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A search is presented for the production of a single narrow-width vectorlike B0 quark that decays to a t
quark and a W boson. This search targets a single-lepton final state, where a muon or electron originates
either from the semileptonic decay of the t quark or from the leptonic decay of theW boson, with the other
particle decaying hadronically. The (semi)leptonic portion of the event is reconstructed from an electron or
muon, missing transverse momentum, and a small-radius jet identified as a b quark jet if the muon or
electron originates from the t quark. The hadronic portion of the event is reconstructed as a single large-
radius jet. The originating particle of the large-radius jet is identified using a neural-network-based tagger,
and the dominant background contributions are modeled from data using a neural autoregressive flow
network. The data were collected from 2016 to 2018 by the CMS experiment at the LHC in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, corresponding to an integrated luminosity of 138 fb−1. This search is the most
sensitive to date to the production of single narrow-width B0 quarks. It excludes electroweak-singlet B0

quarks with Γ=mB0 ¼ 5% for masses between 0.8 and 1.23 TeV. Limits are also placed on the production
cross section of single B0 quarks produced in association with t quarks, and on the coupling factor of the B0

quark to electroweak bosons.

DOI: 10.1103/ktbp-csd3

I. INTRODUCTION

Several models of physics beyond the standard model
(SM) propose the existence of additional heavy fermions.
Many of these extensions are motivated by the concern that
the SM requires delicate tuning of its parameters to agree
with the observed mass of the Higgs boson. To restore
“naturalness” to the SM, some models propose that the
Higgs boson is not a fundamental scalar at all energy scales
[1,2]. Such models often introduce “vectorlike” quarks
(VLQs) as new fermions whose left- and right-handed
components transform identically under the electroweak
(EW) symmetry groups, in contrast to the chiral nature of
SM quarks [3,4]. The VLQs could have masses up to
several TeV and would reduce the divergent effects of t
quark quantum corrections to the observed Higgs
boson mass.
Typically, the VLQs are proposed to mix predominantly

with third-generation SM quarks. A vectorlike bottom
quark (B0) might decay to an SM t or b quark and a W,

Z, or Higgs boson (tW, bZ, or bH), thereby producing
high-momentum signatures as a result of its large mass. An
example tree-level Feynman diagram for B0 quark produc-
tion in proton-proton (pp) collisions via an EW interaction
is shown in Fig. 1. The B0 quark is analogous to the SM b
quark and has an electric charge of −1=3e, and a corre-
sponding vectorlike T 0 quark is proposed with an electric
charge ofþ2=3e. The B0 quark may exist as an EW singlet,
as part of a (T 0, B0) doublet, or in a doublet or triplet with
more exotic VLQs. Each multiplet assignment implies
different branching fractions for the decays of T 0 or B0
quarks. The benchmark scenarios considered in this paper
are a singlet B0 quark, expected to decay to tW approx-
imately 50% of the time, and a B0 quark in a (T 0, B0) doublet
that mixes only with up-type quarks. The B0 quark in an up-
type doublet is expected to decay exclusively to tW [3,4]
and is produced only in association with a t quark.
This paper presents a search for the production of a

single B0 quark in association with a third-generation SM
quark, where the B0 decays into a t quark and a W boson.
The search targets single-lepton events in which either the t
quark decays semileptonically and the W boson decays
hadronically, or the t quark decays hadronically and the W
boson decays leptonically. Consequently, the final state
contains a single isolated electron or muon, missing
transverse momentum, and one hadronically decaying
heavy object reconstructed as a large-radius jet. When
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the lepton originates from the semileptonic decay of the t
quark, the event also contains a small-radius b-tagged jet
associated with the t quark decay. This search targets the
production of single B0 quarks with masses in the range
0.8–2.0 TeV and decay widths for which the narrow-width
approximation (NWA) is valid. Searches targeting narrow-
width VLQs probe the regime of small EW couplings and
therefore provide an important complement to finite-width
studies, which are primarily sensitive to larger EW cou-
plings. In the small-coupling regime, the interference
between the signal and the irreducible SM background
is negligible, allowing the signal to be modeled independ-
ently of the background [5]. Consequently, the experimen-
tal results can be interpreted with reduced dependence on
the underlying signal model.
The CMS Collaboration has conducted three searches for

the production of single B0 quarks at
ffiffiffi
s

p ¼ 13 TeV:
searches for B0 quarks decaying to tW [6] and bH [7]
using a data sample corresponding to an integrated lumi-
nosity of 35.9 fb−1, and a search for excited b quarks
decaying to tW using the full Run 2 data set that also
provided a B0 quark interpretation [8]. Searches have also
been conducted by the CMS Collaboration for the pair
production of B0 quarks via the strong interaction, exclud-
ing B0 quarks decaying to tW with masses below 1.55 TeV
[9]. The ATLAS Collaboration has searched for B0 quarks
decaying to tW at

ffiffiffi
s

p ¼ 8 TeV with an integrated lumi-
nosity of 20.3 fb−1 [10], and to bH at

ffiffiffi
s

p ¼ 13 TeV with
an integrated luminosity of 139 fb−1 [11]. Of the previous
searches in this channel, only Ref. [8] is sensitive to B0
quarks with a decay width of 5%. That search excludes B0
quarks with a relative width of 5% in the mass range
0.8–1.15 TeV (0.85–1.05 TeV) for production in associa-
tion with b (t) quarks. The search presented in this paper
extends these constraints, improving the upper limits on the
production cross section by a factor of 2–3 for b-associated
production across the entire mass spectrum, and by up to a
factor of 3 for t-associated production for mB0 > 1.0 TeV.

The remainder of this paper is organized as follows.
Section II introduces the CMS detector and the
reconstruction of physics objects. Section III describes
the data set and simulated events. The selection criteria and
B0 quark reconstruction are detailed in Secs. IV and V,
respectively. Section VI describes the modeling of SM
backgrounds using the “ABCDnn” technique, and system-
atic uncertainties are discussed in Sec. VII. Results are
presented in Sec. VIII, and the paper is summarized in
Sec. IX. Tabulated results are provided in the HEPData
record for this search [12].

