode, lower: bZbZ mode.
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or Z boson. Since the dominant decay modes of the Higgs
and Z bosons are to a quark and antiquark pair, we select
final states consisting of jets resulting from the quarks and
antiquarks produced in the decays of the VLQs and
subsequent decays of the two bosons. The events are
categorized into three modes, depending on the daughter
bosons: bHbH, bHbZ, and bZbZ. Figure 1 shows the
dominant Feynman diagrams for these three modes.
Background from SM processes (predominantly “mul-

tijet” events, consisting solely of jets produced through
the strong interaction) is reduced by requiring that the
jets are consistent with the production of a pair of bosons
(either Higgs or Z), that the reconstructed VLQs have
equal masses, and that some of the jets are tagged as
originating from b quarks. For a highly boosted Higgs or
Z boson, the two jets resulting from its daughter quarks
might merge into a single reconstructed jet. In order to
include these events, three orthogonal, fully independent
analyses are carried out using exclusive sets of events
categorized by the observed jet multiplicity: 4, 5, or 6
jets. The final result is obtained by combining these three
independent analyses. In this paper, we use “jet tagging
requirements” to refer to both single jets tagged as being
from a b quark, and merged jets tagged as containing a
bb̄ pair.
To select the correct assignment of reconstructed jets to

parent particles, a modified χ2 metric, χ2mod, is used. The
χ2mod value is determined by the differences between the
masses of the two reconstructed bosons and the mass of
the Higgs or Z boson, normalized by their resolutions, and
by the reconstructed fractional mass difference of the two
VLQs. The event mode is assigned as bHbH, bHbZ, or
bZbZ, depending on which gives the smallest value of
χ2mod. An upper cutoff on the value of χ2mod is applied to
remove background.
The expected background is first determined by fitting

the distribution of the number of events as a function of
the reconstructed VLQ mass, before jet tagging require-
ments are applied, so this sample is overwhelmingly
background dominated. The fraction of background
expected to remain after jet tagging requirements are
applied, called the background jet-tagged fraction, is
measured using events with VLQ candidate masses in
the range 500–800 GeV, in which a VLQ signal has
already been excluded, and then corrected for a possible
dependence on the VLQ mass by using a control region
with a higher χ2mod value. Both the χ2mod selection and jet
tagging requirements are simultaneously optimized for
maximal sensitivity to a potential signal. This optimiza-
tion is done separately for each event mode and jet
multiplicity. For the final result, all event mode and jet
multiplicity analyses are combined using the procedure in
Ref. [20] to obtain VLQ mass limits as a function of
BðB → bHÞ and BðB→ bZÞ, as described further
in Sec. X.

III. THE CMS DETECTOR

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 (η) coverage provided by the
barrel and endcap detectors. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke
outside the solenoid.
The electromagnetic calorimeter consists of 75 848 lead

tungstate crystals, which provide coverage in jηj < 1.48 in
a barrel region and 1.48 < jηj < 3.0 in two endcap regions.
In the region jηj < 1.74, the HCAL cells have widths of
0.087 in pseudorapidity and 0.087 in azimuth (ϕ). In the
η − ϕ plane, and for jηj < 1.48, the HCAL cells map on to
5 × 5 arrays of ECAL crystals to form calorimeter towers
projecting radially outwards from close to the nominal
interaction point. For jηj > 1.74, the coverage of the towers
increases progressively to a maximum of 0.174 in Δη and
Δϕ. Within each tower, the energy deposits in ECAL and
HCAL cells are summed to define the calorimeter tower
energies, which are subsequently used to provide the
energies and directions of hadronic jets. When combining
information from the entire detector, the jet energy reso-
lution amounts typically to 15%–20% at 30 GeV, 10% at
100 GeV, and 5% at 1 TeV [21].
Events of interest are selected using a two-tiered trigger

system [22]. 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 μs. The second level,
known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the
event rate to around 1 kHz before data storage.
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. [23].

IV. DATA AND SIMULATED EVENTS

The data used in this analysis were collected during the
2016–2018 LHC running periods and correspond to an
integrated luminosity of 137 fb−1 [24–26].
Signal events with pair production of VLQs

were simulated using the Monte Carlo generator
MadGraph5_aMC@NLO [27], version v2.3.3 (v2.4.2) for sam-
ples corresponding to 2016 (2017–2018) data, at leading
order with the NNPDF3.0 parton distribution functions
(PDFs) [28]. The generated VLQ masses mB cover the
range 1000–1800 GeV in steps of 100 GeV. Hadronization
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of the underlying partons was simulated using PYTHIAv8.212

[29] with the CUETP8M1 tune [30] for samples corre-
sponding to 2016 data, and with the CP5 tune [31]
for samples corresponding to 2017 and 2018 data.
Corrections of the cross sections to next-to-next-to-leading
order and next-to-next-to-leading logarithmic soft-gluon
resummation were obtained using TOP++ 2.0 [32] with the
MSTW2008NNLO68CL parton distribution set from
the LHAPDF 5.9.0 library [33,34]. To simulate the effect of
additional pp interactions within the same or nearby bunch
crossings (“pileup”), PYTHIA v8.226 with a total inelastic pp
cross section of 69.2 mb [35] was used. Following event
generation, the GEANT4 package [36,37] was used to
simulate the CMS detector response. Scale factors corre-
sponding to jet energy corrections, jet energy resolutions
[21], pileup, and jet tagging [38,39] are applied to the
simulated signal events so that the corresponding distribu-
tions agree with those in data.

V. JET RECONSTRUCTION AND TAGGING

The global event reconstruction, also called the particle-
flow event reconstruction [40], aims to reconstruct and
identify each individual particle in an event, with an
optimized combination of all subdetector information. In
this process, the identification of the particle type (photon,
electron, muon, charged hadron, or neutral hadron) plays an
important role in the determination of the particle direction
and energy. First, photons, electrons, and muons are
identified using ECAL energy clusters, tracks in the tracker,
and hits in the muon system. Then, charged hadrons are
identified as charged particle tracks neither identified as
electrons, nor as muons. Finally, neutral hadrons are
identified as HCAL energy clusters not linked to any
charged hadron trajectory, or as a combined ECAL and
HCAL energy excess with respect to the expected charged
hadron energy deposit. The energy of charged hadrons is
determined from a combination of the track momentum and
the corresponding ECAL and HCAL energies, corrected for
the response function of the calorimeters to hadronic
showers, and the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL
energies.
For this analysis, two types of hadronic jets are

clustered from these reconstructed particles, using the
infrared and collinear safe anti-kT algorithm [41,42]. The
first type, “AK4 jets,” uses a distance parameter ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

of 0.4. However, since merged jets from
a boosted Higgs or Z boson decay may be wider, a second
set, using a distance parameter of 0.8 (“AK8 jets”) is also
reconstructed from the same set of input particles. Jet
momentum is determined as the vectorial sum of all particle
momenta in the jet, and is found from simulation to be, on
average, within 5% to 10% of the true momentum over the
whole transverse momentum (pT) spectrum and detector

