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Abstract The new heavy vector-like top partner (7') is one
of typical features of many new physics models beyond the
standard model. In this paper we study the discovery potential
of the LHC for the vector-like T-quark both in the leptonic
T — bW and T — t1epZjep (trilepton) channels at Js =14
TeV in the single production mode. Our analysis is based on
a simplified model including a SU (2), singlet with charge
2/3 with only two free parameters, namely the 7 Wb coupling
parameter g* and the top-partner mass m. The 20 exclusion
limits, 30 evidence and the 5o discovery reach in the param-
eter plane of g* — m7, are, respectively, obtained for some
typical integrated luminosity at the 14 TeV LHC. Finally we
analyze the projected sensitivity in terms of the production
cross section times branching fraction for two decay channel.

1 Introduction

Various extensions of the standard model (SM) predict new
heavy particles that address the hierarchy problem caused by
the quadratic divergences in the quantum-loop corrections
to the Higgs boson mass; for a review see [1]. The largest
corrections, owing to the top-quark loop, are canceled by the
existence of heavy partners of the top quark in many of these
models, such as little Higgs [2,3], extra dimensions [4] and
composite Higgs [5,6] models. The discovery of the 125 GeV
Higgs boson [7,8] at the Large Hadron Collider (LHC) has
excluded heavy SM-like chiral fermions [9]. Therefore, we
focus on the case of a SU(2), singlet vector-like top part-
ner (T'). The effects on Higgs production and decay rates of
loop diagrams including T quarks are well below the pre-
cision of the current measurements [10—16]. In many cases,
the vector-like top partners mix with the SM quarks pre-
dominantly of the third generation and can also stabilize the
electroweak vacuum [17,18]. The phenomenology of new
heavy quarks has been widely studied in the literature; see
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for example [13,19-81] and the forthcoming direct searches
at the LHC will therefore play an important role in testing
many models predicting the existence of these states.

The current combined results of ATLAS and CMS
searches have established lower limits on mass of the vector-
like top partners in the range of 550-900 GeV at center-of-
mass energies of 8 TeV [82-86] and 13 TeV [87-89], depend-
ing on the assumed branching ratios. Most of the experimen-
tal searches assume the top partners to be pair produced via
the strong interaction, and these bounds strongly depend on
the assumptions on the decay branching ratios and the prop-
erties of the top partner. Because the vector-like quarks can
induce corrections to precisely measured observables of the
SM, the relevant model parameters can also be constrained
by the indirect searches of the electroweak precision observ-
ables [90-96]. On the other hand, it is possible that the new
vector-like top partners can significantly mix with the SM
light quarks [97-105]. However, such indirect constraints on
the mixing parameters may be relaxed if several multiplets
are present in the low-energy spectrum [106]. For high mr
(aboutm7 2z 1TeV), previous study showed that single pro-
duction of top partners starts to dominate over pair production
due to larger phase space [66,67,107-114]. Especially for the
case that the top partners can mix in a sizable way with lighter
quarks, their production cross section will be very large due
to the mixing with valence quarks [115-119]. We do not con-
sider this case because the masses of the top partners are not
connected to electroweak symmetry breaking.

Very recently, both the ATLAS [120] and the CMS [121]
Collaborations presented a search optimized fora single pro-
duced vector-like T quark at /s = 13 TeV, subsequently
decaying as T — Wb with leptonic decays of the W boson.
The smallest coupling limit on the 7 Wb coupling strength
has been set as |cZVb | = 0.45 for a vector-like top partner with
amass of 1 TeV [120]. This encouraged us to further analyze
this process in order to provide an effective search strategy
for the future 14 TeV LHC. In particular, we also studied the
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observational potential of single vector-like top partner in
the T — tfiepZiep decay channel at 14 TeV high-luminosity
(HL)-LHC with an integrated luminosity of 3 ab~!. Although
the branching ratio of the T — #1ep Zjep (about 0.37%) decay
channel is small and results in a suppressed production rate
for the final states, it has the great advantage of small QCD
backgrounds [122,123]. Therefore, we here mainly study the
observability of a single 7-quark production at the 14 TeV
LHC both for the leptonic T — bW and forthe T — tiep Ziep
(trilepton) channels, and we discuss the event selection and
cuts on kinematic variables in detail. Finally, the exclusion
limits and discovery potential of the production cross sec-
tion times branching fraction for two decay channels are,
respectively, examined as a function of top-partner mass for
the several typical luminosity at the LHC. In order to keep
the model as independent as possible, we here perform the
study in the framework of a simplified model, which only
comprises two independent parameters.

