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Abstract: The Large Hadron Collider (LHC) is at the frontier of collider physics today, probing new
physics at unprecedented energy scales. Many theories of physics beyond the Standard Model seek
to elucidate the underlying mechanism of electroweak symmetry breaking. Given their large Yukawa
couplings to the Higgs boson, third generations quarks of the Standard Model, and especially the
top quark, play a key role in such theories. Therefore, new particles predicted by these theories
often couple preferentially to top and bottom quarks. The favoured coupling to third generation
can also be used to explain recently observed flavour physics anomalies in the LHCb, Babar or Belle
experiments. This article will review recent searches for new physics performed by the ATLAS and
CMS experiments at the LHC, in final states containing top and bottom quarks. In particular, searches
for vector-like quarks, leptoquarks, and heavy scalar and gauge bosons will be discussed.

Keywords: particle physics; top quark; searches for new physics; high energy physics; beyond the
standard model; large hadron collider; ATLAS; CMS; vector-like quarks; leptoquarks

1. Introduction

The study of third generation quarks is one of the main focuses of research at the
LHC [1]. Their high mass, especially in the case of the top-quark, makes them of particular
interest the mechanism of electroweak symmetry breaking and the Higgs-boson properties.
Many theories beyond the Standard Model (SM) like composite Higgs [2-5], little Higgs [6]
or those with extra dimensions [7] predict new heavy particles that can decay into third-
generation quarks, some of them with preferential or exclusive couplings [8-10]. Searches
with third generation quarks in the final state are a crucial element of any programme that
looks for these exotics particles and are the topic of a wide array of searches performed by
both the ATLAS [11] and CMS [12] Collaborations.

This review presents a collection of those searches, all of them using pp collision data
at a centre-of-mass energy of 13 TeV. It is divided into three different sections: Vector-Like-
Quark (VLQ) searches, Leptoquark (LQ) searches, and other resonant searches that are not
aiming to specific models but rather look for resonant behaviour in final states with at least
one top-quark. Searches specifically aimed at supersymmetric particles are not included.

1.1. The Phenomenology of Vector-like Quarks

The origin of the large hierarchy between the electroweak mass scale (and the Higgs
boson mass along with it) and the Planck scale is an open question in the SM. Naturalness
arguments [13] require that quadratic divergences that arise from radiative corrections
to the Higgs boson mass are cancelled out by some new mechanism in order to avoid
fine-tuning. Several theories beyond the SM (BSM) attempt to provide a solution to this
hierarchy problem.

The fine tuning can be resolved by a new strongly interacting sector, in which the
Higgs boson would be a pseudo-Nambu—-Goldstone boson (pNGB) [14] of a spontaneously
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broken global symmetry. The Composite Higgs [2—4] model is a particular realisation of
this scenario, which also addresses other open questions in the SM, including the hierarchy
in the mass spectrum of the SM particles. In the typical Composite Higgs scenario, the top
quark would be a mostly composite particle [15], while all other SM fermions would be
mostly elementary. New fermionic resonances called vector-like quarks (VLQs) naturally
arise in this scenario, as they do in many other BSM models. Vector-like quarks are defined
as colour-triplet spin-1/2 fermions whose left- and right-handed chiral components have
the same transformation properties under the weak-isospin SU(2) gauge group [16,17].
Renormalisable and gauge complete models restrict the SU(2) representation of the vector-
like quarks to seven possible multiplets consisting of : singlets (T2/3) or (B~1/3), doublets
(X373 T2/3) or (T?/3 B=1/3) or triplets (X3/3 12/3 B=1/3) or (T2/3 B~1/3 Y=4/3). As can be
seen from the above, the T?/3 and B~1/3 quarks, carrying the same quantum numbers as
the SM t and b quarks respectively, are required to be present in all possible multiplets.
Additionally, the multiplets can contain the up-type X°/% quark and the down-type Y ~4/3
quarks with non-standard isospins. The X°/3 quark commonly arises in Composite Higgs
models as a result of custodial symmetries [18], and is often the lightest vector-like quark
state in these models.

The vector-like quarks in these models couple preferentially to third-generation quarks
and can have flavour-changing neutral-current decays in addition to the charged-current
decays characteristic of chiral quarks [16,19]. Thus, the up-type T quark can decay into a W
boson and a b-quark, and also to a top quark and a Z or Higgs boson. The relative couplings
for these interactions are determined by the gauge representation of the vector-like quarks.
The relative couplings to the W, Z, and Higgs bosons can be expressed in terms of the ¢y,
¢z and ¢y parameters, respectively [20]. For a T or B singlet, v = 0.5and {z = ¢y = 0.25.
For T quarks that are in an (X T) doublet, or in a (T B) doublet with mixing only to up-type
SM singlets [19,20], ¢w =0, and ¢z = ¢y =0.5. The coupling to W bosons is similarly
suppressed for B quarks in (T B) doublets. On the other hand, B quarks in (B Y) doublets
have vanishing coupling to Higgs bosons, such that {7 =0, and ¢y = ¢z =0.5. In all gauge
multiplets, X°/3 quarks couple uniquely to W bosons, and only Wb decays are allowed for
Y~4/3 quarks.

Vector-like quarks with masses below ~1 TeV would be predominantly produced in
pairs via the strong interaction at the LHC. The process is illustrated for T quarks in the
left plot of Figure 1. However, this process becomes kinematically disfavoured at larger
masses, where electroweak single production may dominate instead depending on the
VLQ coupling strength [17]. Since vector-like quarks are assumed to have the same colour
charges as SM quarks, the cross section for VLQ pair production is only dependent on
the assumed mass of the VLQ. Thus, relatively model-independent constraints on the
VLQ masses can be obtained by VLQ pair production searches. Conversely, the single
production channel for vector-like quarks allows the universal coupling constant (x) to be
constrained. The universal coupling strength controls both the production cross section
and the resonance width of the VLQ. For a VLQ with mass M, the resonance width I scales
as T o k2 M3 [20]. Thus, the relative width (I'/M) of the VLQ resonance scales quadratically
with both x and with M, and is independent of the multiplet representation.
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Figure 1. Pair production of T quarks through gluon fusion [21], with subsequent decays into third
generation quarks (left). Representative plot showing single electroweak production of T quarks [22]
(right). The plots show selected production and decay modes as examples. Other production (such
as Z-mediated production of T quarks, or W/Z-mediated production of B quarks) and decay modes
(suchas T — Wb or B — Wt/Hb/Zb) can be inferred by analogy.

The dominant channel for resonant production of a single vector-like quark is ¢-channel
production mediated by a gauge boson. In the four-flavour scheme at leading order, and
assuming couplings only to third generation SM quarks, this process requires an initial-
state gluon to split into a bb or tf pair. Due to the mass hierarchy of the top and bottom
quarks, b-associated (or W-mediated) T-quark production is kinematically favoured over
t-associated (or Z-mediated) production. However, in gauge representations where the
coupling to W bosons vanishes (such as the (X T) and (T B) doublets mentioned earlier), the
t-associated mode is the only allowed production channel. An example process involving
the W-mediated production of T quarks is shown in the right plot of Figure 1. Physical
realisations of Composite Higgs models require the presence of additional scalar [23] and
vector bosons [24-26] for UV-completeness, thus opening up new production channels.
The new charged and neutral vector bosons, W'* and Z', can decay via W' — tB/bT or
Z' — tT/bB final states, so long as the decay is kinematically allowed by the mass hierarchy.

1.2. The Phenomenology of Leptoquarks

Quarks and leptons in the SM have many similarities, including their transformations
under the electroweak gauge groups. Both types of particles have the same number of
generations, formed of one up-type and one down-type particle. These and other parallels
between the quark and lepton sectors raise the possibility of a fundamental symmetry
that connects the two. Such symmetries are predicted by many BSM models, such as
Grand Unified Theories [27], technicolour models [28], or other models in of quark and
lepton compositeness [29]. These models predict the existence of “leptoquarks”, which
are bosons that carry both lepton and baryon quantum numbers, and can therefore couple
to both leptons and quarks simultaneously. Leptoquarks transform as triplets under the
SUc(3) strong gauge group, and carry fractional electric charge. They can exist as either
scalar (spin-0) or vector (spin-1) bosons. In the minimal Buchmuller-Ruckl-Wyler (BRW)
model [30], leptoquarks are assumed to couple only to leptons and quarks from the same
generation. The Yukawa-like interactions of scalar leptoquarks to quark-lepton pairs in this
model can be expressed in terms of two parameters: a coupling strength A, and a model
parameter f that determines the relative coupling of the leptoquark to charged and neutral
leptons. The coupling to charged leptons is given by /BA, while the coupling to neutral
leptons is \/B(1 — A). For vector leptoquarks, the coupling strength additionally depends
on the anomalous magnetic moment (x) of the leptoquark. The x = 0 and x = 1 limits
correspond to a Yang-Mills coupling and a minimal coupling scenario, respectively [31]. In
general, cross-generational couplings of the leptoquark are also possible, and have been
probed by searches from the ATLAS and CMS collaborations.
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Since the coupling strengths can vary for leptoquarks of different generations, models
with leptoquarks can generate lepton flavour universality-violating (LFUV) interactions.
Leptoquarks have been proposed as a solution to the observed flavour anomalies in B-
meson decays [32-36]. They have also gained particular interest recently [37,38] in light of
the recent measurements of the anomalous muon magnetic dipole moment [39,40].

At the LHC, leptoquarks can be produced singly or in pairs. Analogous to the case of
vector-like quarks, searches for the strong pair production process can provide relatively
model-independent constraints on the leptoquark mass, while the single production process
can be used to directly probe the leptoquark interactions and to constrain A.

1.3. Other Relevant Phenomenology

As mentioned at the beginning of this section, there is a long list of models that
predict heavy resonances that can decay into third generation quarks. Some of them have
gained recent scrutiny as possible sources of LFUV interactions, used to explain recent
experimental results in B physics [41,42]. Models with additional neutral heavy vector
bosons (Z’) or charged heavy vector bosons (W’) mainly coupled to third-generation lepton
and quarks have been used to offer an explanation to those flavour anomalies. [43,44].

In spite of the large number of available models, ATLAS and CMS searches interpret
their results only in a handful of benchmarks that capture the relevant phenomenology of
the process being studied. In this section those models are briefly described.

Top assisted technicolour (TC2) [10] models are commonly used as benchmark for new
Z’ decaying into tf . In this type of model the large top-quark mass is obtained through the
formation of a dynamical tf condensate, generated by a new strong gauge force coupling
preferentially to the third generation. In order to allow for the existence of this condensate,
a leptophobic Z’ is usually introduced. For most models the Z’ is narrow and has a strong
coupling to tf while still coupling with lighter quarks. The production of Z’ is dominated
by the diagram shown in Figure 2 (left). This type of model and production mechanism
provides a very general phenomenology that can be easily interpreted in other models such
as simplified dark matter models, in which the Z” acts as a mediator [45].

Spin-1 Kaluza-Klein gluons (gxx) [46] are also produced following the same mechanism.
They appear in Randall-Sundrum models with a single warped extra dimension [47] and
are used as a useful benchmark for larger tf widths. Another interesting tf resonance that
appears in Randall-Sundrum models is the Kaluza-Klein excitation of the graviton (Gy). In
this case, being a Spin-2 colour singlet, the dominant production mechanism differs from
the previous two cases, and is shown in Figure 2 (right).

t t
q g

A GKK

q t g t

Figure 2. Feynman diagram for the dominant production of a Z" boson in a TC2 model decaying into
tf (left) and for a Kaluza-Klein graviton (right). Both from [48].

Many searches for scalar and pseudoscalar particles decaying into third generation
quarks are interpreted in the context of two-Higgs-doublet models (2HDM) [49]. This large
category of models is characterised by the presence of additional Higgs bosons. These
models provide solutions to several challenges of the SM such as necessary sources of
CP-violation [50] and a mechanism to explain baryon assymmetry [51]. They are also an
integral part of any supersymmetric extension of the SM as the additional Higgs doublets
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are neccesary to provide mass and cancel anomalies [52]. The additional particles may
include charged Higgs bosons (H¥), scalar neutral H and h bosons (where h denotes the
lighter of the two states), and a pseudoscalar neutral A boson. These particles have a
Yukawa-like coupling with the top-quark and due to its large mass, couple strongly to it.
There are several particular realizations of 2HDM models used as benchmark for ATLAS
and CMS searches such as the minimal supersymmetric standard model (hMSSM) [53] or
the M}* (%) benchmark scenario [54].

When searches have to deal with heavy pseudo-scalar or scalar particles with strong
coupling to top quarks such as in 2HDM models, the tf final state presents an additional
challenge. Interference effects become very relevant between the dominant production
diagram, through gluon-gluon fusion and a top-loop, and standard model tf production.
These diagrams are shown in Figure 3. Depending on the phase-space region and specific
signal model, the interference may result in a peak-dip or dip-peak structure in the m1;;

distribution that requires special care.
\

g t
] > < )
t @
g t gM t

Figure 3. The Feynman diagram for the production of a new heavy scalar or pseudoscalar (left) and

an example diagram for the SM production of top quark (right), both from [55].

Within models with dominant or preferential couplings to third generation quarks a
different production mechanism, known as associated production, is also important. The
study of associated production, with additional third generation quarks in the final state,
increases the complexity of the final state but avoids interference effects. Example diagrams
for the associated production of a heavy neutral and charged Higgs bosons are shown in
Figure 4.

Figure 4. Feynman diagram for the associated production of a neutral Higgs boson (left) from [56]
and a charged Higgs boson (right) from [57].

A new W’ that can decay into a top quark and a bottom quark appears in many
extensions of the SM. Due to the large mass of the top quark, its interactions decouple from
the rest of the phenomenology in many of those theories. ATLAS and CMS W’ searches
take advantage of this fact and use an effective Lagrangian to represent the phenomenology
of the W — tb in the Sequential Standard Model (55SM) [58], where the W’ boson has the
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same coupling strength to the fermions as the SM W boson. Such an effective lagrangian
allows for a large flexibility in terms of couplings values and W’ chiralities. The dominant
production mode of W' — tb is shown in Figure 5.

q b

Figure 5. Example leading-order Feynman diagram for W’-boson production with decay into tb.

Excited heavy quarks searches focus on models in which the quarks are composite [59].
Such quarks would have an internal structure that, excited, can produce a state with higher
mass able to decay into a final state containing top-quarks.

Finally, monotop searches consider specific dark matter models in which the mediator
is a coloured charge-2/3 scalar (¢) [60]. In this scenario the resonant production of a top-
quark and a spin-1/2 dark matter particle (x) becomes possible, allowing for the top-quark
and E’s final state. The production diagram is shown in Figure 6.

