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Abstract

Experimental searches for vector-like quarks have until now only considered their de-
cays into Standard Model particles. However, various new physics scenarios predict
additional scalars, so that these vector-like quarks can decay to new channels. These
new channels reduce the branching ratios into Standard Model final states, significantly
affecting current mass bounds. In this article, we quantitatively assess the relevance and
observability of single and pair production processes of vector-like quarks, followed by
decays into both standard and exotic final states. We highlight the importance of large
widths and the relative interaction strengths with Standard Model particles and new
scalars. Then, we review the post-Moriond 2024 status of these models in light of avail-
able LHC data and discuss potential future strategies to enhance the scope of vector-like
quark searches.
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1 Introduction

After more than a decade of intense experimental activities at the Large Hadron Collider (LHC),
no significant deviation from the predictions of the Standard Model (SM) of particle physics
has been observed. Many comprehensive reviews of the current situation and planning reports
for future activities have been put forward lately, see e.g. [1-5]. These general works focus
on a broad category of excursions beyond the SM (BSM). One of the purposes of this article
is to draw attention to a class of models that, while still well motivated, are “less minimal” in
the sense of containing a richer spectrum of BSM particles. On the one hand, the presence of
additional particles modifies the constraints from current experimental searches; on the other
hand, it opens up new channels for future searches for new physics.

One class of models aiming at addressing the well-known problems with the SM entails the
existence of vector-like fermions (VLF), commonly referred to as “partners” of SM fermions
when they share the same electric charge. They were initially proposed in [6] in the context
of technicolour, but since then their use has widened in scope [7]. These vector-like BSM
fermions possess Dirac masses even in the absence of a vacuum expectation value of the Higgs
boson, since their left-handed and right-handed chiralities transform identically under the SM
gauge group. Due to this fact, they are also safe from gauge anomalies, in contrast to chiral
fermions.

VLFs, particularly vector-like quarks (VLQs),! arise in composite Higgs models [9, 10]
(CHM) where they provide the necessary interactions to misalign the vacuum and break the
electroweak symmetry. The mixing between the VL.Qs and the top quark via partial composite-
ness interactions provides an explanation for the large top quark mass in the CHMs [6,11-13].
VLQs can also appear in other theories, e.g., two-Higgs doublet models (2HDMs) [14-19].

Composite Higgs models are based on the breaking of a global symmetry G of a strongly
interacting sector, down to a symmetry H with resulting coset space G/H, where the pseudo-
Nambu-Goldstone bosons (pNGBs) of the symmetry breaking live [9]. The minimal CHM [10]
is based on the coset G/H = SO(5)/S0(4), and does not give rise to any additional light scalar
other than the Higgs boson. All other composite Higgs models have larger cosets, and therefore
additional scalar states.

When considering dynamical symmetry breaking arising from underlying four-dimensional
confining theories, it is more natural to consider coset spaces G/H where G only contains SU
factors [20-22]. With this additional assumption, the minimal cases that also preserve custo-
dial symmetry are indicated in Tab. 1. Note that the first coset SU(4)/Sp(4) = S0O(6)/SO(5)
is usually referred to as the next-to-minimal CHM [23]. The various possible pNGBs and VLQs
present in these models? are also listed in Tab. 1.

n this study, we will primarily focus on the SU(3), colour triplet VLQs, and colourless electroweak scalars.
See e.g. [8], for a discussion on VLFs in higher SU(3), representations.

2An additional advantage of these constructions is that they can be studied on the lattice, see [24] and [25] for
recent developments.
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Experimental searches at LHC have focused on single or pair production of VLQs, followed
by their decay into SM states. Most prominent have been searches for top-partners T into the
channels Zt, Ht, and Wb and similar searches for bottom-partners B. No evidence for these
particles has been found and this has led to lower bounds on their masses above the TeV, as
we review below. The potential of the high-luminosity LHC (HL-LHC) and high-energy LHC
(HE-LHC) to extend the reach is discussed in e.g. [5].

However, it is important to note that in these non-minimal scenarios the VLQs can also
decay into BSM scalars. Bounds from the direct production of these scalars can be obtained,
as discussed in, e.g. [26,27].

Ref. [18] has considered what is arguably the simplest exotic channel, T — S°t (S° be-
ing a BSM neutral scalar), with subsequent decay S° — yy or S° — Zy. A more complete
model leading to similar signature and with very suppressed T decay into SM particles has
been considered in [28]. In [29] a broader perspective was taken, including partners with ex-
otic charges and (multi-)charged scalars. Additional exotic signatures are discussed by other
groups in [8,30-48].

Recent reviews from the ATLAS and CMS collaborations have summarised the results from
VLQ searches during Run 2 in [49, 50]. In this study, we provide a more concise summary
of these results using two summary plots: one for pair production (Fig. 6) and one for single
production (Fig. 7) of VLQs, and compare the exclusion limits from both the ATLAS and CMS.
We conduct a quantitative analysis to assess the relevance of pair production vis-a-vis single
production and the significance of exotic decay channels of VLQs in future searches. Addition-
ally, we highlight several novel aspects that could help designing future strategies for studying
VLQs.

In this work we will not delve into the details of the theoretical constructions of CHMs,
which are reviewed elsewhere (e.g. [28]) and will simply define the scope of the BSM mod-
els of interest. We only consider simplified models — theories where the SM particle con-
tent is extended by adding one vector-like quark ¥ and one scalar multiplet S with definite
SU(3). xSU(2); x U(1)y quantum numbers, see Tab. 1. We further assume that only the SM
Higgs doublet can receive a vacuum expectation value (v), to avoid strong constraints from
electroweak precision observables.

We thus consider an effective Lagrangian including one VLQ ¥ and one scalar S with def-
inite quantum numbers under the SM gauge group,

L=CLsy+Lap+Lyp+-.., 1)

where Eﬁ;‘, denotes the new physics Lagrangian up to dimension-four operators, and Ei]p
denotes the Lagrangian containing only dimension-five operators. Schematically, Lf,f, is given

by
L53 > U(iPB—my)¥ + D, SPP—V(S,H) +uw¥f + yyUfH + ysUf S + s ¥¥S + 5, f/fS, (2)

where f, f’ denote SM fermions. Note that not all terms might be present depending on the
representations of ¥ and S. The u, yy and ys terms in (2) lead to partial compositeness
interactions. A list of operators with at least one VLQ that contribute to ﬁzsvp is shown in
Tab. 2.

In Sec. 2 we discuss the production modes of the VLQs at the LHC, specifically focusing on
the issue of if, and when, single VLQ production dominates over pair production. In Sec. 3,
we present a quantitative estimate for the relevance of exotic decays of VLQs through a simple
example. The current experimental situation is detailed in Sec. 4, where the main results are
summarised in two plots: Fig. 6 and Fig. 7. Prospects for VLQ searches at Run 3 of LHC and
HL-LHC are discussed in Sec. 5. In the Appendix A we list all Run 2 ATLAS and CMS searches
relevant for these models. In Appendix B we present a list of final states which can be studied
to search for a vector-like top partner.
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Table 1: List of scalars arising in CHMs, with the specified coset spaces, together with
the most common VLQ representations for these cosets. We do not list the SM Higgs
doublet, with quantum numbers (1, 2); /5, which arises in all cosets.

Spin Quantum numbers Components Composite Higgs models
Su@4)  SU(5) su(4)?
[SU(3). x SU2)Lluq), Sp(® 5005 SU4)
(1,1) S9 v v v
0 (1,2)1/2 (S+’S(2)) - - v
(1,3), (s4.89,87) - v v
(1,3); (s3+,54,89) - v -
(3,1)y/3 Ty3
(3,1)_1/3 B_y3 VLQs arise as
(326 (Taya: By reprosenratons
1/2 (3,2)7/6 (Xs/3, T23) P
of the unbroken
(3,3)-1/3 (T23:B-1/3,Y_4/3) subgroups Sp(4),
(3,3)y3 (X573, Ty3,B_1/3) 50(5), and SU(4)
(3,3)s/3 (Yg3,X5/3, T2/3)

Table 2: Dimension-5 operators involving at least one VLQ. X,,, denotes any of the
SM gauge boson field strengths.

U+ SM fields | o*¥X,, ¥ot'fX,, UfH? TUH?

\p+s+SMﬁelds\

UfHS UfSs? Tws?

2 VLQ pair or single production?

Assuming that VLQ interactions with SM fermions exclusively involve SM quarks of the third
generation, VLQs can be produced at the LHC either in pairs, or singly in association with a
third generation quark and a light jet. Relevant Feynman diagrams are shown in Fig. 1.

q T q q
W)z
v
q v g b/t

Figure 1: Representative Feynman diagrams contributing to pair and single produc-
tion of the VLQ ¥ at hadron collider.
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The cross-section for pair-production of VLQs is driven by QCD interactions, thus in the
narrow-width approximation (NWA), the cross-section for QCD pair production depends ex-
clusively on the VLQ mass. The cross-section for single production, on the other hand, is also
proportional to the couplings of the VLQs to electroweak gauge bosons and third generation
quarks, hereafter referred to as the EW couplings of VLQs. These additional couplings are
model-dependent free parameters which can span a large range of values and thus determine
the relevance of single production channels relative to pair production.

Single production of VLQ is expected to become dominant with respect to pair production
for growing VLQ mass, due to the smaller phase space suppression and greater contribution
of quark PDFs with respect to gluon PDFs at higher energy scales. If the couplings of the VLQ
to SM bosons are too small, single production might be suppressed for any VLQ mass within
the energy reach of the LHC; if on the other hand they are sufficiently large such that single
production can be observed at the LHC, the total width of the VLQ may become large enough
so that NWA is no longer accurate [51].

While experimental searches have already considered large width in single production [52—
571, it is essential to also consistently take into account large width effects in pair produc-
tion [58]. This is due to the increasing significance of off-shell contributions, which are sub-
dominant in the NWA. Moreover, non-factorisable contributions where the VLQ propagates
only in t-channel topologies, and interferences with the SM irreducible background, both of
which are absent by definition in the NWA, also gain importance for large width.

Hence, to properly simulate signals associated with VLQs having large width one should
include the decay products of the VLQs in the final state, instead of assuming on-shell prop-
agation of the VLQs. The cross-section associated to the new physics signal is a weighted
sum of the various processes corresponding to the final states which can be reached by the
propagation of the VLQ, as shown below

2.2 A Aint
O pair(My, Ty) = Z K.K% Upp_mﬁ(mqu Iy)+ Z KqKp O‘;’;_)ab(m\p, Iy), ()
a,b a,b
_ 2.2 A ~int
Osingle(My, Ty) = Z KgKg O ppoagj(my, Ty) + Z KaKq Oy qgj(Me, Ty) +c.c., (4
aq aq

where a, b are 2-body SM final states, e.g. Wb, Zt or Ht for a top partner, and their con-
jugates, while x, , denote the strength of the three point vertices involving ¥ and the corre-
sponding SM particles. Note that the above signal parametrisation, which uses a weighted sum
of independent elements to account for subtle effects such as interferences and finite widths,
allows to construct a complete set of simulated Monte Carlo samples of the signal. This can
be used to describe the kinematical properties of final states for any new-physics benchmark,
characterised by specific values of masses, couplings and total widths, therefore reducing the
number of dedicated numerical simulations. The samples can also be used to determine the
experimental efficiencies of any search, generalising this treatment also for future analyses.

