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Search for vectorlike light-flavor quark partners in proton-proton
collisions at /s =8 TeV

A. M. Sirunyan et al.”
(CMS Collaboration)

® (Received 8 August 2017; published 11 April 2018)

A search is presented for heavy vectorlike quarks (VLQs) that couple only to light quarks in proton-
proton collisions at /s = 8 TeV at the LHC. The data were collected by the CMS experiment during 2012
and correspond to an integrated luminosity of 19.7 fb~!. Both single and pair production of VLQs are
considered. The single-production search is performed for down-type VLQs (electric charge of magnitude
1/3), while the pair-production search is sensitive to up-type (charge of magnitude 2/3) and down-type
VLQs. Final states with at least one muon or one electron are considered. No significant excess over
standard model expectations is observed, and lower limits on the mass of VLQs are derived. The lower
limits range from 400 to 1800 GeV, depending on the single-production cross section and the VLQ
branching fractions 5 to W, Z, and Higgs bosons. When considering pair production alone, VLQs
with masses below 845 GeV are excluded for B(W) = 1.0, and below 685 GeV for B(W) = 0.5,

B(Z) = B(H) = 0.25. The results are more stringent than those previously obtained for single and pair

production of VLQs coupled to light quarks.

DOI: 10.1103/PhysRevD.97.072008

I. INTRODUCTION

Vectorlike quarks (VLQs) are hypothetical spin-1/2
fermions, whose left- and right-handed chiral components
transform in the same way under the standard model (SM)
symmetries, and hence have vector couplings to gauge
bosons. Such VLQs appear in a number of models that
extend the SM to address open questions in particle
physics. These models include: beautiful mirrors [1],
little-Higgs models [2—4], composite-Higgs models [5],
theories invoking extra dimensions [6], grand unified
theories [7], and models providing insights into the SM
flavor structure [8].

Owing to the possible role of third-generation quarks in
the solution of problems in electroweak symmetry break-
ing, the VLQs in many of the aforementioned models mix
predominantly with third generation quarks. In addition,
indirect experimental constraints on the quark couplings
of the lighter generations from precision electroweak
measurements are typically stronger than those on third-
generation couplings [9]. However, the coupling correc-
tions from several different VLQs may cancel, which can
significantly relax constraints on the mixing of VLQs with
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the first and second generations. In this paper, we consider
the pair production of heavy VLQs, denoted by Q, with
electric charge of magnitude 1/3 or 2/3, that are partners
of the first-generation SM quarks. We also consider the
electroweak single production of vectorlike down-type
quarks with electric charge of magnitude 1/3, which we
denote by D in this context.

Figure 1 shows examples of Feynman diagrams for the
leading-order electroweak single production and strong
pair production of VLQs coupled to first-generation quarks.
In order to describe the production processes, new cou-
plings of the VLQs to light-flavor quarks via W, Z, and
Higgs bosons (H) are introduced, whereas no new coupling
to gluons is considered. Assuming a short enough lifetime,
the new quarks do not hadronize before decaying to Wgq,
Zgq, or Hg, where ¢ indicates a SM quark. The branching
fractions for the different decay modes depend on the
multiplet in which the VLQ resides [10]. In most models,
the neutral-current branching fractions B(Q — Zg) and
B(Q — Hgq) are roughly the same size, and the charged-
current branching fraction B(Q — Wq) can vary between
0 and 1. Other decay modes are assumed to be negligible,
so the sum of the three branching fractions is one.

The cross section for the charged-current (neutral-
current) production of single VLQs is proportional to
&2, (%), where & is a scaled coupling parameter defined
in Sec. ITA. The pair-production cross section
does not depend on these parameters as it proceeds via
the strong interaction. Because the Q quark isosinglet
is the simplest model having B(Q — Wq) =0.5 and

© 2018 CERN, for the CMS Collaboration
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FIG. 1. Vectorlike quarks (denoted Q) can be produced in
proton-proton collisions either singly through electroweak inter-
actions (the 7 channel mode (upper) is shown as an example), or
in pairs via the strong interaction (lower). For single production
we consider in the present work only vectorlike quarks with
electric charge of magnitude 1/3 (denoted D).

B(Q - Zq) = B(Q — Hg) = 0.25, implied by the equiv-
alence theorem [11], it is chosen as a benchmark point in
the signal model parameter space.

Previous searches for single and pair production of such
VLQs have been performed by the ATLAS experiment at
/s =7 and 8 TeV [12,13]. These searches exclude singly
produced VLQs with masses below 900 (760 GeV), with
Qq = Wqq (Qq — Zqq), and pair-produced VLQs with
masses below 690 GeV, with B(Q — Wgq) = 1,at95% con-
fidence level (C.L.).

For high VLQ masses above 1 TeV, the kinematically
favored single-production mode may be the dominant
production mode, since the pair-production cross section
via the strong interaction drops rapidly as a function of the
VLQ mass. Nevertheless, since the single-production cross
section depends on unknown model-dependent parameters,
the pair-production mode may be dominant for sub-TeV
VLQ masses. Furthermore, the VLQs may decay to W, Z,
and Higgs bosons with unknown decay branching frac-
tions. These considerations motivate searches for VLQs
over a wide mass range with search methods optimized for
both singly and pair produced VLQs, decaying in a variety
of modes.

In this paper we report results of a search for VLQs
in proton-proton collisions at a center-of-mass energy of
8 TeV using the CMS detector at the CERN LHC. The
data set analyzed corresponds to an integrated luminosity
of about 19.7 fb~!. Events with one or more isolated
leptons are used for the search. The signal channels
considered are listed in Table I. The processes Dg —
Hgq and QQ — HgHg have not been considered

TABLE L
the analysis.

Decay channels of vector-like quarks considered in

Production Channel

Single (electroweak) Dq — Wqq

Dqg — Zqq
QQ —» WqWq
00 — WqZq
Q0 — WqHgq
Q0 = ZqZq
Q0 — ZqHq

Pair (strong)

because of the low efficiency for selecting isolated
leptons in such decay modes. The search for singly
produced VLQs is performed only for vector-like down-
type quarks. The search for pair-produced VLQs is also
applicable to up-type quarks, as their decay products are
experimentally indistinguishable from those of down-
type VLQs.

This is the first search for VLQs coupled to light-flavor
quarks that simultaneously considers the single and pair
production modes, in a scan over the branching fractions of
the VLQs to W, Z, and Higgs bosons. Furthermore, for the
first time in these topologies, kinematic fits using boosted
jet substructure techniques in single-lepton events are
applied to improve the VLQ mass reconstruction, and
events with at least two leptons are analyzed to retain
sensitivity to VLQs that have a high probability of decaying
to a Z boson.

II. ANALYSIS STRATEGY

In this analysis, the search for singly produced vector-
like D quarks involves the reconstruction of a VLQ
resonance in final states with exactly one or two leptons
and two or three jets. In the search for pair produced
VLQs, in the final state with one lepton, missing
transverse momentum, and four jets, a kinematic fit is
performed to reconstruct the VLQ mass. Final states with
two, three or four leptons and at least two jets are also
considered, using reconstructed observables sensitive to
the VLQ mass. The results of all channels, which are
mutually exclusive, are combined in the calculation of
the limits on the VLQ masses and the production cross
sections.

The searches are performed without assuming that
the hypothetical quark belongs to a particular SU(2)
multiplet structure. Therefore the analysis is not opti-
mized for a combined search for all quarks in a given
multiplet. As such, the exclusion limits presented in
this analysis are expected to be more conservative
than those that would be obtained in a dedicated
model-dependent search combining the signal from
all quarks within a multiplet. On the other hand, the
approach used here allows a more model-independent
interpretation.
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A. Search for single production

We consider the electroweak charged-current and
neutral-current modes of the single production of vector-
like D quarks. The interaction Lagrangian density for the
vector-like D quarks contains three unknown parameters,
corresponding to the couplings to the three bosons, ky, k7,
and ky [9,14]:

Jw

_ 9w
ﬁinteraction,D = \/§KWW+/‘ ligy" Dy + 2 cos Oy

K'ZzﬂaR]/”DR

—@KHHE{RDL‘FH.C. (1)
v

Here v ~ 246 GeV is the Higgs field vacuum expectation
value, m is the VLQ mass, Oy, is the weak mixing angle
and gy is the coupling strength of the weak interaction. In
Eq. (1) the terms for just one chirality are given (the R and
L field indices refer to right- and left-handed helicities,
respectively), but there are equivalent terms for the other
helicities.

The coupling parameters, kx, are model dependent, and
originate from the mixing between SM quarks and VLQs.
These couplings can be reparametrized as k = vk/ \/EmQ,
with the new parameter X being naturally of order unity in a
weakly coupled theory [9].

In the particular scenario where the VLQ couples only to
the first-generation quarks, it can be shown [14] that the
neutral-current coupling strength parameter, K,, may be
expressed approximately through the charged-current cou-
pling strength parameter, Ky, and the branching fractions of
the decays of the VLQ to W and Z bosons, By = B(Q —
Wgq) and B, = B(Q — Zq), via:

Kz~ IZg—VZVch, (2)

if By, # 0. It is therefore sufficient to determine limits on
the cross section and mass as a function of the three free
parameters, Ky, By and B, producing cross section and
mass limits that then depend only on these parameters. If
By approaches 0, with &y, fixed to a nonzero value, Eq. (2)
implies that K, diverges, and when By, is exactly zero,
Eq. (2) is no longer applicable. Results for an alternative
single-production coupling parametrization that does not
exhibit divergent behavior throughout the parameter scan
are available in the Supplemental Material [15].

The expected signal topologies are listed in the upper
two rows of Table L. It should be noted that singly produced
VLQs are produced in association with a forward-going
first-generation quark. As will be explained in Sec. VI A,
we define two event categories corresponding to these two
topologies, based on whether one or two isolated leptons
are present in the final state. In these event categories we

employ the reconstructed mass of the D quark decaying
into a W or Z boson and a quark to search for a signal.

