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Abstract Vector-like quarks are predicted by several theo-
retical scenarios of new physics which could solve the hier-
archy problem in particular and might be produced through
electroweak interactions. In this work, we investigate the
prospects for discovering the SU (2) singlet vector-like bot-
tom quark (VLQ-B) in eTe™ collisions at the future pro-
posed 3 TeV Compact Linear Collider (CLIC). The analysis
is performed within the framework of a simplified model
featuring only two free parameters: the VLQ-B mass mp
and the coupling constant g*. We study its single produc-
tion process ete™ — Bb and perform a detailed analysis
in the decay channel B — tW™ at the 3 TeV CLIC. The
20 exclusion limit and 50 discovery prospects are obtained
for the model parameters, respectively. Our results show that
the future CLIC will be an ideal hunting ground for such
vector-like quarks which have electroweak interactions.

1 Introduction

Understanding the nature of the Higgs boson is one of the key
elements for a full understanding of electroweak interactions
and in particular of the breaking of electroweak symmetry.
A very important question is the hierarchy problem of the
weak scale [1]. Vector-like quarks (VLQs) are predicted to
solve the gauge hierarchy problem in many new physics (NP)
scenarios beyond the Standard Model (SM), such as little
Higgs models [2], composite Higgs models [3—5], and other
extended models [6-9]. Such new VLQs are color-triplet
spin-1/2 fermions, and the left- and right-handed components
transform with the same properties under the SM electroweak
symmetry group [10]. Depending on the model, VLQs can be
realized in different multiplets, such as electroweak singlet
[T, B], electroweak doublets [(X, T), (T, B) or (B, Y)], or
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electroweak triplets [(X, T, B) or (T, B,Y)] [11]. A com-
mon feature of these new fermions is that they can decay
into a SM quark and a SM gauge boson, or a Higgs boson,
which could generate characteristic signatures at the current
and future high-energy colliders (for example, see [12-28]).

Up to now, the direct searches for VLQs have been per-
formed by the ATLAS and CMS Collaborations in Run 2 [29—
38]. Although there is no experimental evidence of such new
particles, the constraints on their masses have been obtained
ata 95% confidence level (CL). Given the current constraints
from direct searches by the ATLAS [36] and CMS [37] Col-
laborations with an integrated luminosity of 35-36 fb~!, the
minimum mass of a VLQ is set at about 1.2—-1.3 TeV for a
variety of signatures via their pair production. Very recently,
the CMS Collaboration presented a search for bottom-type
vector-like (VLQ-B) pair production in the fully hadronic
final state using Run 2 data with a total integrated luminos-
ity of 137 fb! [38], and excluded their masses up to 1570,
1390, and 1450 GeV for 100% B — bh, 100% B — tZ,
and BY doublet cases, respectively. Here, we focus on the
SU(2) singlet VLQ-B with an electric charge of —1/3e,
which couples exclusively to third-generation SM quarks,
B — Wt, Hb, Zb, since this is the scenario least constrained
by previous measurements [13].

So far, most of the phenomenological analysis on the
VLQ-B focuses on its single or pair production at the hadron
colliders in a model-independent way [39—42]. Nevertheless,
the LHC may not provide us with sufficient information about
some couplings between the SM particles with the VLQs.
Compared with hadron colliders, a future linear ete™ col-
lider with energies on the teraelectron volt scale, extremely
high luminosity, and very clean background environment can
provide extended discovery potential for these new particles
[43—45]; i.e., the final stage of the Compact Linear Col-
lider (CLIC) operating at an energy of 3 TeV is expected to
directly examine the pair production of a new heavy fermion
of mass up to 1.5 TeV [46]. The future high-energy linear
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ete™ collider is thus a precision machine with which the
properties of new VLQs can be measured precisely once their
masses are well known [47-52]. Related works regarding the
single VLQ- B production at the future high-energy e*e™ col-
liders were very recently carried out in Refs. [53-55] with
decay channels B — tZ and B — th. The benefit is that the
single production processes have more potential than paired
production due to lower phase space suppression. Because
of the larger branching ratio Br(B — tW) =~ 50% for the
heavy singlet VLQ-B, we focus herein on the observability
of the singlet VLQ-B production at the future 3 TeV CLIC
via the process ete™ — B(— tW™)b combined with two
types of final states. We expect that such work may become
a complementary option to other decay channels in searches
for the heavy VLQ- B at the future high-energy linear collid-
ers.

