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Abstract: Vector-like quarks (VLQs) are introduced in many new physics senarios beyond the Standard Model

(SM) to address some problems faced by SM. In this paper, we explore the pair production of TeV-scale vector-like
B quark (VLQ-B) at the future 3 TeV Compact Linear Collider (CLIC) in simplified effective lagrangian framework.
We consider the decay modes of B — bZ and B — bh followed by hadronic decay of Z and /4 bosons. The large mass

of VLQ-B will induce highly boosted bosons Z or 4 which are more likely to form as fat-jets. By performing a rapid

detector simulation of the signal and background events and clustering the jets with a large radius R, signal-back-

ground analyses are carried out. And the exclusion limits at the 95% confidence level and the So discovery pro-

spects are obtained with an integrated luminosity of Sab ™.
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I. INTRODUCTION

Extra quarks are supposed to offer solutions to some
fundamental issues of the Standard Model (SM) on elec-
troweak symmetry breaking and mass generation of fun-
damental particles in many new physies:models [1—11].
An extra fourth generation of SM-like quarks suffer seri-
ous electroweak precision constraints and Higgs search
constrains [12—17]. Unlike the quarks of the SM and the
sequential fourth generation quarks, the left-handed and
right-handed chiral components of the vector-like quarks
(VLQs) transform under the same representation of the
SM gauge group. This means that VLQs don't get their
mass from interactions with the Higgs field, and hence
are not excluded by LHC measurements involving the
Higgs boson.

The introduction of vector-like quarks (VLQs) in
many new physics scenarios is motivated to solve some
open questions of the SM [18, 19]. For instance, VLQs
are anomaly-free and can naturally stabilize the Higgs bo-
son mass through their loop contributions. Another inter-
esting aspects of VLQs include their introduction can
build a realistic model with spontaneous CP violation
[20] and provide a alternative solution to the strong CP
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problem without having axions [21-24]. Additionally,
VLQs may contribute to the unification of the coupling
constants [25—27] and may provide one of the simplest
solutions to the so-called CKM unitarity problem
[28—32]. According to the charge assignments under the
SM electroweak gauge group, VLQs can be electroweak
singlets [T,B], doublets [(X,T), (T,B) or (B,Y)] or triplets
[[X,T,B] or [T,B,Y]]. Especially, the vector-like top part-
ner T (VLQ-T) and vector-like bottom quark B (VLQ-B)
are essential components in many new physics scenarios,
offering solutions to theoretical puzzles while generating
interesting collider signatures. The VLQ-T enables a nat-
ural cancellation of dangerous quadratic divergences in
the Higgs boson mass corrections and could provide a
mechanism to interpret the large mass of top [33, 34], es-
tablishing it as a fundamental building block in many
scenarios. And the VLQ-B is generally predicted in grand
unification theory [25—27] and some composite models
[18]. Considering single or pair production of VLQs, AT-
LAS and CMS has carried out extensive searches and
analyses for these VLQs (For recent reviews, see Refs.
[35, 36]). No evidence for these particles has been found
and this has led to lower bounds on their masses above
the TeV [35-38].
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But this is not the end of the story of VLQs. Current
experimental searches for VLQs have mainly considered
their decays into Standard Model particles. For example,
the ATLAS Collaboration presented a search for the pair
production of VLQs in which at least one of the VLQs
decays into a leptonically decaying Z boson and a third-
generation quark using the full Run 2 dataset correspond-
ing to 139 fb™' [38]. Considering only three possible de-
cay modes of B— tW,bh,bZ, the lower limits on the
masses of VLQ-B (with charge -1/3) are 1.20 TeV and
1.32 TeV for the weak-isospin singlet model and doublet
model, respectively [38].

However, VLQs can also decay to new channels in
many variant new physics scenarios predicting additional
scalars. Recently, exotic decays of the VLQs in different
set-ups with rich collider signatures have been con-
sidered in the literature [29, 39—56]. These new channels
reduce the branching ratios into Standard Model final
states, significantly alleviating current mass bounds [57].
Compared with the LHC, clean collision environment and
great development of detector techniques make it pos-
sible to detecting VLQs or provide complementary con-
straints on them at future lepton colliders. The introduc-
tion of VLQs modifies Higgs coupling vertices and con-
tributes to Higgs production and decay through loop pro-
cesses. Although the CEPC lacks sufficient collision en-
ergy to directly produce TeV-scale VLQs, its high-preci-
sion measurements of Higgs boson couplings will con-
strain VLQ parameter space or hint the existence by de-
tecting deviations at the precision frontier [58—61]. In-
stead of detecting the contribution of VLQs indirectly, the
Compact Linear Collider (CLIC) could produce the
VLQs directly. The CLIC is a proposed TeV-scale high-
luminosity linear electron-positron collider which has a
great potential for new physics detecting [62, 63]. Re-
cently, searching for VLQs at the CLIC has drawn many
attentions including pair production [64, 65] and single
production studies [66—74].