B. Search for pair production

In the search for strongly produced VLQ pairs, QQ,
several event categories are defined that are optimized for
the decay modes of pair produced VLQs listed in Table 1.
Signal events do not often contain b jets, except in the cases
where a Higgs boson is produced.

The single-lepton event categories are optimized for the
following decay modes of VLQ pairs:

00 - WqWgq — £vq,97 qy; (3)
00 - WqZq - £vq,9qqy; (4)
00 - WqHg — ¢vq,bbg;,. (5)

In these events the W boson decays leptonically into a
muon or an electron plus a neutrino and the other boson
(W, Z, or H) decays into a pair of quarks. These events are
classified as either y + jets or e 4+ jets events. A light
quark, g, is produced in association with the leptonically
decaying W boson, and g, is the equivalent for the
hadronically decaying boson. We perform a constrained
kinematic fit for each event to reconstruct the mass of the
VLQ. The full kinematic distributions of the final state
are reconstructed, and the mass of the Q quark, my, is
obtained, as detailed in Sec. VIB I. In addition, the St
variable is defined as the scalar sum of the transverse
momenta p% of the charged lepton, the transverse momenta

P of the jets, and the p™s value:

St=Y_pi+ > P+ pEs. (6)

The variable p2iss, referred to as the missing transverse
momentum, is defined as the magnitude of the missing
transverse momentum vector, which is the projection on the
plane perpendicular to the beams of the negative vector sum
of the momenta of all reconstructed particles in the event.
The St variable, calculated after the fit, is used to define a
phase space region where the signal-to-background ratio is
enhanced.

In the dilepton event categories we employ two
variables to search for a VLQ signal, as will be discussed
in Sec. VI B 2. The first variable is the reconstructed mass
of the Q quark decaying into a Z boson and a quark, the
second one is the St variable defined in Eq. (6).

In the multilepton event category, in this analysis defined
as containing three or four leptons, the number of expected
events is small. Here, rather than using a kinematic variable
to identify a possible signal, events are counted after
imposing the selection criteria.
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III. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed
of a barrel and two endcap sections. Forward calori-
meters extend the pseudorapidity coverage provided by
the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid.

The CMS detector is nearly hermetic, allowing momen-
tum balance measurements to be made in the plane trans-
verse to the beam direction. A more detailed description
of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [16].

IV. EVENT SAMPLES

The data used for this analysis were recorded during the
2012 data taking period, at a proton-proton center-of-mass
energy of 8 TeV. The total integrated luminosity of the data
sample is 19.7 tb~! (19.6 tb~! in the categories optimized
for single VLQ production and those requiring at least two
leptons optimized for pair production). The trigger used to
select the muon data sample is based on the presence of at
least one muon with a pseudorapidity satisfying || < 2.1
and transverse momentum pt > 40 GeV (in the single-
lepton pair-production category), or at least one isolated
muon with pp > 24 GeV (in all other categories). For the
electron data sample, events must pass a trigger requiring
the presence of one isolated electron with pr > 27 GeV.

Simulated samples are used to estimate signal efficien-
cies and background contributions. The processes pp —
Dq and pp — QQ are simulated using the MADGRAPH

5.1.5.3 event generator [17] with CTEQ6L1 parton distri-
bution functions (PDFs) [18], with a decay width of 1% of
the VLQ mass and without extra partons, and then passed
to PYTHIA 6.424 [19] with the Z2* tune [20,21] for
hadronization. The following SM background processes
are simulated: 77 production (including #7 production in
association with a vector boson and one or more jets,
denoted #7Z + jets and W + jets); single top quark pro-
duction via the tW, s-channel, and r-channel processes;
single-boson and diboson production (W + jets, Z + jets,
WW, WZ, and ZZ), triboson processes (WWW, WWZ,
WZZ, ZZZ7), and multijet events.

Samples of the SM background processes, 7 + jets, and
single top quark production via tW, s-, and #-channels, are
simulated using the POWHEG 1.0 [22—-24] event generator. The
diboson processes (WW, WZ, and ZZ) and multijet events
are generated using the PYTHIA event generator. The
1tZ + jets, ttW +jets, W +jets, Z+ jets and triboson

samples are simulated using the MADGRAPH event generator.
The PYTHIA generator is used for parton shower development
and hadronization, for all simulated background processes.
The CTEQOM PDFs are used for POWHEG, while for the
other generators the CTEQ6L1 PDFs are used.

The VLQ single-production cross sections are calculated
at leading order (LO) with the MADGRAPH generator, and
the pair-production cross sections, at next-to-next-to-LO
(NNLO) [25]. The production cross sections for the
background processes are taken from the corresponding
cross section measurements made by the CMS experiment
[26-29]: 17 + jets, single top quark production in the W
mode, WW, WZ, and ZZ; and are in agreement with
theoretical calculations at next-to-LO (NLO) or NNLO
accuracy. The cross section for multijet processes is
calculated at leading order by PyTHIA. The cross sections
of the remaining processes mentioned above are calculated
either at NLO or at NNLO.

All simulated events are processed through the CMS
detector simulation based on GEANT4 [30]. To simulate the
effect of additional proton-proton collisions within the same
or adjacent bunch crossings (pileup), additional inelastic
events are generated using PYTHIA and superimposed on the
hard-scattering events. The Monte Carlo (MC) simulated
events are weighted to reproduce the distribution of the
number of pileup interactions observed in data, with an
average of 21 reconstructed collisions per beam crossing.

V. EVENT RECONSTRUCTION

The event reconstruction uses the particle flow (PF)
algorithm [31] which reconstructs and identifies each
individual particle with an optimized combination of all
subdetector information. In this process, the identification of
the particle type (photon, muon, electron, charged hadron,
neutral hadron) plays an important role in the determination
of the particle direction and energy. Muons are identified by
tracks or hits in the muon system that are associated with the
extrapolated trajectories of charged particles reconstructed
in the inner tracker and have small energy deposits in the
traversed calorimeter cells. Electrons are identified as
charged-particle tracks that are associated with potentially
several ECAL clusters that result from the showering of the
primary particles and from secondary bremsstrahlung pho-
tons produced in the tracker material [32]. Charged hadrons
are identified as charged-particle tracks associated with
energy deposits in the HCAL, and identified as neither
electrons nor muons. Finally, neutral hadrons are identified
as HCAL energy clusters not linked to any charged hadron
trajectory, or as ECAL and HCAL energy excesses with
respect to the expected charged-hadron energy deposit.

The energy of each muon is obtained from the corre-
sponding track momentum. The energy of each electron is
determined from a combination of the track momentum at
the interaction vertex, the corresponding ECAL cluster
energy, and the energy sum of all bremsstrahlung photons
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attached to the track. The energy of each charged hadron is
determined from a combination of the track momentum and
the corresponding ECAL and HCAL energies, corrected for
the response function of the calorimeters to hadronic showers.
Finally, the energy of each neutral hadron is obtained from the
corresponding corrected ECAL and HCAL energies.

Particles found using the PF algorithm are clustered into
jets using the direction of each particle at the interaction
vertex. Charged hadrons that are associated with pileup
vertices are excluded, using a method referred to as charged-
hadron subtraction. Particles that are identified as charged
leptons, isolated according to criteria discussed later, are
removed from the jet clustering procedure. In the analysis,
two types of jets are used: jets reconstructed with the
infrared- and collinear-safe anti-k algorithm [33] operated
with a distance parameter R = 0.5 (AKS jets) and jets
reconstructed with the Cambridge—Aachen algorithm [34]
using a distance parameter R = 0.8 (CAS8 jets), as imple-
mented in FASTJET version 3.0.1 [35,36]. An event-by-event
jet-area-based correction [37-39] is applied to remove, on a
statistical basis, pileup contributions that have not already
been removed by the charged-hadron subtraction procedure.

The momentum of each jet is determined from the vector
sum of all particle momenta in the jet, and is found from
simulation to be within 5% to 10% of the true momentum
for all values of pt and over the whole detector acceptance.
Jet energy corrections varying with p and 5 are applied to
each jet to account for the combined response function of
the calorimeters. They are derived from simulation, and are
confirmed with in situ measurements of the energy balance
of dijet and photon + jet events [40]. The jet energy
resolution amounts typically to 15%-20% at 30 GeV,
10% at 100 GeV, and 5% at 1 TeV.

As the mass of the heavy VLQ increases, the Lorentz
boosts of the decay products also increase. The quark pairs
from the hadronic decays of W, Z, or Higgs bosons become
increasingly collimated and eventually the resulting hadronic
showers cannot be resolved as separate jets. The CAS jets are
used to identify these merged hadronic boson decays and a jet
pruning algorithm, which removes soft/wide-angle radiation
[41-43] is then applied to resolve the merged subjets.

Charged leptons originating from decays of heavy VLQs
are expected to be isolated from nearby jets. Therefore, a
relative isolation (/) criterion is used to suppress back-
grounds from non-prompt leptons or hadrons misidentified
as leptons inside jets. Relative isolation is calculated as the
sum of the pr of the charged hadrons, neutral hadrons, and

photons in a cone of AR = \/(A¢)? + (An)? around the

lepton, with the lepton track itself removed from the sum,
divided by the lepton pr. Here A¢ and Ay are the azimuthal
angle and pseudorapidity differences with respect to the
lepton direction. In the calculation of [, using PF
reconstruction, the isolation cone size is taken to be
AR = 0.4 for muons and AR = 0.3 for electrons. In the
calculation of I, pileup corrections are applied.

TABLE 1I. Initial selection requirements for tight and loose
leptons.
Muons

Tight Loose

pr > 20 GeV pr > 10 GeV

7] < 2.1 ln] <2.5

I <0.12 Iy <02

Electrons

Tight Loose

pr > 20 GeV pr > 15 GeV

In| <2.5 In| <25

I <0.1 I <0.15

Charged leptons are categorized by the stringency of
their selection criteria in two types, namely “tight” and
“loose” leptons, as defined in Table II. In the analysis,
events with at least one tight muon or electron are selected,
while the loose lepton criteria are used to identify and
exclude the presence of additional leptons in the event.
Additional requirements for tight and loose leptons used in
the single-lepton channel optimized for VLQ pair produc-
tion are described in Sec. VIB 1.

