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Abstract Existences of vector-like quarks (VLQs) are pre-
dicted in many new physics scenarios beyond the Stan-
dard Model (SM). We study the possibility of detecting the
vector-like bottom quark (VLQ-B) being the SU (2) singlet
with electric charge —1/3 at Large Hadron electron Col-
lider (LHeC) in a model-independent framework. The decay
properties and single production of VLQ-B at the LHeC
are explored. Three types of signatures are investigated. By
carrying out a fast simulation for the signals and the corre-
sponding backgrounds, the signal significances are obtained.
Our numerical results show that detecting of VLQ-B via the
semileptonic channel is better than via the fully hadronic or
leptonic channel.

1 Introduction

With the discovery of a 125 GeV Higgs boson in July 2012
by the ATLAS and CMS collaborations at the CERN Large
Hadron Collider (LHC) [1,2], the Standard Model (SM) has
acquired remarkably success at explaining most of the avail-
able experimental phenomena with great accuracy. As yet,
there are still unresolved theoretical issues in the SM, such
as the nature of the electroweak symmetry breaking and the
hierarchy between the electroweak and the Planck scales.
One solution is by introducing new heavy particles called
vector-like quarks (VLQs) which regulate the Higgs boson
mass-squared divergence [3,4]. Since VLQs can obtain the
gauge invariant mass terms of the form myy directly, they
are not subject to the constraints from Higgs production.
Therefore, VLQs as a class of interesting particles have not
been excluded by precision measurements.
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VLQs are hypothetical spin-1/2 colored fermions and are
proposed in many new physics scenarios, for example, little
Higgs [5-8], composite Higgs [9-12] and extra dimensions
models [13,14]. The left- and right-handed components of
VLQs have the same transformation properties under the SM
electroweak symmetry group [15,16]. VLQs can be embed-
ded in singlet [T, B], doublets [ (X, T), (T, B) or (B, Y)]
or triplets [(X, T, B) or (T, B, Y)] for the representations of
the SU(2) group. The weak hypercharges of VLQs can be
determined by their Yukawa couplings with the SM quarks
and the Higgs boson, therefore there are four possible charge
assignments: Or = +2/3, Op = —1/3, Ox = +5/3,
and Qy = —4/3. In the case of UV complete models, the
extra-dimensional models predict a tower of the vector-like
top quarks, of which the lightest one has sizable mixing
with the third generation quarks [17]. The vector-like bot-
tom quarks are predicted in grand unification theories based
on Eg [18,19]. The doublets (X, T) and (7, B) naturally
emerge in warped models [20,21]. The triplets (X, 7, B) and
(T, B, Y) are predicted in the composite Higgs models [22].
In this paper, we focus on the SU (2) singlet vector-like bot-
tom quark (VLQ-B) in a model-independent way.

A lot of phenomenological studies for VLQs have been
presented in vast literatures [23—-38]. Reference [39] has con-
sidered single production of VLQ-B which decays into Hb at
the LHC in context of the composite Higgs model. Reference
[40] introduced an effective Lagrangian to study the possibil-
ity of detecting VLQ- B via the decay channel B — Wt atthe
LHC. Reference [41] performed global fits of the constraints
of VLQ-B by using the CKM unitarity violation, excess in
Higgs signal strength, and bottom quark forward-backward
asymmetry. In our previous work [42], we have considered
the capability of detecting VLQ- B at the LHC via single pro-
duction channel, which is a more potential process than pair
production since its less phase-space suppression when the
mass of VLQ-B is more heavier.

The concrete search strategies depend on the decay modes
of VLQs. If only coupling to the third-generation quarks, the
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vector-like top quark (VLQ-T') and VLQ-B could decay via
the charged current, i.e. T — Wb and B — Wi, or neutral
current, i.e. T — Ht,Zt and B — Hb, Zb. The subse-
quent decays of the SM particles produce rich signals. In
order to distinguish the type of VLQs, discriminant analysis
is required. For example, in the case of fully hadronic final
state which is powerful for the B — Hb channel, reference
[43] introduced a discriminant function P that can tag the
parent particles of the jets as W/Z boson, Higgs boson or
t quark. Together with b-tagging and the invariant mass of
jets, it is convenient to reduce the background and distin-
guish signal events of the VLQ-T and VLQ-B. Reference
[44] combines the searches for pair-produced VLQ-7 and
VLQ-B at the LHC with all three possible decay modes, the
lower limit of singlet VLQ-B mass is a bit larger than that of
singlet VLQ-T mass, and the singlet VLQ-B is more sensi-
tivity to the channel B — Wt, while the singlet VLQ-T is
more sensitivity to the channel T — Ht.

