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A search is described for the production of a pair of bottom-type vectorlike quarks (B VLQs) with mass
greater than 1000 GeV. Each BVLQ decays into a b quark and a Higgs boson, a b quark and a Z boson, or a
t quark and a W boson. This analysis considers both fully hadronic final states and those containing a
charged lepton pair from a Z boson decay. The products of theH → bb boson decay and of the hadronic Z
or W boson decays can be resolved as two distinct jets or merged into a single jet, so the final states are
classified by the number of reconstructed jets. The analysis uses data corresponding to an integrated
luminosity of 138 fb−1 collected in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV with the CMS detector at the
LHC from 2016 to 2018. No excess over the expected background is observed. Lower limits are set on the
B VLQ mass at the 95% confidence level. These depend on the B VLQ branching fractions and are 1570
and 1540 GeV for 100% B → bH and 100% B → bZ, respectively. In most cases, the mass limits obtained
exceed previous limits by at least 100 GeV.

DOI: 10.1103/PhysRevD.110.052004

I. INTRODUCTION

A puzzle in elementary particle physics is the fact that
the electroweak scale is so much lower than the Planck
scale, which is connected to the stability of the Higgs boson
(H) mass, mH [1]. In the standard model (SM), the Higgs
boson is a fundamental particle, first observed by the
ATLAS and CMS Collaborations in 2012 [2–4] at the
CERN LHC. In contrast to the leptons, quarks, and vector
gauge bosons of the SM, the SM Higgs boson is a
fundamental scalar particle with higher-order contributions
to its mass due to vacuum fluctuations that diverge
quadratically with the length scale. This results in mH
being driven to the cutoff value of these fluctuations. If
there is no new physics below the Planck scale, this cutoff
value would be about 1019 GeV, which predicts mH to be
many orders of magnitude greater than the observed value
of 125 GeV [5,6].
Several theories have been proposed to solve this

problem, including supersymmetry [7,8], composite-
Higgs models [9,10] (where the Higgs boson is made up
of smaller constituents bound by a new type of gauge
interaction), and little-Higgs models [11,12] (where the
Higgs boson is a pseudo-Nambu–Goldstone boson arising

from spontaneous breaking of a global symmetry at the
TeV energy scale). In the composite-Higgs case, the mass
divergence does not arise since the UV cutoff is the scale set
by the composite size, while, in the case of little-Higgs
models, the Higgs boson is “naturally” light because of
the collective breaking of the global symmetry via two
couplings [13].
In both the composite- and little-Higgs models, a new

type of particle arises [14]: a vectorlike fermion that
couples to the weak gauge bosons through purely vector
current couplings. The strongly interacting vectorlike
fermions are referred to as vectorlike quarks (VLQs).
Unlike heavy fourth-generation sequential chiral quarks,
these are not excluded by the measured H production cross
section [15,16] because the nonchirality of the VLQs
allows for gauge-invariant mass terms in the Lagrangian
and thus does not require Yukawa couplings.
There are four types of VLQs with renormalizable

couplings to SM quarks. These are defined by their
electrical charge: −1=3 (B), þ2=3 (T), þ5=3 (X), or
−4=3 (Y) [17]. The B VLQ mixes with the chiral down-
type quarks, and similarly, the T VLQmixes with the chiral
up-type quarks. Precision measurements that constrain
additional couplings of the first- and second-generation
SM quarks [18–20] indicate that the primary couplings
of the T and B VLQs are to third-generation SM quarks.
The values of the T and B VLQ branching fractions are
determined by unknown parameters in the theory: the VLQ
multiplet configuration, the VLQ mass, and the coupling of
the VLQ to chiral quarks [21]. The possible decays of the B
VLQ are B → bH, B → bZ, and B → tW, so the branching
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fractions of these three modes sum to 100%. In TB doublet
models, the branching fractions BðB → bHÞ and BðB →
bZÞ are approximately equal with values determined by the
relative mixing of the T and B VLQs with SM quarks [17].
They range from 50% each for the case of no Tt mixing to
0% each for the case of no Bb mixing. In XTB triplet
models, BðB → bZÞ and BðB → bHÞ are each approxi-
mately 50% for B VLQ masses above 2 TeV, while in TBY
triplet models and B singlet models BðB → bZÞ and
BðB → bHÞ, they are each approximately 25% for B
VLQ masses above 2 TeV. In this analysis, lower limits
on the B VLQ mass are presented over the full range of
branching fractions.
Previously, the best B mass limits from the CMS

Collaboration for pair-produced B VLQs [22] were
obtained by analyzing events with fully hadronic final
states using data from proton-proton (pp) collisions atffiffiffi
s

p ¼ 13 TeV, corresponding to an integrated luminosity
of 137 fb−1. In that analysis, B masses were excluded at
95% confidence level (CL) up to 1570, 1390, and
1450 GeV in the 100% B → bH, 100% B → bZ, and
TB doublet with no Tt mixing (50% B → bH and 50%
B → bZ) models, respectively. The best Bmass limits from
the ATLAS Collaboration in pair-produced B events using
pp collisions at

ffiffiffi
s

p ¼ 13 TeV at 95% CL are 1030 GeV
(based on 36.1 fb−1) for the 100% B → bH case [23] and
1420 and 1320 GeV (based on 136 fb−1) [24] for the 100%
B → bZ and TB doublet with no Tt mixing models,
respectively.
The analysis presented here combines the fully hadronic

and leptonic categories and improves upon the previous
CMS analysis in two ways. First, the fully hadronic
category is extended by including two additional modes
in which one of the VLQs in an event decays to t andW so
that, in addition to the bHbH, bHbZ, and bZbZ decay
modes considered in [22], the bHtW and bZtW decay
modes are also included. Second, dileptonic events in
which a Z boson in either the bHbZ or bZbZ mode
decays to a pair of opposite-sign electrons or muons
are included. Because the dileptonic branching fraction
of the Z boson is an order of magnitude smaller than its
hadronic branching fraction, the number of events in these
channels is significantly less than in the fully hadronic
ones. However, this is offset by the substantially lower
background in these channels and results in significantly
improved sensitivity to events in which a VLQ decays to
bZ, leading to improved sensitivity for large BðB → bZÞ.

II. ANALYSIS OVERVIEW

In this analysis, we search for events featuring the
production of a pair of bottom-type VLQs, B, with
mass greater than 1000 GeV, in data collected with the
CMS detector from pp collisions at

ffiffiffi
s

p ¼ 13 TeV at the
LHC in 2016–2018, corresponding to an integrated

luminosity of 138 fb−1 [25–27]. We consider three possible
decays of the B: a b quark and a Higgs boson (B → bH), a
b quark and a Z boson (B → bZ), and a t quark and a W
boson (B → tW). Events are classified into different
channels depending on three properties. The first is whether
the event falls into the “fully hadronic” category, in which
all of the bosons in an event decay into hadronic jets, or the
“leptonic” category, where an event contains a B → bZ
decay in which the Z boson decays into a pair of leptons,
either electrons (ee) or muons (μμ). Since an essential
element of the analysis is the categorization of events based
on their kinematical reconstruction, events with leptonic
W boson decays are not considered. Figures 1 and 2 show
the representative Feynman diagrams for the different
decay modes in the fully hadronic and leptonic categories,
respectively.
The second property determining the event classification

is the reconstructed decay mode, which is determined by
the decays of the two B VLQs. The leptonic category
includes only bHbZ and bZbZ decay modes (i.e., events
with one B → bH and one B → bZ decay, and events with
two B → bZ decays, respectively), while the fully hadronic
category includes, in addition, bHbH, bHtW, and bZtW
decay modes. The tWtW mode is not considered since its
high jet multiplicity results in a large number of possible jet
combinations.
The third property determining the event classification is

the number of reconstructed jets. Because the bosons
produced in the B VLQ decay often have a significant
Lorentz boost, the two jets produced in the hadronic decay
of a W, Z, or Higgs boson can merge and be reconstructed
as a single merged jet. In the tW case, the t quark decay into
bW can produce three jets (one from the b quark and two
from the W boson), two jets (one from the b quark and a
merged jet from theW boson), or one fully merged jet. As a
result, the final state can have a different jet multiplicity,
depending on the number of merged jets. In the leptonic
category, we also include events where an additional jet is
produced from initial- or final-state radiation (ISR or FSR).
Events containing ISR and FSR are not included in the
hadronic category due to the large number of possible jet
combinations resulting from the higher jet multiplicities.
The reconstruction of events and assignment of jets to

parent particles is performed using a modified χ2 metric,
χ2mod, which uses as input the mass differences between the
two reconstructed bosons and the Higgs, Z, or W boson,
normalized by their resolutions, and the fractional mass
difference of the two reconstructed VLQs. The value of
χ2mod=ndf, where ndf is the number of degrees of freedom,
is calculated for each possible reconstructed decay mode
and jet assignment, and the mode with the lowest value is
selected as the reconstructed mode. Thus, each event is
assigned to exactly one reconstructed mode. In the leptonic
case, the χ2mod=ndf value is also used to identify extra jets
that are likely to be from ISR and FSR.
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The signature in the leptonic category consists of three or
four final-state jets and a pair of oppositely charged, same-
flavor electrons or muons with an invariant mass consistent
with the Z boson mass. In the fully hadronic category, the
signature consists of four, five, or six final-state jets. Table I
summarizes the final event classification, showing the set of
“channels” defined by the event category, decay mode, and
jet multiplicity.
The main background in the leptonic category consists of

Drell-Yan (DY) dilepton production in association with
jets, while in the fully hadronic category, the background is

predominantly from SM events composed uniquely of jets
produced through the strong interaction, referred to as
quantum chromodynamics (QCD) multijet events.
The χ2mod requirement also aids in separating potential

signal events from background by ensuring that the jets are
kinematically consistent with production from a Higgs, Z,
or W boson and that the reconstructed VLQs have masses
consistent with each other. Further signal separation is
achieved by requiring that some of the jets are tagged as
originating from b quarks, either using tagging of individ-
ual jets or tagging of bb̄ pairs in merged jets from H → bb̄

FIG. 1. Feynman diagrams for the pair production of bottom-type VLQs that decay into a b or t quark or antiquark and either a Higgs,
Z, orW boson with fully hadronic final states. Upper row: bHbH and bHbZ; middle row: bZbZ and bHtW; lower row: bZtW. Modes
with decays to tWtW (not shown) are also possible but not considered in this analysis. The B and B̄ can be exchanged in the decays.
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decays. In addition, in the dileptonic case, the two leptons
are also required to be kinematically consistent with the
decay of a Z boson.