To identify jets as originating from a b quark (b-tagged
jets), the combined secondary vertex (CSV) algorithm is
used [44,45]. This algorithm combines variables that
distinguish b jets from non-b jets, such as the track impact
parameter significance and properties of the secondary
vertex. The algorithm uses a likelihood ratio technique to
compute a b tagging discriminator. We use two operating
points (with different thresholds applied to the b tagging
discriminator): medium and loose, which are designated as
CSVM and CSVL, respectively [45]. The medium (loose)
CSV discriminant operating point corresponds to a light-
quark or gluon mistag rate of about 1% (10%) and a b
tagging efficiency of about 70% (84%). B-tagging is
applied to AKS jets and to subjets of CAS jets.

Data-to-simulation b tagging efficiency and mistag rate
scale factors correct for the small differences between the
efficiencies observed in data and in simulation. We use
scale factors that depend on both jet pr and 7 [45].

VI. ANALYSIS

A. Search for single production

We use two collections of AKS jets with pr > 30 GeV.
The first collection consists of all jets that satisfy || < 2.4;
these jets are referred to as selected central jets. The second
collection contains all jets that satisfy 2.4 < || < 5.0;
these jets are referred to as selected forward jets. In order
to exploit the presence of first-generation quarks in the final
state of VLQ processes, we require the presence of a
number of selected central jets for which the b-tag CSV
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TABLE III.

The event categories as optimized for the VLQ single production. The categories are based on the number of tight muons

or electrons present in the event, along with additional criteria optimized for specific VLQ topologies. Events containing any additional

loose leptons are excluded.

Event category Tight leptons (u,e)

Additional selection criteria

W~qq 1 with pp > 30 GeV
Negative charge
Zqq 2 opposite-sign same-flavor

Leading pr > 30 GeV
Subleading pr > 20 GeV

1 or 2 selected central jets, all antitagged
Leading pr > 200 GeV

1 selected forward jet

pr(W = £v) > 150 GeV

AR(?Z,v) < 1.5

piss > 60 GeV, My > 40 GeV

1 or 2 selected central jets, all antitagged
Leading pr > 200 GeV

1 selected forward jet

|mfg - mZ| < 7.5 GeV

pr(Z - ¢¢) > 150 GeV

discriminant lies below the CSVL threshold. These jets are
referred to as “antitagged” jets.

Events with one or two tight muons or electrons are
selected. The leptons (jets) in each event are ordered by
transverse momentum. The lepton (jet) with the largest pr
is labeled as the leading lepton (jet) and the others are
labelled as subleading leptons (jets). We define two event
categories that are sensitive to the single production
topologies presented in Table I, W™¢gq and Zgq. In order
to enhance the signal sensitivity to the Dg — Wgqg mode,
we require the lepton charge in the corresponding category,
indicated as W~¢qgq, to be negative. For a D mass of
1100 GeV, this choice approximately doubles the signal-
to-background ratio. The production rate for D quarks is
higher than that for D quarks [9] because of the proton
PDFs. The production of W bosons in the SM is also charge
asymmetric for the same reason, with more W' bosons
produced than W~ bosons. We therefore use only the W~ qq

category in this search, and do not consider the corre-
sponding category with a positively charged lepton, Wt gg,
to search for a signal. The definition of the event categories
used to search for single production of VLQs is summa-
rized in Table IIL

The leptonically decaying W and Z boson candidates are
reconstructed and thresholds are imposed on their trans-
verse momenta, pr(W) or pr(Z). A W boson candidate is
reconstructed as follows. The z component of the neutrino
momentum is obtained by imposing the W boson mass
constraint on the lepton-neutrino system, resulting in a
quadratic equation in the neutrino p.. If the solution is
complex, the real part is taken as the z component. If
both solutions are real we take the one where the total
reconstructed neutrino momentum has the largest
difference in # with respect to the leading central jet in
the event. We require the separation between the lepton
and the reconstructed neutrino to satisfy AR < 1.5, because

TABLE IV. Event yields in the muon and electron channels for the event categories optimized for the single production search. The
Wtqq event category is not used in the search, but is shown for comparison, in order to demonstrate the expected lepton charge
asymmetry. For the separate background components the indicated uncertainties are statistical only, originating from the limited number
of MC events, while for the total background yield the combined statistical and systematic uncertainty is given. The prediction for the
signals is shown assuming branching fractions of By = 0.5 and B; = By = 0.25. The label “Other” designates the background

originating from W, rfZ and triboson processes.

W*qq W~ qq Zqq

Channel Muon Electron Muon Electron Muon Electron
Estimated backgrounds

1T + jets 26 +2 23+2 28 +3 24 +2 <1 <1

W + jets 2069 £ 43 1906 £+ 41 1191 £ 36 1082 £ 32 <1 <1

Z + jets 17+3 10+3 22+4 87+1.9 541 £+ 20 428 + 18
Single top quark 20+ 3 20+3 11+2 12+2 <1 <1
VvV 28+2 27 +2 314+2 31+2 9.94+0.7 7.6 +0.6
Multijet 39+09 85+25 2.8 +0.8 57+20 <1 <1
Other <1 <1 <1 <1 <1 <1
Total background 2170 + 440 2000 4 400 1290 £ 240 1160 £ 230 550+ 110 436 £ 87
Observed 2082 1838 1112 1027 527 421
Signal (mg = 600 GeV, &y = 0.1) 1.8 1.5 4.6 4.1 1.5 1.2
Signal (mg = 1100 GeV, &y = 1) 8.9 6.7 44 .4 43.6 12.1 114
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these two particles, when produced in the decay of a
boosted W boson, are expected to be close to each

other. A requirement on the transverse mass My =

V25 PR {1 — cos[Ap(Z, pF)]} > 40 GeV is imposed
to suppress the multijet background. A Z boson candidate
is reconstructed from two same-flavor opposite-sign dilep-
tons, and requirements on the mass, m,,, of the dilepton
system are imposed, as described in Table III.

The event yields for the observed data as well as for the
expected SM backgrounds are shown in Table IV for the
muon channel and the electron channel. The respective
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normalizations of the simulated W and Z boson production
processes in association with either light-flavor jets or
heavy-flavor jets are derived from data by fitting the CSVL
b-tagged jet multiplicity distribution in control samples. A
deficit of data events compared to simulation is observed
in both the signal-depleted W+ ¢q and the signal-enriched
W~qq categories, motivating a dedicated background
prediction in the W~gq category as described below.

In each of the event categories we reconstruct the mass of
the VLQ candidate from the W or Z boson candidates and
the leading central jet in the event. The reconstructed mass
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FIG.2. The reconstructed mass of the VLQ candidate in the W gq event category (upper) and the W~ gq event category (lower), in the
muon channel (left) and the electron channel (right). The contributions of simulated events where the W boson is produced in association
with light-flavor (LF) jets and heavy-flavor (HF) jets are shown separately. The distribution for a heavy VLQ signal (indicated as Dg
representing a down-type VLQ produced in association with a SM quark) of mass 1100 GeV and &y = 1 (for By = 0.5 and
B; = By = 0.25) is scaled up by a factor of 15 for visibility. The enhanced D quark signal contribution in the W~¢gq event category in
comparison to the Wtgq event category is clearly shown. The hatched bands represent the combined statistical and systematic

uncertainties, and the highest bin contains the overflow.
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The reconstructed VLQ candidate mass in the W™~ ¢ggq category for the muon channel (left) and the electron channel (right), for

the background prediction and the data. The solid bold (blue) line is the background distribution estimated from data, with a final shape
correction that accounts for the difference between the W + jets simulation in the control region and the W™~ ¢gq signal region. The dashed
(blue) line is the same, but without the shape correction. The dotted (grey) line represents the SM prediction from simulation. The lower
panel shows the ratio of the data to the data-driven background distribution with shape corrections. For bins from 1000 GeV onwards, a
wider bin width is chosen to reduce statistical uncertainties in the background estimation from the data control region. The horizontal

error bars on the data points indicate the bin width.

can be used to efficiently discriminate between the SM
background and the VLQ processes.

Figure 2 shows the reconstructed mass of the VLQ
candidate for the Wtgq category (upper) and the W—qq
category (lower), comparing data to simulation. The dis-
tributions of the reconstructed VLQ candidate mass com-
paring data to the prediction derived from a control region
in data are shown in Fig. 3 for the muon channel (upper)
and the electron channel (lower). The predicted recon-
structed mass distributions for the W + jets and multijet
backgrounds in the W™¢q category are obtained using a
control region in data in the following way. The control
region is defined with the same W~¢gq selection require-
ments as outlined in Table III, but with the selection of a
lepton with positive charge instead of a negative charge,
and with a forward-jet veto instead of requiring the
presence of a forward jet. The contribution of a potential
signal in this control region is negligible because of these
inverted requirements. In order to obtain the predicted
distribution in the W™ ¢q category, the observed distribution
in the control region is scaled with the ratio, calculated from
simulation, of negatively charged W boson events to
positively charged W boson events. Finally, we apply a
shape correction to account for the difference observed in
the W + jets simulation between the control region and the
W~qgq signal region, which originates from the different
forward jet and lepton charge requirements.

The reconstructed mass of the VLQ candidate in the Zgq
category is shown for data and the simulated signal sample
in Fig. 4, for the muon and electron channels. The SM

background is completely dominated by the Z + jets
process.

B. Search for pair production

1. Single-lepton channel

In the single-lepton event categories optimized for the
search for pair produced VLQs, each of the selected events
must contain exactly one charged lepton (muon or electron)
and at least four jets. The jet multiplicity requirement
ensures that there is no overlap with the single-lepton
W~qq category selection outlined in Sec. VIA, which
selects events with at most three jets. The jet collection may
consist of AKS jets or also of the subjets of a V-tagged CAS8
jet, where V indicates a W, Z, or Higgs boson.

