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A search is presented for the production of new heavy quarks that decay to a Z boson and a

third-generation Standard Model quark. In the case of a new charge +2/3 quark (T ), the decay

targeted is T → Zt, while the decay targeted for a new charge −1/3 quark (B) is B → Zb. The

search is performed with a dataset corresponding to 20.3 fb−1 of pp collisions at
√
s = 8 TeV recorded

in 2012 with the ATLAS detector at the CERN Large Hadron Collider. Selected events contain a high

transverse momentum Z boson candidate reconstructed from a pair of oppositely charged same-

flavor leptons (electrons or muons), and are analyzed in two channels defined by the absence or

presence of a third lepton. Hadronic jets, in particular those with properties consistent with the decay

of a b-hadron, are also required to be present in selected events. Different requirements are made

on the jet activity in the event in order to enhance the sensitivity to either heavy quark pair production

mediated by the strong interaction, or single production mediated by the electroweak interaction. No

significant excess of events above the Standard Model expectation is observed, and lower limits are

derived on the mass of vector-like T and B quarks under various branching ratio hypotheses, as well

as upper limits on the magnitude of electroweak coupling parameters.
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Abstract: A search is presented for the production of new heavy quarks that decay to a
Z boson and a third-generation Standard Model quark. In the case of a new charge +2/3

quark (T ), the decay targeted is T → Zt, while the decay targeted for a new charge −1/3

quark (B) is B → Zb. The search is performed with a dataset corresponding to 20.3 fb−1

of pp collisions at
√
s = 8 TeV recorded in 2012 with the ATLAS detector at the CERN

Large Hadron Collider. Selected events contain a high transverse momentum Z boson
candidate reconstructed from a pair of oppositely charged same-flavor leptons (electrons or
muons), and are analyzed in two channels defined by the absence or presence of a third
lepton. Hadronic jets, in particular those with properties consistent with the decay of a
b-hadron, are also required to be present in selected events. Different requirements are
made on the jet activity in the event in order to enhance the sensitivity to either heavy
quark pair production mediated by the strong interaction, or single production mediated
by the electroweak interaction. No significant excess of events above the Standard Model
expectation is observed, and lower limits are derived on the mass of vector-like T and B

quarks under various branching ratio hypotheses, as well as upper limits on the magnitude
of electroweak coupling parameters.
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1 Introduction

A cornerstone of the Standard Model (SM) is the formulation of the electroweak interactions
as arising from a spontaneously broken gauge symmetry. Experiments over the past four
decades have confirmed this hypothesis with precision, most notably the LEP and SLC
collider programs [1, 2]. However, the nature of the symmetry-breaking mechanism is not
yet determined. The ATLAS and CMS collaborations have reported observations [3, 4] of
a new particle produced at the CERN Large Hadron Collider (LHC) possessing properties
thus far consistent with those predicted for the SM Higgs boson. The default electroweak
symmetry-breaking mechanism, whereby a weak-isospin doublet of fundamental scalar fields
obtains a vacuum expectation value, therefore remains a valid hypothesis.
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Even with the existence of a Higgs boson confirmed, the SM cannot be considered
a complete description of Nature. For example, the theory does not explain the fermion
generations and mass hierarchy, nor the origin of the matter–antimatter asymmetry in the
universe. Neither does it possess a viable dark matter particle, nor describe gravitational
interactions. The SM is therefore generally regarded as a low-energy approximation of a
more fundamental theory with new degrees of freedom and symmetries that would become
manifest at higher energy. In fact, the SM violates a concept of naturalness [5] when ex-
trapolated to energies above the electroweak scale, as fine tuning is required to compensate
the quadratic mass-squared divergence of a fundamental scalar field.

Proposed models of physics beyond the SM typically address the naturalness problem
by postulating a new symmetry. For example, supersymmetry is a Bose–Fermi symmetry,
and the new states related to the SM bosons and fermions by this symmetry introduce new
interactions that cancel the quadratically divergent ones. Alternatively, the symmetry could
be a spontaneously broken global symmetry of the extended theory, with the Higgs boson
emerging as a pseudo-Nambu–Goldstone boson [6]. Examples of models that implement
this idea are Little Higgs [7, 8] and Composite Higgs [9, 10] models. The new states realizing
the enhanced symmetry are generically strongly coupled resonances of some new confining
dynamics. These include vector-like quarks, defined as color-triplet spin-1/2 fermions whose
left- and right-handed chiral components have the same transformation properties under
the weak-isospin gauge group. Such quarks could mix with like-charge SM quarks [11, 12],
and the mixing of the SM top quark with a charge +2/3 vector-like quark could play a role
in regulating the divergence of the Higgs mass-squared. Hence, vector-like quarks emerge
as a characteristic feature of several non-supersymmetric natural models [13].

Search strategies for vector-like quarks have been outlined previously [14–17]. Results
of searches for chiral fourth-generation quarks apply, though interpreting the exclusions
was difficult in the past when the quarks were assumed to decay entirely via the charged-
current process. The GIM mechanism [18] ceases to operate when vector-like quarks are
added to the SM, thus allowing for tree-level neutral-current decays of such new heavy
quarks [19]. Some searches traditionally targeting chiral quarks, and hence the charged-
current decay, have since provided vector-like quark interpretations [20]. Dedicated searches
for neutral-current decay channels have also been made [21, 22]. More recently, the CMS
collaboration has published an inclusive search for a vector-like top quark [23] that achieves
commensurate sensitivity in the charged- and neutral-current decay modes, and sets lower
mass limits ranging from 690 GeV to 780 GeV. These previous searches assumed the pair-
production mechanism is dominant, and the strategies were tailored accordingly.

This paper describes a search with ATLAS data collected in pp collisions at
√
s = 8 TeV

for the production of charge +2/3 (T ) and −1/3 (B) vector-like quarks that decay to a
Z boson and a third-generation quark (T → Zt and B → Zb). Selected events contain
a high transverse momentum Z boson candidate reconstructed from a pair of oppositely
charged same-flavor leptons (electrons or muons), and are analyzed in two channels defined
by the absence or presence of a third lepton. Hadronic jets, in particular those likely to have
contained a b-hadron, are also required. Lastly, different requirements on the jet activity
in the event are made to enhance the sensitivity to heavy quark pair production mediated
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by the strong interaction, or single production mediated by the electroweak interaction.

2 ATLAS detector

The ATLAS detector [24] identifies and measures the momentum and energy of particles
created in proton–proton (pp) collisions at the LHC. It has a cylindrical geometry, approx-
imate 4π solid angle coverage, and consists of particle-tracking detectors, electromagnetic
and hadronic calorimeters, and a muon spectrometer. At small radii transverse to the
beamline, the inner tracking system utilizes fine-granularity pixel and microstrip detectors
designed to provide precision track impact parameter and secondary vertex measurements.
These silicon-based detectors cover the pseudorapidity range |η| < 2.5 1. A gas-filled straw-
tube tracker complements the silicon tracker at larger radii. The tracking detectors are
immersed in a 2 T axial magnetic field produced by a thin superconducting solenoid located
in the same cryostat as the barrel electromagnetic (EM) calorimeter. The EM calorime-
ters employ lead absorbers and utilize liquid argon as the active medium. The barrel EM
calorimeter covers |η| < 1.5, and the end-cap EM calorimeters 1.4 < |η| < 3.2. Hadronic
calorimetry in the region |η| < 1.7 is achieved using steel absorbers and scintillator tiles
as the active medium. Liquid-argon calorimetry with copper absorbers is employed in the
hadronic end-cap calorimeters, which cover the region 1.5 < |η| < 3.2. Forward liquid-argon
calorimeters employing copper and tungsten absorbers cover the region 3.1 < |η| < 4.9. The
muon spectrometer measures the deflection of muons with |η| < 2.7 using multiple layers
of high-precision tracking chambers located in a toroidal field of approximately 0.5 T and
1 T in the central and end-cap regions, respectively. The muon spectrometer is also instru-
mented with separate trigger chambers covering |η| < 2.4. The first-level trigger system
is implemented in custom electronics, using a subset of the detector information to reduce
the event rate to a design value of 75 kHz, while the second and third levels use software
algorithms running on PC farms to yield a recorded event rate of approximately 400 Hz.