The rest of the paper is organized as follows. In Sect. 2 we
briefly describe the main features of the simplified model.
In Sect. 3 we turn to the study of the prospects of observing
the single T production by performing a detailed analysis of
the signal and backgrounds in both the leptonic Wb and the
T — tiepZiep decay channels at 14 TeV LHC. Finally, we
conclude in Sect. 4.

2 Top partner in the simplified model

As mentioned above, the benefit of using of simplified mod-
els is that the results of the studies could be used to make
predictions for more complex models including the top part-
ners. A generic parametrization of an effective Lagrangian
for top partners has been proposed in Ref. [105], where the
vector-like quarks are embedded in different representations
of the weak SU(2) group. We here consider a simplified
model where the vector-like 7-quark is an SU(2) singlet
with charge 2/3, with couplings only to the third generation
of SM quarks. The benefit of using the simplified effective
theory is that the results of the studies could be used to make
predictions for more complex models including various types
of top partners.

The top-partner sector of the model is described by the
general effective Lagrangian (showing only the couplings
relevant for our analysis) [105]

L I — g s o4
Lr="2| T Whytb, + —> T, Z yHt
! ﬁ[ﬁ LY L+2cos9w Lony i

- %TRhZ‘L - %TthR:| + h.c., (1)

where m7 is the top-partner mass, and g* parametrizes the
single production coupling in association with a b- or a top-
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Fig. 1 Branching ratios for the three decay modes for various of top-
partner masses with g* = 0.2

quark. g is the SU(2), gauge coupling constant, v =~ 246
GeV and 6y is the Weinberg angle. Thus there are only two
model parameters: the top-partner mass m7 and the coupling
strength to SM quarks in units of standard couplings, g*.
Here we take a conservative range for the coupling parame-
ter [120,124]: g* < 0.5, which is consistent with the current
experiment bounds.

In general, the vector-like T-quark has three different
decay channels into SM particles: bW, tZ, and th. In Fig. 1,
we show the branching ratios of three decay channels by
varying top-partner masses with g¢* = 0.2. We can see that
Br(T — th) ~ Br(T — tZ) ~ ABr(T — Wb) is a good
approximation as expected by the Goldstone boson equiva-
lence theorem [125].

3 Event generation and analysis

In this section, we analyze the observation potential by per-
forming a Monte Carlo simulation of the signal and back-
ground events and explore the sensitivity of single top part-
ner at the LHC through T — bW and T — ¢Z channels.
The Feynman diagram of the production and decay chain is
presented in Fig. 2.

The model file generating signal events according to the
Lagrangian of Eq. (1) can be found in the dedicated Feyn-
Rules [126] model database webpage [127]. The SM input
parameters relevant in our study are taken from [128]. The
corresponding free parameters are the top-partner mass mr
and the coupling parameter g*, which governs the top-partner
single production involving a #-channel W boson. Consider-
ing the current constraints from the top-partner pair produc-
tion processes at 13 TeV ATLAS detector [§7-89], we gen-
erate eight benchmark points varying the 7 mass in steps of
100 GeV inthe range m1 € [900; 1800] GeV with g* = 0.2.



Eur. Phys. J. C (2017) 77:654

Page3of 11 654

Vy

£+

(a)

The QCD next-to-leading order (NLO) prediction for the sin-
gle top-partner productions are calculated in Refs. [113,129].
Following Ref. [129], we here take the conservative value of
the K -factor as 1.2 for the signal before the event generation.
Signal and background events are simulated at the lead-
ing order using MadGraph5-aMC®@NLO [130] with the
CTEQG6L parton distribution function (PDF) [131] and the
renormalization and factorization scales are set dynamically
by default. Pythia6 [132] and Delphes [133] are used to per-
form the parton shower and the fast detector simulations,
respectively. The anti-k; algorithm [134] with parameter
AR = 0.4 is used to reconstruct the jets. Event analysis
is performed by using the program of MadAnalysis5 [135].