For heavy VLQs the quark pair from the hadronic decay
of the V boson may become so collimated that the over-
lapping hadronic showers cannot be resolved as separate
jets. This means it is not possible to perform a kinematic fit
to the final state and therefore the signal reconstruction
efficiency drops. The CAS8 jets with pp > 200 GeV are
used to identify the merged hadronic V boson decays by
applying a jet pruning algorithm, which resolves the
merged jets into subjets. The efficiency drop caused by
the jet merging at high VLQ masses can be recovered by
using the subjets in the kinematic fit.

A pruned CA8 wide-jet mass is equal to the invariant mass
of the subjets. A CAS jet is considered to be: W-tagged
if the pruned jet mass satisfies 60 < Mj, < 100 GeV,
Z-tagged if it satisfies 65 < M, < 115 GeV, or H-tagged
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FIG. 4. The reconstructed mass of the VLQ candidate in the
Zqq event category, in the muon channel (upper) and the electron
channel (lower). The contributions of simulated events where the
Z boson is produced in association with light-flavor (LF) jets and
heavy-flavor (HF) jets are shown separately. The distribution for
a heavy VLQ signal (indicated as Dg representing a down-type
VLQ produced in association with a SM quark) of mass
1100 GeV and &y = 1 (for By = 0.5 and B, = By = 0.25) is
scaled by a factor of 10 for better visibility. The hatched bands
represent the combined statistical and systematic uncertainties.

if 100 < M < 140 GeV. If two subjets cannot be
resolved, no V tagging is done. The three different V tagging
selections overlap, such that the same event can be selected
in different categories. As explained at the end of this
section, the overlap is removed in the final distributions and
each event is only counted once.

If the V-tagged jet overlaps with any AKS jets, the AKS
jetis replaced with the two subjets of the matched CAS jet.

Jets are considered as overlapping if AR < 0.04, where AR
is constructed using the directions of the CA8 and AKS
jets. The b tagging of subjets is used in case of H-tagged
CAS jets.

Muon (electron) candidates in selected events contain
tight muons (electrons) with pr > 45(30) GeV. Events in
the u-+jets (e+jets) channel must satisfy piiss >
20(30) GeV. Events having a loose muon or electron in
addition to a tight lepton are vetoed. For this selection, loose
leptons are defined as in Table II, except that loose electrons
have relative isolation /,; < 0.2 and pt > 20 GeV. The jet
collection described previously is used in a kinematic fit
after the following additional selection requirements.
Selected AKS jets must have pt > 30 GeV, while CA8
jets should have pp > 200 GeV. All jets should satisfy
In| < 2.4. We require the presence of at least four jets, and
the highest four pr-ordered jets in the collection must satisfy
pt > 120, 90, 50, and 30 GeV, respectively.

We perform constrained kinematic fits of the selected
events to the hypotheses described by Egs. (3), (4) and (5).
The kinematic reconstruction of events is performed using
the HitFit package [46], which was developed by the DO
experiment at Fermilab [47] for the measurement of the top
quark mass in the lepton + jets channel.

The fit is performed by minimizing a »? quantity
constructed from the differences between the measured
value of each momentum component for each reconstructed
object and the fitted value of the same quantity divided
by the corresponding uncertainties. The four-momenta
of the final-state particles are subject to the following
constraints:

m(¢v) = my, (7)

m(qq') =my, or m(qq)=mz, or m(bb)=my, (8)
m(Cvqy) = Myagr = My, 9)

where my, denotes the W boson mass, m; the Z boson
mass, and my the Higgs boson mass, with the values taken
from the PDG [48]. The my,,q, variable represents the mass
of the three quarks on the hadronic side of the decay
[m(qq'qv), m(qgqy) or m(bbgy)]. The kinematic fit is
performed for each V hypothesis in parallel.

The z component of the neutrino momentum is estimated
from one of the two constraints given above that contain the
neutrino momentum, with a two-fold quadratic ambiguity.
The solutions found for the z component of the neutrino
momentum are used as starting values for the fit. If there are
two real solutions, they are both taken in turn, doubling the
number of fitted combinations. In the case of complex
solutions, the real part is taken as a starting value. Using
one constraint for calculation of z component of the
neutrino momentum leaves only two constraints for the
kinematic fit. Only the combinations for which the y?
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TABLE V. Combinations of pairs of jets that have not been
identified as V-jet matches, which can be accepted for matching
to the quark pair {q,, gy, }. In the left column, the group with the
lowest available b-tag content is chosen, and within that group,
the combination with the lowest y? is selected. In the right
column, only the antitagged category is accepted.

Events with V-tag

0 CSVL b tags
1 CSVL b tag only; no CSVM b tags
2 CSVL b tags; no CSVM b tags

Events without V-tag
0 CSVL b tags

probability of the fit exceeds 0.1% are accepted. If the jet
collection contains more than four jets, then the five highest
pt jets are considered, and all possible combinations of
four jets are checked.

In order to distinguish between jets originating from
quarks and from gluons, we use the quark-gluon likelihood
discrimination tagger (QGT) [49]. To reduce the combi-
natorial background in the assignment of jets to final-state
quarks, V tagging, QGT tagging, and b tagging information
is used. If a V tag is present, only combinations where the
subjets of the V-jet match decay products of the corre-
sponding boson are considered. The QGT tag requirements
are then applied to those jets which are assigned to the
{qs,qn} quark pair. To suppress jets that may have
originated from gluons we require the QGT discriminant
values to satisfy the requirements QGT, > 0.4 or
QGT,, > 0.4. This excludes combinations in which both
light quark jets have discriminant values favoring gluons.

A b-tagged jet veto is applied to the jets that have been
assigned to the quark pair {g,, ¢g,}. Since the V-tagged
events have a better signal-to-background ratio, we apply
softer b-tag selection requirements for this event category,

TABLE VL

as described in Table V. A more stringent requirement is
applied on events without a V tag.

Additional b tagging requirements are applied to the jets
associated with a Higgs boson decay. For H-tagged events,
at least one jet from the Higgs boson decay must have a
CSVL b tag, and for non-H-tagged events, at least one jet
must have a CSVM b tag.

After applying the kinematic fit we impose an additional
threshold on St: St > 1000 GeV, where St is calculated
from jets selected during the kinematic fit, using post-fit
transverse momentum values. The St requirement strongly
suppresses the remaining background.

Table VI presents the event yields obtained after apply-
ing the selections described above. There is good agree-
ment between data and the expected SM background. The
number of expected signal events is also presented.

The result of the kinematic fit is one mass distribution
per reconstruction hypothesis and lepton channel, as shown
in Fig. 5. The mass distributions are presented for the
4 + jets channel in the plots on the left, and for the e + jets
channel in the plots on the right. In the case of e + jets
events, the contribution from multijets is estimated from
control samples in data. Events are selected that pass the
electron trigger, but contain objects that satisfy inverted
electron identification requirements. The normalisation of
the multijet contribution is determined from a maximum
likelihood fit of the observed pTis distribution. The shapes
in this fit are predicted by the MC simulation, where
electroweak backgrounds are constrained to their expected
cross sections and float within uncertainties, while the
multijet normalization is allowed to float freely.

The uppermost row of distributions in Fig. 5 are those
associated with the WgWgq reconstruction, while the
middle row corresponds to the WgZg reconstruction,
and the lowest row, to the WgH g reconstruction. For both

Numbers of expected background events from simulation and of data events in the WqW¢q, WqZq, and WqH g channels

after applying the single-lepton event selection in the search for pair produced VLQs. For the separate background components the
indicated uncertainties are statistical only, originating from the limited number of MC events, while for the total background yield the

combined statistical and systematic uncertainty is given.

WqWq WaqZq WqHq
Channel u+jets e + jets u+ jets e + jets u+ jets e + jets
Background process
1t + jets 257+5 269 +5 295+ 6 304 +7 224+ 6 241+ 6
W+ > 3jets 396 + 13 462 + 14 426 £ 12 497 + 14 42 +4 42 +4
Single top quark 13+2 25+3 134+2 30+4 11+£2 1743
Z/y*+ > 3jets 27+2 2742 30£2 302 28+0.5 29405
WW, WZ, ZZ 10+1 <1 10+1 <1 1.7£0.6 <1
Multijet <1 59+4 <1 59+4 <1 11+£2
Total background 703 £+ 80 840 £ 100 773 £+ 86 920+ 110 282 + 37 314 + 41
Observed 741 896 793 943 292 313
Signal (mgy = 600 GeV) 112 117 63 64 36 35
Signal (my = 800 GeV) 20 20 11 11 6.5 5.7
Signal (mgy = 1000 GeV) 33 33 1.8 2.0 1.1 0.8
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by a factor of 5, 10 and 5, respectively. The hatched bands represent the combined statistical and systematic uncertainties.
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the WgZq and WqH g reconstruction, the expected pair-
produced VLQ signals are shown for B(Q - Wgq) = 0.5
and B(Q - Zq) = 0.50or B(Q — Hq) = 0.5, respectively.
These distributions show good agreement between data and
the expected SM background.