For single production the g summation is related to the coupling between ¥ and the third-
generation SM quark g produced in association via interactions with W or Z. The reduced
cross-sections &, which depend only on the relevant kinematical parameters, mass my, and to-
tal width Ty, have been factorised from the couplings, and the interference contribution "
with purely SM processes leading to the same final states have been taken into account. For
single ¥ production, the contribution of the charge-conjugate process producing V¥ is consid-
ered as well.
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Table 3: Cross-sections at 13.6 TeV, in decreasing order, for irreducible backgrounds
corresponding to final states compatible with pair or single production of a vector-
like top partner T. The uncertainties correspond to scale and PDF systematics re-

spectively.

SM irr. bkg. for TT final states

SM irr. bkg. for single T final states

Final state

Cross-section (pb)

Final state Cross-section (pb)

W+bW b 500128 Tot3- 5% W*bbj 114218 5k
W*bZE+W™bZt  1.1407230+48% | wtpij+ wobej  8.17+1G1%+21%
WTbHE+W™bHt 0.7537337%+522% | Ztbj+ Ztbj 0.35+ 8%+ 1.9%

YAYA: 0.0015+275%+35% | [¢]j 4 HEbj 00347 187/6+22%
ZtHE+ZTHt  0.0013723:2%+3.7% Ztij 0.0084718%+1-9%
HtHE 0.0007+28:3%+4.3% Htij 0.00411137-25%,,

As an example, let us consider a well-studied minimal extension of the SM with a vector-
like top partner T and focus on its interactions with the SM (the addition of interactions with
new scalars will be studied in Sec. 3). We further assume that T is either a SU(2); singlet or
a doublet with the following branching ratios [7]*

BRqub . BRT—>Zt . BRT—>H[ =2:1:
BRTﬁwb . BRT—’Zt . BRT—>Ht =0:1:

1,
1,

for singlet,
for doublet,

and perform a comparative study between the cross-sections of signal and background for
varying width/mass (I';/my) ratios. Note that the doublet T can reside in either a (T,B) or
a (X, T) doublet, see Tab. 1. The branching ratio of a (T, B) doublet depends on its couplings
with the SM right-handed quarks, we consider the branching ratio pattern when the Yukawa
coupling with by is zero. Even if BSM decays are not explicitly considered in this example,
typically additional new physics, for example in the form of other VL.Qs or scalars with varying
charges leading to compensations of loop effects, is necessary to evade constraints from flavour
or EW precision observables [58-61].

The cross-sections of the irreducible SM backgrounds corresponding to all the combina-
tions of possible final states for pair and single production are provided in Tab. 3. These
values serve as a reference for the following analysis, however we will present the results in
terms of ratios of cross-sections.* Let og, be the signal plus background cross-section for a
certain process, including the interference effects between signal and background, while o
be the background-only cross-section for the same process. The relative difference between
the two cross-sections, denoted by 653 = (05,5 —0p)/0p, are shown in Fig. 2, for each of the
final states and for two different widths I'; /m; = 0.01 and 0.1. In the lower part of the plots
the relative ratios between the cross-sections computed with a proper finite width approach
and those in the NWA are also shown.

3These relations are valid in the asymptotic limit of m; > m,, with i being any SM boson T can decay to, where
the Goldstone boson equivalence theorem holds. We will consider this approximation valid for the entire range of
T masses explored here.

“All simulations in this and following sections have been done for LHC@13.6 TeV and at leading order using
MG5_AMC [62] with the LO NNPDF 3.1 set of parton distribution functions [63]. The complex mass scheme has
been adopted to treat the VLQ finite widths (more details about scheme dependence can be found in [51]). To allow
for consistent comparisons, the renormalisation and factorisation scales have been set to the event-dependent sum
of the transverse masses of final state particles divided by 2. Mild kinematic cuts have been applied (pr;, > 10
GeV, |n; ;| <5 and dRj;, ,;, > 0.01), where the p; cut is necessary to avoid integrating in a region of phase space
with collinear divergences.
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Figure 2: The four plots in this figure concern the singlet-like (top row) and doublet-
like (bottom row) scenarios in the two cases where the VLQ width/mass ratios are
1% (left column) and 10% (right column) respectively. Each plot is split into an
upper panel — showing the relative difference between the 13.6 TeV cross-sections of
signal and background for each final state, and a lower panel — showing the relative
difference between the signal cross-sections with the large width (LW) and those with
the NWA. In the upper panels, the contribution of interference with background is
included, leading to negative values for some processes in some my ranges. In the
lower panels, only processes for which the absolute value of the relative difference
become larger than 1% in the range 1 TeV < my < 3 TeV are shown. In this figure
and in Fig. 5, the y-axis is represented in symmetric mixed log-linear scale: log scale
for |y| larger than a threshold (here 0.01) and linear scale for |y| smaller than the
same threshold.

The effects of finite width are more pronounced for processes which have a low back-
ground, i.e. those involving one or more top quarks in the final state. The relevance of single
production with respect to pair production increases with the VLQ width, especially for m; < 2
TeV where cross-sections are higher, as the single production cross-section depends on the same
couplings which determine the width. Above 2 TeV, however, interference effects become rela-
tively important for both single and pair production processes, in some cases leading to mildly
negative relative differences 655. This would potentially result in a deficit of events.

As expected, the deviations with respect to the NWA significantly increase with the width.
However, interestingly, even in the case of a reasonably small width/mass ratio of 1%, such
effects can be quite large, especially for large VLQ masses. The reason for these deviations,
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even with small widths, is primarily due to the presence of the aforementioned non-factorisable
interference terms arising from topologies where the VLQ propagates non-resonantly in t-
channel diagrams. These interference terms are usually neglected when applying the NWA,
but they can in principle be relevant when the new physics couplings are large enough, and
cannot be ignored [64,65]. Their relative importance with respect to the NWA cross-section
increases for increasing VLQ mass because the NWA cross-section drops much faster due to
the need to produce T resonantly.

For the case of single production the importance of interference effects for small width can
be also seen in Fig.7 of [51] (and analogous for other processes in the same reference), where
the isolines of constant & become independent on the I'/M ratio when the width becomes
smaller than certain values. We have checked that for smaller values of the width/mass ratio
the relative differences with the NWA indeed fluctuate around zero or deviate at most of O(%).
This is consistent with the fact that the contribution to the cross-section associated to such
interference diagrams scales quadratically with the new couplings, thus becoming less and
less important as the couplings decrease.

To summarise, the results in Fig. 2 show that significant deviations from the SM background
can be achieved both in pair and single production, allowing either production modes to be
effective depending on the T mass and width. For example, for a singlet T with mass around
1.5 TeV (approximately the current limit for VLQs decaying to SM) and width around 1% of
the mass, pair production processes with only top quarks in the final state are more likely to
show significant deviation (more than 10%) from the SM background. If the width increases
to 10% of the mass, single production with the Higgs boson in the final state feature similar or
even larger deviations. For a doublet T analogous conclusions hold. As the width increases,
the relative importance of single production grows rapidly.

The possibility to observe such deviations crucially relies on the design of signal regions
capable of enhancing these deviations. The use of strong cuts on global variables can also
help access higher mass scales where all channels contribute to generate signal events.These
results also suggest the upper limit on systematic uncertainties that would ideally be needed
to distinguish each signal from its irreducible background in four-particle final states.”

3 Exotic decays of VLQ

The main focus of this study is to explore the prospect for detecting various non-minimal
scenarios involving VLQs at the LHC. As mentioned in the Introduction, the most notable
form of non-minimality stems from the exotic decays of VLQs into BSM scalars and a third-
generation quark. Specifically, VLQs can exhibit significant branching ratios to BSM scalars
that emerge from various composite Higgs cosets, as illustrated in Tab. 1.

To make a quantitative statement regarding the pertinence of the exotic decay modes of
the VLQs we illustrate it in a simple non-minimal extension of SM with a SU(2) singlet vector-
like top-partner (T) and a SM gauge singlet scalar (S°). The next-to-minimal SU(4)/Sp(4)
coset space provides a concrete model where the above particle content can emerge. In Sec. 2,
we already discussed the production modes of a singlet T, as well as its branching ratios in
various SM final states in the absence of any BSM scalars. The relevant interaction Lagrangian
to study the decays of T is given by

e

Lo =
7 Vasy

>Including top or W, Z,H boson decays and evaluating backgrounds for larger final state multiplicities goes
beyond this simple estimate, and in that case a comprehensive investigation of backgrounds and reconstruction
efficiencies would be essential for more precise analyses.

e

Ky TY*WPLb + 5 KETy*Z, Pt + kEHT Pt + k5SOTPt + (L > R)+h.c. (5)

CwSw

8
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The coupling strengths x'® can be parametrised up to O(v/my) as

Y mr
§V|=|K§|=m—l<, xR 1=1x¥] =0, IKILL,I:FIKﬁI:K, kil =0, [x§l=xs, (6)

T t

|x

where x and kg are two free parameters. In principle, (5) can be obtained from the Lagrangian
(2) by identifying & = T and S = S°, and diagonalizing the T —t mass matrix. Note that, K{;V 7
and Kﬁ are suppressed by a factor of O(v/my) compared to xg. In addition, K§ is suppressed
compared to K§ by O(v/mr), and thus neglected in the following for simplicity.

Above the threshold my > mg + m,, the partial widths of T into S°t and SM final states

are:

2 2 242 2 4 272
_ k*myp .1 my, My, my, My, M, ~mM;,
Irowp = AL —— - 22— t——F | (7)
1671 my. mig mz. m7. my mry
2mp oo (om? MEN[( m2\' MEZ M} mPM2
Iz = 3270 2(1’F’F) (1_F) +F—2F+ o s (8)
T Mr T T T T
2
CkPmp a0 omiomy : m;  my  mimy
I_‘T—>HL‘_ 39 A2 15_2’_2 1+_2 +4_2__2_ 4 ) (9)
n my my T my My my
2 2 _oNT 2 2
K2m m? m m m
sMmr 1 5 s
o= (1 e ) e ) ao
T Mr/L T T

where A2(a, b,c¢) = Va2 + b2 + c2 — 2ab — 2ac — 2bc denotes the Killén function. The rela-
tion between the branching ratio of the new decay channel T — S°t with respect to the SM
decay channels T — Wb, Zt,Ht is:
2
BRy_,q0; : BRy_,wp : BRr_ 7+ : BRr_ s =~ K—z :2:1:1, for mg<my. (1D

Therefore, for mg < my, the T — S°t decay can have a branching ratio as large as 50% if
kg =~ 2k. For generic values of mg, BRy_ g0, is determined by two ratios kg/k and mg/my, as
illustrated in Fig. 3.