3 Reconstruction of physics objects

The physics objects utilized in this search are electrons, muons, and hadronic jets, including
jets that have been tagged for the presence of a b-hadron. This section briefly summarizes
the reconstruction methods and identification criteria applied to each object.

Electron candidates [25] are reconstructed from energy deposits (in clusters of cells)
in the EM calorimeter that are matched to corresponding reconstructed inner detector
tracks. The candidates are required to have a transverse energy, ET, greater than 25 GeV
and |ηcluster| < 2.47 (where ηcluster is the pseudorapidity of the cluster associated with the

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP)

in the center of the detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points

from the IP to the center of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity

is defined in terms of the polar angle θ as η = − ln tan(θ/2). For the purpose of the fiducial selection, this

is calculated relative to the geometric center of the detector; otherwise, it is relative to the reconstructed

primary vertex of each event.
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electron candidate). Candidates in the transition region between the barrel and end-cap
calorimeters, 1.37 < |ηcluster| < 1.52, are not considered. The longitudinal impact parameter
of the electron track with respect to the selected primary vertex of the event is required
to be less than 2 mm. Electron candidates used to reconstruct Z boson candidates satisfy
medium quality requirements [25] on the EM cluster and associated track. No additional
requirements, for example on calorimeter energy or track isolation, are made. Electron
candidates not associated with Z candidates are required to satisfy tighter identification
requirements [25] to suppress contributions from jets misidentified as electrons (“fakes”).
Further, these electrons are required to be isolated in order to reduce the contribution of
non-prompt electrons produced from semi-leptonic b- and c-hadron decays inside jets. A
calorimeter isolation requirement is applied, based on the scalar sum of transverse energy in
cells within a cone of radius ∆R ≡

√

(∆η)2 + (∆φ)2 < 0.2 around the electron, as well as
a track isolation requirement, based on the scalar sum of track transverse momenta within
∆R < 0.3. Both isolation requirements are chosen to be 90% efficient for electrons from W

and Z boson decays.
Muon candidates [26, 27] are reconstructed from track segments in the various layers

of the muon spectrometer and matched to corresponding inner detector tracks. The final
candidates are refitted using the complete track information from both detector systems. A
muon candidate is required to have transverse momentum, pT, above 25 GeV and |η| < 2.5.
The hit pattern in the inner detector must be consistent with a well-reconstructed track,
and the longitudinal impact parameter of the muon track with respect to the selected
primary vertex of the event is required to be less than 2 mm. Muons must also satisfy
a pT-dependent track isolation requirement: the scalar sum of the track pT in a cone of
variable radius ∆R < 10 GeV/pµT around the muon (excluding the muon itself) must be
less than 5% of the muon pT.

Jets are reconstructed using the anti-kt algorithm [28–30] with a radius parameter
R = 0.4 from calibrated topological clusters built from energy deposits in the calorimeters.
Prior to jet finding, a local cluster calibration scheme [31] is applied to correct the topo-
logical cluster energy for the effects of non-compensation, dead material, and out-of-cluster
leakage. The corrections are obtained from simulation of charged and neutral particles. Af-
ter energy calibration [32, 33], central jets are defined as those reconstructed with |η| < 2.5

and satisfying pT > 25 GeV. To reduce the contribution of central jets originating from
secondary pp interactions, a requirement is made on jets with pT < 50 GeV and |η| < 2.4 to
ensure that at least 50% of the scalar sum of track transverse momenta associated with the
jet comes from tracks also compatible with originating from the primary vertex. Forward
jets, utilized in the search for the electroweak single production of vector-like quarks, are
defined as those with 2.5 < |η| < 4.5 and pT > 35 GeV. During jet reconstruction, no dis-
tinction is made between identified electron and hadronic-jet energy deposits. Therefore,
if any selected jet is within ∆R < 0.2 of a selected electron, the jet is discarded in order
to avoid double-counting of electrons as jets. After this, any electrons or muons within
∆R < 0.4 of selected jets are discarded.

Central jets are identified as originating from the hadronization of a b-quark (b-tagging)
using a multivariate discriminant that combines information from the impact parameters
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of displaced tracks as well as topological properties of secondary and tertiary decay vertices
reconstructed within the jet [34, 35]. The operating point used corresponds to a b-tagging
efficiency of 70%, as determined for b-tagged jets with pT > 20 GeV and |η| < 2.5 in
simulated tt̄ events, with light- and charm-quark rejection factors of approximately 130 and
5, respectively.

4 Data sample and event preselection

The data analyzed in this search were collected with the ATLAS detector between April and
December 2012 during LHC pp collisions at

√
s = 8 TeV and correspond to an integrated

luminosity of 20.3± 0.6 fb−1 [36]. Events recorded by single-electron or single-muon triggers
under stable beam conditions and for which all detector subsystems were operational are
considered. Single-lepton triggers with different pT thresholds are combined to increase the
overall efficiency. The pT thresholds are 24 GeV and 60 GeV for the electron triggers and
24 GeV and 36 GeV for the muon triggers. The lower-threshold triggers include isolation
requirements on the candidate leptons, resulting in inefficiencies at higher pT that are
recovered by the higher-pT threshold triggers. Events satisfying the trigger requirements
must also have a reconstructed vertex with at least five associated tracks, consistent with
the beam collision region in the (x, y) plane. If more than one such vertex is found, the
primary vertex selected is the one with the largest sum of the squared transverse momenta
of its associated tracks.

Events selected for analysis contain at least one pair of same-flavor reconstructed lep-
tons (electrons or muons) with opposite electric charge, and at least one reconstructed
lepton in the event must match (∆R < 0.15) a lepton reconstructed by the trigger sys-
tem. Reconstructed Z boson candidates are formed if the invariant mass of a same-flavor
opposite-charge lepton pair differs from the Z boson mass by less than 10 GeV. If more than
one Z boson candidate is reconstructed in an event, the one whose mass is closest to the
Z boson mass is considered. Selected events are then separated into two categories defined
by the absence or presence of a third electron or muon that is not associated with the Z

candidate, referred to as the dilepton and trilepton channels. After preselection, 12.5× 106

and 1.76× 103 events are selected in the dilepton and trilepton channels, respectively.

5 Signal modeling

This section introduces the production mechanisms and decay properties of new heavy
quarks, and describes how they are modeled in this analysis.

5.1 Heavy quark pair production and vector-like quark decay modes

One source of heavy quark production at the LHC is through pair production via the strong
interaction, as illustrated in figure 1(a). The cross section at

√
s = 8 TeV as a function

of the new quark mass is denoted by the solid line in figure 1(b). The prediction was
computed using Top++ v2.0 [37, 38], a next-to-next-to-leading-order (NNLO) calculation
in QCD including resummation of next-to-next-to-leading logarithm (NNLL) soft gluon
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Figure 1. A representative diagram (a) illustrating the pair production and decay modes of a

vector-like quark (Q = T,B). The
√
s = 8 TeV LHC cross section as a function of the quark mass

(b) for pair production, denoted by the solid line, as well as for the T b̄q and Bb̄q single-production

processes, denoted by dashed lines. The pair-production cross section has been calculated with

Top++ [38]. The single-production cross sections were calculated with protos [42] and mad-

graph [43] (MG) using different electroweak coupling parameters that are discussed in the text.

terms, using the MSTW 2008 NNLO [39, 40] set of parton distribution functions (PDFs).
It is independent of the charge of the new heavy quark. The cross-section prediction ranges
from 2.4 pb for a quark mass of 400 GeV to 3.3 fb for a quark mass of 1000 GeV, with
an uncertainty that increases from 8% to 14% over this mass range. The PDF and αs

uncertainties dominate over the scale uncertainties, and were evaluated according to the
PDF4LHC recommendations [41].