II. THE CMS DETECTOR AND EVENT
RECONSTRUCTION

The CMS apparatus [13] is a multipurpose, nearly
hermetic detector designed to trigger on [14–16] and
identify electrons, muons, photons, and charged and neutral
hadrons [17–19]. Its central feature is a superconducting
solenoid of 6 m internal diameter, providing a magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudor-
apidity (η) coverage beyond that provided by the barrel and
endcap detectors. Muons are reconstructed using gas-
ionization detectors interleaved with the layers of the steel
flux-return yoke outside the solenoid. More detailed
descriptions of the CMS detector, along with a definition
of the coordinate system and relevant kinematic variables,
can be found in Refs. [13] and [20].
The primary pp interaction vertex (PV) 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. [21]. A particle-flow (PF) algorithm [22]
aims to reconstruct and identify each individual particle in
an event by combining information from the various
elements of the CMS detector. Photon energies are directly
measured in the ECAL. For electrons, the momentum at the
primary interaction vertex as measured by the tracker is
combined with the associated ECAL cluster energy and the
summed energies of bremsstrahlung photons consistent
with originating from the electron track. Muon momenta
are obtained from the curvature of their reconstructed
tracks. Charged hadrons are reconstructed using their
tracker-measured momenta together with matched ECAL
and HCAL energy deposits, with corrections applied to
account for the calorimeter response to hadronic showers.
Neutral hadrons are reconstructed from the corresponding
corrected ECAL and HCAL energy measurements.
For each event, hadronic jets are clustered from PF

candidates using the infrared- and collinear-safe anti-kT
algorithm [23,24] with a distance parameter of 0.4 (small-
radius jets) or 0.8 (large-radius jets). The jet momentum is
determined as the vector sum of the momenta of its

FIG. 1. Tree-level Feynman diagram showing the production of
a single B0 quark in association with an SM b quark or t quark,
decaying in the tW channel.
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constituent particles, and it is found in simulation to agree
with the true momentum to within 5%–10% across the full
pT spectrum and detector acceptance. Additional pp
interactions within the same or nearby bunch crossings
(pileup) can contribute extra tracks and calorimetric energy,
increasing the apparent jet momentum. To mitigate this
effect in small-radius jets, tracks identified as originating
from pileup vertices are removed, and an offset correction
is applied to account for the remaining contributions [25].
The pileup per particle identification algorithm (PUPPI)

[25,26] is used to mitigate the effect of pileup at the
reconstructed particle level, making use of local shape
information, event pileup properties, and tracking informa-
tion. A local shape variable is defined that 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 from the
surrounding charged particles compatible with the PV
within the tracker acceptance (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 PV, deduced from the local shape variable,
superseding the need for jet-based pileup corrections [25].
Jet energy corrections are derived from simulation to

ensure that the average reconstructed jet energy matches
that of particle-level jets. In situ measurements of momen-
tum balance in dijet, γ þ jet, Zþ jet, and multijet events are
used to determine residual differences between the jet
energy scale in data and simulation, and corresponding
corrections are applied [27]. Additional quality require-
ments are imposed to remove jets likely dominated by
instrumental effects or reconstruction failures [25]. The jet
energy resolution is typically 15%–20% at 30 GeV, 10% at
100 GeV, and 5% at 1 TeV [27].
Events of interest are selected using a two-tiered trigger

system. The first level (L1) trigger, composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around
100 kHz within a fixed latency of 4 μs [14]. 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 a few kHz before data stor-
age [15,16].

III. DATA AND SIMULATED SAMPLES

The data were collected during 2016–2018 in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV by the CMS experiment at
the LHC, corresponding to a total integrated luminosity of
138 fb−1 [28–31]. Simulated event samples are produced

separately for each data-taking year to reflect the corre-
sponding detector conditions.
Production of a single vectorlike B0 quark with a narrow

decay width is simulated at leading order (LO) using
MadGraph5_aMC@NLO [32] version 2.6.5, with the model
described in Refs. [33,34]. The simulated B0 quark masses
range from 0.8 to 2.0 TeV, with a step size of 0.1 TeV for
1.2–1.8 TeVand 0.2 TeVelsewhere. The decay width is set
to 5 GeV, which is always smaller than 1% of the mass. The
reconstructed B0 quark mass has a significantly larger width
than the generated width, so the reconstruction is not
sensitive to small variations in the generated width as long
as the width is narrow. The results can be compared with
theory predictions for VLQs with relative decay widths of
1% and 5%, but the interpretation is limited to widths
smaller than 10%. The simulation includes production of a
t quark and aW boson in association with a b (t) quark and
a light-flavor quark, denoted as bqB0 (tqB0). The decays of
the t quark and W boson are modeled using MADSPIN [35].
The production cross sections of a single VLQ are

computed to LO, as described in Refs. [5,9]. The produc-
tion cross section depends on the VLQ mass, width, and
couplings. In the NWA, the cross section can be factorized
into a reduced cross section σ̂NWA that depends only on the
B0 mass, and couplings of the VLQ with SM quarks and
bosons [5,9]. The b-associated (t-associated) production of
B0 quarks is assumed to proceed primarily through a
coupling to Z (W) bosons. For a B0 quark decaying to
tW, the production cross sections for the bqtW and tqtW
signatures via a B0 quark, where q denotes a light-flavor
quark, are given by

σðbqtWÞ ¼
�

e
2cWsW

�
2

κ2σ̂NWAB; ð1Þ

σðtqtWÞ ¼
�

effiffiffi
2

p
sW

�
2

κ2σ̂NWAB; ð2Þ

where e is the fundamental electric charge, cW (sW) is the
cosine (sine) of the weak mixing angle, κ is a “coupling
factor” that approximates the sine of the mixing angle
between the VLQ and SM quark, and B denotes the
branching fraction for B0 → tW [5,9]. The reduced cross
section σ̂NWA depends only on the B0 mass, while the
coupling factor κ depends on the VLQ mass, width, and
EW multiplet assignment. For the benchmark models
considered in this search, the singlet scenario assumes
κ ¼ κW ¼ κZ ¼ κH, whereas the ðT 0; B0Þ doublet scenario
assumes κ ¼ κW . The branching fraction B is fixed to 0.5
for the singlet benchmark and to unity for the (T 0,B0)
doublet benchmark [9]. The values of κ and σ̂NWA used in
the singlet and doublet benchmarks for b-associated and
t-associated production are summarized in Table I.
The MadGraph5_aMC@NLO generator is used at LO to

simulate Drell-Yan and W boson production, as well as
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QCD multijet events. For Drell-Yan and W boson produc-
tion, the MLM matching scheme [36] is used to remove
double counting of partons between the matrix element
calculations and the parton shower. The MadGraph5_

aMC@NLO generator is also used at next-to-leading order
(NLO) in perturbative quantum chromodynamics (QCD) to
simulate tt̄W and tt̄Z production, as well as s-channel
single t quark production. For tt̄W production, the FxFx
matching scheme [37] is used to avoid double counting of
jets. The POWHEGv2 generator is used to simulate tt̄ [38],
tt̄H, and additional single t quark production processes
[39,40] at NLO. Production of single t quarks via the
t-channel is interfaced with MADSPIN. The PYTHIA8.240

generator [41] is used to simulate WW, WZ, and ZZ
production at LO. In figures and tables, minor background
processes are grouped into “DYþ VV” (containing Drell-
Yan and diboson processes) and “tt̄þ X” (containing tt̄W,
tt̄Z, and tt̄H processes).
The NNPDF3.1 [42] parton distribution functions

(PDFs) at next-to-NLO in perturbative QCD are used to
generate all background and signal samples. Parton show-
ering, fragmentation, and hadronization are performed
using PYTHIA with the CP5 underlying event tune [43].
The response of the CMS detector to particles is simulated
using the Geant4 toolkit [44]. Simulated pileup interactions
are included in the simulated samples. Simulated events are
weighted so that the distribution in the number of inter-
actions per bunch crossing matches that observed in data,

corresponding to an average of 23 simultaneous collisions
in 2016 and 32 in 2017–2018.