A phenomenologically relevant question when VLQs have sizeable interactions with new
scalars is which process(es) are most likely to produce signal events at the LHC. As described in
Sec. 2, VLQs can be produced in pairs or singly.® The relative importance of these production
processes crucially depends on the size of the interactions between VLQs and the SM quarks,
and thus on the width of the VLQ. In case of exotic decays, the kg coupling and the scalar
mass mg can significantly affect the width. Thus, the summations in (3) and (4) should be
augmented with the new decay channels.

Since pair production cross-sections mainly depend on the T mass, and there are no inter-
ference contributions with the SM background in 2 — 4 processes involving new scalars in the
final state, the cross-sections of these processes are simply scaled by the branching ratios to
the exotic decay channels. Hence, we will focus on single production processes in the follow-
ing discussion. We will assume that T cannot be produced through its coupling with the new
scalar S, for example because S° only interacts with heavy quarks or with SM bosons, and
consider VLQ production mediated by the W and Z bosons only. The reduced cross-sections

SIf the new scalar is heavier than the VLQ, a further process would be possible, i.e. gg — S® — Tt, which
depends on the loop-suppressed effective coupling between S° and the gluons. However, for mg < my, this process
receives a further strong suppression by the off-shellness of the S°. We have verified that for the benchmarks we
consider in this section, this process always leads to cross-sections of order of the ab or less, and for this reason
we will ignore its contribution to the single production of T.
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Figure 3: Fixed contours of the BRy_,50; are shown in the kg/k —mg/my plane for
two different values of the VLQ mass, my = 1 TeV (solid lines) and m; = 2 TeV
(dashed lines).

for the S°t final state depend on the T and S° masses, and on the total width of T, and are
defined as:

Osorpj(my, Ip;mg) = (r3 )2 (x5 Gsoppj(my, Tpsmg), (12a)
osorej(mr, Trsmg) = (3)*(x5)* & gor¢j(my, s mg). (12b)

Their values values are shown in the m; —mg plane in Fig. 4 for two choices of the I'y/m
ratio, namely 0.01 and 0.1.

We now have all the elements to assess which single production channels to consider in
the presence of exotic decays, and when signals from single production processes cease to be
observable at all. Let us consider, as a working example, m = 1.5 TeV, I'y /m; = 1% and 10%,
mg = 500 GeV, and the branching ratios of singlet-like T varies as in (11). Using the couplings
given in Eq. (6), reduced cross-sections for S°t from Fig. 4 and those for the SM final states,’
we can derive the cross-sections associated with the individual single production processes. In
Fig. 5 we show the comparison between such cross-sections as function of BRy_,50,. From these
results it is possible to infer a number of potentially relevant phenomenological consequences:

e The cross-section corresponding to single T production going to the exotic S°t final
state is always maximal when BR;_,q0, = 0.5, although its value also depends on the
masses and widths configuration and if the process is initiated by interactions with W or
Z bosons. In contrast, the cross-section becomes negligible in the opposite two limits:
when BRy_,q0; = 0, corresponding to kg = 0, and when BRy_,q0; = 1, corresponding to
Kk = 0 (recall that we assume T is singly produced solely through its interactions with
the SM gauge bosons, not via S° itself, see Fig. 1).

* The cross-sections to purely SM final states become subdominant when BR;_,q0; be-
comes larger than a specific value, which varies depending on the SM final state.

"These have been obtained following the procedure in [51], but for LHC@13.6 TeV with the same cuts and PDF
sets described in Sec. 2.
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Figure 4: Reduced cross-sections & for processes of single T production via interac-
tions with either Wb (top row) or Zt (bottom row) and in all cases decaying to a
neutral scalar S° and the top quark. In the left column the I'; /m ratio is 1%, while
in the right column is fixed to 10%. Subsequent decays of the scalar have not been
considered here.

* Depending on the configurations of masses and widths, kg may reach large values, mak-
ing a perturbative approach to the calculation questionable.

 Some interference contributions for SM final states are negative,® and for W-initiated
processes the SM combined sum gy = Owppj + Oz¢pj + Onepj> represented by the
blue curves in the plots, becomes negative when BRy_,50, becomes larger than some
value which depends on the masses and width. From Eq. (12), it is possible to see that
interferences scale as k2, while the contributions from squaring signal topologies scale
as k*. As BRy_,0, — 1, k — 0, so that interference becomes eventually dominant and,
when negative, it leads to a deficit of signal events in the SM channels.

8We stress that the sum of signal and interference can be negative, as long as the total cross-section, defined as
the sum of contributions from SM background, signal and their interference, is positive.
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Figure 5: Single T production cross-sections and their combined sums as function of
BR7_,0; for my = 1500 GeV and mg = 500 GeV. For the SM final states, the contri-
bution of interference with the SM background described in (12) has been included.
The corresponding interaction couplings from (5) are also shown. In the left col-
umn [ /my = 1%, in the right column I'; /m; = 10%. Single production processes
initiated by the interaction TW b with coupling KIL,V are shown in the top row, while
in the bottom row they are initiated by the interaction TZt with coupling Ké. The
negative cross-section values correspond to region where negative interference with
the SM background has a dominant contribution.

Ks,K

* The sum of cross-sections for all SM and exotic final states, represented by the purple
lines in the plots, is important when considering analyses based on particle multiplicities
and global kinematic variables (such as Hy or Hy + E 1), which are more agnostic to the
specific decays of S°. A significant contribution from the exotic final state to the sum is
present even for relatively small values of BR;_,o;.

Apart from the above example other prominent exotic decay modes for VLQs include

T—S*b, B—S5%,S7t, Xs5;3—STt,S*Th, Y 435 b,St, Ygs3—S"t. (13)
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In the next section, we will summarise the results from existing phenomenological analyses
which impose limits on the masses of pair produced VLQs at the LHC, exploiting their BSM
decay channels. Although the couplings with BSM scalars do not contribute to the single pro-
duction of the VLQs at leading order, exotic decay modes may lead to novel search topologies
for the singly produced VLQs. In Appendix B we present a comprehensive list of final states
for a vector-like top partner (T) arising from both single and pair production processes, taking
into account the two-body decays of T into SM final states and new scalars which subsequently
decay into SM particles.

Exotic decays can also play a crucial role in the direct search for VLQs with unusual elec-
tric charges, leading to distinctive smoking gun signatures. For instance, in the absence of
any BSM scalars, Yg /3 can only undergo a 3-body decay into W*W™t via an off-shell X5 3
exchange [30]. However, if a light doubly charged scalar is present, a novel 2-body decay
channel, Yg/3 — S**¢, with nearly 100% branching ratio can open up providing additional
ways for detection [29].

We mention in passing, that the BSM scalars typically decay into dibosons or a pair of third
generation quarks in the composite Higgs models.” In these models, the BSM scalars arise as
PNGBs and do not receive any vacuum expectation value. Therefore, diboson decays occur
via dimension-5 operators at one loop, resulting in a narrow width. In contrast, decays of the
pNGBs into third-generation quarks occur via the tree level operator iS°fy°f, contributing to
the width as (Iy/mg < 10%) when the coupling strength is less than unity.

4 Limits from LHC Run 2 data

All published experimental limits on the masses of VLQs from the ATLAS and CMS collabora-
tions assume that the VL.Qs undergo 2-body decays exclusively to SM particles. Limits on the
masses of VLQs from searches for the pair- and single-production are summarised in Figs. 6
and 7, respectively.

Fig. 6 is an updated version of the plot presented in [26] (we kept only VLQ exclusion
limits, updated experimental bounds and added other exotic channels) and shows a summary
of several phenomenological analyses assuming exclusive decays (100% branching ratio) of
VLQs into pNGBs and third generation quarks [18,37,40,66]. When BSM decay channels are
accessible, constraints on VLQ masses are considerably relaxed compared to current experi-
mental searches. The weakest constraints are obtained in the case when the vector-like top
decays to a pseudoscalar pNGB, which further decays to two photons or a photon and a Z
boson [18]. In contrast, the decay of X5,3 — S**b, provides the strongest limit when the $**
undergoes a lepton number violating decay into S** — e*e* [40].

The strongest limits obtained from published experimental searches for pair-produced
VLQs decaying into SM particles are shown as horizontal bars. These limits assume 100%
branching ratios to the corresponding decay mode. The most stringent lower limits on the VLQ
mass were found to be 1.7 TeV in a vector-like top search in the T — Wb decay mode [70]
and 1.56 TeV in a vector-like bottom search in the B — Hb mode [67], using the data col-
lected during the full Run 2 of the LHC. Since Y_4/3 decays only to Wb assuming purely SM
decays, the strongest bound on T reported in [70] also applies to Y_y /3 since this limit assumes
BRy_yp = 100%.1°

“However, they can, in general, have additional decay channels into lighter quarks and leptons [40].

10For pair production it is possible to reinterpret limits on T for Y_,/3 even if BRy_,y;, < 100%, assuming there’s
no contamination from other channels. For single production, if BR;_,;,, < 100%, such a reinterpretation is not
trivial because the production cross-section also depends on the same couplings which determine the BRs.
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Figure 6: 95% CL exclusion limits on the my—mg plane from pair production of VLQs.
The horizontal bars at the top show current experimental limits from ATLAS and CMS
for VLQ decays into SM final states with 100% branching ratio. The solid lines show
recast limits on different exotic decays using LHC Run-2 data. The area to the left
of each curve is excluded by the current data. This figure is an updated version of
the summary plot presented in [26]. References used for VLQ pair production with
exotic decay: [18,37,40,66], and for VLQ limits from SM decays: [67-71].

Mass limits on singly produced VLQs depend on their coupling to the W and Z bosons,
their mass, and their width. Different searches employ different ways to report the observed
limits:

1. limits on the production cross-section as a function of my, (e.g. [72]),
2. limits on the couplings of ¥ to the W, Z and Higgs bosons as a function of my, (e.g. [52]),
3. limits on the ratio of width over mass Iy /my as a function of my, (e.g. [56]).

Limits obtained from various ATLAS and CMS searches for singly produced VLQs using
139 fb~! of data collected during Run 2 of the LHC are summarised in Fig. 7. The Iy /my vs
my plane is used to make this comparison since the event kinematics depend only on the total
width and the mass of the VLQ. The mapping between the EW couplings and I, /my, is feasible
and has been used when the limits are not available in the Iy, /my vs my plane. However, to
map the bounds on the cross-sections to this plane, simulations for a grid in my, and I'y, needs to
be performed for each VLQ representation, which is resource intensive and beyond the scope
of this work.