The final-state topology depends on the decay modes of the new quarks. Unlike chiral
quarks, which only decay at tree level in the charged-current decay mode, vector-like quarks
may decay at tree level to a W , Z, or H boson plus an SM quark. Additionally, vector-like
quarks are often assumed to couple preferentially to third-generation SM quarks [11, 44],
particularly in the context of naturalness arguments. Thus, figure 1(a) depicts a T or a B

vector-like quark, represented by Q, decaying to either an SM t or b quark, represented by q

or q′, and a Z, H, or W boson. The branching ratios of a T quark as a function of its mass,
as computed by protos v2.2 [15, 42], are shown in figure 2(a).2 A weak-isospin (SU(2))

2The branching ratios in figure 2 are valid for small mixing between the new heavy quark and the

third-generation quark. For example, using the mass eigenstate basis notation of refs. [15, 17, 45], and

the relations in appendix A of ref. [17], VTb ≈ XtT in the limit of small mixing, and hence these mixing
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Figure 2. Vector-like T quark branching ratios (a) to the Wb, Zt, and Ht decay modes as a

function of the T quark mass, computed with protos [42] for an SU(2) singlet and two types of

doublets. Likewise, vector-like B quark branching ratios (b) to the Wt, Zb, and Hb decay modes

for a singlet and two types of doublets. The X quark in an (X,T ) doublet has charge +5/3, and

the Y quark in a (B, Y ) doublet has charge −4/3.

singlet T quark hypothesis is depicted, as well as a T that is part of an SU(2) doublet. The
doublet prediction is valid for an (X,T ) doublet, where the charge of the X quark is +5/3,
as well as a (T,B) doublet when a mixing assumption of VTb ≪ VtB is made [15]. The
charged-current mode, BR(T → Wb), is absent in the doublet cases. Similarly, figure 2(b)
shows the branching ratio of a B quark as a function of its mass for the singlet and doublet
hypotheses. In the case of a (T,B) doublet, BR(B → Wt) = 1. Branching ratio values are
also shown in figure 2(b) for a (B, Y ) doublet, where the charge of the Y quark is −4/3.
The charged-current mode, BR(B → Wt), is absent in the (B, Y ) doublet case.

Monte Carlo (MC) simulated samples of leading-order (LO) pair-production events were
generated for the T T̄ and BB̄ hypotheses with protos v2.2 interfaced with pythia [46]
v6.421 for parton shower and fragmentation, and using the MSTW 2008 LO [39] set of PDFs.
These samples are normalized using the Top++ cross-section predictions. The vector-like
quarks decay with a branching ratio of 1/3 to each of the three modes (W,Z,H). Arbitrary
sets of branching ratios consistent with the three modes summing to unity are obtained by
reweighting the samples using particle-level information. An SM Higgs boson with a mass
of 125 GeV is assumed. The primary set of samples spans quark masses between 350 GeV
and 850 GeV in steps of 50 GeV and implement SU(2) singlet couplings. Additional samples
were produced at two mass points (350 GeV and 600 GeV) using SU(2) doublet couplings in
order to confirm that kinematic differences arising from the different chirality of singlet and
doublet couplings are negligible in this analysis. The above samples were passed through

parameters cancel when computing branching ratios using the width expressions in eq. (22) of ref. [15].
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Figure 3. Representative diagrams illustrating the t-channel electroweak single production of (a)

a T quark via the T b̄q process and (b) a B quark via the Bb̄q process.

a simulation of the ATLAS detector [47] that employs a fast simulation of the response of
the calorimeters [48]. Additional samples with quark masses of 400 GeV, 600 GeV, and
800 GeV were also produced using the standard geant v4 [49] based simulation of all the
detector components, to test the agreement.

5.2 Electroweak single production

Another way to produce heavy quarks is singly via the electroweak interaction. The t-
channel process provides the largest contribution, as is also the case for SM single-top
production at the LHC. Figures 3(a,b) illustrate the t-channel 2 → 3 process producing a
vector-like T or B quark, respectively, in association with a b-quark3 and a light-generation
quark. Cross sections as a function of the heavy quark mass are also shown in figure 1(b)
for the T b̄q and Bb̄q processes, with the long-dashed lines indicating the prediction using
protos with mixing parameter values [15, 17] of VTb = 0.1 and XbB = 0.1, respectively.
These reference values were chosen to reflect the magnitude of indirect upper bounds on
mixing [17, 45] from precision electroweak data when assuming a single vector-like multiplet
is present in the low-energy theory. No kinematic requirements are placed on the b-quark or
the light-flavor quark produced in association with the heavy quark. The single-production
cross sections scale quadratically with the mixing parameter.

The indirect constraints on the mixing parameters may be relaxed if several multiplets
are present in the low-energy spectrum, as would be the case in realistic composite Higgs
models [45]. Several authors have emphasized the importance of the single-production
mechanism in this context [16, 45, 50], in particular, that it could represent a more favorable
discovery mode than the pair-production mechanism. Figure 1(b) shows the predicted T b̄q

cross section in a specific composite Higgs model [50] that was implemented in madgraph

v5 [43] and provided by the authors of the model. In this model, the WTb vertex is

3The t-channel production in association with a top quark is also possible, but the cross section is over

an order of magnitude smaller for the same heavy quark mass, and for the same mixing parameter value.
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parameterized by the variable λT , which is related to the Yukawa coupling in the composite
sector and the degree of compositeness of the third-generation SM quarks.4 The prediction
shown corresponds to λT = 2, and values between 1 and 5 were considered in ref. [50].

Fast-simulation samples for the T b̄q process were produced for the T singlet of Ref. [50]
with madgraph. Samples were generated for T masses between 400 GeV and 1050 GeV
in 50 GeV steps setting λT = 2. In addition, samples were generated for λT between 1
and 5 in integer steps at the 700 GeV mass point, in order to study the dependence of the
experimental acceptance and the sensitivity to large T widths. Particle-level T b̄q samples
were also produced with protos for several mass and VTb values to check the degree of
consistency between the two generators in the kinematic distributions of relevance to this
analysis. Fully simulated samples for the Bb̄q process were produced with protos for
SU(2) singlet B quarks with masses between 400 GeV and 1200 GeV and XbB = 0.1.
Particle-level Bb̄q process samples were also produced for different mixing values, and for a
B in a (B, Y ) doublet. The Bb̄q process is absent in some composite Higgs models [16, 50].
This is not a generic prediction, however, and the Bb̄q process may be relevant in the
context of a (B, Y ) doublet and corresponding improvements to electroweak fits [17].

6 Background modeling

The SM backgrounds in this analysis are predicted primarily with simulated samples nor-
malized to next-to-leading order, or higher, cross-section calculations. Unless stated oth-
erwise, all samples for SM processes are passed through a full detector simulation. Two
leading-order multi-parton event generators, alpgen [51] and sherpa [52], were carefully
compared at each stage of the dilepton channel analysis to provide a robust characterization
of the dominant Z + jets background. The cross-section normalization of both is set by the
NNLO prediction calculated with the dynnlo program [53].

The alpgen Z + jets samples were produced using v2.13 with the CTEQ6L1 [54]
PDF set and interfaced to pythia v6.426 for parton-shower and hadronization. Separate
inclusive Z + jets and dedicated Z + cc̄ + jets and Z + bb̄ + jets samples were simulated.
Heavy-flavor quarks in the former arise from the parton shower, while in the latter they
can be produced directly in the matrix element. To avoid double-counting of partonic
configurations generated by both the matrix element and the parton shower, a parton–jet
matching scheme [55] is employed in the generation of the samples. Likewise, to remove
double-counting when combining the inclusive and dedicated heavy-flavor samples, another
algorithm is employed based on the angular separation between heavy quarks (qh = c, b).
The matrix-element prediction is used if ∆R(qh, q̄h) > 0.4, and the parton-shower prediction
is used otherwise.

