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The vectorlike quarks are predicted in many new physics scenarios beyond the Standard Model (SM)
and could be seen potential signatures of new physics at the TeVenergy scale. In this work, we study single
production of exotic singlet and doublet vectorlike bottom quarks (VLQ-B) at future Compact Linear
Collider (CLIC) via the process eþe− → Bb̄ with the decay channel B → bZ and two types of modes:
Z → lþl− and Z → νν̄. We calculate the cross sections of signal and relevant SM backgrounds. After a fast
simulation of the signal and background events, the exclusion limit at 95% confidence level and 5σ
discovery prospects on the parameters (the coupling strength κB and the VLQ-B mass) have been,
respectively, presented at the future CLIC with center of mass energy

ffiffiffi
s

p ¼ 3 TeV and integrated
luminosity of 5 ab−1.
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I. INTRODUCTION

In order to solve the gauge hierarchy problem, the
vectorlike quarks (VLQs) are predicted to regulate the
Higgs boson mass-squared divergence [1] in several exten-
sions of the Standard Model (SM), such as little Higgs
models [2], extra dimensions [3], composite Higgs models
[4], and other TeV Scale new physics (NP) models [5–8].
The left- and right-handed components of these new VLQs
are transformed in the same properties under the SM
electroweak symmetry group [9]. The VLQs are therefore
not excluded by present searches, unlike a fourth gener-
ation of SM quarks that is ruled out by electroweak
precision measurements [10,11]. Based on the electric
charges of þ2=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], electro-
weak doublets [ðX; TÞ; ðT; BÞ or ðB; YÞ], or electroweak
triplets [ðX; T; BÞ or ðT; B; YÞ], and they could generate
characteristic signatures at the current and future high-
energy colliders, see e.g., [12–34]. Here we focus on the
singlet or ðB; YÞ doublet VLQ-B quark, which only couples
to third-generation SM quarks.
Using the Run 2 data, the direct searches for VLQ-B

have been performed and the constraints on VLQ-B have
been obtained at 95% confidence level (CL) by the ATLAS

and CMS Collaborations [35–43]. For instance, an analysis
from CMS including single-lepton, dilepton, and multi-
lepton final states probed all decay modes of the VLQ-B,
and excluded B quark masses in the range 910–1240 GeV
[41]. Recently, the CMS Collaboration presented a search
for VLQ-B pair production in the fully hadronic final state
[42], and excluded the B masses up to 1570, 1390, and
1450 GeV for 100% B → bh, 100% B → tZ, and BY
doublet cases, respectively. The combination of searches
utilizing various final states were performed by the ATLAS
Collaboration [43], and excluded values of the Bmass up to
1220, 1370, and 1140 GeV for the singlet, the ðT; BÞ
doublet and ðB; YÞ doublet cases, respectively.
Up to now, many phenomenological analysis about the

VLQ-B have been performed at the LHC and LHeC
[44–46]. Compared to the complicated QCD background
at the hadron colliders, the future linear eþe− collider has a
particularly clear background environment, i.e., the final
stage of Compact Linear Collider (CLIC) are operating at
an energy of 3 TeV [47–50]. Thus, the high-energy linear
collider is a precision machine that can accurately measure
the characteristics of the new VLQs [51–58]. In this work,
we focus on the observability of the single VLQ-B
production at the CLIC via the process eþe− → Bb̄ðbB̄Þ
combined with the B → bZ and the subsequent decay
channels Z → lþl− and Z → νν̄, respectively. The advan-
tage is that it has a higher potential than paired production
due to less phase space suppression. In addition, this
process can reveal the electroweak nature of the interaction
between the VLQ-B and Z boson. Therefore, we expect
that once the VLQ-B is discovered and its mass is
determined, such work could serve as a complementary
option for future high-energy linear colliders.
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The paper is organized as follows. In Sec. II, we give a
brief description of the simplified model including the
VLQ-B with electrical charge −1=3, and discuss its single
production at the CLIC. In Sec. III we investigate the signal
and discovery potential of the VLQ-B in the Zb decay
channel at the CLIC. Finally, we conclude in Sec. IV.