In this paper, we study the search of TeV-scale VLQ-
B quark via the pair production followed by the decays of
B — bZ and B — bh at future Compact Linear Collider
(CLIC) with center-of-mass of 3 TeV. We take the sing-
let VLQ-B as a showcase and focus on the subsequent
fully hadronic decays of Z and / bosons which has a large
branching ratio with the compensation for the relative
small production rate. The large mass of VLQ-B will in-
duce the highly boosted bosons Z and 4, which tend to
manifest as fat-jets. Clean collision environment and rel-
ative rare background events with large mass fat-jets at
future lepton colliders inspire us to study this channel.

The structure of this paper is as follows. After sum-
marizing the interactions and decay modes of the singlet
vector-like B quark in section II, we perform a detailed
analysis on the probability of detecting vector-like B via
the process e*e~ — BB followed by B(B) — bZ or bh with

subsequent hadron decay of Z and % at CLIC. Finally,
summaries and discussions are given in section I'V.

II. EFFECTIVE INTERACTIONS OF VLQ-B

The VLQ-B are introduced in many new physics
scenarios. Considering only the couples of VLQ-B to the
third generation SM quarks, the effective Lagrangian for
the singlet VLQ-B is given by [33]:

1 -
Lp= 8% {7 [BW;;'}’FIL] +

\2 \/z [BZ;)/'“bL]

1
2cos Oy

mp D my, —

_2mW [BRHbL] - m [BLHbR}}
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GCOSQW{BB,J”‘B} 4Sin0W{BW#y"B}+h.c., (1)

where g is the S U(2), gauge coupling constant and 0y, is
the Weinberg angle. The VLQ-B mass mjp and the relat-
ive coupling strength «p are regarded as free parameters.

For a heavy weak-isospin singlet VLQ-B, they are
generally assumed to decay into a third-generation quark
and either a W/Z boson or a Higgs boson and the relation-
ship of the branching ratios (BRs) of three standard de-
cay modes is

Br(B — bh) ~ Br(B — bZ) = %Br(B — tW). 2)

This relationship is a good approximation as expected
from the Goldstone boson equivalence theorem [75—79].

The VLQ searches at the LHC generally assume only
three standard decay modes with relevant BR relation-
ship or focus a concrete decay channel with a 100% BR.
However, the VLQs can natrally decay into light particles
in new physics scenarios, such as B — bS where S is an
additional scalar or pseudoscalar particle [55, 56]. With
the introduction of new exotic decay modes B — X, the
relationships of BRs can be described as:

Br(B — bh) + Br(B — bZ)+ Br(B — tW) =1 -, 3)

Br(B — bh) ~ Br(B — bZ) ~ %Br(B S W)~ (1= Brn) 4
@)

where B,., is the BR for the new exotic decay channels.
In this case, the BRs of the standard modes can become
smaller and the LHC search bounds on VLQ-B can be
significantly relaxed. In next section, we focus on the de-
cay modes of B — bZ(bh) with the assumption of the ex-
istence of exotic decay mode.
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III. COLLIDER SIMULATION AND ANALYSIS

At 3 TeV CLIC, the VLQ-B can be pair production
with v or Z mediation. For a VLQ-B with mass 1 (1.4)
TeV, the cross section e*e™ — BB can reach 5.423 (3.075)
fb at the CLIC with +/s=3 TeV. Unlike the QCD in-
duced production at the LHC, the production rate of
VLQ-B is not large. However, the rare background
events, clean collision environment as well as the quick
development of detector techniques make the CLIC be a
hopeful machine to detecting the signature.

Considering both the decay modes of B — bh and
B — bZ with subsequent fully hadronic decays of Z and 4
bosons, we analyze the prospect for detecing the VLQ-B.
In these channels, the large branching ratio of hadronic
decay can compenste for the relative small production
rate. The large mass of VLQ-B at TeV scale will induce
highly boosted bosons. The hadronical decay products of
a highly boosted bosons Z or / are more likely to form a
fat-jet than two isolated jets. For these fat-jets, taking a
large jet radius R could capture all the decay products.
The Feynman diagram for the processes are demon-
strated in Fig. 1. At the LHC, jet substructure techniques -
through delicate analysis of internal jet features - effect-
ively distinguish signal jets (originating from boosted
massive particles) from background jets (typically QCD
jets) [80]. A large variety of jet substructure methods
have been proposed over the last two decades. Early
prong-finder algorithms [80], including BDRS algorithm
[81], JH TopTagger [82] and N-subjettiness [83], identi-
fy multiple hard cores in a jet to distinguish the signals
from common QCD jets. It was found that searching for
VLQ-B in fully hadronic channels with-a large R and jet
substructure technique can overcome large combinator-
ics problem and efficiently suppress the large back-
ground events at the LHC [84, 85].