IV. EVENT SELECTION

Events consistent with the decay B0 → tW are selected in
a final state containing a single electron or muon, missing
transverse momentum, and a hadronically decaying heavy
object reconstructed as a large-radius jet. The charged
lepton and missing transverse momentum originate either
from the semileptonic decay of the t quark or from the
leptonic decay of the W boson produced directly in the B0
decay. In the former case, the event also contains a small-
radius jet originating from the accompanying b quark from
the t quark decay. Signal events must pass one of the HLT
triggers for electrons, photons, or muons. The electron
triggers require either a nonisolated electron with transverse
momentum pT > 115 GeV, or an electron with pT >
50 GeV in association with a small-radius jet with
pT > 165 GeV. During an early segment of the 2017
data-taking period, the primary electron trigger required a
high-quality isolated electron with pT > 35 GeV. To main-
tain good efficiency for high-pT electrons, events passing a
photon trigger with an energy threshold of 175 GeV in 2016
or 200 GeV in 2017–2018 are also accepted. The muon
trigger requires a muon with pT > 50 GeV, and is supple-
mented during most data-taking periods by a trigger
selecting muons with pT > 100 GeV based solely on
tracker information.
Leptons are selected based on their position in the

detector, reconstruction quality, and isolation from nearby
energy deposits. The decay products from signal events are
highly boosted because of the large mass of the B0 quark, so
the leptons are required to pass a tight isolation requirement
on the variable Imini [45], which is defined as the scalar pT
sum of charged hadron, neutral hadron, and photon PF
candidates within a cone in η-ϕ space around the lepton,
divided by the lepton pT . The cone radius decreases from
0.2 for leptons with pT ≤ 50 GeV to 0.05 for
pT > 200 GeV. Selected leptons must satisfy Imini < 0.1.
The isolation variable is corrected for pileup using an
effective area method [46].
Electron candidates must satisfy jηj < 2.5, with the

transition region between the barrel and end cap calorim-
eters (1.442 < jηj < 1.566) excluded. A fraction of the
hadronic end cap calorimeter was not functional during a
portion of the 2018 data-taking period. Thus, electrons,
small-radius jets, and large-radius jets in the inoperable
detector region corresponding to −2.5 < η < −1.479 and
−1.55 < ϕ < −0.9 are excluded for the affected portion of
the 2018 data and corresponding simulated samples. For
electrons in the barrel (end cap) region, the longitudinal
impact parameter relative to the PV must be less than 0.1
(0.2) cm, and the transverse impact parameter must be less
than 0.05 (0.1) cm. Electron candidates must also satisfy
the “tight” identification criteria described in Ref. [17],

TABLE I. Values of reduced cross section σ̂NWA and coupling
factor κ used to compute the cross sections for the production of a
B0 quark that is either a singlet or a member of a (T 0, B0) doublet,
based on the calculations described in Refs. [5,9]. The value of
σ̂NWA depends on the B0 quark mass and production mode. The
value of κ depends on the B0 quark mass, width, and multiplet
structure. All numerical values are rounded to two significant
figures, and uncertainties due to renormalization and factorization
scales are provided for σ̂NWA.

Mass (TeV)
σ̂NWA (pb) κsinglet κdoublet

bqB0 tqB0 1% 5% 10% 1% 10%

0.8 33þ10
−7 13þ4

−3 0.16 0.36 0.51 0.23 0.74
0.9 23þ7

−5 9.8þ2.9
−2.0 0.14 0.32 0.45 0.21 0.65

1.0 16þ5
−4 7.3þ2.2

−1.6 0.13 0.28 0.40 0.18 0.58
1.1 12þ4

−3 5.5þ1.7
−1.2 0.11 0.26 0.36 0.16 0.52

1.2 8.7þ2.9
−2.0 4.2þ1.3

−0.9 0.10 0.23 0.33 0.15 0.47
1.3 6.5þ2.2

−1.5 3.2þ1.0
−0.7 0.096 0.22 0.30 0.14 0.44

1.4 4.9þ1.7
−1.1 2.5þ0.8

−0.6 0.089 0.20 0.28 0.13 0.40
1.5 3.7þ1.3

−0.9 1.9þ0.6
−0.4 0.083 0.19 0.26 0.12 0.38

1.6 2.7þ1.0
−0.7 1.5þ0.5

−0.4 0.078 0.17 0.25 0.11 0.35
1.7 2.0þ0.7

−0.5 1.2þ0.4
−0.3 0.073 0.16 0.23 0.10 0.33

1.8 1.5þ0.6
−0.4 0.94þ0.33

−0.22 0.069 0.15 0.22 0.098 0.31
1.9 1.1þ0.4

−0.3 0.74þ0.26
−0.18 0.065 0.15 0.21 0.093 0.29

2.0 0.85þ0.33
−0.22 0.59þ0.21

−0.14 0.062 0.14 0.20 0.088 0.28
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except that the standard isolation requirement there is
replaced by the one from the previous paragraph, because
the standard requirement is too restrictive.
Muons are required to lie within the central region of the

detector with jηj < 2.4, and to have a longitudinal (trans-
verse) impact parameter less than 0.5 (0.2) cm with respect
to the PV. Muon candidates must satisfy the “medium”
identification requirement. The overall efficiency is calcu-
lated to be 99.5% from simulated W and Z events [18].
Signal events must contain exactly one lepton with

pT > 55 GeV that meets these criteria. Events are rejected
if they contain any additional leptons satisfying the
selection criteria with 25 < pT < 55 GeV.
The four-momentum of selected leptons is subtracted

from overlapping small-radius jets. Jet energy scale and
resolution corrections are then applied. Selected small-
radius jets must have pT > 30 GeV, and must be separated
from the selected lepton by ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
> 0.4

or have a relative pT greater than 20 GeV with respect to
the lepton. Small-radius jets must also satisfy a jet
identification quality requirement which has an efficiency
greater than 98%–99% [27]. Jets with pT < 50 GeV are
more likely to originate from pileup interactions, so they
must additionally satisfy a pileup-rejection criterion with
efficiencies of 99% for jηj < 2.5 and 95% for jηj > 2.5
[25]. Small-radius jets are labeled as “forward” if they have
jηj > 2.5. Jets originating from b hadrons are identified
using the DEEPJET algorithm with a working point that
provides 98% efficiency for true b jets and a 10%
misidentification rate for light-flavor quark and gluon jets
[47,48].
Because of the large mass of the B0 quark, the t quark and