II. VECTORLIKE BOTTOM QUARK IN THE
SIMPLIFIED MODEL

The generic parametrization of an effective Lagrangian
of VLQ-B can be expressed as (showing only the couplings
relevant for our analysis):

L¼ κB

� ffiffiffiffiffiffiffiffiffiffi
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where g is the SUð2ÞL gauge coupling constant, cW is the
usual cosine of the weak mixing angle, v ≃ 246 GeV and
ξV parameters controlling the relative strengths of the V
couplings to top partners, and ζi parameters governing the
mix of SM quark generations i in each coupling. ξ and ζ are
defined as

P
V ξ

V ¼ 1 and
P

i ζi ¼ 1, meaning ζiξ
V ¼

BRðB → VqiÞ (for a detailed review, see [12]).
Although couplings of VLQs to first- and second-

generation SM quarks are not excluded [34,59], much of
the experimental and theoretical attention is on VLQs that
couple to third-generation SM quarks, as it is this gen-
eration that requires fine-tuning in the SM. Here we focus
on VLQ-B that couples exclusively to third-generation SM
quarks. Our results are interpreted assuming that the B
quark belongs to a singlet or doublet representation and that
it decays exclusively to SM particles. In this case, the
singlet B quark has three different decay channels into SM
particles: tW, bZ and bH. Using the equivalence theorem
[60–65] the branching fractions for these three decay
modes are 0.5, 0.25, and 0.25, respectively. The B doublet
can decay to bZ or bH, each with a branching fraction of
0.5. Thus there are only two free parameters: the B quark
mass mB and the coupling strength κB.

III. EVENT GENERATION AND DISCOVERY
POTENTIALITY

In Fig. 1, we show the leading order Feynman diagram of
the process eþe− → Bb̄ with the decay mode B → Zb.
In order to make a prediction for the signal, we calculate

the cross section for the process eþe− → Bb̄ðbB̄Þ times the
branching ratio of B → bZ at leading order (LO) by using

MadGraph5-aMC@LO [66]. The numerical values of the
input parameters are taken from [67].
In Fig. 2, we show the dependence of the cross sections

σðeþe− → Bb̄þ bB̄Þ × BrðB → bZÞ on the B quark mass
mB at a 3 TeV CLIC for κB ¼ 0.2. As the B quark mass
grows, the cross section of single production decreases
slowly due to a larger phase space. For κB ¼ 0.2 and
mB ¼ 1.5ð2Þ TeV, the cross section can reach about 0.05
(0.3) fb for the singlet case and 0.2 (0.12) fb for the doublet
case, respectively. Obviously, the cross section of single
B-quark production is proportional to the square of the
coupling strength κB for a given B quark mass.
In next section, we will perform the Monte Carlo sim-

ulation and explore the discovery potentiality of VLQ-B
through the subsequent leptonic decay channel Z → lþl−

and the invisible decay channel Z → νν̄, respectively.
Monte Carlo event simulations for signal and SM

background are interfaced to Pythia 8.20 [68] for fragmen-
tation and showering. All event samples are fed into the
Delphes 3.4.2 [69] with the CLIC detector card designed
for 3 TeV [70]. In our analysis, jets are clustered with the
Valencia Linear Collider (VLC) algorithm [71,72] in
exclusive mode with a fixed number of jet (N ¼ 2 where
N corresponds to the number of partons expected in the

FIG. 1. Representative Feynman diagrams of the process
eþe− → Bð→ ZbÞb̄.

FIG. 2. Total cross sections as a function of mB with κB ¼ 0.2
and two cases.
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final state) and fixed one size parameter R ¼ 0.7. The
b-tagging efficiency is taken as the loose working points
with 90% b-tagging efficiency 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 E > 500 GeV and 1.53 < jηj ≤ 2.09, misidenti-
fication rates are 5 × 10−2. Finally, event analysis is
performed by using MadAnalysis5 [73].

