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ABSTRACT

Experimental searches for vector-like quarks have until now only considered their decays 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 available
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 VLQs and the top quark via partial compositeness 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)/SO(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 custodial symmetry are indicated in Tab. 1. Note that the
first coset SU(4)/Sp(4) = SO(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.

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% (S° being a BSM neutral
scalar), with subsequent decay S° — ~vy or S° — Z~. 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 exotic 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 VL(Q 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. Additionally, 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 models of interest. We only consider simplified
models — theories where the SM particle content is extended by adding one vector-like quark ¥ and one scalar
multiplet S with definite SU(3). x SU(2)r 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

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 VLF's 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 develop-
ments.
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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)1/2, which arises in all cosets.

precision observables.
We thus consider an effective Lagrangian including one VLQ ¥ and one scalar S with definite quantum
numbers under the SM gauge group,

L=Lsy+Lyp+LAp+. ., (1)

where EJSVA; denotes the new physics Lagrangian up to dimension—f<0ur operators, and L3 p denotes the La-
grangian containing only dimension-five operators. Schematically, ENZ; is given by

SO UED —my)V + |D,S)? - V(S H) + pUf +yuaUfH +ysUfS + §sOUS + 5, F fS, (2)

where f, f/ denote SM fermions. Note that not all terms might be present depending on the representations of
U and S. The p, yg and ys terms in (2) lead to partial compositeness interactions. A list of operators with at
least one VLQ that contribute to £3p is shown in Tab. 2.

U+ SM fields | Uo"UX,, Vo' fX,, UfH? VUH?

GfHS TfS? TUS?2

U+ S + SM fields |

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

In Sec. 2 we discuss the production modes of the VLQs at the LHC, specifically focusing on the issue of if,
and when, single VL.Q 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.

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.

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 exclusively 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.
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Figure 1: Representative Feynman diagrams contributing to pair and single production of the VLQ W at hadron collider.

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 PDF's 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 [52-57], it is essential
to also consistently take into account large width effects in pair production [58]. This is due to the increasing
significance of off-shell contributions, which are sub-dominant in the NWA. Moreover, non-factorisable con-
tributions where the VLQ propagates only in ¢-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 VL.Qs in the final state, instead of assuming on-shell propagation 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

Opaif(m‘P7 F‘I’) = Z KiK‘IQJ a-pp—>a5(m\1’a F\I’) + Z Rakb &;Zt_;af;(m\l’a F\I’) ) (3)
a,b a,b
Usingle(m\ll7 F\I/) = Z ’ii’iz a'pp—mcjj (m\I/a F\I/) + Z RaKq &;Zt_)aqj (m\p, F‘Il) +c.c., (4)
a,q a,q

where a,b are 2-body SM final states, e.g. Wb, Zt or Ht for a top partner, and their conjugates, while kg
denote the strength of the three point vertices involving ¥ and the corresponding 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 ¢ summation is related to the coupling between ¥ and the third-generation SM
quark ¢ produced in association via interactions with W or Z. The reduced cross-sections &, which depend only
on the relevant kinematical parameters, mass my and total width I'y, have been factorised from the couplings,
and the interference contribution 6** 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 ¥ is
considered as well.

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]3

BRTﬁWb : BRT*)Zt : BRTﬁHt =2:1: 1, for singlet,
BRT%Wb : BRT%Zt : BRTﬁHt =0:1: 1, for ClOllblet7

and perform a comparative study between the cross-sections of signal and background for varying width/mass
(I'r/m7) 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 bg is zero. Even if BSM decays are not explicitly

3These relations are valid in the asymptotic limit of mz >> m;, with ¢ 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 7" masses explored here.



considered in this example, typically additional new physics, for example in the form of other VLQs 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 combinations of possible final
states for pair and single production are provided in Tab. 3.* Let og,p be the signal plus background cross-

SM irr. bkg. for T'T final states ‘ SM irr. bkg. for single T final states
Final state Cross-section (pb) |  Final state Cross-section (pb)
WEW b 50030 50 5 o W=bbj RN A
WHbZt+ Wbzt 11407293504 8% | whpgj + Wbty 8.7 1E2%
WHbHE + W—bHt  0.753T28T%H512% | Zibj + Zibj 0.35 1572 19%
ZtZE 0.0015720-5%+3:5% | [thj + Hibj — 0.03473T0+22%
ZtHU+ ZEHt  0.001312527045.7% Ztt; 0.0084 157 1-9%
HtHT 0.0007 1 25-3%+4.5% Hittj 0.0041735%F2.5%

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 7. The uncertainties correspond to scale and PDF systematics respectively.

section for a certain process, including the interference effects between signal and background, while op be
the background-only cross-section for the same process. The relative difference between the two cross-sections,
denoted by dsp = (0s+5 —0B)/0B, are shown in Fig. 2, for each of the final states and for two different widths
I'r/mp = 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.