III. 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 end-cap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the
barrel and end-cap detectors. Muons are measured in
gaseous detectors embedded in the steel flux-return yoke
outside the solenoid.
The ECAL 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 end-cap regions. In the region
jηj < 1.74, the HCAL cells have widths of 0.087 in η and
0.087 in azimuth (ϕ). For jηj < 1.48, the HCAL cells map
in the η-ϕ plane onto 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 cover-
age of the towers increases progressively to a maximum of
0.174 inΔη andΔϕ. 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 resolution typically amounts to 15%–20% at
30 GeV, 10% at 100 GeV, and 5% at 1 TeV. The electron
momentum is estimated by combining the energy meas-
urement in the ECAL with the momentum measurement in
the tracker. The momentum resolution for electrons with
pT ≈ 45 GeV from Z → ee decays ranges from 1.6% to
5%. It is generally better in the barrel region than in the end
caps and also depends on the bremsstrahlung energy
emitted by the electron as it traverses the material in front
of the ECAL [28,29].
Muons are measured in the pseudorapidity range

jηj < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive-
plate chambers. The single muon trigger efficiency exceeds
90% over the full η range, and the efficiency to reconstruct
and identify muons is greater than 96%.Matching muons to
tracks measured in the silicon tracker results in a relative
transverse momentum (pT) resolution, for muons with pT
up to 100 GeV, of 1% in the barrel and 3% in the end caps.
The pT resolution in the barrel is better than 7% for muons
with pT up to 1 TeV [30].
Events of interest are selected using a two-tiered trigger

system. 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 latency of about 4 μs [31]. The second level,
known as the high-level trigger, consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and it reduces the
event rate to around 1 kHz before data storage [32].
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. [33].

TABLE I. Summary of channels considered for each category
and jet multiplicity. Although events with a jet from ISR or FSR
are included in the leptonic category, for these events the extra jet
is not included in the categorization of the jet multiplicity of the
event.

Jet
multiplicity

Leptonic
category Fully hadronic category

3 bHbZ, bZbZ � � �
4 bHbZ, bZbZ bHbH, bHbZ, bZbZ
5 � � � bHbH, bHbZ, bZbZ, bHtW,

bZtW
6 � � � bHbH, bHbZ, bZbZ, bHtW,

bZtW

FIG. 2. Feynman diagrams of the pair production of bottom-
type VLQ quarks that decay into a b quark or antiquark and either
a Higgs or Z boson with a dilepton final state: bHbZ mode
(upper) and bZbZ mode (lower). The B and B̄ can be exchanged
in the decays.
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IV. DATA AND SIMULATED EVENTS

Signal events with pair production of VLQs were
simulated using the Monte Carlo generator MADGRAPH5_

aMC@NLO [34]. For samples corresponding to 2016 data,
version v2.3.3 was used with NNPDF3.0 next-to-leading
order (NLO) parton distribution functions (PDFs) [35]; for
samples corresponding to 2017–2018 data, v2.4.2 was used
with NNPDF3.1 next-to-NLO PDFs [36]. The generated
VLQ masses mB cover the range 1000–1800 GeV in steps
of 100 GeV. Hadronization of the underlying partons was
simulated using PYTHIA v8.212 [37] with the CUETP8M1
tune [38] for samples corresponding to 2016 data, and with
the CP5 tune [39] for samples corresponding to 2017 and
2018 data. Corrections to the cross sections to next-to-NLO
and next-to-next-to-leading logarithmic soft-gluon resum-
mation were obtained using TOP++ 2.0 [40–42] with the
MSTW2008NNLO68CL PDF set from the LHAPDF 5.9.0
library [43–45].
Although the background estimate is derived purely

from data, simulated background samples are used for
cross-checks of the data distributions. The background
processes considered include DYþ jets, QCD multijet,
W þ jets, Z þ jets, and tt̄þ jets. The DYþ jets process is
simulated with MADGRAPH5_aMC@NLO v2.6.0 at NLO,
using the FxFx prescription [46] for jet merging, while
the other four backgrounds are simulated using
MADGRAPH5_aMC@NLO v2.4.2 at leading order with the
MLM prescription [47] for jet merging. The hadronization
is simulated in the same way as for the signal samples.
In order to simulate the effect of additional pp inter-

actions within the same or nearby bunch crossings
(“pileup”), PYTHIA v8.226 with a total inelastic pp cross
section of 69.2 mb [48] was used to simulate minimum bias
events to overlay on the hard scattering process. Following
event generation, the GEANT4 package [49,50] was used
to simulate the CMS detector response. Scale factors
corresponding to jet energy corrections, jet energy reso-
lutions [51], QCD renormalization and factorization scales,
pileup, and jet tagging [52,53] were applied to the
simulated signal events so that the corresponding distribu-
tions would agree with those in the data.

V. LEPTON AND JET RECONSTRUCTION
AND JET TAGGING

The particle-flow algorithm [54] aims to reconstruct and
identify each individual particle in an event, with an
optimized combination of information from the various
elements of the CMS detector. The primary vertex is taken
to be the vertex corresponding to the hardest scattering in
the event, evaluated using tracking information alone, as
described in Sec. 9.4.1 of Ref. [55]. The energy of photons
is obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron
momentum from the track, the energy of the corresponding

ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with originating from the
electron track. The energy of muons is obtained from the
curvature of the corresponding track. The energy of
charged hadrons is determined from a combination of their
momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for the
response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energies.
For each event, hadronic jets are clustered from these

reconstructed particles using the infrared and collinear safe
anti-kT algorithm via FASTJET [56,57]. To account for the
difference between merged and resolved jets, two separate
clusterings are performed on the input particles, one using
a distance parameter of 0.4 (“AK4 jets”) and the other using
a distance parameter of 0.8 (“AK8 jets”). Jet momentum is
determined as the vectorial sum of all particle momenta in
the jet, and from simulation it is found to be, on average,
within 5% to 10% of the true momentum over the entire pT
spectrum and detector acceptance. Pileup can contribute
additional tracks and calorimetric energy depositions to the
jet momentum. The pileup-per-particle identification algo-
rithm (PUPPI) [58,59] 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, 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 to be
originating from pileup vertices are discarded. For each
neutral particle, a local shape variable is computed using the
surrounding charged particles compatible with the primary
vertex 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 primary interaction vertex deduced from the local
shape variable, superseding the need for jet-based pileup
corrections [58].
Jet energy corrections are derived from simulation

studies so that the average measured energy of jets becomes
identical to that of particle-level jets. In situ measurements
of the momentum balance in dijet, 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 [51]. Additional selection criteria are applied
to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector compo-
nents or reconstruction failures.
We require AK4 jets to have pT > 50 GeV and AK8 jets

to have pT > 200 GeV, with jηj < 2.4 in both cases. The
event jet multiplicity is determined by the number of AK4
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jets in the event passing these requirements. For the AK8
jets, a grooming algorithm is applied. In this algorithm, the
constituents of the AK8 jets are reclustered using the
Cambridge-Aachen algorithm [60,61]. The “modified mass
drop tagger” algorithm [62,63], also known as the “soft-
drop” (SD) algorithm, with angular exponent β ¼ 0, soft
cutoff threshold zcut < 0.1, and characteristic radius R0 ¼
0.8 [64], is applied to remove soft, wide-angle radiation
from the jet. The resulting “soft-drop mass” provides a
more accurate estimate of the mass of the parent Higgs, Z,
or W boson in the case of merged jets and so is used in
these cases.
The final state is expected to contain two b jets from the

decays of the VLQs and may contain additional bb̄ pairs
from H → bb̄ or Z → bb̄ decays. Consequently, identifi-
cation of these b jets provides an effective way to
discriminate signal events from SM background. For
individual jets, the DEEPJET b discriminant [52,53,65] is
applied to AK4 jets to obtain single b tags, while for
merged jets containing bb̄ pairs, an algorithm developed for
H → bb̄ tagging [53] is applied to AK8 jets to obtain
double-b tags.
In the leptonic category, electrons or muons are selected

with pT > 50 GeV and jηj < 2.4. Electrons and muons are
required to pass a loose set of identification requirements,
and muons are additionally required to pass a loose
isolation requirement to reject muons within jets from,
e.g., semileptonic decays of b quarks [28,30]. Studies of the
dileptonic mass distributions in simulation showed that this
additional loose isolation requirement on muons improved
the Z boson purity, while a similar loose isolation require-
ment on electrons was not needed.