In this study, we expect that the clean environment
and rare boosted fat-jet background events make it pos-
sible to detect the VLQ-B in the fully hadronic channels.
Our analysis utilizes large-R jets to capture the high-pr
massive jets without employing jet substructure al-

fatjet

Fig. 1. Feynman diagrams for VLQ-B pair production with
subsequent decay into bk at the CLIC.

gorithms. This is because the signal has low production
rates and its jets show similar internal substructures to
background jets. In this section, we perform Monte Calo
simulation and carry out phenomenological analyses in
both boosted /# channel and boosted Z channel, respect-
ively. The parameter kz=0.1 and Br(B— bh)=
Br(B — bZ) = 0.25 is taken in the calculation.

In our Monte Carlo study, the parton-level events for
the signals and SM backgrounds are generated by Mad-
Graph5_aMC v3.3.2 [86] and then are interfaced to Py-
thia8 [87] for fragmentation and showering.  Sub-
sequently, all event samples are fed into Delphes3 [88]
program to simulate detector effects. In our analysis, jets
are clustered by employing FASTJET package [90]. The
Valencia Linear Collider (VLC) algorithm is a sequential
jet reconstruction specifically designed for future lepton
colliders. Unlike conventional hadron collider algorithms
that utilize [transverse momentum, rapidity] basis for re-
construction, the VLC algorithm adopts [energy, polar
angle] basis as inter-particle distance [91, 92]. This dis-
tinctive approach endows the algorithm with enhanced
robustness against background at future lepton colliders.
So in this paper, the Valencia Linear Collider (VLC) al-
gorithm is taken with a large jet radius parameter R = 1.0
to capture fat-jets. Finally, a cut-based analysis is per-
formed by using MadAnalysis 5 [93].

A. Boosted h Channel

In this subsection,we analyze the signal and back-
ground events at the 3-TeV CLIC via the process
ete~ — BB — bhbh — J,J,bb, where J, denote the boos-
ted fat-jet from higgs decay. It is expected that the highly
boosted higgs jets come from the decay of TeV-scale
VLQ-B could be captured with a large jet radius R=1.0.

The dominant SM backgrounds mainly come from the
processes:

® cte” » WW~Z with Z/W=* — jj.

® cte” — W*W-h with W* — jj and h — bb.

® ¢te” — 11 with t(f) » W*b and W* — jj.

® ¢te” — tth with 1) —» W*b, W* — jj and h — bb.

In following analyses, we don't take b-tagging which
is not valid for the discrimination from backgrounds be-
cause many background processes have b-jets.

To simulate detector acceptance and provide effect-

ive trigger, we choose the basic cuts at parton level for
the signals and SM backgrounds as follows:

Pr(j) >20GeV,[n(j)l <3

where P7(j) and 75(j) are the transverse momentum and
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pseudo-rapidity of jets. For signal events, the heavy mass
of VLQ-B transfer to the large transverse momentum of
B's decay products b and 4. After selecting events with
more than 4 jets in the final state, we resort the final jets
with order of mass and present the normalized kinematic
distributions for the signal and backgrounds in Fig. 2. For
the signal, the hadronic decay products of the boosted
higgs bosons generally can be captured by the large jet
radius R=1.0. As shown in the figure, a large fraction of
the signal events have two massive fat-jets with masses
around the higgs mass m;, and two isolated jets with a low
mass. For the backgrounds, there also exist some events
with boosted fat-jets due the large collision energy at the
CLIC but the mass distributions of fat-jets are very differ-
ent. Among the backgrounds, it is difficult to find two
massive jets around higgs mass. The first massive jet of 77
and th backgrounds are always a top-jet and only a tiny
fraction of # and r7h events could mimic two higgs-jets.
In addition, the transverse momentum of the massive jets
of the signal peak around mp/2 due to kinematic while
the background has a wide distribution range. Further-
more, the WWZ background has very different distribu-
tion characters from the signal. Many WWZ events have
jets with large rapidity and small Pr.