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

events at the 3 TeV CLIC through the Z → lþl− (l ¼ e, μ)
decay channel.

eþe− → Bb̄ → Zbb̄ → lþl−bb̄: ð2Þ

For this channel, the typical signal is two b-jet and two
opposite-sign same-flavor (OSSF) leptons. The dominant
SM backgrounds come from the SM processes
eþe− → bb̄lþl−, and eþe− → jjlþl− with the cross
sections of 2.74 fb, and 8.39 fb, respectively. Note that
the contribution from the processes eþe− → Hð→ bb̄ÞZ,
eþe− → Zð→ bb̄ÞZ, eþe− → bb̄Z and eþe− → qq̄Z are
also included with the decay mode Z → lþl−.
To identify objects, we choose the basic cuts at parton

level for the signals and SM backgrounds as follows:

pl
T > 20GeV; pj=b

T > 30GeV; jηl=b=jj< 2 ð3Þ

where pl;b;j
T are the transverse momentum of leptons,

b-jets, and light jets, respectively.
For the signal, the leptons l1 and l2 are two OSSF

leptons that are assumed to be the product of the Z-boson
decay, and at least two b-tagged jet are present. In Fig. 3,
we plot some differential distributions for signals and
SM backgrounds at the CLIC, such as the transverse
momentum distributions of the leading and subleading
b-jets (pb1

T ; pb2
T ), the separations ΔRb1;b2 , the transverse

momentum distributions of the leading and subleading
leptons (pl1l2

T ), the separations ΔRl1;l2 , and the invariant
mass distribution for the Z boson Ml1l2 . Due to the
larger mass of VLQ-B, the decay products of VLQ-B are
highly boosted. Therefore, the pl;b

T peaks of the signals are
larger than those of the SM backgrounds, and the lepton
pairs of the signal are much closer. Based on these
kinematical distributions, we can impose the following
set of cuts:

(i) Cut-1: There are exactly two isolated leptons and
two b-tagged jets.

(ii) Cut-2: The transverse momenta of the leading and
sub-leading b-jet are required pb1

T > 500 GeV and
pb2
T > 250 GeV with ΔRb1;b2 > 1.2.

(iii) Cut-3: The transverse momenta of the leading and
subleading leptons are required pl1l2

T > 300 GeV,

the invariant mass of the Z boson is required to have
jMl1l2 −mZj < 10 GeV with ΔRl1;l2 < 1.

We present the cross sections of three typical signal
(mB ¼ 1300, 1500, 2000 GeV) and the relevant back-
grounds after imposing the cuts in Table I. One can see that
all the SM backgrounds are suppressed very efficiently
with the cross section of about 0.01 fb, while the
signals still have a relatively good efficiency at the end
of the cut flow. The total SM background comes from
the eþe− → bb̄lþl− process, with a total cross section
of 5.34 × 10−3 fb.

B. The decay channel Z → νν̄

In this subsection, we analyze the signal and background
events through the invisible decays Z → νν̄ decay channel.

eþe− → Bb̄ → Zbb̄ → bb̄þ =ET: ð4Þ

For this channel, the main SM backgrounds come from
the processes eþe− → νν̄bb̄ and eþe− → νν̄jj with the
cross sections of 0.26 fb and 0.61 fb, respectively. Note
that the contribution from the processes eþe− → HZ,
eþe− → νeν̄eH, eþe− → νeν̄eZ, and eþe− → Zbb̄ are also
included with the decay mode Z → νν̄ and H → bb̄.
In our simulations, we apply the following basic cuts on

the signal and background events at parton level:

pb=j
T > 30 GeV; jηb=jj < 2; =ET > 100 GeV: ð5Þ

Obviously, the signal events should contain large miss-
ing transverse energy =ET from the boosted Z boson. In
order to get some hints of further cuts for reducing
the SM backgrounds, we analyzed the normalized distri-
butions of pb1;b2

T , pb2
T , ΔRb1;b2 , and =ET for signals and SM

backgrounds as shown in Fig. 4. Based on these kinemati-
cal distributions, a set of further cuts are given as:

(i) Cut-1: There are at least two b-tagged jets and
remove any electrons and muons.

(ii) Cut-2: The transverse momenta of the leading and
subleading b-jet are required pb1

T > 300 GeV and
pb2
T > 200 GeV with ΔRb1;b2 > 1.5.

(iii) Cut-3: The transverse missing energy is required
=ET > 300 GeV.

We summarize the cross sections of three typical signal
(mB ¼ 1300, 1500, 2000 GeV) and the relevant back-
grounds after imposing the cuts in Table II. One can see that
the total SM backgrounds are suppressed very efficiently,
with a cross section of about 0.1 fb.