VI. EVENT SELECTION, RECONSTRUCTION,
AND CATEGORIZATION

In this section, the selection and categorization of events
is described. This consists of the online selection of events
by selected triggers; the off-line requirements on jets,
leptons, and b-tagged jets; and the reconstruction of the
VLQ candidates and selection of the event category.

A. Online event selection

Events are selected online with the following high-level
trigger requirements:

(i) For the fully hadronic category, the trigger requires
the scalar sum of the measured jet pT values to be
greater than 900 (1050) GeV in the 2016 (2017–
2018) data set.

(ii) For leptonic events containing muons, the trigger
requires a muon with pT > 50 GeV. For 2017–2018
data, a trigger that accepts muons with pT >
100 GeV identified from their signature in the
tracker is also used as a backup to the primary
trigger for consistency with other analyses [66].

(iii) For leptonic events containing electrons, a set of
triggers is used to increase the efficiency, selecting
any of the following: an electron passing a tight set
of identification criteria with pT > 27, 35, or
32 GeV in 2016, 2017, or 2018, respectively; an
electron with pT > 115 GeV; a photon with pT >
200 GeV (175 GeV in 2016); a pair of isolated
electrons with pT > 23 (12) GeV for the leading
(subleading) electron; a pair of electrons with
pT > 33 GeV; or a pair of photons with pT >
70 GeV (60 GeV in 2016).

The trigger efficiencies are measured using data sets
collected by triggers independent of those used in the
analysis. For the fully hadronic category, the trigger
efficiencies are parametrized by HT, defined as the scalar
sum of the pT of all off-line AK4 jets satisfying the above
pT and η requirements. The efficiency exceeds 99% for
values of HT greater than 1350 GeV. For the leptonic
category, the trigger efficiencies are parametrized by the
highest pT lepton. Both the electron and muon trigger
efficiencies exceed 98% for values of the highest lepton pT
greater than 50 GeV.

B. Off-line requirements on jets, leptons,
and b-tagged jets

Off-line selection requirements are then applied. For the
leptonic category, the event is required to have at least three
and no more than five AK4 jets with pT > 50 GeV and
jηj < 2.4, and to have at least one pair of opposite-sign,
same-flavor leptons with an invariant mass in the range
80 < mll < 102 GeV, consistent with the Z boson mass.
If there are two such pairs each with invariant mass within
the Z boson mass window, the pair with the mass closest to
that of the Z boson is used. For the fully hadronic category,
there must be at least four and no more than six AK4 jets
with pT > 50 GeV and jηj < 2.4, and the event must have
HT > 1350 GeV. In addition, to ensure orthogonality with
both the leptonic analysis and with other B VLQ searches
using a single lepton, any event with an isolated electron or
muon with pT > 50 GeV, or at least one lepton pair
meeting the criteria for the leptonic category, is rejected.
A requirement is also placed on the minimum number of

jets tagged as originating from a b quark. For the fully
hadronic category, the number of tagged b jets and the
working points (WPs) for the taggers are optimized for
discovery of a 1400 GeV VLQ signal. The WPs used for
the single-b tagger, “loose,” “medium,” and “tight,” cor-
respond to an identification efficiency of approximately
93%, 82%, and 65%, respectively, for b jets with pT >
30 GeV in simulated tt̄ events, with a probability of 10%,
1%, and 0.1%, respectively, for light-quark (u, d, s) and
gluon jets to be misidentified as b jets [52]. For the bb̄
tagger, two WPs, “loose” and “medium 2,” are used,
corresponding to an identification efficiency of approxi-
mately 75% and 45%, respectively, with a misidentification
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probability of 11% and 3%, respectively [53]. For the
leptonic category, the medium WP is used for the single b
tagger in all channels. Table II summarizes the final
requirements.

C. Event reconstruction and categorization

We define a “preselection” sample, which consists of
events that pass all of the selection requirements except for
the b tagging. Before the b-tagging requirements are
applied, the event sample is dominated by SM back-
grounds, primarily QCD multijet and tt̄ processes, and
any potential contribution from the signal is negligible.
Using the “preselection” events, candidate bosons (Higgs,
Z, orW) and VLQs are reconstructed. A candidate boson is
formed from either two AK4 jets or a single AK8 jet, with
the mass taken as the invariant mass of the two jets in the
former case and the soft-drop mass of the jet in the latter
case. We only use AK8 jets that have a soft-drop mass
greater than 50 GeV and match to an AK4 jet within
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 0.3. In order to avoid overlap

with another AK4 jet which could affect the AK8 jet mass,
the AK8 jet is discarded if there is another AK4 jet that
matches to it within ΔR < 0.6.
AVLQ candidate decaying to bH or bZ is then formed

by combining an additional jet with a boson candidate, with
its reconstructed mass mVLQ taken to be the invariant mass
of this combination. In the tW case, a t quark candidate can
be reconstructed either from a single AK8 jet, with the mass
taken to be the soft-drop mass of the jet, or from two or

three AK4 jets, with the mass taken to be the invariant mass
of these jets.
The decay mode, as well as the assignment of recon-

structed jets to their parent particles, is determined using
the modified χ2 parameter, χ2mod, evaluated for all possible
decay modes and jet assignments. Because the inputs to
χ2mod are not necessarily distributed as Gaussian variables,
the resulting expression does not follow a true χ2 distri-
bution, and thus χ2mod is used to denote it. However, since
χ2mod is used for the event selection to choose the channel
and jet configuration as well as provide a discriminant, this
difference does not affect the outcome of the analysis.
The general form of χ2mod is as follows in the fully

hadronic category:

χ2mod ¼
ðΔmVLQ − ΔmVLQÞ2

σ2ΔmVLQ

þ ðm1 −m1Þ2
σ2m1

þ ðm2 −m2Þ2
σ2m2

;

ð1Þ

where ΔmVLQ is the fractional mass difference of the two
reconstructed VLQ candidates in the event, given by
ΔmVLQ ¼ 2ðmVLQ1 −mVLQ2Þ=ðmVLQ1 þmVLQ2Þ; m1;2

are the masses of the two reconstructed bosons; m̄1;2

and ΔmVLQ are the average masses of the bosons and
ΔmVLQ, respectively; and σ are the standard deviations.
The values of m̄i, σmi

, ΔmVLQ, and σΔmVLQ
are computed by

using simulated signal samples with mB ¼ 1400 GeV and

TABLE II. Required minimum number of single (Nb) and double (Nbb̄) b tags, and WPs used for each category,
decay mode, jet multiplicity (Nj), and number of merged jets (NAK8). The working points are described in the text.
For a given event mode, there can be several jet multiplicities depending on the number of merged jets.

Decay mode Nj NAK8 Min Nb b tagger WP Min Nbb̄ bb̄ tagger WP

Fully hadronic bHbH 4 2 2 Medium 1 Loose
Fully hadronic bHbH 5 1 3 Medium 1 Loose
Fully hadronic bHbH 6 0 4 Medium � � � � � �
Fully hadronic bHbZ 4 2 2 Loose 1 Medium 2
Fully hadronic bHbZ 5 1 3 Medium 0 Loose
Fully hadronic bHbZ 6 0 4 Medium � � � � � �
Fully hadronic bZbZ 4 2 2 Medium 0 Loose
Fully hadronic bZbZ 5 1 2 Medium 0 Loose
Fully hadronic bZbZ 6 0 2 Tight � � � � � �
Fully hadronic bHtW 5 3 2 Medium 0 Loose
Fully hadronic bHtW 6 2 3 Medium 0 Loose

Fully hadronic bZtW 5 3 2 Medium 0 Loose
Fully hadronic bZtW 6 2 2 Tight 0 Loose

Leptonic bHbZ 3 1 1 Medium � � � � � �
Leptonic bHbZ 4 0 1 Medium � � � � � �
Leptonic bZbZ 3 1 1 Medium � � � � � �
Leptonic bZbZ 4 0 1 Medium � � � � � �
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FIG. 3. Reconstructed VLQ mass distributions for simulated events for the channels in the fully hadronic category with
mB ¼ 1400 GeV. Upper row: channels in the bHbH (left) and bHbZ (right) decay modes. Middle row: channels in the bZbZ
(left) and bHtW (right) decay modes. Lower row: channels in the bZtW decay mode. The different colors indicate the different jet
multiplicities. A selection of χ2mod=ndf < 5 has been applied. The values represent the expected number of events over the background in
the 2016–2018 data sample.
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selecting events where the jets are closely matched to the
generated partons in simulation.
In the case where the decay mode contains a B → tW

decay, another term is added to the χ2mod expression for each
reconstructed t quark: ðmt − m̄tÞ=σ2mt