acceptance. Pileup can contribute additional tracks and
calorimetric energy depositions to the jet momentum. The
pileup per particle identification algorithm (PUPPI) [43] is
used to mitigate the effect of pileup at the reconstructed
particle level, making use of local shape information, event
pileup properties, and tracking information. A local shape
variable is defined, which distinguishes between collinear
and soft diffuse distributions of other particles surrounding
the particle under consideration. The former is attributed to
particles originating from the hard scatter and the latter to
particles originating from pileup interactions. Charged
particles identified as originating from pileup vertices are
discarded. For each neutral particle, a local shape variable is
computed using the surrounding charged particles com-
patible with the primary vertex within the tracker accep-
tance (jηj < 2.5), and using both charged and neutral
particles in the region outside of the tracker coverage.
The momenta of the neutral particles are then rescaled
according to their probability to originate from the primary
interaction vertex deduced from the local shape variable,
superseding the need for jet-based pileup corrections [44].
Jet energy corrections are derived from simulation to bring
the measured response of jets to that of particle level jets on
average. In situ measurements of the momentum balance in
dijet, photonþ jet, Z þ jet, and multijet events are used to
account for any residual differences in the jet energy scale
between data and simulation [21]. Additional selection
criteria are applied to each jet to remove jets potentially
dominated by anomalous contributions from various sub-
detector components or reconstruction failures.
This analysis only uses AK4 jets with pT > 50 GeV and

AK8 jets with pT > 200 GeV, both within jηj < 2.4. For
AK8 jets, the constituents are reclustered using the
Cambridge–Aachen algorithm [45,46]. The “modified
mass drop tagger” algorithm [47,48], also known as the
“soft drop” algorithm, with angular exponent β ¼ 0, soft
cutoff threshold zcut < 0.1, and characteristic radius R0 ¼
0.8 [49], is applied to remove soft, wide-angle radiation
from the jet. This results in a jet mass that, in the case of
large mass, more accurately corresponds to the mass of the
mother particle from which the jet originated. For events
with boosted Higgs and Z bosons, the AK8 soft-drop mass
is used to obtain the mass of the merged jet.
The event jet multiplicity is determined by the number of

AK4 jets passing the requirements above. In signal events,
decays of the VLQ pair and subsequent decays of the Higgs
and Z boson daughters yield a total of six quarks. In all
three event modes, at least two of these are b quarks.
Considering the predominantH → bb decay, for the bHbH
event mode, all six are b quarks; for the bHbZ event mode,
four or six are b quarks; while for the bZbZ event mode,
two, four or six are b quarks. We note that of the hadronic Z
boson decays, 15% are to a bb̄ pair; however, Z → cc̄
decays also have a significant chance of passing the tagging
requirements, as discussed in Sec. VI, and are also included
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(along with other possible Z boson decay modes) in the
signal efficiency. If all six quark jets are individually
reconstructed, a 6-jet event is produced; if two jets merge
into a single reconstructed jet, this produces a 5-jet event;
and if two merged jets are produced, then a 4-jet event
results. Note that the VLQ reconstruction does not consider
the possibility of additional jets produced by initial state or
final state radiation.
Because of the large number of b jets in signal events, b

tagging is a powerful tool to significantly reduce the
background from SM processes. Individual jets are tagged
using the DeepJet b discriminant [38] applied to AK4 jets,
while merged jets from bb̄ pairs are double b tagged using
the algorithm in Ref. [39], developed in the context ofH →
bb̄ searches, applied to AK8 jets.

VI. EVENT SELECTION

The events used in the analysis are first selected online
by the CMS trigger system. The HLT trigger used requires
the total pT measured in the calorimeters to be at least
900 (1050) GeV for the 2016 (2017–2018) dataset. Offline,
events with HT > 1350 GeV are selected, where HT is
defined as the scalar sum of the jet pT for all AK4 jets with
pT > 50 GeV and jηj < 2.4. The requirement is set higher
than the trigger threshold to avoid effects due to trigger turn
on. In order to minimize bias when measuring the effi-
ciency of the HLT triggers, the efficiencies are measured in
a dataset collected by an orthogonal trigger, which requires
the event to have a single muon. For all years, the measured
trigger efficiency for events with HT > 1350 GeV is at
least 99.6%. Table I shows the efficiency for simulated
VLQ signal events after the HT requirement for each of the
three jet multiplicity channels and for each of three VLQ
masses (1000, 1200, and 1400 GeV).
The number of tagged jets required to select an event, as

well as the working points for the taggers used, are
optimized separately for each of the three jet multiplicities
and event modes, in order to maximize the expected signal
sensitivity. For the working points selected, the single b
tagger has an efficiency of 82% for b jets in simulated tt̄
events with pT > 30 GeV and a mistag rate of 1% for light
quarks (u, d, or s) and approximately 17% for charm quarks

[38]. The double b tagger has an efficiency of 75% in
simulated H → bb̄ events, and a mistag rate of 10% in
simulated inclusive multijet events and 33% in simulated
H → cc̄ events [39], where a mistag in the double b tag
case means that at least one non-b quark subjet is present in
the tagged jet. The number of tags required depends on the
jet multiplicity as follows: in the 6-jet case, four AK4 jets
are required to have a b tag, except in the bZbZ event
mode, for which three tags are required. In the 5-jet case,
three of the AK4 jets not associated with the merged decay
products are required to be b tagged; no double b tag
requirement is applied to the AK8 jet associated with the
merged decay. In the 4-jet case, two of the nonmerged AK4
jets are required to have a b tag, and one of the merged jets
is required to have a double b tag, except in the bZbZ event
mode, for which no double b tag is required. These
requirements are summarized in Table II.

VII. EVENT RECONSTRUCTION

In the case when the two jets produced from a H=Z
boson decay are individually resolved, the mass of the
parent boson can be estimated from the invariant mass of
the two jets. In the case where the two jets are merged, the
parent boson mass is instead estimated using the soft-drop
mass of the AK8 jet. Only those AK8 jets that are within
ΔR < 0.3 of an AK4 jet are used. However, if a second
AK4 jet is within ΔR < 0.6 of the AK8 jet, this overlap
could cause the AK8 jet mass to be misreconstructed, so in
this case the AK8 jet is discarded and the two AK4 jets are
treated as a resolved dijet boson candidate.
A central feature in the analysis is the selection of the

correct way of combining jets in order to reconstruct the
parent particles; this is a difficult task because of the large
number of jets in the event. In 6-jet events, there are two
pairs of jets originating from H=Z boson decay; and three
jets (including two from the H=Z decay) associated with
each VLQ decay. In 5-jet events, there is a pair of jets
associated with oneH=Z boson and a merged jet associated
with the other H=Z boson; each of these is associated with
one of the remaining two jets to form a VLQ candidate. In
4-jet events, there is a merged jet associated with eachH=Z
boson, each of which is paired to one of the remaining two
jets to form a VLQ candidate. The final reconstructed VLQ

TABLE I. Signal efficiencies of the offline HT selection, in %,
for each of the jet multiplicity channels, for three VLQ masses
(1000, 1200, and 1400 GeV). The efficiency is the fraction of
events in each jet multiplicity category satisfying the HT >
1350 GeV selection. Statistical uncertainties are negligible and
therefore omitted.