C. Discovery and exclusion significance

In order to see whether the signatures of VLQ-B
can be detected at the CLIC, we use the median signifi-
cance to estimate the expected discovery and exclusion
significance [74]:
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FIG. 3. Normalized distributions for the signals (with mB ¼ 1300, 1500 and 2000 GeV) and SM backgrounds at the CLIC.

TABLE I. Cut flow of the cross sections (in 10−3 fb) for the signals and SM backgrounds at the CLIC with κB ¼ 0.2 and three typical
B quark masses for the singlet case and doublet case (in the bracket).

Signals Backgrounds

Cuts 1300 GeV 1500 GeV 2000 GeV lþl−bb̄ lþl−jj Total

Basic 3.4 (15.2) 3.3 (13.2) 1.9 (7.6) 1869 1179 3048
Cut 1 2.37 (9.5) 2.1 (8.4) 1.2 (4.8) 689 103 792
Cut 2 2.25 (9.0) 1.95 (7.8) 1.1 (4.4) 18.2 7.7 25.9
Cut 3 1.62 (6.5) 1.58 (6.3) 0.95 (3.8) 5.34 2.02 7.36
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q
: ð7Þ

Here, the values of s and b were obtained by multiplying
the total signal and SM background cross sections, re-
spectively, by the integrated luminosity. δ is the percentage

systematic error on the SM background estimate. In the
limit of δ → 0, these expressions can be simplified as

Zdisc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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p
: ð8Þ

In this work we choose two cases: no systematics (δ ¼ 0)
and a systematic uncertainty of δ ¼ 10%.
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FIG. 4. Normalized distributions for the signals and SM backgrounds for Z → νν̄ decay channel at the CLIC.

TABLE II. Cut flow of the cross sections (in 10−3 fb) for the signals and SM backgrounds at the CLIC with κB ¼ 0.2 and three typical
B quark masses for the singlet case and doublet case (in the bracket).

Signals Backgrounds

Cuts 1300 GeV 1500 GeV 2000 GeV νν̄bb̄ νν̄jj Total

Basic 11 (44) 8.5 (38) 5.5 (22) 223590 50120 273710
Cut 1 8 (32) 7 (28) 4.1 (16.4) 128500 5359 133859
Cut 2 7.5 (30) 6.5 (26) 3.6 (14.4) 206 25 231
Cut 3 6.1 (24.4) 5.6 (22.4) 3.3 (13.2) 92 12 104
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In Figs. 5 and 6, we plot the exclusion limit at
95% confidence level (CL) and 5σ sensitivity reaches
for the coupling strength κB as a function of mB at
3 TeV CLIC with integral luminosity 5 ab−1, respectively,
for two decay channels without considering the effect of the
systematic error. One finds that, for the Z → lþl− decay
channel, the singlet (doublet) VLQ-B quarks can be
excluded in the region of κB ∈ ½0.23; 0.62�ð½0.11; 0.31�Þ
and mB ∈ [1200 GeV, 2500 GeV] at the 3 TeV CLIC with
the integrated luminosity of 5 ab−1, while the discover
region can reach κB ∈ ½0.4; 0.53�ð½0.2; 0.55�Þ and mB ∈
½1200 GeV; 2000 GeV� ([1200 GeV, 2500 GeV]).
Similarly, for Z → νν̄ decay channel, the singlet (doublet)
VLQ-B quarks can be excluded in the region of κB ∈
½0.22; 0.5�ð½0.11; 0.3�Þ and mB ∈ ½1200GeV;2400GeV�
([1200 GeV, 2500 GeV]), the discover region can reach
κB ∈ ½0.39;0.5�ð½0.2;0.44�Þ andmB∈ ½1200GeV;1900GeV�
([1200 GeV, 2400 GeV]).
Certainly, the sensitivities with some systematic

errors will be weaker than those without any systematic

error. Next, we combine the significance with

Zcomb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2

ll̄ þ Z2
νν̄

q
by using the results from above

two decay channels with the aforementioned two system-
atic error cases of δ ¼ 0 and δ ¼ 10%.
In Fig. 7, the combined 95% CL exclusion limit and 5σ