W boson from its decay often have large Lorentz boosts,
such that their decay products are collimated. In such cases,
the hadronic decay products of the t quark or W boson can
be reconstructed as a large-radius jet. Selected large-radius
jets must have pT > 200 GeV and jηj < 2.5, and must
satisfy the same jet identification requirements applied to
small-radius jets. As B0 quark decays are expected to yield a
high-pT jet well separated from the lepton in η-ϕ space, the
selected jet is required to satisfy ΔR > π=2 with respect to
the lepton. Tagging of these jets as t quark or W boson
candidates is performed using the PARTICLENET algorithm
[49], with working points corresponding to a misidentifi-
cation rate of 1% (5%) for classifying light-flavor quark jets
as t quark (W boson) jets [49]. In simulated B0 quark events,
the efficiency for correctly identifying t (W) jets is 85%–
90% (70%–90%) for jets with pT > 500 ð200Þ GeV. A
given jet may satisfy both the t andW tagging criteria. The
choice of whether to treat a jet as a t orW candidate follows
the procedure described in Sec. V.
The missing transverse momentum vector, p⃗miss

T , is
computed as the negative vector sum of the transverse
momenta of all PF candidates in the event [50]. Its
magnitude is denoted as pmiss

T . Corrections to the

reconstructed jet energy scale are propagated to p⃗miss
T .

The transverse momentum of the selected lepton (denoted
pl
T), p

miss
T , and the difference in azimuthal angle between

the lepton and p⃗miss
T (denoted Δϕ) are used to construct

the transverse mass of the W boson: mT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

Tp
miss
T ð1 − cosΔϕÞ

p
.

Signal events are required to contain at least one selected
large-radius jet, pmiss

T > 60 GeV, and mT < 200 GeV. The
scalar sum of the pT of all selected small-radius jets must
exceed 250 GeV. To ensure consistency with the electron
trigger, events in the electron channel must contain a small-
radius jet with pT > 185 GeV for events with an electron
of pT < 120 GeV.

V. THE VLQ RECONSTRUCTION AND EVENT
CATEGORIZATION

The B0 quark is assumed to decay to tW, with the
charged lepton originating from either W → lν decay or
t → bW → blν decay. A W boson candidate is therefore
reconstructed in all events from the charged lepton and
p⃗miss
T , applying a W mass constraint. The z component of

the neutrino momentum is taken as the real part of the
solution that yields a W boson mass closest to the nominal
value of 80.4 GeV. If a b-tagged small-radius jet is found
withinΔR < π=2 of the lepton, the event is categorized as a
semileptonic t quark event and the t candidate is recon-
structed from the W boson and the b-tagged jet. If no such
b-tagged jet is found, the event is categorized as a leptonic
W boson event. The other decay product of the B0 quark,
which does not produce a lepton, is assumed to correspond
to the selected large-radius jet with the highest pT . Based
on the PARTICLENET identification of this large-radius jet,
events are assigned to one of four reconstruction categories:

(i) Case 1: leptonic W boson and a t-tagged large-
radius jet,

(ii) Case 2: semileptonic t candidate and a W-tagged
large-radius jet,

(iii) Case 3: semileptonic t candidate and a large-radius
jet that is not W tagged,

(iv) Case 4: leptonic W boson and a large-radius jet that
is not t tagged.

Cases 1 and 2 provide the highest sensitivity to a B0 quark
signal, while cases 3 and 4 are dominated by background.
Figure 2 shows the distribution of the reconstructed mass
(mtW) of the B0 quark candidate, the scalar pT sum (ST) of
all selected small-radius jets, the selected lepton, and pmiss

T ,
and the event yields in each case. The resolution of themtW
distribution for signal events is approximately 10% of the
generated B0 quark mass.
In B0 production in association with b (t) and light

quarks, signal events tend to have more b-tagged jets than
the W þ jets background and more forward jets than SM
backgrounds in general. As shown in Fig. 3, B0 quark signal
events tend to contain fewer b-tagged jets than the tt̄
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background and a larger number of forward jets than any
background process. Events are categorized into five
control regions (CRs) and one signal region (SR) based
on the numbers of b-tagged and forward small-radius jets,
as illustrated in Fig. 4 (left). The two observables that
define the regions are called “control variables.” The signal
is concentrated in regionD, whereas the CRs, labeled A, B,
C, X, and Y, are dominated by background and are used to
estimate the background distribution in region D, as
described in Sec. VI.
This categorization is optimized for b-associated pro-

duction. For t-associated production, region D remains the

most signal-enriched region, but signal events are more
likely to fall into region C than for b-associated production.
This occurs when the b quark from the associated t quark
lies in the central detector region. Additional central leptons
or b-tagged jets from the associated t quark also reduce the
accuracy of the signal reconstruction, broadening the mtW
distribution in tqB0 signals.
A low signal purity portion of the SR is used to construct

validation regions (VRs) to assess the modeling of back-
ground processes. For cases 1 and 2, the VR is defined as
events in region D with ST < 850 GeV. For cases 3 and 4,
the VR corresponds to the full region D because of the
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FIG. 2. Distributions of the reconstructed mass of the B0 quark candidate,mtW (upper left), the scalar pT sum (ST) of all selected small-
radius jets, the selected lepton, and pmiss

T (upper right), and the reconstruction case (lower) for all selected events. The observed data are
shown as black markers. Predicted bqB0 quark signals with masses of 1.0 and 1.4 TeVare shown as solid and dashed lines, respectively,
normalized to a cross section of 1 pb for visualization. Simulated background estimates are displayed as filled histograms. The lower
panels show the ratio of the data to the background prediction. Statistical and systematic uncertainties in the background estimate are
indicated by hatched bands.
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lower signal purity in these categories. Figure 4 (right)
illustrates the definition of the VRs. The final fit to data will
include all events in region D.