X

q,Vy
0]

t q,t*

Figure 6. Example leading-order Feynman diagram for the resonant production of a coloured scalar
that decays into a DM particle and a top-quark from [61].

1.4. Common Objects and Methods

Most of the analyses described in this review use similar definitions for objects and use
similar methods and tools. In this section a brief description is provided. Special cases and
deviations are described when necessary in the individual analyses. No attempt is made at
describing the specific reconstruction algorithms that each detector or specific analysis uses
as they are covered in each of the publications referenced in the following sections.

Leptons.

When referring to leptons in this review, it is always meant as charged leptons only,
specifically electrons or muons. Tau leptons are generally not included and dealt with
separately. Prompt electrons and muons are reconstructed by dedicated algorithms using
tracking information and energy deposits in the calorimeters and muon systems. In most
cases leptons are required to be isolated in order to reduce the contamination from non-
prompt or fake leptons, i.e., other objects misidentified as leptons.
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Jets.

Jets are the experimental signature of a quark or gluon from the hard scattering. They
are collimated jets of high-energy hadrons which are the result of the fragmentation and
hadronisation of the outgoing quark or gluon. They are reconstructed in the detector
using algorithms that look to identify such structures by clustering together calorimeter
deposits, tracking information or more complex structures. A popular option, used in all
CMS analyses and several of the ATLAS ones is to run jet algorithms on Particle Flow
objects [62,63]. These objects combine information from different parts of the detector to
reconstruct the individual particles such as the already mentioned electrons and muons
and other such as photons or hadrons.

The most commonly used jet algorithm is the anti-k; algorithm [64] as implemented
in the FASTJET package [65] but others are used for specific purposes. Generally jets
are divided into two categories, with slightly different definitions for both ATLAS and
CMS: small-R jets aiming at the identification of light-quarks or gluons, using a distance
parameter of 0.4, and large-R jets used for the identification of hadronically decaying top
quarks or bosons, using a distance parameter of 0.8, common in CMS or 1.0, common
in ATLAS.

Missing transverse momentum.

Missing transverse momentum (ﬁ?iss) and its magnitude, missing transverse energy
(EMiss), refer to a 4-momentum imbalance in the transverse plane of a particular event.
Such an imbalance indicates the presence of a weakly interacting particle that has escaped
detection by any part of the detector. This is used to identify neutrinos and other possible
weakly interacting particles, such as dark matter candidates. It is defined as the projection
on the plane perpendicular to the beams of the negative vector sum of the momenta of all
identified objects in an event.

Jet tagging.

Jet tagging refers to a series of techniques used to assign a specific flavour to a jet, i.e.,
identify which particle they originate from. Different techniques are used depending on
the target flavour and the type of jet. In this review the terms top-tagging, b-tagging, W-
tagging or Higgs tagging are used to refer to jets identified as coming from an hadronically
decaying top quark, a b-quark, an hadronically decaying W boson or an hadronically
decaying Higgs respectively. They are particularly relevant in the context of high transverse
momentum (p7), Lorentz boosted (commonly abbreviated to “boosted”), hadronically
decaying particles. The decay products of these boosted particles are very close together
due to the Lorentz boost experienced by the parent particle and are difficult to disentangle.
They are usually reconstructed as a single jet and its internal structure is used by the
aforementioned tagging techniques.

Monte Carlo samples.

Most of the analyses described in this review use Monte Carlo (MC) samples to study
and estimate the contribution of different background and signal processes. Simulated events
are produced with a large variety of generators and processed through detailed models of the
ATLAS or CMS apparatus based on GEANT4 [66] that include detector response.

Statistical analysis.

In order to test for the presence of new physics, templates of both background and
signal, obtained through MC simulations or data-driven methods, are compared to the
data. Unless indicated otherwise a binned maximum-likelihood fit [67] is used while
the variable, or variables, being fitted depends on the specific analysis. Several regions
may be simultaneously fitted, including regions sensitive to the signal, also called signal
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regions, and other regions used to help estimate the background modelling. Systematic
uncertainties are included as nuisance parameters [68] with either log-normal or gaussian
constraints. In the absence of any significant excess upper limits at the 95% confidence level
are obtained. Most analyses use the asymptotic approximation of the CLs method [69] to
estimate limits while some use a Bayesian approach [70].

2. Vector-like Quark Searches

Both ATLAS and CMS have a rich search programme for VLQs, covering a wide range
of parameter space. The searches are generally separated into three categories:

®  pair production through strong interaction;
e  single production through electroweak interaction;
*  “exotic” production involving other BSM particles.

Individual analyses in each category usually focus on a limited set of final state
signatures, targeting a particular area of the VLQ decay branching ratio space. Most of the
searches discussed here target VLQ decays to third generation SM quarks, although both
ATLAS [71,72] and CMS [73] had performed searches for VLQs decaying into light-flavour
quarks with data from Run 1 of the LHC .

2.1. Searches for the Pair Production of VLQs

The ATLAS and CMS collaborations have performed a large number of searches for the
pair production of T and B-type VLQs decaying to third generation SM quarks. Searches
are performed in different final states according to the target decay modes of the VLQs.
The signal events are characterised by the presence of b-quarks and heavy resonances
(t quarks, W/ Z /Higgs bosons) produced at high transverse momentum. Therefore, signal
discrimination in these searches often relies on the identification of b-jets, and of boosted
hadronically-decaying resonances. Charged leptons in the event can also be expected from
leptonic decays of the W and Z bosons (including those arising from upstream t — Wb and
H — WW/ZZ decays). Observables such as Hr (scalar sum of the pr of jets and leptons
in the event) or St (scalar sum of Hy and E?iss) (also known as effective mass or m,f) are
powerful discriminants of VLQ pair production signal, given the large multiplicity of high-
pr jets and leptons in the final state. Most of the VLQ pair production searches discussed
in this section were performed with the LHC proton—proton collision data collected during
the 2015-2016 run period of the LHC. Therefore, unless otherwise stated, the ATLAS (CMS)
searches discussed here correspond to an integrated luminosity of 36.1 (35.9) fb~!.

Searches in the single-lepton channel, with one or more b-jets, target T — Wb and
B — Wt decays, with subsequent leptonic decays of the W boson, as well as T — Ht/Zt
decays with semi-leptonically decaying ¢t quarks. The dominant background in these
searches comes from SM tf pair production. Both ATLAS [74] and CMS [75] published
results on searches targeting TT — WbWb processes, with data collected during the
2015-2016 run period. Both searches rely on fitting the reconstructed T quark mass for final
signal discrimination. The ATLAS search excludes T quarks with masses up to 1350 GeV,
assuming BR(T — Wb) =100%, as shown in Figure 7 (left), while the CMS search excludes
T quark masses up to 1295 GeV in the same scenario, as shown in the right plot of the same
figure. In addition, the ATLAS search sets exclusion limits on the T quark mass across the
branching ratio plane spanned by BR(T — Wb) and BR(T — Ht) (Figure 8 (top left)). In
particular, masses below 1170 GeV are excluded at the singlet branching ratio point.
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Figure 7. Observed and expected 95% CL upper limits on the production cross-section of singlet T
quarks from [74] (left) and from [75] (right).

A similar search for B quarks was performed by ATLAS, targeting B — Wt decays [76].
This search employs two signal regions, one utilising the reconstruction of the TT system
by minimising the difference between the reconstructed mass of the two T quarks in the
event, and the other instead using a Boosted Decision Tree (BDT) to discriminate the signal
from background processes. A combined analysis on both signal regions results in B quark
masses being excluded up to 1350 GeV for 100% branching ratio to Wt, and 1170 GeV for a
singlet B quark. As was done for the T quark, limits on the B quark mass are additionally
set across the two-dimensional BR(B — Wt)-BR(B — Hb) plane (Figure 9 (left)).

= 1400 <
T ATLAS = \ \ 1200 <
300 T ATLAS
L Vs =13 TeV, 36.1fb X 3
[uihe 1200 1 Vs =13 TeV, 36.1 fb" 1100
- - ‘
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1000
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700
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0 010203040506070809 1 00 06 08 1
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Observed 95% CL mass limit [Ge

‘ ATLA§
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1-lepton + O-lepton combination
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SS dilepton / trilepton
+ b-jets
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O SU(2) singlet
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Y SU(2) Singlet

95% CL mass limit [GeV]
95% CL mass limit [GeV]

0 0102030.405060.7080.9

0
BR(T - Wh) 0 0102030405060.70809 1

BR(T - Wb)

)

Figure 8. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht) from
various ATLAS searches. Clockwise from top left, the results are from [74,77-79].
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Figure 9. Observed 95% lower limits on the B quark mass in the BR(B — W¢t)-BR(B — Hb) from
two ATLAS searches: [76] (left) and [78] (right).

ATLAS also performed a search in the single-lepton channel using events with large
E™iss targeting the TT — Z(vv)t + X process [77]. Signal discrimination relies on selections
on the multiplicity of b-jets and massive large-radius jets, as well as several transverse
mass variables. The observed number of events in the signal region is used as the final
discriminant in a maximum likelihood fit. Masses below 1.16 TeV are excluded for T
quarks with 100% branching ratio to Zt final states. The mass exclusion limits across the
BR(T — Wb)-BR(T — Ht) plane are shown in Figure 8 (top right). As can be seen, the
search sensitivity extends across a large portion of the branching ratio plane. For doublet T
quarks, masses below 1.05 TeV are excluded. This is a conservative limit, since it excludes
contributions from the other B or X>/3 quark of the doublet, both of which can decay to Wt
final states.

A broad-band search was performed by ATLAS using a combination of a single-lepton
channel, and a channel with zero leptons and large E2s* [79]. The single-lepton channel
is designed to be sensitive to TT — H(bb)t + X processes, with a leptonically-decaying
top quark. Conversely, the zero-lepton channel targets TT — Z(vv)t + X processes where
the top quark would decay hadronically. The analysis exploits the presence of multiple
boosted hadronically-decaying resonances and b-jets in the event to effectively discriminate
the signal from the SM background. In the zero-lepton channel, the multijet background
could be reduced to very small levels by requiring the direction of E?** to point away
from the four leading jets in the event, thus ensuring that the E** was not a result of the
mis-measured jet transverse momenta. As a result, the dominant background in both the
zero-lepton and one-lepton channel was from SM tf production. A combined fit on the
m, s variable across signal regions in both channels is used to set exclusion limits across
a wide region of the branching ratio plane Figure 8 (bottom left). The mass exclusion is
strongest in the BR(T — Ht) =100% scenario, where it reaches 1.43 GeV. Singlet(doublet)
T quarks with mass below 1.19(1.31) TeV are also excluded.

Both TT and BB processes can give rise to multi-lepton signatures in a variety of
ways.In particular, TT — Z(Ill)t + X and BB — Z(I1)b + X events will contain at least one
pair of opposite-sign and same-flavour (OSSF) leptons. A pair of same-sign leptons can
occur in TT — H(WW)t + X and BB — H(WW)b + X events since they always contain
at least two W bosons with the same sign, including the ones from top quark decays.
The trilepton channel is sensitive to signal events with at least one T — Zt, B — Zb or
B — Wt decay. The main background in the OSSF dilepton channel comes from Z+jets
production. Vector boson pair production and tfV (where V = W /Z) processes are the
important backgrounds in the trilepton channel, but t#V processes dominate once b-jets
are required in the event. Both the same-sign (SS) dilepton and the three-lepton channels
benefit from very small background from SM processes. However, background from
fake/non-prompt leptons is a dominant background in the SS dilepton channel, and events
containing prompt leptons with misidentified electric charge is also an important source of
background. Since these reducible backgrounds are mostly instrumental in nature, they are
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usually estimated using data-driven techniques to avoid over-reliance on the accuracy of
the detector simulation.

The SS dilepton channel is uniquely sensitive to both single and pair production of
X5/3 quarks. Since X5/3 quarks decay to Wt final states 100% of the time, pair-produced
X5/3X5/3 events always contain a pair of SS lepton pairs [78] if both W bosons decay
leptonically. This is also true of singly-produced X>/3 events, since both the production
and decay of the X>/3 quark are mediated by the same charge current coupling to ¢ quarks
and W bosons [78].

CMS performed a broad-band search for TT and BB production in final states contain-
ing at least one lepton [80]. The search is divided into separate channels with one lepton,
two same-sign leptons, or three leptons, each channel being sensitive to different decays of
the T and B quarks. A variety of signal discriminants is used in the different channels, such
as Hr and St variables, or, in the case of the single lepton channel, the minimum invariant
mass between the lepton and any b-tagged jet in the event. A statistical combination is
performed across all channels to improve sensitivity across T quark and B quark decay
branching ratios (Figure 10). T(B) quarks were excluded at 95% CL for masses below 1200
(1170) GeV in the singlet scenario and 1280 (940) GeV in the doublet scenario. A search
using similar techniques, in the single lepton and SS dilepton channel, is interpreted for the
pair production of X>/3 quarks [81]. The lower limit on the mass of the X>/3 quark was
1.33 (1.30) TeV assuming right-handed (left-handed) couplings to the W boson (Figure 11).
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Figure 10. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [80] (left) and on the B quark mass in the BR(B — Wt)-BR(T — Hb) from [80] (right).

35.9 fb (13 TeV) 35.9 fb? (13 TeV)

= SR R AN AR R R RN RRRRE = SRR AR AR R RN RAREE
& L CMS 95% CL upper limits - & L CMS 95% CL upper limits |
/E 1= B(X5,3 N '[W) =1 —e— Observed . /E 1= B(X5,3 N IW) =1 —e— Observed .
" [ Left-handed ;E*Pemd , 1 <" [ Right-handed ;Expe“ed , ]
1) F i : 68% expecte 4 & F i i 68% expecte! 4
><B i Same-sign dilepton ] 5% expected ] ><L° [ Same-sign dilepton ] o5% expected ]
B’lo_l ignal cross section 4 B/lo_l Signal cross section 4

1072

1073
v b b b b b b v b b b b b b

800 900 1000 1100 1200 1300 1400 1500 800 900 1000 1100 1200 1300 1400 1500
X3 mass [GeV] X3 mass [GeV]

103

Figure 11. Expected and observed 95% lower limits on the mass of the left-handed (left) and right-
handed (right) X>/3 quark from [81].
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The ATLAS search in the same-sign dilepton channel [78] is designed to be sensitive to
a large number of BSM signals, including the pair production of T, B and X°/3 vector-like
quarks. This search additionally includes signal regions with three leptons. Events in the
signal regions are selected to have large Hr and EZ¥*, and the final signal discrimination
relies on a simultaneous fit on the number of observed events in all signal regions in both
channels. This search excludes singlet B quarks with mass below 1.00 TeV and singlet
T quarks with mass below 0.98 TeV. Mass exclusion limits are also set across the usual
branching ratio plane, and get strongest for the BR(B — Wt) =100% (Figure 8 (bottom
right)) and BR(T — Zt) =100% (Figure 9 (right)) scenarios. X°/3 quarks are excluded for
masses below 1.19 TeV.