This paper is organized as follows: In Sect. 2, we briefly
review the couplings of VLQ-B with the SM particles and
discuss its single production at the future 3 TeV CLIC via the
B — tW decay channel. Section 3 is devoted to a detailed
analysis of the signal and SM backgrounds. Finally, we sum-
marize our results in Sect. 4.

2 Vector-like B quark in the simplified model

A prominent class of models predicting light spin-1/2 vector-
like top and bottom partners is the class of composite Higgs
models, such as the minimal composite Higgs scenario (with
the coset structure SO(5)/SO(4); see e.g. [1]) and the TS-10
models (a four-dimensional version of a model with compos-
ite fermions in a 10 representation of SO(5); see e.g. [4,5]). It
is clear that such VLQs share similar final-state topologies,
with different branching ratios and single production cou-
plings depending on the particular underlying model. There-
fore, when looking for possible dedicated searches for such
VLQs at the current and future high-energy colliders, it is
preferable to use a simplified model approach, involving for
example only the mass of the VLQ-B and its “single pro-
duction” coupling as free parameters. Thus, we pursue this
approach for the rest of the paper.

2.1 An effective Lagrangian for the singlet VLQ-B

Recently, a generic parametrization of an effective Lagrangian
for such VLQs was proposed in [13], where the authors con-
sidered VLQs embedded in different representations of the
weak SU(2) group, with other minimal assumptions regard-
ing the structure of the couplings. In particular, VLQs which
can mix and decay directly into all generations of SM quarks
are included. Particularly interesting for our purposes is the
case in which the VLQ-B is an SU(2) singlet, with couplings
only to the third generation of SM quarks. The Lagrangian
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that parameterizes the VLQ-B couplings to quarks and elec-
troweak boson can be expressed as [13]

_ 88 [ L g 3,7 "
L== [ﬁ [BLW,y tL]+2COSQW [BLZuy"bL]
mp - nmpy -
e [BRHbL]—m [BLHbR]:|+h.c., (1)

where g is the SU (2) gauge coupling constant, Oy is the
Weinberg angle, and g* stands for the coupling strength of
the VLQ-B to SM quarks.'

Certainly, the mixing of the top and bottom quark with
these new VLQs can offer new contributions to precisely
measured observables of the SM, such as the oblique param-
eters S and T, and Z — bb data; thus, the relevant model
parameters can be constrained by the indirect searches of
the electroweak precision observables (see [10] for a dedi-
cated analysis of this model). However, such indirect bounds
on the relevant mixing parameters are model-dependent and
may be relaxed via cancellation of the contributions of dif-
ferent vector-like multiplets [56] (and/or other types of new
physics models). Such models require dedicated examina-
tion of their electroweak constraints (see e.g. [57]) and are
not covered by the analysis in this paper. For example, the
existing limits on the couplings are estimated as k < 0.23
for coupling to the third generation only [13]. Note also that
the bounds may be weakened in specific models; therefore,
here we consider only the direct bounds via the single pro-
duction process of VLQs at the LHC. Recently, the authors
of [22] studied the sensitivity in the plane of the coupling «
and VLQ mass M o using the CONTUR framework [58] and
gave the disfavored regions at a 95% CL as « € [0.1, 1] and
Mg € [1200 GeV, 2000 GeV]. Thus, here we assume only
a phenomenologically guided limit and take a conservative
value g* < 0.5 [29,30].

2.2 Single production of VLQ-B at the CLIC

In Fig. 1, we show the leading-order (LO) Feynman diagram
of the process ee~™ — Bb with the decay channel B —
tW—.