, where mt is the
reconstructed t quark mass, and m̄t and σmt

are the average
and standard deviation of the t quark mass in simulation.
This term is added to aid in distinguishing such events from
events where one of the B VLQs decays to bZ. Because of
the missing momentum in events with a leptonic W boson
decay, the mW term and, subsequently, the ΔmVLQ term
used in the χ2mod calculation would not be accurate enough
to allow adequate categorization of the event. As a result,
events with leptonic W boson decays are not considered in
this analysis.
In the leptonic category, only the mass of the hadroni-

cally decaying boson is included in χ2mod, so the expression
is simply

χ2mod ¼
ðΔmVLQ − ΔmVLQÞ2

σ2ΔmVLQ

þ ðm1 −m1Þ2
σ2m1

; ð2Þ

wherem1 is the mass of the hadronically decaying Higgs or
Z boson.
Mass distributions for the parent Z, W, H, or t are

obtained and then fitted with a bifurcated Gaussian (i.e., a
Gaussian that has a different σ parameter above and below
the mean). Consequently, when the χ2mod value is computed,
the appropriate σ value is used depending on whether the
reconstructed mass is above or below m̄. These distribu-
tions are computed separately depending on whether the
final state is reconstructed as two resolved jets or one
merged jet, and also separately for each jet multiplicity. The
values for σΔmVLQ

are typically around 0.1, while the values
for σmi

are roughly 10–20 GeV.
Once the χ2mod value has been computed for all channels

within an event category, the channel with the smallest
χ2mod=ndf is selected. The value of ndf is 2 for the leptonic
channels; 3 for the fully hadronic modes bHbH, bHbZ,
and bZbZ; and 4 for the fully hadronic modes bHtW and
bZtW. This method was found to have good accuracy, as
determined by tests with the signal simulations. Although
the mode of some events is not correctly identified, these
events are not rejected but are included as part of the signal
under a different mode, while the selection based on χ2mod
still provides good background rejection.
The performance of the χ2mod-based reconstruction is

indicated by the average of the two reconstructed VLQ
masses, referred to as mVLQ, which is shown for simulated
signal samples withmB ¼ 1400 GeV in Fig. 3 (channels in
the fully hadronic category) and Fig. 4 (channels in the
dileptonic category). The mass is well reconstructed for
events near the peak; the low-mass tail corresponds to
events in which the selected jet permutation is incorrect.

Tests on simulated signal samples with different B VLQ
masses showed similar performance.
In the leptonic category, in order to account for a possible

jet due to ISR or FSR, an extra jet reconstructed by the
method described in Sec. V but not originating from VLQ
pair production is allowed. Specifically, for events that
contain five reconstructed jets, the χ2mod=ndf is evaluated for
all possible assignments of four jets with one jet discarded,
and the event is then treated as a four-jet event using the
four jets that resulted in the best χ2mod=ndf. For events that
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and bZbZ (lower) event modes. A selection of χ2mod=ndf < 5 has
been applied. The values represent the expected number of events
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FIG. 5. Normalized distributions of the value of the least χ2mod=ndf for simulated signal events and data events in the fully hadronic
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contain four reconstructed jets, the χ2mod=ndf is calculated
for these four jets, and then also for each possible jet
assignment for a three-jet event. If the four-jet χ2mod=ndf is
less than each of the three-jet χ2mod=ndf values, then it is
treated as a four-jet event. Otherwise, it is treated as a three-
jet event using those three jets.
Figures 5 and 6 show the resulting distributions in the

fully hadronic and leptonic categories, respectively, of the
value of the least χ2mod=ndf for simulated signal events
compared to the distributions for data events before any
b-tagging requirements are applied. In these plots, the two
distributions are normalized to the same area.
Since the χ2mod=ndf values tend to be lower for signal

events than for background events, an upper bound is set on
the least χ2mod=ndf in order to provide background rejection.

This limit is optimized for signal sensitivity separately for
each category and channel, using a B mass of 1400 GeV.
For the fully hadronic category, equal branching fractions
for B → bH, B → bZ, and B → tW are assumed, and for
the leptonic category, branching fractions of BðB → bHÞ ¼
30% and BðB → bZÞ ¼ 70% are used. Table III shows the
optimized χ2mod=ndf limits obtained for each category.
These values do not depend significantly on the B mass
assumed in the optimization since the χ2mod=ndf measure in
Eqs. (1) and (2) depends on the mass difference between
the two reconstructed VLQ candidates and not the VLQ
mass itself. As a cross-check, the optimization was per-
formed with other B masses, resulting in only small
changes in the optimal χ2mod=ndf limit values. These
optimized χ2mod=ndf limits are then used in conjunction
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FIG. 6. Normalized distributions of the value of the least χ2mod=ndf for simulated signal events and data events in the leptonic category
before any b-tagging requirements are applied. Upper row: bHbZ decay mode, three-jet (left) and four-jet (right) events. Lower row:
bZbZ decay mode, three-jet (left) and four-jet (right) events. A signal mass of mB ¼ 1400 GeV is used and compared against all three
years of data.
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with b tagging to provide signal discrimination in the
reconstructed mVLQ spectrum, which is used to obtain the
background estimate described in the next section.

VII. BACKGROUND ESTIMATION

As the QCD multijet background is difficult to precisely
model in simulation, the background estimation is based
exclusively on control samples in data. Since the compo-
sition and behavior of the background are different between
the fully hadronic and dileptonic categories, separate
methods are used for each category.

A. Background estimation in the fully
hadronic category

The background estimation for the fully hadronic cat-
egory generally follows the procedure described in
Ref. [22]. Using the preselection sample defined in
Sec. VI C, the expected distribution of the number of events
as a function of the VLQ candidate mass is obtained and
then fit with the function

nðxÞ ¼ p0 exp ½−ðp1xþ θð−xÞp2x2Þ� ð3Þ

in the range mVLQ > 800 GeV, where x≡m=GeV − 1200

and θðxÞ is the Heaviside step function. The second-order
term is applied only for mass values less than 1200 GeV to
account for the shape change of the distribution in the low-
mass region compared to a traditional exponential function
caused by the trigger turn on. This is also the reason the fit
only includes mVLQ > 800 GeV. Smoothness at the
mVLQ ¼ 1200 GeV interface is enforced by employing
the same parameter p1 for both mVLQ < 1200 GeV and
mVLQ > 1200 GeV. Figure 7 shows the resulting fit results
for six representative fully hadronic channels.
The second step is to estimate the reduction in back-

ground that results from applying the jet b-tagging require-
ments. This factor is called the background jet-tagged
fraction (BJTF). It is obtained by using events in a sideband
region defined by the mass range 500 < mVLQ < 800 GeV.
This mass range is chosen to ensure that the sideband region

is free of any potential signal, as this range is below the
current lower exclusion limits on the VLQ mass [22,67,68].
Table IV summarizes the values of the BJTF derived from
this sideband region, denoted ε0 in Eq. (4), for the different
channels considered.
We allow for a dependence of the BJTF factor on mVLQ

that could occur, for example, because the jet tagging
efficiency depends on the pT of the jet, and VLQs with
higher mass will generally produce jets with higher pT. For
this, we define a control region as events with χ2mod=ndf in
the range 12 < χ2mod=ndf < 48. The dependence of the
BJTF on mVLQ in this control region is then fit with a
first-order polynomial, denoted εðmÞ ¼ p0 þ p1m. Checks
with F-tests indicate that the first-order polynomial fit is
preferred over higher-order fits. Figure 8 shows the BJTF
distribution in the control regions along with the first-order
polynomial fits for a few representative fully hadronic
channels.
The estimate of the number of background events in the

signal region, nbkg, as a function of mVLQ is then given by
the following expression:

nbkgðmVLQÞ ¼ nðmVLQÞε0
εðmVLQÞ

ðR 800 GeV
500 GeV εðm0Þdm0Þ=ð300 GeVÞ ;

ð4Þ

where nðmVLQÞ is the number of candidates as a function of
mVLQ in the preselected sample, as shown in Fig. 7, ε0 is the
BJTF determined from the sideband with low VLQ mass,
as shown in Table IV, and the last factor is the correction for
the dependence of the BJTF on mVLQ, as shown in Fig. 8.