Following the strategy described in Ref. [50] we then
further tighten the St requirement to St > 1240 GeV. This
improves the signal-to-background ratio. At the same time
we combine the y + jets and e + jets events, and use the
resulting my;, distributions for the cross section limit
calculations. Figure 6 shows these my; distributions for
the WgWgq (uppermost), WqZg (middle), and WqHgq
(lowest) reconstruction.
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We find that the WgWgq reconstruction gives a better
expected mass limit than the WqgZg reconstruction even
for high values of B(Q — Zg). The events selected and
reconstructed for the WgWgq and WqZq hypotheses are
highly correlated, with an 82% overlap between the two.
Furthermore, since the WgWg reconstruction is more
sensitive, we do not consider the WgZq reconstruction
further, and use only the WgWgq reconstruction for all
branching fraction combinations of the VLQ decaying to a
W boson or a Z boson. The WgH g reconstruction improves
the expected limits for large decay branching fractions of
the VLQ into a Higgs boson. The events selected for the
WgqH g reconstruction have a relatively small correlation
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FIG. 6. Mass distributions for the WgW ¢ (upper left), WqZq (upper right), and WgH g (lower) reconstructions from a kinematic fit for
the combination of the y + jets and e + jets channel, for events with St > 1240 GeV. The distribution for pair-produced VLQs of mass
800 GeV for By, = 1.0 (upper left), By, = B, = 0.5 (upper right) and By, = By = 0.5 (lower) is scaled up for visibility by a factor of 5,
10 and 15, respectively. The hatched bands represent the combined statistical and systematic uncertainties. The horizontal error bars on
the data points only indicate the bin width.
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FIG. 7. Mass distribution for the WgH g reconstruction from a
kinematic fit, for combined u + jets and e + jets channels and for
events with St > 1240 GeV. Events appearing also in the WgWgq
sample have been removed. The distribution for pair-produced
VLQs of mass 800 GeV for By = By = 0.5 is scaled up by a
factor of 15 for visibility. The hatched band represent the
combined statistical and systematic uncertainties. The horizontal
error bars on the data points only indicate the bin width.

with those selected for the WgWgq channel events, with
only a 25% event overlap. We therefore use WqgHgq
reconstructed events and combine them with WgWyg
events. Events in the WgH g selection that also appear in
the WgWgq selection are removed, so that there is no
double counting. Figure 7 shows the reconstructed mass for
WgqH g events where events overlapping with the WgWgq
reconstruction have been removed. Table VII shows the
number of selected events after applying the stricter St
requirement for both the WgWgq reconstruction and the
WgqH g reconstruction, excluding those events that appear
in both samples.

The distributions in Figs. 6 (upper left) and 7 of the
reconstructed mass are used in the rest of the analysis.
The binning in these distributions has been chosen such
that the statistical uncertainty on the background expect-
ation in each bin is less than 20%.

2. Dilepton and multilepton channels

The event categories with at least two leptons optimized
for the search for pair produced VLQs make use of the
collections of central jets and antitagged jets defined in
Sec. VI'A, in addition to b-tagged jets, which are required
to have a b tagging discriminant above the CSVM
threshold.

We categorize the events according to the number of
tight leptons along with selection criteria applied to the jets
and the missing transverse momentum. Each of the event

TABLE VII. Numbers of expected background events from
simulation and of data events in the single-lepton WgWg and
WqgHgq channels, after the application of the St > 1240 GeV
requirement. Events in the WgHg¢g channel that also appear in
the WgWgq channel are excluded. For the separate background
components the indicated uncertainties are statistical only,
originating from the limited number of MC events, while for
the total background yield the combined statistical and systematic
uncertainty is given.

WqWq WqHq

Channel u+jets e-+jets u+jets e+ jets
Background process Events Events Events Events
1t 61+3 65+3 34+£3 46+3
W+ > 3 jets 103+7 12948 8+2 1143
Single top quark 2+1 9+2 2+1 3+1
Zly*+ > 3 jets 7+1 6+1 <1 10+£04
WW, WZ, ZZ 341 <1 <1 <1
Multijets <1 15+£2 <1 3+1
Total background 176£21 224426 44+7 64 +10
Observed 199 233 51 61
Signal (my=600GeV) 53 54 5.7 5.7
Signal (my=800GeV) 15 16 1.5 1.7
Signal (my=1000GeV) 2.9 3.1 0.3 0.2

categories is designed to be particularly sensitive to one or
more of the pair production topologies presented in Table I.
This is reflected in the names used as identifiers for the
categories: dileptonic WgWgq, ZgHgq, dileptonic VgZq,
and multileptonic VgZq, where V indicates a W or Z
boson. For the decay channel Q0 — WqHgq, no dedicated
category has been defined, to avoid an overlap of selected
events with the single-lepton categories described in the
previous section.

The definition of each event category optimized for
pair production is summarized in Table VIII. In all event
categories except dileptonic WgWg, a leptonically
decaying Z boson candidate is reconstructed, from two
same-flavor opposite-sign dileptons, imposing a require-
ment on the dilepton mass m,,, as described in Table VIII.
Thresholds are imposed on the transverse momentum
pr(Z) of the Z boson candidate.

The event yields for the observed data as well as for the
expected SM backgrounds are shown in Table IX for the
muon channel and the electron channel. In the case of p-e
dilepton events (for the dileptonic WgWgq event category
only), the event is assigned to the muon channel or the
electron channel depending on which trigger the event has
passed online, with the priority given to the muon trigger. If
the event has passed the muon trigger, the selected muon
has pt > 30 GeV and the electron has pt > 20 GeV, then
this event will be assigned to the muon channel, even if the
event also passed the electron trigger. If the event has
passed the electron trigger as well as the muon trigger, the
selected electron has pp > 30 GeV and the muon has pr in
the range of 20-30 GeV, then the event will be assigned to
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TABLE VIII. The event categories as optimized for the VLQ pair production, with at least two leptons. The categories are based on the
number of tight muons or electrons present in the event, along with additional criteria optimized for specific VLQ topologies. Events
containing any additional loose leptons are excluded.

Event category Tight leptons (u, e) Additional selection criteria
Dileptonic 2 opposite-sign > 2 selected central jets, all antitagged
WqWq Leading pt > 30 GeV Leading pt > 200 GeV

Subleading pt > 20 GeV Subleading pt > 100 GeV

|m,ff —my| > 7.5 GeV (same flavor)
prss > 60 GeV

ZgHgq 2 opposite-sign same-flavor > 3 selected central jets, > 2 antitagged
Leading pt > 30 GeV Leading pt > 200 GeV
Subleading pt > 20 GeV Subleading pp > 100 GeV

> 1 b-tagged jet

|msp —mz| < 7.5 GeV

pr(Z = ¢¢) > 150 GeV

> 4 selected central jets, > 2 antitagged

Dileptonic 2 opposite-sign same-flavor Leading pt > 200 GeV
VqZq Leading pt > 30 GeV Subleading pp > 100 GeV
Subleading pt > 20 GeV Veto events with b-tagged jets

|m” - mz‘ < 7.5 GeV
pr(Z — £¢) > 150 GeV
> 2 selected central jets, all antitagged

Multileptonic 3or4 Leading pt > 200 GeV
VqZq Leading pr > 30 GeV Subleading pr > 100 GeV
Others p, > 20 gev |mep —my| < 7.5 GeV

pr(Z - ¢¢) > 150 GeV
p?i“ > 60 GeV (3 leptons)
AR(#,¢) > 0.05 (other flavor)

the electron channel. In the final case where the event only In each of the mutually exclusive event categories an
passes the electron trigger, the selected electron has pr >  observable is constructed that efficiently discriminates
30 GeV and the muon has pp > 20 GeV, the event willbe =~ SM background events from VLQ processes. In several
assigned to the electron channel. of the event categories we reconstruct the mass of the VLQ

TABLE IX. Event yields in the muon and electron channels for the event categories with at least two leptons, optimized for the pair
production search. For the separate background components the indicated uncertainties are statistical only, originating from the limited
number of MC events, while for the total background yield the combined statistical and systematic uncertainty is given. The prediction
for the signals is shown assuming branching fractions of By, = 0.5 and B, = By = 0.25. The label “Other” designates the background
originating from W, tfZ and triboson processes.

Dileptonic WgWgq ZqHgq Dileptonic VgZq

Channel Muon Electron Muon Electron Muon Electron
Estimated backgrounds

1T + jets 62 +4 2242 2.1£0.7 1.2+04 <1 <1

W + jets <1 <1 <1 <1 <1 <1
Z + jets 79+ 6 55+5 53+£3 41+2 238+ 5 202 +4
Single top quark 46+1.5 1.7+0.8 <1 <1 <1 <1
\A" 85+£1.0 35+£0.6 1.0£0.2 <1 37+£04 3.6+04
Multijet 14+2 92+£26 <1 <1 <1 <1
Other 1.8 £0.2 <1 1.3£0.2 <1 <1 <1
Total background 170 £ 21 92 +17 58 £ 14 43 £10 243 £45 207 £ 37
Observed 174 95 54 48 249 201
Signal (mg = 600 GeV, &y = 0.1) 11.7 4.2 39 34 9.1 7.4
Signal (mgy = 1100 GeV, &y = 1) 0.6 0.2 0.3 0.2 1.4 1.2
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FIG. 8. The reconstructed mass of the VLQ candidate in the

ZgHgq event category, in the muon channel (upper) and the
electron channel (lower). The contributions of simulated events
where the Z boson is produced in association with light-flavor
(LF) jets and heavy-flavor (HF) jets are shown separately. The
distribution for a heavy VLQ signal of mass 600 GeV and &y, =
0.1 (for By = 0.5 and B, = By = 0.25) is scaled up by a factor
of 10 for visibility. The hatched bands represent the combined
statistical and systematic uncertainties.

candidate. In other categories, where the mass of the VLQ
candidate is poorly reconstructed, or where the event yield
is too low, we use a simpler observable such as the St
variable defined in Eq. (6) or the event count.

The VLQ candidate mass is reconstructed in the ZgHgq
and the dileptonic VgZgq event categories from two leptons
forming a Z boson candidate and a jet that potentially
corresponds to the light quark from the VLQ decay. For the
latter, we choose the highest py antitagged jet with the
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FIG. 9. The reconstructed mass of the VLQ candidate in the
dileptonic V¢Zq event category, in the muon channel (upper) and
the electron channel (lower). The contributions of simulated
events where the Z boson is produced in association with light-
flavor (LF) jets and heavy-flavor (HF) jets are shown separately.
The distribution for a heavy VLQ signal of mass 600 GeV and
Kw = 0.1 (for By = 0.5 and B, = By = 0.25) is scaled up by a
factor of 10 for visibility. The hatched bands represent the
combined statistical and systematic uncertainties.

largest AR separation from the Z boson candidate. The
resulting mass distributions are shown in Figs. 8 and 9, for
the ZgHq and dileptonic VgZq categories, respectively.
The background consists mainly of Z + jets events with a
large contribution from those in which the Z boson is
associated with heavy-flavor jets, because of the required
presence of at least one b-tagged jet.