VI. BACKGROUND ESTIMATION

Relevant SM background processes include tt̄,W þ jets,
QCD multijet, single t quark, Drell-Yan, diboson, tt̄V, and
tt̄H production. Processes in the DYþ VV and tt̄X groups,
defined in Sec. III, comprise less than 4% of the total
background in each reconstruction case. Therefore, they are

minor background sources and are modeled using simu-
lation. The remaining processes constitute the major back-
ground and are predicted using a combination of data-
driven shape and yield estimation methods.
The shape of the mtW distribution for the major back-

ground processes is modeled using a method called
“ABCDnn” [51], based on a neural network. This method
was first used in a previous CMS search [52]. The ABCDnn
network uses information from the five CRs, defined by
two control variables, to learn transformations on one or
more observables of interest and, as a result, maps their
input distributions in simulation to the corresponding
distributions in data. The variables, whose distributions
are modified by the transformations, are referred to as
transform variables.
This technique is an extension of the traditional “ABCD”

method, in which two control variables are used to define
four regions of interest, one of which is the SR. In the
traditional method, a transfer factor is calculated from the
ratio of the data yields in two neighboring CRs and applied
to scale the data distribution in the remaining CR into a
background prediction for the SR. This method requires the
two control variables to be independent for the background
processes. As shown in Ref. [53], predictions from the
ABCD method can be improved, and the requirements on
the independence of the observables weakened, by extend-
ing the method to use a larger number of regions.
This method is effective for estimating the overall

background yield in the SR. However, a bin-by-bin
extension may not accurately predict the distribution of
an observable when residual correlations between the
control variables vary as a function of that observable.
Rather than transforming CR data into an SR background
prediction using an analytic formula, the ABCDnn neural
network employs neural autoregressive flows to learn a
transformation that depends on the region defined by the
control variables. This transformation is applied to the
simulated values of a transform variable to reproduce a
distribution that matches with the data in the CRs, and to
extrapolate the distribution of the transform variable into
the SR. Potential inadequacies in the extrapolation are
covered by the systematic uncertainties described in
Sec. VII.
For this search, the transform variables are mtW and ST.

The mtW variable is used as the primary discriminant for
signal extraction, because it is highly sensitive to the
presence of signal. Including ST in the transformation
allows the transformed ST values to be used to define
the VRs described in Sec. V. For both transform variables
(expressed in units of GeV), the natural logarithm is taken
to compress the dynamic range of the input distributions.
The transformation principle is expressed as

pdataðx⃗0jc⃗Þ ¼ T ðx⃗0; x⃗jc⃗Þ � psimðx⃗jc⃗Þ; ð3Þ
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FIG. 3. Distributions of b-tagged jet multiplicity (upper) and
forward jet multiplicity (lower) for all selected events. The
observed data are shown as black markers. Predicted bqB0 quark
signals with masses of 1.0 and 1.4 TeV are shown as solid and
dashed lines, respectively, normalized to a cross section of 1 pb
for visualization. Simulated background estimates are displayed
as filled histograms. The lower panels show the ratio of the data to
the background prediction. Statistical and systematic uncertain-
ties in the background estimate are indicated by hatched bands.
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where pdata and psim denote the distributions of the
observable in data and simulation, respectively; x⃗ and x⃗0
are vectors of (mtW , ST) with the values coming from the
original and transformed variable values, respectively; and
c⃗ is a vector of length 6 that identifies the region [51]. The
first through sixth elements of c⃗ correspond to regions A
through Y, with the element corresponding to an event’s
region being set to 1, and all the other elements being set to
0. The � symbol denotes the convolution operation. During
the training, the network learns the transformation function
T ðx⃗0; x⃗jc⃗Þ with c⃗ taking values corresponding to one of
the CRs.
The learned transformation T ðx⃗0; x⃗jc⃗Þ is then applied to

the simulated major backgrounds in the SR with c⃗ taking
the value of (0, 0, 0, 1, 0, 0), which denotes region D. This
application produces transformed values of mtW and ST in
each simulated event, which are accumulated into a trans-
formed background distribution. The validity of this
extrapolation is confirmed by comparing the prediction
and data in the VR and is found to show bin-by-bin
agreement within 20%.
The transformation is learned using neural autoregres-

sive flows, which combine an autoregressive conditioner
network with a transformer neural network [54]. The
conditioner network encodes information about the trans-
form variables and the region indices corresponding to the
CRs and SR. The transformer is implemented as a deep
sigmoidal flow [54] that acts on the values of lnðmtW=GeVÞ
and lnðST=GeVÞ. Two ABCDnn models are trained sep-
arately on pairs of reconstruction cases that share the same
leptonic decay channel: one for events with leptonic W
bosons (cases 1 and 4, referred to as the “lepW” model),
and one for events with semileptonic t quarks (cases 2 and
3, referred to as the “lepT” model). With this approach, the
signal contamination across all CRs in the two training
samples is no larger than 0.3%, assuming the predicted
bqB0 production cross sections at a relative decay width
of Γ=mB0 ¼ 5%.
During each training epoch, one CR is selected at

random, and the network is updated using samples of data
and simulated distributions from that region.

For both the lepW and lepT models, the conditioner
network uses the rectified linear unit activation function
[55], and the transformer network uses a softplus activation
function [56]. The numbers of hidden layers and nodes per
layer in each network are optimized using a random search
procedure. The loss function for training the transformer is
based on the maximum mean discrepancy (MMD) [57],
defined as

MMD¼ 1

mðm− 1Þ
X
i

X
j≠i

kðxi;xjÞ−
2

m2

X
i

X
j

kðxi; yjÞ

þ 1

mðm− 1Þ
X
i

X
j≠i

kðyi; yjÞ; ð4Þ

where m is the number of data points, xi is a vector that
denotes observed (mtW , ST) in data, yi denotes the
corresponding vector predicted by ABCDnn, and
kðxi;xjÞ is the radial basis function (RBF) kernel. The
RBF kernel is defined as:

kðxi;xjÞ ¼ e−kxi−xjk2=2s2 ; ð5Þ

where kxi − xjk is the distance between xi and xj, defined
as xi

⊺xi − 2xi
⊺xj þ xj

⊺xj, and the scaling constant s
controls the tolerance for differences between the two
distributions. When the data distribution and the
ABCDnn-generated distribution are identical, the MMD
evaluates to zero. Larger values of s have a higher tolerance
for differences between the two distributions and capture
global distribution shifts, while smaller values capture fine-
grained differences. Taking the average of the MMD
calculations with different s values allows the loss function
to capture differences across multiple scales and improves
the robustness of the network. In this search, the loss
function is defined as the average of three MMD calcu-
lations, each using a different s value. The number of s
values and their optimal values are determined using a
random search.