The sherpa Z+jets samples were produced using v1.4.1 with the CT10 [56] PDF set,
and generated setting the charm and bottom quarks to be massive. Filters are used to divide
the samples into events containing a bottom hadron, events without a bottom hadron but

4The notation of ref. [50] follows that adopted in ref. [14], and uses the weak eigenstate basis. For small

values of λT , or large heavy quark masses, VTb ≈ (λT v)/(
√
2MT ), with v = 246 GeV. See footnote 2 of

ref. [14] for more details.
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containing a charm hadron, and events with neither a charm nor a bottom hadron. In this
paper, the Z+bottom jet(s) background category corresponds to the bottom hadron filtered
samples, while the Z+light jets category combines the two other samples without a bottom
hadron5. To increase the statistical precision of the prediction at large values of the Z boson
transverse momentum, pT(Z), each hadron filtered sample was produced in different pT(Z)

intervals: inclusive, 70−140 GeV, 140−280 GeV, 280−500 GeV, and greater than 500 GeV.
The first three samples are reconstructed with a fast detector simulation while the latter
two use full detector simulation. As a result of the higher statistical precision in the final
stages of selection, these sherpa samples constitute the default Z + jets prediction.

The dominant source of background events in the early selection stages of the trilepton
channel analysis arise from Z bosons produced in association with W bosons. The diboson
processes (WZ, ZZ, and WW ) are generated with sherpa, and normalized to NLO cross-
section predictions obtained with mcfm [57]. In the final selection stages of the trilepton
analysis, an important source of background events arise from Z bosons produced in as-
sociation with a pair of top quarks. The tt̄ + V processes, where V = W,Z, are modeled
with madgraph [43], using pythia for parton shower and hadronization. These samples
are also normalized to NLO cross-section predictions [58].

Processes that do not contain a Z boson constitute subleading background contribu-
tions. Simulated tt̄ events are produced using powheg [59–62] for the matrix element
with the CT10 PDF set. Parton shower and hadronization are performed with pythia

v6.421. The tt̄ cross section is determined by the Top++ prediction, computed as in the
signal hypothesis, but setting the top quark mass to 172.5 GeV. Samples generated with
mc@nlo [63, 64] interfaced to herwig 6.520.2 [65–67] are used to estimate the Wt and
s-channel single-top processes, while AcerMC [68] interfaced to pythia is used to esti-
mate the t-channel process. The single-top processes are normalized to NLO cross-section
predictions [69].

Events that enter the selected Z candidate sample as a result of a fake or non-prompt
lepton satisfying the lepton selection criteria are estimated with data, using samples ob-
tained by relaxing or inverting certain lepton identification requirements. Such contribu-
tions are found to be less than 5% of the total background in the early stages of event
selection and negligible in the final stages.

7 Search strategies

This section outlines the search strategies. The single- and pair-production signal hypothe-
ses are targeted in both the dilepton and trilepton channels. A common set of event selection
requirements are made first, and a small number of specific requirements are added to en-
hance the sensitivity of the dilepton and trilepton channels to the single- or pair-production
hypotheses. Table 1 summarizes the selection criteria for reference.

Figure 4 presents unit-normalized distributions of simulated signal and background
events in several discriminating variables employed in the event selection. The reference
signals shown correspond to the single and pair production of SU(2) singlet T and B

5Further, these categories are referred to more concisely as Z+bottom and Z+light in tables 2 and 3.
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Event selection

Z boson candidate preselection
≥ 2 central jets
pT(Z) ≥ 150 GeV

Dilepton channel Trilepton channel

= 2 leptons ≥ 3 leptons
≥ 2 b-tagged jets ≥ 1 b-tagged jet

Pair production Single production Pair production Single production

HT(jets) ≥ 600 GeV ≥ 1 fwd. jet – ≥ 1 fwd. jet

Final discriminant

m(Zb) HT(jets+leptons)

Table 1. Summary of the event selection criteria. Preselected Z boson candidate events are

divided into dilepton and trilepton categories. The requirements on the number of central jets

and the Z candidate transverse momentum are common to both channels, and for the pair- and

single-production hypotheses. Other requirements are specific to a lepton channel or the targeted

production mechanism. The last row lists the final discriminant used for hypothesis testing.

quarks with a mass of 650 GeV. Figure 4(a) presents the lepton multiplicity distribution
after selecting events with a Z boson candidate and at least two central jets. The shapes of
the signal and background distributions motivate separate criteria for events with exactly
two leptons, and those with three or more, with the strategy for the former focused on
background rejection, and the strategy for the latter focused on maintaining signal efficiency.
The only signal hypothesis not expected to produce events with a third isolated lepton is
the B(→ Zb)b̄q process. The other three processes are capable of producing, in addition
to the Z boson, a W boson that decays to leptons. The W boson could arise from a top
quark decay, or directly from the other heavy quark decay in the case of the pair-production
signal.

At least two central jets are required in both lepton channels, and when testing both
production mechanism hypotheses. The requirement is over 95% efficient for the pair-
production signals, and over 70% efficient for the single-production signals, while sup-
pressing the backgrounds by a factor of 20 and 5 in the dilepton and trilepton channels,
respectively. A second common requirement is on the minimum transverse momentum of
the Z boson candidate: pT(Z) > 150 GeV. Figure 4(b) presents the pT(Z) distribution in
signal and background dilepton channel events after the Z+ ≥ 2 central jets selection.

Figure 4(c) presents the b-tagged jet multiplicity distribution, also after the Z+ ≥ 2

central jets selection in the dilepton channel. Pair-production signal events are expected to
yield at least two b-jets, whether produced directly from a heavy quark decay, the decay
of a top quark, or the decay of a Higgs boson. Single-production signal events also yield
two b-jets, but the one arising from the b-quark produced in association is less often in the
acceptance for b-tagging. In order to effectively suppress the large Z + jets background,
dilepton channel events are required to contain at least two b-tagged jets when testing both
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Figure 4. Unit-normalized distributions of signal-sensitive variables employed in this analysis. The

filled histograms correspond to SM backgrounds. Unfilled histograms correspond to signal, with

solid (dashed) lines representing pair (single) production of SU(2) singlet T and B quarks with a

mass of 650 GeV. The rightmost bin in each histogram contains overflow events. Panel (a) shows

the lepton multiplicity distribution after a Z+ ≥ 2 central jets selection. Panel (b) shows the pT(Z)

distribution, and (c) the b-tagged jet multiplicity distribution, for dilepton channel events. Panel

(d) shows the forward-jet multiplicity distribution in trilepton events.

the single- and pair-production hypotheses. A requirement of at least one b-tagged jet
sufficiently balances signal efficiency and background rejection in the trilepton channel.

Signal events from pair production often produce several energetic jets. The scalar
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Figure 5. Unit-normalized distributions of the discriminating variables used for hypothesis testing,

shown at the Z+ ≥ 2 central jets selection stage: (a) HT(jets + leptons) in the trilepton channel,

and (b) the m(Zb) distribution in the dilepton channel. The filled histograms correspond to SM

backgrounds. Unfilled histograms correspond to signal, with solid (dashed) lines representing pair

(single) production of SU(2) singlet T and B quarks with a mass of 650 GeV. The rightmost bin

in each histogram contains overflow events.

sum of the transverse momentum of all central jets in the event, HT(jets), is a powerful
variable to further reduce the background in the dilepton channel. Selected events in
this channel are required to satisfy HT(jets) > 600 GeV when testing the pair-production
hypotheses. The transverse momentum of leptons is not included, as the same information
is effectively utilized in the pT(Z) requirement, and it is advantageous to study the jet
activity separately. In the trilepton channel, however, the lepton transverse momenta are
used in the variable HT(jets + leptons) to include, in particular, the discriminating power
of the transverse momentum of the third lepton. Figure 5(a) shows the HT(jets + leptons)

distribution in trilepton events with at least two central jets. A minimum-value requirement
on this variable is not imposed, but rather the full shape is used as the final discriminant
for hypothesis testing. The variable provides good separation between the background and
pair-production signals. Although the separation is not as powerful for the single-production
signals, the variable becomes increasingly effective for higher quark masses.

The associated light-flavor quark produced in the electroweak single production of
heavy quarks gives rise to an energetic forward jet. Figure 4(d) presents the forward-jet
multiplicity distribution in trilepton channel events after all requirements are made to select
events for the pair-production hypotheses. The presence of a forward jet is an additional
requirement when testing the single-production hypotheses.