In order to extract the signal from the backgrounds, a
set of improved cuts are adopted.

e Cut-1: There are at least four isolated jets and the
scalar sum of all transverse momentum of all jets are re-
quired larger than 600 GeV, i.e, (N(j) = 4) and Hr >600.
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Fig. 2.

e Cut-2: The first two massive jets have mass in the
higgs-mass window, i.e., 100 < M;, < 150. Besides there
are at least two light jets with mass requirement of

M;,, <70.

e Cut-3: Each massive jet and a light have have a
combined reconstructed mass greater than 300.

The cross sections for signals (mp = 1000, 1200, 1400
GeV) and backgrounds are summarized in Table 1. One
can see that all the SM backgrounds are suppressed very
efficiently after imposing the cuts, while the signal events
are kept in a relative large efficiency. The statistical sig-
nificance S/ VS + B is also presented in the table. When
mp = 1200GeV, with a luminosity of 5ab™', a significance
of 6.447 can be achieved. For lighter VLQ-B mass or a
larger integrated luminosity, a good significance can be
obtained.

B. Boosted Z Channel

In this subsection, we consider the second possibility,
namely when the heavy VLQ-B decays in the mode of
B — Zb with following decay Z — jj. The topology of
Feynaman diagram in this channel is the same as that in
above subsection. In this case, the final state is J,J,bb
where J; represent the fat jet derived from highly boos-
ted Z boson. For this signal, the dominant SM back-
grounds come from the same processes as the case of
boosted /# channel, i.e., ete” > WWZ—>6j, ete” —

W+W~h — jjjjbb, ete” —tt— jjbjjb, and
ete” — tth — jjbjjbbb.
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(color online) The normalized distributions for jet mass of for the signal and backgrounds.
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higgs channel and backgrounds.

In this channel, we cluster the final hadrons with a
large jet radius R=0.8 and choose the same basic cuts as
those in above subsection. Then we resort the jets with
mass ordering. The mass distributions for the mass order-
ing jets j; (i = 1 ~ 4) for the signal and backgrounds are
presented in Fig. 4. The distributions for transverse mo-
mentum and pseudo-rapidity in this boosted Z channel are
nearly the same to the case in boosted higgs channel, so
we don't show them to avoid redundancy. The dominant
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(color online) The normalized distributions for transverse momentum and pseudo-rapidity of jets for the signal in boosted

background is #7 due to its large production rate and de-
cay topology. Although the mass peaks of the first two
massive jets for the signal and the WWZ background are
overlap, most of the WWZ background could be cut-off
by a large Hy cut. In order to suppress the backgrounds, a
set of similar improved cuts are adopted as in above sub-
section:

e Cut-1: There are at least four isolated jets and the
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Table 1. Cut flow of the cross sections (in fb) for the signals with three benchmark masses of VLQ-B quark and backgrounds in
boosted higgs channel. The statistical significance(SS) is calculated for an integrated luminosity of 5ab ™!
Signals Backgrounds
Cuts
1000GeV 1200GeV 1400GeV WwzZ WWh 7 tth
Basic 0.1314 0.118 0.07206 7.532 0.4031 7.792 0.1372
Cut-1 0.09796 0.0754 0.0397 0.5632 0.0395 1.076 0.0401
Cut-2 0.02197 0.0169 0.0088 0.000422 0.00037 0.036 0.00208
Cut-3 0.02005 0.0155 0.0082 0.000166 0.0002684 0.01196 0.00098
S/NS+B 7.747 6.447 3.944
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Fig. 4. (color online) The normalized distributions for the mass of first four jets M; , M;,, M;, and M;, , respectively.

scalar sum of all transverse momentum of all jets are re-
quired larger than 600 GeV, i.e, (N(j) > 4) and Hy >600.

e Cut-2: The first two jets have mass in the Z-mass
window, i.e., 80 < M; < 100. Besides there are at least

J1,2
two light jets with mass requirement of M;,, <70.

3.4
e Cut-3: Each massive jet and a light have a com-
bined reconstructed mass greater than 300.

o Cut-4: The combined reconstructed mass of the two
light jets is greater than 100.

We present the cross sections for the signals with
three benchmark masses (mp = 1000, 1200, 1400 GeV)
and the corresponding backgrounds in Table 2. As shown
in the table, after a set of optimized cut, the backgrounds
are suppressed efficiently. Taking mp = 1200GeV, a sig-
nificance of 6.198 for a luminosity of 5Sab”' can be

achieved. For heavier VLQ-B, the significance is smaller.