In order to make a prediction for the signal, we calcu-
late the LO cross section for the process ete™ — Bb (bB)
times the branching ratio of B — W using MadGraph5-
aMC@NLO [59] (henceforth MGS5). Note that the model file
of the singlet VLQ- B quark is publicly available online in the
Feynrules repository [60]. In this case, the singlet VLQ- B has
three different decay channels into SM particles: t W, bZ, and
bH. Using the equivalence theorem [61-66], the branching
fractions for these three decay modes are 0.5, 0.25, and 0.25,

! The coupling parameter can also be described as other constants, i.e.,
sin®@ [10] or x [13]. After comparison, we find that there is a simple
relation among these coupling parameters: g* = +/2sin6 = v/2«.
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Fig. 2 Total cross sections as a function of m p with three typical values
of g*

respectively. The numerical values of the input parameters
are taken from [67].

In Fig. 2, we show the dependence of the cross section
o(ete” — Bb+ bB) x Br(B — tW) on the B quark
mass mp at a 3 TeV CLIC for three typical values of g*. As
the VLQ-B quark mass grows, the cross section of single
production decreases slowly due to a larger phase space. For
g* = 0.2 and mp = 1.5 (2) TeV, the cross section can
reach 0.82 (0.48) fb. Obviously, the cross section of single B-
quark production is proportional to the square of the coupling
strength g* for a given B quark mass.

3 Collider simulation and analysis

Considering the subsequent decay mode of the gauge boson
W=, we focus on the 3 TeV CLIC and present our analy-
sis for the 2¢2b + E 7 final state, where W is assumed to
decay leptonically, and £2b2 j 4 F 7 final state where one W+
decays leptonically and the other one decays hadronically.
In our simulation, we use MGS5 to generate the parton-level
events of signal and SM background, and these events are
interfaced to Pythia 8.20 [68] for showering and hadroniza-

tion. All event samples are fed into the Delphes 3.4.2 pro-
gram [69] for detector simulation with the CLIC detector
card designed for 3 TeV [70]. Jets are clustered according to
the Valencia Linear Collider (VLC) algorithm [71,72] and
fixed one-size parameter R = 0.7. The b-tagging efficiency
is taken as the loose working points with 90% b-tagging effi-
ciency in order not to excessively reduce the signal efficiency.
The misidentification rates are given as a function of energy
and pseudorapidity; i.e., in a bit where £ > 500 GeV and
1.53 < |n| < 2.09, misidentification rates are 5 x 1072
Finally, we use MadAnalysis5 [73] to analyze the signal and
background events.

To identify objects, we first use the following basic cuts
at the parton level for the signal and SM background:

ph > 20GeV, pil" > 25GeV, |nl < 2.5,
njl <5, )

where p?’b’j . In¢/pyj| are the transverse momentum and
pseudo-rapidity of leptons, b-jets, and light jets.

3.1 202b + E 7 final state

We begin with the final state consisting of two same- or
different- flavor and opposite-sign di-leptons along with two
b-jets and missing energy £ 7, which comes from the follow-
ing process:

ete™ > B(— tW)b — t(— bTv)W= (U™ b)b.  (3)

The dominant background comes from the 2£2b F 7 final state
comprising the following possible processes that lead to a
similar final state:

e ete™ — tWbGEWTh) with r — bWH(FT — bW™)
and Wt — £ty (W™ — £ Dy.

e ete™ — WHW—h with Wt — £Tv, (W™ — £y
and h — bb.

e etem™ > WHW=Z with Wt — ¢Tv, (W™ — £ 1y
and Z — bb.

e ¢cte™ — ZZZ with Z — ¢T¢~,Z — bband Z —
\TAVR

According to the feature of the signal, the dominant SM
backgrounds come from the single-top production processes,
namely ete™ — tW~b,tW*h, as shown in Fig. 3. Note
that the contribution from the top pair production process
ete™ — tf is also included with the t — Wb decay. For
the center-of-mass energy /s = 3 TeV, the relatively large
contribution for the r Wb final state comes from the 7-channel
single-top production process [74]. Here, we do not consider
theete™ > WTW=Z,ete™ — WHW—h,and ete™ —
ZZZ production processes because their cross sections are
negligible after applying our selection cuts (see below).