The invariant mass of the Z boson candidate and highest-pT b-tagged jet, m(Zb), is
used as the final discriminant in the dilepton channel, and is shown in figure 5(b). The
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distribution is strongly peaked at the heavy quark mass in the case of a B quark. The
distribution peaks at a lower value and is wider in the case of a T quark; both features
are consequences of the W boson that is not included in the mass reconstruction. The
HT(jets) requirement is removed and the forward-jet requirement is added when testing
the single-production hypotheses in the dilepton channel.

8 Comparison of the data to the predictions

Section 7 motivated the selection criteria that are applied in the dilepton and trilepton chan-
nel analyses and when considering the single- and pair-production hypotheses. This section
presents the comparison of the data to the predictions. Section 8.1 presents the dilepton
channel analysis, and focuses on the pair-production hypotheses. Section 8.2 presents the
trilepton channel analysis, also focusing on the pair-production hypotheses. Section 8.3
shows the results of both channels under the modified selection criteria used to test the
single-production hypotheses.

8.1 Dilepton channel analysis targeting the pair-production hypotheses

The preselected sample of Z boson candidate events with exactly two leptons comprises
12.5× 106 events (5.5× 106 and 7.0× 106 events in the ee and µµ channels, respectively).
These yields are consistent with the predictions within uncertainties, which at this stage
of the analysis are less than 5% and dominated by the Drell–Yan cross section and ac-
ceptance, luminosity, and lepton reconstruction uncertainties. The predicted distributions
of several kinematic variables are observed to agree well with the data, and the sample is
then restricted to the subset of events with at least two central jets. This sample comprises
501×103 events, and is also found to be well described by the sherpa and alpgen predic-
tions within the uncertainties, now also including those associated with jet reconstruction.

Events passing the Z+ ≥ 2 central jets selection are then separated according to the
number of b-tagged jets in the event (Ntag). Figure 6(a) shows the Z candidate mass
distribution using the sherpa Z + jets prediction in the control region consisting of events
with Ntag = 1. Table 2 presents the corresponding event yield. Figure 6(b) shows the Z

candidate mass distribution in the signal region consisting of events with Ntag ≥ 2. Table 3
presents the corresponding yield. Differences in the predicted yields are observed in both
the Ntag = 1 and Ntag ≥ 2 categories when using alpgen in place of sherpa. While the
predictions using sherpa are consistent with the data within the experimental uncertainties
(5–8%), those with alpgen are systematically low by 20% and 15% in the Ntag = 1 and
Ntag ≥ 2 categories, respectively. Agreement between data and the prediction outside the
10 GeV mass window, particularly in events with Ntag ≥ 2 where tt̄ events are predicted
to contribute significantly, indicates that alpgen underestimates the Z + jets contribution
in events with b-tagged jets. Therefore, scaling factors for the Z + jets prediction are
derived at this stage such that the total background prediction matches the data yields
in the signal-depleted region defined by pT(Z) < 100 GeV. The procedure is performed
separately for events with Ntag = 1 and Ntag ≥ 2, and is repeated when evaluating the
impact of systematic uncertainties. It is also applied to the sherpa prediction, though not
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Figure 6. The distribution of the Z boson candidate mass, m(Z), in dilepton channel events with

≥ 2 central jets and (a) Ntag = 1 or (b) Ntag ≥ 2. Panels (c) and (d) show the distribution of the

transverse momentum, pT(Z), under the same selection criteria. Panel (c) presents the Z+ jets

prediction before the pT(Z) spectrum correction described in the text is applied, while panel (d) is

shown with it applied. Reference signals are displayed for BB̄ and T T̄ production assuming SU(2)

singlet quarks with a mass of 650 GeV. The hatched bands in the upper and lower panels represent

the total background uncertainty.

necessary a priori, in order that the same data-driven correction methods are applied to
both generators.

Figure 6(c) shows the Z boson candidate transverse momentum distribution in events
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Z+ ≥ 2 jets (Ntag = 1) pT(Z) > 150 GeV HT(jets) > 600 GeV
Z+light (no pT corr.) 24000± 1500 1940± 190 104.6± 8.6

Z+light (pT corr.) 23600± 1500 1700± 150 89± 12

Z+bottom (no pT corr.) 24100± 1700 1970± 240 82.5± 8.0

Z+bottom (pT corr.) 23600± 1700 1730± 160 71± 11

tt̄ 2850± 230 68± 11 8.0± 2.9

Other SM 1250± 370 180± 60 17.9± 5.7

Total SM (no pT corr.) 52200± 2300 4150± 310 213± 13

Total SM (pT corr.) 51300± 2300 3690± 230 186± 16

Data 51291 3652 171

BB̄ (mB = 650 GeV) 13.6± 1.0 11.7± 0.9 9.6± 0.8

T T̄ (mT = 650 GeV) 7.9± 0.5 6.5± 0.5 5.2± 0.5

Table 2. Predicted and observed number of events in the dilepton channel after selecting a Z boson

candidate and at least two central jets, exactly one of which is b-tagged. The number of events

further satisfying pT(Z) > 150 GeV is listed next, followed by the number satisfying, in addition,

HT(jets) > 600 GeV. The Z+jets predictions, as well as the total background prediction, are shown

before and after the pT(Z) spectrum correction described in the text. Reference BB̄ and T T̄ signal

yields are provided for mB/T = 650 GeV and SU(2) singlet branching ratios. The uncertainties on

the predicted yields include statistical and systematic sources.

Z+ ≥ 2 jets (Ntag ≥ 2) pT(Z) ≥ 150 GeV HT(jets) ≥ 600 GeV

Z+light 900± 210 63± 14 4.0± 1.3

Z+bottom 4420± 300 382± 49 19.3± 3.6

tt̄ 2190± 230 33.0± 8.0 4.6± 1.5

Other SM 270± 70 42± 11 4.0± 1.1

Total SM 7780± 440 519± 53 32.0± 4.2

Data 7790 542 31

BB̄(mB = 650 GeV) 18.7± 1.5 16.5± 1.4 14.2± 1.3

T T̄ (mT = 650 GeV) 12.1± 0.8 10.0± 0.7 8.6± 0.7

Table 3. Predicted and observed number of events in the dilepton channel after selecting a Z boson

candidate and at least two central jets, at least two of which are b-tagged. The number of events

further satisfying pT(Z) > 150 GeV is listed next, followed by the number satisfying, in addition,

HT(jets) > 600 GeV. Reference BB̄ and T T̄ signal yields are provided for mB/T = 650 GeV and

SU(2) singlet branching ratios. The uncertainties on the predicted yields include statistical and

systematic sources.

with Ntag = 1, again using sherpa to model the Z + jets processes. The expected back-
ground shows a trend to increasingly overestimate the data with increasing pT(Z). This
bias would result in a 14% overestimate of the number of Ntag = 1 events passing the
pT(Z) > 150 GeV requirement, compared with the 8% experimental uncertainty. The
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Figure 7. The HT(jets) distribution after requiring pT(Z) > 150 GeV in dilepton channel events

with (a) Ntag = 1, or (b) Ntag ≥ 2. The final m(Zb) distribution after requiring pT(Z) > 150 GeV

and HT(jets) > 600 GeV in events with (c) Ntag = 1, or (d) Ntag ≥ 2.

trend is likewise observed in the Ntag = 0 control region, and also to a similar degree
when using the alpgen samples. In order to mitigate this bias, a Z + jets reweight-
ing function is derived by fitting a third-degree polynomial to the residuals defined by
wi ≡ [(Ndata − Npred

non Z+jets)/N
pred
Z+jets]

i, where Ndata, Npred
non Z+jets, and Npred

Z+jets, denote the
number of data, predicted non Z + jets background, and predicted Z + jets background
events, respectively, in the ith bin of the pT(Z) distribution shown in figure 6(c). The degree
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of the polynomial is chosen to accurately fit the trend while avoiding higher-order terms
that could fit statistical fluctuations. The fit is also performed separately in the dielectron
and dimuon channels, and consistent results are obtained. Table 2 presents the predicted
yields in the control region with and without this correction applied. Figure 6(d) shows
the pT(Z) distribution in the Ntag ≥ 2 signal region after the correction has been applied.
The correction results in a 9% (7%) decrease in the predicted number of events satisfying
pT(Z) > 150 GeV when using sherpa (alpgen).