IV. CONCLUSION

With the introduction of exotic decay modes, the bra-
ching ratios of standard decay modes can be reduced and
current limits from ATLAS and CMS can be relaxed. In
this paper, considering two kinds of decay modes B — bZ
and B — bh, we have studied the search of TeV-scale
weak-singlet VLQ-B quark in fully hadronic channel via
the pair production at 3 TeV CLIC. The large mass of
VLQ-B will induce highly boosted bosons Z and /4, which
tend to manifest as fat-jets. We perform a full simulation
for the signals in both boosted higgs channel and boosted
Z channel. After choosing a large jet radius and employ-
ing a set of cuts, it is found that clean collision environ-
ment and rare fat-jets background events at the CLIC
make it possible to extract the signals in some parameter
space. Taking mp =1.2 TeV (1.4 TeV) as an example, a
signal significance 6.447 (3.944) can be achieved with an
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Table 2. Cut flow of the cross sections (in fb) for the signals with three benchmark masses of VLQ-B quark and backgrounds in
boosted Z channel. The statistical significance(SS) is calculated for an integrated luminosity of Sab™'
Signals Backgrounds
Cuts
1000GeV 1200GeV 1400GeV WwzZ Wwh t tth
Basic 0.09796 0.08189 0.05245 7.532 0.4031 7.792 0.1372
Cut-1 0.09139 0.07474 0.04559 2.3128 0.1425 3.355 0.1057
Cut-2 0.01962 0.01753 0.01161 0.2564 0.007156 0.0742 0.00209
Cut-3 0.0172 0.01533 0.01033 0.1005 0.00424 0.0111 0.0005328
Cut-4 0.0169 0.01499 0.01018 0.002448 0.00148 0.01001 0.000464
S/VS+B 6.7514 6.198 4.58
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020 1 " re(d$nedHL-I.Hr2i:<<Iusion limit: / 7 020 - ]
%\ E % 015 |- -
E - E 0.10 |- -
50 (h->jj) this work
] 005 - 50 [Z—;jj)lhiswork"
- =-=5¢(Z-I'1)
56 (Z->w)
000 . s : s 000 . . . :
1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500

mg(GeV)

Fig. 5.

mg(GeV)

(color online) Exclusion limits (at 95% CL) and discovery prospects (at So-) sensitivity reaches for boosted higgs channel and

boosted Z channel at the 3 TeV CLIC with an integrated luminosity of Sab™'

integrated luminosity of Sab™' in booted higgs channel.
For the signal in boosted Z channel, a significance 6.198
(4.58) can be achieved with the same luminosity.

Here, we further consider the CLIC detecting sensit-
ivity on the branching ratios Br(B — bh) and Br(B — bZ).
In Fig. 5, we plot the 95% CL exclusion limits and 5o
sensitivity reaches for boosted higgs channel and boosted
Z channel at the 3 TeV CLIC with an integrated luminos-
ity of 5ab™'. For the boosted higgs channel, the VLQ-B
can be excluded in the region of Br(B— bh)
€[0.107,0.25] and mjp € [1000,1480] GeV with an integ-
rated luminosity of 5ab™'. For the boosted Z channel, the
VLQ-B can be excluded in the region of Br(B — bZ)
€[0.119,0.25] and mjp € [1000,1490] GeV with an integ-
rated luminosity of 5ab™. As shown in the figure, fully
hadronic channels and leptonic channels [64] at the CLIC
have similar performance in VLQ-B searches. For com-
parison, we also present the observed 95% CL exclu-
sions limits at the 13 TeV LHC, the predicted exclusions
at the future HL-LHC with an integrated luminosity of

3000fb™", as well as the exclusions in leptonic channels
from previous study [64]. As shown in the figure, the fu-
ture 3TeV CLIC with an integrated luminosity of 5ab’!
could provide better sensitivity than the current LHC
searches in the mass range of 1120 <mp < 1480. And
even better sensitivity than the future HL-LHC in some
large mass range. As for the discovery prospects, a VLQ-
B in the mass range from 1TeV to 1.4TeV with
Br(B — bZ) > 0.185 could be discovered at future 3TeV
CLIC.

In addition, it is remarked that the analysis in this pa-
per also applies to the moun collider with s=3 TeV.
For the 10 TeV muon collider, although the large phase
space is opened, the cross section for pair production is
significantly suppressed due to the s-channel suppression.
For mp=1.5 TeV (2.5TeV), the cross section can only
reach 0.5345(0.5231) fb. Generally speaking, it is not
hopeful to detecting the TeV-scale VLQs at future 10
TeV muon collider due to limited production rates.
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