CMS performed a search targeting TT — Z(I1)t + X and BB — Z(11)b + X signals [82]
in final states containing OS lepton pairs. The lepton pair is required to have a invariant
mass consistent with that of the Z boson, and events were categorised according to the
multiplicity of b-jets and hadronically-decaying top quarks and W/Z/H bosons in the
event, identified using different techniques in the boosted and resolved regimes respectively.
The final signal discriminant used in the maximum likelihood fit is the St observable. The
results were interpreted across the full branching ratio plane (Figure 12). Masses of the
T quark below 1280 GeV and 1185 GeV were excluded for the BR(T — Zt) =100% and
the singlet branching ratio scenarios, respectively. For B quarks with BR(B — Zb) =100%,
masses below 1130 GeV are excluded. ATLAS has performed a more recent search in
this channel with the full Run-2 dataset, corresponding to an integrated luminosity of
139 fb~! [83]. The search is performed in a similar way to the CMS analysis, but utilises
separate dilepton and trilepton channels. Both channels are required to have an OS lepton
pair with invariant mass consistent with the Z boson mass, and events are categorised
according to the multiplicity of boosted hadronic resonances in the event, as identified by a
multi-class neural network-based tagger. The reconstructed mass of the VLQ is used as
the signal discriminant in the OS dilepton channel, while an Ht variable is used in the
trilepton channel. This search significantly extends the exclusion limits for T/B quarks
decaying to Zt/Zb final states (Figure 13). For pure T — Zt/B — Zb decays, this search
excludes T quark masses below 1.6 TeV and B quark masses below 1.42 TeV. T quark
masses below 1.46 TeV and B quark masses below 1.32 TeV are excluded for doublet
branching ratio scenarios.
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Figure 12. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [82] (left) and on the B quark mass in the BR(B — Wt)-BR(T — Hb) from [82] (right).
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Figure 13. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [83] (left) and on the B quark mass in the BR(B — Wt)-BR(B — Hb) from [83] (right).

The final category of searches to be discussed in the context of VLQ pair production
are those that are performed in the all-hadronic final state, where QCD multijet production
is the dominant background process. These searches typically try to discriminate the signal
from background processes by utilising the expected presence of multiple boosted hadronic
resonances, and b-tagged jets from ¢t — gb or H — bb decays in the signal events. The
multijet background is estimated with data-driven techniques, usually with some version
of the so-called “ABCD” or two-dimensional sideband method [84]. Alternatively, the
b-tagging and boosted object tagging rates for multijet events can be estimated in data
and used in the background estimation. The ATLAS search for TT and BB production
in the all-hadronic channel [85] was built on these techniques, and additionally uses the
matrix element method to construct the final discriminant. This search is interpreted for all
possible third generation decays of the T and B quarks, but is most sensitive to T — Ht
and B — Hb decays (Figure 14), for which masses below 1010 GeV are excluded. The
large number of b-jets expected from H — bb decays in these channels can be exploited to
effectively suppress SM background.
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Figure 14. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [85] (left) and on the B quark mass in the BR(B — Wt)-BR(B — Hb) from [85] (right). Signal
hypotheses are considered in a mass range of 500-1400 GeV. Therefore, white spaces in the figures
correspond to points in the plane where there is no observed exclusion above a mass of 500 GeV.

The CMS search in the all-hadronic final state utilises a combination of cut-based and
neural network-based techniques to similarly probe T and B decays across the branching
ratio planes [86]. The search excludes T quark masses between 740-1370 GeV for pure
T — tH decays, and below 1040 GeV for T quarks decaying solely to Wb final states
(Figure 15 (left)). For B quarks decaying purely to tW final states, masses up to 1230 GeV
are excluded.

The exclusion limits for B quarks decaying to bH/bZ final states were improved
for a more recent CMS search utilising the full LHC Run-2 dataset, corresponding to an



Symmetry 2022, 14, 444

14 of 41

integrated luminosity of 137 fb~1 [87]. The search uses a x? technique to reconstruct the
mass of the B quark, and the signal region is constructed by choosing the subset of well-
reconstructed events corresponding to low-x? values. The shape of the reconstructed B
mass is fitted for final signal discrimination. This search excludes B quark masses below
1.57 TeV for pure T — Ht decays and 1.39 TeV for pure T — Zt decays. The lower limit
on B quark masses for the doublet branching ratio scenario from this search is 1.45 TeV
(Figure 15 (right)).
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Figure 15. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [86] (left) and on the B quark mass in the BR(B — Wt)-BR(T — Hb) from [87] (right).

The ATLAS collaboration performed a statistical combination of all TT and BB searches
with 36.1 fb~! data, which greatly improved the sensitivity reach across all T and B decay
branching ratios. The left and right plots in Figure 16 show the excluded branching ratios
for different mass hypotheses for for T quarks and B quarks, respectively, and illustrate
the complementarity of the individual searches. The searches in leptonic final states tend
to be especially sensitive, especially at high VLQ masses. In particular, the single-lepton
search in [79] for H(bb)t + X final states, and the search in the OSSF channel [83] for
Z(11)t/b+ X decays, had leading sensitivities in the pure T — Ht and pure T — Zt
scenarios, respectively. Both searches could exploit striking event signatures to effectively
suppress SM background. In addition to its special sensitivity to X°/3 signals, the SS
dilepton search [78] had competing sensitivity to B — Wt decay scenarios, especially at
low mass. This channel suffers from problems of low statistics at higher signal masses.

Singlet T quarks with masses below 1.31 TeV and singlet B quarks with masses below
1.22 TeV are excluded by the full combination. T and B quarks with masses below 1.37 TeV
are excluded for a (T B) doublet scenario. The observed lower limits on the T and B
quark mass as a function of the decay branching ratios can be seen in Figure 17 (left) and
(right) respectively.

Many of the pair production searches discussed in this section were performed with
partial Run-2 datasets from 2015 and 2016. The reach of these searches would be signif-
icantly extended with the full Run-2 dataset, which corresponds to almost a threefold
increase in integrated luminosity. Furthermore, new and more complex analysis techniques,
such as those involving machine learning, can improve the signal discrimination for these
searches. Even at higher VLQ masses, pair production searches remain important to probe
the narrow-width regime, which corresponds to small VLQ electroweak couplings.
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Figure 16. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [21] (left) and on the B quark mass in the BR(B — Wt)-BR(B — Hb) from [21] (right).
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Figure 17. Observed 95% lower limits on the T quark mass in the BR(T — Wb)-BR(T — Ht)
from [21] (left) and on the B quark mass in the BR(B — Wt)-BR(B — Hb) from [21] (right).

2.2. Searches for the Single Production of VLQs

Many of the discriminating features of VLQ pair production events, such as the
presence of b-jets and boosted hadronic resonances at large transverse momenta, also hold
for single VLQ production signals. However, in comparison to pair production processes,
the expected overall multiplicity of objects is smaller in this production channel. As
discussed in Section 1.1, the dominant channel for resonant production of a single vector-
like quark is t-channel production mediated by a gauge boson. The initial quark recoiling
off from the gauge boson often emerges at high pseudorapidity. Thus, the presence of
jets in the forward region is an important discriminating characteristic of these signals
often used in the single production searches. Searches for particular decays of the VLQ
are designed to probe the different relative couplings to the W, Z and Higgs bosons. The
searches described below use some different but equivalent parameterisations of these
couplings. The model in [88] uses the left- and right-handed mixing angles 6y, g to encode
the VLQ couplings in the up- and down-sectors. The gauge representation of the vector-like
quark determines the chirality. For example, only the left-handed component contributes
for singlet T quarks, while right-handed component is dominant for T quarks in (T B)
doublet models. Equivalently, the couplings are expressed in terms of the parameters
cz\ka’H in [89]. Furthermore, the individual couplings cm’zz’H are re-parameterised in terms
of a global coupling parameter x and relative couplings ¢y z p in [20].
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A search for singly-produced T/Y quarks decaying to Wb final states was published
by ATLAS in the single lepton channel with 36.1 fb~! integrated luminosity [90]. Only the
dominant W-mediated production channel was considered in this search. A similar search
had been published by CMS with the data collected only in the year 2015, corresponding to
2.3 fb~! integrated luminosity. Both searches use the reconstructed mass of the VLQ as a
signal discriminant. The CMS search excludes Y quarks with masses between 0.85-1.40 TeV,
assuming a coupling of 0.5. The ATLAS search ,by comparison, excludes Y quarks with
masses up to ~1.64 TeV for the same benchmark. In addition, the ATLAS search sets
exclusion limits in the coupling—mass plane for several benchmarks. The exclusion limits
for singlet T quarks are presented in Figure 18. The limits are shown on the mixing angle
sin(f1) and the coupling parameter /. For a singlet T quark, these two parameters are
related by the equation ¢!V = +/2sin(f,). A distinguishing feature of this search is
the treatment of interference effects between the signal and SM background, which can
have significant impact on the signal distributions at moderate and large resonance widths.
(Figure 19). The signal mass spectrum with interference is closer in shape to the background,
which in turn degrades the search sensitivity. This degradation is illustrated in Figure 20,
showing exclusion limits on the production cross section of a right-handed Y quark and
the comparison to a no-interference case.
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Figure 18. Observed and expected 95% CL limits on the mixing angle and coupling strength for a
singlet T quark as a function of its mass from [90].
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Figure 20. Observed and expected 95% CL cross-section times branching ratio limits for the case of a
right-handed Y quark, where interference was considered, compared to that for a generic VLQ for a
no-interference case [90].

A complementary search to the one described above was performed by the CMS
collaboration for singly-produced B/X%/3 quarks decaying to Wt in single-lepton final
states [91]. The search strategy is similar to the T/Y — Wb search, but additionally uses
boosted top quark and W-boson tagging to enhance the signal purity. Cross section limits
as a function of the VLQ mass are set for a range of assumed decay widths (Figure 21). As
mentioned earlier in Section 1.1, the resonance width is directly related to the mass and
global coupling parameters, and larger width signals are correlated with stronger couplings
and higher production cross sections. B quarks with left-handed couplings and mass below
1490 GeV are excluded for 10% relative width and above. The mass exclusion limits are
stronger at higher width benchmarks. X%/3 quarks with left-handed couplings and width
and mass below 920 GeV are excluded for 10% widths and above. The lower limit exclusion
on X°/3 quark mass increases to 1450 GeV for 30% relative width.
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Figure 21. Observed 95% CL cross section limits on B quark (left) and X>/3 quark production,
assuming left-handed couplings, from [91].

As discussed above, the SS dilepton channel is uniquely sensitive to both pair produc-
tion and single production of X>/3 quarks. The aforementioned ATLAS search in the SS
dilepton channel was also used to constrain the plane spanned by the X°>/3tW coupling
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strength and the X°/3 quark mass (Figure 22). Both single and pair production signals are
considered, since the single production cross section is very small at low coupling values.
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Figure 22. Expected and observed limits on the X5/3 coupling as a function of its mass from [78].

Both ATLAS and CMS have searched for T — Z(vv)t single production in events
containing a boosted hadronically-decaying top quark and large E%* [61,92]. While the
ATLAS search was performed on the 36.1 fb~1 dataset, the CMS search is more recent and
utilises the full 136 fb~! dataset from LHC Run 2. The main sources of background are
from tf, single t production, and V+jets processes. The transverse mass of the top-tagged
jet and the missing transverse momentum is the signal discriminant used in both searches.

The ATLAS search sets constraints on the coupling parameter cyy = |/c2,; + ¢,  and the

mass (Figure 23 (left)), while the CMS search is interpreted in the plane of mass and relative
width (Figure 23 (right)). Since the resonance width of the VLQ is directly related to its
mass and coupling strength [20], these two interpretations are interchangeable.
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Figure 23. Expected and observed limits on the T quark coupling as a function of its mass from [61]
(left) and observed 95% CL cross section limits on singlet T quark production as a function of its
mass and width from [92] (right).

Events with leptonic Z — Il decays are also studied by both experiments in the T — Zt
single production search. The ATLAS search uses data from the 2015-2016 run period, and
the search is performed across an OS dilepton and a trilepton channel [93]. The CMS search
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uses data collected in 2016 only, and the search is restricted to the OS dilepton channel [94].
Both searches required the invariant mass of the OS dilepton pair to be consistent with
the Z boson mass. The reconstructed VLQ mass is used as the signal discriminant in the
OS dilepton channel in both searches, while St is used for the trilepton channel in the
ATLAS search. The CMS search is interpreted for T quarks in both singlet and doublet
scenarios (Figure 24). While b-associated production is dominant for the singlet benchmark,
right-handed T quarks in the doublet scenario do not couple to W bosons, and therefore the
t-channel production mode must be considered for it. A variety of interpretations in terms
of different model parameterisations are included in the ATLAS publication. Figure 25
shows the exclusion limits in the cy—mass plane for the singlet T benchmark.
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Figure 24. Observed 95% CL cross section limits on T quark production as a function of its mass and
width for singlet (left) and doublet (right) scenarios [94].
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Figure 25. Expected and observed 95% CL limits on single production of singlet T quarks as a
function of its mass and coupling strength [93].

A recent search by ATLAS with 139 fb~! integrated luminosity probed single T produc-
tion in the single lepton channel, targeting T — Ht/Zt decays [22]. Events are categorised
by the multiplicity of boosted hadronic resonances, reconstructed semileptonically decay-
ing top quarks and b-tagged jets into several signal regions, and a simultaneous fit of the
m, s distribution across all signal regions was used for signal discrimination. The search is
interpreted for singlet T quarks to constrain the coupling—mass parameter space (Figure 26
(left)). A generalised interpretation was also included, showing mass exclusion limits in
the plane spanned by the relative decay width and BR(T — Wb) (Figure 26 (right)).
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Figure 26. Observed 95% CL limits on single production cross section of singlet T quarks as a
function of its mass and coupling strengthfrom [22] (left) and on the T quark mass as a function of
its relative decay width and BR(T — Wb) from [22] (right). The limits are presented in the limit of
BR(T — Ht) = BR(T — Zt).

The CMS search for T — Zt/Ht single production [95] was done in the all-hadronic
final state, with a 35.9 fb~! integrated luminosity dataset. The search employs different
strategies for the resolved topology expected for low-mass signals, and the boosted topology
expected for high-mass signals. Both b-associated and t-associated production modes are
considered in this search. The relative sensitivities in the two channels can be seen from the
mass exclusion limits, as shown in Figure 27 for a 30% decay width assumption.
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Figure 27. Expected and observed 95% CL cross section limits on b-associated production of singlet
T quarks (left) and t-associated production of T quarks in a doublet (right). A decay width of 30% is
assumed in both scenarios [94].