VLQ mass [GeV] 4 jets 5 jets 6 jets

1000 95.1 89.4 81.4
1200 98.5 96.2 91.3
1400 99.5 98.4 95.0

TABLE II. Summary of the minimum number of single and
double b tags required for each jet multiplicity and event mode.

Jet multiplicity Tag bHbH bHbZ bZbZ

4 jets Single b 2 2 2
Double b 1 1 0

5 jets Single b 3 3 3
Double b 0 0 0

6 jets Single b 4 4 3
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mass, mVLQ, is defined as the average mass of the two
individual reconstructed VLQs in the event.
The number of possible ways to combine the jets to

reconstruct the two H=Z bosons and then to combine these
with the two remaining jets to form the VLQ candidates is
720, 120, and 24 for the 6-, 5-, and 4-jet multiplicities,
respectively. However, many of these different combina-
tions simply involve different permutations among the jets
that constitute the individual VLQs, and these permutations
do not affect the reconstructed VLQ mass. The numbers of
combinations that give distinct VLQ masses are only 10,
10, and 3 for the 6-, 5-, and 4-jet multiplicities, respectively.
For the 5- and 4-jet multiplicities, however, the jet
associated with the merged H=Z boson decay products
distinguishes different combinations, since this jet is treated
differently from the others by having a double b tag, rather
than a single b tagging requirement. This doubles the

number of distinct 5-jet combinations and quadruples the
number of distinct 4-jet combinations. The final number of
distinct combinations is then 10, 20, and 12 for the 6-, 5-,
and 4-jet multiplicities, respectively.
For each jet combination, χ2mod is determined using

Eqs. (1)–(3) below, which depend on the measured mass
of a dijet Higgs or Z boson candidate (mdijet), the measured
soft-drop mass of a merged-jet Higgs or Z boson candidate
(mmerged), and the fractional mass difference of the two
VLQ candidates (ΔmVLQ), where ΔmVLQ is the difference
of the masses of the two VLQ candidates divided by the
average mass of the two. The only use of AK8 jets in this
calculation is to determine the mass of the merged H=Z
candidates using the soft-drop mass of the matched
AK8 jet. All other quantities are determined using
AK4 jet kinematics.

6-jet events∶ χ2mod ¼
ðmdijet1 −mdijetÞ2

σ2mdijet

þ ðmdijet2 −mdijetÞ2
σ2mdijet

þ ðΔmVLQ − ΔmVLQÞ2
σ2
ΔmVLQ

; ð1Þ

5-jet events∶ χ2mod ¼
ðmdijet −mdijetÞ2

σ2mdijet

þ ðmmerged −mmergedÞ2
σ2mmerged

þ ðΔmVLQ − ΔmVLQÞ2
σ2
ΔmVLQ

; ð2Þ

4-jet events∶ χ2mod ¼
ðmmerged1 −mmergedÞ2

σ2mmerged

þ ðmmerged2 −mmergedÞ2
σ2mmerged

þ ðΔmVLQ − ΔmVLQÞ2
σ2
ΔmVLQ

: ð3Þ

The means (m and ΔmVLQ) and standard deviations (σm
and σΔmVLQ

) of the parameters used in these expressions
are determined from simulated signal events in which the
jets are matched to the generator-level quarks and H=Z
bosons. These quantities are derived separately for each
jet multiplicity, but do not depend on the simulated signal
mass. For each parameter, the central core of the
distribution is fit with a Gaussian function, whose mean
and standard deviation are then used as the parameters in
the expressions for χ2mod. As the distribution of the
merged Higgs boson mass is asymmetrical, two Gaussian
functions are separately fit above and below the peak of
the distribution. Since the underlying distributions used in
these expressions have non-Gaussian tails and are in
some cases asymmetric, the values of χ2mod are not exactly
distributed as a χ2 variable. However, the difference is
small, and χ2mod is only used to select events, so these
deviations do not affect the analysis. Choosing the jet
combination that has the lowest value of χ2mod gives a
high probability of identifying the correct jet combina-
tion, and allows mVLQ to be reconstructed. In simulation,
this can then be compared with the generated B mass mB.
This is indicated in Fig. 2, which shows the average

value of the reconstructed VLQ mass for the jet combi-
nation with the lowest χ2mod for simulated signal events
with mB ¼ 1200 GeV. In most cases, the VLQ mass is
correctly reconstructed. We observe that the reconstructed
mass distribution is consistently peaked at a value about
5% lower than the generated mass, for all generated
signal mass values. The low-side tail is due to the
presence of incorrectly reconstructed events.
Figure 3 shows the distributions of χ2mod=ndf, where ndf

is the number of degrees of freedom, for the best jet
combination (i.e., the combination with the lowest χ2mod),
from simulated 1200 GeV VLQ signal events, at each jet
multiplicity. Each χ2mod expression has three degrees of
freedom, one for each term. The distributions for the data
are also shown for comparison. In these plots, the simulated
signal and data distributions are normalized to the same
integral value within the displayed χ2mod range. This figure
demonstrates that requiring a small χ2mod value for the best
jet combination provides an effective method for removing
background.
The χ2mod value is also used to select the event mode.

There are three possible decays of the bottom-type VLQ:
B→ bH, B→ bZ, and B→ tW. This results in six
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possible modes for the BB̄ pair production events: bHbH,
bHbZ, bZbZ, tWbH, tWbZ, and tWtW. The latter three
modes involve one or two decays of a VLQ to a t quark and
a W boson. These events either have a jet multiplicity
greater than six, or contain leptons and missing transverse
energy from the W decays. Although this analysis is not
optimized for sensitivity to these events, events with
B → tW, if present, have some probability to be selected
as one of the other three event modes and can affect
the sensitivity of the analysis. These events are included

in the signal simulation and are added according to
their reconstruction efficiency. For events that satisfy the
HT requirement and that are categorized as either 4-, 5-, or
6-jet multiplicity events, the χ2mod described above is
calculated for each of the three event modes: bHbH,
bHbZ, or bZbZ, and the mode of the event is selected
as the one that has the best χ2mod value. Events are
categorized by their jet multiplicity and their reconstructed
mode, regardless of the underlying decay mode for simu-
lated signal events.
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FIG. 2. Distributions ofmVLQ for simulated signal events with a generated VLQ massmB ¼ 1200 GeV. A requirement of χ2mod=ndf <
2 is applied to the events. Mass distributions for 4-jet (left), 5-jet (center), and 6-jet (right) events are shown for the three event modes:
bHbH (upper row), bHbZ (middle row), and bZbZ (lower row).
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Before examining the data in the potential signal region,
the event selection parameters (the jet tagging parameters
and χ2mod) are optimized. This optimization is performed by
varying the parameters and selecting the values that
maximize the sensitivity to a 1600 GeV VLQ signal.
The mass of 1600 GeV is chosen because it is the point
with maximum sensitivity of the analysis; however, the
optimized parameters are largely independent of the point
chosen. The optimized jet tagging parameters are described
in Section VI, and the optimized χ2mod=ndf values are
shown below in Table III. With the optimized selection, the
overall signal efficiency measured in simulation for a
generated VLQ mass of 1600 GeV is approximately 5%
in the BðB → bZÞ ¼ 100% scenario, increasing to 10%
for BðB → bHÞ ¼ 100%.