3.1 The T — Wb channel

In this section, we analyze the observation potential by per-
forming a Monte Carlo simulation of the signal and back-
ground events and explore the sensitivity of single top partner
at the LHC through the channel

pp — T(— bWT)j — bWt (= €F5) j. )

For this channel, the typical signal is exactly one charged
lepton, one b jet, one forward jet and missing energy. The
dominant background turns out to be the W+ light jets with
one of the jets misidentified as b-quark jet and ¢f (semi-
leptonic) + jets. W + b+ light jets and W + bb can also
make contributions to the backgrounds. Meanwhile, the 77
samples are normalized to the theoretical cross-section value
for the inclusive ¢7 process of 953.6 pb performed at next-to-
next-to-leading order (NNLO) in QCD and including resum-
mation of next-to-next-to-leading logarithmic (NNLL) soft
gluon terms [136]. The QCD corrections for the dominant
backgrounds are considered by including a k factor, which
is 1.12 for Wtbj [137], 1.5 for Wbb [137], and about 1.2
for W+ jj [138-142]. On the other hand, the MLM matching
scheme is used, where we included up to three extra jets for
Wiep + jets and up to one additional jet to #7 in the simula-
tions [143]. Other smaller backgrounds come from single top
(tW, t-channel and s-channel with up to one additional jet)

(b)

Fig. 2 The Feynman diagram for production of single T quark including the decay chains T — bW (— £*v)and T — t(— bTVv)Z(— £7¢7)
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Fig. 3 Normalized scalar sum of the transverse momenta Hr for the
signals and backgrounds

and diboson (WW, ZZ, W Z) production. The cross sections
are scaled according to the approximate NNLO theoretical
predictions [144,145,145,146].

In our simulation, all signal and background events are
required to pass the following basic cuts:

e There is exactly one isolated electron or muon (N, = 1)
with pl} > 25 GeV and |n¢| < 2.5.

e Jets are required to satisfy pl; > 25GeV and |np| < 5.0.
There is exactly one b-tagged jet (N = 1) with pl; >
25 GeV and |np| < 2.5 and there are no more than three
jetsin total (N; < 3).

e The missing transverse momentum £ is required to
be larger than 20 GeV.

In order to choose appropriate kinematic cuts, we show
some important kinematic distributions for the signal and
the backgrounds. In Fig. 3, we show the normalized distri-
bution of the signals and backgrounds on Hr, defined as the
scalar sum of the transverse momenta of the b-tagged jet,
the untagged jet and the lepton. From the figure, we can see
that the distributions of W, ¢z, single top and diboson back-
grounds have peaks below 200 GeV, while the peak positions

@ Springer
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Fig. 4 Normalized distributions of the transverse momenta ( pr and p‘T ), ARp ¢ and E7 for the signals and backgrounds

of the signals are larger than 500 GeV. Thus we choose the
H7p cut as follows.

e Cut 1: Hy > 500GeV.

In Fig. 4, we show the normalized distributions of the
transverse momenta p‘}, p}}, the variable AR(b, £) and the
missing transverse momentum £ for the signals and back-
grounds. Here AR = \/(A¢)? + (An)? is the particle sep-
aration among the objects (the tagged b-jet and the lepton)
in the final state with A¢ and An being the separation in
the azimuth angle and rapidity, respectively. In the decay of
a singly produced top partner, the lepton from the leptonic
W boson decay and the b quark tend to be produced with
the transverse momenta pointing in opposite directions. On
the other hand, since the W boson originating from heavy
top-partner decay has significant transverse momentum pr,
events are required to have large missing energy due to the
undetected neutrino from the W boson decay. Based on these
kinematical distributions, we impose the following cuts to get
a high significance.
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Fig. 5 Normalized distribution of the rapidity of the forward jet for
the signals and backgrounds

e Cut 2. pf& > 100GeV, p2 > 250GeV, 2.8 <
AR(b,¢) <3.5and £ > 100GeV.