In the B quark sector, two recent searches by ATLAS have been performed targeting
B — bH decays, with subsequent H — 7 [96] and H — bb [97] decays. The first of
these searches was performed with a partial dataset of 78.8 fb~! integrated luminosity,
while the latter used the full 139 fb~! dataset. The search in the H(7+y) uses a sideband
technique to estimate the continuum diphoton background in the signal region, and the
signal hypothesis is tested with a fit on the reconstructed VLQ mass distribution. The search
excludes B quark masses below in the (B,Y) doublet scenario, for a x = 0.5 benchmark
(Figure 28 (left)). The all-hadronic B — bH (bb) search also uses the reconstructed B mass as
a signal discriminant, and the dominant multijet background is estimated with the ABCD
technique. It excludes masses in the 1.0-2.0 TeV mass range for coupling points as low as
x = 0.3. The areas of the k—mass plane excluded by this search can be seen in Figure 28
(right). The earlier B — bH (bb) search [98] published by CMS used very similar techniques,
but was performed using the smaller 35.9 fb~! dataset. The search excludes B quark masses
below ~1150 GeV in the doublet scenario for 30% decay width (Figure 29).
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Figure 28. 95% CL limits on single production cross section of B quarks in a (B, Y) doublet, assuming
x =0.5 from [83] (left) and Expect and on the coupling and mass of B quarks in a (B, Y) doublet
from [97] (right).
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Figure 29. Expected and observed 95% CL cross section limits on single production of B quarks with
B — bH decays, assuming a 30% decay width [98].

The current search programme for single VLQ production in both ATLAS and CMS is
dominated by searches for T quarks. Publications with searches in B sector using the full
Run-2 data, especially in Zb and Wt final states, can be expected in the near future. There
are opportunities to extend the reach of single VLQ searches with a statistical combination.
Looking forward, one can envision that statistical combinations between pair production
and single production searches could be interesting in order to constrain the phase space
with intermediate values of VLQ couplings, where both production modes have comparable
cross sections.

2.3. Searches for Exotic Production of VLQs

The searches discussed in the previous section considered only VLQ couplings to SM
particles. However, more novel production processes involving additional BSM particles
are possible in non-minimal and UV-complete models. The CMS collaboration has con-
ducted searches for two such processes, involving the resonant production of a heavy gauge
boson that decays to a pair consisting of one vector-like quark, and one third generation
SM quark [99,100]. The search for Z' — Tt targets events with T — Zt and T — Ht
decays [101]. The search set exclusion limits on the cross section for this process for bench-
mark values of the Z' boson and T quark masses (Figure 30). The search for W — Tb/bT



Symmetry 2022, 14, 444

22 of 41

was conducted in the all-hadronic final state with 137 fb~! integrated luminosity [100].
Both T — Ht and B — Hb modes are considered, with boosted hadronic top quarks and
Higgs bosons in the final state. The results are interpreted for different benchmarks of mass
hierarchies between the W’ boson and VLQ. For the benchmark scenario where the VLQ
mass is two-thirds the mass of the W’ boson, the latter is excluded up to 3.2 TeV.
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Figure 30. Observed 95% CL cross section limits on the cross section times decay branching ratio for
the process Z' — Tt with decays to T — Zt, T — Ht,or T — Zt and T — Wb. The exclusion limits
are shown for a Z’ boson with mass 1.5 TeV and a T quark with a mass of 1.3 TeV [99].

Along with their decays to SM particles, VLQs can decay to new exotic modes in many
BSM models. For example, composite Higgs models predict additional scalar particles into
which the VLQs can decay [23]. Current searches are not typically sensitive to these decays,
and so future dedicated searches for them will be important to constrain the full parameter
space of physical models.

3. Leptoquark Searches

The landscape of leptoquark searches in both the ATLAS and CMS experiments is
dominated by the search of pair production of scalar leptoquarks. The difference in kine-
matics between scalar and vector leptoquarks of the same generation are small however,
thus making these results re-interpretable for vector leptoquarks. The CMS collaboration
has published vector leptoquark interpretations in many of their searches, and have per-
formed dedicated searches for single leptoquark searches as well. The pair production and
decay of third generation leptoquarks can result in very similar final state signatures to the
production of stop and sbottom quarks in supersymmetry models, and searches can often
be designed to be sensitive to both processes.

A summary of the results from the recent searches for scalar leptoquarks from the
ATLAS collaboration with the 139 fb~! dataset is presented in Figure 31. These searches
assume leptoquark decays to quarks and leptons from the same family. Limits on up-type
leptoquarks LQj come from a search for stop quarks in the all-hadronic f + EZ'** final



Symmetry 2022, 14, 444

23 of 41

state [102], and from a search in the bt + EY”Jiss final state, which also targets stop quark
pair production with decays via stau leptons [103]. The former is especially sensitive to
pure LQ5 — tv decays. Events in this search are categorised into several signal regions
that are constructed with selection requirements on several different observables, including
transverse masses, angular variables and large-R jet masses. The latter search is sensitive
to both mixed decays such as LQ5LQ%5 — tvbt and the pure decay final state LQ5LQ% —
btbt. A variety of transverse mass observables are used for signal discrimination in this
search. Together, the searches exclude up-type leptoquarks with masses below around
1.24-1.25 TeV for most of the branching ratio range (Figure 31 (left)).
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Figure 31. Summary of the exclusion limits for up-type (left) and down-type (right) third-generation
scalar leptoquarks, as a function of their mass and branching fraction to charged leptons, from various
ATLAS searches. The search labelled ATLAS-CONF-2021-008 has since been superseded by [103].

The bt + E search additionally included interpretations for vector leptoquarks in
the minimal-coupling (Figure 32 (middle)) and the Yang-Mills scenarios (Figure 32 (right)).
Since the event kinematics for vector leptoquarks is very similar to the scalar leptoquarks,
the experimental acceptances and efficiencies are also similar and thus the shape of the
exclusion contour remains similar between the two cases. However, the larger theoretical
cross section for the vector leptoquarks leads to a stronger exclusion limit on the leptoquark
mass. These limits extend to 1.5 TeV in the minimal-coupling scenario and 1.8 TeV in the
Yang-Mills scenario for intermediate values of BR(LQj, — bT).

In addition to the bt + E?i“ search mentioned above, the relevant searches for down-
type leptoquarks LQ$ include a search in the bb + E™iss final state [104] that also targets
the dpair production of sbottom quarks, and a direct search for LQ$ pair production with
LQ3 — tT decays [105]. Each of these covers a complementary range of decay branching
ratios. The bb + E* search applies requirement on a combination of kinematic observables,
the output score of a BDT and a dedicated secondary-vertex finding algorithm called TC-
LVT to construct several regions that are used for signal extraction. This search excludes
LQg masses up to 1.26 TeV for the BR(LQg — tT) = 0 scenario, while masses up to 1.43 TeV
are excluded for BR(LQ4 — t7) = 1 in the t7t7 search. In conjunction with the limits
obtained from the bt + E2** search, masses below 1.2 TeV are excluded over the full range
of decay branching ratios considered (Figure 31 (right)).



Symmetry 2022, 14, 444

24 of 41

LQS LQS production, LQS ~ tt /by,
T

= = T TS e e I
1 E R ATLAS E
0.9 " =
Kol E Vs=13 TeV, 139 fo E
S 08 All limits at 95% CL e
E L2 Expected limit (+10,,)
0.7 E
E - Observed limit (+10,,,,,)
0.6 ATLAS 13 TeV, 36.1 o™ |
05 E (observed) =
0.4 -
03 =
02 =
0.1 —
E | | | |

| | |
‘ ‘1400‘ ‘ ‘1600‘ ‘ ‘1500‘ ‘ ‘2000
m(LQ}) [GeV]

&2
8

P I I N 1
600 800 1000 1200

LQLQ production (minimal-coupling scenario), LQ} - br /v,
T e

LQILQ production (Yang-Mills scenario), LQ! - bt / tv,
. T : — A LA T T e

-
-

T
ATLAS

E E E) E E
T 09k ATLAS = T 09 =
& TE Vs=13TeV, 139 fb”, Al limits at 95% CL E 5 E Vs=13TeV, 139 fb™, Al limits at 95% CL E|
o 08 — o 08 —
a E L--- Expectedlimit (+10,,) El @ E  ---- Expectedlimit(t10,,) E
07— — 07— -
E ——— Observed limit (+10,,, ) ] £ ——__ Observed limit (#10,,,,) ]
06 T - 06— T —
0.5 = 05 =
0.4 = 0.4 —
0.3 — 0.3 —
0.2 - 0.2 —
0.1— - 0.1~ 4 —
S T P i R B I S N RN BT B o S BN I

%00 600 800 1000 1200 1400 1600 1800 2000 00 600 800 1000 1200 1400 1600 1800 2000
m(LQ) [GeV] m(LQ}) [GeV]

Figure 32. Observed and expected exclusion limits for down-type third-generation leptoquarks as a
function of their mass and branching fraction to charged leptons from [103]. The limits are shown for
scalar leptoquarks on the (top), and vector leptoquarks in the minimal-coupling (bottom-left) and
Yang-Mills (bottom-right) scenarios.

Both scalar and vector leptoquark interpretations were provided in the CMS search
for the pair production of leptoquarks in the tTvb final state [106], with 137 fb~! integrated
luminosity. Only scalar down-type leptoquarks (LQ%), with decays to t7 and bv, and only
vector up-type leptoquarks ((LQy,)), with decays to tv and b7, were considered however,
since they are particularly relevant to certain new models that address the recently observed
B-physics anomalies. Both the Yang-Mills coupling (k = 1) and the minimal coupling (k = 0)
scenarios were considered for vector leptoquarks. Events were categorised into two regions,
based on the number of reconstructed hadronically-decaying T leptons (7). The first
category, with one T}, candidate, is required to have a reconstructed hadronically-decaying
top quark, and the pr of the top quark candidate is used as the signal discriminant. The
observed number of events in the signal region with two T, candidates is used directly in a
likelihood fit to extract signal. The search excluded leptoquark masses up to 0.95 TeV for
scalar leptoquarks, and upto 1.29 TeV and 1.65 TeV for the k=0 and k=1 cases of the vector
leptoquark, respectively (Figure 33).
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Figure 33. Observed and expected exclusion limits for down-type third-generation scalar lepto-
quarks (top) and for vector leptoquarks with minimal (bottom-right) and Yang-Mills (bottom-left)

couplings [106].

A search for single production of leptoquarks in association with a T lepton is also
presented in [106]. Since the both the production cross section and the resonance width
of the leptoquark depends on the coupling parameter A, the exclusion limits obtained
for single production are coupling-dependent and can be used to constrain A. The single
and pair production searches are combined to constrain the A-mass plane in the range
A < 0.25 (Figure 34). The search constrains a significant portion of the parameter space
region preferred by B-physics anomalies (shaded in grey).

A dedicated search for single production of scalar up-type leptoquarks in associa-
tion with a T lepton was earlier performed by the CMS collaboration with the 35.9 fb~!
dataset [107]. The events were categorised according to the multiplicity of reconstructed
electrons, muons, and hadronically-decaying 7 leptons, and a combined fit on the St
variable was used for signal extraction. Exclusion limits were set in the A-mass plane,
assuming pure LQj, — bt decays (Figure 35). A significant portion of the parameter space
is constrained, and masses below 740 GeV are excluded for A =1. However, most of the
parameter space preferred by the B-physics anomalies is still allowed by the results.
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Figure 34. Observed and expected exclusion limits on the mass and coupling strength A for down-
type third-generation scalar leptoquarks (top) and for vector leptoquarks with minimal (bottom-left)
and Yang-Mills (bottom-right) couplings [106]. The limits are computed assuming equal branching

fraction to neutral and charged leptons.
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Both ATLAS and CMS have performed searches for cross generational decays for
down-type leptoquarks to te and ty final states with the full Run-2 dataset. The ATLAS
search targeted scalar leptoquark pair production with subsequent decays to either te or tu
final states [108], where both top quarks in the event decay hadronically. The output score
of a BDT trained on several kinematic observables is used for final signal discrimination
in this search. Simultaneous couplings to both first and second generation leptons are
disfavoured by current limits from lepton flavour violation (LFV) searches. This search
excludes leptoquark masses below 1480 GeV for pure te decays, and below 1470 GeV for
pure tu decays. Limits were also set on the allowed branching ratios for LQ — te (Figure 36
(left)) and LQ — tu decays (Figure 36 (right)).
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Figure 36. Observed and expected exclusion limits on the pair production of a scalar leptoquark as a
function of its mass and decay branching ratio to a te pair (left) or {y pair (right) from the ATLAS
search [108].

The CMS search, also for scalar leptoquark production, was performed in the multi-
lepton final state, targeting events in which at least one of the top quark daughters of either
leptoquark decays semi-leptonically [109]. The events are categorised by the multiplicity of
leptons, and signal discrimination is achieved with a BDT trained on observables including
Hr, ps* and transverse masses. This search also considered LQ — 7 decays. Masses
below 1120 GeV are excluded for leptoquarks decaying exclusively to a top quark and a
lepton of any flavour. The limits are weakest in the T channel, and strongest in the muon
channel, where masses below approximately 1.4 TeV are excluded (Figure 37).

While many of the current leptoquark bounds come from re-interpretations of super-
symmetric searches, one can expect to see more dedicated searches for these processes
in the future. While CMS has already produced some results on the search for single
production of leptoquarks, this channel is still relatively uncovered by ATLAS searches.
The constraints on leptoquark pair production would also greatly benefit from a statistical
combination of the existing searches, in a similar manner to what has been seen for VLQ
pair production [21].
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Figure 37. Observed and expected exclusion limits on the pair production of a scalar leptoquark
as a function of its mass and decay branching ratio to a te pair (top), ty (bottom-left) or ¢t pair
(bottom-right) from the CMS search [109].

4. Other Resonance Searches

ATLAS and CMS have performed a wide range of searches of new heavy particles de-
caying into at least one top quark that do not form part of the VLQ, LQ, or supersymmetry
search programmes. They are usually referred simply as 'resonance searches’. Results of
many of these searches are interpreted in the context of simplified models that predict the
presence of new heavy gauge bosons, several of them considering benchmarks in which the
new resonance couples preferentially or exclusively to third generation quarks. A descrip-
tion of the benchmark models used in the interpretation and the relevant phenomenology
is found in Section 1.3.