FIG. 4. Diagrams illustrating the definitions and labels of the CRs and SR (left), and the subsets of the SR used for validation (right).
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Model parameters are optimized by evaluating discrep-
ancies between the data and the predictedmtW distributions
in the CRs. Comparisons are performed using the full
CR sample, as well as subsets of SR events with
ST < 850 GeV. The architectures and the RBF kernel sizes
of the lepW and lepT models are summarized in Table II.
Figures 5 and 6 show the training performance of the lepW
and lepT ABCDnn models, respectively, for mtW. These
figures show that the network is able to transform the
unweighted distribution of the simulated major background
events (labeled “MC”) to model the data in each region.
Agreement between the data and the predictions, as
functions of mtW in the CRs, is within 20% and differences
are treated as systematic uncertainties, as described in
Sec. VII. The training performance for the ST transform
variable is evaluated in two bins, ST < 850 GeV and
ST > 850 GeV, to validate the VR defined using this
threshold. For ST, the discrepancies between data and
prediction in the five CRs are approximately 5% in regions
far from the SR (e.g., region X), and approximately 1% in
regions close to the SR (e.g., region B).
For each of the cases 1–4, the normalization of the

ABCDnn prediction in the SR is defined as

Nbkg
SR ¼ Ndata−minor

B
Nsim

SR

Nsim
B

; ð6Þ

where Ndata−minor
B is the number of events in region B

observed in data after subtraction of the minor background
contributions estimated from simulation, and Nsim

B is the
number of events in region B in the major background
simulation. Region B is used for this normalization
because it is adjacent to the SR and is well populated.
The normalization factor is determined separately for each
reconstruction case. For VRs defined with ST < 850 GeV,
the same ST requirement is applied to data and simulation
in region B when applying Eq. (6).
Figure 7 shows the mtW distributions in the VR for each

reconstruction case. The background estimate includes
simulated minor background processes and the ABCDnn

prediction for the major background processes. The
PARTICLENET tag information from the major background
simulation is used to separate the ABCDnn prediction into
the four reconstruction cases, as described in Sec. V.
Overall, the agreement between the data and the back-
ground prediction demonstrates that the ABCDnn method
successfully models the major backgrounds, although
residual corrections are required. These corrections are
derived empirically and applied to improve the prediction.
The bin-by-bin discrepancies between observed data and

prediction in the VRs are evaluated in the two-dimensional
(2D) distribution of mtW and ST to derive a closure
correction, where both variables are taken from the
ABCDnn prediction. Minor backgrounds modeled from
simulation are subtracted from the data before these
discrepancies are computed. The ST axis is divided into
variable-width bins to ensure that all bins contain nonzero
ABCDnn predictions and that a bin boundary is placed
at 850 GeV. For cases 1 and 2, bins in the parameter
space exclusive to the SR with ST > 850 GeV and
mtW > 700 GeV, where the signal contribution is non-
negligible, are assigned values based on the discrepancies
observed in the corresponding bins of CR B. The ABCDnn
prediction is corrected by applying the measured discrep-
ancy to each bin. The corrected 2D distributions are then
projected into one-dimensional (1D) distributions of mtW ,
and smoothed using the LOWESS technique [58,59]. This
smoothing is applied in all regions where the correction is
derived from the VR rather than from CR B, to reduce the
dependence of the prediction on statistical fluctuations in
the data. After this correction, agreement between data and
prediction in the four SR distributions of mtW is consistent
with unity within uncertainties. The uncertainty associated
with the closure correction procedure is described in
Sec. VII. The ABCDnn method provides comparable or
better agreement between the distributions of data and
prediction, while greatly simplifying the estimation of the
uncertainty associated with the dominant backgrounds by
considering only five (four) sources for cases 1 and 2 (cases
3 and 4), as summarized in Sec. VII.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties affect both the normalization
and the shape of the predicted background and signal
distributions, and are summarized in Table III. The impact
of shape-based uncertainties in processes modeled with
simulation is evaluated by varying the corresponding inputs
within their uncertainties. Systematic uncertainties are
correlated across the data-taking periods and lepton flavors
unless specified otherwise.

(i) The uncertainty in the integrated luminosity for the
combined 2016–2018 data-taking period is
0.73% [31].

TABLE II. The ABCDnn architectures and RBF kernel sizes
for the lepW and lepT models. The lepW model is trained on
events in reconstruction cases 1 and 4, and the lepT model is
trained on events in reconstruction cases 2 and 3.

Parameter lepW Model lepT Model

Hidden layers (conditioner net) 14 11
Nodes per layer (conditioner net) 5 10
Hidden layers (transformer net) 4 6
Nodes per layer (transformer net) 13 8
RBF kernel s1 0.02 0.43
RBF kernel s2 0.39 0.60
RBF kernel s3 0.68 0.70
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(ii) The uncertainty in the pileup weighting for simu-
lation is evaluated by varying the total inelastic cross
section σinel ¼ 69.2 mb by �4.6% [60].

(iii) Single electron and single muon trigger efficiency
corrections are applied to simulation to account for
differences between data and simulation. The cor-
responding uncertainties are applied independently

for each lepton flavor and data-taking period as
functions of pT and η.

(iv) An L1 trigger timing correction is applied in the
2016 and 2017 data-taking periods to account for a
gradual shift in the ECAL L1 trigger timing in the
region jηj > 2.0. The uncertainty in this correction is
applied as a function of pT and η.

FIG. 5. Distributions of mtW in the SR and CRs for the lepWABCDnn model, normalized to unity. Observed data are shown as black
markers with statistical uncertainties. Major background distributions from simulation are shown as orange solid lines with statistical
uncertainties and are labeled “MC.” The ABCDnn predictions are shown as blue filled histograms. The lower panels show the ratio of
the data to the ABCDnn prediction. Statistical and training uncertainties in the ABCDnn predictions are indicated by hatched bands,
though they are too small to be visible in the upper panels.
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(v) Lepton scale factors are applied to correct for
differences in the reconstruction, identification,
and isolation efficiencies between data and simu-
lation. The associated uncertainties are applied
independently for each lepton flavor and correction
component as functions of pT and η.

(vi) Jet energy scale and resolution uncertainties affect
the momenta of both small- and large-radius jets.

These variations are propagated to pmiss
T and all jet-

dependent observables. The resulting varied histo-
grams are smoothed using the LOWESS algorithm.
The uncertainties are treated independently for each
data-taking period.