The effects of finite width are more pronounced for processes which have a low background, 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 relatively important for both single and pair production processes, in some
cases leading to mildly negative relative differences dsp. 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, 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 ¢-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 6 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 7" mass
and width. For example, for a singlet 7" 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.

4All 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 (prj,s > 10 GeV, |n;| < 5 and dRj; jb,p6 > 0.01).
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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 mqp 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 < mp < 3 TeV are shown.

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 uncer-
tainties 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 (SY). 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

5Including 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.



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
V2sw

The coupling strengths % can be parametrised up to O(v/m7) as

Kby TA"WF Pub+ ——— k5 Ty" Z, Pt + kg HT Pyt + k5S°TPyt + (L 5 R) +hee.  (5)

Lo =
T 2CWSW

v mr
Wiy = [zl = —*r, |l = k51 =0, |rfl= —I|cfl=r, [|k§]=0, [kF|=rs, (6)
mr me

where k and kg are two free parameters. In principle, (5) can be obtained from the Lagrangian (2) by identifying
U =T and S = S°, and diagonalizing the T —t mass matrix. Note that, nﬁﬂ » and k& are suppressed by a factor
of O(v/m7r) compared to kg. In addition, x% is suppressed compared to k% by O(v/mr), and thus neglected
in the following for simplicity.

Above the threshold mp > mg + my, the partial widths of T into S and SM final states are:

2 2 2 2\ 2 M2 M 2172
I‘lT—H/Vb:‘%THT/\% (1777137?/) (1_m3) + ZV—Q I;V+mb 4W ) (7)
16m mg ma ma. ms. mi ma,
2 2 2N\ [ 2\ 2 2 4 2772
K‘m m: M m M M ms M
Proo = Sgpad (L2022 | (1= 2 ) S o M ®
327 m M I mi mi M my
2 2 2 [ 2\ 2 2 2 2, 2
K‘mr 1 m: m m m m m:m
o= Sl (1,70 20 ) | (14 1) a2 ] o
T T T T T T
2 2 2 2 2
Reomr | 1 mt mS mt mS
r =5 (1, -, =) 14+ L -—= 1
T—S¢ 397 2 ( ) m%v m%) + m% m%:| ) ( 0)

where \'/2(a,b,¢) = Va2 + b2 + 2 — 2ab — 2ac — 2bc denotes the Killén function. The relation between the
branching ratio of the new decay channel 7' — S°t with respect to the SM decay channels T — Wb, Zt, Ht is:

2

K
BR7_, 50 : BRr_wp : BRr_z: : BRr_ gt ~ H—‘g :2:1:1, for mg < mr. (11)

Therefore, for mg < mp, the T — S% decay can have a branching ratio as large as 50% if kg ~ 2x. For generic
values of mg, BRr_,g0; is determined by two ratios ks/k and mg/mr, as illustrated in Fig. 3.
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Figure 3: Fixed contours of the BRy_, go, are shown in the kg/k — mg/mr plane for two different values of the VLQ mass,
mp =1 TeV (solid lines) and mp = 2 TeV (dashed lines).

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
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Figure 4: Reduced cross-sections & for processes of single T production via interactions with either Wb (top row) or Zt (bottom
row) and in all cases decaying to a neutral scalar S0 and the top quark. In the left column the T'r/m7 ratio is 1%, while in the
right column is fixed to 10%. Subsequent decays of the scalar have not been considered here.