They are generally characterised by the attempt to partially or fully reconstruct the
target resonance and look for excesses in the invariant mass or similar variable above the
standard model background. They can be classified looking at the type of resonance decays:

*  resonances decaying into a tf pair;
e resonances decaying into tb (Used to refer both to both tb and #b);
* resonances decaying into any other final state including at least one top quark.

There is another large category of searches in which the top quarks are present in the
final state but do not originate from the resonance, this is the case, for example, of dark
matter searches produced in association with tW [110] or tf [111]. These searches are not
described in detail in this review.
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4.1. Searches for Resonances Decaying into Two Top Quarks

Both collaborations have a long history of tf analyses in different channels target-
ing mainly heavy vector resonances [48,112-123]. ATLAS has recent results in the all-
hadronic [122] and lepton-plus-jets final states [48] while CMS has recent results on all
possible final sates in a combined paper [123].

The lepton-plus-jets ATLAS search uses an integrated luminosity of 36.1 fb~!. Events
with exactly one isolated lepton and additional jets, some of them b-tagged are selected.
The analysis distinguishes between a boosted and a resolved regime and uses distinct
approaches to reconstruct the top-quark candidates in each case and obtain the invariant
mass of the tf pair which is used to perform the search. The boosted selection relies on
top-tagged large-R jets to reconstruct the hadronic top while the resolved selection relies
on a x? algorithm to find the best assignment of jets to the top candidates. Upper limits
are set on the production of new heavy particles for a variety of scenarios including new
Z’ bosons arising in TC2 models with narrow relative widths, Z’ from simplified models
of dark matter, spin-2 Kaluza-Klein gravitons and spin-1 Kaluza-Klein gluons. Narrow Z’
TC2 bosons (with a 1% relative width) are excluded for masses up to 3 TeV.

The combined CMS search paper, using an integrated luminosity of 35.9 fb~!, follows
a similar approach. The search is performed in the invariant mass of the tf system for
the lepton-plus-jets and the all-hadronic channels. The boosted lepton-plus-jets and all-
hadronic channels use top-tagging large-R jets to identify the hadronic tops while the
resolved lepton-plus-jets channel uses a similar x> method as the ATLAS search. For the
dilepton channel, however, the scalar sum of all of the leptons, jets and EZ*** of the events
is considered instead due to the difficulty of properly reconstructing the tf system. The
lepton-plus-jets channel introduces a BDT that rejects additional W-plus-jets background,
improving the sensitivity. The statistical combination of the three channels allow for
a 1% relative-width TC2 Z’ boson to be excluded for masses up to 3.8 TeV. The search
also includes interpretations for additional Z’ widths, up to 30% relative width, and a
Kaluza-Klein gluon.

ATLAS has recently released a all-hadronic search with an integrated luminosity of
139 fb~!. The search uses a Deep Neural Network (DNN) based approach to identify
two boosted top quarks in events with two large-R jets, reducing the multijet background
contamination, and a functional-form fit to estimate the background in the most sensitive
regions as a function of m;;. Two signal regions are constructed with different number of
b-tagged jets. The search provides an exclusion of narrow TC2 Z’ masses up to 3.9 TeV.

A comparison between the three aforementioned results for narrow Z’ resonances is
shown in Figure 38.

As described in Section 1.3, searches for scalar or pseudo-scalar particles in the tf
final state need to consider interference effects. CMS published a search of this kind
using 35.9 fb~! of integrated luminosity [55]. In addition of dealing properly with the
interference effect in the statistical analysis, the search uses a series of angular variables
to differentiate between scalar and pseudo-scalar hypotheses and discriminate between
signal and background. In the single-lepton channel the variable | cos 8};| is used, where 6},
denotes the angle between the momentum of the semileptonically decaying top quark in
the tf rest frame and the momentum of the tf system. In the dilepton channel the chosen
variable is the cosine of the angle between the lepton momenta in their respective helicity
frames. Both channels are combined in a simultaneous fit using both the aforementioned
angular variables and the reconstructed m1;;. Using this combined fit the search sets model
independent constraints on the coupling strength of the new particle to top quarks for
several relative widths. A moderate signal-like deviation is observed, compatible with a
pseudo-scalar boson with a global significance of 1.9 standard deviations. Upper limits
on the production cross section showing this excess are shown in Figure 39 (left). Model
dependent limits are also set using the hMSSM model. The latest ATLAS result with a
similar target was published with a centre-of-mass energy of 8 TeV [115], providing an
interpretation based on a 2HDM model with different parameters scenarios.
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Figure 38. Observed and expected cross-sections 95% upper limits for narrow Z’ resonances decaying
into a tf pair from [123] (top), [48] (bottom-left) and [122] (bottom-right).

Another alternative when considering models with exclusive, or very dominant,
couplings to top quarks is to perform searches for associated production of tf, in which the
resonance is produced accompanied with additional top quarks. Two searches have been
recently published dealing with this type of production.

CMS published an analysis on a 4-top final state using 137 fb~! of integrated lumi-
nosity [57], including an interpretation of scalar and pseudoscalars in a 2HDM model.
Events are selected with 2 same-sign leptons as well as those with more than 3 leptons,
in addition to a large number of jets. In order to separate 4-top-quark events from the
sum of SM backgrounds a BDT discriminant output is used. Different regions are defined
using the number of jets and how many of them are b-tagged and a binned likelihood is
constructed using the yields of the different processes from those regions. Limits are set on
the production of new scalar or pseudoscalar particles decaying to tf and on the coupling
of the top quark and light new scalar or vector heavy particles. Such limits in the context of
a pseudoscalar 2HDM model are shown in Figure 39 (right).

ATLAS has recently published preliminary results on the associated production of a
Z’ boson with exclusive couplings to top quarks in the all-hadronic channel [124]. Events
with a large number of jets are selected and categorised using the number of jets and
whether they are b-tagged or not. A background method combining MC predictions and a
functional form is used to estimate the background in the most sensitive region, with 4 or
more b-tagged jets. The binned likelihood fit is performed in the mass of the two leading
large-R jets which are used as proxies for the two highly boosted top quarks assumed to
originate from the Z’ resonance. Limits are set on the production cross-section of a Z’ but
no exclusion is obtained for the considered model in the explored mass range between 1
and 3 TeV.
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Figure 39. Model-independent constraints on the coupling strength of a heavy scalar to top as a function
of the heavy pseudoscalar mass for a relative width of 1% from [55] (left) and Observed and expected
cross-sections 95% upper limits for a 2HDM pseudoscalar decaying into a tf pair from [57] (right).

Inclusive tf searches have improved recently in their high mass reach, taking advan-
tage of the developments in top and b-tagging, and relying mainly on hadronic channels.
Leptonic channels provide necessary complementarity at lower Z’ masses (below 1.5 TeV).
The introduction of machine learning classification methods and dedicated treatment of
highly boosted leptonic tops have enhanced CMS sensitivity, even with smaller integrated
luminosities, and provide a blueprint for ATLAS searches to improve. Associated produc-
tion searches have so far been mainly focused on the low mass regime, relevant for scalar
and pseudo-scalar new particles in 2HDM models and rely on leptonic final states. Fully
hadronic associated production is completely uncovered and represent a future challenge.
Additional associated production analyses aiming at higher masses and a revision of the
interpretation strategy, for example including models with explicit LFUV implications are
also interesting extensions of the programme. Finally, only a mild excess has been observed,
for a low mass pseudoscalar particle. This excess should increase the scrutiny in the low
mass region for other searches considering pseudo-scalar particles and future iterations of
similar analyses.

4.2. Searches for Resonances Decaying into One Top Quark and a b-Quark

As for the tf case, searches in a final state of tb have been performed with several
datasets by both ATLAS and CMS [125-133]. Recent results has been published by both
ATLAS and CMS in the lepton-plus-jets and all-hadronic channels and a combination of
both channels was published by ATLAS with 36 fb~!.

The latest lepton+jets results were published by ATLAS [130] and CMS [131] with
36 fb~! of integrated luminosity. Both analyses follow a similar pattern: events with
exactly one isolated lepton, missing transverse energy and additional jets are selected and
additional kinematic cuts are used to separate signal and background. The top quark
candidate is identified using a method that uses the W boson and top-quark mass to choose
the most likely combination of objects and the search is performed in the reconstructed my,
distribution. The CMS search optimises the search separately for two different my, regimes
which allows to exclude masses up to 3.6 TeV for right handed heavy W bosons (W’).
Exclusion limits are also obtained for W’ bosons as a function of their coupling strength
to left and right-handed fermions. The ATLAS search only excludes right-handed W’
masses up to 3.15 TeV but includes a combination with a previously published all-hadronic
analysis [127], extending the exclusion up to 3.25 TeV and additional interpretation for
right-handed W’ bosons with larger and smaller couplings, which translates to different
relative widths. The ATLAS search assumes that the right handed W’ is leptophobic while
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the CMS search considers two distinct scenarios. A comparison of the limits obtained in
the two searches is shown in Figure 40.
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Figure 40. Observed and expected cross-sections 95% upper limits for a right handed W’ decaying
into tb from [130] (left) and from [131] (right).

The latest all-hadronic results were published by CMS using 137 fb~! [132] while
preliminary results were released by ATLAS using 139 fb ~! [133]. Both searches select
events based on the number of large-R jets and small-R jets and use DNN based top-taggers
and b-taggers to identify the top quark and b-quark candidates. The dominant background,
from multijet production, is obtained using slightly different two-dimensional sideband
methods. Data in control regions failing top-tagging or b-tagging requirements are used
to estimate the background in the most sensitive regions. The CMS search sets limits on
right handed and left handed W’ bosons hypotheses, excluding masses up to 3.4 TeV in
models in which the W’ couples to the same particles as the SM W boson. The left-handed
hypothesis has a substantial interference with single-top production in the s-channel that is
properly taken into account. The ATLAS preliminary result sets limits only considering
right handed W’ bosons, excluding masses up to 4.4 TeV for models in which the W” is
leptophobic. A comparison between the right handed W’ limits obtained by both analyses
is shown in Figure 41.
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Figure 41. Observed and expected cross-sections 95% upper limits for a right handed W’ decaying
into tb from [133] (left) and from [132] (right).

Associated production searches also take place for tb resonances, gaining importance
for searches with exclusive or dominant couplings of the new particle to third generation
quarks. ATLAS has recently published a result for a charged Higgs decaying into tb with
139 fb~! of integrated luminosity [134] while the latest CMS result targeting the same
process was published with 35.9 fb~! in the all-hadronic channel [56]. The CMS search
selects events with a large number of jets, some of them b-tagged and distinguishes between
a boosted and a resolved approach aiming at different m;, ranges. Several signal categories
of different jet multiplicities are defined. In the resolved analysis a BDT classifier is used to
increase the sensitivity. The search is performed using both the reconstructed 1y, mass and
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the scalar sum of the momentum of all selected jets in each event (H). Model independent
limits are set on the production of a heavy charged higgs and model dependent ones are
set for several interpretations such as the hMSSM or the M}IZS (%) benchmark scenario. The
ATLAS search considers events with one isolated lepton in the final state with several
additional jets, some of them b-tagged. Different categories are defined for different jet and
b-jet multiplicities. A Neural Network (NN) algorithm is used to enhance the separation
between signal and background and is used in the likelihood fit. Limits are set in the
context of the hMSSM and several M}? scenarios. The comparison of the limits obtained
for both searches in the tan-§ vs my+ plane for an hMSSM model is shown in Figure 42.
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Figure 42. Observed and expected cross-sections 95% upper limits in the parameter space for the produc-
tion of a charged Higgs decaying into tb in the hMSSM scenario from [134] (left) and from [56] (right).

As in the tf case the high mass results for inclusive searches have recently been
improved largely by taking advantage of top and b-tagging developments. With fairly
similar strategies CMS leptonic-channel analyses have improved reach at high mass through
better treatment of boosted leptons but are comparable at low mass (below 1.5 TeV). The
opposite can be said for the hadronic channel, where an improved strategy has enhanced
the sensitivity to masses beyond 3 TeV for ATLAS searches. Associated production has
only been studied in the context of a charged Higgs and using leptonic channels. Other
interpretations and final states remain uncovered.

4.3. Other Resonances Decaying into at Least One Top Quark

In addition to #f and tb resonant decays there are few other final states considered
by ATLAS and CMS involving top quarks. CMS has published three searches on excited
bottom and top quarks, considering the decay b* — tW [135,136] and one on excited top
quarks, considering the decay t* — tg [137]. ATLAS has published one additional search in
a monotop final state, in which the heavy resonance decays into one top and a dark matter
particle, yielding a final state of a single top quark and missing transverse energy [61].

The two excited b-quark searches performed by CMS with an integrated luminosity
of 137 fb~! are complementary, a publication on the fully hadronic final state [136] and
another one in the lepton plus jets final state [135]. In the all-hadronic search events with
large-R jets are selected and W-tagging and top-tagging are used to identify events with
one top-candidate and one W candidate. The search is performed on the invariant mass
of the tW system. A two-dimensional sideband method is used to estimate the dominant
multijet background using CR in which the candidate jets fail the top or W-tagging. Limits
are set on different types of excited b-quark, with left-handed, right-handed and vector-like
chiralities, excluding masses up to 2.6, 2.8 and 3.1 TeV, respectively. Upper limits for the
vector-like case are shown in Figure 43. The preliminary lepton-plus-jets results utilises a
selection based on an isolated lepton, missing transverse energy and additional jets. The
lepton is assumed to originate from the W boson and the top quark is reconstructed using
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a variable-R jet algorithm [138] that aims to identify top quarks in both the resolved and
boosted regimes. Events are further categorised using the number of b-jets. Backgrounds
from miss-identified top quarks in the 1 b-jet and 2 b-jet regions are identified using the
data in the 0 b-jet regions and a transfer factor from simulated events. Limits are set on
the same interpretations as the all-hadronic results, excluding masses up to 2.95, 3.03 and
3.22 TeV respectively.

The excited top quark search was published by CMS using 35.9 fb~! of integrated
luminosity [137], and it looks for the pair production of excited top quarks in a lepton-
plus-jets final state. Events are required to have an isolated lepton, missing transverse
energy and exactly six jets, two of them b-tagged. The top-candidates are reconstructed by
minimising a metric based on the masses of the W boson and the top quarks, as recorded
by the particle data group [139], and the reconstructed detector resolution of simulated
particles. The background is estimated using a functional form directly in the signal regions
as a function of the mass of the excited top-quark candidate. Upper limits are set on an
excited top-quark pair production, excluding masses up to 1.2 TeV for a model with 100%
branching ratio into a top quark and a gluon. They are shown in Figure 43.
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Figure 43. Observed and expected cross-sections 95% upper limits for the production of single excited
b-quark decaying into a top quark and a W boson from [136] (left) and for the production of a pair of
excited top quarks decaying into a top quark and a gluon [137] (right).