As shown in Fig. 7, the lower bounds on my range from 700 — 2000 GeV depending on
the width of the VLQ. The strongest bounds at masses above 1.5 TeV are obtained in an AT-
LAS search targeting T — Ht,Zt in the one-lepton final state. Both ATLAS and CMS have
performed a search targeting the T — Zt,Z — vv decay mode in the O-lepton final state.
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Figure 7: 95% CL exclusion limits from the ATLAS and CMS full Run 2 data on the
Iy /my — my plane from single production of VLQs and their decays into SM final
states [50,52-57]. The area to the left of each curve is excluded by the current
data. For comparison, the strongest lower bound on the mass of pair-produced sin-
glet/doublet VLQ is also indicated. The difference in the bounds on the mass of
pair-produced VLQs between the singlet and doublet cases is only about 10 GeV and
indistinguishable in this figure.

However, the bounds reported by ATLAS are stronger than those reported by CMS by about
500 GeV. While the basic selection, (such as cuts on the p; of large-R jets, and the total hadronic
energy), are similar in both searches, the search performed by ATLAS employs an extreme gra-
dient Boosted Decision Trees trained on VLQ masses above 1.5 TeV, resulting in significantly
stronger bounds.

In general, the bounds are stronger on VLQs with larger widths since the cross-section
for single production of VLQs increases with width. While the summary is not exhaustive, it
faithfully represents the trend in every search. The two most crucial observations are:

* The bounds on vector-like top in the doublet representation (with branching ratio pat-
tern shown in Sec. 2) are significantly weaker than the singlet case given the forbid-
den coupling of the VLQ with the W bosons, which results in a lower production cross-
section.

* The LHC data is not sensitive to singly-produced narrow-width vector-like tops with a
high mass. Thus, limits from searches for singly-produced VLQs significantly improve
on the pair-production searches only in the large width regime.

Only the strongest experimental bounds are discussed in this section. In Appendix A, we list
all relevant searches for VLQs performed by the ATLAS and CMS collaborations at Run 2.
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5 Looking ahead: LHC Run 3 and HL-LHC

So far, VLQ searches at the LHC have focused on final states resulting from their 2-body decays
into SM particles, either through pair or single production modes. However, several well-
motivated BSM scenarios, such as CHMs and models addressing flavour observables, predict
additional BSM scalars that lead to exotic VLQ decays and increase their total widths.

In Secs. 2 and 3, we have presented quantitative analyses using a VLQ T as an example to
address the issues arising in VLQ production in the large width regime or with non-SM decays,
respectively. In particular, a systematic computation of the pair production cross-section, ac-
counting for significant interference effects, is essential for large widths. Additionally, we have
illustrated the relevance of exotic decay channels compared to the SM ones and summarise
current limits on VLQ masses from their exotic decays based on existing phenomenological
analyses. We employ a signal parametrisation that is suitable to describe a wide range of
signals and reinterpret experimental results in any new physics scenario predicting VLQs.

To summarise the results from the present experimental searches, as shown in Sec. 4, the
limit on the VLQ masses is around 1.5 TeV, the exact limit being dependent on the particulars
of searches, targeted final states and the widths of the VLQs. The general trend indicates that
limits from the single production becomes competitive with the pair production only at large
widths.

In the future, pair production searches will be constrained by energy at high VLQ mass,
while single production will be limited by statistics for moderate to low widths. Insights from
Run 2 searches will be crucial in shaping future strategies. Additionally, novel topologies and
observables should be explored to distinguish signals from the background despite limited
phase space and statistics. We now highlight some additional aspects to consider for future
searches at Run 3 and HL-LHC.

Multiple VLQs: Minimal extensions of the SM are appealing due to their simplicity and lim-
ited new parameters, making them ideal for new physics studies. However, most new physics
scenarios, such as those mentioned in Sec. 1, predict multiple VLQs belonging to different rep-
resentations containing VLQs with different charges (including exotic ones), but with nearly
degenerate mass. The presence of multiple VLQs can help evading precision and flavour
bounds even with large couplings (and thus large widths) [60,61]. The presence of more
than one VLQ too heavy to be observed individually would provide more signal events when
combined together to populate experimental signal regions, pushing their sensitivity reach to
higher VLQ masses [29]. In this case, the interplay of single and pair production would provide
complementary information which can be exploited to find possible excesses.

New production channels: Apart from the conventional production modes, considered in
Sec. 2, new production channels for the VLQs may be present in non-minimal models (for
e.g. [73-75]). Some existing experimental searches, primarily conducted by the CMS collab-
oration [76-80], have leveraged the decays of additional BSM particles, such as W’ or Z’, to
produce a single VLQ in association with a third generation quark. Pair production of VLQs
may also receive contributions from the decays of colour octet gluon partners [81-83]. Further,
higher dimensional operators such as the chromomagnetic operator (see Tab. 2), suppressed by
the new physics scale, may provide extra contributions to the single VLQ production [84,85].

Exotic decays: Interactions of VLQs with comparatively lighter BSM bosons (scalars or vec-
tors of various charges) may contribute to their total widths through exotic decay channels, as
extensively discussed in Sec. 3. This expands the range of possible final states when producing
VLQs. Such final states might also populate signal regions designed for VLQs decaying into
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SM particles, though their unique kinematic properties could necessitate the definition of new
signal regions with better sensitivity. A crucial aspect of exotic interactions is that interactions
with SM particles might be subdominant [28]. This in turn implies that single production,
driven by SM couplings, may not be the optimal channel for exploring VL.Qs with exotic in-
teractions, making pair production important, even at high mass. It is important to highlight
that a FeynRules model file, capable of incorporating multiple VLQs and BSM scalars, and
the exotic VLQ decays at the NLO QCD precision, is available publicly [26].}!

Interactions with light quarks: While composite-Higgs motivated scenarios of new physics
privilege interactions of VLQs with top and bottom quarks, from a model-agnostic point of view
it would be interesting to consider the possibility of interactions with lighter generations [7,
86-88]. Such scenarios can also be theoretically motivated [89,90]. These have been explored
experimentally in QCD pair production by ATLAS at 7 and 8 TeV [91,92] and very recently
with full 13 TeV Run 2 data [93]. While being more heavily constrained by flavour observables
and electroweak precision measurements, they can lead to peculiar signatures in both single
and pair production: for example, a new signature such as same-sign VLQ production [60,94]
has not been explored experimentally, either with SM or exotic decays.

Experimental strategies: While the presence of multiple VLQs can increase the production
cross-section of the signal, their exotic decays result in diverse final states with varying mul-
tiplicities of photons, and W, Z bosons arising from the bosonic decays of the BSM scalar.
Including the fermionic decays of the S, the final states can consist of O to 6 leptons (described
in Appendix B). Traditionally, searches for SM decays of VL.Qs have focused on 0f or 1/ fi-
nal states, with specific requirements on kinematic variables such as p; of jets, and global
variables such as the effective mass. Since the limits on my are rather high, the experimen-
tal searches have also required the presence of large-radius jets originating from top quarks,
the Higgs boson, and W and Z bosons. These strategies to search for VLQs have applicabil-
ity while considering new possibilities such as those mentioned above. Global variables such
as the effective mass have been shown to be efficient in discriminating between signal and
background also in cases when a VLQ decays to BSM scalars [18,29]. Boosted objects, result-
ing in large-radius jets, may arise if the difference Am = (my — mg) is substantial. In such
cases, the algorithms to identify large-radius jets can be further optimised for the phase space
corresponding to large Am. Furthermore, given the increased production cross-section from
multiple VLQs, it would be important to consider final states with same-sign dileptons, at least
three leptons, and photons, as these have low SM backgrounds and can enhance discovery
potential.

To conclude, searches of VLQs can still follow multiple paths, both considering pair and
single production. Numerous signatures are yet to be explored, which lead to reconsidering
current bounds, and there is potential to push the reach of sensitivity to much higher masses.
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A List of ATLAS and CMS VLQ papers

A.1 Pair-production

All searches for pair-produced VLQs at the Run 2 of the LHC are summarised in Tab. 4, exclud-
ing results with less than 5 fb~! since significantly stronger results are obtained with more data.
In addition, the ATLAS collaboration has reported results by combining several studies with
36fb™! of data [95], which show that singlet T(B) below 1.31(1.22) TeV and (T, B) doublets
below 1.37 TeV are excluded. Many searches target 0¢ and 1{ final states since signal yield
drops significantly with stronger requirements on the number of leptons. However, searches
including same-sign dilepton (2£SS) and three-lepton (3{) final states can enhance the sensi-
tivity of VLQ searches (for example, see [69]), especially in models with multiple VLQs, where
higher production cross-sections compensate for the loss of signal from suppressed branching
ratios of leptonic decays of W /Z bosons.

A.2 Single production

All searches for singly-produced VLQs at /s = 13 TeV are summarised in Tab. 5. The limits
obtained from searches which report the results in either the Iy /my vs my plane or the EW
coupling of ¥ vs my plane are summarised in Fig. 7 and hence, the limits are not shown
in Tab. 5. Searches for singly-produced VLQs using the entire dataset collected during Run
2 of the LHC do not cover all SM decays of the VLQ yet. Notably, the existing T — Wb
searches only use partial Run 2 data. Recent summary papers from ATLAS and CMS give
comprehensive overviews of the status of single VLQ searches in the experiments [49,50]. In
addition, the CMS collaboration has also reported limits on my in BSM production modes,
pp > W'/Z' — B/T +t [76-79] and on excited quarks [109-112].

B List of final states for vector-like top search

A comprehensive list of final states arising from the single and pair production of a vector-like
top T, followed by its standard and exotic decays are displayed in Tabs. 6 and 7. The final
states are categorised on the basis of number of b-jets (IV},), total number of leptons (),
number of same sign lepton pairs (Ngg), and of photons (N,). We also present the number
of intermediate W*, Z, and H bosons. The W, Z, H bosons are assumed to further decay into
W* — 2j,1*v, Z — 2j,bb,1717,Fr, and H — bb, respectively. The categorisation of final
states arising from other VLQs can be done in similar way.
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Table 4:

Summary of ATLAS and CMS pair-production VLQ searches for

T,B,X5/3,Y_4/3. For di-lepton final states, a further distinction is made to differ-
entiate between opposite-sign and same-sign leptons, denoted by 2£0S and 2{SS
respectively. The type of doublet (for example (T, B), (B, Y) etc) is not specified here,
and can be different across the results summarised here. In cases when the published
result does not report the singlet and doublet limits, the strongest limit is reported
and marked with "*’. When the published results provide limits on more than one
VLQ type, the limits are separated by a comma and reported in the same order as
that of the VLQs in the first column. The QQ — WqWgq search [93] refers to a VLQ
coupling to lighter quarks (¢ = u,d, s, c). Limits obtained with data less than 5fb™*
are not included, since all such studies have been superseded with other searches
using more data for the same final state.