In the dileptonic WgWgq event category we use the St
variable to discriminate between SM and VLQ processes as
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FIG. 10. The S; variable in the dileptonic WgWgq event
category, in the muon channel (upper) and in the electron channel
(lower). The contributions of simulated events where the Z boson
is produced in association with light-flavor (LF) jets and heavy-
flavor (HF) jets are shown separately. The distribution for a heavy
VLQ signal of mass 600 GeV and &y = 0.1 (for By, = 0.5 and
B; = By = 0.25) is scaled up by a factor of 10 for visibility. The
hatched bands represent the combined statistical and systematic
uncertainties.

shown in Fig. 10. Since two neutrinos are present in the
topology of the dileptonic WgWgq event category, a full
mass reconstruction is not performed.

In the multileptonic VgZq event category (three or four
leptons), the number of events is too low to obtain a
meaningful distribution. Instead, the event count is used as
observable. The numbers of events observed and expected
are summarized in Table X. The main SM background
originates from irreducible diboson and triboson processes
with three prompt charged leptons. We use control samples

TABLE X. The total number of estimated background events
compared to the number of observed events, in the multileptonic
VqZq event category, with either 3 or 4 leptons. The numbers of
expected signal events for two different signal hypotheses are
shown. The indicated uncertainties are statistical only, originating
from the limited number of MC events.

Irreducible background 04=£0.1
Misidentified lepton background 0.06 £ 0.06
Total background 0.5+0.1
Observed 2
Signal (mgy = 600 GeV, By = 0.5, Bz = 0.25) 2.1
Signal (mgy = 400 GeV, Bz = 1.0) 4.9

in data to estimate the contribution from misidentified
leptons passing the tight-lepton selection criteria. This
contribution is very small.

VII. COMBINATION

We do not observe a significant excess of events over
the background prediction, and combine the results of the
single and pair production searches by calculating upper
limits on the signal production cross sections and lower
limits on the mass of the VLQs. The selection criteria
defining the event categories optimized for single VLQ
production and those optimized for pair VLQ production,
are orthogonal. The discriminating observables for the
different event categories and the methods by which they
are reconstructed are summarized in Table XI. The dis-
tributions (templates) used in the limit calculation contain
those of the observables in the single-lepton and dilepton
event categories in the muon and the electron channel,
shown in Figs. 3, 4, 8, 9, and 10, where the binning of the
distributions is chosen in such a way that there are at least
10 expected background events per bin. In the single-lepton
category optimized for VLQ pair production, the distribu-
tions in Figs. 6 (upper left) and 7 of the reconstructed mass
are used. In the event categories that require three and four
leptons, we use the event counts of Table X.

The limit calculation is performed using a Bayesian
interpretation [48]. Systematic uncertainties are taken into
account as nuisance parameters. For uncertainties affecting
the shapes of the variables used in the search, alternative
templates are produced by varying each source of uncer-
tainty within £1 standard deviation, and associating the
varied templates with Gaussian prior constraints of the
corresponding nuisance parameters. Uncertainties affecting
only the normalization are included, using log-normal prior
constraints. A flat prior probability density function on the
total signal yield is assumed. The likelihood function is
marginalized with respect to the nuisance parameters
representing the systematic uncertainties that arise from
shape and global normalization variations. The shapes
of the background and signal templates vary with the
appropriate nuisance parameters. Statistical uncertainties
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TABLE XI. Discriminating variables used in the different event categories. The overlap of events in the WqWq and WqH g categories
is removed, as explained in Sec. VIB 1.
Event category Discriminating variable Reconstructed using Shown in
W~qq VLQ mass Lepton, neutrino, leading central jet Figs. 2 and 3
Zqq VLQ mass Two opposite-sign leptons, leading central jet Fig. 4
WqWq VLQ mass Kinematic fit, see Sec. VIB 1 Figs. 5 and 6
WqHq VLQ mass Kinematic fit, see Sec. VIB 1 Figs. 5-7
ZgHgq VLQ mass Two opposite-sign leptons, high-py antitagged, Fig. 8
jet with the largest AR separation from the Z boson candidate
Dileptonic VgZq VLQ mass Two opposite-sign leptons, high-pr antitagged, Fig. 9
jet with the largest AR separation from the Z boson candidate
Dileptonic WgWgq St See Sec. [T A Fig. 10
Multileptonic VgZq Event count See Sec. VIB2 Table X

associated with the simulated distributions are also
included in this procedure using the Barlow-Beeston light
method [51].

A. Systematic uncertainties

The uncertainties in the 7 total cross section, electro-
weak and multijet background yields, integrated luminos-
ity, lepton efficiencies, the choice of PDFs, and constant
data-to-simulation scale factors affect only the normaliza-
tion. Uncertainties that affect the shape and normalization
of the distributions include those in the jet energy scale, jet
energy resolution, pMs resolution, b tagging efficiency,
QGT tagging efficiency, number of additional pp inter-
actions per bunch crossing, and the factorization and
renormalization scales assumed in the simulation. Some
of the uncertainties listed above have a negligible impact on
the distributions and are neglected in the limit calculation.

The main backgrounds are tf, W + jets, and Z + jets
production. A 15% uncertainty in the cross section for 77
production is taken from the CMS measurement [52]. In the
single-production event categories as well as the pair-
production categories with multiple leptons, we use values
for the normalization uncertainty in the W + jets and
Z + jets background contributions, which are obtained
from estimates based on data. The values are 20% for
the light-flavor component, and 30% for the heavy-flavor
component. These uncertainties are estimated to cover the
changes in the normalizations induced by modifying the
kinematic requirements that define the control samples.
The uncertainties corresponding to the normalization of the
smaller single top quark, diboson, 17Z + jets, tfW + jets,
and triboson backgrounds in these categories are taken
from the corresponding experimental measurements or the
theoretical calculations. In the single-lepton pair-produc-
tion categories, in which a kinematic fit is performed,
the normalization of the non-7 background processes has
been assigned an uncertainty of 50%, reflecting the large
uncertainty in the heavy-flavor component of the W + jets
process and in other background processes, in the high-Sy
signal region.

The integrated luminosity has an uncertainty of 2.6%
[53]. Trigger efficiencies, lepton identification efficiencies,
and data-to-simulation scale factors are obtained from
data using the decays of Z bosons to lepton pairs. The
uncertainties associated with all of these lepton related
sources are included in the selection efficiency uncertainty,
and together they amount to a total uncertainty of 3%.

The PDF uncertainties are estimated by varying up and
down by one standard deviation the CTEQ6 PDF set
parameters. Only the changes in acceptance caused by
these uncertainties, not the change in total cross section, are
propagated. For each simulated event, the weight corre-
sponding to each varied PDF parameter is calculated, and
an envelope for the distributions of the observables is
created by taking the maximum and minimum of the
variations bin by bin. This results in a normalization
uncertainty of 1.4% for the signal and 8% for the back-
ground, with a negligible impact on the shape of the
distributions.

The uncertainty in the jet energy scale is evaluated by
scaling the jet energy in the simulation by the # and pt
dependent uncertainties, ranging from 0.5% to 2.3% [40].
The n dependent scale factors that smear the jet energy
resolution are varied within their uncertainty, changing
the scale factors between 2.4% and 3.8% depending on the
absolute value of 7. Both AKS and CAS jet collections
are subject to these variations. The systematic variations on
the jet energy scale and resolution are applied before the
splitting of the CAS8 jets in subjets. The variations for
subjets are done proportionally to the variations of their
parent CAS jet.

The changes in jet momentum resulting from the AKS jet
energy scale variations are propagated to the p™iss. The
effect of the unclustered energy uncertainty on piis is
evaluated by varying the unclustered energy by £10%, and
is found to be negligible.

The systematic uncertainty in the b tagging efficiency is
estimated by varying the data-to-simulation scale factors,
for both medium and loose working points, within their
uncertainty, separately for heavy-flavor (b and c) jets and
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light-flavor jets. The relative precision on the heavy-flavor
scale factors is 2-4% for pt below 120 GeV and about
5%-9% at the highest jet transverse momenta considered
[45]. The scale factors for light-flavor jets are measured
with a precision of about 5%—13%. For the evaluation of
the systematic uncertainty originating from the QGT, the
QGT discriminant values of the jets in the simulation are
smeared, depending on the flavor, pr, and 7 of the jet [49].
The observed variations in the number of selected events,
and in particular the variations in the signal inefficiencies,
are very small and neglected.

To evaluate the uncertainty related to the modeling of
multiple interactions in the same bunch crossing, the
average number of interactions in the simulation is varied
by £5% relative to the nominal value. The impact of these
variations on the distributions is found to be negligible.

The uncertainty in the factorization and renormalization
scales assumed in the simulated ¢f sample is estimated by
varying the scales simultaneously by a factor of two, and a
factor of one half, relative to the nominal value.

Several systematic uncertainties affect the backgrounds
estimated from control regions in data. The uncertainty in
the estimated misidentified lepton background is consid-
ered in the multileptonic VgZq category. In the W~ qq
category, an uncertainty is assigned in the shape correction
applied to the reconstructed mass distribution, which
accounts for the different selection requirements between
the control region and the signal region. The templates
modeling this uncertainty are constructed by applying a
shape correction twice the size of the nominal correction,
and not applying a shape correction.

The systematic uncertainties in the integrated luminosity,
the lepton efficiency scale factors, the jet energy scale, the
jet energy resolution, and the b tag efficiency and mistag
rate scale factor uncertainties are considered as fully
correlated across all channels. The uncertainties in the
normalization of the different background processes are
considered as uncorrelated among the event categories that
make use of a kinematic fit and those that do not, because
of the different signal selection procedures. The expected
and observed mass limits change by less than 5 GeV when
treating the f7 + jets normalization uncertainty as com-
pletely correlated across all categories.