The monotop search published by ATLAS uses 36.1 fb~! of integrated luminosity [61].
The search considers three distinct interpretations with similar final states: non-resonant
dark-matter produced in associated with a top quark, a VLT decaying into a Z-boson and
a top quark and a coloured scalar decaying into a top quark and a dark matter particle.
The heavy scalar search focuses only on the all-hadronic channel, using final states with
a top-tagged large-R jet and high missing transverse energy. The search is performed on
the distribution of the transverse mass of the top-tagged large-R jet and the Es* system.
Additional kinematic variables, such as requiring both objects to be back-to-back, are used
to separate signal and background. A two-dimensional sideband method is used to estimate
the multijet background, using regions with zero top-tagged large-R jets and failing back-
to-back requirement. Limits are set on the production of the new scalar, excluding masses
up to 3.4 TeV for a 10 GeV dark matter particle mass and a specific set of coupling values.
Limits are also set on the coupling vs mass plane for a lighter dark particle of 1 GeV and
are shown in Figure 44.
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Figure 44. Observed and expected cross-sections 95% upper limits for the production of a charged
scalar decaying into a top quark and a dark matter particle in two different mass vs coupling plane
from [61]. y (left) is the coupling of the scalar with the top and the dark matter particle and A (right)
is the coupling of the scalar with d- and s-quarks.

As in tf or tb searches, the exotic quarks searches present a complementarity between
leptonic and hadronic channels, where the former target low mass regime while the latter
extend the high mass reach. They have only been tackled by the CMS experiment and there
are plenty of decay modes and channels left uncovered. In the case of monotop searches,
only tackled by ATLAS, the resonant production of dark-matter considers only the all-
hadronic channel, given the low sensitivity of the leptonic one. Future iterations should
profit from similar improvements as the latest versions of tf and tb searches, allowing for
high mass enhancements without significant changes in strategy.

5. Summary and Outlook

In this article a comprehensive review of the most recent results from the ATLAS and
CMS collaborations on searches with third generation quarks in the final state has been
presented. It includes the latest VLQ and LQ results and a selection of other resonance
searches with at least one top-quark in the final state.

ATLAS and CMS are gearing up for the upcoming start of Run-3 data taking. As Run-3
data become available, they can be combined to the existing Run-2 dataset to increase
the available integrated luminosity for searches. In the meantime, one way of improving
the sensitivity of searches without having access to additional statistics or experimental
improvements is to combine the existing searches under a common underlying model. In
addition to the sensitivity increase, it allows for a more complete interpretation of realistic
models that may have a varied phenomenology. This approach has been successfully
implemented for VLQ searches in ATLAS, as discussed in Section 2 and in heavy resonances
decaying into leptonic and bosonic final states [140,141], among others. The extension
of these efforts for singly produced VLQs, LQ and W’ or Z’ bosons decaying into third
generation quarks represents an interesting prospect.

Both collaborations have focused their attention on the single production of vector-like
quarks for the first round of publications with Run-2 data. This was a reasonable approach,
given that the excluded mass ranges for VLQs from pair production searches were already
around 1.2-1.3 TeV for most benchmark scenarios. However, single and pair production
searches provide complementary sensitivities to different ranges of couplings and a future
combination involving both types of searches would be beneficial in maximising the search
potential across the parameter space. Searches for the exotic production and decay of
vector-like quarks are beginning to appear in the literature and more work in this direction
can be anticipated.

The interest in leptoquarks searches has grown in recent years, in light of observed
anomalies in the flavour sector. A large portion of the parameter space for these searches still
remain unexplored, especially in the context of single production searches. Future searches
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can improve the parameter space coverage, and make way for a statistical combination to
further improve the reach.

The inclusive searches for heavy resonances decaying into tf and tb final states in-
cluded in Section 4 have recently obtained large sensitivity enhancements at high masses,
taking advantage of new methods of top and b-quark tagging. The high mass sensitivity
of these searches is unlikely to be improved significantly in the short term once they are
updated to the full Run-2 dataset. However, improvements in resolved top-quark identifi-
cation, boosted leptonic top treatment and the introduction of new background techniques,
can help in the low and intermediate mass ranges where fully hadronic final states are
not dominant.

Although much of the same can be said of searches for associated production, the
field is still to be fully explored. Many channels and specific final states remain fully or
partially uncovered. New ideas include high-mass dedicated analyses of tttt and ttbb final
sates or the introduction of more inclusive searches such as tfbX, where X refers to the
inclusiveness of the process. The latter case has been shown to be the most sensitive choice
in an important fraction of parameters space for several BSM models [142]. As mentioned
in Section 1.3, associated production is particularly relevant for models with preferential,
or exclusive, couplings with third generation leptons and quarks. Additional searches may
provide insight to help build models with LFUV interactions that offer an explanation to
the flavour anomalies observed in recent experimental results in B physics.

Other searches with top quarks in the final state may also play an important role in
the near future as both collaborations try to find final states that have not been explored
yet. In addition, new iterations of the monotop or excited top-quark searches, with the full
Run-2 dataset, are also expected to improve their sensitivity in a similar manner as the
latest iteration of tf and tb searches.

Looking further into the future, to the High-Luminosity upgrade of the LHC [143], a
large increase of integrated luminosity is expected that will increase the high mass reach of
most of the searches discussed. The higher centre-of-mass energy may also allow access
to new resonances that were suppressed before. However, the challenging conditions of
the HL-LHC, with a substantial increase in the average number of interactions per bunch
crossing, represent a new environment that the collaborations will need to navigate. Finally,
new developments in the trigger system of both detectors [144,145] are in preparation and
may provide new capabilities to trigger on the complex final states that characterise many
of the analyses discussed in this review.

Author Contributions: Both authors contributed equally to the preparation of this review article. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors are supported by the National Science Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We are grateful to our colleagues of the ATLAS and CMS Collaborations.

Conflicts of Interest: The authors declare no conflict of interest.

Evans, L.; Bryant, P. LHC Machine. JINST 2008, 3, S08001. [CrossRef]

Dimopoulos, S.; Preskill, ]. Massless Composites With Massive Constituents. Nucl. Phys. B 1982, 199, 206-222. [CrossRef]
Kaplan, D.B.; Georgi, H. SU(2) x U(1) Breaking by Vacuum Misalignment. Phys. Lett. B 1984, 136, 183-186. [CrossRef]
Kaplan, D.B.; Georgi, H.; Dimopoulos, S. Composite Higgs Scalars. Phys. Lett. B 1984, 136, 187. [CrossRef]

Muller, D.J.; Nandi, S. Top flavor: A Separate SU(2) for the third family. Phys. Lett. 1996, B383, 345-350. [CrossRef]
Perelstein, M. Little Higgs models and their phenomenology. Prog. Part. Nucl. Phys. 2007, 58, 247-291. [CrossRef]


http://doi.org/10.1088/1748-0221/3/08/S08001
http://dx.doi.org/10.1016/0550-3213(82)90345-5
http://dx.doi.org/10.1016/0370-2693(84)91177-8
http://dx.doi.org/10.1016/0370-2693(84)91178-X
http://dx.doi.org/10.1016/0370-2693(96)00745-9
http://dx.doi.org/10.1016/j.ppnp.2006.04.001

Symmetry 2022, 14, 444 37 of 41

10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.

21.

22.

23.
24.
25.
26.

27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.
39.

40.

41.
42.

43.
44.

45.

46.
47.

Dienes, K.R.; Dudas, E.; Gherghetta, T. Grand unification at intermediate mass scales through extra dimensions. Nucl. Phys. 1999,
B537,47-108. [CrossRef]

Burdman, G.; Dobrescu, B.A.; Pontén, E. Resonances from two universal extra dimensions. Phys. Rev. D 2006, 74, 075008.
[CrossRef]

Malkawi, E.; Tait, T.; Yuan, C.P. A model of strong flavor dynamics for the top quark. Phys. Lett. B 1996, 385, 304-310. [CrossRef]
Hill, C.T. Topcolor assisted technicolor. Phys. Lett. B 1995, 345, 483-489. [CrossRef]

ATLAS Collaboration. The ATLAS Experiment at the CERN Large Hadron Collider. JINST 2008, 3, S08003. [CrossRef]

CMS Collaboration. The CMS experiment at the CERN LHC. JINST 2008, 3, S08004. [CrossRef]

Susskind, L. Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory. Phys. Rev. D 1979, 20, 2619. [CrossRef]
Hill, C.T.; Simmons, E.H. Strong dynamics and electroweak symmetry breaking. Phys. Rep. 2003, 381, 235. [CrossRef]

Kaplan, D.B. Flavor at SSC energies: A New mechanism for dynamically generated fermion masses. Nucl. Phys. B 1991,
365, 259-278. [CrossRef]

del Aguila, F.; Bowick, M.]. The Possibility of New Fermions With Al = 0 Mass. Nucl. Phys. B 1983, 224, 107. [CrossRef]
Aguilar-Saavedra, J.A. Mixing with vector-like quarks: Constraints and expectations. EP] Web Conf. 2013, 60, 16012. [CrossRef]
Matsedonskyi, O.; Panico, G.; Wulzer, A. On the Interpretation of Top Partners Searches. JHEP 2014, 12, 097. [CrossRef]
Aguilar-Saavedra, J.A. Identifying top partners at LHC. JHEP 2009, 11, 030. [CrossRef]

Buchkremer, M.; Cacciapaglia, G.; Deandrea, A.; Panizzi, L. Model Independent Framework for Searches of Top Partners. Nucl.
Phys. B 2013, 876, 376-417. [CrossRef]

ATLAS Collaboration. Combination of the searches for pair-produced vector-like partners of the third-generation quarks at
/s = 13 TeV with the ATLAS detector. Phys. Rev. Lett. 2018, 121, 211801. [CrossRef]

ATLAS Collaboration. Search for the Single Production of Vector-like T Quarks Decaying into tH or tZ with the ATLAS Detector.
ATLAS-CONF-2021-040, 2021. Available online: http:/ /cds.cern.ch/record /2779174 (accessed on 19 February 2022).

Chala, M. Direct bounds on heavy toplike quarks with standard and exotic decays. Phys. Rev. D 2017, 96, 015028. [CrossRef]
Criado, J.C.; Perez-Victoria, M. Vector-like quarks with non-renormalizable interactions. JHEP 2020, 1, 57. [CrossRef]

Chala, M.; Juknevich, J.; Perez, G.; Santiago, J. The Elusive Gluon. JHEP 2015, 01, 092. [CrossRef]

Araque, J.P; Castro, N.F,; Santiago, J. Interpretation of Vector-like Quark Searches: Heavy Gluons in Composite Higgs Models.
JHEP 2015, 11, 120. [CrossRef]

Georgi, H.; Glashow, S. Unity of All Elementary-Particle Forces. Phys. Rev. Lett. 1974, 32, 438—441. [CrossRef]

Dimopoulos, S. Technicoloured signatures. Nucl. Phys. B 1980, 168, 69-92. [CrossRef]

Buchmdiller, W.; Wyler, D. Constraints on SU(5)-type leptoquarks. Phys. Lett. B 1986, 177, 377-382. [CrossRef]

Buchmdiller, W.; Riickl, R.; Wyler, D. Leptoquarks in lepton - quark collisions. Phys. Lett. B 1987, 191, 442—448. [CrossRef]
Blumlein, J.; Boos, E.; Kryukov, A. Leptoquark pair production in hadronic interactions. Z. Phys. C 1997, 76, 137-153. [CrossRef]
Hiller, G.; Schmaltz, M. Rg and future b — s/ physics beyond the standard model opportunities. Phys. Rev. D 2014, 90, 054014.
[CrossRef]

Bauer, M.; Neubert, M. Minimal Leptoquark Explanation for the R, , Rk , and (g — 2)¢ Anomalies. Phys. Rev. Lett. 2016,
116, 141802. [CrossRef]

Di Luzio, L.; Nardecchia, M. What is the scale of new physics behind the B-flavour anomalies? Eur. Phys. J. C 2017, 77, 536.
[CrossRef]

Buttazzo, D.; Greljo, A.; Isidori, G.; Marzocca, D. B-physics anomalies: A guide to combined explanations. JHEP 2017, 11, 044.
[CrossRef]

Cline, ]. M. B decay anomalies and dark matter from vectorlike confinement. Phys. Rev. D 2018, 97, 015013. [CrossRef]

Hiller, G.; Loose, D.; Nisandzi¢, I. Flavorful leptoquarks at hadron colliders. Phys. Rev. D 2018, 97, 075004. [CrossRef]
Camargo-Molina, A.C.J.; Faroughy, D. Anomalies in bottom from new physics in top. Phys. Lett. B 2018, 784, 284-293. [CrossRef]
Muon g-2 Collaboration. Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm. Phys. Rev. Lett. 2021,
126,141801. [CrossRef]

Muon g-2 Collaboration. Final report of the E821 muon anomalous magnetic moment measurement at BNL. Phys. Rev. D 2006,
73,072003. [CrossRef]

Aaij, R. Test of lepton universality using BT — K¢+ ¢~ decays. Phys. Rev. Lett. 2014, 113, 151601. [CrossRef]

Lees, ].P. Measurement of an Excess of B — DM 7, Decays and Implications for Charged Higgs Bosons. Phys. Rev. D 2013,
88, 072012. [CrossRef]

Greljo, A.; Isidori, G.; Marzocca, D. On the breaking of Lepton Flavor Universality in B decays. JHEP 2015, 07, 142,. [CrossRef]
Faroughy, D.A; Greljo, A.; Kamenik, ].F. Confronting lepton flavor universality violation in B decays with high-pt tau lepton
searches at LHC. Phys. Lett. B 2017, 764, 126-134. [CrossRef]

Albert, A.; Backovi¢, M.; Boveia, A.; Buchmueller, O.; Busoni, G.; De Roeck, A.; Doglioni, C.; DuPree, T.; Fairbairn, M.; Genest,
M.-H.; et al. Recommendations of the LHC Dark Matter Working Group: Comparing LHC searches for dark matter mediators in
visible and invisible decay channels and calculations of the thermal relic density. Phys. Dark Univ. 2019, 26, 100377. [CrossRef]
Lillie, B.; Randall, L.; Wang, L. T. The Bulk RS KK-gluon at the LHC. JHEP 2007, 09, 074. [CrossRef]