. Lepton Singlet Limit | Doublet Limit
VLQ Decay Experiment | Dataset
multiplicity (in TeV) (in TeV)
Inclusive ATLAS [70] | 140fb~! 10 1.36, 1.21 —,1.345
Inclusive ATLAS [71] | 139fb7! 14 1.26,1.33 1.59,1.59
Z(00)t,Z(L6)b | ATLAS [68] | 139fb! | 2£0S,3¢ 1.27,1.20 1.46,1.32
Inclusive CMS [69] | 138fb™! | 1£,2¢55,3¢ | 1.48,1.47 1.49,1.12
B Inclusive ATLAS [96] | 36.1fb™! 04 - 1.01%,0.95
’ Inclusive CMS [97] | 36.1fb7* 0/ 1.37%,— —,1.23
Wb, Wt ATLAS [98] | 36.1fb7! 0! 1.17,1.08 0.75,1.25
Z(00)t,Z(L6)b | ATLAS [99] | 36.1fb~! | 2¢0S,>3¢ | 1.03,1.01 1.21, 1.14
Inclusive ATLAS [100] | 36.1fb! 2(SS 0.98,1.0 —
Inclusive CMS [101] | 35.9fb71 | 1£,2(5S,3¢ | 1.2,1.17 1.28,0.94
Z(O)t,Z(¢0)b | CMS[102] | 35.9f7! 2008 — 1.28%,1.13x
. Z(vw)t ATLAS [103] | 36.1fb7! 10 0.87 1.05
Ht,Zt ATLAS [104] | 36.1fb! 14 1.19 1.31
Hb,Zb CMS [67] | 138fb~! 0l 1.1 -
B Inclusive CMS [105] | 138fb™ | 0¢,2¢SS 1.06 1.5
Wt ATLAS [106] | 36.1fb! 10 1.17 1.35
ATLAS [71] | 139fb7* 10 1.59
ATLAS [106] | 36.1fb! 14 1.35
X Wt ATLAS [98] | 36.1fb™" 0¢ 1.25
ATLAS [100] | 36.1fb7* 2(SS 1.19
CMS[107] | 35.9fb~1 | 1¢,2¢SS 1.33%
ATLAS [70] | 140fb™* 10 1.7
Y Wb ATLAS [98] | 36.1fb™! 0l 1.35
CMS [108] | 35.8fb7! 14 1.295
Q wq | ATLAS [93] | 140fb7! 10 1.15 1.53*
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Table 5: Summary of ATLAS and CMS single VLQ searches for T, B, X5/3, Y_4/3.

VLQ | Decay | Experiment | Dataset | Lepton multiplicity
Z(vv)t | ATLAS [55] | 140 fb! 0¢
Z(vv)t CMS [56] | 137fb! 0¢
Z(vv)t | ATLAS [113] | 36.1fb7* 0¢,1¢
H(bb)t | ATLAS [52] | 139fb! 0¢

r | Homt CMS [57] | 138fb~! 0¢, 14
Ht,Zt CMS [114] | 138" 0¢
Ht,Zt | ATLAS [54] | 138fb™! 14
Ht,Zt CMS [72] | 35.9fb7! ol
Z(e0)t | ATLAS [53] | 139fb! 2008, 3¢
Z(e0)t | ATLAS [99] | 36.1fb~* 200S,> 3¢
VAUDL: CMS [80] | 35.9fb* 2008

Iy W(v)b | ATLAS [115] | 36.1fb7! 14

Tl w(v)b | CMS [116] | 2.3fb7! 14
H(bb)b | ATLAS [117] | 139fb7! 0¢

B | H(bb)b | CMS [118] | 35.9fb! 0¢
Z(e0)b | ATLAS [99] | 36.1fb! 200S,> 3¢

BX| wt | cMs [119] 359/~ 1
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Table 6: Categorisation of final states for single production of a vector-like top quark.

. _ Final state multiplicities
Production | Contributing decay channels | p

| | Now+w-) | Ny | N, | Ny | Ny | N | Nggr,

T —>W*b (1,1) - -1 =12 |<2| -

SM | T—Zt (1,1) 1| -] - |<4|<4]| <2

T — Ht (1,1) - -] 1]|<4|<2| -

T—-8% | S°—tt 22 | -] -1-1] 4 ]<4]|<2

S° — bb (1,1) -l = =1 4 |<2| -

SS-wtwo | @22 | - | -] -] 2 |<4]| <2

_ BSM $°—>zz (1,1 2 | - | - |<6|<6|<3
Ttj S0 vz Ay |1 |1] - |<4]|<4a]|<2
SO —yy (1,1) -2 -1 2 |<2| -

| | T>s*b |st—¢tb | @D | -|-|-| 3 |=<2]| -

St wty (1,1) -1 =12 |<2| -

STowrz LY | 1| -] - |<4|<4]| <=2

T >W*D (1,0) -l -1 -12|=<1| -

SM | T—Zt (1,0) 1| -] -]<4|<3|<1

T — Ht (1,0) - -] 1 |<4|<1| -

T—S% | S°—tt 2,1) - -1 - 4 | <3| <1

S° - bb (1,0) - -] - 4 | <1| -

SC-wrwo | @D | - | - | -] 2 |<3]|<1

- BSM S*—zz (1,0) 2| - | - |<6|<5]| <2
Tbj SO y7 w0 | 1| 1] -]<4]|<3]| <1
SO yy (1,0) -l 2| -] 2 |=<1]| -

| | T>s™b | st —th | @o | -] -]-1]3|=<1] -

St wty (1,0) -1 -] 2 |=<1| -

St-wtz (1,0) 1| -] - (1<4|<3]| <1
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Table 7: Categorisation of final states for pair production of a vector-like top quark,
where the bosonic decays of the BSM scalars are same as shown in Tab. 6.

Final state multiplicities
Contributing decay channels P

Nw+w-) |NZ|N |NH| Ny | N |NSSL

TT - W*W~bb (1,1) - | - - 2 <2 -
TT — ZZtt 2 - - <6 | <6 | <3
TT —» ZHtt 1 - 1 <6 | <4 | <2
TT —» HHtt _ _ 2 <6 <2
|s3 |- | - | -] 6 | <6]<3
(1,1 4 | - - | <10]<10]| <5
3 1 - | <8 | <8 | <4
2 2 - | <6 | <6 | <3
TT — 2S°tt 1 3 - <4 | <4 | <2
5% — bosonic - 4 - 2 <2 -
(2,2) 2 - - | <6 | <8 | <4
1 1 - | <4 | <6 | <3
-] 2 - 2 <4 | <2
(3,3) - | - - 2 <6 | <3
st—-tb | L | -|-| -6 |<2]| -
TT — S*S~bb (1,1) 2 | - - | <6 | <6 | <3
ST — bosonic 1 1 - <4 | €4 | <2
-] 2 - 2 <2 -
o -7 | (£2,2)| - | - | <1] <6 | <4 | <2
§" et bb 1 - - <6 | <6 | <3
TT — SW—th (1,1) 3 - - <8 <8 | <4
TT — S°Ztt 2 | <1|<1| <8 | <6 | <3
TT — S°Htt 0 . 1 | <2|<1| <6 | <4 | <2
S” — bosonic
-l 2 | <1| <4 | <2 -
(2,2) 1 - - | <4 | <6 | <3
- | - | <1| <4 | <4 | <2
. 1,1 1 - - | < < <2
- - St —tb (1,1) <6 | =4 | <
TT - S*TW~bb - - | <6| <6 | <2 -
! P
;;:’,;ﬁ’ft (1,1) 2 | - - | <6 | <6 | <3
S — bosonic 1 | <1|<1| <6 <4 | <2
- |l<1l<1| <4 | <2 -

22


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079

SC|| SciPost Phys. Core 7, 079 (2024)

References

[1] B. Vachon, European particle physics strategy update, Proc. Sci. 367, 044 (2019),
d0i:10.22323/1.367.0044.

[2] P J. Fox et al.,, TFO8 Snowmass report: BSM model building, (arXiv preprint)
d0i:10.48550/arXiv.2210.03075.

[3] T. Bose et al., Report of the topical group on physics beyond the Standard Model at energy
frontier for snowmass 2021, (arXiv preprint) doi:10.48550/arXiv.2209.13128.

[4] E Maltoni, S. Su and J. Thaler, Theory of collider phenomena (TFO7 snowmass report),
Tech. Rep. FERMILAB-FN-1203-QIS, USA (2022), doi:10.2172/1898811.

[5] X. C.Vida et al., Report from working group 3: Beyond the Standard Model physics at the
HL-LHC and HE-LHC, CERN Yellow Rep.: Monogr. 7, 585 (2019), doi:10.23731/CYRM-
2019-007.585.

[6] D.B.Kaplan, Flavor at SSC energies: A new mechanism for dynamically generated fermion
masses, Nucl. Phys. B 365, 259 (1991), doi:10.1016/S0550-3213(05)80021-5.

[7] M. Buchkremer, G. Cacciapaglia, A. Deandrea and L. Panizzi, Model-independent
framework for searches of top partners, Nucl. Phys. B 876, 376 (2013),
doi:10.1016/j.nuclphysb.2013.08.010.

[8] G. Cacciapaglia, T. Flacke, M. Kunkel and W. Porod, Phenomenology of unusual
top partners in composite Higgs models, J. High Energy Phys. 02, 208 (2022),
doi:10.1007/JHEP02(2022)208.

[9] D. B. Kaplan and H. Georgi, SU(2) x U(1) breaking by vacuum misalignment, Phys. Lett.
B 136, 183 (1984), doi:10.1016/0370-2693(84)91177-8.

[10] K. Agashe, R. Contino and A. Pomarol, The minimal composite Higgs model, Nucl. Phys.
B 719, 165 (2005), doi:10.1016/j.nuclphysb.2005.04.035.

[11] R. Contino and A. Pomarol, Holography for fermions, J. High Energy Phys. 11, 058
(2004), doi:10.1088/1126-6708/2004/11/058.

[12] A. De Simone, O. Matsedonskyi, R. Rattazzi and A. Wulzer, A first top partner hunter’s
guide, J. High Energy Phys. 04, 004 (2013), doi:10.1007/JHEP04(2013)004.

[13] R. Franceschini, Physics beyond the Standard Model associated with the top quark, Annu.
Rev. Nucl. Part. Sci. 73, 397 (2023), doi:10.1146/annurev-nucl-102020-011427.

[14] M. Badziak, Interpreting the 750 GeV diphoton excess in minimal extensions of two-Higgs-
doublet models, Phys. Lett. B 759, 464 (2016), doi:10.1016/j.physletb.2016.06.003.