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 7" mass, and there are no interference 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 following discussion. We will assume that 7' 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 for the St
final state depend on the T" and SY masses, and on the total width of T, and are defined as:

osow; (mp, Tryms) = (k1y)?(k§)? g0y (me, Trims) | (12a)
osostj(mr, Trsms) = (k%) (k5)? G501 (mr, Trims) . (12b)

Their values values are shown in the mr —mg plane in Fig. 4 for two choices of the I'r /mr 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, mp = 1.5 TeV, I'r/mr = 1% and 10%, ms = 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_,go;. From these
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Figure 5: Single T' production cross-sections and their combined sums as function of BRp_, go; for mp = 1500 GeV and

mg = 500 GeV. For the SM final states, the contribution of interference with the SM background described in (12) has been
included. The corresponding interaction couplings from (5) are also shown. In the left column I'r/my = 1%, in the right
column I'r/mp = 10%. Single production processes initiated by the interaction TWb with coupling nﬁ, are shown in the top
row, while in the bottom row they are initiated by the interaction T'Zt with coupling n’é. The negative cross-section values
correspond to region where negative interference with the SM background has a dominant contribution.

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 BRp_, g0y = 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 BRp_ g0, = 0, corresponding to kg = 0, and when BRy_,g0; = 1,
corresponding to k£ = 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).

6These 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.



e The cross-sections to purely SM final states become subdominant when BRp_,g0; becomes larger than a
specific value, which varies depending on the SM final state.

e Depending on the configurations of masses and widths, kg may reach large values, making a perturbative
approach to the calculation questionable.

e Some interference contributions for SM final states are negative,” and for W-initiated processes the SM
combined sum osnr = oWy + 0 zn; + T Hebj, represented by the blue curves in the plots, becomes negative
when BRyp_, g0, becomes larger than some value which depends on the masses and width. From Eq. (12),
it is possible to see that interferences scale as 2, while the contributions from squaring signal topologies
scale as k*. As BRp_, g0, — 1, K — 0, so that interference becomes eventually dominant and, when
negative, it leads to a deficit of signal events in the SM channels.

e 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 Hr or Hr + E1), 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 BRp_, go;.

Apart from the above example other prominent exotic decay modes for VLQs include
T— S+b, B — Sob, Sit, X5/3 — S+t, S++b, Y_4/3 — Sib, Siit, 5}8/3 — S++t. (13)

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 production 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 electric charges, leading
to distinctive smoking gun signatures. For instance, in the absence of any BSM scalars, Yy /3 can only undergo
a 3-body decay into WTW Tt via an off-shell X5 /3 exchange [30]. However, if a light doubly charged scalar is
present, a novel 2-body decay channel, Yy /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, however, they can, in general, have additional decay channels into lighter
quarks and leptons [40].

4 Limits from LHC Run 2 data

All published experimental limits on the masses of VLQs from the ATLAS and CMS collaborations assume that
the VLQs 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 VL(Q masses are considerably relaxed
compared to current experimental 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 X;5/3 — S*Tb, provides the strongest limit when the ST+ undergoes a lepton number
violating decay into ST — etet [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 collected during the full Run 2 of the LHC. Since Y_,/3 decays only to Wb assuming
purely SM decays, the strongest bound on T reported in [70] also applies to Y_4/3 since this limit assumes
BRr_swp, = 100%°.

"We 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.

8For pair production it is possible to reinterpret limits on 7' for Y_4/3 even if BRr,wp < 100%, assuming there’s no con-
tamination from other channels. For single production, if BRp_,ywp < 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 myg — 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 I'y /my as a function of myg (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 I'g /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'y /my is feasible and has been used when the limits are not available in the
T'y/my vs my plane. However, to map the bounds on the cross-sections to this plane, simulations for a grid
in my and '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 ATLAS search targeting 7' — 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 0-lepton final state. 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 pr of large-R jets, and the total
hadronic energy), are similar in both searches, the search performed by ATLAS employs an extreme gradient
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:

e The bounds on vector-like top in the doublet representation (with branching ratio pattern shown in Sec. 2)
are significantly weaker than the singlet case given the forbidden coupling of the VLQ with the W bosons,
which results in a lower production cross-section.
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Figure 7: 95% CL exclusion limits from the ATLAS and CMS full Run 2 data on the I'y /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 singlet/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.

e 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.

