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Abstract In asimplified model including an SU (2) singlet
T quark with charge 2/3, we investigate the single vector-like
T production at the high energy ey collision. We study the
observability of the vector-like T focusing on the T — Wb
decay channel with W — [v at \/s = 2.0 TeV. In this anal-
ysis, only two free parameters are involved, namely the T
quark coupling strength for single production g* and the mass
mr. We scan the parameter space and find that the correla-
tion region of g* € [0.24,0.5] and m7 € [800, 1360] GeV
can be excluded with integrated luminosity L = 100 fb~!
and the correlation region of g* € [0.13,0.5] and mr €
[800, 1620] GeV can be excluded with integrated luminosity
L = 1000 fb~" at 2 level.

1 Introduction

A number of theories beyond the Standard Model (SM) offer
mechanisms to resove the quadratic divergences that arise
from the radiative corrections to the Higgs boson mass so as
to solve the naturalness problem [1]. One solution is to intro-
duce vector-like quarks (VLQs) [2,3], defined as hypotheti-
cal spin-1/2 coloured particles whose left- and right-handed
components have the same transformation properties under
the SM gauge group. VLQs could dampen the unnaturally
large quadratic corrections to the Higgs boson mass by con-
tributing significantly to loop corrections. They appear in
many scenarios, such as extra dimensions [4,5], little Higgs
[6-10] and composite Higgs models [11,12]. In this analysis,
we focus on a simplified model including the SU (2) singlet
vector-like top quark (7).

Recently, the direct searches for the vector-like 7 at
13 TeV LHC have been performed by ATLAS [13] and
CMS [14] Collaborations relying on signatures induced by
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both the vector-like T pair-production and single-production
modes, corresponding to an integrated luminosity of about 36
fb~!. Assuming 100% branching ratio to Wb, the observed
(expected) 95% CL lower limits on the 7 mass are 1350
GeV (1310 GeV). Assuming 100% branching ratio to Zt,
the observed (expected) 95% CL lower limits on the 7" mass
are 1160 GeV (1170 GeV).

Compared to the complicated QCD background at the
LHC, the lepton colliders can offer much cleaner experi-
mental environment. Some design schemes have been put for-
ward, such as the International Linear Collider (ILC) [15,16]
and the Compact Linear Collider (CLIC) [17,18], they can
run at the center of mass (c.m.) energy ranging from 500 GeV
to 3 TeV. Along with eTe™ collision, other options such as
yy and ey collider modes [19-23] can also be realized by the
backward Compton scattering of incident electron- and laser-
beams. Each option for colliders will provide interesting top-
ics to study, here we will focus on the search for the single
vector-like T production at ey collision, which will allow
unique opportunity to investigate the vector-like top quark.

The paper is organized as follows. In Sect. 2 we give a
brief description of the simplified model including the vector-
like T with charge 2/3. In Sect. 3 we investigate the signal
and discovery potentiality of the vector-like 7 in the Wb
channel at the ey collision. Finally, we draw our conclusions
in Sect. 4.

2 Top partner in a simplified model

Recently, a generic parametrization of an effective Lagrangian
for top partners has been proposed in [24], where the vector-
like quarks are embedded in different representations of the
weak SU(2) group. Here, we focus on the simplified case
that the heavy vector-like T quark of charge 2/3 is an SU (2)
singlet, with couplings only to the third generation of SM
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Fig. 1 Branching ratios of the top partner decay

quarks. The results based on this simplified effective theory
can be used to make predictions for more complex models
including various types of top partners. The general effective
Lagrangian of the top partner sector can be described by

88" [ = g -
Lr = [TLw+V“bL + TLZy"1L
2\/5 H \/ECW a
T Fht e }Jrh (1
ey - — .Cy
\/Emw REL ﬁmw LR

where m is the top partner mass and g* parametrizes the
single production coupling associated with the SM quarks.

e > > 12
W+
> b
T4
Y < T
(©

Fig. 2 Leading order Feynman diagram of the process e~y — v bT

@ Springer

g isthe SU(2);, gauge coupling constant, cy = cos Oy and
Ow is the Weinberg angle. In this simplified model, there are
only two free parameters, i. e. the top partner mass mr and
the coupling parameter g*.

Generally, the top partner couplings to the SM particles
are severely constrained by electroweak precision physics as
well as by the direct measurement of V;;, [25]. However, such
constraints can be altered significantly in most realistic mod-
els including the vector-like quark with two or more partner
multiplets [26-33]. Here we take a conservative limit for the
coupling parameter g* < 0.5, which is consistent with the
current experiment bounds [34].

The vector-like T quark has three possible decay modes:
T — ht,T — Zt and T — Wb, and their branching ratios
are shown in Fig. 1. For m7 > 800 GeV, the branching

1
ratios Br(T — ht) =~ Br(T — Zt) = EBr(T — Wb) is

a good approximation as expected by the Goldstone boson
equivalence theorem [35].

3 Event generation and discovery potentiality

In Fig. 2, we show the leading order Feynman diagram of the
process ey — vbT.