Since the jet from splitting of a valence quark with one
W emission always has a strong forward nature, we plot the
distribution of the rapidity of the forward jet in Fig. 5 for
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Fig. 6 Normalized invariant mass distribution of b¢ system for the
signals and backgrounds

the signals and backgrounds. From these distributions we
can efficiently reduce the backgrounds by requiring the light
untagged jet to have the following cut.

o Cut3:[n;|>24

The invariant mass of the b-tagged jet and the lepton
is plotted in Fig. 6 for the signals and the backgrounds.
One can see that the signal distributions peak close to the
T-quark mass, while background distributions turn over at
lower masses. Thus we can further reduce the backgrounds
by the following cut.

o Cut4: My, > 500 GeV.

We present the cross sections of three typical signal
(m7 = 900, 1000, 1100 GeV) and the relevant backgrounds
after imposing the cuts in Table 1. From Table 1, one can
see that all the backgrounds are suppressed very efficiently
after imposing the selections. From the numerical results as
listed in the last line of Table 1, one can see that W jj is
the most dominant background after applying all those men-
tioned cuts. To estimate the observability quantitatively, we
adopt the significance measurement [147]:

SS = /2£in[(0s + o) In(1 + o5 /0B) — 051, A3

where og and op are the signal and background cross sec-
tions and £iy; is the integrated luminosity. Here we define
the discovery significance as SS = 5, the possible evidence
as SS = 3 and the exclusion limits as SS = 2. We do not
consider the theoretical and systematic uncertainties, such as
the choice of the PDF set, the renormalization and factoriza-
tion scales and the respective normalization to the theoretical
NNLO cross sections, but we expect this will not change our
results significantly.

In Fig. 7, the 20, 30 and 5o lines are drawn as a function
of g* and the top-partner mass mr for two fixed values of the
integrated luminosity: 100 and 300 fb~!. We can see that, for
my = 0.9 (1.6) TeV, the 5o level discovery sensitivities of g*
are, respectively, about 0.14 (0.34) with £, = 100 fb—! and
0.10 (0.22) with £, = 300 fb—1. On the other hand, from the
20 exclusion limits one can see that, formy = 1.0 (1.5) TeV,
the upper limits on the size of g* are, respectively, given as
g* < 0.12(0.22) with £;, = 100 fb~! and g* < 0.09 (0.16)
with £, = 300 fb~ 1.

3.2 The T — tZ channel

Next, we analyze the observation potential and explore the
sensitivity of the single 7'-quark at the 14 TeV LHC through
the channel

pp = T(—>tZ)j — t(— b)) Z (— €7¢7) ). 4)

The main SM backgrounds that can give three leptons
in the final state are t7, WZjj, ttV(V = Z/W) and the
irreducible ¢ Zj. In the ¢ case (both top quarks decay semi-
leptonically), a third lepton comes from a semi-leptonic B-
hadron decay in the b-jet. Here we do not consider multijet
backgrounds where jets can be faked as electrons, since they
are very negligible in multilepton analyses [148].

First of all, we apply the following cuts on the signal and
background events.

e Basic cuts: pi:’ > 25 GeV, pl > 40 GeV, e < 2.5,
[njl <5, where £ = e, .

Further, we apply some general preselections as follows.
e Cut-1: There are exactly three isolated leptons (N (£

3), at least two jets and no more than three (2 < N(j
3), of which exactly one is b-tagged (N (b) = 1).

)
)

=

The requirement of three leptons can strongly reduce the 77
backgrounds, and the b-tagging can efficiently suppress the
diboson components.

Based on the kinematical distributions of the signal and
backgrounds in Fig. 8, we furthermore impose the following
cuts to get a high significance.

e Cut-2: The transverse momenta of the leading and sub-
leading leptons from the Z boson are required to have
pl}l > 150 GeV and pgz > 80 GeV, and the invariant
mass of the Z boson is required to have |M (£1£7)—mz| <
15 GeV.

e Cut-3: The transverse mass of the top quark is recon-
structed as 140 GeV < Mr(bf3) < 190 GeV.

o Cut-4: We require the light untagged jet to have | n; |>
2.4.