(vii) The uncertainty in the pileup jet identification scale
factor is applied as a function of pT and η.

FIG. 6. Distributions of mtW in the SR and CRs for the lepTABCDnn model, normalized to unity. Observed data are shown as black
markers with statistical uncertainties. Major background distributions from simulation are shown as orange solid lines with statistical
uncertainties and are labeled “MC.” The ABCDnn predictions are shown as blue filled histograms. The lower panels show the ratio of
the data to the ABCDnn prediction. Statistical and training uncertainties in the ABCDnn predictions are indicated by hatched bands,
though they are too small to be visible in the upper panels. These figures show that the network is able to transform the unweighted
distribution of the simulated major background events (labeled “MC”) to model the data in each region.
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(viii) The DEEPJET b-tagging corrections are applied to
simulation to match the tagging efficiencies ob-
served in data. The uncertainties are separated into
four components: b/c jet tagging is treated separately
from light-quark/gluon misidentification [48]; and
for each of these there is one component correlated
across data-taking periods and one that is uncor-
related.

(ix) Scale uncertainties are used to account for missing
higher-order corrections. The renormalization and
factorization scales (μR and μF) are varied independ-
ently up and down by factors of two for each
simulated process group defined in Sec. III. The
resulting variations are evaluated on a bin-by-bin

basis in mtW . For the signal, the variations are
normalized to preserve the total yield, such that
the uncertainty affects only the shape.

(x) The PDF uncertainties are correlated across all
samples. The NNPDF 3.1 Hessian uncertainties
are evaluated bin-by-bin in mtW using 100 eigen-
vector variations and combined in quadrature. For
the signal, the normalization effect is removed,
such that only shape variations are considered.

(xi) The PARTICLENET scale factors are applied to correct
the efficiencies for tagging large-radius jets origi-
nating from generator-level t quarks or W bosons.
The uncertainties are applied as functions of the jet
pT . The t tagging efficiency affects only events in
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FIG. 7. Distributions of mtW for VR events in case 1 (upper left) through case 4 (lower right). Observed data are shown as black
markers. Predicted bqB0 quark signals with masses of 1.0 and 1.4 TeVare shown as solid and dashed lines, respectively, normalized to
the predicted cross section for singlet bqB0 production with Γ=mB0 ¼ 5%. Background estimates are displayed as filled histograms, with
the ABCDnn prediction shown prior to application of the closure correction. The lower panels show the ratio of the data to the
background prediction. Statistical and systematic uncertainties in the background estimate are indicated by hatched bands.
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case 1, and the W tagging efficiency affects only
events in case 2. These uncertainties apply to both
simulation and ABCDnn predictions.

(xii) The ABCDnn training accuracy uncertainty accounts
for differences between data (after subtraction of
minor background predictions) and the ABCDnn
prediction in the CRs. It is derived from the average
percentage difference between data and the ABCDnn
prediction in the CRs A, B, and C, evaluated in each
bin of mtW . Two alternate templates are formed by
varying the prediction up and down by this amount.
This uncertainty is evaluated separately for each
reconstruction case as a function of mtW and ST.
In Table III, this uncertainty is defined as the relative
difference ðCRpred − CRdataÞ=CRpred, expressed in
percent.

(xiii) The VR closure uncertainty accounts for differences
arising from the propagation of the ABCDnn transfer
function, determined during training in the CRs, to
the SR. It is evaluated by forming alternate templates
in which the closure correction is either removed or
doubled in each bin of mtW and ST. In Table III, this
uncertainty is denoted as corr: × 0; corr: × 2.

(xiv) The ABCDnn smoothing uncertainty is evaluated by
comparing the corrected 1D mtW distributions to

those obtained from smoothing the 2D ðmtW; STÞ
distributions with a kernel method and projecting
onto mtW . Alternate templates are formed by varying
the background prediction by this difference. In
Table III, this uncertainty is denoted as Δð2D − 1DÞ.

(xv) The ABCDnn normalization uncertainty accounts for
the limited event counts used to compute the nor-
malization factor in Eq. (6), as well as the differences
between the predicted and observed event yields in
the VRs. It is applied as an independent normaliza-
tion uncertainty in each reconstruction case.

The uncertainties that have the largest impact on signal
sensitivity are those associated with the PARTICLENET

tagging scale factors. The ABCDnn background prediction
uncertainty in cases 1 and 2 also contributes significantly to
the overall uncertainty.

VIII. RESULTS

The strength of the B0 quark signal hypothesis is tested
using a binned maximum likelihood fit to the mtW
distribution in region D, with one distribution per
reconstruction case. Cases 3 and 4 are fitted simultaneously
with cases 1 and 2 to constrain nuisance parameters related
to simulated processes. The histograms are binned in
10 GeV intervals, and bins at high mtW values are merged

TABLE III. A summary of the systematic uncertainties impacting the search. Unless otherwise specified, all
uncertainties are implemented as rate and shape variations using alternate template histograms. The numerical
values represent the prefit rate impact and are given as ranges across the four reconstruction cases for either the
1.4 TeV signal or the ABCDnn background prediction, unless otherwise specified. The functional form in the third
column indicates the quantities on which the uncertainty magnitude depends, where s.d. denotes one standard
deviation. The final column indicates the affected predictions: simulated samples (including signal), “minor” refers
to simulated minor background processes, and “ABCDnn” refers to the major background predicted using the
ABCDnn method.

Uncertainty Value Formula Affected samples

Integrated luminosity 0.73% rate only Simulation
Pileup <1% σinel � 4.6% Simulation
e trigger <1% �s:d: (pT , η) Simulation
μ trigger <1% �s:d: (pT , η) Simulation
L1 trigger timing 1% �s:d: (pT , η) Simulation
Lepton scale factors <1% �s:d: (pT , η) Simulation
Jet energy scale ≤2% �s:d: (pT , η) Simulation
Jet energy res. ≤1% �s:d: (η) Simulation
Pileup jet ident. 1% �s:d: (pT , η) Simulation
b tag: b=c ≤3% �s:d: (pT) Simulation
b tag: light ≤1% �s:d: (pT) Simulation
Renormalization scale 4–11% (minor) μR × 0.5; μR × 2 Simulation
Factorization scale 3–5% (minor) μF × 0.5; μF × 2 Simulation
PDF 1–6% (minor) �RMS (Hessian) Simulation
PARTICLENET: t tag 9% (signal) �s:d: (pT) all
PARTICLENET: W tag 14% (signal) �s:d: (pT) all
Training accuracy 1–25% �%ðCRpred − CRdataÞ ABCDnn
VR closure 1–3% corr: × 0; corr: × 2 ABCDnn
ABCDnn smoothing 1–2% �Δð2D − 1DÞ ABCDnn
ABCDnn normalization 2–8% rate only ABCDnn
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to ensure that the total background in each bin has a
statistical uncertainty below 20%. Signal distributions for
B0 quark masses of 0.9 and 1.1 TeV are created by fitting a
double-sided Crystal Ball function, defined in Ref. [61], to
the simulated signal mtW distributions in each case. The
function parameters are interpolated between neighboring
simulated mass points, and the resulting formulas for the
0.9 TeVand 1.1 TeV B0 quark masses are used to construct
the mtW histograms. The same procedure is used to model
the systematic uncertainty variations. The CMS statistical
analysis tool COMBINE [62], based on the ROOFIT [63] and
ROOSTATS [64] frameworks, is used to perform the fit.
Uncertainties due to limited event counts in simulation
are included as Poisson-distributed nuisance parameters
using the Barlow-Beeston method [65,66]. Systematic