We extract the model file [36] of the singlet vector-like
top partner by using the package FeynRules [37]. Then, we
use MadGraph 5 [38] to calculate the leading order cross
sections of the process e~y — v.bT. We scan over the free

e > > v,
W+
< T
by
v > b
(d)
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Fig. 3 The cross sections of the top partner on the g* ~ my plane at
Vs =2.0TeV

parameters m7 and g* within the region mr € [800, 1800]
GeV and g* € [0.0,0.5], and take the SM parameters as
follows [39]

sin? Oy = 0.231, a, = 1/128, Mz = 91.1876GeV,
m; = 173.5GeV, mj, = 125GeV.

In Fig. 3, we show the cross sections o on the g* ~ mr
plane at the c.m. energy /s = 2.0 TeV. We can see that the
cross sections decreases with the increase of the top partner
mass m7 and increases with the increase of the coupling
parameter g*. In the favorable parameter space, the cross
sections can reach more than 10 fb.

In next section, we will perform the Monte Carlo simula-
tion and explore the discovery potentiality of top partner T’
through the channel

ey = VbT — vebW ™ (— [7V))b — |~ +2b+FHr, (2)

which implies that the events contain one isolated charged
lepton!~ (I = e, ), two b-jets and missing transverse energy
br.

For this signal, the most relevant backgrounds come from
vebt,v,.WZ and v.Wh. We generate the signal and back-
ground events by using MadGraph 5 and perform the parton
shower and hadronization with PYTHIA [40]. The fast detec-
tor simulations are performed with Delphes [41], where
the b-jet tagging efficiency and other basic cuts are taken
as default value in delphes_card_ILD of ILC. FastJet [42]
is used to cluster the jets by choosing the anti-k; algorithm
[43] with distance parameter AR = 0.4.

Taking into account the current constraints, we take my =
900, 1000, 1100 GeV and g* = 0.3 for three benchmark
points. In order to suppress the backgrounds, we impose the
following cuts

Table 1 Cut-flow cross sections of the signal and backgrounds at /s =
2.0 TeV with g* = 0.3

Cuts Signal(S)(fb)
7900  T1000

Backgrounds(B)(fb)
T1100  v.bt v WZ

ve Wh

Nocut 0.49 0.41 0.33 21.9 46.2 51.7
Cut-1 0.21 0.18 0.15 0.81 0.28 0.29
Cut-2 0.14 0.13 0.11 0.046 0.08 0.11

Cut-3 0.13 0.12 0.106 0.024 0.07 0.1
Cut-4 0.12 0.115 0.10 0.0237  0.057 0.09
Cut-1:1n; > —0.6, AR(by,1) > 2.8;

Cut-2 : pr(l) > 100GeV, pr(b1) > 160GeV;

Cut-3 : My (bil) > 100GeV,

Cut-4 : 65GeV < Mp,p, < 140GeV.

where M7 (b1, 1) is the transverse mass of the b/ system and
My, b, is the invariant mass of two b-jets.

We use MadAnalysis 5 [44,45] for analysis and summa-
rize the cut-flow cross sections of the signal and backgrounds
for the three benchmark points at /s = 2.0 TeV in Table 1.
From the numerical results, we can see that the backgrounds
are suppressed efficiently after imposing the selected cuts.
The total cut efficiency of the signal can reach 24.5%, 28%,
30% for mr = 900, 1000, 1100 GeV, respectively.

To estimate the observability quantitatively, we calculate
the statistical significance (SS) by using Poisson formula
[46]

SS=\/2L |:(S+B)ln<1+%)—8}, 3)

where S and B are the signal and background cross sections
and L is the integrated luminosity. Here, we have assumed
the background uncertainty is negligible, which is the reason
why it is possible to multiply by the luminosity L in front of
the whole term in square brackets.

In order to investigate the top partner signal more com-
prehensively, we show the excluded regions depending on
integrated luminosity at 20 and 3o level on the g* ~ mr
plane for /s = 2.0 TeV in (Fig. 4), where the conserva-
tive cut efficiency 25% of the signal is chosen. At 20 level,
we can see that the correlation region of g* € [0.24, 0.5]
and m7 € [800, 1360] GeV can be excluded with integrated
luminosity L = 100 fb~!. If the integrated luminosity can
be raised to L = 1000 fb~!, the excluded region will expand
into g* € [0.13, 0.5] and mr € [800, 1620] GeV. If the 3¢
evidence level is required, the higher integrated luminosity is
needed to achieve the same excluded regions. Obviously, we
can set the lower limits on the coupling parameter g* accord-
ing to the observed limits of the vector-like 7 mass and vice
versa.
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Fig. 4 Excluded regions depending on integrated luminosity at 2o (left) and 3¢ (right) level on the g* ~ my plane for /s = 2.0 TeV

4 Conclusions

In this paper, we study the single production of the vector-
like top partner at the ey collision. In order to be as model-
independent as possible, we exploited a simplified model,
where the vector-like top partner is an SU (2) singlet with
charge 2/3. Under the current constraints, we calulate the
cross section and investigate the observability of the T
through the channel ey — vebT — VebW ™ (— l‘ﬁ/)l;
at /s = 2.0 TeV. We find that the correlation region of g* €
[0.24,0.5] and m7 € [800, 1360] GeV can be excluded cor-
responding to an integrated luminosity L = 100fb~! at 20
level. If the integrated luminosity can reach L = 1000 fb~",
the excluded region will expand into g* € [0.13,0.5] and
mr € [800, 1620] GeV.
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