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Based on a model-independent framework including the vectorlike top partner (VLQ-T), we investigate
the prospect of discovering the singlet or doublet VLQ-T via the single production process e−eþ →
Tt̄þ tT̄ with the T → Zt decay channel at a future high-energy linear eþe− collider with

ffiffiffi
s

p ¼ 3 TeV. We
focus on the hadronic decay of the top quark and two types of decay channels for the Z boson: Z → lþl−

and Z → νν̄. By carrying out a full simulation for the signals and the relevant Standard Model backgrounds,
the 2σ exclusion limit and 5σ discovery prospects are, respectively, obtained on the VLQ-T mass and the
coupling strength g� with the integrated luminosity of 5 ab−1. In addition, we considered the initial state
radiation and beamstrahlung effects as well as the systematic uncertainty effects of backgrounds, which are
found to reduce the excluding or discovery capability.

DOI: 10.1103/PhysRevD.105.115032

I. INTRODUCTION

To solve the gauge hierarchy problem [1], new vectorlike
quarks (VLQs) are introduced to regulate the Higgs boson
mass-squared divergence in many new physics models
beyond the Standard Model (SM), such as little Higgs
model [2], composite Higgs model [3], and other extended
models [4–7]. A common feature of these VLQs is that the
left- and right-handed components transform with the same
properties under the SM electroweak symmetry group [8].
Based on the electric charges ofþ2=3e (T quark),−1=3e (B
quark), þ5=3e (X quark), or −4=3e (Y quark), the VLQs
could be grouped in multiplets, such as electroweak singlet
[T, B], electroweak doublets [ðX; TÞ; ðT; BÞ or ðB; YÞ], or
electroweak triplets [ðX; T; BÞ or ðT; B; YÞ]. Furthermore,
they are expected to couple preferentially to third-gener-
ation quarks and can generate characteristic signatures at the
current and future high-energy colliders (for example see
[9–28]). Here, we focus on the singlet or doublet VLQ-T
quark, which only couples to third-generation SM quarks.
Using Run 2 data, the direct searches for such VLQ-T

have been performed by the ATLAS and CMS
Collaborations, and the constraints on their masses have
been obtained at a 95% confidence level (CL) [29–36]. For

instance, the minimummass of a singlet (doublet) VLQ-T is
set at about 1.31 (1.37) TeV from direct searches by the
ATLAS Collaboration with an integrated luminosity of
36.1 fb−1 [35]. The CMS Collaboration have excluded T-
quarkmass below 1.37 TeVat 95%CL by using 35.9 fb−1 of
pp collision data in the fully hadronic final state [36].
Due to a much cleaner environment, the future high-

energy linear eþe− colliders such as the Compact Linear
Collider (CLIC) [37–39] can probe TeV scale electroweak
charged particles well above the LHC reach. For instance,
the final stage of CLIC operating at an energy of 3 TeV is
expected to directly examine the pair production of new
heavy top partners of mass up to 1.5 TeV [40]. For the single
production process, any such new particle can be produced at
CLIC with a sizable rate up to the kinematic limit of 3 TeV
[41–46]. Furthermore, the single VLQ production could
reveal the electroweak properties of the interactions between
VLQs and SM particles, which could serve as a comple-
mentary channel to its pair production and thus will be
an important task for future high-energy colliders once
the heavy VLQ is discovered at the LHC and its mass
determined.
Very recently, the single VLQ production at the

future high-energy eγ and eþe− colliders was investigated
in Refs. [47–53] with different decay channels.
Reference [53] has investigated the single production
of a singlet vectorlike top partner decaying to Wb at
3 TeV CLIC and found that the correlation regions of
g� ∈ ½0.15; 0.4� and mT ∈ [1500 GeV, 2600 GeV] can be
excluded with the integrated luminosity of 5 ab−1. For a
singlet VLQ-T, all three decay modes, namely, T → Wb,

*hanlin@xxmu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 105, 115032 (2022)

2470-0010=2022=105(11)=115032(10) 115032-1 Published by the American Physical Society

https://orcid.org/0000-0001-6345-6011
https://orcid.org/0000-0002-6144-0638
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.115032&domain=pdf&date_stamp=2022-06-23
https://doi.org/10.1103/PhysRevD.105.115032
https://doi.org/10.1103/PhysRevD.105.115032
https://doi.org/10.1103/PhysRevD.105.115032
https://doi.org/10.1103/PhysRevD.105.115032
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