@ Springer
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Fig. 3 Representative Feynman 6+ €+ t
diagrams of the single-top ——
production process [/‘/ + —
ete” > tW™b b
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Fig. 4 Normalized distributions for the signals (with mp = 1500, 2000, and 2500 GeV) and SM background at the CLIC

In Fig. 4, we draw some differential normalized distribu-
tions for signals and SM backgrounds, including the trans-
verse momentum distributions of lepton ( pt}), the normalized
pseudo-rapidity distribution of the lepton, the scalar sum of
the transverse energy of all final-state objects E7, and the
missing energy £ r. For the background, the leptons can be
produced via the s-channel exchange of y and Z, as well as

@ Springer

t-channel exchange of neutrinos, which results in the peaks at
higher n values. However, for the signal, the leptons are pro-
duced from the decay of the W, which are generated from
the decay of the heavier VLQ- B, produced via the s-channel
exchange of Z. As a result, the n distribution for the signal
is more centrally peaked. We carry out the cut-based anal-
ysis by looking at some relevant kinematic variables which
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Table 1 Cut flow of the cross sections (in fb) for the signals and SM
background at the 3 TeV CLIC with g* = 0.3 and two typical VLQ-B
quark masses

Cuts Signals Background
1500 GeV 2000 GeV

Basic 0.015 0.009 0.3

Cut 1 0.011 0.006 0.13

Cut2 0.006 0.004 0.032

Cut3 0.004 0.0027 0.015

can help design proper cuts (Cut 1, Cut 2, Cut 3) on them to
improve the signal over the background.

e Cut 1: The transverse missing energy is required £ >
200 GeV.

e Cut 2: There are exactly two isolated leptons (N (£) = 2)
with [ng,| < 1 and [n,| < 1. Besides, the transverse
momentum of the leading lepton is required to have
Py > 200 GeV.

e Cut 3: The scalar sum of the transverse energy of all final-
state objects E7 isrequiredtobe E7 > 1100 GeV. Atthe
same time, we also demand My, 5, > 200 GeV to reduce
the backgrounds coming from Z — bb and h — bb.
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Fig. 5 Same as Fig. 4 but for the £2bjj + £ 7 final state

Table 2 Cut flow of the cross sections (in fb) for the signals and SM
background at the 3 TeV CLIC with g* = 0.3 for the £2b2j + E 7 final
state

Cuts Signals Background
1500 GeV 2000 GeV

Basic 0.055 0.032 0.43

Cut 1 0.042 0.027 0.19

Cut 2 0.029 0.021 0.032

Cut3 0.021 0.016 0.02

We present the cross sections for the signals (mp =
1500, 2000 GeV) and the SM background after imposing the
cuts in Table 1. One can see that the SM background is sup-
pressed very efficiently, while the signals still have relatively
good efficiency at the end of the cut flow.

3.2 £2b2j + Er final state
Considering the subsequent decay channel W~ — £~ vy and

t — bW — bjj, we consider the following process as the
signal:

ete™ = B(— tW)b — t(— bjj))W™ (£ y)b. 4)
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Fig. 6 20 exclusion limit (left) and 5o discovery prospects (right) contour plots for the 2¢2b + Er final state in g* — mp planes at the 3 TeV
CLIC with three typical integral luminosity values
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Fig. 7 Same as Fig. 6 but for the €2bjj + E 7 final state
Similarly, according to the differential distributions in oo ! /]
Fig. 5, we implement the following cuts to suppress the back- [ ----20 S
ground: - 56 !
047 -4
/
e Cut 1: It is required that the transverse missing energy I K
Er > 150 GeV. oal /
B 7
e Cut 2: There are exactly one isolated leptons (N (£) = 1) ) s /
with p& > 150 GeV and || < 1. [ / Pt
| / 7
e Cut 3: The scalar sum of the transverse energy of all final- 02 -
state objects E7 is required to be E7 > 1300 GeV. We [ % A
also demand M, > 150 GeV to exclude the WWZ i s P S S S
and W W h backgrounds. o1 L ; ; ; ; ; .
1600 1800 2000 2200 2400 2600 2800
m, (GeV)