@ Springer
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Table 1 The cut flow of the cross sections (in fb) for three typical signals and the relevant backgrounds at the 14 TeV LHC. Here we take the

parameter as g* = 0.2

Cuts Signal wtjj Wthj Wtbb 17a% tW tj th
900 GeV 1000 GeV 1100 GeV
Basic cuts 2.84 1.96 1.58 2012 106 238 361 27 97 3066 166
Cut 1 1.96 1.48 1.16 17.1 1.7 2.2 2.1 0.1 1.84 7.7 1.3
Cut 2 1.24 0.92 0.72 2.19 0.37 0.12 0.23 0.02 0.27 0.09 0.14
Cut 3 0.88 0.68 0.52 0.4 0.015 0.015 0.04 0.004 0.027 0.012 0.023
Cut 4 0.76 0.64 0.48 0.31 0.011 0.012 0.036 0.002 0.024 0.006 0.013
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Fig. 7 The 20, 30 and 50 contour plots for the signal in g* — m7 at 14 TeV LHC with two typical values of integrated luminosity: a 100 fb=!, b

300 fb~!

e Cut-5: The transverse mass of the top-partner decay prod-
ucts 3¢b is required to have M7 (b3¢) > 800 GeV.

We present the cross sections of four typical signal (mr =
900, 1000, 1100, 1200 GeV) and the relevant backgrounds
after imposing the cuts in Table 2. From Table 2, one can
see that all the backgrounds are suppressed very efficiently
after imposing the selections. For the integrated luminosity
£int = 3 ab—!, the number of events for total backgrounds
after Cut-5 is found to be about six, while for the signal we
obtain about 33 events for my = 1 TeV and g* = 0.2.

In Fig. 9, we plot the excluded 30 and 5o discovery
reaches as a function of g* and the top-partner mass mr
for two typical values of integrated luminosity: 1000 and
3000 fb~!. We can see that, for my = 1.0 TeV, the 50 level
discovery sensitivities of g* are respectively about 0.14 with
£ine = 1000 fb~1 and 0.2 with £int = 3000 fb—!. On the other
hand, the upper limits on the size of g* for mp = 1.0 (1.4)
TeV are, respectively, given as about g* < 0.11 (0.28)
with £;, = 1000fb~! and g* < 0.14 (0.38) with £, =
3000 fb~!.

Note that our results are obtained from simulations of a
simplified model implementation which in particular fixes

@ Springer

the branching fractions between the different top-partner
decay channels, while the branching ratios can be altered in
other general NP models including the 7T -quark. In Fig. 10,
we plot their projected sensitivity in terms of the production
cross section times branching ratio (o7 * Br) for two decay
channels. For the T — Wb channel, we find that the single
production cross sections of o7 x Br(T — Wb) ~ 40-50
fb could be discovered at the 14 TeV LHC with 100 fb~! for
m7 € [900, 1800] GeV, while the cross sections ~ 15-20 fb
will be excluded at the 14 TeV LHC with 100 fb~!. For the
T — tZ channel, we find that the single production cross
sections of o7 * Br(T — tZ) ~ 15-45 fb could be discov-
ered at the 14 TeV LHC with 3000 fb—! formy € [900, 1400]
GeV, while the cross sections ~ 5—15 fb will be excluded.
We can now draw a comparison with other complemen-
tary studies for searches at the LHC run II involving a sin-
glet top partner. In Ref. [80], the authors show that a mass
reconstruction is possible within the T — th decay chan-
nel at /s = 14 TeV with 100 fb~! of integrated luminos-
ity, proposing a search strategy optimized for two typical
top-partner mass points, namely m7 = 800, 900 GeV, and
assuming Br(T — th) = 100%. Furthermore, the authors in
Ref. [81] designed a dedicated search strategy for the leptonic
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Fig. 8 Normalized distributions for the signals and backgrounds