T → tZ, and T → th, have sizable branching ratios, while
the charged-current decay mode T → Wb is absent if
VLQ-T is either in a (X,T) doublet. In this work, we focus
on the single production of the singlet or doublet VLQ-T
via the decay channel T → tZ at the future 3 TeV CLIC,
which will be a good comparative study. We expect that
such work may become complementary to other produc-
tion processes in searches for the heavy VLQ-T at the
future high-energy linear colliders.
This paper is organized as follows: in Sec. II, we brief

review the couplings of VLQ-T with the SM particles and
discuss its single production at the future high-energy eþe−

colliders with
ffiffiffi
s

p ¼ 3 TeV. Section III is devoted to a
detailed analysis of the relevant signals and backgrounds.
Finally, we give a summary in Sec. IV.

II. VECTORLIKE T QUARK IN THE SIMPLIFIED
MODEL

A. An effective Lagrangian for vectorlike T quark

Following the notation of Ref. [10], a generic para-
metrization of an effective Lagrangian for singlet top quark
partners is given by1

Leff ¼
gg�

2
ffiffiffi
2

p
�
T̄LWþ

μ γ
μbL þ gffiffiffi

2
p

cW
T̄LZμγ

μtL

−
mTffiffiffi
2

p
mW

T̄RhtL −
mtffiffiffi
2

p
mW

T̄LhtR

�
þ H:c:; ð1Þ

where g is the SUð2ÞL gauge coupling constant, and θW is
the Weinberg angle. Thus, there are only two model
parameters: the VLQ-T quark mass mT and the coupling
strength to SM quarks in units of standard couplings, g�.
Certainly, the coupling parameter can also be described

as other constants, i.e., sin θL [8] or κ [10]. After
comparison, we find that there is a simple relation among
these coupling parameters: g� ¼ ffiffiffi

2
p

sin θL ¼ ffiffiffi
2

p
κ. At

13 TeV LHC, searches for single production of T quarks
have placed limits on T-quark production cross sections
for T-quark masses between 1 and 2 TeV at 95% CL for
various SM couplings [55–58]. Here, we take a
conservative limit for the coupling parameter g� ≤ 0.5,
which is consistent with the current experiment bounds
[58]. The singlet VLQ-T has three possible decay modes:
T → bW, tZ, and th. For MT ≥ 1 TeV, the branching
ratios are BRðT → thÞ ≈ BRðT → tZÞ ≈ 1

2
BRðT → WbÞ.

However, the standard ðT; BÞ doublet VLQ-T can decay
into tZ or tH, each with a branching fraction of 0.5 in the
asymptotic limit where their masses go to infinity, which is

a good approximation as expected from the Goldstone
boson equivalence theorem [59–63].

B. Single production of VLQ-T at linear e+ e − collider

From the above discussions, we know that the VLQ-T
can be singly produced through s-channel Z boson
exchange by eþe− collisions. The relevant Feynman dia-
grams for single production and decaying into tZ are
depicted in Fig. 1.
In Fig. 2, we have shown the dependence of the cross

section σ × BrðT → tZÞ for the process eþe− → Tt̄þ tT̄
without beam polarization on the singlet VLQ-T quark
mass mT at a 3 TeV CLIC for three typical values of g�. As
the VLQ-T quark mass grows, the cross section of single
production decreases slowly due to a larger phase space.
For g� ¼ 0.2 and mT ¼ 1.5ð2Þ TeV, the cross section can
reach 0.1 (0.06) fb. Obviously, the cross sections of the
ðT; BÞ doublet case are about twice as large as the singlet
case, and they are proportional to the square of the
coupling strength g�. For the other possible channels,
such as T → Wb and T → th, the cross section σ ×
BrðT → XYÞ can be easily deduced from the relationship
between their decay branch ratios, whether for singlet or
doublet VLQ-T quarks. For instance, the ðT; BÞ doublet
VLQ-T can only decay into tZ or tH, with a branching
fraction BRðT → thÞ ≈ BRðT → tZÞ ≈ 50% for a large
VLQ-T mass; thus, the cross section σ × BrðT → thÞ
should be approximately equal to the cross section σ ×
BrðT → tZÞ for the same parameter values.