B. Background estimation in the leptonic category

The background estimation for the leptonic category is
based on a procedure similar to that for the fully hadronic
category, but with different definitions of the signal and
control regions. In particular, the use of b tagging is
different for the two categories. For the leptonic category,
the BJTF factor described above is not used. Instead, for the
leptonic category, the signal region is defined to be events
with χ2mod=ndf < 5 for which at least one of the jets directly
originating from the B VLQ candidate (i.e., not associated
with an H or a Z boson decay) is b tagged (called b-tag
events). The control region is defined to be events with the
same χ2mod=ndf < 5 requirement but where neither of the
jets directly originating from a B VLQ candidate is b
tagged (called b-veto events). Notably, these requirements
are both independent of the hadronically decaying H or
Z boson.
First, the VLQ mass distribution in the control region is

fit with an exponential function over the mass range
800 < mVLQ < 2000 GeV. Figure 9 shows the resulting
distributions and the exponential fits for each of the four
leptonic channels. Then, this distribution is normalized to

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

Jet multiplicity

Decay mode 3 4 5 6

Fully hadronic bHbH � � � 1.5 2.75 1.0
Fully hadronic bHbZ � � � 2.0 1.25 1.25
Fully hadronic bZbZ � � � 0.75 1.25 1.75
Fully hadronic bHtW � � � � � � 2.5 5.0
Fully hadronic bZtW � � � � � � 1.5 6.0

Leptonic bHbZ 2.9 2.5 � � � � � �
Leptonic bZbZ 2.0 2.6 � � � � � �
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FIG. 7. Distributions of mVLQ for the preselected data sample in the fully hadronic category for some selected channels. Upper row:
four-jet bHbZ (left) and four-jet bZbZ (right) modes. Middle row: five-jet bHbH (left) and five-jet bHtW (right) modes. Lower row:
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TABLE IV. Values of the BJTF for data events in the control region with 500 < mVLQ < 800 GeV for each of the fully hadronic
channels considered. The uncertainties shown are statistical.

bHbH bHbZ bZbZ bHtW bZtW

Four jets 0.0010� 0.0007 0.0032� 0.0005 0.0075� 0.0016 � � � � � �
Five jets 0.0009� 0.0002 0.0040� 0.0004 0.0492� 0.0020 0.0243� 0.0019 0.0223� 0.0019
Six jets 0.0020� 0.0003 0.0018� 0.0003 0.0368� 0.0018 0.0089� 0.0003 0.0311� 0.0005
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FIG. 8. Value of BJTF as a function ofmVLQ in the control region with 12 < χ2mod=ndf < 48 for some selected fully hadronic channels.
Upper row: four-jet events in the bHbH (left), bHbZ (center), and bZbZ (right) modes. Middle row: five-jet events in the bHbH (left),
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the expected distribution in the signal region by multiplying
by a normalization factor, the ratio of b-tag events to b-veto
events in the low-mass range of 450 < mVLQ < 900 GeV.
Table V shows the resulting normalization factors for the
four channels.
Next, events with χ2mod=ndf in the range 5 < χ2mod=ndf <

20 are used to check for possible dependence of the
normalization factors on the VLQ candidate mass.
Figure 10 shows the b-tag to b-veto ratio as a function

TABLE V. Values of the b-tag to b-veto ratio for events in the
mass range 450 < mVLQ < 900 GeV with χ2mod=ndf < 5, for
each of the dileptonic channels. The uncertainties shown are
statistical only.

bHbZ bZbZ

Three jets 0.101� 0.010 0.130� 0.006
Four jets 0.127� 0.009 0.125� 0.074
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FIG. 9. Distributions of mVLQ for events in the control region for the channels in the leptonic category. Upper row: three-jet events in
the bHbZ (left) and bZbZ (right) modes. Lower row: four-jet events in the bHbZ (left) and bZbZ (right) modes. The exponential fit and
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of mVLQ for events in the range 5 < χ2mod=ndf < 20 for all
four leptonic channels. As a cross-check, the dependence of
the b-tag to b-veto ratio as a function ofmVLQ for simulated
Drell-Yan events, which constitute the dominant back-
ground, is shown in Fig. 11 over the full mass range, which
verifies that the normalization factors do not have a
significant dependence on the VLQ mass.
We next check that the b-tag to b-veto ratio in the range

5 < χ2mod=ndf < 20 correctly represents the ratio in the
range χ2mod=ndf < 5 by plotting the ratio as a function of
χ2mod=ndf, shown in Fig. 12. No significant dependence
over the χ2mod=ndf region is observed.
The fit to a constant value is therefore sufficient for all

channels, as there is no statistically significant evidence for
a mass dependence of the b-tag to b-veto ratio. The
normalization factor is thereby set to be the ratio of b-
tag events to b-veto events in the 450 to 900 GeV mass
range using events with χ2mod=ndf < 5, that is, the ratio of
low-mass signal region events to low-mass control region
events. Although there is no statistically significant

evidence of a normalization factor mass dependence, steps
are taken to estimate the uncertainty that such a dependence
may create in this factor. For this, we compare the ratio of
b-tag events to b-veto events in the low-mass range to the
ratio of b-tag to b-veto events in the high-mass range, using
events in the χ2mod=ndf range of 5 < χ2mod=ndf < 20.
Figure 13 (left) shows that the low-mass and high-mass
ratios are consistent for all four channels. As a check on this
procedure, the same comparison is performed for simulated
Drell-Yan events using the optimally tuned χ2mod=ndf. The
results, displayed in Fig. 13 (right), show that the low-mass
and high-mass ratios are consistent, even after an upper
bound is applied on the value of χ2mod=ndf.
The estimate of the number of background events in the

signal region, nbkg, as a function of mVLQ is given by the
following expression:

nbkgðmVLQÞ ¼ fðmVLQÞ
R
900 GeV
450 GeV nsignalðm0Þdm0

R
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450 GeV ncontrolðm0Þdm0 ; ð5Þ
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where fðmVLQÞ is the fitted function for the number of
candidates as a function of mVLQ in the control region, as
shown in Fig. 9, and the second term is the normalization
factor, as determined by the ratio of the number of events
in the signal region to the control region with 450 <
mVLQ < 900 GeV. For the final evaluation of the number
of events in the sideband region, the χ2mod=ndf requirement
for each particular channel is applied.

VIII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are listed in Tables VI
and VII. They include the following:

(i) Integrated luminosity: The integrated luminosities
for the 2016–2018 data-taking years have 1.2%–
2.5% individual uncertainties [25–27], while the
overall uncertainty for the 2016–2018 period
is 1.6%.

(ii) Trigger: The uncertainties in the trigger efficiencies
are determined from the uncertainties in the fitting
parameters from fits of the trigger efficiencies with
respect to HT, using constant functions for channels

in the hadronic category and logistic functions for
channels in the leptonic category. For 2016, 2017,
and 2018, they are 2.0%, 0.05%, and 0.01%,
respectively, for the jet triggers used; 0.3%, 0.2%,
and 0.2% for the muon triggers; and 0.2%, 0.3%,
and 0.2% for the electron triggers.

(iii) Dilepton Z boson efficiency: The total dimuon and
dielectron efficiencies are determined using simu-
lated signal events. The net efficiency is calculated
by multiplying the efficiencies for each step in the
dilepton Z boson selection process: exactly two
leptons, both leptons pass the identification and
isolation requirements, and the dilepton Z boson
invariant mass is between 80 and 102 GeV. The
uncertainty in the total efficiency is found to be 0.3%
for both the dimuon and dielectron cases.

(iv) Scale factors: Scale factors for jet energy, jet energy
resolution, b-tagging efficiency, and lepton effi-
ciency (including isolation, identification, and
reconstruction for individual leptons) are needed
to correct the distributions in simulation to match
those in data. The resulting uncertainty in the
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FIG. 11. Normalization factor in the leptonic category as a function ofmVLQ for simulated Drell-Yan events with χ2mod=ndf < 5. Upper
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simulated signal efficiency is determined by varying
each scale factor up and down by 1 standard
deviation. The uncertainties over each year are
treated as uncorrelated. The uncertainties depend
upon the event channel. Typical values are as
follows: 0.5%–4.0% for jet energy, 0.5%–2.5%
for jet resolution, 5.0%–12% for b tagging, and
10%–12% for the overall lepton efficiency (where
the larger value is due to the combination of
isolation, identification, and reconstruction scale
factors for the individual leptons).

(v) Background estimation in the fully hadronic cat-
egory: There are two sources of uncertainty in the
background estimate as a function of the average
mass of the two VLQ candidates, nbkgðmVLQÞ in
Eq. (4). The first is from the fit for nðmVLQÞ, and it is
determined from the uncertainties in the fit param-
eters p0, p1, and p2. The second is the uncertainty in
the mass dependence of the BJTF factor, which is
similarly determined from the uncertainties in the

first-order polynomial fit parameters, p0 and p1,
shown in the definition of εðmÞ. For each of the fits,
the nuisance parameters are determined by decorre-
lating the fit parameters using the covariance matrix
of the fit. Additionally, we include an uncertainty to
account for our choice of fit function (referred to as
“BJTF fit form” in Table VI).

(vi) Background estimation in the dileptonic category:
Similarly, there are two sources of uncertainty in
the background estimate as a function of the
average mass of the two VLQ candidates,
nbkgðmVLQÞ in Eq. (5). The first arises from the
fit for fðmVLQÞ, and it is determined from the
uncertainties in the exponential fit parameters.
The second is the uncertainty in the mass depend-
ence of the normalization factor, the b-tag to b-veto
ratio, which is assigned to be one-half of the
absolute value of the difference between this ratio
in the low- and high-mass ranges, as shown in
Fig. 13 (left).
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FIG. 12. Normalization factor in the leptonic category as a function of χ2mod=ndf. Upper row: three-jet events in the bHbZ (left) and
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(vii) PDFs: The uncertainty associated with the choice of
PDF set is calculated by following the PDF4LHC
procedure to generate a set of weights for each
uncertainty in the NNPDF3.0 distribution [69]. The
uncertainty in the signal acceptance is then deter-
mined from the standard deviation of the distribution
of the signal acceptance for each weight.