VIII. RESULTS

The 95% C.L. limit on the product of the production
cross section and the branching fraction as a function of the
VLQ mass, considering only single production of down-
type VLQs and the corresponding optimized categories, is
shown in Fig. 11. The upper (lower) plot shows the scenario
where a nonzero Ky (k) is considered while setting &, = 0
(®%w = 0) and including only the W~ qq (Zgqq) event
category in the limit setting procedure. The LO theoretical
predictions for the cross section are superimposed. The
scale uncertainty in the prediction was estimated by
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FIG. 11. The 95% C.L. exclusion limits on the product of the
production cross section and the branching fraction, considering
only single production of down-type VLQs, and assuming a
neutral current coupling of zero (upper) or a charged current
coupling of zero (lower). The median expected and observed
exclusion limits are indicated with a dashed and a solid line,
respectively. The inner (green) band and the outer (yellow) band
indicate the regions containing 68% and 95%, respectively, of the
distribution of limits expected under the background-only hy-
pothesis. The corresponding LO theory predictions are super-
imposed. The predictions are represented by a solid black line
centered within a blue band, which shows the uncertainty of
the calculation. The uncertainties are determined based on the
choice of PDF set along with the renormalization and factori-
zation scales.

comparing the effect of either doubling or halving the
central value of the scale. The PDF uncertainty is deter-
mined using the 44 eigenvectors of the CTEQ66 PDF set
[54]. A mass of 1755 (1620) GeV is observed (expected) to
be excluded at the 95% C.L. for &y, = 1.0 and By, = 1, and
a mass of 1160 (1170) GeV is observed (expected) to be
excluded at the 95% C.L. for &, = 1.0 and 5, = 1.

The results of the branching fraction scans for the
charged-current VLQ single-production coupling parame-
ters &y = 1.0, &y = 0.7, &y = 0.4, &y = 0.1 are shown in
Figs. 12-15. For values of &y = 1.0 and 0.7, single
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FIG. 12. The median expected (upper) and observed (lower)
combined lower mass limits represented in a triangular form,
where each point of the triangle corresponds to a given set of
branching fractions for the decay of a VLQ into a boson and a
first-generation quark. The limit contours are determined
assuming that Ky = 1.0, which means that the signal is
dominated by electroweak single production. The black shaded
band near By = 0 shows a region where the results cannot be
reliably interpreted because &K, diverges, as explained in
the text.

production is by far the dominant signal production
mode, while the relative importance of the pair-
production mode increases in much of the parameter
space for Ky = 0.4, and even more so for &y = 0.1. The
black shaded region below By = 0.1 in each branching
fraction triangle indicates the region where care should be
taken with the interpretation of the results. In this region,
By approaches 0, and as explained in Sec. I A, the
neutral-current single-production strength parameter K,
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~ 1
Ry = 0.7 1800
- 1600 %'
combination o
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400
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FIG. 13. The median expected (upper) and observed (lower)
combined lower mass limits represented in a triangular form,
where each point of the triangle corresponds to a given set of
branching fractions for a VLQ decaying into a boson and a first-
generation quark. The limit contours are determined assuming
Kw = 0.7, which means that the signal will be dominated by
electroweak single production for most of the parameter space
represented by the triangles. The black shaded band near By, = 0
represents a region where results cannot be reliably interpreted
because K, diverges, as explained in the text.

diverges and the limits cannot be calculated. Results for
an alternative single-production coupling parametrization
that does not exhibit divergent behavior throughout the
scan are available in tabulated form in the Supplemental
Material [15]. The results from a branching fraction scan
based on the pair-production data alone are shown in
Fig. 16. The lower limits on the mass, together with the
uncertainties in the median expected limits, are presented
in Tables XII-XVI.
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FIG. 14. The median expected (upper) and observed (lower)
combined lower mass limits represented in a triangular form,
where each point of the triangle corresponds to a given set of
branching fractions for a VLQ decaying into a boson and a
first-generation quark. The limit contours are determined
assuming Ky = 0.4, which means that the signal is dominated
by electroweak single production in most of the parameter
space represented by the triangles, but in which the relative
importance of the pair-produced signal has increased. The
black shaded band near By = 0 represents a region where
results cannot be reliably interpreted because &, diverges, as
explained in the text.

The existence of a heavy vector-like D quark with a
mass below 1595 GeV is excluded at 95% C.L. when using
the following choice of model parameters: Ky = 1.0,
By = 0.5, and B, = 0.25. This limit may be compared
with the expected value of 1460 GeV. In the case where the
VLQ couples only to the W boson, the observed (expected)
limit at 95% C.L. is 1745 (1620) GeV.

CcMS 19.7 fb™ (8 TeV)

- 1 900
Ky = 0.1

850
combination 0.8 800

o
3
Expected D mass limit [GeV]

Ky = 0.1

combination

>
3
Observed D mass limit [GeV]

B By

FIG. 15. The median expected (upper) and observed
(lower) combined lower mass limits represented in a triangu-
lar form, where each point of the triangle corresponds to a
given set of branching fractions for a VLQ decaying into a
boson and a first-generation quark. The limit contours are
determined assuming Ky = 0.1, which means that the signal
is dominated by strong pair production for most of the
parameter space represented by the triangles. The black
shaded band near By = 0 indicates a region where results
cannot be reliably interpreted because K, diverges, as ex-
plained in the text.

The sensitivity to pair production of VLQs for the event
categories in which a kinematic fit is performed becomes
more important for lower Ky. In the extreme case where
only pair production is considered (as shown in Fig. 16),
the added sensitivity of the combined analysis when
compared to the categories that use a kinematic fit or
not is illustrated using some example parameter choices, as
shown in Table XVII. When the branching fraction for the
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FIG. 16. The median expected (upper) and observed (lower)
combined lower mass limits represented in a triangular form,
where each point of the triangle corresponds to a given set of
branching fractions for a VLQ decaying into a boson and a first-
generation quark. The limit contours are determined assuming
that Ky, and K are so small that the single-production modes can
be neglected, and therefore that the heavy quarks can only be
produced in pairs via strong interaction. The white area in the
triangle with expected limits indicates mass limits below
400 GeV.

decay to a W boson becomes large, the event categories
using the kinematic fit to the VLQ signal mass become
more important. For lower By, and relatively large 5B,
and By, the dilepton ZgHgq event category drives the
sensitivity.

Figure 17 shows the 95% C.L. limit on the production
cross section as a function of the VLQ mass, for the
scenario where only pair production of the VLQs is
considered, and for two different parameter choices. In

TABLE XII. Observed and median expected lower limits on the
VLQ mass (in GeV) at 95% C.L., or greater than 95% C.L. when
indicated with =, for a range of different combinations of decay
branching fractions. The ranges containing 68% and 95%,
respectively, of the distribution of limits expected under the
background-only hypothesis, are also given. The limits are
determined assuming &y = 1.0.

Median 68% 95%

By B; By Observed expected — expected expected

0.1 0.8 0.1 1760 1785  [1705, 1800*] [1615,18007]
0.1 0.6 0.3 1660 1675  [1580, 1760] [1505, 18007]
0.1 04 0.5 1520 1525  [1450, 1605] [1375, 1690]
0.1 02 0.7 1365 1310 [1200, 1405] [1125, 1470]
0.1 0.0 0.9 760 700  [590, 830] [400, 965]

02 0.8 0.0 1710 1690 [1605, 1780] [1515, 18007]
02 0.6 0.2 1620 1595  [1510, 1700] [1435, 1770]
02 04 04 1520 1475 [1390, 1570] [1305, 1660]
02 02 0.6 1420 1300 [1185, 1395] [1105, 1500]
0.2 0.0 0.8 1305 990 [810, 1110] [710, 1260]

04 0.6 0.0 1660 1595  [1485, 1695] [1395, 1790]
04 04 0.2 1605 1510  [1395, 1620] [1305, 1730]
04 02 04 1530 1375 [1275, 1535] [1165, 1635]
04 0.0 0.6 1480 1275  [1100, 1380] [955, 1545]

0.6 04 0.0 1700 1565  [1445, 1690] [1340, 1780]
06 02 0.2 1645 1495  [1355, 1630] [1250, 1730]
0.6 0.0 04 1605 1385  [1270, 1565] [1150, 1665]
0.8 0.2 0.0 1700 1580  [1435, 1715] [1325, 1800]
0.8 0.0 0.2 1695 1525 [1365, 1675] [1260, 1775]
1.0 0.0 0.0 1745 1620  [1450, 1730] [1335, 18007]
TABLE XIII. Observed and median expected lower limits on

the VLQ mass (in GeV) at 95% C.L., for a range of different
combinations of decay branching fractions. The ranges contain-
ing 68% and 95%, respectively, of the distribution of limits
expected under the background-only hypothesis, are also given.

The limits are determined using &y = 0.7.

Median 68% 95%

By B; By Observed expected expected expected

0.1 08 0.1 1595 1615  [1535, 1705] [1460, 1770]
0.1 0.6 03 1485 1510  [1435, 1595] [1360, 1670]
0.1 04 05 1380 1380  [1300, 1450] [1200, 1515]
0.1 02 0.7 1175 1130 [1005, 1215] [915, 1300]
0.1 0.0 09 560 550 [435, 625]  [400, 710]

02 08 00 1525 1525 [1445, 1610] [1380, 1690]
02 0.6 02 1465 1435 [1350, 1510] [1255, 1580]
02 04 04 1360 1305  [1200, 1400] [1120, 1470]
02 02 06 1240 1105 [960, 1195] [840, 1295]
0.2 0.0 0.8 745 725  [600, 840]  [505, 965]

04 0.6 0.0 1470 1400  [1300, 1495] [1200, 1585]
04 04 02 1405 1300  [1190, 1400] [1095, 1500]
04 02 04 1355 1155  [1025, 1280] [890, 1380]
04 00 06 1315 985  [820, 1120] [720, 1265]
0.6 04 00 1470 1335  [1210, 1450] [1110, 1560]
06 02 02 1435 1245 [1105, 1365] [985, 1505]
0.6 00 04 1385 1140  [1005, 1285] [835, 1385]
08 02 0.0 1500 1320  [1205, 1445] [1060, 1565]
0.8 0.0 02 1465 1265  [1090, 1380] [980, 1540]
1.0 0.0 0.0 1550 1335  [1210, 1480] [1055, 1615]
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TABLE XIV. Observed and median expected lower limits on
the VLQ mass (in GeV) at 95% C.L., for a range of different
combinations of decay branching fractions. The ranges contain-
ing 68% and 95%, respectively, of the distribution of limits
expected under the background-only hypothesis, are also given.
The cases where the limits could not be evaluated because
simulated signal samples for VLQ masses below 400 GeV are
not available, are indicated with “n.a.” The limits are determined
assuming Ky = 0.4.