III. COLLIDER SIMULATION AND ANALYSIS

Next, we analyze the observation potential by perform-
ing a Monte Carlo simulation of the signal and background
events and explore the sensitivity of single VLQ-T via the
T → tZ channel at the 3 TeV CLIC. Considering the top
quark decays hadronically and the subsequent decay
channels Z → lþl− and Z → νν̄, respectively, there are
two typical final states,

(i) eþe− → Tt̄ → tZt̄ → bjjlþl− þ X for Z → lþl−,
(ii) eþe− → Tt̄ → tZt̄ → bjjþ =ET þ X for Z → νν̄.

Note that in order to keep enough signal events, we here do
not reconstruct the associated produced top quark and
assume that it can decay into anything.

FIG. 1. Representative Feynman diagrams of the processes
eþe− → Tð→ ZtÞt̄.

1Note that the TWb couplings are vanishing for the standard
ðT; BÞ doublet VLQ-T quark, and the model files of the singlet or
standard ðT; BÞ doublet VLQ-T can be downloaded from the
Feynrules Model Database [54].
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Monte Carlo event simulations for the signal and SM
background are generated at leading order (LO) by using
MadGraph5-aMC@NLO [64]. All event samples are interfaced
to PYTHIA8.20 [65] for fragmentation and showering and
then fed into DELPHES3.4.2 [66] for a fast detector simulation,
wherewe choose the CLIC detector card designed for 3 TeV
[67]. In our analysis, jets are clustered with the Valencia
Linear Collider (VLC) algorithm [68,69] in exclusive mode.
The b-tagging efficiency and misidentification rates are
taken as the medium working points (WP) (70% b-tagging
efficiency), and the misidentification rates are given as a
function of energy and pseudorapidity; i.e., in a bit where
E > 500 GeV and 1.53 < jηj ≤ 2.09, misidentification
rates are 9 × 10−3 for the medium WP. Finally, event
analysis is performed by using MadAnalysis5 [70].
According to above two typical final states, we analyzed

the main backgrounds coming from the SM processes: tt̄Z,
WZjj, tt̄, ZZZ, and ZZjj. As we know, initial state
radiation (ISR) and beamstrahlung will affect the cross
section [71,72], and it is necessary to consider these effects
in future high-energy linear colliders. We calculate these
effects in the updated version (v3.3.2) of MadGraph5-

aMC@NLO and list these results in Table I compared with
those cross sections without these effects. From Table I, we
can see that the cross sections with ISR and beamstrahlung
would be reduced for the signal process but enhanced for
the SM backgrounds. In the following discussions, we

consider the effects without and with the ISR and beam-
strahlung effects, respectively.

A. Analysis of decay channel Z → l+l−
In this subsection, we analyze the signal and background

events at 3 TeV CLIC through the Z → lþl− (l ¼ e, μ)
decay channel. For this channel, the typical signal is two
opposite-sign and same-flavor (OSSF) leptons, three jets in
which at least one is b tagged. The main SM backgrounds
come from the following processes:

(i) eþe− → tt̄Z with Z → lþl− and t → bWþ → bjj,
(ii) eþe− → W�Zjj with Z → lþl− and W� → jj,
(iii) eþe− → ZZZ with Z → lþl− and Z → qq̄.

Note that the contribution from the process eþe− →
ZWþW− is also included in the process eþe− → W�Zjj
with the W� → Wjj decay. To identify objects, we choose
the basic cuts at parton level for the signals and SM
backgrounds as follows:

pl
T > 20 GeV; pj=b

T > 25 GeV;

jηl=b=jj < 2.5; jηjj < 5; ð2Þ

where pl;b;j
T , jηl=b=jj are the transverse momentum and

pseudorapidity of leptons, b jets, and light jets.
For the signal, the leptons l1 and l2 are two OSSF

leptons that are assumed to be the product of the Z-boson

(a) (b)

FIG. 2. Total cross section of σ × BrðT → tZÞ as a function of mT with three typical values of g� for (a) the singlet case and
(b) doublet case.

TABLE I. Comparison of cross sections (in fb) without (σ) and with (σISR) ISR and beamstrahlung effect for
g� ¼ 0.3 and two typical VLQ-T quark masses, where “Ratio” stands for σISR=σ.