(viii) QCD scale: The systematic uncertainty on the QCD
scale is estimated by independently multiplying the
default values of the renormalization and factoriza-
tion scales, μR and μF, by factors of 2.0 and 0.5, and
assigning the systematic error to be half of the
resulting range of cross sections. In this procedure,
following the results from [70], the cases of varying
one scale by 2.0 and the other by 0.5 are excluded
since these correspond to unjustified values of
logðμR=μFÞ. The range over the remaining seven
combinations is then used.

(ix) Pileup: The uncertainty due to the number of pileup
events in the simulated events is evaluated by

varying the pp inelastic cross section [48] by �1
standard deviation and determining the resulting
change in the event selection efficiency.

(x) Trigger prefiring: Because of detector effects, ECAL
and muon triggers can appear in the bunch crossing
preceding the actual collision. This effect is not
accounted for in simulation, so corrections are
applied to obtain the correct trigger efficiency.
The uncertainties in these corrections are propagated
to the event efficiency to obtain the resulting
uncertainty.

Tables VI and VII summarize these uncertainties for the
case of 40% BðB → bHÞ, 40% BðB → bZÞ, and 20%
BðB → tWÞ branching fractions and a VLQ mass of
1400 GeV. For each uncertainty, it is noted whether it
affects the signal efficiency or the background estimate and
whether it affects the shape of the mass distribution or only
the overall rate.
In general, the statistical uncertainty has the most

significant impact on the results, in part because it also
increases the systematic uncertainties related to the back-
ground fit functions. These uncertainties tend to be largest
for the four-jet channels since these have the fewest events.
In addition, an uncertainty of 6% is assigned to account

for uncertainties in the VLQ pair production cross
section [45]. This uncertainty is separate from the others
described above, and it is used only for the error band on the
theory curve shown in the exclusion limit plots in Fig. 18.

IX. RESULTS

The data distributions in each channel are fit as a function
of the reconstructed VLQ mass using COMBINE [71],
including the relevant systematic uncertainties listed in
Tables VI and VII as uncorrelated nuisance parameters.
Figures 14–16 show, for the hadronic category, the com-
parison of the distribution of the reconstructed VLQ mass,
after the final optimized selection requirements have been
applied, for data, expected background, and simulated
signal events with VLQ masses of 1000, 1200, 1400,
1600, and 1800 GeV. Figure 17 shows the same comparison
for selected channels in the leptonic category. Branching
fractions of BðB → bHÞ ¼ 50% and BðB → bZÞ ¼ 50%
are assumed. The data in Figs. 14–20 are available in tabular
form in the HEPData record for this analysis [72].
No statistically significant excess of data over the

background expectation is observed in this mass range.
We set exclusion limits on the VLQ mass as a function of
the branching fractions BðB → bHÞ, BðB → bZÞ, and
BðB → tWÞ. The results for the fully hadronic and leptonic
categories, and for all jet multiplicities and event modes, are
combined to set the limits. The signal extraction procedure
is based on a binned maximum likelihood fit, where each
systematic uncertainty is incorporated as a nuisance param-
eter into the fit, with the effect of the systematic uncertainty
included as a log-normal probability distribution per bin.
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events with χ2mod=ndf < 5 (lower).
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TABLE VI. Table of systematic uncertainties for the fully hadronic channels for a simulated signal mass of 1400 GeV and branching
fractions of BðB → bHÞ ¼ 40%, BðB → bZÞ ¼ 40%, and BðB → tWÞ ¼ 20%. The only parameters in the fits that have significant
uncertainties (> 0.01%) are the scaling parameters (denoted by p0).

Systematic Signal/Background Rate/Shape Four jets Five jets Six jets

Jet trigger efficiency Signal Rate 0.6% 0.6% 0.6%
Luminosity Signal Rate 1.6% 1.6% 1.6%
PDFs Signal Rate 1.5% 1.5% 1.5%
QCD μR and μF scales Signal Rate 14.0% 14.0% 14.0%

Fully hadronic bHbH event mode

Low-mass BJTF Background Rate 70.7% 18.9% 13.5%
Background fit p0 Background Shape 9.7% 9.6% 9.6%
BJTF fit form Background Rate 5.6% 21.4% 0.1%
BJTF fit p0 Background Shape 9.7% 9.6% 9.6%
Jet tag scale factors Signal Shape 4.6% 5.8% 7.1%
Jet energy resolution Signal Shape 0.3% 1.4% 2.0%
Jet energy scale Signal Shape 1.3% 2.1% 3.4%
Pileup Signal Shape 0.3% 0.3% 1.5%

Fully hadronic bHbZ event mode

Low-mass BJTF Background Rate 17.2% 8.2% 14.6%
Background fit p0 Background Shape 9.7% 9.6% 9.4%
BJTF fit form Background Rate 0.7% 1.5% 1.3%
BJTF fit p0 Background Shape 9.7% 9.6% 9.4%
Jet tag scale factors Signal Shape 4.8% 5.7% 7.2%
Jet energy resolution Signal Shape 0.2% 1.0% 1.6%
Jet energy scale Signal Shape 1.2% 0.3% 1.4%
Pileup Signal Shape 0.1% 0.0% 1.1%

Fully hadronic bZbZ event mode

Low-mass BJTF Background Rate 20.9% 3.8% 4.5%
Background fit p0 Background Shape 9.8% 9.8% 9.5%
BJTF fit form Background Rate 10.4% 0.0% 34.3%
BJTF fit p0 Background Shape 9.8% 9.8% 9.5%
Jet tag scale factors Signal Shape 5.0% 5.0% 4.9%
Jet energy resolution Signal Shape 0.3% 0.5% 1.0%
Jet energy scale Signal Shape 1.0% 2.8% 3.9%
Pileup Signal Shape 0.4% 0.1% 0.2%

Fully hadronic bHtW event mode

Low-mass BJTF Background Rate � � � 7.4% 3.2%
Background fit p0 Background Shape � � � 9.4% 10.2%
BJTF fit form Background Rate � � � 0.3% 0.6%
BJTF fit p0 Background Shape � � � 9.4% 10.2%
Jet tag scale factors Signal Shape � � � 4.1% 5.6%
Jet energy resolution Signal Shape � � � 0.7% 0.4%
Jet energy scale Signal Shape � � � 0.3% 1.5%
Pileup Signal Shape � � � 0.1% 0.7%

Fully hadronic bZtW event mode

Low-mass BJTF Background Rate � � � 8.0% 1.6%
Background fit p0 Background Shape � � � 9.7% 10.6%
BJTF fit form Background Rate � � � 0.6% 1.9%
BJTF fit p0 Background Shape � � � 9.7% 10.6%
Jet tag scale factors Signal Shape � � � 3.6% 4.1%
Jet energy resolution Signal Shape � � � 1.0% 0.4%
Jet energy scale Signal Shape � � � 0.5% 1.4%
Pileup Signal Shape � � � 0.0% 0.6%
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The CLs criterion [73,74] is used to obtain a limit at
95% CL using the profile likelihood test statistic in the
asymptotic approximation [75].
The exclusion limit on the VLQ mass is derived from the

intersection of the limit curve with the predicted theoretical
cross section as a function of the VLQ mass. Figure 18
shows the observed and expected limits at 95% CL on the
cross section of VLQ pair production as functions of VLQ
mass, for four representative branching fraction hypoth-
eses: BðB → bHÞ ¼ 100%; BðB → bZÞ ¼ 100%; BðB →
bHÞ ¼ BðB → bZÞ ¼ 50%, corresponding to the TB dou-
blet model with no Tt mixing and also to the large VLQ
mass XTB triplet model; and BðB → bHÞ ¼ BðB →
bZÞ ¼ 25%, BðB → tWÞ ¼ 50%, corresponding to the
large VLQ mass TBY triplet and B singlet models.
Figures 19 and 20 show the expected and observed

exclusion limits, respectively, on VLQ mass as a function
of BðB → bHÞ and BðB → tWÞ, omitting points for which
the exclusion limit is less than 1000 GeV. In the 100%
B → bZ model, the limits on the B VLQ mass have been
improved by 120 GeV compared to the previous best limits,
set by ATLAS [24]; in the TB doublet model with no Tt
mixing, the limits have been improved by 50 GeV com-
pared to the previous best limits, set by CMS [22].

X. SUMMARY

A search for B VLQs has been presented, using data
from proton-proton collisions collected by the CMS detec-
tor in 2016–2018 at

ffiffiffi
s

p ¼ 13 TeV. Results are combined
from the fully hadronic category, where each B VLQ
decays into either a b quark and a Higgs boson (H), a b
quark and a Z boson, or a t quark and a W boson; and the
leptonic category, where each B VLQ decays into a b quark
and either an H or a Z boson, and at least one decay
includes a Z boson that decays into a pair of charged
leptons. Since the dileptonic (e and μ) branching fraction of
the Z boson is 6.7%, the rate of four-lepton events is an
order of magnitude less than that of two-lepton events,
which require only one dileptonic Z boson decay.
Therefore, including the four-lepton signature would not
provide a significant increase in sensitivity at the current
integrated luminosity. To account for the fact that the two
jets from an H, a Z, or a W boson decay may be
reconstructed separately, or may be merged into a single
reconstructed jet due to a high Lorentz boost, events are
separated into different jet multiplicity categories and
reconstructed appropriately. Backgrounds are estimated
from data, and limits are set on the VLQ mass at

TABLE VII. Table of systematic uncertainties for the dileptonic bHbZ and bZbZ channels for a simulated signal mass of 1400 GeV
and branching fractions of BðB → bHÞ ¼ 40%, BðB → bZÞ ¼ 40%, and BðB → tWÞ ¼ 20%.