T — bW decay channel at /s = 14 TeV with 30 fb~! of
integrated luminosity, obtaining an expected exclusion reach
for masses up to 1.0 TeV, including both pair and single pro-
duction. For two typical top-partner masses, mr = 1.0 (1.5)
TeV, the authors in Ref. [114] studied the search strategies of
the single top-partner production with all the possible decay
modes (i.e., tZ, th and Wb) at the LHC for /s = 14 TeV.
The results show that, for the specific model implementa-
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tion discussed in Ref. [114], the production cross sections of
ot ~70-140 (30-65) fb for mr = 1 (1.5) TeV, respectively,
could be discovered at the LHC with 100 fb~!. Similarly, the
cross sections of o ~27-60 (13-24) fb for my = 1 (1.5)
TeV, respectively, can be excluded. Therefore, our analysis is
competitive with the results of the existing literature and rep-
resents a complementary candidate to search for a possible
singlet top partner.

@ Springer



654 Page 8of 11 Eur. Phys. J. C (2017) 77:654

Table 2 The cut flow of the cross sections (in fb) for four typical signals and the relevant backgrounds at the 14 TeV LHC. Here we take the
parameter as g* = 0.2

Cuts Signal tt 1tV WZjj tZj
900 GeV 1000 GeV 1100 GeV 1200 GeV

Basic cuts 0.49 0.33 0.21 0.087 14814 1.52 36.44 2.66
Cut-1 0.068 0.036 0.02 0.008 0.58 0.16 0.84 0.53
Cut-2 0.046 0.024 0.013 0.0052 0.0096 0.011 0.12 0.029
Cut-3 0.041 0.021 0.012 0.0047 0.0048 0.005 0.039 0.023
Cut-4 0.023 0.012 0.0065 0.0027 0.001 6.5 % 1074 0.0072 0.0052
Cut-5 0.02 0.011 0.006 0.0026 2.1x 1074 9.2 x 1073 7.2 %1074 93 x 1074
0.5 T T T T T T 0.5 T
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Fig. 9 The 20, 30 and 50 contour plots for the signal in g* — my at 14 TeV LHC with two typical values of integrated luminosity: a 1000 fb~!,
b 3000 fb~!
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Fig. 10 The excluded and observed cross section for the signal as a function of the vector-like top partner mr at 14 TeV LHC fora T — Wb and
b T — tZ channels

4 Conclusion plified model including a SU (2);, singlet with charge 2/3

with only two free parameters, namely the 7 Wb coupling
In this paper, we have studied the prospects of observing the ~ parameter g* and the top-partner mass mr. Since the sin-
single T production at the 14 TeV LHC in the bW and tZ  gle top-partner production depends on the 7 Wb coupling
decay channels. To illustrate our results, we adopt a sim-  parameter g* and the top-partner mass mr, the 20 exclusion

@ Springer
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limits, 30 evidence and the 5o discovery reach in the param-
eter plane of g*—my are obtained for various of integrated
luminosity atthe LHCRunIl. Inthe T — bW — blv decay
channel, we rely on the large transverse momentum of the
b-jet, the lepton, and the forward nature of the light jet to
suppress the backgrounds. In the 7 — ¢Z decay channel,
although the leptonic decay of Z entails a large suppression
from the Z leptonic branching ratio, the clean multilepton
final state allows one to strongly reduce the backgrounds and
to reconstruct the top-partner mass with high luminosity.

Even though we work in a simplified model including
the singlet vector-like top partner, our results can also be
mapped within the context of the specific models where the
heavy T'-quark only has couplings to the third generation of
SM quarks, such as the minimal composite Higgs model [74]
and the littlest Higgs model with T-parity [149]. We present a
detailed analysis of their projected sensitivity in terms of the
production cross section times branching fraction for the rel-
evant decay. At the 14 TeV LHC with 100 fb~!, we find that
the single production cross sections of o7 * Br (T — Wb) ~
40-50 fb could be discovered for mr € [900, 1800] GeV,
while the cross sections ~ 15-20 fb will be excluded. For the
T — tZ channel, we find that the single production cross
sections of o * Br(T — tZ) ~ 15-45 fb could be discov-
ered at the 14 TeV LHC with 3000 fb—! form¢ € [900, 1400]
GeV, while the cross sections ~ 5—15 fb will be excluded. We
expect our analysis to represent a complementary candidate
to pursue the search and mass measurement of a possible
singlet top partner at the 14 TeV LHC.
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