VIII. BACKGROUND ESTIMATION

The expected background is estimated in a low-mass
sideband region in data, using the ratio of the number of

TABLE III. Optimized values of the χ2mod=ndf selection as a
function of jet multiplicity and event mode.

Jet multiplicity

Event mode 4 5 6

bHbH 5.5 2 2.75
bHbZ 2.75 2.5 2.5
bZbZ 2 2 2.25

TABLE IV. Values of the BJTF for data events withmVLQ in the
range 500–800 GeV for each of the three event modes and three
jet multiplicities.

bHbH bHbZ bZbZ

4 jets 0.0042� 0.0014 0.0019� 0.0004 0.0025� 0.0004
5 jets 0.0041� 0.0003 0.0036� 0.0002 0.0048� 0.0009
6 jets 0.0019� 0.0002 0.0019� 0.0002 0.0020� 0.0005
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FIG. 3. Distribution of χ2mod=ndf for the best jet combination for simulated 1200 GeV VLQ events (red histogram) and data (black
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events passing the tag requirements to the number before
these requirements are applied. The estimation is done
separately for each of the three event modes, jet multiplic-
ities, and three data-taking years, for a total of 27 cases.
Figure 4 shows the distribution of mVLQ for the jet

combination with the lowest χ2mod for each of the three jet
multiplicities. All events shown in this plot are required to
pass a selection of χ2mod=ndf < 4. The falloff in the
distribution at lower masses is due to the HT >

1350 GeV requirement. The distributions are then fit with
an exponential function for VLQ candidate masses greater
than 1000 GeV; in all three cases, the function (shown by
the red line) agrees with the data. An F-test [50] shows that
a more complex model, namely an exponential plus
constant background, offers no significant improvement
over the exponential distribution. The lower plots show the
fractional difference between the data and the fit. At this
stage, since there is no requirement made on jet tagging, the
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FIG. 5. Dependence of the BJTF onmVLQ in the control region 12 < χ2mod=ndf < 48, for 4-jet (left column), 5-jet (center column), and
6-jet (right column) multiplicities, and for the bHbH (upper row), bHbZ (middle row), and bZbZ (lower row) event modes. The data are
shown as black points with vertical error bars, and the linear fit and associated uncertainty are shown as a solid red line and the shaded
red band.
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ratio of background to signal event acceptance is more than
two orders of magnitude larger than after jet tagging, so the
fits are insensitive to any possible signal events in the data.
The background jet-tagged fraction (BJTF) is the frac-

tion of background events that remain after the jet tagging
requirements, as described in Sec. V, are applied. Since the
BJTF for events with mVLQ > 1000 GeV could be biased
due to signal events that might be in the data, the BJTF is
initially determined only for events in which mVLQ is

between 500 and 800 GeV, which is below the current
lower exclusion limit on the VLQ mass [17,18]. Table IV
shows the BJTF for data events with mVLQ in the range
500–800 GeV for each of the three event modes and three
jet multiplicities.
Because the jet tagging efficiency depends on the pT of

the jet, the BJTF might depend on the mass of the VLQ
candidate, since events with greater VLQ mass generally
have higher pT jets. A control region is therefore used to

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0

0.005

0.01

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbH mode

4-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0.003

0.004

0.005

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbH mode

5-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0.001

0.002

0.003

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbH mode

6-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0

0.002

0.004

0.006

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbZ mode

4-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0.003

0.004

0.005

0.006

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbZ mode

5-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0

0.002

0.004

0.006

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bHbZ mode

6-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0.005−

0

0.005

0.01

0.015

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bZbZ mode

4-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0.04

0.06

0.08

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bZbZ mode

5-jet channel

 (13 TeV)-1137 fb

0 10 20 30 40 50

 window2

mod
χUpper bound of 

0

0.05

0.1

0.15

B
a
c
k
g
ro

u
n
d
 j
e
t-

ta
g
g
e
d
 f
ra

c
ti
o
n Data

Fit

CMS

bZbZ mode

6-jet channel

 (13 TeV)-1137 fb

FIG. 6. Dependence of the BJTF on χ2mod=ndf in the low-mass (500–800 GeV) VLQ region, for 4-jet (left column), 5-jet (center
column), and 6-jet (right column) multiplicities, and for the bHbH (upper row), bHbZ (middle row), and bZbZ (lower row) event
modes. The data are shown as black points with vertical error bars, and the linear fit and associated uncertainty are shown as a solid red
line and the shaded red band.
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determine the VLQ mass dependence of the BJTF by
offsetting the window of the χ2mod selection. The signal χ

2

mod
region depends on the event mode and multiplicity, as
determined by the optimization procedure described in
Sec. VII, but in all cases is at most χ2mod=ndf < 5.5. A
control region is defined by using a region of
12 < χ2mod=ndf < 48. Figure 5 shows the mass dependence
of the BJTF for data events in the χ2mod control region. A
first-order polynomial fit is used to determine the BJTF
mass dependence. Another F-test shows that there is no
improvement for a second-order polynomial fit compared
to a first-order one, and also that the first-order polynomial
fit performs better than a constant fit. A systematic
uncertainty is assigned by comparing the first-order poly-
nomial fit to an exponential fit, and using the average
difference of these two fits over the mass range as the

uncertainty. This covers the uncertainty due to the choice of
the BJTF shape.
In order to validate that the control region used has the

same BJTF behavior as the signal region, we perform a test
where the BJTF in the low VLQ mass range (500–
800 GeV) is plotted as a function of χ2mod=ndf, in twelve
equally spaced regions for χ2mod=ndf from 0 to 48. This is
shown in Fig. 6. The slope of this plot is consistent with
zero, indicating no statistically significant dependence
on χ2mod=ndf.
Figure 7 shows the two-dimensional dependence of the

BJTF in data on mVLQ and χ2mod=ndf, and Fig. 8 shows the
corresponding distributions for simulated VLQ signal
events with a generated VLQ mass of 1200 GeV. The
signal region is indicated in these plots by the red rectangle,
and is excluded from the data plots.
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FIG. 7. Dependence of the BJTF onmVLQ and the best χ2mod=ndf in data events, for 4-jet (left column), 5-jet (center column), and 6-jet
(right column) multiplicities, and for the bHbH (upper row), bHbZ (middle row), and bZbZ (lower row) event modes. The red box
indicates the signal region, which is excluded from these plots.
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The final estimate of the number of background events
nb as a function of VLQ mass m is given by the following
expression:

nbðmÞ ¼ nðmÞε0
εðmÞ

ð
R

800 GeV
500 GeV εðm0Þdm0Þ=ð300 GeVÞ ; ð4Þ

where nðmÞ is the number of candidates as a function of
mVLQ before jet tagging for candidates passing the χ2mod
selection shown in Fig. 4, ε0 is the BJTF at low VLQ mass
as shown in Table IV, and the last factor accounts for the
potential mass dependence of the BJTF, with εðmÞ the
distribution of the BJTF as a function of mass, as shown in
Fig. 5; the factor of 300 GeV is to normalize over the range
considered. The final estimate is also validated by com-
parison with the region 8 < χ2mod=ndf < 12 and with
simulated events.