Systematic Signal/Background Rate/Shape 3 jets 4 jets

Z → ee efficiency Signal Rate 0.8% 0.8%
Z → μμ efficiency Signal Rate 0.6% 0.6%
Electron trigger efficiency Signal Rate 0.4% 0.4%
Muon trigger efficiency Signal Rate 0.1% 0.1%
Luminosity Signal Rate 1.6% 1.6%
PDFs Signal Rate 2.0% 2.0%
QCD μR and μF scales Signal Rate 15.1% 15.1%

Dileptonic bHbZ event mode

Background exponential fit Background Shape 24.4% 16.1%
Jet tag scale factors Signal Shape 6.9% 7.8%
Normalization factor mass dependence Background Rate 55.9% 7.1%
Normalization factor (b-tag/b-veto) Background Rate 14.4% 8.2%
Jet energy resolution Signal Shape 0.4% 1.3%
Jet energy scale Signal Shape 0.5% 2.5%
Lepton scale factors Signal Shape 12.4% 11.4%
Pileup Signal Shape 0.5% 1.1%
Trigger prefiring Signal Shape 0.3% 0.3%

Dileptonic bZbZ event mode

Background exponential fit Background Shape 26.0% 20.1%
Jet tag scale factors Signal Shape 7.1% 8.0%
Normalization factor mass dependence Background Rate 4.6% 10.6%
Normalization factor (b-tag/b-veto) Background Rate 14.6% 9.4%
Jet energy resolution Signal Shape 0.4% 0.8%
Jet energy scale Signal Shape 0.2% 0.6%
Lepton scale factors Signal Shape 11.7% 11.6%
Pileup Signal Shape 0.5% 0.4%
Trigger prefiring Signal Shape 0.3% 0.3%
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95% confidence level as a function of the branching
fractions BðB → bHÞ, BðB → bZÞ, and BðB → tWÞ. The
most significant improvement over previous results is an
increased sensitivity for scenarios with large BðB → bZÞ
due to the inclusion of events with leptonic Z boson decays.
The current results represent the most stringent limits on B
VLQs to date.
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FIG. 14. Distributions of reconstructed VLQ mass for expected postfit background (blue histogram), signal plus background (colored
lines), and observed data (black points) for events in the hadronic category. The channels shown are four-jet bHbH (upper left), four-jet
bHbZ (upper right), four-jet bZbZ (lower center). Five signal masses are shown: 1000 (magenta), 1200 (red), 1400 (maroon), 1600
(orange), and 1800 GeV (purple). The signal distributions are normalized to the number of events estimated from the expected VLQ
production cross section. The assumed branching fractions are BðB → bHÞ ¼ BðB → bZÞ ¼ 50%, BðB → tWÞ ¼ 0%. The back-
ground distribution is independent of the signal branching fractions. The hatched regions indicate the total systematic uncertainties in the
background estimate.
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FIG. 15. Distributions of reconstructed VLQ mass for expected postfit background (blue histogram), signal plus background (colored
lines), and observed data (black points) for events in the hadronic category. The channels shown are five-jet bHbH (upper left), five-jet
bHbZ (upper right), five-jet bZbZ (middle left), five-jet bHtW (middle right), and five-jet bZtW (lower center). Five signal masses are
shown: 1000 (magenta), 1200 (red), 1400 (maroon), 1600 (orange), and 1800 GeV (purple). The signal distributions are normalized to
the number of events estimated from the expected VLQ production cross section. The assumed branching fractions are
BðB → bHÞ ¼ BðB → bZÞ ¼ 50%, BðB → tWÞ ¼ 0%. The background distribution is independent of the signal branching fractions.
The hatched regions indicate the total systematic uncertainties in the background estimate.
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FIG. 16. Distributions of reconstructed VLQ mass for expected postfit background (blue histogram), signal plus background (colored
lines), and observed data (black points) for events in the hadronic category. The channels shown are six-jet bHbH (upper left), six-jet
bHbZ (upper right), six-jet bZbZ (middle left), six-jet bHtW (middle right), and six-jet bZtW (lower center). Five signal masses are
shown: 1000 (magenta), 1200 (red), 1400 (maroon), 1600 (orange), and 1800 GeV (purple). The signal distributions are normalized to
the number of events estimated from the expected VLQ production cross section. The assumed branching fractions are
BðB → bHÞ ¼ BðB → bZÞ ¼ 50%, BðB → tWÞ ¼ 0%. The background distribution is independent of the signal branching fractions.
The hatched regions indicate the total systematic uncertainties in the background estimate.
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FIG. 17. Distributions of reconstructed VLQ mass for expected postfit background (blue histogram), signal plus background (colored
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bHbZ (upper right), three-jet bZbZ (lower left), and four-jet bZbZ (lower right). Five signal masses are shown: 1000 (magenta), 1200
(red), 1400 (maroon), 1600 (orange), and 1800 GeV (purple). The signal distributions are normalized to the number of events estimated
from the expected VLQ production cross section. The assumed branching fractions are BðB → bHÞ ¼ BðB → bZÞ ¼ 50%,
BðB → tWÞ ¼ 0%. The background distribution is independent of the signal branching fractions. The hatched regions indicate the
total systematic uncertainties in the background estimate.
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FIG. 18. Limit at 95% CL on the cross section for VLQ pair production for four different branching fraction hypotheses:
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The expected limit is shown as the dashed line, with the 68% and 95% uncertainties shown by the green (inner) and yellow (outer) bands,
respectively. The theoretical cross section and its uncertainty are shown by the red line and light red band.
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C. Aimè ,79a,79b A. Braghieri ,79a S. Calzaferri ,79a D. Fiorina ,79a P. Montagna ,79a,79b V. Re ,79a C. Riccardi ,79a,79b

P. Salvini ,79a I. Vai ,79a,79b P. Vitulo ,79a,79b S. Ajmal ,80a,80b P. Asenov ,80a,ddd G. M. Bilei ,80a D. Ciangottini ,80a,80b

L. Fanò ,80a,80b M. Magherini ,80a,80b G. Mantovani,80a,80b V. Mariani ,80a,80b M. Menichelli ,80a F. Moscatelli ,80a,ddd

A. Rossi ,80a,80b A. Santocchia ,80a,80b D. Spiga ,80a T. Tedeschi ,80a,80b P. Azzurri ,81a G. Bagliesi ,81a

R. Bhattacharya ,81a L. Bianchini ,81a,81b T. Boccali ,81a E. Bossini ,81a D. Bruschini ,81a,81c R. Castaldi ,81a

M. A. Ciocci ,81a,81b M. Cipriani ,81a,81b V. D’Amante ,81a,81d R. Dell’Orso ,81a S. Donato ,81a A. Giassi ,81a

F. Ligabue ,81a,81c D. Matos Figueiredo ,81a A. Messineo ,81a,81b M. Musich ,81a,81b F. Palla ,81a A. Rizzi ,81a,81b

G. Rolandi ,81a,81c S. Roy Chowdhury ,81a T. Sarkar ,81a A. Scribano ,81a P. Spagnolo ,81a R. Tenchini ,81a

G. Tonelli ,81a,81b N. Turini ,81a,81d A. Venturi ,81a P. G. Verdini ,81a P. Barria ,82a M. Campana ,82a,82b F. Cavallari ,82a

L. Cunqueiro Mendez ,82a,82b D. Del Re ,82a,82b E. Di Marco ,82a M. Diemoz ,82a F. Errico ,82a,82b E. Longo ,82a,82b

P. Meridiani ,82a J. Mijuskovic ,82a,82b G. Organtini ,82a,82b F. Pandolfi ,82a R. Paramatti ,82a,82b C. Quaranta ,82a,82b

S. Rahatlou ,82a,82b C. Rovelli ,82a F. Santanastasio ,82a,82b L. Soffi ,82a N. Amapane ,83a,83b R. Arcidiacono ,83a,83c

S. Argiro ,83a,83b M. Arneodo ,83a,83c N. Bartosik ,83a R. Bellan ,83a,83b A. Bellora ,83a,83b C. Biino ,83a N. Cartiglia ,83a

M. Costa ,83a,83b R. Covarelli ,83a,83b N. Demaria ,83a L. Finco ,83a M. Grippo ,83a,83b B. Kiani ,83a,83b F. Legger ,83a

F. Luongo ,83a,83b C. Mariotti ,83a S. Maselli ,83a A. Mecca ,83a,83b E. Migliore ,83a,83b M. Monteno ,83a

R. Mulargia ,83a M.M. Obertino ,83a,83b G. Ortona ,83a L. Pacher ,83a,83b N. Pastrone ,83a M. Pelliccioni ,83a

M. Ruspa ,83a,83c F. Siviero ,83a,83b V. Sola ,83a,83b A. Solano ,83a,83b A. Staiano ,83a C. Tarricone ,83a,83b D. Trocino ,83a