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, accounting 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
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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 limited new param-
eters, 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 representations 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 collaboration [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 vectors 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 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 VLQs with exotic interactions, 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 inter-
actions 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 theoreti-
cally 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 multiplicities 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 0 to 6 leptons (described in Appendix B). Traditionally, searches for SM decays of VLQs
have focused on 0¢ or 14 final states, with specific requirements on kinematic variables such as pr of jets, and
global variables such as the effective mass. Since the limits on my are rather high, the experimental 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 applicability 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,
resulting in large-radius jets, may arise if the difference Am = (mg — 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 VL.Qs, 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.

9Vector-like quarks + exotic pNGBs: https://feynrules.irmp.ucl.ac.be/wiki/NLOModels
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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, excluding results
with less than 5fb~" since significantly stronger results are obtained with more data. In addition, the ATLAS
collaboration has reported results by combining several studies with 36 fb~* 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 14
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 sensitivity 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.

. Lepton Singlet Limit | Doublet Limit
VLQ Decay Experiment | Dataset multiplicity (in TeV) (in TeV)
Inclusive ATLAS [70] | 140fb~! 1/ 1.36, 1.21 —,1.345
Inclusive ATLAS [71] | 139fb~! 1/ 1.26,1.33 1.59,1.59
Z(00Vt, Z(L6)b | ATLAS [68] | 139fb™" | 2008, 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
7. | Inclusive ATLAS [96] | 36.1fb~" 0¢ - 1.01%,0.95
Inclusive CMS [97] | 36.1fb~! 0/ 1.37%, — —,1.23
Wb, Wt ATLAS [98] | 36.1fb~! 0/ 1.17,1.08 0.75,1.25
Z(00Vt, Z(L6)b | ATLAS [99] | 36.1fb~' | 2008,>3¢ | 1.03,1.01 1.21,1.14
Inclusive ATLAS [100] | 36.1fb~" 208 S 0.98,1.0 -
Inclusive CMS [101] | 35.9fb~* | 1¢,2¢58, 3¢ 1.2,1.17 1.28,0.94
Z (00, Z(0)b CMS [102] | 35.9fb~* 2008 — 1.28%,1.13%
T Z(vw)t ATLAS [103] | 36.1fb~* 14 0.87 1.05
Ht, Zt ATLAS [104] | 36.1fb* 1/ 1.19 1.31
Hb, Zb CMS [67] | 138fb~* 0/ 1.1 —
B Inclusive CMS [105] | 138fb~* | 0¢,2¢5S 1.06 1.5
Wt ATLAS [106] | 36.1fb~* 14 1.17 1.35
ATLAS [71] | 139fb~" 14 1.59
ATLAS [106] | 36.1fb~" 14 1.35
X Wt ATLAS [98] | 36.1fb " 0/ 1.25
ATLAS [100] | 36.1fb~* 205 S 1.19
CMS [107] | 35.9fb~ 1 | 1¢,2¢8S 1.33%
ATLAS [70] | 140fb~" 14 1.7
Y Wb ATLAS [98] | 36.1fb™" 0/ 1.35
CMS [108] | 35.8fb~* 14 1.295
Q | Wq ATLAS [93] | 140fb~" 1/ 1.15 1.53*

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 differentiate between opposite-sign and same-sign leptons, denoted by 2¢0S and 24SS 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 — W¢Wyq search [93] refers to a VLQ coupling to lighter quarks
(¢ = u,d, s,c). Limits obtained with data less than 5 fb~! are not included, since all such studies have been superseded with other
searches using more data for the same final state.
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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 I'y /my vs myg plane or the EW coupling of ¥ vs myg 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].

VLQ ‘ Decay ‘ Experiment ‘ Dataset ‘ Lepton multiplicity
Z(wv)t | ATLAS [55] | 140 fb~? 04
Z(vv)t CMS [56] | 137fb~! 0/
Z(vv)t | ATLAS [113] | 36.1fb~" 04,14
H(bb)t | ATLAS [52] | 139fb~* 0¢

T | HOyt CMS [57] | 138fb~! 0¢, 14
Ht, Zt CMS [114] | 138fb~" 0/
Ht, Zt | ATLAS [54] | 138fb~" 10
Ht, Zt CMS [72] | 35.9fb~! 0/
Z(eOt | ATLAS [53] | 139fb~! 2008, 3¢
Z(0)t | ATLAS [99] | 36.1fb* 2008,> 3¢
Z (00t CMS [80] | 35.9fb~! 2008