Randall, L.; Sundrum, R. A Large mass hierarchy from a small extra dimension. Phys. Rev. Lett. 1999, 83, 3370-3373. [CrossRef]


http://dx.doi.org/10.1016/S0550-3213(98)00669-5
http://dx.doi.org/10.1103/PhysRevD.74.075008
http://dx.doi.org/10.1016/0370-2693(96)00859-3
http://dx.doi.org/10.1016/0370-2693(94)01660-5
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1103/PhysRevD.20.2619
http://dx.doi.org/10.1016/S0370-1573(03)00140-6
http://dx.doi.org/10.1016/S0550-3213(05)80021-5
http://dx.doi.org/10.1016/0550-3213(83)90316-4
http://dx.doi.org/10.1051/epjconf/20136016012
http://dx.doi.org/10.1007/JHEP12(2014)097
http://dx.doi.org/10.1088/1126-6708/2009/11/030
http://dx.doi.org/10.1016/j.nuclphysb.2013.08.010
http://dx.doi.org/10.1103/PhysRevLett.121.211801
http://cds.cern.ch/record/2779174
http://dx.doi.org/10.1103/PhysRevD.96.015028
http://dx.doi.org/10.1007/JHEP01(2020)057
http://dx.doi.org/10.1007/JHEP01(2015)092
http://dx.doi.org/10.1007/JHEP11(2015)120
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1016/0550-3213(80)90277-1
http://dx.doi.org/10.1016/0370-2693(86)90771-9
http://dx.doi.org/10.1016/0370-2693(87)90637-X
http://dx.doi.org/10.1007/s002880050538
http://dx.doi.org/10.1103/PhysRevD.90.054014
http://dx.doi.org/10.1103/PhysRevLett.116.141802
http://dx.doi.org/10.1140/epjc/s10052-017-5118-9
http://dx.doi.org/10.1007/JHEP11(2017)044
http://dx.doi.org/10.1103/PhysRevD.97.015013
http://dx.doi.org/10.1103/PhysRevD.97.075004
http://dx.doi.org/10.1016/j.physletb.2018.07.051
http://dx.doi.org/10.1103/PhysRevLett.126.141801
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://dx.doi.org/10.1103/PhysRevLett.113.151601
http://dx.doi.org/10.1103/PhysRevD.88.072012
http://dx.doi.org/10.1007/JHEP07(2015)142
http://dx.doi.org/10.1016/j.physletb.2016.11.011
http://dx.doi.org/10.1016/j.dark.2019.100377
http://dx.doi.org/10.1088/1126-6708/2007/09/074
http://dx.doi.org/10.1103/PhysRevLett.83.3370

Symmetry 2022, 14, 444 38 of 41

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

ATLAS Collaboration. Search for heavy particles decaying into top-quark pairs using lepton-plus-jets events in proton—proton
collisions at /s = 13 TeV with the ATLAS detector. Eur. Phys. ]. C 2018, 78, 565. [CrossRef]

Branco, G.C.; Ferreira, PM.; Lavoura, L.; Rebelo, M.N.; Sher, M; Silva, J.P. Theory and phenomenology of two-Higgs-doublet
models. Phys. Rep. 2012, 516, 1-102. [CrossRef]

Kim, J.E. Light Pseudoscalars, Particle Physics and Cosmology. Phys. Rep. 1987, 150, 1-177. [CrossRef]

Trodden, M. Electroweak baryogenesis: A Brief review. In 33rd Rencontres de Moriond: Electroweak Interactions and Unified Theories;
Edition Frontieres: Paris, France, 1998 ; pp. 471-480.

Haber, H.; Kane, G. The search for supersymmetry: Probing physics beyond the standard model. Phys. Rep. 1985, 117, 75-263.
[CrossRef]

Djouadi, A.; Maiani, L.; Moreau, G.; Polosa, A.; Quevillon, J.; Riquer, V. The post-Higgs MSSM scenario: Habemus MSSM? Eur.
Phys. ]. C 2013, 73, 2650. [CrossRef]

Bagnaschi, E.; Bahl, H.; Fuchs, E.; Hahn, T.; Heinemeyer, S.; Liebler, S.; Patel, S.; Slavich, P,; Stefaniak, T.; Wagner, C.E.M.; et al.
MSSM Higgs Boson Searches at the LHC: Benchmark Scenarios for Run 2 and Beyond. Eur. Phys. |. C 2019, 79, 617. [CrossRef]
CMS Collaboration. Search for heavy Higgs bosons decaying to a top quark pair in proton—proton collisions at /s = 13 TeV.
JHEP 2020, 4, 171. [CrossRef]

CMS Collaboration. Search for charged Higgs bosons decaying into a top and a bottom quark in the alljet final state of pp
collisions at /s = 13 TeV. JHEP 2020, 7, 126. [CrossRef]

CMS Collaboration. Search for production of four top quarks in final states with same-sign or multiple leptons in proton—proton
collisions at /s = 13 TeV. Eur. Phys. ]. C 2020, 80, 75. [CrossRef]

Altarelli, G.; Mele, B.; Ruiz-Altaba, M. Searching for New Heavy Vector Bosons in pp Colliders. Z. Phys. C 1989, 45, 109; Erratum
in Z. Phys. C 1990, 47, 676. [CrossRef]

Harari, H. Composite models for quarks and leptons. Phys. Rep. 1984, 104, 159-179. [CrossRef]

Andrea, J.; Fuks, B.; Maltoni, F. Monotops at the LHC. Phys. Rev. D 2011, 84, 074025. [CrossRef]

ATLAS Collaboration. Search for large missing transverse momentum in association with one top-quark in proton—Proton
collisions at /s = 13 TeV with the ATLAS detector. JHEP 2019, 5, 41. [CrossRef]

CMS Collaboration. Particle-flow reconstruction and global event description with the CMS detector. JINST 2017, 12, P10003.
[CrossRef]

ATLAS Collaboration. Jet reconstruction and performance using particle flow with the ATLAS Detector. Eur. Phys. J. C 2017,
77,466. [CrossRef]

Cacciari, M.; Salam, G.P; Soyez, G. The anti-k; jet clustering algorithm. JHEP 2008, 4, 63. [CrossRef]

Cacciari, M.; Salam, G.P; Soyez, G. FastJet user manual. Eur. Phys. J. C 2012, 72, 1896. [CrossRef]

GEANT#4 Collaboration; Agostinelli, S.; Allison, J.; Amako, K.A.; Apostolakis, J.; Araujo, H.; Arce, P.; Asaigai, M.; Axenit, D.;
Banerjee, S.; et al. GEANT4—A simulation toolkit. Nucl. Instrum. Meth. A 2003, 506, 250. [CrossRef]

Cowan, G.; Cranmer, K.; Gross, E.; Vitells, O. Asymptotic formulae for likelihood-based tests of new physics. Eur. Phys. ]. C 2011,
71,1554. [CrossRef]

Conway, J.S. Incorporating Nuisance Parameters in Likelihoods for Multisource Spectra. Phystat 2011, 2011, 115-120. [CrossRef]
Read, A.L. Presentation of search results: The CLg technique. J. Phys. G 2002, 28, 2693. [CrossRef]

O’'Hagan, A.; Forster, ].J. Kendall’s Advanced Theory of Statistics, Volume 2B: Bayesian Inference, 2nd ed.; Arnold: London, UK, 2004;
Volume 2B.

ATLAS Collaboration. Search for pair production of a new heavy quark that decays into a W boson and a light quark in pp
collisions at /s = 8 TeV with the ATLAS detector. Phys. Rev. D 2015, 92, 112007. [CrossRef]

Aad, G. Search for heavy vector-like quarks coupling to light quarks in proton-proton collisions at /s = 7 TeV with the ATLAS
detector. Phys. Lett. B 2012, 712, 22-39. [CrossRef]

CMS Collaboration. Search for vectorlike light-flavor quark partners in proton—proton collisions at /s = 8 TeV. Phys. Rev. D
2018, 97, 072008. [CrossRef]

ATLAS Collaboration. Search for pair production of heavy vector-like quarks decaying to high-pr W bosons and b quarks in the
lepton-plus-jets final state in pp collisions at /s = 13 TeV with the ATLAS detector. JHEP 2017, 10, 141. [CrossRef]

CMS Collaboration. Search for pair production of vector-like quarks in the IWbW channel from proton—proton collisions at
/s = 13TeV. Phys. Lett. B 2018, 779, 82. [CrossRef]

ATLAS Collaboration. Search for pair production of heavy vector-like quarks decaying into high-pt W bosons and top quarks in
the lepton-plus-jets final state in pp collisions at /s = 13 TeV with the ATLAS detector. JHEP 2018, 8, 48. [CrossRef]

ATLAS Collaboration. Search for pair production of vector-like top quarks in events with one lepton, jets, and missing transverse
momentum in /s = 13 TeV pp collisions with the ATLAS detector. JHEP 2017, 8, 52. [CrossRef]

ATLAS Collaboration. Search for new phenomena in events with same-charge leptons and b-jets in pp collisions at /s = 13 TeV
with the ATLAS detector. JHEP 2018, 12, 39. [CrossRef]

ATLAS Collaboration. Search for pair production of up-type vector-like quarks and for four-top-quark events in final states with
multiple b-jets with the ATLAS detector. JHEP 2018, 7, 89. [CrossRef]

CMS Collaboration. Search for vector-like T and B quark pairs in final states with leptons at /s = 13 TeV. JHEP 2018, 8, 177.
[CrossRef]


http://dx.doi.org/10.1140/epjc/s10052-018-5995-6
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://dx.doi.org/10.1016/0370-1573(87)90017-2
http://dx.doi.org/10.1016/0370-1573(85)90051-1
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
http://dx.doi.org/10.1140/epjc/s10052-019-7114-8
http://dx.doi.org/10.1007/JHEP04(2020)171
http://dx.doi.org/10.1007/JHEP07(2020)126
http://dx.doi.org/10.1140/epjc/s10052-019-7593-7
http://dx.doi.org/10.1007/BF01556677
http://dx.doi.org/10.1016/0370-1573(84)90207-2
http://dx.doi.org/10.1103/PhysRevD.84.074025
http://dx.doi.org/10.1007/JHEP05(2019)041
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
http://dx.doi.org/10.1140/epjc/s10052-017-5031-2
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://dx.doi.org/10.5170/CERN-2011-006.115
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1103/PhysRevD.92.112007
http://dx.doi.org/10.1016/j.physletb.2012.03.082
http://dx.doi.org/10.1103/PhysRevD.97.072008
http://dx.doi.org/10.1007/JHEP10(2017)141
http://dx.doi.org/10.1016/j.physletb.2018.01.077
http://dx.doi.org/10.1007/JHEP08(2018)048
http://dx.doi.org/10.1007/JHEP08(2017)052
http://dx.doi.org/10.1007/JHEP12(2018)039
http://dx.doi.org/10.1007/JHEP07(2018)089
http://dx.doi.org/10.1007/JHEP08(2018)177

Symmetry 2022, 14, 444 39 of 41

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

CMS Collaboration. Search for top quark partners with charge 5/3 in the same-sign dilepton and single-lepton final states in
proton—proton collisions at v/s = 13 TeV. JHEP 2019, 3, 82. [CrossRef]

CMS Collaboration. Search for vector-like quarks in events with two oppositely charged leptons and jets in proton—proton
collisions at /s = 13 TeV. Eur. Phys. J. C 2019, 79, 364. [CrossRef]

ATLAS Collaboration. Search for Pair-Production of Vector-like Quarks in pp Collision Events at /s = 13 TeV with aT Least
One Leptonically-Decaying Z Boson and a Third-Generation Quark with the ATLAS Detector. ATLAS-CONEF-2021-024, 2021.
Available online: http://cds.cern.ch/record /2773300 (accessed on 1 July 2021).

ATLAS Collaboration. Measurement of the inclusive isolated prompt photon cross section in pp collisions at 1/s = 7 TeV with the
ATLAS detector. Phys. Rev. D 2011, 83, 052005. [CrossRef]

ATLAS Collaboration. Search for pair production of heavy vector-like quarks decaying into hadronic final states in pp collisions
at /s = 13 TeV with the ATLAS detector. Phys. Rev. D 2018, 98, 092005. [CrossRef]

CMS Collaboration. Search for pair production of vector-like quarks in the fully hadronic final state. Phys. Rev. D 2019,
100, 072001. [CrossRef]

CMS Collaboration. A search for bottom-type, vector-like quark pair production in a fully hadronic final state in proton—proton
collisions at /s = 13 TeV. Phys. Rev. D 2020, 102, 112004. [CrossRef]

Aguilar-Saavedra, J.A.; Benbrik, R.; Heinemeyer, S.; Pérez-Victoria, M. Handbook of vectorlike quarks: Mixing and single
production. Phys. Rev. D 2013, 88, 094010. [CrossRef]

De Simone, A.; Matsedonskyi, O.; Rattazzi, R.; Wulzer, A. A First Top Partner Hunter’s Guide. JHEP 2013, 4, 4. [CrossRef]
ATLAS Collaboration. Search for single production of vector-like quarks decaying into Wb in pp collisions at /s = 13 TeV with
the ATLAS detector. JHEP 2019, 5, 164. [CrossRef]

CMS Collaboration. Search for single production of vector-like quarks decaying to a top quark and a W boson in proton—-proton
collisions at /s = 13 TeV. Eur. Phys. J. C 2019, 79, 90. [CrossRef]

CMS Collaboration. Search for Single Production of a Vector-like Quark T Decaying to a Top Quark and a Z Boson with the Z
Boson Decaying to Neutrinos. CMS-PAS-B2G-19-004, 2021. Available online: https://cds.cern.ch/record /2754160 (accessed on 1
July 2021).

ATLAS Collaboration. Search for pair- and single-production of vector-like quarks in final states with at least one Z boson
decaying into a pair of electrons or muons in pp collision data collected with the ATLAS detector. Phys. Rev. D 2018, 98, 112010.
[CrossRef]

CMS Collaboration. Search for single production of a vector-like T quark decaying to a Z boson and a top quark in proton—proton
collisions at y/s = 13 TeV. Phys. Lett. B 2018, 781, 574. [CrossRef]

CMS Collaboration. Search for electroweak production of a vector-like T quark using fully hadronic final states. JHEP 2020, 1, 36.
[CrossRef]

ATLAS Collaboration. Search for Single Production of a Vector-like B Quark Decaying into a Bottom Quark and a Higgs Boson
Which Decays into a Pair of Photons. ATLAS-CONF-2018-024, 2018. Available online: https://cds.cern.ch/record /2628759
(accessed on 1 July 2021).

ATLAS Collaboration. Search for Single Vector-like B Quark Production and Decay via B — bH(bb) in pp Collisions at
V/s = 13 TeV with the ATLAS Detector. ATLAS-CONF-2021-018, 2021. Available online: https://cds.cern.ch/record /2760012
(accessed on 1 July 2021).