Figures 7(a,b) present the HT(jets) distributions in the Ntag = 1 and Ntag ≥ 2 cate-
gories, respectively, after applying the pT(Z) spectrum correction and requiring pT(Z) >

150 GeV. The distributions are well modeled, and the final HT(jets) > 600 GeV require-
ment for testing the pair-production hypotheses is made. Figures 7(c,d) present the result-
ing m(Zb) distributions. The final predicted background yields using sherpa are listed
in table 2 and table 3, and are consistent with predictions using alpgen within the 10%

statistical uncertainty on the latter. The tables also present the predicted signal yields for
the pair-production of SU(2) singlet B and T quarks with a mass of 650 GeV.

8.2 Trilepton channel analysis targeting the pair-production hypotheses

The trilepton analysis selects events with a Z boson candidate and a third isolated lepton,
yielding a total of 1760 events in data. The Z boson candidate is reconstructed in the ee

(µµ) channel in 760 (1000) of these events, and the third lepton is an electron (muon) in
768 (992) of these events. Figure 8(a) presents the Z candidate mass distribution after the
inclusive trilepton channel selection. Events from WZ processes constitute approximately
70% of the predicted background. The leading contributions to the remaining background
are predicted to arise from ZZ processes, with smaller contributions from Z + jets, tt̄, and
tt̄ + V processes. Figure 8(b) presents the central-jet multiplicity, also after the inclusive
trilepton channel selection. Events with at least two central jets are considered further, and
figure 8(c) shows the Z candidate transverse momentum distribution after this requirement
is made. The data are well modeled by the background prediction, and the subset of events
with pT(Z) > 150 GeV are then selected. The b-tagged jet multiplicity distribution is shown
in figure 8(d) following the pT(Z) requirement. Events without a b-tagged jet are predicted
to arise mostly from WZ processes, while a similar number of WZ and tt̄ + V events are
predicted to populate the background in events with at least one b-tagged jet. At least one
b-tagged jet is predicted to be present in a high fraction of pair-production signal events.

Figure 9(a) shows the HT(jets + leptons) variable in the Ntag = 0 control region.
The distribution is well modeled by the background prediction. Figure 9(b) presents the
HT(jets + leptons) discriminant in the signal region consisting of events with Ntag ≥ 1. Ta-
ble 4 presents the observed and predicted yields at each stage of the trilepton channel event
selection. In addition, the table lists the predicted signal yields for the pair production of
SU(2) singlet B and T quarks with a mass of 650 GeV.

8.3 Modified selection criteria to target the single-production hypotheses

A characteristic feature of the signal events that produce a single heavy quark via the elec-
troweak interaction is the presence of an energetic forward light-flavor jet that is produced
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Figure 8. The distributions of the Z boson candidate mass (a), m(Z), and central-jet multiplicity

(b), in trilepton channel events. The distribution of the Z candidate transverse momentum (c),

pT(Z), after requiring ≥ 2 central jets. The b-tagged jet multiplicity distribution (d) after requiring

≥ 2 central jets and pT(Z) > 150 GeV.

in association. Such a jet is required when testing the single-production hypotheses, in
addition to the requirements discussed in sections 8.1 and 8.2 in the context of the pair-
production hypotheses. In the dilepton channel, the HT(jets) requirement is removed, as
it is not efficient for the single-production signals.

Figures 10(a,b) display the forward-jet multiplicity distribution in dilepton channel
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Figure 9. The HT(jets + leptons) distribution in trilepton channels events with ≥ 2 central jets,

pT(Z) > 150 GeV, and (a) Ntag = 0, or (b) Ntag ≥ 1.

Trilepton ch. ≥ 2 central jets pT(Z) > 150 GeV Ntag ≥ 1

WZ 1170± 130 219± 32 51.5± 8.9 5.8± 1.4

tt̄+X 23.5± 6.7 22.0± 6.3 7.0± 2.1 5.8± 1.8

Other SM 435± 50 67± 13 10.4± 9.2 2.6± 1.3

Total SM 1630± 170 309± 39 69± 14 14.3± 2.6

Data 1760 334 78 16

BB̄ (mB=650 GeV) 5.8± 0.4 5.7± 0.4 4.99± 0.33 4.17± 0.30

T T̄ (mT=650 GeV) 7.4± 0.5 7.4± 0.5 6.7± 0.5 5.5± 0.4

Table 4. Predicted and observed number of events in the trilepton channel, starting on the left

with the selection stage of a Z boson candidate plus a third isolated lepton, followed by the yields

after the additional requirements outlined in the text. The final column represents the signal region

for testing the pair production hypotheses. Reference BB̄ and T T̄ signal yields are provided for

mB/T = 650 GeV and SU(2) singlet branching ratios. The uncertainties on the predicted yields

include statistical and systematic sources.

events after requiring at least two central jets, pT(Z) > 150 GeV, and Ntag = 1 or Ntag ≥ 2,
respectively. This is the same selection stage as that shown in the HT(jets) distributions
of figures 7(c,d). The predicted background is reduced by over an order of magnitude, and
a large fraction of the single-production signal maintained, by restricting the sample to
those events that contain at least one forward jet. Figures 10(c,d) present the final m(Zb)

distributions in the control and signal regions, respectively, after applying the forward-jet
requirement.
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Figure 10. The forward-jet multiplicity distribution in dilepton channel events with ≥ 2 central

jets, satisfying pT(Z) > 150 GeV, and (a) Ntag = 1, or (b) Ntag ≥ 2. The m(Zb) distribution

following the final requirement of at least one forward jet in events with (c) Ntag = 1 or (d)

Ntag ≥ 2. The predicted T b̄q signal assumes a mixing parameter value of λT = 2, while the

predicted Bb̄q signal assumes a mixing parameter value of XbB = 0.5.

Figure 11(a) shows the forward-jet multiplicity in the trilepton channel after requiring
at least two central jets, pT(Z) > 150 GeV, and Ntag ≥ 1. These requirements constitute the
final selection criteria for testing the pair-production hypotheses in the trilepton channel.
An increase in the sensitivity to the T b̄q process is achieved by restricting the sample
to events with at least one forward jet. Figure 11(b) shows the final HT(jets + leptons)

distribution after the forward-jet requirement is applied.
Table 5 presents the observed data and predicted background events after the final event

selection for testing the single-production hypotheses in both the dilepton and trilepton
channels. Predicted signal yields are shown for the T b̄q and Bb̄q single-production processes,
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Figure 11. The forward-jet multiplicity distribution (a) in trilepton channel events with ≥ 2 central

jets, satisfying pT(Z) > 150 GeV, and Ntag ≥ 1. The HT(jets + leptons) distribution (b) following

the requirement of at least one forward jet. The predicted T b̄q signal assumes a mixing parameter

value of λT = 2.

with reference coupling parameters of λT = 2 and XbB = 0.5,6 respectively, as well as
the predicted contribution of pair-production signal events in the single-production signal
regions. In each case the heavy quark is an SU(2) singlet with a mass of 650 GeV.

9 Systematic uncertainties

Several sources of systematic uncertainty affect the predicted yield of SM background and
signal events after the full selection criteria are applied, as well as the distribution of these
events in the discriminating variables, m(Zb) and HT(jets + leptons). The sources of un-
certainty described below are assumed to be uncorrelated. The impact is evaluated by
propagating each uncertainty through the full analysis chain for each signal or background
source, and allowing the final predictions to vary accordingly during hypothesis testing.
Tables 6 and 7 list the fractional uncertainty in the normalization of the final signal and
background predictions for each category of systematic uncertainty in the dilepton and
trilepton pair-production signal regions, respectively. The characteristics of these categories
are explained below.