IX. SYSTEMATIC UNCERTAINTIES

We consider two types of systematic uncertainties, those
that are common to all event modes and jet multiplicities,
and those that depend on the particular channel. The
uncertainties in the first category are listed in Table V;
these are the integrated luminosity, trigger efficiency, and
the choice of fit function for the dependence of the BJTF on
VLQ mass. The integrated luminosities of the 2016, 2017,
and 2018 data-taking periods are individually known with
uncertainties in the range 2.3%–2.5% [24–26], while the
total 2016–2018 integrated luminosity has an uncertainty of
1.8%, the improvement in precision reflecting the (uncor-
related) time evolution of some systematic effects. The
uncertainty associated with the choice of fit function for the
mVLQ dependence of the BJTF is determined by finding
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FIG. 8. Dependence of the BJTF onmVLQ and the best χ2mod=ndf in simulated VLQ signal events with mB ¼ 1200 GeV, for 4-jet (left
column), 5-jet (center column), and 6-jet (right column) multiplicities, and for the bHbH (upper row), bHbZ (middle row), and bZbZ
(lower row) event modes. The red box indicates the signal region.
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the average difference between the fit functions used for
each mode and multiplicity combination, and using the
maximum one as the common uncertainty for all modes and
multiplicities. Table Valso indicates whether an uncertainty
affects the signal efficiency or the background estimate.
The uncertainties that depend on event mode and jet

multiplicity are those due to the background estimation, jet
tag scale factors, jet energy resolution and scale, choice of
PDF, and pileup.

There are several sources of uncertainty in the back-
ground estimation, corresponding to the three terms in
Eq. (4). The first uncertainty arises from the exponential fit
to the distribution nðmÞ, the number of events as a function
of mass before jet tagging is applied. The uncertainties in
the fit parameters p0 and p1 are used to determine the
uncertainty in the fit value for a given mass. The second is
the uncertainty in the BJTF determined for low-mass VLQ
candidates, ε0, as shown in Table IV. Finally, the third
uncertainty arises from the third term, to account for a
potential mass dependence of the BJTF, and is obtained
from the uncertainties in the fit parameters, as in the
first case.
The efficiencies for jet tagging are measured in simulated

events and then corrected to data events using a data-to-
simulation scale factor. The uncertainty in this scale factor
is propagated to the signal reconstruction efficiency by
varying the scale factors within their uncertainties [39]. The
uncertainties due to the scale factors for jet energy scale and

TABLE V. Systematic uncertainties common to all three event
modes and all three jet multiplicities. All uncertainties listed here
are rate uncertainties, meaning they affect only the normalization.

Type Signal=Background Uncertainty

Integrated luminosity Signal 1.8%
Trigger efficiency Signal 0.02%
Choice of fit function Background 4.9%

TABLE VI. Table of systematic uncertainties for each event mode and jet multiplicity. The reported values indicate the uncertainty in
the event yield in a �75 GeV window about the signal peak for a generated signal mass mB ¼ 1600 GeV.

Type Signal=Background Rate=Shape 4 jets 5 jets 6 jets

bHbH event mode

Background fit p0 Background Shape 59% 14% 13%
Background fit p1 Background Shape 78% 18% 16%
BJTF m dependence p0 Background Shape 1.3% 5.9% 4.5%
BJTF m dependence p1 Background Shape 19% 25% 17%
Low-mass BJTF Background Rate 34% 9.7% 11%
Jet tag scale factors Signal Shape 16% 15% 17%
Jet energy scale Signal Shape 4.0% 5.3% 6.4%
Jet energy resolution Signal Shape 2.4% 1.5% 1.6%
Pileup Signal Shape 28% 28% 27%
PDF Signal Rate 1.5% 1.5% 1.5%
bHbZ event mode

Background fit p0 Background Shape 21% 12% 10%
Background fit p1 Background Shape 21% 14% 12%
BJTF m dependence p0 Background Shape 2.1% 7.7% 3.5%
BJTF m dependence p1 Background Shape 21% 30% 27%
Low-mass BJTF Background Rate 22% 7.7% 11%
Jet tag scale factors Signal Shape 15% 13% 17%
Jet energy scale Signal Shape 4.9% 5.7% 5.1%
Jet energy resolution Signal Shape 1.8% 2.7% 3.2%
Pileup Signal Shape 33% 28% 21%
PDF Signal Rate 1.6% 1.5% 1.5%
bZbZ event mode

Background fit p0 Background Shape 26% 17% 24%
Background fit p1 Background Shape 28% 21% 32%
BJTF m dependence p0 Background Shape 3.7% 0.6% 11%
BJTF m dependence p1 Background Shape 15% 7.8% 21%
Low-mass BJTF Background Rate 16% 19% 25%
Jet tag scale factors Signal Shape 8.9% 8.0% 11%
Jet energy scale Signal Shape 4.0% 2.9% 1.6%
Jet energy resolution Signal Shape 2.5% 2.5% 3.2%
Pileup Signal Shape 28% 28% 10%
PDF Signal Rate 1.5% 1.5% 1.5%
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resolution [21] are determined similarly. The uncertainty
due to the choice of PDF weighting is calculated from a set
of 100 weights selected from the NNPDF3.0 distribution,
following the prescription in Ref. [51]. The pileup uncer-
tainties are due to a 4.6% systematic uncertainty in the pp
inelastic cross section.

Table VI summarizes these uncertainties, and indicates
whether they affect the signal efficiency or the background
estimate, and whether the uncertainty affects the overall
rate or the shape of the mass distribution. For the PDF
systematic uncertainties, the values refer only to the event
acceptance rate. There is in addition an uncertainty in the
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FIG. 9. Data (black points), expected background (solid blue histogram), and expected background plus a VLQ signal for different
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VLQ pair production cross section. This uncertainty
depends only weakly on VLQ mass and an average value
of 6% is used for all masses [34].

X. RESULTS

Figure 9 shows the distribution of the reconstructed VLQ
mass, after the optimized selections described in Sec. VII
have been applied, for data, the expected background, and
for simulated signal events with a VLQ mass of 1200,
1400, 1600, and 1800 GeV and BðB→ bHÞ ¼ 100%. The
signal distributions are normalized to the expected number
of events as determined by the VLQ production cross
section. No statistically significant excess of data over the
background expectation is observed; the largest difference
across all nine mass points and branching fraction scenarios
is slightly less than 2σ.
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FIG. 11. The 95% confidence limit on the cross section for VLQ
pair production as a function of VLQ mass for three branching
fractionhypotheses:BðB→bHÞ¼100% (upper left),BðB→bZÞ¼
100% (middle), and BðB → bHÞ ¼ BðB → bZÞ ¼ 50% (lower).
The solid black line indicates the observed limit and the dashed line
indicates the expected limit with 1 sigma (green band) and 2 sigma
(yellow band) uncertainties. The theoretical cross section and its
uncertainty are shown as the red line and pale red band; the band is
only slightly visible outside the line.
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FIG. 10. Expected (upper) and observed (lower) limits on the
VLQ mass at 95% C.L. as a function of the branching fractions
BðB → bHÞ and BðB → bZÞ.
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We proceed to set exclusion limits on the VLQ mass
as a function of the branching fractions. The signal
extraction procedure is based on a binned maximum
likelihood fit. All systematic uncertainties are incorpo-
rated into the fit as nuisance parameters, where the effect
of each systematic uncertainty is included as a log normal
probability distribution per bin. A limit at 95% C.L. is
calculated using the CLs method [52,53] using the profile
likelihood test statistic [54] with the asymptotic limit
approximation. Figure 10 shows the final expected
and observed limits on the VLQ mass as a function of
BðB → bHÞ and BðB → bZÞ, after all of the individual
jet multiplicities and event modes have been combined.
Points for which the exclusion limit is less than
1000 GeV are not shown.
Figure 11 shows the expected limits at 95% C.L. on