From Table 2, we found substantial suppression on the

SM background once the kinematical cuts were imposed. Fig. 8 Combined 20 exclusion limit and 5o discovery prospect con-

tour plots for the signal in g* — m g planes at the CLIC with an integral
3.3 Discovery and exclusion significance luminosity of 5 ab™"

Then, we estimate the expected discovery and exclusion sig- Zexel = /2[s —bIn(1 +5/b)] <2 Q)

nificance by using the median significance Z [75]:
where s and b are the signal and background events, respec-
Zdise = \/ 2[(s +b) In(1 4+ s/b) —s] = 5, tively. Note that here we do not consider the effects of the

@ Springer
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Table 3 Some results of searching for VLQ- B at different colliders

Channel Data set Excluding capability Discovery capability Reference
g* (kp) mp/GeV g* (kp) mp/GeV

B — bZ HL-LHC@3 ab~! [0.14,0.5] [1300, 2000] [0.24, 0.5] [1300, 1700] [26]

B — bh CLIC@5 ab~! [0.09, 0.15] [1300, 2000] [0.14, 0.24] [1300, 2000] [53]

B — bZ CLIC@5 ab™! [0.16, 0.5] [1200, 2400] [0.26, 0.5] [1200, 2150] [54]

B —>tW CLIC@5 ab~! [0.12,0.4] [1500, 2700] [0.2,0.5] [1500, 2600] This work

systematic uncertainties, the initial state radiation, or beam-
strahlung, but we expect these will not change our results
significantly.

In Figs. 6 and 7, we plot the 20 and 5o sensitiv-
ity reaches for the coupling strength g* as a function of
mp at the 3 TeV CLIC with three typical integral lumi-
nosity values: 1, 3, and 5 ab~!. One finds that for the
202b + Er final state, the VLQ-B quark can be excluded
in the region of g* € [0.2,0.5] [0.17,0.44] and mp €
[1500 GeV, 2600 GeV] at the 3 TeV CLIC with integrated
luminosity of 3 (5) ab~!, while the discover region can
reach g* € [0.31,0.5] [0.27,0.43] and mp € [1500 GeV,
2300 GeV]. Similarly, for the £2bjj + E7 final state,
the VLQ-B quark mass can be excluded in the region
of g* € [0.15,0.5] [0.13,0.44] and mp € [1500 GeV,
2700 GeV], and the discover region can reach g* €
[0.24,0.5] [0.21, 0.44] and m p € [1500 GeV, 2500 GeV].

Then, we combine its sensitivity with the above two types

of final states by using Zcomp = +/ Zl2 + Zzz. For comparison,
we further present in Fig. 8 the combined sensitivity reaches
for the coupling strength g* as a function of the VLQ-B quark
mass m g. One can see that the B quark can be excluded in the
region of g* € [0.12,0.4] and mp € [1500 GeV, 2700 GeV]
at the 3 TeV CLIC with the integrated luminosity of 5 ab™",
while the discover region canreach g* € [0.2,0.5]andmp €
[1500 GeV, 2600 GeV]. Moreover, we list some existing
results related to searching for the VLQ- B in Table 3. We can
find that our result is competitive and complementary com-
pared with the other sensitive channels in previous studies.

4 Conclusion

Vector-like quarks that couple preferentially to third-generation

Standard Model (SM) quarks are a well-motivated extension
of the SM, which could specifically solve the hierarchy prob-
lem. In this study we have searched for accessible limits for
the SU(2) singlet VLQ-B at the future 3 TeV CLIC via the
process ete™ — Bb — tW™b through the B — W~
channel in a simplified model. We performed a full simula-
tion for the signals and the relevant SM backgrounds with
the CLIC detector card designed for 3 TeV. Our numerical

results show that, at the 3 TeV CLIC with an integrated lumi-
nosity of 5 ab™!, the VLQ-B can be excluded in the region
of g* € [0.12,0.4] and mp € [1500 GeV, 2700 GeV] and
the discover region can reach g* € [0.2,0.5] and mp €
[1500 GeV, 2600 GeV]. Thus, the future 3 TeV CLIC will
prove to be an ideal hunting ground for such vector-like
quarks which have electroweak strength interactions.
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