Luminosity The uncertainty on the integrated luminosity is 2.8%, resulting in a normal-
ization uncertainty for processes estimated with simulated samples. The uncertainty was
derived following the same methodology as that detailed in ref. [36]. In addition, since the

6The maximum possible value of XbB is 0.5 in the case of an SU(2) singlet B quark. This is a consequence

of the relationship between VtB and XbB , which can be found in tables 9 and 10 of ref. [17].
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Dilepton channel Trilepton channel
Z+light 7.3± 2.0 WZ 0.62± 0.27

Z+bottom 40± 10 tt̄+ V 0.74± 0.24

tt̄ 5.2± 2.1

Other SM 3.8± 1.3 Other SM 0.07± 0.10

Total SM 56± 12 Total SM 1.4± 0.4

Data 57 Data 2

Bb̄q (mB = 650 GeV, XbB = 0.5) 1.88± 0.27

T b̄q (mT = 650 GeV, λT = 2) 7.7± 1.0 T b̄q (mT = 650 GeV, λT = 2) 3.1± 0.5

BB̄ (mB = 650 GeV) 1.53± 0.24 BB̄ (mB = 650 GeV) 0.45± 0.10

T T̄ (mT = 650 GeV) 1.08± 0.15 T T̄ (mT = 650 GeV) 0.50± 0.10

Table 5. Number of predicted and observed dilepton and trilepton channel events after the final

selection for testing the single-production hypotheses, which includes a forward-jet requirement.

The expected yield of T b̄q and Bb̄q events is listed for SU(2) singlet T and B quarks with a mass

of 650 GeV and for reference mixing parameters. The predicted contribution of pair-production

events in the single-production signal regions is also provided. The uncertainties on the predicted

yields include statistical and systematic sources.

Z + jets background prediction is corrected to account for differences between data and all
other backgrounds in a control region, the luminosity uncertainty also indirectly impacts
the yield of this background source.

Signal and background cross sections Signal and background cross-section uncer-
tainties influence the predicted yield of events from processes estimated with simulated
samples. As explained above in the case of the luminosity uncertainty, the SM background
cross-section uncertainties [37, 57, 58, 69] also indirectly influence the Z + jets background
prediction. While the impact is small in the dilepton channel analysis, uncertainties in the
cross sections of background processes constitute the dominant systematic uncertainty in
the trilepton channel analysis. The uncertainty on the tt̄ + V processes is conservatively
assessed to be 30% using the results of ref. [58]. The uncertainty on the WZ+ jets back-
ground is taken to be 50%×HT(jets + leptons)/ 1 TeV following the methods described in
ref. [70].

Jet reconstruction The jet energy scale [32] was determined using information from
test-beam data, LHC collision data, and simulation. The corresponding uncertainty varies
between 0.8% and 6%, depending on the pT and η of selected jets in this analysis. Additional
uncertainties associated with other pp interactions in the same bunch crossing (pile-up) can
be as large as 5%. Likewise, an additional uncertainty of up to 2.5%, depending on the pT
of the jet, is applied for b-tagged jets. The energy resolution of jets was measured in dijet
events and agrees with predictions from simulations within 10%, and the corresponding
uncertainty is evaluated by smearing the jet energy accordingly. The jet reconstruction
efficiency was estimated using minimum-bias and dijet events. The inefficiency was found
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Fractional uncertainties (%): dilepton channel
Z+jets tt̄ Other bkg. Total bkg. BB̄ T T̄

Luminosity 1.4 2.8 2.8 0.3 2.8 2.8
Cross section 5.5 6.4 29 0.7 - -

Jet reconstruction 13 10 14 11 2.0 2.1
b-tagging 9.1 13 9.9 5.7 7.2 5.9

e reconstruction 2.9 16 5.9 4.6 2.5 1.5
µ reconstruction 3.8 7.8 7.2 4.2 3.2 1.3

Z+jets pT(Z) correction 9.0 - - 6.5 - -
Z+jets rate correction 6.9 - - 5.0 - -

MC statistics 5.0 25 12 5.4 2.4 2.9

Table 6. The fractional uncertainties (%) in the yields of signal and background events after the

final dilepton channel selection for testing the pair production hypotheses. The signals correspond

to SU(2) singlet T and B quarks with a mass of 650 GeV. The uncertainties are grouped into

categories that are explained in more detail in the text.

Fractional uncertainties (%): trilepton channel
WZ tt̄+ V Other bkg. Total bkg. BB̄ T T̄

Luminosity 2.8 2.8 2.8 2.8 2.8 2.8
Cross section 17 30 8.9 21 - -

Jet reconstruction 5.4 1.2 8.1 3.1 4.0 1.8
b-tagging 13 3.6 13 6.7 5.6 5.5

e reconstruction 9.3 3.9 37 11 5.9 12
µ reconstruction 14 3.9 18 4.2 6.2 5.7

MC statistics 11 3.1 27 6.6 4.8 8.3

Table 7. The fractional uncertainties (%) in the yields of signal and background events after the

final trilepton channel selection for testing the pair production hypotheses. The signals correspond

to SU(2) singlet T and B quarks with a mass of 650 GeV. The uncertainties are grouped into

categories that are explained in more detail in the text.

to be at most 2.7% for low-pT and at the per mil level for high-pT jets. This uncertainty is
taken into account by randomly removing jets in simulated events. A requirement is made
on the tracks associated with central jets in order to reduce the contribution of jets that arise
from pile-up. The performance of this requirement was compared in data and simulation
for Z(→ ℓ+ℓ−) + 1-jet events, selecting separately events enriched in hard-scatter jets and
events enriched in pile-up jets. Simulation correction factors were determined separately
for both types. For hard-scatter jets they decrease from ∼ 1.03 at pT = 25 GeV to ∼ 1.01

at pT > 50 GeV, while for pile-up jets they are consistent with unity.
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b-tagging Dedicated performance studies of the b-tagging algorithm have been performed
and calibration factors determined [34, 35]. Efficiencies for tagging b-jets (c-jets) in sim-
ulation are corrected by pT-dependent factors in the range 0.9–1.0 (0.9–1.1), whereas the
light-jet efficiency is corrected by pT- and η-dependent factors in the range 1.2–1.5. The un-
certainties in these corrections are between 2–6% for b-jets, 10–15% for c-jets, and 20–40%
for light jets.

Lepton reconstruction and trigger The uncertainties on the identification and recon-
struction efficiency of electrons and muons, as well as the efficiency of the single-lepton
triggers used in the analysis, affect the nominal scale factors used to correct differences ob-
served between data and simulation. When combined, these lepton efficiency uncertainties
contribute to an uncertainty on the final signal and background estimates at the level of
5%. Data events with leptonic decays of the Z boson were used to measure the lepton
momentum scale and resolution, and simulation correction factors with associated uncer-
tainties were derived [25–27]. The effect of momentum scale uncertainties were evaluated
by repeating the event selection with the electron and muon momentum varied according
to the corresponding uncertainties. The impact of the momentum resolution uncertainty
was evaluated by smearing the lepton momentum in simulation accordingly. The lepton
momentum uncertainties contribute to an uncertainty on the final signal and background
estimates at the level of 1%.

Systematic uncertainties associated with data-driven Z + jets corrections The
Z + jets scaling factor and the pT(Z) shape correction are derived in control regions and
applied to the signal region. The rate correction was derived in both the pT(Z) < 100 GeV
and the 50 < pT(Z) < 150 GeV regions and the difference between the resulting predictions
was used to assess an uncertainty. Similarly, the pT(Z) spectrum correction was derived in
both the Ntag = 0 and Ntag = 1 control regions, and the difference when applied to the
Ntag ≥ 2 signal region used to assign an uncertainty. Dedicated sherpa Z + jets samples
were also produced with varied renormalization, factorization, and matching scales, and
used to cross-check the uncertainties derived from the data-driven methods.

10 Results

A binned Poisson likelihood test is performed on the distributions of the final discriminat-
ing variables to assess the compatibility of the observed data with the background-only
and signal-plus-background hypotheses. The test employs a log-likelihood ratio function,
−2 ln(Ls+b/Lb), where Ls+b (Lb) is the Poisson probability to observe data under the signal-
plus-background (background-only) hypothesis. Poisson pseudo-experiments are generated
for the two hypotheses using the predicted signal and background distributions and the
impact of each systematic uncertainty. The latter are evaluated for their impact on both
the normalization and the shape of the final discriminating variables, and are varied during
the generation of the pseudo-experiments assuming a Gaussian distribution as the prior
probability distribution function.
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Singlet mass limit [GeV] Doublet mass limit [GeV]
Hypothesis Dilepton Trilepton Comb. Dilepton Trilepton Comb.