CMS Collaboration. Search for single production of vector-like quarks decaying to a b quark and a Higgs boson. JHEP 2018, 6, 31.
[CrossRef]

CMS Collaboration. Search for a heavy resonance decaying to a top quark and a vector-like top quark in the lepton+jets final
state in pp collisions at /s = 13 TeV. Eur. Phys. J. C 2019, 79, 208. [CrossRef]

CMS Collaboration. Search for W Decaying to a Vector-like Quark and a Top or Bottom Quark in the All-Jets Final State.
CMS-PAS-B2G-20-002, 2021. Available online: http:/ /cds.cern.ch/record /2756265 (accessed on 1 July 2021).

CMS Collaboration. Search for single production of vector-like quarks decaying to a Z boson and a top or a bottom quark in
proton-proton collisions at /s = 13 TeV. JHEP 2017, 5, 29. [CrossRef]

ATLAS Collaboration. Search for a scalar partner of the top quark in the all-hadronic #f plus missing transverse momentum final
state at /s = 13 TeV with the ATLAS detector. Eur. Phys. J. C 2020, 80, 737. [CrossRef]

ATLAS Collaboration. Search for new phenomena in pp collisions in final states with tau leptons, b-jets, and missing transverse
momentum with the ATLAS detector. Phys. Rev. D 2021, 104, 112005. [CrossRef]

ATLAS Collaboration. Search for new phenomena in final states with b-jets and missing transverse momentum in /s = 13 TeV
pp collisions with the ATLAS detector. JHEP 2021, 5, 93. [CrossRef]

ATLAS Collaboration. Search for pair production of third-generation scalar leptoquarks decaying into a top quark and a 7-lepton
in pp collisions at /s = 13 TeV with the ATLAS detector. JHEP 2021, 6, 179. [CrossRef]

CMS Collaboration. Search for singly and pair-produced leptoquarks coupling to third-generation fermions in proton—proton
collisions at /s = 13 TeV. Phys. Lett. B 2021, 819, 136446. [CrossRef]

CMS Collaboration. Search for a singly produced third-generation scalar leptoquark decaying to a T lepton and a bottom quark
in proton—proton collisions at /s = 13 TeV. JHEP 2018, 7, 115. [CrossRef]


http://dx.doi.org/10.1007/JHEP03(2019)082
http://dx.doi.org/10.1140/epjc/s10052-019-6855-8
http://cds.cern.ch/record/2773300
http://dx.doi.org/10.1103/PhysRevD.83.052005
http://dx.doi.org/10.1103/PhysRevD.98.092005
http://dx.doi.org/10.1103/PhysRevD.100.072001
http://dx.doi.org/10.1103/PhysRevD.102.112004
http://dx.doi.org/10.1103/PhysRevD.88.094010
http://dx.doi.org/10.1007/JHEP04(2013)004
http://dx.doi.org/10.1007/JHEP05(2019)164
http://dx.doi.org/10.1140/epjc/s10052-019-6556-3
https://cds.cern.ch/record/2754160
http://dx.doi.org/10.1103/PhysRevD.98.112010
http://dx.doi.org/10.1016/j.physletb.2018.04.036
http://dx.doi.org/10.1007/JHEP01(2020)036
https://cds.cern.ch/record/2628759
https://cds.cern.ch/record/2760012
http://dx.doi.org/10.1007/JHEP06(2018)031
http://dx.doi.org/10.1140/epjc/s10052-019-6688-5
http://cds.cern.ch/record/2756265
http://dx.doi.org/10.1007/JHEP05(2017)029
http://dx.doi.org/10.1140/epjc/s10052-020-8102-8
http://dx.doi.org/10.1103/PhysRevD.104.112005
http://dx.doi.org/10.1007/JHEP05(2021)093
http://dx.doi.org/10.1007/JHEP06(2021)179
http://dx.doi.org/10.1016/j.physletb.2021.136446
http://dx.doi.org/10.1007/JHEP07(2018)115

Symmetry 2022, 14, 444 40 of 41

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

ATLAS Collaboration. Search for pair production of scalar leptoquarks decaying into first- or second-generation leptons and top
quarks in proton—proton collisions at v/s = 13 TeV with the ATLAS detector. Eur. Phys. J. C 2021, 81, 313. [CrossRef]

CMS Collaboration. Inclusive Nonresonant Multilepton Probes of New Phenomena at /s = 13 TeV. CMS-PAS-EXO-21-002,
2021. Available online: https://cds.cern.ch/record /2779120 (accessed on 1 July 2021).

ATLAS Collaboration. Search for dark matter produced in association with a single top quark in /s = 13 TeV pp collisions with
the ATLAS detector. Eur. Phys. J. C 2021, 81, 860. [CrossRef]

CMS Collaboration. Search for dark matter produced in association with a single top quark or a top quark pair in proton-proton
collisions at /s = 13 TeV. JHEP 2019, 3, 141. [CrossRef]

ATLAS Collaboration. A search for tf resonances in lepton-+jets events with highly boosted top quarks collected in pp collisions
at /s = 7 TeV with the ATLAS detector. JHEP 2012, 9, 41. [CrossRef]

ATLAS Collaboration. Search for tf resonances in the lepton plus jets final state with ATLAS using 4.7 b~ of pp collisions at
/s =7TeV. Phys. Rev. D 2013, 88, 012004. [CrossRef]

ATLAS Collaboration. A search for it resonances using lepton-plus-jets events in proton—Proton collisions at /s = 8 TeV with
the ATLAS detector. JHEP 2015, 8, 148. [CrossRef]

ATLAS Collaboration. Search for heavy Higgs bosons A/ H decaying to a top quark pair in pp collisions at /s = 8 TeV with the
ATLAS detector. Phys. Rev. Lett. 2017, 119, 191803. [CrossRef] [PubMed]

CMS Collaboration. Search for anomalous tf production in the highly-boosted all-hadronic final state. JHEP 2012, 9, 029.
[CrossRef]

CMS Collaboration. Search for Z' resonances decaying to tf in dilepton+jets final states in pp collisions at /s = 7TeV. Phys. Rev.
D 2013, 87, 072002. [CrossRef]

CMS Collaboration. Search for resonant tf production in lepton+jets events in pp collisions at /s = 7 TeV. JHEP 2012, 12, 15.
[CrossRef]

CMS Collaboration. Searches for new physics using the tf invariant mass distribution in pp collisions at /s = 8 TeV. Phys. Rev.
Lett. 2013, 111, 211804. [CrossRef]

CMS Collaboration. Search for resonant tf production in proton—proton collisions at y/s = 8 TeV. Phys. Rev. D 2016, 93, 012001.
[CrossRef]

CMS Collaboration. Search for tf resonances in highly-boosted lepton-+jets and fully hadronic final states in proton—proton
collisions at /s = 13 TeV. JHEP 2017, 7, 1. [CrossRef]

ATLAS Collaboration. Search for tf resonances in fully hadronic final states in pp collisions at /s = 13 TeV with the ATLAS
detector. JHEP 2020, 10, 61. [CrossRef]

CMS Collaboration. Search for resonant tf production in proton—proton collisions at /s = 13 TeV. JHEP 2019, 4, 31. [CrossRef]
ATLAS Collaboration. Search for Heavy Resonances in Four-Top-Quark Final States in pp Collisions at /s = 13 TeV with the
ATLAS Detector. ATLAS-CONEF-2021-048, 2021. Available online: http:/ /cds.cern.ch/record /2781173 (accessed on 1 July 2021).
ATLAS Collaboration. Search for W’ — tb in the lepton plus jets final state in proton—proton collisions at a centre-of-mass energy
of /s = 8 TeV with the ATLAS detector. Phys. Lett. B 2015, 743, 235. [CrossRef]

ATLAS Collaboration. Search for W — tb — qqbb decays in pp collisions at /s = 8 TeV with the ATLAS detector. Eur. Phys. J. C
2015, 75, 165. [CrossRef]

ATLAS Collaboration. Search for W' — tb decays in the hadronic final state using pp collisions at /s = 13 TeV with the ATLAS
detector. Phys. Lett. B 2018, 781, 327. [CrossRef]

CMS Collaboration. Search for a W’ boson decaying to a bottom quark and a top quark in pp collisions at /s = 7 TeV. Phys. Lett.
B 2013, 718, 1229. [CrossRef]

CMS Collaboration. Search for W' — tb decays in the lepton+jets final state in pp collisions at v/s = 8 TeV. JHEP 2014, 5, 108.
[CrossRef]

ATLAS Collaboration. Search for vector-boson resonances decaying to a top quark and bottom quark in the lepton plus jets final
state in pp collisions at /s = 13 TeV with the ATLAS detector. Phys. Lett. B 2019, 788, 347. [CrossRef]

CMS Collaboration. Search for heavy resonances decaying to a top quark and a bottom quark in the lepton+jets final state in
proton—proton collisions at 13 TeV. Phys. Lett. B 2018, 777, 39. [CrossRef]

CMS Collaboration. Search for W’ bosons decaying to a top and a bottom quark at /s = 13 TeV in the hadronic final state. Phys.
Lett. B 2021, 820, 136535. [CrossRef]

ATLAS Collaboration. Search for Vector Boson Resonances Decaying to a Top Quark and a Bottom Quark in the Hadronic
Final State Using pp Collisions at /s = 13 TeV with the ATLAS Detector. ATLAS-CONF-2021-043, 2021. Available online:
https:/ /cds.cern.ch/record /2779178 (accessed on 1 July 2021).

ATLAS Collaboration. Search for charged Higgs bosons decaying into a top quark and a bottom quark at /s = 13 TeV with the
ATLAS detector. JHEP 2021, 6, 145. [CrossRef]

CMS Collaboration. Search for a heavy resonance decaying into a top quark and a W boson in the lepton+jets final state at /s=
13 TeV. arXiv 2021, arXiv:hep-ex/2111.10216.

CMS Collaboration. Search for a heavy resonance decaying to a top quark and a W boson at /s = 13 TeV in the fully hadronic
final state. J. High Enerqy Phys. 2021, 2021, 1-46. [CrossRef]


http://dx.doi.org/10.1140/epjc/s10052-021-09009-8
https://cds.cern.ch/record/2779120
http://dx.doi.org/10.1140/epjc/s10052-021-09566-y
http://dx.doi.org/10.1007/JHEP03(2019)141
http://dx.doi.org/10.1007/JHEP09(2012)041
http://dx.doi.org/10.1103/PhysRevD.88.012004
http://dx.doi.org/10.1007/JHEP08(2015)148
http://dx.doi.org/10.1103/PhysRevLett.119.191803
http://www.ncbi.nlm.nih.gov/pubmed/29219511
http://dx.doi.org/10.1007/JHEP09(2012)029
http://dx.doi.org/10.1103/PhysRevD.87.072002
http://dx.doi.org/10.1007/JHEP12(2012)015
http://dx.doi.org/10.1103/PhysRevLett.111.211804
http://dx.doi.org/10.1103/PhysRevD.93.012001
http://dx.doi.org/10.1007/JHEP07(2017)001
http://dx.doi.org/10.1007/JHEP10(2020)061
http://dx.doi.org/10.1007/JHEP04(2019)031
http://cds.cern.ch/record/2781173
http://dx.doi.org/10.1016/j.physletb.2015.02.051
http://dx.doi.org/10.1140/epjc/s10052-015-3372-2
http://dx.doi.org/10.1016/j.physletb.2018.03.036
http://dx.doi.org/10.1016/j.physletb.2012.12.008
http://dx.doi.org/10.1007/JHEP05(2014)108
http://dx.doi.org/10.1016/j.physletb.2018.11.032
http://dx.doi.org/10.1016/j.physletb.2017.12.006
http://dx.doi.org/10.1016/j.physletb.2021.136535
https://cds.cern.ch/record/2779178
http://dx.doi.org/10.1007/JHEP06(2021)145
http://dx.doi.org/10.1007/JHEP12(2021)106

Symmetry 2022, 14, 444 41 of 41

137.

138.

139.
140.

141.

142.
143.

144.

145.

CMS Collaboration. Search for pair production of excited top quarks in the lepton+jets final state. Phys. Lett. B 2018, 778, 349.
[CrossRef]

Lapsien, T.; Kogler, R.; Haller, . A new tagger for hadronically decaying heavy particles at the LHC. Eur. Phys. ]. C 2016, 76, 600.
[CrossRef]

Olive, K. Review of Particle Physics. Chin. Phys. C 2016. 40, 100001. [CrossRef]

ATLAS Collaboration. Combination of searches for heavy resonances decaying into bosonic and leptonic final states using 36 fb !
of proton—proton collision data at /s = 13 TeV with the ATLAS detector. Phys. Rev. D 2018, 98, 052008. [CrossRef]

CMS Collaboration. Combination of CMS searches for heavy resonances decaying to pairs of bosons or leptons. Phys. Lett. B
2019, 798, 134952. [CrossRef]

Alvarez, E.; Estevez, M. tfbb as a probe of new physics at the LHC. Phys. Rev. D 2017, 96, 035016. [CrossRef]

Apollinari, G.; Rossi, L.; Briining, O.; Nakamoto, T. High-Luminosity Large Hadron Collider (HL-LHC): Technical Design Report V. 0.1;
CERN: Geneva, Switzerland, 2017; [CrossRef]

CMS Collaboration. The Phase-2 Upgrade of the CMS Level-1 Trigger; Technical Report CERN-LHCC-2020-004, CMS-TDR-021, Final
Version; CERN: Geneva, Switzerland, 2020.

ATLAS Collaboration. Technical Design Report for the Phase-1I Upgrade of the ATLAS TDAQ System; Technical Report CERN-LHCC-
2017-020, ATLAS-TDR-029; CERN: Geneva, Switzerland, 2017.


http://dx.doi.org/10.1016/j.physletb.2018.01.049
http://dx.doi.org/10.1140/epjc/s10052-016-4443-8
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1103/PhysRevD.98.052008
http://dx.doi.org/10.1016/j.physletb.2019.134952
http://dx.doi.org/10.1103/PhysRevD.96.035016
http://dx.doi.org/10.23731/CYRM-2017-004

	Introduction
	The Phenomenology of Vector-like Quarks
	The Phenomenology of Leptoquarks
	Other Relevant Phenomenology
	Common Objects and Methods

	Vector-like Quark Searches
	Searches for the Pair Production of VLQs
	Searches for the Single Production of VLQs
	Searches for Exotic Production of VLQs

	Leptoquark Searches
	Other Resonance Searches
	Searches for Resonances Decaying into Two Top Quarks
	Searches for Resonances Decaying into One Top Quark and a b-Quark
	Other Resonances Decaying into at Least One Top Quark

	Summary and Outlook
	References