discovery prospect lines are drawn in κB −mB planes at the
3 TeV CLIC. One can see that, with a realistic 10%
systematic error, the sensitivities are slightly weaker than
those without any systematic error. For the singlet
and doublet cases, the discovery region can, respectively,
reach κB ∈ ½0.42; 0.52� with the VLQ-B mass range
mB ∈ ½1200 GeV; 1900 GeV�, and κB ∈ ½0.21; 0.47� with
the VLQ-B mass range mB ∈ ½1200 GeV; 2400 GeV�.
Otherwise, in the region of mB ∈ ½1200 GeV; 2400 GeV�,
the 95% CL excluded region for the coupling parameter κB
is [0.23, 0.5] for the singlet case and [0.11, 0.25] for the
doublet case, respectively, at the 3 TeV CLIC with an
integrated luminosity of 5 ab−1.
The ATLAS Collaboration has studied single production

of a vectorlike B quark decaying into bH with H → γγ

FIG. 5. The exclusion limit (at 95% CL) and discovery prospects (at 5σ) contour plots for the signal in κB −mB planes at 3 TeV CLIC
with integral luminosity 5 ab−1 for Z → lþl− decay channel.

FIG. 6. Same as Fig. 5 but for Z → νν̄ decay channel.
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decay channel, assuming a generalized coupling κB ¼ 0.5
and doublet branching ratios of 50% for B → hb and
B → Zb, B quark with masses less than 1210 GeV are
excluded at the 95% CL [75]. Very recently, the ATLAS
Collaboration has presented the limit from the single
production of a VLQ-B occurring as part of a ðB; YÞ weak

isospin doublet via B→ bHðH→ bb̄Þ decay channel at
13 TeV LHC with 139 fb−1 luminosity, excluding
1.0 TeV<mB < 1.28 TeV and 1.46 TeV<mB < 2.0 TeV
for κB ¼ 0.25, and 1.0 TeV < mB < 2.0 TeV for κB ¼
0.3 [76]. In Fig. 8, we give the current results at 13 TeV
LHC and future reach at 3 TeV CLIC on the plane of mB
versus κB in the ðB; YÞ doublet scenarios. We can see that
the future CLIC with

ffiffiffi
s

p ¼ 3 TeV and integrated lumi-
nosity of 5 ab−1 could provide better sensitivity to detect
the BbZ couplings than the current experimental results
obtained from the current 13 TeV LHC. For high energy
hadron colliders, the QCD backgrounds will be enhanced
due to the pileup effect. By comparison, the properties of
the VLQ-B can be measured accurately once it is discov-
ered due to the clean SM backgrounds at the future leptonic
colliders.

IV. CONCLUSION

We have studied single production of VLQ-B at the
future 3 TeV CLIC via the process eþe− → Bb̄ → Zbb̄ in a
model-independent way. We performed a full simulation
for the signals and the relevant SM backgrounds based on
two types of decay channels Z → lþl− ðl ¼ e; μÞ and
Z → νν̄. The 5σ discovery prospects and 95%CL exclusion
limits in the parameter plane of the two variablesmB and κB
were, respectively, obtained at 3 TeV CLIC with an integral
luminosity of 5 ab−1. Our numerical results show that,
with the systematic error case of δ ¼ 10%, in the
region of mB ∈ ½1200 GeV; 2300 GeV�, the discovery
region can reach κB ∈ ½0.42; 0.52� with the VLQ-B mass
range mB ∈ ½1200 GeV; 1900 GeV� for the singlet case,
and κB ∈ ½0.21; 0.47� with the VLQ-B mass range mB ∈
½1200 GeV; 2400 GeV� for the doublet case, respectively.
Otherwise, in the region of mB ∈ ½1200 GeV; 2400 GeV�,
the excluded region for the coupling parameter κB is [0.23,
0.5] for the singlet case and [0.11, 0.25] for the doublet
case, respectively, at the 3 TeV CLIC with an integrated
luminosity of 5 ab−1.
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FIG. 7. Combined exclusion limit (at 95% CL) and discovery
prospects (at 5σ) contour plots for the signal in κB −mB planes at
3 TeV CLIC with an integral luminosity of 5 ab−1 for the singlet
(left) and doublet (right) cases.

FIG. 8. The contour of 95% CL exclusion limit on the plane of
mB versus κB in the (B, Y) doublet scenarios with a realistic 10%
systematic error. The solid line indicates the current expected
limits from the LHC [76].
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