TABLE XV. Observed and median expected lower limits on the
VLQ mass (in GeV) at 95% C.L., for a range of different
combinations of decay branching fractions. The ranges contain-
ing 68% and 95%, respectively, of the distribution of limits
expected under the background-only hypothesis, are also given.
The cases where the limits could not be evaluated because
simulated signal samples for VLQ masses below 400 GeV are
not available, are indicated with “n.a.” The limits are determined
assuming Ky = 0.1.

Median 68% 95% Median 68% 95%
By B; By Observed expected  expected expected By B, By Observed expected expected  expected
0.1 0.8 0.1 1370 1400  [1305, 1460] [1220, 1525] 0.1 0.8 0.1 660 720 [650, 7951 [580, 885]
0.1 0.6 0.3 1260 1275  [1175, 1365] [1110, 1430] 0.1 06 03 615 665 [595, 730] [550, 785]
0.1 04 05 1145 1120 [1000, 1190] [890, 1290] 0.1 04 05 575 610 [555, 680] [510, 725]
0.1 02 0.7 745 765 [595,905]  [495, 990] 0.1 02 0.7 520 560 [510, 605] [455, 660]
0.1 0.0 09 460 505 [n.a., 555]  [n.a. 595] 0.1 0.0 09 455 505 [n.a., 550] [n.a., 585]
0.2 0.8 0.0 1280 1285  [1180, 1370] [1115, 1435] 02 08 0.0 660 715 [650, 770] [590, 825]
02 0.6 02 1205 1165  [1080, 1255] [965, 1340] 02 06 0.2 630 690 [615, 740] [565, 790]
02 04 04 1115 995  [895, 1110] [745, 1185] 02 04 04 610 645 [580, 705] [525, 755]
02 02 06 690 730 [590, 840]  [510, 955] 02 02 06 575 585 [535, 660] [490, 715]
0.2 0.0 0.8 610 565  [500, 645] [n.a., 715] 02 0.0 0.8 510 545 [480, 605] [n.a., 675]
04 0.6 0.0 1195 1110 [975, 1195] [880, 1280] 04 06 0.0 680 735 [675, 795] [605, 840]
04 04 02 1110 960  [840, 1080] [730, 1165] 04 04 02 665 715 [640, 770] [580, 820]
04 02 04 810 790  [700, 895]  [610, 995] 04 02 04 650 635 [590, 7451 [530, 795]
0.4 0.0 0.6 725 715 [605, 780]  [525, 850] 04 0.0 0.6 660 655 [565, 725] [490, 765]
06 04 00 1160 980  [865, 1090] [770, 1200] 06 04 00 740 770 [705, 830] [640, 885]
06 02 02 1065 860  [775,985]  [705, 1080] 06 02 02 725 745 [680, 805] [600, 865]
0.6 0.0 0.4 805 795 [720, 880]  [635, 995] 06 00 04 730 735 [660, 790] [570, 840]
0.8 0.2 0.0 1160 930  [830, 1050] [755, 1175] 0.8 02 0.0 785 805 [745, 860] [675, 915]
0.8 0.0 0.2 1090 870  [785,980]  [720, 1080] 0.8 0.0 0.2 795 785 [725, 845] [660, 900]
1.0 0.0 0.0 1250 940  [845, 1055] [780, 1165] 1.0 0.0 0.0 860 835 [775, 890] [725, 940]

Fig. 17 (upper) the result is shown for By = 0.5 and
Bz = 0.25. For this set of parameters, we exclude VLQs
with masses below 685 GeV at 95% C.L., compared to an
expected exclusion limit of 720 GeV. In Fig. 17 (lower), the
exclusion limits are shown for By = 1. In this case we
exclude VLQs with masses below 845 GeV at 95% C.L.,
compared to an expected lower limit of 825 GeV.

In this search we use signal mass distributions simulated
using the narrow-width approximation, where the decay
width is about 1% of the mass of the VLQ and is
significantly less than the experimental resolution. We
have verified that this approximation does not affect the
results. At smaller mass values (~700 GeV) and for a
parameter space with an exclusion limit close to this mass,
the theoretically calculated width reaches up to about 4%,
which is still well below the experimental resolution (about
9% in the W qq category, for example). For the highest mass
values probed in the analysis (~1800 GeV), the width
approaches the experimental resolution in part of the
parameter space. This does not change the results, as the

width of the signal mass distributions remains smaller than
the bin size at these high masses.

The results tighten the constraints on the masses, cross
sections and decay branching fractions of VLQs coupled to
light-flavor quarks. In the scenario where the VLQ couples
to first-generation quarks only via the W boson, the results
can be compared to those obtained previously. The pre-
sented exclusion limits in this paper are more stringent than
those obtained by the ATLAS experiment, when consid-
ering single production of VLQs alone at /s = 7 TeV [12]
and pair production of VLQs alone at 8 TeV [13].

IX. SUMMARY

A search has been performed for vectorlike quarks
coupled to light quarks, produced in either single-production
or pair-production processes, in proton-proton collisions at
/s = 8 TeV at the LHC. In the single-production mode the
search has been performed for down-type quarks (electric
charge of magnitude 1/3), while in the pair-production
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TABLE XVI. Observed and median expected lower limits on
the VLQ mass (in GeV) at 95% C.L., for a range of different
combinations of decay branching fractions. The ranges contain-
ing 68% and 95%, respectively, of the distribution of limits
expected under the background-only hypothesis, are also given.
The cases where the limits could not be evaluated because
simulated signal samples for VLQ masses below 400 GeV are
not available, are indicated with “n.a.” The limits are determined
under the assumption that pair production is the only available
VLQ production mechanism.

Median 68% 95%
By B, By Observed expected expected  expected
00 1.0 0.0 605 675 [625, 725] [580, 765]
00 0.8 02 590 655 [600, 700] [550, 750]
00 0.6 04 580 625 [575, 680] [530, 725]
00 04 06 550 585 [540, 640] [495, 690]
00 02 038 510 535 [490, 580] [430, 620]
00 0.0 1.0 430 n.a. [n.a., 505] [n.a., 535]
02 0.8 0.0 625 695 [645, 745] [595, 785]
02 0.6 02 620 675 [610, 725] [560, 770]
02 04 04 585 635 [575, 700] [525, 745]
02 02 06 545 585 [530, 655] [475, 710]
02 0.0 038 495 545 [470, 600] [n.a., 675]
04 0.6 00 670 725 [670, 780] [610, 825]
04 04 02 650 710 [635, 760] [575, 810]
04 02 04 645 680 [590, 740] [535, 785]
04 0.0 06 665 650 [565, 720] [490, 765]
06 04 00 725 760 [700, 820] [625, 870]
06 02 02 715 745 [670, 800] [585, 845]
06 0.0 04 710 725 [650, 780] [560, 830]
08 0.2 00 785 795 [730, 855] [660, 905]
08 0.0 02 785 785 [715, 840] [640, 885]
1.0 0.0 00 845 825 [765, 880] [710, 930]

mode the search is sensitive to decays of vectorlike quarks
into up, down and strange quarks. Approaches with and
without kinematic fits have been used to perform this search.
No significant excess over standard model expectations has
been observed. Lower limits on the mass of the vectorlike
quarks have been determined by combining the results from
both the single- and pair-production searches. Limits have

TABLE XVII. Comparison of several expected 95% C.L. lower
mass limits for signal pair production only, illustrating the added
sensitivity in the combination of the event categories that use and
do not use a kinematic fit.

Dilepton and Single-lepton

multilepton  channel using
Signal benchmark channels kinematic fit Combination
By=1.0, B;,=00 725 GeV 810 GeV 825 GeV
Bw=0.5, B,=0.2 585 GeV 680 GeV 720 GeV
Bw=0.1, B,=0.5 600 GeV 405 GeV 630 GeV
Bw=0.1, B;,=0.1 420 GeV <400 GeV 525 GeV
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FIG. 17. The 95% C.L. exclusion limits on the production cross
section determined assuming different sets of model parameters
By =0.5, B, =0.25 (upper), and By =1 (lower)) as a
function of the hypothetical VLQ mass, and for the scenario
where only strong pair production of the VLQs is considered. The
median expected and observed exclusion limits are indicated with
adashed and a solid line, respectively. The inner (green) band and
the outer (yellow) band indicate the regions containing 68% and
95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The cross section from a full NNLO
calculation [25], including uncertainties in the PDF description
and the renormalization and factorization scales, is shown by the
magenta band.

also been extracted using the data from the pair-production
search alone. For all processes considered, the lower mass
limits range from 400 to 1800 GeV, depending on the vector-
like quark branching fractions for decays to W, Z, and Higgs
bosons and the assumed value of the electroweak single-
production strength. When considering pair production
alone, vector-like quarks with masses below 845 GeV
(825 GeV expected) are excluded for B(W) = 1.0, and with
masses below 685 GeV (720 GeV expected), for the widely
adopted benchmark with B(W)=0.5, B(Z) = B(H) =0.25.
These results provide the most stringent mass limits to date
on vector-like quarks that couple to light quarks and that are
produced either singly or in pairs.
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