Process

Signals Backgrounds

1500 GeV 2000 GeV 2500 GeV WZjj tt̄ tt̄Z ZZZ ZZjj

σ 0.92 0.54 0.17 24.82 19.15 1.66 0.36 0.49
σISR 0.87 0.45 0.12 27.4 28.74 1.88 0.41 0.55

Ratio 0.95 0.83 0.70 1.10 1.50 1.13 1.14 1.12
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decay, and at least three jets are present. In Fig. 3, we plot
some differential distributions for signals and SM back-
grounds, such as the transverse momentum distributions of
the leading and subleading leptons (pl1l2

T ), the invariant
mass distributions of the two leptons Ml1l2 , and the scalar
sum of the transverse energy of all final-state jets HT .
Based on these kinematical distributions, we can impose
the following set of cuts:

(i) Cut 1: There are exactly two isolated leptons
(NðlÞ ¼ 2), at least three jets in which at least
one is b tagged.

(ii) Cut 2: The transverse momenta of the leading and
subleading leptons are required to have
pl1
T > 200 GeV and pl2

T > 100 GeV. Besides, the
invariant mass of the Z boson is required to
have jMl1l2 −mZj< 10 GeV.

(iii) Cut 3: The scalar sum of the transverse energy of
all final-state jets HT is required to have
HT> 800 GeV.

We present the cross sections of three typical signals
(mT ¼ 1300, 1500, 2000 GeV) and the relevant back-
grounds after imposing the cuts in Table II, where the
numbers in parentheses indicate the results taking into
account the ISR and beamstrahlung effects. One can see
that all the SM backgrounds are suppressed very efficiently,

while the signals still have a relatively good efficiency at
the end of the cut flow. The large background comes from
the eþe− → W�Zjj process, and the total cross section of
SM backgrounds is about 0.002 fb.

B. Analysis of decay channels Z → νν̄

In this subsection, we analyze the signal and background
events through the invisible decays Z → νν̄ decay channel.
For this channel, the main SM backgrounds come from the
following processes:

(i) eþe− → tt̄,
(ii) eþe− → tt̄Z,
(iii) eþe− → W�Zjj,
(iv) eþe− → ZZjj.
In order to get some hints of further cuts for reducing the

SM backgrounds, we analyzed the normalized distributions
of the missing transverse energy =ET and the scalar sum of
the transverse energy of all final-state objects ET in Fig. 4.
Based on these kinematical distributions, a set of further
cuts are given as follows:

(i) Cut 1: Any electrons and muons are removed
(NðlÞ ¼ 0), at least three jets in which at least
one is b tagged. Furthermore, the transverse missing
energy is required =ET> 300 GeV.

FIG. 3. Normalized distributions for the signals (with mT ¼ 1300, 1500, and 2000 GeV) and SM backgrounds at the CLIC.
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(ii) Cut 2: The scalar sum of the transverse energy
of all final-state objects ET is required to have
ET> 1000 GeV.

(iii) Cut 3: The reconstructed =ET is to be isolated from
any jets by Δϕ=ETj

> 0.8.

We summarize the cross sections of three typical signals
(mT ¼ 1300, 1500, 2000 GeV) and the relevant back-
grounds after imposing the cuts in Table III. One can see
that the tt̄ background could be suppressed effectively by

the cut Δϕ=ETj
> 0.8. The total cross section of the SM

backgrounds is about 0.013 fb, which increases to 0.016 fb
taking into account the ISR and beamstrahlung effects.

C. Discovery and exclusion significance

In order to analyze the observability, we use the median
significance to estimate the expected discovery and exclu-
sion significance [73],

Zdisc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðsþ bÞ ln

�ðsþ bÞð1þ δ2bÞ
bþ δ2bðsþ bÞ

�
−

1

δ2
ln

�
1þ δ2

s
1þ δ2b

��s

Zexcl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
s − b ln

�
bþ sþ x

2b

�
−

1

δ2
ln

�
b − sþ x

2b

��
− ðbþ s − xÞ

�
1þ 1

δ2b

�s
; ð3Þ

with

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsþ bÞ2 − 4δ2sb2=ð1þ δ2bÞ

q
: ð4Þ

Here, s and b are, respectively, the expected events of the
signal and total SM background after all cuts, and δ is the
percentage systematic error. In the limit of δ → 0, these
expressions can be simplified as

Zdisc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½ðsþ bÞ lnð1þ s=bÞ − s�

p
;

Zexcl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½s − b lnð1þ s=bÞ�

p
: ð5Þ

In Fig. 5, we plot the 2σ and 5σ sensitivity reaches with
ISR and beamstrahlung effects and without these effects,
for the coupling strength g� as a function of mT at 3 TeV
CLIC with the integral luminosity 5 ab−1. One finds that,

TABLE II. Cut flow of the cross sections (in 10−3 fb) for the signals and SM backgrounds at the 3 TeV CLIC with
g� ¼ 0.1 and three typical VLQ-T quark masses. Note that the parenthetical numbers denote the results with the ISR
and beamstrahlung effects.