the cross section of VLQ pair production as a function of
VLQ mass assuming three different branching fraction
combinations: BðB → bHÞ ¼ 100%, BðB → bZÞ ¼
100%, and BðB → bHÞ ¼ BðB → bZÞ ¼ 50%. The
observed limits at 95% C.L. are 1570 GeV in the
100% bH case, 1390 GeV in the 100% bZ case, and
1450 GeV in the 50% bH plus 50% bZ case. In the fully
B → bH and B→ bZ modes, as well as the mixed bHbZ
mode, where this analysis is most sensitive, these limits
represent significant improvements over previously pub-
lished VLQ limits (1010, 1070, and 1025 GeV respec-
tively), extending the existing limits by several hundred
GeV. These improvements can be attributed to the use of
the χ2mod=ndf method, which allows the hadronic final
state to be fully reconstructed, as well as to the increased
size of the data sample.

XI. SUMMARY

This paper describes a search for bottom-type, vectorlike
quark (VLQ) pair production in data collected by the CMS
detector in 2016–2018 at

ffiffiffi

s
p ¼ 13 TeV, where the VLQ B

decays into a b or b̄ quark and either a Higgs boson H or a
Z boson. The analysis targets the fully hadronic B → bH

and B → bZ decays by tagging jets and using a modified χ2

metric to reconstruct the event. Different jet multiplicity
categories were used to account for the fact that Higgs or Z
boson decays can produce either two distinct jets or, if
highly Lorentz boosted, a single merged jet. Backgrounds
were estimated from a region of low VLQ mass and
extrapolated into the signal region using a modified χ2

control region. Limits were set on the VLQ mass at
95% confidence level as a function of the branching
fractions for B → bH and B→ bZ. Compared to previous
measurements [17,18], limits on the B VLQ mass have
been increased from 1010 to 1570 GeV in the
BðB → bHÞ ¼ 100% case, from 1070 to 1390 GeV in
the BðB → bZÞ ¼ 100% case, and from 1025 to 1450 GeV
in the BðB→ bHÞ ¼ BðB→ bZÞ ¼ 50% case.
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T. A. Gómez Espinosa,132 C. Grab,132 D. Hits,132 W. Lustermann,132 A.-M. Lyon,132 R. A. Manzoni,132 M. T. Meinhard,132

F. Micheli,132 F. Nessi-Tedaldi,132 F. Pauss,132 V. Perovic,132 G. Perrin,132 S. Pigazzini,132 M. G. Ratti,132 M. Reichmann,132

C. Reissel,132 T. Reitenspiess,132 B. Ristic,132 D. Ruini,132 D. A. Sanz Becerra,132 M. Schönenberger,132 V. Stampf,132

M. L. Vesterbacka Olsson,132 R. Wallny,132 D. H. Zhu,132 C. Amsler,133,hhh C. Botta,133 D. Brzhechko,133 M. F. Canelli,133

R. Del Burgo,133 J. K. Heikkilä,133 M. Huwiler,133 A. Jofrehei,133 B. Kilminster,133 S. Leontsinis,133 A. Macchiolo,133

P. Meiring,133 V.M. Mikuni,133 U. Molinatti,133 I. Neutelings,133 G. Rauco,133 A. Reimers,133 P. Robmann,133

K. Schweiger,133 Y. Takahashi,133 C. Adloff,134,iii C.M. Kuo,134 W. Lin,134 A. Roy,134 T. Sarkar,134,ii S. S. Yu,134 L. Ceard,135

P. Chang,135 Y. Chao,135 K. F. Chen,135 P. H. Chen,135 W.-S. Hou,135 Y. y. Li,135 R.-S. Lu,135 E. Paganis,135 A. Psallidas,135

A. Steen,135 E. Yazgan,135 B. Asavapibhop,136 C. Asawatangtrakuldee,136 N. Srimanobhas,136 F. Boran,137

S. Damarseckin,137,jjj Z. S. Demiroglu,137 F. Dolek,137 C. Dozen,137,kkk I. Dumanoglu,137,lll E. Eskut,137 G. Gokbulut,137

Y. Guler,137 E. Gurpinar Guler,137,mmm I. Hos,137,nnn C. Isik,137 E. E. Kangal,137,ooo O. Kara,137 A. Kayis Topaksu,137

U. Kiminsu,137 G. Onengut,137 K. Ozdemir,137,ppp A. Polatoz,137 A. E. Simsek,137 B. Tali,137,qqq U. G. Tok,137

S. Turkcapar,137 I. S. Zorbakir,137 C. Zorbilmez,137 B. Isildak,138,rrr G. Karapinar,138,sss K. Ocalan,138,ttt M. Yalvac,138,uuu

I. O. Atakisi,139 E. Gülmez,139 M. Kaya,139,vvv O. Kaya,139,www Ö. Özçelik,139 S. Tekten,139,xxx E. A. Yetkin,139,yyy

A. Cakir,140 K. Cankocak,140,lll Y. Komurcu,140 S. Sen,140,zzz F. Aydogmus Sen,141 S. Cerci,141,qqq B. Kaynak,141

S. Ozkorucuklu,141 D. Sunar Cerci,141,qqq B. Grynyov,142 L. Levchuk,143 E. Bhal,144 S. Bologna,144 J. J. Brooke,144

E. Clement,144 D. Cussans,144 H. Flacher,144 J. Goldstein,144 G. P. Heath,144 H. F. Heath,144 L. Kreczko,144 B. Krikler,144

A.M. SIRUNYAN et al. PHYS. REV. D 102, 112004 (2020)

112004-22



S. Paramesvaran,144 T. Sakuma,144 S. Seif El Nasr-Storey,144 V. J. Smith,144 J. Taylor,144 A. Titterton,144 K.W. Bell,145

A. Belyaev,145,aaaa C. Brew,145 R.M. Brown,145 D. J. A. Cockerill,145 K. V. Ellis,145 K. Harder,145 S. Harper,145 J. Linacre,145

K. Manolopoulos,145 D.M. Newbold,145 E. Olaiya,145 D. Petyt,145 T. Reis,145 T. Schuh,145

C. H. Shepherd-Themistocleous,145 A. Thea,145 I. R. Tomalin,145 T. Williams,145 R. Bainbridge,146 P. Bloch,146

S. Bonomally,146 J. Borg,146 S. Breeze,146 O. Buchmuller,146 A. Bundock,146 V. Cepaitis,146 G. S. Chahal,146,bbbb

D. Colling,146 P. Dauncey,146 G. Davies,146 M. Della Negra,146 G. Fedi,146 G. Hall,146 G. Iles,146 J. Langford,146 L. Lyons,146