G. Umoret ,83a,83b E. Vlasov ,83a,83b S. Belforte ,84a V. Candelise ,84a,84b M. Casarsa ,84a F. Cossutti ,84a

K. De Leo ,84a,84b G. Della Ricca ,84a,84b S. Dogra ,85 J. Hong ,85 C. Huh ,85 B. Kim ,85 D. H. Kim ,85 J. Kim,85

H. Lee,85 S. W. Lee ,85 C. S. Moon ,85 Y. D. Oh ,85 M. S. Ryu ,85 S. Sekmen ,85 Y. C. Yang ,85 M. S. Kim ,86

G. Bak ,87 P. Gwak ,87 H. Kim ,87 D. H. Moon ,87 E. Asilar ,88 D. Kim ,88 T. J. Kim ,88 J. A. Merlin,88 S. Choi ,89

S. Han,89 B. Hong ,89 K. Lee,89 K. S. Lee ,89 S. Lee ,89 J. Park,89 S. K. Park,89 J. Yoo ,89 J. Goh ,90 S. Yang ,90

H. S. Kim ,91 Y. Kim,91 S. Lee,91 J. Almond,92 J. H. Bhyun,92 J. Choi ,92 W. Jun ,92 J. Kim ,92 S. Ko ,92 H. Kwon ,92

H. Lee ,92 J. Lee ,92 J. Lee ,92 B. H. Oh ,92 S. B. Oh ,92 H. Seo ,92 U. K. Yang,92 I. Yoon ,92 W. Jang ,93 D. Y. Kang,93

Y. Kang ,93 S. Kim ,93 B. Ko,93 J. S. H. Lee ,93 Y. Lee ,93 I. C. Park ,93 Y. Roh,93 I. J. Watson ,93 S. Ha ,94

H. D. Yoo ,94 M. Choi ,95 M. R. Kim ,95 H. Lee,95 Y. Lee ,95 I. Yu ,95 T. Beyrouthy,96 Y. Maghrbi ,96 K. Dreimanis ,97

A. Gaile ,97 G. Pikurs,97 A. Potrebko ,97 M. Seidel ,97 V. Veckalns ,97,eee N. R. Strautnieks ,98 M. Ambrozas ,99

A. Juodagalvis ,99 A. Rinkevicius ,99 G. Tamulaitis ,99 N. Bin Norjoharuddeen ,100 I. Yusuff ,100,fff Z. Zolkapli,100

J. F. Benitez ,101 A. Castaneda Hernandez ,101 H. A. Encinas Acosta,101 L. G. Gallegos Maríñez,101 M. León Coello ,101

J. A. Murillo Quijada ,101 A. Sehrawat ,101 L. Valencia Palomo ,101 G. Ayala ,102 H. Castilla-Valdez ,102

E. De La Cruz-Burelo ,102 I. Heredia-De La Cruz ,102,ggg R. Lopez-Fernandez ,102 C. A. Mondragon Herrera,102

A. HAYRAPETYAN et al. PHYS. REV. D 110, 052004 (2024)

052004-32

https://orcid.org/0000-0003-2256-4117
https://orcid.org/0000-0002-2926-2691
https://orcid.org/0000-0002-6368-7220
https://orcid.org/0000-0003-3539-4313
https://orcid.org/0000-0001-5998-3070
https://orcid.org/0000-0002-6013-8293
https://orcid.org/0000-0003-3249-9208
https://orcid.org/0000-0002-8932-0283
https://orcid.org/0000-0002-1233-8100
https://orcid.org/0000-0002-6377-800X
https://orcid.org/0000-0001-7961-4889
https://orcid.org/0000-0002-7996-7139
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0002-5973-1305
https://orcid.org/0000-0002-9746-4842
https://orcid.org/0000-0002-3528-4125
https://orcid.org/0000-0001-9919-0569
https://orcid.org/0000-0002-9964-015X
https://orcid.org/0000-0002-5071-5501
https://orcid.org/0000-0003-0739-3153
https://orcid.org/0000-0002-5152-9006
https://orcid.org/0000-0002-1738-8676
https://orcid.org/0000-0002-4662-3305
https://orcid.org/0000-0002-6396-622X
https://orcid.org/0000-0003-3010-4516
https://orcid.org/0000-0003-3232-9380
https://orcid.org/0000-0003-1947-3396
https://orcid.org/0000-0002-4952-3799
https://orcid.org/0000-0001-7997-0306
https://orcid.org/0000-0002-3763-5267
https://orcid.org/0000-0002-4098-3502
https://orcid.org/0000-0002-6927-8807
https://orcid.org/0000-0001-7297-2624
https://orcid.org/0000-0002-9161-3990
https://orcid.org/0000-0003-3592-9509
https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0002-4705-9582
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-5490-605X
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0002-7497-7450
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0000-0001-8219-2074
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0003-3072-1020
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0002-8412-4072
https://orcid.org/0000-0001-8348-2962
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-4426-8434
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-2374-6433
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-5441-7755
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0002-4640-6108
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0001-5140-9154
https://orcid.org/0000-0002-8938-2193
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0002-0820-0483
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-2726-2858
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0001-5425-723X
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0003-2743-4119
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0002-8628-2090
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-9463-4922
https://orcid.org/0000-0002-8513-2824
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0002-9023-6847
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0002-1855-180X
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-0095-8185
https://orcid.org/0009-0009-7347-1480
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0002-8336-9182
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0000-0001-6225-9876
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-9257-9643
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0009-0001-5122-4552
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0009-0002-5165-5018
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0001-6753-3731
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0000-0003-0710-4956
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-1571-9072
https://orcid.org/0000-0001-6079-3434
https://orcid.org/0000-0002-8015-7379
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0001-5572-5947
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0002-4811-626X
https://orcid.org/0000-0002-2289-2527
https://orcid.org/0000-0001-6954-9964
https://orcid.org/0000-0003-1567-5548
https://orcid.org/0000-0002-4960-7458
https://orcid.org/0000-0003-0972-5641
https://orcid.org/0000-0003-1350-3523
https://orcid.org/0000-0002-3776-8270
https://orcid.org/0000-0003-3550-6151
https://orcid.org/0000-0003-3676-9711
https://orcid.org/0000-0003-4540-9048
https://orcid.org/0000-0003-2449-0158
https://orcid.org/0000-0002-1501-3328
https://orcid.org/0000-0002-7510-255X
https://orcid.org/0000-0002-2913-9634
https://orcid.org/0000-0002-8818-7476
https://orcid.org/0000-0003-2786-0732
https://orcid.org/0000-0002-2633-6712
https://orcid.org/0000-0003-4766-1546
https://orcid.org/0000-0002-3761-911X
https://orcid.org/0000-0003-4933-2092
https://orcid.org/0000-0002-6816-7814
https://orcid.org/0000-0002-8736-440X
https://orcid.org/0000-0002-8294-8692
https://orcid.org/0009-0005-9590-9958
https://orcid.org/0000-0002-7469-6974
https://orcid.org/0000-0002-8133-6467
https://orcid.org/0000-0002-2389-4831


A. Sánchez Hernández ,102 C. Oropeza Barrera ,103 M. Ramírez García ,103 I. Bautista ,104 I. Pedraza ,104

H. A. Salazar Ibarguen ,104 C. Uribe Estrada ,104 I. Bubanja,105 N. Raicevic ,105 P. H. Butler ,106 A. Ahmad ,107

M. I. Asghar,107 A. Awais ,107 M. I. M. Awan,107 H. R. Hoorani ,107 W. A. Khan ,107 V. Avati,108 L. Grzanka ,108

M. Malawski ,108 H. Bialkowska ,109 M. Bluj ,109 B. Boimska ,109 M. Górski ,109 M. Kazana ,109 M. Szleper ,109

P. Zalewski ,109 K. Bunkowski ,110 K. Doroba ,110 A. Kalinowski ,110 M. Konecki ,110 J. Krolikowski ,110

A. Muhammad ,110 K. Pozniak ,111 W. Zabolotny ,111 M. Araujo ,112 D. Bastos ,112 C. Beirão Da Cruz E Silva ,112

A. Boletti ,112 M. Bozzo ,112 T. Camporesi ,112 G. Da Molin ,112 P. Faccioli ,112 M. Gallinaro ,112 J. Hollar ,112

N. Leonardo ,112 T. Niknejad ,112 A. Petrilli ,112 M. Pisano ,112 J. Seixas ,112 J. Varela ,112 J. W.Wulff,112 P. Adzic ,125

P. Milenovic ,125 M. Dordevic ,126 J. Milosevic ,126 V. Rekovic,126 M. Aguilar-Benitez,127 J. Alcaraz Maestre ,127

Cristina F. Bedoya ,127 M. Cepeda ,127 M. Cerrada ,127 N. Colino ,127 B. De La Cruz ,127 A. Delgado Peris ,127

A. Escalante Del Valle ,127 D. Fernández Del Val ,127 J. P. Fernández Ramos ,127 J. Flix ,127 M. C. Fouz ,127

O. Gonzalez Lopez ,127 S. Goy Lopez ,127 J. M. Hernandez ,127 M. I. Josa ,127 D. Moran ,127 C. M. Morcillo Perez ,127
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73aINFN Sezione di Firenze, Firenze, Italy
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84aINFN Sezione di Trieste, Trieste, Italy

A. HAYRAPETYAN et al. PHYS. REV. D 110, 052004 (2024)

052004-38
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