Cuts

Signals Backgrounds

1300 GeV 1500 GeV 2000 GeV WZjj tt̄Z ZZZ

Basic 1.08 (1.078) 0.97 (0.92) 0.57 (0.47) 357 (393) 20 (22.6) 8.9 (10.15)
Cut 1 0.41 (0.409) 0.38 (0.36) 0.23 (0.19) 25 (27.5) 7.56 (8.54) 1.25 (1.43)
Cut 2 0.31 (0.309) 0.28 (0.27) 0.19 (0.16) 5.36 (5.89) 0.86 (0.97) 0.51 (0.58)
Cut 3 0.26 (0.259) 0.25 (0.24) 0.17 (0.14) 1.49 (1.64) 0.48 (0.54) 0.22 (0.25)

FIG. 4. Normalized distributions for the signals (with mT ¼ 1300, 1500 and 2000 GeV) and SM backgrounds at the CLIC.
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for the Z → lþl− decay channel, the singlet VLQ-T quark
can be excluded in the regions of g� ∈ ½0.25; 0.5� andmT ∈
[1300 GeV, 2450 GeV] without the ISR and beamstrahlung
effects, while the discover regions can reach g� ∈
½0.39; 0.5� and mT ∈ [1300 GeV, 2000 GeV]. While for
the Z → νν̄ decay channel, the singlet VLQ-T quark mass
can be excluded in the regions of g� ∈ ½0.22; 0.48� and
mT ∈ [1300 GeV, 2500 GeV], and the discover regions can
reach g� ∈ ½0.35; 0.5� and mT ∈ [1300 GeV, 2180 GeV].
Besides, we can see that the ISR and beamstrahlung effects
will decrease the excluding and discovering capability for
the same VLQ-T mass.
Then, we combine its sensitivity with above two types of

decay channels by using Zcomb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2

ll̄
þ Z2

νν̄

q
. As we

know, systematic uncertainty would weaken the excluding
or discovery capability, so to illustrate the effect of
systematic uncertainty on the significance, we consider
the case of δ ¼ 10%.
For comparison, we further present in Figs. 6 and 7 the

combined sensitivity reaches for the coupling strength g� as
a function of the singlet and doublet VLQ-T quark mass
mT . One can see that the singlet VLQ-T can be excluded in
the regions of g� ∈ ½0.19; 0.4� and mT ∈ [1300 GeV,
2500 GeV] at the 3 TeV CLIC with the integrated
luminosity of 5 ab−1, while the discover regions can reach

g� ∈ ½0.31; 0.5� and mT ∈ [1300 GeV, 2300 GeV]. For the
doublet VLQ-T case, we found that the excluded correla-
tion regions can be expanded to g� ∈ ½0.14; 0.3� and mT ∈
[1300 GeV, 2500 GeV], and the discovered correlated
regions can be expanded to g� ∈ ½0.21; 0.46� and mT ∈
[1300 GeV, 2500 GeV]. Besides, we can see that the ISR
and beamstrahlung effects and the systematic uncertainty
will decrease the excluded and discovery regions. For
example, the excluded regions for the singlet VLQ-T is
decreased to g� ∈ ½0.22; 0.5� and mT ∈ [1300 GeV,
2400 GeV], while the discovery regions are decreased to
g� ∈ ½0.36; 0.5� and mT ∈ [1300 GeV, 2000 GeV]. From
the above discussions, we can see that, for single produc-
tion of VLQ-T with the subsequent T → tZ decay channel
at 3 TeV CLIC, it is possible to detect its signal via above
two decay channels.
Very recently, the ATLAS Collaboration has obtained

the upper limit on the allowed coupling values κT from a
minimum value of 0.35 for 1.07 < mT < 1.4 TeV to 1.6
for mT ¼ 2.3 TeV [58]. Moreover, we list some existing
results related to searching for the singlet VLQ-T in
Table IV. From this table, we can find that our result is
competitive and complementary compared with the pre-
vious studies. Even though we worked in a simplified
model including the singlet vectorlike top partner, our

TABLE III. Same as Table II, but for the decay channels Z → νν̄.