uncertainties listed in Table III are included as lognor-
mal-distributed nuisance parameters if they affect only the
normalization of the background or signal predictions.
Systematic uncertainties that affect the shapes of template
distributions are implemented through template morphing
with Gaussian-distributed nuisance parameters [66]. The fit
model is validated using fits to data in the VRs and using
pseudodata generated from the background estimate in the
SR, with and without injected B0 signal contributions. No
bias in fitting injected signal is observed for either the bqB0
or tqB0 signals over a wide range of signal mass.
Figure 8 shows the reconstructedmtW distributions in the

SR, separated by reconstruction case, after the background-
only fit to data. No significant excess of data over the SM
background estimate is observed in any reconstruction

FIG. 8. Distributions of mtW for events in the SR in case 1 (upper left) through case 4 (lower right). The observed data are shown as
black markers. Predicted bqB0 quark signals with masses of 1.0 and 1.4 TeV are shown as the solid and dashed lines, respectively,
normalized to the predicted cross section for singlet bqB0 production with Γ=mB0 ¼ 5%. The best-fit background prediction from a
background-only fit to data is shown as the filled histograms. The lower panels show the difference between the data and the background
prediction, divided by the total uncertainty in the background estimate.
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case, and the background-only fit yields a p-value of 0.15
based on a saturated χ2 test described in Ref. [62].
Upper limits at 95% confidence level (CL) on the

product of the production cross section and the branching
fraction for bqB0 or tqB0 production with B0 → tW decay
are computed using a profile likelihood test statistic in the
asymptotic approximation [67], with the CLs method
[68,69], and shown in Fig. 9. For production in association
with a b quark, singlet B0 quarks with a 5% relative decay
width are excluded for masses below 1.23 TeV (1.35 TeV
expected). The deficit observed for the mB0 ¼ 1.0 TeV
hypothesis has a local (global) significance of 2.5 (1.4) s.d.
This deficit arises from the overpredictions visible in the
case 1 and case 2 mtW distributions of Fig. 8 in the range of
approximately 900–1200 GeV. The overprediction in this

range of mtW is statistically significant in case 2. For
production in association with a t quark, the observed limits
range from 230 fb at mB0 ¼ 0.8 TeV to 10 fb at
mB0 ¼ 2.0 TeV. The overpredictions noted for cases 1
and 2 near mtW ¼ 1.0 TeV lead to the exclusion of the
mB0 ¼ 0.9 and 1.0 TeV hypotheses for t-associated pro-
duction. These exclusions apply to a singlet B0 quark with a
5% relative decay width and to a doublet B0 quark with a
1% relative decay width. In this production mode, the
deficit at 1.0 TeV has a local (global) significance of 3.6
(2.6) s.d. because of the wider mtW resolution for tqB0
signals. This search provides the most stringent sensitivity
to date to production of single B0 quarks with narrow decay
widths. With the addition of data collected in 2017–2018
and improved techniques such as the PARTICLENET jet
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identification algorithm, this search is able to probe smaller
cross sections and coupling factor values compared to
earlier CMS searches.
Figure 10 presents limits on the B0 quark coupling factor

κ, defined in Sec. III. The predicted couplings as a function
of the B0 quark mass can be extended to a 10% relative
decay width. At this width, the natural width of the B0 quark
becomes comparable to the resolution of the mtW distri-
bution, and the narrow-width signal simulation used in this
search may no longer provide an accurate description of the
signal. Therefore, the coupling limits are only interpreted in
the region where the observed upper limits of the coupling
factor lie below the values corresponding to Γ=mB0 ¼ 10%.
For singlet scenario of bqB0 production, the upper limits on
the coupling factor range from 0.15 to 0.31. The observed
coupling factor limits become consistent with a B0 quark

with a 10% relative decay width for masses above 1.8 TeV.
For tqB0 production, the upper limits on the coupling factor
range from 0.25 to 0.43 in the singlet scenario and from
0.18 to 0.30 in the doublet scenario. In the singlet case, the
observed coupling limits become consistent with a B0 quark
with a 10% relative decay width for masses above 1.2 TeV.

IX. SUMMARY

A search has been presented for the production of a
single vectorlike B0 quark that decays to a t quark and a W
boson via the electroweak interaction. Proton-proton colli-
sion data collected with the CMS detector at a center-of-
mass energy of 13 TeV are used, corresponding to an
integrated luminosity of 138 fb−1. Events are selected with
one electron or muon, missing transverse momentum, and
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at least one large-radius jet well separated from the charged
lepton. A B0 quark candidate is reconstructed and catego-
rized according to the PARTICLENET identification of the
large-radius jet. Minor background processes are modeled
using simulation, while the major background contribution
in the signal region is modeled from data in five control
regions using a neural autoregressive flow network,
referred to as ABCDnn. For bqB0 production, singlet B0
quarks with a 5% relative decay width and masses between
0.8 and 1.23 TeV are excluded at 95% confidence level
(CL). Limits are also set on the product of the production
cross section and the B0 → tW branching fraction for tqB0
production, excluding the 0.9 and 1.0 TeV mass hypotheses
at 95% CL for both the 5%-width singlet and 1%-width
doublet scenarios. For singlet bqB0 production, coupling
factor values above 0.31 are excluded for B0 quark masses
in the range 0.8–1.8 TeV. For tqB0 production, coupling
factor values above 0.43 are excluded at 95% CL for singlet
B0 quark masses in the range 0.8–1.2 TeV, and values above
0.30 are excluded at 95% CL for doublet B0 quark masses in
the range 0.8–2.0 TeV. These limits are the most stringent
to date for the production cross section and coupling factors
of narrow-width B0 quarks.
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