BB̄ 690 (665) 610 (610) 685 (670) 765 (750) 540 (530) 755 (755)
T T̄ 620 (585) 620 (620) 655 (625) 705 (665) 700 (700) 735 (720)

Table 8. Observed (expected) 95% CL limits on the T and B quark mass (GeV) assuming pair

production of SU(2) singlet and doublet quarks, and using the dilepton and trilepton channels

separately, as well as combined.

For the pair-production hypotheses, the final discriminating variable in the dilepton
channel is the m(Zb) distribution shown in figure 7(d), while the final discriminating vari-
able in the trilepton channel is the HT(jets + leptons) distribution shown in figure 9(b). For
the single-production hypotheses, the final discriminating variable in the dilepton channel
is the m(Zb) distribution shown in figure 10(d), while the final discriminating variable in
the trilepton channel is the HT(jets + leptons) distribution shown in figure 11(b).

The data are found to be consistent with the background-only hypotheses in each
of the four final distributions, and limits are subsequently derived according to the CLs

prescription [71, 72]. Upper limits at the 95% confidence level (CL) are set on the pair- and
single-production cross sections of vector-like T and B quarks. The cross-section limits are
then used to set lower limits on the quark masses, as well as upper limits on electroweak
coupling parameters.

10.1 Limits on the pair-production hypotheses

Figures 12(a,b) show the pair-production cross-section limit for B quark masses in the
interval 350–850 GeV, assuming the branching ratios of an SU(2) singlet B quark and a
B quark in a (B, Y ) doublet, respectively. The theoretical curve represents the total pair-
production cross section calculated with Top++, and the width of the curve indicates
the uncertainty on the prediction from PDF+αs and scale uncertainties. The observed
(expected) limit on the mass of an SU(2) singlet B quark is 685 GeV (670 GeV), while
the observed (expected) limit on the mass of a B quark in a (B, Y ) doublet is 755 GeV
(755 GeV). These limits are derived by combining the dilepton and trilepton channels in a
single likelihood function. Table 8 lists the combined B quark mass limits along with the
mass limits obtained from the dilepton and trilepton channels independently. The dilepton
channel provides the greater degree of sensitivity for both the singlet and doublet B quark
hypotheses.

Figures 12(c,d) show the pair-production cross-section limit for T quark masses in the
interval 350–850 GeV, assuming the branching ratios of an SU(2) singlet T quark and a T

quark in a (T,B) doublet, respectively. The observed (expected) limit on the mass of an
SU(2) singlet T quark is 655 GeV (625 GeV), while the observed (expected) limit on the
mass of a T quark in a (T,B) doublet is 735 GeV (720 GeV). These limits are derived by
combining the dilepton and trilepton channels in a single likelihood function. Table 8 lists
the combined T quark mass limits along with the mass limits obtained from the dilepton
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Figure 12. Predicted pair-production cross section as a function of the heavy quark mass and

95% CL observed and expected upper limits for (a) an SU(2) singlet B quark, and (b) a B quark

forming an SU(2) (B, Y ) doublet with a charge −4/3 Y quark. Likewise, the upper limit on the

pair-production cross section as a function of the heavy quark mass for (c) an SU(2) singlet T

quark, and (d) a T quark forming an SU(2) (T,B) doublet with a charge −1/3 B quark.

and trilepton channels independently. The sensitivity of the two channels is similar, though
the trilepton channel is more sensitive in both cases.

In addition to lower limits on the quark masses for these benchmark SU(2) singlet
and doublet scenarios, limits are also derived using the combination of the dilepton and
trilepton channels for all sets of heavy quark branching ratios consistent with the three decay
modes (W , Z, and H) summing to unity. Figures 13(a,b) present expected and observed
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Figure 13. Expected (a) and observed (b) limit (95% CL) on the mass of the B quark assuming

the pair-production hypothesis and presented in the (Wt,Hb) branching ratio plane.

B quark mass limits, respectively, in a two-dimensional plane of branching ratios, with
BR(B → Hb) plotted on the vertical axis and BR(B → Wt) on the horizontal axis. The
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Figure 14. Expected (a) and observed (b) limit (95% CL) on the mass of the T quark assuming

the pair-production hypothesis and presented in the (Wb,Ht) branching ratio plane.

sensitivity is greatest in the lower-left corner where the branching ratio to the ZbZb final
state is 100%. In this case, the expected B quark mass limit is 800 GeV and the observed
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Figure 15. Upper limit (95% CL) on the single-production cross section times branching ratio as a

function of the heavy quark mass: (a) σ(pp → Bb̄q)×BR(B → Zb), and (b) σ(pp → T b̄q)×BR(T →
Zt).

limit is 790 GeV. Likewise, figures 14(a,b) present the expected and observed T quark mass
limits, respectively, in the BR(T → Ht) versus BR(T → Wb) plane of branching ratios. In
the case of a 100% branching ratio to the ZtZt final state, both the expected and observed
T quark mass limits are 810 GeV.

10.2 Limits on the single-production hypotheses

Figures 15(a,b) present upper limits on the cross section as a function of the heavy quark
mass for the electroweak single-production processes pp → Bb̄q and pp → T b̄q, respectively,
multiplied by the branching ratio to the Z boson decay mode. The cross-section limits
on the Bb̄q process are obtained using the dilepton channel only, as the trilepton channel
is not sensitive to this process. The cross-section limits on the T b̄q process are derived
by combining the dilepton and trilepton channels. The sensitivity of the two channels
is comparable in the low-mass regime, while the dilepton channel provides the greater
sensitivity in the high-mass regime.

Constraints on the λT parameter of the reference composite Higgs model [50] are as-
sessed using the limits on the T b̄q process. The implementation of the model invokes the
approximation described in footnote 2 of Ref. [14]. Values λT < 1.5 are neither expected
nor observed to be excluded at 95% CL for any SU(2) singlet T quark in the mass range
considered. The sensitivity to the VTb and XbB mixing parameters is also assessed using
the limits on the T b̄q and Bb̄q processes, respectively. In addition to accounting for the
scaling of the cross section with the mixing parameters, the SU(2) singlet branching ratios
shown in Fig. 2 are recalculated for large mixing values using the relationships tabulated
in Appendix A of Ref. [17]. Sensitivity to values of VTb < 1 is not expected for any T
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quark mass considered, but values as low as 0.7 are observed to be excluded at 95% CL
for some masses in the range 450–650 GeV due to a modest downward fluctuation of the
data relative to the background prediction. Values of XbB < 0.5 are neither expected nor
observed to be excluded for any B quark mass considered.

11 Conclusions

A search for heavy quarks that decay to a Z boson and a third-generation quark has been
performed with a dataset corresponding to 20.3 fb−1 that was collected by the ATLAS
detector at the LHC in pp collisions at

√
s = 8 TeV. No evidence for a heavy quark signal

is observed when selecting events with topologies sensitive to heavy quarks produced either
in pairs via the strong interaction or singly via the electroweak interaction. The results are
used to set lower mass limits of 685 GeV and 755 GeV (at 95% CL) on vector like B quarks
when assuming the SU(2) singlet and doublet hypotheses, respectively. Likewise, lower
mass limits of 655 GeV and 735 GeV (at 95% CL) are obtained for vector-like T quarks
when assuming the SU(2) singlet and doublet hypotheses, respectively. Lower mass limits
are also derived for all sets of B and T quark branching ratios to third-generation quarks and
W , Z, or H bosons. Using signal regions defined to test the single-production hypotheses,
upper limits are derived on the cross sections for the T b̄q and Bb̄q processes multiplied by
the branching ratio of the heavy quark to decay to a Z boson and a third-generation quark.
For example, limits of 190 fb and 200 fb are derived for the T and B quark processes,
respectively, assuming a heavy quark mass of 700 GeV. The results on electroweak single
production are used to assess constraints on electroweak coupling parameters of the new
quarks.
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