A.-M. Magnan,146 S. Malik,146 A. Martelli,146 V. Milosevic,146 J. Nash,146,cccc V. Palladino,146 M. Pesaresi,146

D.M. Raymond,146 A. Richards,146 A. Rose,146 E. Scott,146 C. Seez,146 A. Shtipliyski,146 M. Stoye,146 A. Tapper,146

K. Uchida,146 T. Virdee,146,t N. Wardle,146 S. N. Webb,146 D. Winterbottom,146 A. G. Zecchinelli,146 J. E. Cole,147

P. R. Hobson,147 A. Khan,147 P. Kyberd,147 C. K. Mackay,147 I. D. Reid,147 L. Teodorescu,147 S. Zahid,147 S. Abdullin,148

A. Brinkerhoff,148 K. Call,148 B. Caraway,148 J. Dittmann,148 K. Hatakeyama,148 A. R. Kanuganti,148 C. Madrid,148

B. McMaster,148 N. Pastika,148 S. Sawant,148 C. Smith,148 J. Wilson,148 S. Johnson,149 R. Bartek,150 A. Dominguez,150

R. Uniyal,150 A.M. Vargas Hernandez,150 A. Buccilli,151 O. Charaf,151 S. I. Cooper,151 S. V. Gleyzer,151 C. Henderson,151

P. Rumerio,151 C. West,151 A. Akpinar,152 A. Albert,152 D. Arcaro,152 C. Cosby,152 Z. Demiragli,152 D. Gastler,152 J. Rohlf,152

K. Salyer,152 D. Sperka,152 D. Spitzbart,152 I. Suarez,152 S. Yuan,152 D. Zou,152 G. Benelli,153 B. Burkle,153 X. Coubez,153,u

D. Cutts,153 Y. t. Duh,153 M. Hadley,153 U. Heintz,153 J. M. Hogan,153,dddd K. H.M. Kwok,153 E. Laird,153 G. Landsberg,153

K. T. Lau,153 J. Lee,153 M. Narain,153 S. Sagir,153,eeee R. Syarif,153 E. Usai,153 W. Y. Wong,153 D. Yu,153 W. Zhang,153

R. Band,154 C. Brainerd,154 R. Breedon,154 M. Calderon De La Barca Sanchez,154 M. Chertok,154 J. Conway,154

R. Conway,154 P. T. Cox,154 R. Erbacher,154 C. Flores,154 G. Funk,154 F. Jensen,154 W. Ko,154,a O. Kukral,154 R. Lander,154

M. Mulhearn,154 D. Pellett,154 J. Pilot,154 M. Shi,154 D. Taylor,154 K. Tos,154 M. Tripathi,154 Y. Yao,154 F. Zhang,154

M. Bachtis,155 R. Cousins,155 A. Dasgupta,155 D. Hamilton,155 J. Hauser,155 M. Ignatenko,155 T. Lam,155 N. Mccoll,155

W.A. Nash,155 S. Regnard,155 D. Saltzberg,155 C. Schnaible,155 B. Stone,155 V. Valuev,155 K. Burt,156 Y. Chen,156 R. Clare,156

J. W. Gary,156 G. Hanson,156 G. Karapostoli,156 O. R. Long,156 N. Manganelli,156 M. Olmedo Negrete,156 M. I. Paneva,156

W. Si,156 S. Wimpenny,156 Y. Zhang,156 J. G. Branson,157 P. Chang,157 S. Cittolin,157 S. Cooperstein,157 N. Deelen,157

J. Duarte,157 R. Gerosa,157 D. Gilbert,157 V. Krutelyov,157 J. Letts,157 M. Masciovecchio,157 S. May,157 S. Padhi,157

M. Pieri,157 V. Sharma,157 M. Tadel,157 F. Würthwein,157 A. Yagil,157 N. Amin,158 C. Campagnari,158 M. Citron,158

A. Dorsett,158V. Dutta,158 J. Incandela,158 B. Marsh,158H.Mei,158A. Ovcharova,158H. Qu,158M. Quinnan,158 J. Richman,158

U. Sarica,158 D. Stuart,158 S. Wang,158 A. Bornheim,159 O. Cerri,159 I. Dutta,159 J. M. Lawhorn,159 N. Lu,159 J. Mao,159

H. B. Newman,159 J. Ngadiuba,159 T. Q. Nguyen,159 J. Pata,159 M. Spiropulu,159 J. R. Vlimant,159 C. Wang,159 S. Xie,159

Z. Zhang,159 R. Y. Zhu,159 J. Alison,160 M. B. Andrews,160 T. Ferguson,160 T. Mudholkar,160 M. Paulini,160 M. Sun,160

I. Vorobiev,160 J. P. Cumalat,161 W. T. Ford,161 E. MacDonald,161 T. Mulholland,161 R. Patel,161 A. Perloff,161 K. Stenson,161

K. A. Ulmer,161 S. R. Wagner,161 J. Alexander,162 Y. Cheng,162 J. Chu,162 D. J. Cranshaw,162 A. Datta,162 A. Frankenthal,162

K. Mcdermott,162 J. Monroy,162 J. R. Patterson,162 D. Quach,162 A. Ryd,162 W. Sun,162 S. M. Tan,162 Z. Tao,162 J. Thom,162

P. Wittich,162 M. Zientek,162 M. Albrow,163 M. Alyari,163 G. Apollinari,163 A. Apresyan,163 A. Apyan,163 S. Banerjee,163

L. A. T. Bauerdick,163 A. Beretvas,163 D. Berry,163 J. Berryhill,163 P. C. Bhat,163 K. Burkett,163 J. N. Butler,163 A. Canepa,163

G. B. Cerati,163 H.W. K. Cheung,163 F. Chlebana,163 M. Cremonesi,163 V. D. Elvira,163 J. Freeman,163 Z. Gecse,163

E. Gottschalk,163 L. Gray,163 D. Green,163 S. Grünendahl,163 O. Gutsche,163 R.M. Harris,163 S. Hasegawa,163 R. Heller,163

T. C. Herwig,163 J. Hirschauer,163 B. Jayatilaka,163 S. Jindariani,163 M. Johnson,163 U. Joshi,163 P. Klabbers,163

T. Klijnsma,163 B. Klima,163 M. J. Kortelainen,163 S. Lammel,163 D. Lincoln,163 R. Lipton,163 M. Liu,163 T. Liu,163

J. Lykken,163 K. Maeshima,163 D. Mason,163 P. McBride,163 P. Merkel,163 S. Mrenna,163 S. Nahn,163 V. O’Dell,163

V. Papadimitriou,163 K. Pedro,163 C. Pena,163,aaa O. Prokofyev,163 F. Ravera,163 A. Reinsvold Hall,163 L. Ristori,163

B. Schneider,163 E. Sexton-Kennedy,163 N. Smith,163 A. Soha,163 W. J. Spalding,163 L. Spiegel,163 S. Stoynev,163 J. Strait,163

L. Taylor,163 S. Tkaczyk,163 N. V. Tran,163 L. Uplegger,163 E.W. Vaandering,163 H. A. Weber,163 A. Woodard,163

D. Acosta,164 P. Avery,164 D. Bourilkov,164 L. Cadamuro,164 V. Cherepanov,164 F. Errico,164 R. D. Field,164 D. Guerrero,164