Cuts

Signals Backgrounds

1300 GeV 1500 GeV 2000 GeV tt̄Z tt̄ WZjj ZZjj

Basic 3.3 (3.293) 2.92 (2.77) 1.69 (1.40) 133 (150) 3712 (5568) 1504 (1654) 86 (98)
Cut 1 1.57 (1.566) 1.45 (1.38) 0.92 (0.76) 34 (39) 375 (562) 51 (56) 7.5 (8.55)
Cut 2 1.24 (1.237) 1.18 (1.12) 0.76 (0.63) 19 (22) 330 (495) 8.5 (9.4) 2.75 (3.14)
Cut 3 0.77 (0.768) 0.74 (0.70) 0.48 (0.40) 0.79 (0.89) 0.16 (0.24) 0.28 (0.31) 0.11 (0.13)

FIG. 5. 2σ exclusion limit and 5σ discovery prospects contour plots for Z → lþl− decay channel (left) and for Z → νν̄ decay channel
(right) in g� −mT planes at 3 TeV CLIC with integral luminosity 5 ab−1. For simplicity, we here do not consider systematic uncertainties
and take δ ¼ 0.

LIN HAN, LIU-FENG DU, and YAO-BEI LIU PHYS. REV. D 105, 115032 (2022)

115032-6



results are also mapped within the context of the specific
models where the heavy T quark only couples to the third
generation of SM quarks, such as the minimal composite
Higgs model with singlet top quark partners. From the
couplings of the singlet top quark partner with theW boson
and a b quark, the mixing parameter g� is given by g� ≃
y
g
mW
mT

[74], where y is a Yukawa coupling controlling the
mixing between the composite and elementary states.
For illustration, with y ¼ 1 and mT ¼ 1.5 TeV, one
obtains g� ≃ 0.16.

IV. CONCLUSION

In this work, we have concentrated on the single
production of the VLQ-T at the future 3 TeV CLIC via
the process eþe− → Tt̄ in a simplified model, in which
only two free parameters are included, the VLQ-T massmT
and the EW coupling constant g�. We have performed a full

simulation for the signals and the relevant SM backgrounds
based on the decay channel T → tZ. The 2σ exclusion
limits and 5σ discovery prospects in the parameter planes of
the two variables mT and g� have been obtained at future
3 TeV CLIC, assuming 5 ab−1 of integral luminosity and
unpolarized beams.
Our numerical results show that the singlet VLQ-T quark

can be excluded in the regions of g� ∈ ½0.19; 0.4� andmT ∈
[1300 GeV, 2500 GeV], while the discover regions can
reach g� ∈ ½0.31; 0.5� and mT ∈ [1300 GeV, 2300 GeV].
For the doublet VLQ-T case, the excluded correlation
regions can be expanded to g� ∈ ½0.14; 0.3� and mT ∈
[1300 GeV, 2500 GeV] due to the larger cross sections,
while the discovered correlated regions can be expanded to
g� ∈ ½0.21; 0.46� and mT ∈ [1300 GeV, 2500 GeV].
We also considered the ISR and beamstrahlung effects

and found that the excluding or discovery capability would
be reduced due to the decreasing cross sections of the

(a) (b)

FIG. 6. Combined (a) 2σ exclusion limit and (b) 5σ discovery prospect contour plots for the singlet VLQ-T signal in g� −mT planes at
CLIC with integral luminosity 5 ab−1.

(a) (b)

FIG. 7. Same as Fig. 6, but for the doublet VLQ-T case. (a) 2σ and (b) 5σ.
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signals. For the singlet VLQ-T, the excluded regions are
decreased to g� ∈ ½0.2; 0.5� and mT ∈ [1300 GeV,
2450 GeV], while the discovery regions are decreased to
g� ∈ ½0.32; 0.5� and mT ∈ [1300 GeV, 2150 GeV]. In
addition, the excluding or discovery capability would be
weakened if we considered the systematic uncertainty of
backgrounds. Compared with the results of some previous
phenomenological studies, we find that the future high-
energy linear eþe− collider will prove to be a promising

hunting ground for such new particles which have electro-
weak strength interactions.
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