[15] A. Angelescu, A. Djouadi and G. Moreau, Scenarii for interpretations of the LHC diphoton
excess: Two Higgs doublets and vector-like quarks and leptons, Phys. Lett. B 756, 126
(2016), doi:10.1016/j.physletb.2016.02.064.

[16] A. Arhrib, R. Benbrik, S. J. D. King, B. Manaut, S. Moretti and C. S. Un, Phe-
nomenology of 2HDM with vectorlike quarks, Phys. Rev. D 97, 095015 (2018),
doi:10.1103/PhysRevD.97.095015.

23


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.22323/1.367.0044
https://doi.org/10.48550/arXiv.2210.03075
https://doi.org/10.48550/arXiv.2209.13128
https://doi.org/10.2172/1898811
https://doi.org/10.23731/CYRM-2019-007.585
https://doi.org/10.23731/CYRM-2019-007.585
https://doi.org/10.1016/S0550-3213(05)80021-5
https://doi.org/10.1016/j.nuclphysb.2013.08.010
https://doi.org/10.1007/JHEP02(2022)208
https://doi.org/10.1016/0370-2693(84)91177-8
https://doi.org/10.1016/j.nuclphysb.2005.04.035
https://doi.org/10.1088/1126-6708/2004/11/058
https://doi.org/10.1007/JHEP04(2013)004
https://doi.org/10.1146/annurev-nucl-102020-011427
https://doi.org/10.1016/j.physletb.2016.06.003
https://doi.org/10.1016/j.physletb.2016.02.064
https://doi.org/10.1103/PhysRevD.97.095015

SC|| SciPost Phys. Core 7, 079 (2024)

[17] S. De Curtis, L. D. Rose, S. Moretti and K. Yagyu, A concrete composite 2-Higgs doublet
model, J. High Energy Phys. 12, 051 (2018), doi:10.1007/JHEP12(2018)051.

[18] R. Benbrik et al., Signatures of vector-like top partners decaying into new neu-
tral scalar or pseudoscalar bosons, J. High Energy Phys. 05, 028 (2020),
doi:10.1007/JHEP05(2020)028.

[19] P Draper, A. Ekstedt and H. E. Haber, A natural mechanism for approxi-
mate Higgs alignment in the 2HDM, J. High Energy Phys. 05, 235 (2021),
doi:10.1007/JHEP05(2021)235.

[20] J. Barnard, T Gherghetta and T S. Ray, UV descriptions of composite Higgs
models without elementary scalars, J. High Energy Phys. 02, 002 (2014),
doi:10.1007/JHEP02(2014)002.

[21] G. Ferretti and D. Karateev, Fermionic UV completions of composite Higgs models, J. High
Energy Phys. 03, 077 (2014), doi:10.1007/JHEP03(2014)077.

[22] A. Banerjee and G. Ferretti, Vacuum misalignment in presence of four-Fermi operators,
Phys. Rev. D 107, 095006 (2023), doi:10.1103/PhysRevD.107.095006.

[23] B. Gripaios, A. Pomarol, E Riva and J. Serra, Beyond the minimal composite Higgs model,
J. High Energy Phys. 04, 070 (2009), do0i:10.1088/1126-6708/2009/04/070.

[24] E. Bennett, D. K. Hong, H. Hsiao, J.-W. Lee, C.-J. D. Lin, B. Lucini, M. Piai and D.
Vadacchino, Lattice investigations of the chimera baryon spectrum in the Sp(4) gauge
theory, Phys. Rev. D 109, 094512 (2024), doi:10.1103/PhysRevD.109.094512.

[25] A. Hasenfratz, E. T. Neil, Y. Shamir, B. Svetitsky and O. Witzel, Infrared fixed point and
anomalous dimensions in a composite Higgs model, Phys. Rev. D 107, 114504 (2023),
doi:10.1103/PhysRevD.107.114504.

[26] A. Banerjee et al., Phenomenological aspects of composite Higgs scenarios: Exotic scalars
and vector-like quarks, (arXiv preprint) doi:10.48550/arXiv.2203.07270.

[27] G. Aad et al., ATLAS searches for additional scalars and exotic Higgs boson decays with
the LHC Run 2 dataset, (arXiv preprint) doi:10.48550/arXiv.2405.04914.

[28] A. Banerjee, D. B. Franzosi and G. Ferretti, Modelling vector-like quarks
in partial compositeness framework, J. High Energy Phys. 03, 200 (2022),
doi:10.1007/JHEP03(2022)200.

[29] A. Banerjee, V. Ellajosyula and L. Panizzi, Heavy vector-like quarks decaying to ex-
otic scalars: A case study with triplets, J. High Energy Phys. 01, 187 (2024),
doi:10.1007/JHEP01(2024)187.

[30] O. Matsedonskyi, E Riva and T. Vantalon, Composite charge 8/3 resonances at the LHC,
J. High Energy Phys. 04, 059 (2014), doi:10.1007 /JHEP04(2014)059.

[31] M. Chala, Direct bounds on heavy toplike quarks with standard and exotic decays, Phys.
Rev. D 96, 015028 (2017), doi:10.1103/PhysRevD.96.015028.

[32] N. Bizot, G. Cacciapaglia and T. Flacke, Common exotic decays of top partners, J. High
Energy Phys. 06, 065 (2018), doi:10.1007/JHEP06(2018)065.

[33] J. H. Kim and I. M. Lewis, Loop induced single top partner production and decay at the
LHC, J. High Energy Phys. 05, 095 (2018), doi:10.1007/JHEP05(2018)095.

24


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1007/JHEP12(2018)051
https://doi.org/10.1007/JHEP05(2020)028
https://doi.org/10.1007/JHEP05(2021)235
https://doi.org/10.1007/JHEP02(2014)002
https://doi.org/10.1007/JHEP03(2014)077
https://doi.org/10.1103/PhysRevD.107.095006
https://doi.org/10.1088/1126-6708/2009/04/070
https://doi.org/10.1103/PhysRevD.109.094512
https://doi.org/10.1103/PhysRevD.107.114504
https://doi.org/10.48550/arXiv.2203.07270
https://doi.org/10.48550/arXiv.2405.04914
https://doi.org/10.1007/JHEP03(2022)200
https://doi.org/10.1007/JHEP01(2024)187
https://doi.org/10.1007/JHEP04(2014)059
https://doi.org/10.1103/PhysRevD.96.015028
https://doi.org/10.1007/JHEP06(2018)065
https://doi.org/10.1007/JHEP05(2018)095

SC|| SciPost Phys. Core 7, 079 (2024)

[34] H. Han, L. Huang, T. Ma, J. Shu, T. M. P, Tait and Y. Wu, Six top messages of new physics
at the LHC, J. High Energy Phys. 10, 008 (2019), doi:10.1007/JHEP10(2019)008.

[35] J. H. Kim, S. D. Lane, H.-S. Lee, I. M. Lewis and M. Sullivan, Searching for
dark photons with maverick top partners, Phys. Rev. D 101, 035041 (2020),
doi:10.1103/PhysRevD.101.035041.

[36] G. Cacciapaglia, T. Flacke, M. Park and M. Zhang, Exotic decays of top partners: Mind the
search gap, Phys. Lett. B 798, 135015 (2019), doi:10.1016/j.physletb.2019.135015.

[37] K.-P Xie, G. Cacciapaglia and T Flacke, Exotic decays of top partners with
charge 5/3: Bounds and opportunities, J. High Energy Phys. 10, 134 (2019),
doi:10.1007/JHEP10(2019)134.

[38] R. Dermisek, E. Lunghi, N. McGinnis and S. Shin, Signals with six bottom quarks
for charged and neutral Higgs bosons, J. High Energy Phys. 07, 241 (2020),
doi:10.1007/JHEP07(2020)241.

[39] R. Dermisek, E. Lunghi, N. McGinnis and S. Shin, Tau-jet signatures of vectorlike quark
decays to heavy charged and neutral Higgs bosons, J. High Energy Phys. 08, 159 (2021),
doi:10.1007/JHEP08(2021)159.

[40] G. Corcella, A. Costantini, M. Ghezzi, L. Panizzi, G. M. Pruna and J. Salko, Vector-like
quarks decaying into singly and doubly charged bosons at LHC, J. High Energy Phys. 10,
108 (2021), doi:10.1007/JHEP10(2021)108.

[41] S.Dasgupta, R. Pramanick and T. S. Ray, Broad toplike vector quarks at LHC and HL-LHC,
Phys. Rev. D 105, 035032 (2022), doi:10.1103/PhysRevD.105.035032.

[42] A. Bhardwaj, T. Mandal, S. Mitra and C. Neeraj, Roadmap to explore vectorlike
quarks decaying to a new scalar or pseudoscalar, Phys. Rev. D 106, 095014 (2022),
doi:10.1103/PhysRevD.106.095014.

[43] A. Bhardwaj, K. Bhide, T. Mandal, S. Mitra and C. Neeraj, Discovery prospects of a
vectorlike top partner decaying to a singlet boson, Phys. Rev. D 106, 075024 (2022),
d0i:10.1103/PhysRevD.106.075024.

[44] S.Verma, S. Biswas, A. Chatterjee and J. Ganguly, Exploring maverick top partner decays
at the LHC, Phys. Rev. D 107, 115024 (2023), doi:10.1103/PhysRevD.107.115024.

[45] A. Ghosh, P Konar and R. Roshan, Top-philic dark matter in a hybrid KSVZ axion frame-
work, J. High Energy Phys. 12, 167 (2022), doi:10.1007/JHEP12(2022)167.

[46] J. Bardhan, T. Mandal, S. Mitra and C. Neeraj, Machine learning-enhanced search for a
vectorlike singlet B quark decaying to a singlet scalar or pseudoscalar, Phys. Rev. D 107,
115001 (2023), doi:10.1103/PhysRevD.107.115001.

[47] J. M. Alves, G. C. Branco, A. L. Cherchiglia, C. C. Nishi, J. T. Penedo, P M. E Pereira,
M. N. Rebelo and J. 1. Silva-Marcos, Vector-like singlet quarks: A roadmap, Phys. Rep.
1057, 1 (2024), doi:10.1016/j.physrep.2023.12.004.

[48] A. Ghosh and P Konar, Precision prediction of a democratic up-family philic
KSVZ axion model at the LHC, Phys. Dark Universe 47, 101746 (2025),
doi:10.1016/j.dark.2024.101746.