B.M. Joshi,164 M. Kim,164 J. Konigsberg,164 A. Korytov,164 K. H. Lo,164 K. Matchev,164 N. Menendez,164

G.Mitselmakher,164D. Rosenzweig,164K. Shi,164 J. Sturdy,164 J. Wang,164 S. Wang,164X. Zuo,164 T. Adams,165A. Askew,165

D. Diaz,165 R. Habibullah,165 S. Hagopian,165 V. Hagopian,165 K. F. Johnson,165 R. Khurana,165 T. Kolberg,165

G. Martinez,165 H. Prosper,165 C. Schiber,165 R. Yohay,165 J. Zhang,165 M.M. Baarmand,166 S. Butalla,166 T. Elkafrawy,166,m

M. Hohlmann,166 D. Noonan,166 M. Rahmani,166 M. Saunders,166 F. Yumiceva,166 M. R. Adams,167 L. Apanasevich,167

SEARCH FOR BOTTOM-TYPE, VECTORLIKE QUARK PAIR … PHYS. REV. D 102, 112004 (2020)

112004-23



H. Becerril Gonzalez,167 R. Cavanaugh,167 X. Chen,167 S. Dittmer,167 O. Evdokimov,167 C. E. Gerber,167 D. A. Hangal,167

D. J. Hofman,167 C. Mills,167 G. Oh,167 T. Roy,167 M. B. Tonjes,167 N. Varelas,167 J. Viinikainen,167 X. Wang,167 Z. Wu,167

M. Alhusseini,168 K. Dilsiz,168,ffff S. Durgut,168 R. P. Gandrajula,168 M. Haytmyradov,168 V. Khristenko,168 O. K. Köseyan,168

J.-P. Merlo,168 A. Mestvirishvili,168,gggg A. Moeller,168 J. Nachtman,168 H. Ogul,168,hhhh Y. Onel,168 F. Ozok,168,iiii

A. Penzo,168 C. Snyder,168 E. Tiras,168 J. Wetzel,168 K. Yi,168,jjjj O. Amram,169 B. Blumenfeld,169 L. Corcodilos,169

M. Eminizer,169 A. V. Gritsan,169 S. Kyriacou,169 P. Maksimovic,169 C. Mantilla,169 J. Roskes,169 M. Swartz,169

T. Á. Vámi,169 C. Baldenegro Barrera,170 P. Baringer,170 A. Bean,170 A. Bylinkin,170 T. Isidori,170 S. Khalil,170 J. King,170

G. Krintiras,170 A. Kropivnitskaya,170 C. Lindsey,170 N. Minafra,170 M. Murray,170 C. Rogan,170 C. Royon,170 S. Sanders,170

E. Schmitz,170 J. D. Tapia Takaki,170 Q. Wang,170 J. Williams,170 G. Wilson,170 S. Duric,171 A. Ivanov,171 K. Kaadze,171

D. Kim,171 Y. Maravin,171 T. Mitchell,171 A. Modak,171 A. Mohammadi,171 F. Rebassoo,172 D. Wright,172 E. Adams,173

A. Baden,173 O. Baron,173 A. Belloni,173 S. C. Eno,173 Y. Feng,173 N. J. Hadley,173 S. Jabeen,173 G. Y. Jeng,173

R. G. Kellogg,173 T. Koeth,173 A. C. Mignerey,173 S. Nabili,173 M. Seidel,173 A. Skuja,173 S. C. Tonwar,173 L. Wang,173

K. Wong,173 D. Abercrombie,174 B. Allen,174 R. Bi,174 S. Brandt,174 W. Busza,174 I. A. Cali,174 Y. Chen,174 M. D’Alfonso,174

G. Gomez Ceballos,174 M. Goncharov,174 P. Harris,174 D. Hsu,174 M. Hu,174 M. Klute,174 D. Kovalskyi,174 J. Krupa,174

Y.-J. Lee,174 P. D. Luckey,174 B. Maier,174 A. C. Marini,174 C. Mcginn,174 C. Mironov,174 S. Narayanan,174 X. Niu,174

C. Paus,174 D. Rankin,174 C. Roland,174 G. Roland,174 Z. Shi,174 G. S. F. Stephans,174 K. Sumorok,174 K. Tatar,174

D. Velicanu,174 J. Wang,174 T.W. Wang,174 Z. Wang,174 B. Wyslouch,174 R.M. Chatterjee,175 A. Evans,175 P. Hansen,175

J. Hiltbrand,175 Sh. Jain,175M. Krohn,175Y. Kubota,175 Z. Lesko,175 J. Mans,175M. Revering,175 R. Rusack,175 R. Saradhy,175

N. Schroeder,175 N. Strobbe,175 M. A. Wadud,175 J. G. Acosta,176 S. Oliveros,176 K. Bloom,177 S. Chauhan,177 D. R. Claes,177

C. Fangmeier,177 L. Finco,177 F. Golf,177 J. R. González Fernández,177 I. Kravchenko,177 J. E. Siado,177 G. R. Snow,177,a

W. Tabb,177 F. Yan,177 G. Agarwal,178 H. Bandyopadhyay,178 C. Harrington,178 L. Hay,178 I. Iashvili,178 A. Kharchilava,178

C. McLean,178D. Nguyen,178 J. Pekkanen,178 S. Rappoccio,178 B. Roozbahani,178G. Alverson,179 E. Barberis,179 C. Freer,179

Y. Haddad,179 A. Hortiangtham,179 J. Li,179 G. Madigan,179 B. Marzocchi,179 D.M. Morse,179 V. Nguyen,179 T. Orimoto,179

A. Parker,179 L. Skinnari,179 A. Tishelman-Charny,179 T. Wamorkar,179 B. Wang,179 A. Wisecarver,179 D. Wood,179

S. Bhattacharya,180 J. Bueghly,180 Z. Chen,180 A. Gilbert,180 T. Gunter,180 K. A. Hahn,180 N. Odell,180 M. H. Schmitt,180

K. Sung,180 M. Velasco,180 R. Bucci,181 N. Dev,181 R. Goldouzian,181 M. Hildreth,181 K. Hurtado Anampa,181 C. Jessop,181

D. J. Karmgard,181 K. Lannon,181 N. Loukas,181 N. Marinelli,181 I. Mcalister,181 F. Meng,181 K. Mohrman,181

Y. Musienko,181,uu R. Ruchti,181 P. Siddireddy,181 S. Taroni,181 M. Wayne,181 A. Wightman,181 M. Wolf,181 L. Zygala,181

J. Alimena,182 B. Bylsma,182 B. Cardwell,182 L. S. Durkin,182 B. Francis,182 C. Hill,182 A. Lefeld,182 B. L. Winer,182

B. R. Yates,182 P. Das,183 G. Dezoort,183 P. Elmer,183 B. Greenberg,183 N. Haubrich,183 S. Higginbotham,183

A. Kalogeropoulos,183 G. Kopp,183 S. Kwan,183 D. Lange,183 M. T. Lucchini,183 J. Luo,183 D. Marlow,183 K. Mei,183
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Università del Piemonte Orientale, Novara, Italy

83a
INFN Sezione di Trieste, Trieste, Italy
83b
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