Ty | W(tw)b | ATLAS [115] 36.1fb~" 10

’ W (v)b CMS [116] | 2.3fb" 10
H(bb)b | ATLAS [117] | 139fb~* 0¢

B | H(bb)b CMS [118] | 35.9fb " 0/
Z(00Ob | ATLAS [99] | 36.1fb~" 2008, > 3¢

B,X| Wt | CMS [119] | 35.9fb~" 1/

Table 5: Summary of ATLAS and CMS single VLQ searches for T', B, X5/3,Y_4/3.
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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 (Np), total number of leptons (N;), number of same sign lepton pairs (Nggr,), 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+ — 25,11y, Z — 24,bb, 171, By, and H — bb, respectively. The categorisation of final
states arising from other VLQs can be done in similar way.

. N Final stat Itipliciti
Production ‘ Contributing decay channels ‘ thal state muHpHeities

| | Now+w-) | Nz | Ny | N | No | Ni | Nos
T — Wb (1,1) - — — 2 | <2 -
SM | T — Zt (1,1) 1 - - | <4 <4 <2
T — Ht (1,1) - | - 1 [ <4|<2| -
T—S% | S°—u (2,2) — —~ —~ 4 | <4 <2
SY — bb (1,1) - | - - 4 | <2 -
SO s wrw- (2,2) - —~ —~ 2 | <4 <2
- BSM S - 27 (1,1) 2 — - | <6|<6]| <3
Tty S° —~Z (1,1) 1| 1] - | <4|l<4]| <2
SO — vy (1,1) —~ — 2 | <2 -
‘ ‘ TSty | st =t ‘ (1,1) ‘ - ‘ - ‘ - ‘ 3 ‘ <2 ‘ -
St 5 Wty (1,1) —~ 1 - 2 | <2 -
ST Wtz (1,1) 1 - - | <4 <4] <2
T— Wb (1,0) —~ - - 2 [ <1 —~
SM | T — Zt (1,0) 1 - - | <4 <3| <1
T — Ht (1,0) - | - 1 [ <4|<1| -
T—S% | S°—u (2,1) —~ - — 4 | <3| <1
SO — bb (1,0) - — - 4 | <1 -
SO s Wrw- (2,1) —~ —~ —~ 2 [ <3| <1
_ BSM SY— 727 (1,0) 2 - - | <6 <5| <2
Tbj SO 47 (1,0) 1] 1] - |<4]<3] <1
SO — v (1,0) - - 2 | <1 -
| | T— ST | ST —th @ | - | - -] 3 |<1| -
ST — Wty (1,0) - 1 - 2 | <1 -
St swtz (1,0) 1 - - | <4|1<3| <1

Table 6: Categorisation of final states for single production of a vector-like top quark.
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Contributing decay channels | Final state multiplicities

|N(W+,W‘) | Nz | Ny |NH | Np | Ni |NSSL

TT — W*TW~bb (1,1) - | - - 2 <2 -

TT — ZZtt 2 — - <6 | <6 | <3

TT — ZHtt 1 - 1 <6 | <4 | <2

TT — HHtt _ _ 92 <6 | <2 _

SO—ttbb | (£3,<3) | - | - | -] 6 | <6 ] <3

(1,1) 4 - ~- | <10|<10| <5

3 1 - <8 | <8 | <4

2 2 - <6 | <6 | <3

TT — 25°tt 1 3 - <4 | <4 | <2

S°% — 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—tw | @y | - | - | - | 6 | <2| -

TT — STS~bb (1,1) 2 - - <6 | <6 <3

St — bosonic 1 1 - <4 | <4 | <2

_ _ 2 <2 _

- <2,<2 - - <1 < 4 | <2

S° — tt,bb (£2,=2) = <61 < =

1 - - <6 | <6 | <3

TT — S°W~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 5 . <4 <5

(2,2) 1 - — <4 | <6 | <3

- - <1 | <4 | <4 | <2

_ 1,1 1 - - < <4 | <2

_ _ ST —tb (1,1) =61 = =

TT — STW™bb - - | <6 | <6 | <2 -

L I
ST — bosonic 1 | <1|<1] <6 | <4 | <2
- <1 1| <4 | <2 -

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.
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