25


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1007/JHEP10(2019)008
https://doi.org/10.1103/PhysRevD.101.035041
https://doi.org/10.1016/j.physletb.2019.135015
https://doi.org/10.1007/JHEP10(2019)134
https://doi.org/10.1007/JHEP07(2020)241
https://doi.org/10.1007/JHEP08(2021)159
https://doi.org/10.1007/JHEP10(2021)108
https://doi.org/10.1103/PhysRevD.105.035032
https://doi.org/10.1103/PhysRevD.106.095014
https://doi.org/10.1103/PhysRevD.106.075024
https://doi.org/10.1103/PhysRevD.107.115024
https://doi.org/10.1007/JHEP12(2022)167
https://doi.org/10.1103/PhysRevD.107.115001
https://doi.org/10.1016/j.physrep.2023.12.004
https://doi.org/10.1016/j.dark.2024.101746

SC|| SciPost Phys. Core 7, 079 (2024)

[49] G. Aad et al., Exploration at the high-energy frontier: ATLAS Run 2 searches
investigating the exotic jungle beyond the Standard Model, Phys. Rep. (2024),
doi:10.1016/j.physrep.2024.10.001.

[50] CMS collaboration, Review of searches for vector-like quarks, vector-like leptons, and heavy
neutral leptons in proton-proton collisions at /s = 13 TeV at the CMS experiment, (arXiv
preprint) doi:10.48550/arXiv.2405.17605.

[51] A. Deandrea, T. Flacke, B. Fuks, L. Panizzi and H.-S. Shao, Single production of vector-
like quarks: The effects of large width, interference and NLO corrections, J. High Energy
Phys. 08, 107 (2021), doi:10.1007/JHEP08(2021)107.

[52] G. Aad et al., Search for single production of a vectorlike T quark decaying into a Higgs
boson and top quark with fully hadronic final states using the ATLAS detector, Phys. Rev.
D 105, 092012 (2022), doi:10.1103/PhysRevD.105.092012.

[53] G. Aad et al., Search for singly produced vector-like top partners in multilepton final states
with 139 fb™! of pp collision data at /s = 13 TeV with the ATLAS detector, Phys. Rev. D
109, 112012 (2024), doi:10.1103/PhysRevD.109.112012.

[54] G. Aad et al., Search for single production of vector-like T quarks decaying into Ht or Zt
in pp collisions at /s = 13 TeV with the ATLAS detector, J. High Energy Phys. 08, 153
(2023), doi:10.1007/JHEP08(2023)153.

[55] G. Aad et al., Search for new particles in final states with a boosted top quark and missing
transverse momentum in proton-proton collisions at /s = 13 TeV with the ATLAS detector,
J. High Energy Phys. 05, 263 (2024), doi:10.1007 /JHEP05(2024)263.

[56] A. Tumasyan et al., Search for single production of a vector-like T quark decaying to a
top quark and a Z boson in the final state with jets and missing transverse momentum at
/s =13 TeV, J. High Energy Phys. 05, 093 (2022), doi:10.1007 /JHEP05(2022)093.

[57] A. Tumasyan et al., Search for a vector-like quark T’ — tH via the diphoton decay mode
of the Higgs boson in proton-proton collisions at /s = 13 TeV, J. High Energy Phys. 09,
057 (2023), doi:10.1007 /JHEP09(2023)057.

[58] S. Moretti, D. O’Brien, L. Panizzi and H. Prager, Production of extra quarks at the
Large Hadron Collider beyond the narrow width approximation, Phys. Rev. D 96, 075035
(2017), doi:10.1103/PhysRevD.96.075035.

[59] C.-Y. Chen, S. Dawson and E. Furlan, Vectorlike fermions and Higgs effective field theory
revisited, Phys. Rev. D 96, 015006 (2017), doi:10.1103/PhysRevD.96.015006.

[60] G. Cacciapaglia, A. Deandrea, N. Gaur, D. Harada, Y. Okada and L. Panizzi, Interplay
of vector-like top partner multiplets in a realistic mixing set-up, J. High Energy Phys. 09,
012 (2015), do0i:10.1007/JHEP09(2015)012.

[61] G. Cacciapaglia, A. Deandrea, N. Gaur, D. Harada, Y. Okada and L. Panizzi, The
LHC potential of vector-like quark doublets, J. High Energy Phys. 11, 055 (2018),
doi:10.1007/JHEP11(2018)055.

[62] J. Alwall et al., The automated computation of tree-level and next-to-leading order dif-
ferential cross sections, and their matching to parton shower simulations, J. High Energy
Phys. 07, 079 (2014), doi:10.1007 /JHEP07(2014)079.

26


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1016/j.physrep.2024.10.001
https://doi.org/10.48550/arXiv.2405.17605
https://doi.org/10.1007/JHEP08(2021)107
https://doi.org/10.1103/PhysRevD.105.092012
https://doi.org/10.1103/PhysRevD.109.112012
https://doi.org/10.1007/JHEP08(2023)153
https://doi.org/10.1007/JHEP05(2024)263
https://doi.org/10.1007/JHEP05(2022)093
https://doi.org/10.1007/JHEP09(2023)057
https://doi.org/10.1103/PhysRevD.96.075035
https://doi.org/10.1103/PhysRevD.96.015006
https://doi.org/10.1007/JHEP09(2015)012
https://doi.org/10.1007/JHEP11(2018)055
https://doi.org/10.1007/JHEP07(2014)079

SC|| SciPost Phys. Core 7, 079 (2024)

[63] R.D. Ball et al., Parton distributions from high-precision collider data, Eur. Phys. J. C 77,
663 (2017), doi:10.1140/epjc/s10052-017-5199-5.

[64] D. Berdine, N. Kauer and D. Rainwater, Breakdown of the narrow width
approximation for new physics, Phys. Rev. Lett. 99, 111601 (2007),
doi:10.1103/PhysRevLett.99.111601.

[65] N. Kauer, Narrow-width approximation limitations, Phys. Lett. B 649, 413 (2007),
doi:10.1016/j.physletb.2007.04.036.

[66] G. Brooijmans et al., Les Houches 2019 physics at TeV colliders: New physics working
group report, (arXiv preprint) doi:10.48550/arXiv.2002.12220.

[67] A. M. Sirunyan et al., Search for bottom-type, vectorlike quark pair production in a fully
hadronic final state in proton-proton collisions at +/13 = 13 TeV, Phys. Rev. D 102,
112004 (2020), doi:10.1103/PhysRevD.102.112004.

[68] G. Aad et al., 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, Phys. Lett. B 843, 138019 (2023),
doi:10.1016/j.physletb.2023.138019.

[69] A. Tumasyan et al., Search for pair production of vector-like quarks in leptonic final
states in proton-proton collisions at 4/s = 13 TeV, J. High Energy Phys. 07, 020 (2023),
doi:10.1007/JHEP07(2023)020.

[70] G. Aad et al., Search for pair-production of vector-like quarks in lepton + jets final states
containing at least one b-tagged jet using the Run 2 data from the ATLAS experiment, Phys.
Lett. B 854, 138743 (2024), doi:10.1016/j.physletb.2024.138743.

[71] G. Aad et al., Search for pair-produced vector-like top and bottom partners in events with
large missing transverse momentum in pp collisions with the ATLAS detector, Eur. Phys. J.
C 83, 719 (2023), doi:10.1140/epjc/s10052-023-11790-7.

[72] A. M. Sirunyan et al., Search for electroweak production of a vector-like T
quark using fully hadronic final states, J. High Energy Phys. 01, 036 (2020),
doi:10.1007/JHEP01(2020)036.

[73] N. Vignaroli, New W’ signals at the LHC, Phys. Rev. D 89, 095027 (2014),
doi:10.1103/PhysRevD.89.095027.

[74] C. Bini, R. Contino and N. Vignaroli, Heavy-light decay topologies as a new
strategy to discover a heavy gluon, J. High Energy Phys. 01, 157 (2012),
doi:10.1007/JHEP01(2012)157.

[75] M. Chala, J. Juknevich, G. Perez and J. Santiago, The elusive gluon, J. High Energy Phys.
01, 092 (2015), doi:10.1007/JHEP01(2015)092.

[76] A. Tumasyan et al., Search for a W’ boson decaying to a vector-like quark and a top or
bottom quark in the all-jets final state at /s = 13 TeV, J. High Energy Phys. 09, 088
(2022), doi:10.1007/JHEP09(2022)088.

[77] A.M. Sirunyan et al., 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 79, 208 (2019), do0i:10.1140/epjc/s10052-019-6688-5.

27


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1103/PhysRevLett.99.111601
https://doi.org/10.1016/j.physletb.2007.04.036
https://doi.org/10.48550/arXiv.2002.12220
https://doi.org/10.1103/PhysRevD.102.112004
https://doi.org/10.1016/j.physletb.2023.138019
https://doi.org/10.1007/JHEP07(2023)020
https://doi.org/10.1016/j.physletb.2024.138743
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1007/JHEP01(2020)036
https://doi.org/10.1103/PhysRevD.89.095027
https://doi.org/10.1007/JHEP01(2012)157
https://doi.org/10.1007/JHEP01(2015)092
https://doi.org/10.1007/JHEP09(2022)088
https://doi.org/10.1140/epjc/s10052-019-6688-5

SC|| SciPost Phys. Core 7, 079 (2024)

[78] A. M. Sirunyan et al., Search for a W’ boson decaying to a vector-like quark and a
top or bottom quark in the all-jets final state, J. High Energy Phys. 03, 127 (2019),
doi:10.1007/JHEP03(2019)127.

[79] A. M. Sirunyan et al., Search for a heavy resonance decaying to a top quark and
a vector-like top quark at /s = 13 TeV, J. High Energy Phys. 09, 053 (2017),
doi:10.1007/JHEP09(2017)053.

[80] A. M. Sirunyan et al., Search for single production of a vector-like T quark decaying to a
Z boson and a top quark in proton-proton collisions at 4/s = 13 TeV, Phys. Lett. B 781,
574 (2018), doi:10.1016/j.physletb.2018.04.036.

[81] J. P Araque, N. E Castro and J. Santiago, Interpretation of vector-like quark searches:
Heavy gluons in composite Higgs models, J. High Energy Phys. 11, 120 (2015),
doi:10.1007/JHEP11(2015)120.

[82] A. Azatov, D. Chowdhury, D. Ghosh and T Sankar Ray, Same sign di-
lepton candles of the composite gluons, J. High Energy Phys. 08, 140 (2015),
doi:10.1007/JHEP08(2015)140.

[83] S. Dasgupta, S. K. Rai and T. S. Ray, Impact of a colored vector resonance on the
collider constraints for a toplike top partner, Phys. Rev. D 102, 115014 (2020),
doi:10.1103/PhysRevD.102.115014.

[84] A. Belyaev, R. S. Chivukula, B. Fuks, E. H. Simmons and X. Wang, Vectorlike top quark
production via a chromomagnetic moment at the LHC, Phys. Rev. D 104, 095024 (2021),
doi:10.1103/PhysRevD.104.095024.

[85] A. Belyaey, R. S. Chivukula, B. Fuks, E. H. Simmons and X. Wang, Single vector-like top
quark production via chromomagnetic interactions at present and future hadron colliders
— A snowmass 2021 white paper, (arXiv preprint) doi:10.48550/arXiv.2209.03333.

[86] E del Aguila, J. Santiago and M. Pérez-Victoria, Observable contributions of new ex-
otic quarks to quark mixing, J. High Energy Phys. 09, 011 (2000), doi:10.1088/1126-
6708/2000/09/011.

[87] G. Cacciapaglia, A. Deandrea, L. Panizzi, N. Gaur, D. Harada and Y. Okada, Heavy vector-
like top partners at the LHC and flavour constraints, J. High Energy Phys. 03, 070 (2012),
doi:10.1007/JHEP03(2012)070.

[88] A. Buckley, J. Butterworth, L. Corpe, D. Huang and P Sun, New sensitivity of
current LHC measurements to vector-like quarks, SciPost Phys. 9, 069 (2020),
doi:10.21468/SciPostPhys.9.5.069.

[89] S. Jana, S. Klett and M. Lindner, Flavor seesaw mechanism, Phys. Rev. D 105, 115015
(2022), doi:10.1103/PhysRevD.105.115015.

[90] J. Davighi, G. Isidori and M. Pesut, Electroweak-flavour and quark-lepton uni-
fication: A family non-universal path, J. High Energy Phys. 04, 030 (2023),
doi:10.1007/JHEP04(2023)030.

[91] G. Aad et al., Search for pair-produced heavy quarks decaying to Wq in the two-lepton
channel at /s = 7 TeV with the ATLAS detector, Phys. Rev. D 86, 012007 (2012),
doi:10.1103/PhysRevD.86.012007.

28


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1007/JHEP03(2019)127
https://doi.org/10.1007/JHEP09(2017)053
https://doi.org/10.1016/j.physletb.2018.04.036
https://doi.org/10.1007/JHEP11(2015)120
https://doi.org/10.1007/JHEP08(2015)140
https://doi.org/10.1103/PhysRevD.102.115014
https://doi.org/10.1103/PhysRevD.104.095024
https://doi.org/10.48550/arXiv.2209.03333
https://doi.org/10.1088/1126-6708/2000/09/011
https://doi.org/10.1088/1126-6708/2000/09/011
https://doi.org/10.1007/JHEP03(2012)070
https://doi.org/10.21468/SciPostPhys.9.5.069
https://doi.org/10.1103/PhysRevD.105.115015
https://doi.org/10.1007/JHEP04(2023)030
https://doi.org/10.1103/PhysRevD.86.012007

SC|| SciPost Phys. Core 7, 079 (2024)

[92] G. Aad et al., 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
92, 112007 (2015), doi:10.1103/PhysRevD.92.112007.

[93] G. Aad et al., Search for pair-produced vectorlike quarks coupling to light quarks in the
lepton plus jets final state using 13 TeV pp collisions with the ATLAS detector, Phys. Rev.
D 110, 052009 (2024), doi:10.1103/PhysRevD.110.052009.

[94] G. Cacciapaglia, S. R. Choudhury, A. Deandrea, N. Gaur and M. Klasen, Dilep-
tonic signatures of T-odd quarks at the LHC, J. High Energy Phys. 03, 059 (2010),
doi:10.1007/JHEP03(2010)059.

[95] M. Aaboud et al., Combination of the searches for pair-produced vectorlike partners of the
third-generation quarks at /s = 13 TeV with the ATLAS Detector, Phys. Rev. Lett. 121,
211801 (2018), doi:10.1103/PhysRevLett.121.211801.

[96] M. Aaboud et al., Search for pair production of heavy vectorlike quarks decaying into
hadronic final states in 4/s = 13 TeV with the ATLAS detector, Phys. Rev. D 98, 092005
(2018), doi:10.1103/PhysRevD.98.092005.

[97] A. M. Sirunyan et al., Search for pair production of vectorlike quarks in the fully hadronic
final state, Phys. Rev. D 100, 072001 (2019), doi:10.1103/PhysRevD.100.072001.

[98] M. Aaboud et al., Search for pair production of heavy vector-like quarks decaying
to high-p;y W bosons and b quarks in the lepton-plus-jets final state in pp collisions
at /s = 13 TeV with the ATLAS detector, J. High Energy Phys. 10, 141 (2017),
doi:10.1007/JHEP10(2017)141.

[99] M. Aaboud et al., Search for pair and single production of vectorlike 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 at /s = 13 TeV, Phys. Rev. D 98, 112010 (2018),
doi:10.1103/PhysRevD.98.112010.

[100] M. Aaboud et al., Search for new phenomena in events with same-charge leptons and b-jets
in pp collisions at +/s = 13 TeV with the ATLAS detector, J. High Energy Phys. 12, 039
(2018), doi:10.1007/JHEP12(2018)039.

[101] A.M. Sirunyan et al., Search for vector-like T and B quark pairs in final states with leptons
at /s = 13 TeV, J. High Energy Phys. 08, 177 (2018), doi:10.1007/JHEP08(2018)177.

[102] A. M. Sirunyan et al., 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 79, 364 (2019),
doi:10.1140/epjc/s10052-019-6855-8.

[103] M. Aaboud et al., 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, J. High Energy Phys. 08, 052 (2017), doi:10.1007/JHEP08(2017)052.

[104] M. Aaboud et al., 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, J. High Energy
Phys. 07, 089 (2018), doi:10.1007/JHEP07(2018)089.

[105] A. Hayrapetyan et al., Search for bottom-type vectorlike quark pair production in dilep-
tonic and fully hadronic final states in proton-proton collisions at /s = 13 TeV, Phys. Rev.
D 110, 052004 (2024), doi:10.1103/PhysRevD.110.052004.

29


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1103/PhysRevD.92.112007
https://doi.org/10.1103/PhysRevD.110.052009
https://doi.org/10.1007/JHEP03(2010)059
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevD.98.092005
https://doi.org/10.1103/PhysRevD.100.072001
https://doi.org/10.1007/JHEP10(2017)141
https://doi.org/10.1103/PhysRevD.98.112010
https://doi.org/10.1007/JHEP12(2018)039
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://doi.org/10.1007/JHEP08(2017)052
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1103/PhysRevD.110.052004

SC|| SciPost Phys. Core 7, 079 (2024)

[106] M. Aaboud et al., Search for pair production of heavy vector-like quarks decaying into
high-pr W bosons and top quarks in the lepton-plus-jets final state in pp collisions
at /s = 13 TeV with the ATLAS detector, J. High Energy Phys. 08, 048 (2018),
doi:10.1007/JHEP08(2018)048.

[107] A. M. Sirunyan et al., Search for top quark partners with charge 5/3 in the same-sign
dilepton and single-lepton final states in proton-proton collisions at /s = 13 TeV, J. High
Energy Phys. 03, 082 (2019), doi:10.1007/JHEP03(2019)082.

[108] A. M. Sirunyan et al., Search for pair production of vector-like quarks in the bW bW
channel from proton-proton collisions at /s = 13 TeV, Phys. Lett. B 779, 82 (2018),
doi:10.1016/j.physletb.2018.01.077.

[109] A. Tumasyan et al., Search for a heavy resonance decaying into a top quark and a W
boson in the lepton+jets final state at /s = 13 TeV, J. High Energy Phys. 04, 048 (2022),
doi:10.1007/JHEP04(2022)048.

[110] A.M. Sirunyan et al., Search for a heavy resonance decaying to a top quark and a W boson
at 4/s = 13 TeV in the fully hadronic final state, J. High Energy Phys. 12, 106 (2021),
doi:10.1007/JHEP12(2021)106.

[111] A. M. Sirunyan et al., Search for massive resonances decaying into WW, WZ, ZZ,
gW and qZ with dijet final states at /s = 13 TeV, Phys. Rev. D 97, 072006 (2018),
d0i:10.1103/PhysRevD.97.072006.

[112] A. M. Sirunyan et al., Search for pair production of excited top quarks in the lepton + jets
final state, Phys. Lett. B 778, 349 (2018), doi:10.1016/j.physletb.2018.01.049.

[113] M. Aaboud et al., Search for large missing transverse momentum in association with one
top-quark in proton-proton collisions at /s = 13 TeV with the ATLAS detector, J. High
Energy Phys. 05, 041 (2019), doi:10.1007/JHEP05(2019)041.

[114] A. Hayrapetyan et al., Search for production of a single vectorlike quark decaying to tH
or tZ in the all-hadronic final state in pp collisions at 4/s = 13 TeV, Phys. Rev. D 110,
072012 (2024), doi:10.1103/PhysRevD.110.072012.

[115] M. Aaboud et al., Search for single production of vector-like quarks decaying into Wb in pp
collisions at +/s = 13 TeV with the ATLAS detector, J. High Energy Phys. 05, 164 (2019),
doi:10.1007/JHEP05(2019)164.

[116] A. M. Sirunyan et al., Search for single production of vector-like quarks decaying into a b
quark and a W boson in proton-proton collisions at +/s = 13 TeV, Phys. Lett. B 772, 634
(2017), doi:10.1016/j.physletb.2017.07.022.

[117] G. Aad et al., Search for single vector-like B quark production and decay via B — bH(bb)
in pp collisions at /s = 13 TeV with the ATLAS detector, J. High Energy Phys. 11, 168
(2023), doi:10.1007/JHEP11(2023)168.

[118] A. M. Sirunyan et al., Search for single production of vector-like quarks decay-
ing to a b quark and a Higgs boson, J. High Energy Phys. 06, 031 (2018),
doi:10.1007/JHEP06(2018)031.

[119] A. M. Sirunyan et al., Search for single production of vector-like quarks decaying to a top
quark and a W = W boson in proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 79,
90 (2019), do0i:10.1140/epjc/s10052-019-6556-3.

30


https://scipost.org
https://scipost.org/SciPostPhysCore.7.4.079
https://doi.org/10.1007/JHEP08(2018)048
https://doi.org/10.1007/JHEP03(2019)082
https://doi.org/10.1016/j.physletb.2018.01.077
https://doi.org/10.1007/JHEP04(2022)048
https://doi.org/10.1007/JHEP12(2021)106
https://doi.org/10.1103/PhysRevD.97.072006
https://doi.org/10.1016/j.physletb.2018.01.049
https://doi.org/10.1007/JHEP05(2019)041
https://doi.org/10.1103/PhysRevD.110.072012
https://doi.org/10.1007/JHEP05(2019)164
https://doi.org/10.1016/j.physletb.2017.07.022
https://doi.org/10.1007/JHEP11(2023)168
https://doi.org/10.1007/JHEP06(2018)031
https://doi.org/10.1140/epjc/s10052-019-6556-3

	Introduction
	VLQ pair or single production?
	Exotic decays of VLQ
	Limits from LHC Run 2 data
	Looking ahead: LHC Run 3 and HL-LHC
	List of ATLAS and CMS VLQ papers
	Pair-production
	Single production

	List of final states for vector-like top search
	References