By now, the direct searches for VLQ-B have been per-
formed by the ATLAS and CMS collaborations at the LHC
with center-of-mass (c.m.) energy of /s = 13 TeV and an
integrated luminosity of 35-36 fb~! [45-47]. Although there
are not any signatures be detected, the constraints on VLQ-
B have been obtained. The most stringent bounds on the
VLQ-B mass are in the range of 700-1800 GeV depending
on the production modes, the considered final states and the
assumed branching ratios. In fact, the collider has become
and will remain an important tool to test wide classes of new
physics models. Thus, it is highly motivated to investigate
all sensitive search strategies within the possibly available
accelerator and detector designs.

Here, we intend to study the possibility of detecting VLQ-
B in the proposed powerful high energy ep collider, the Large
Hadron electron Collider (LHeC) [48] with a 60-140 GeV
electron beam and a 7 TeV proton beam from the LHC. It
is supposed to run synchronously with the HL-LHC and to
deliver the integrated luminosity of 100 fb~! per year and
of 1000 fb~! in total. Compared to the previous ep ollider,
HERA, the LHeC extends one order of magnitude in the c.m.
energy and 1000 times in the integrated luminosity. Refer-
ences [49-51] have studied the discovery potential of the
VLQ-T through various channels at the LHeC, where the
VLQ-T is the SU(2) singlet with charge 2/3. To the best
of our knowledge, so far, no work has been done to search
single production of the SU (2) singlet VLQ-B at the LHeC.
Hence, we mainly study the observability of the single VLQ-
B production at the LHeC combine with the B — Wt decay
channel in our work. Considering the final state has two W-
bosons (one of those come from top quark decaying), we
analyze three types of signatures, which come from the fully
hadronic decay channel, the fully leptonic decay channel, and
the semileptonic decay channel, respectively. We expect that
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such work may become a complementary to other production
processes in searches for the heavy VLQ-B at the LHeC.

This paper is organized as follows: in Sect. 2, we brief
review the couplings of VLQ-B with the SM particles, and
discuss its possible decay modes. Section 3 devotes to a
detailed analysis of the relevant signals and backgrounds at
the LHeC. Finally, we summarize our results in Sect. 4.

2 Effective Lagrangian and decay modes of the
vector-like bottom quark

VLQs can interact with the SM quarks and the Higgs boson
through Yukawa couplings. After the Higgs developing a
nonzero vacuum expectation value (VEV), VLQs are allowed
to mix with the SM quarks. The mass matrices of quarks are
determined by the chosen SU (2) representations of VLQs.
By diagonalizing the mass matrices, one can obtain the cou-
plings between physical states which can be found in refer-
ence [52]. Reference [53] proposed a more compact param-
eterization for VLQ-T couplings. Similarly, we consider the
same parameterization in the case of VLQ-B and assume
that it is the SU (2) singlet. The generic parametrization of
an effective Lagrangian of VLQ- B is given by (showing only
the couplings relevant for our analysis):

L:KB{

1+R f
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where u (d) denotes the first or second generation up(down)-
type quark, g is the SU(2) coupling constant, v =~ 246 GeV
is the electroweak symmetry breaking scale. We have abbre-
viated cos 0y, as Cy,, where 0y, is the Weinberg angle. There
are only three parameters that fully describe the relevant
interactions we consider. Besides the mass parameter M,
there are two coupling parameters appearing in Eq.(1):

e iz, the coupling strength to SM quarks in units of stan-
dard couplings, which is only relevant to single produc-
tion;
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e R;,the generation mixing coupling, which describes the
rate of decays to first two generation quarks with respect
to the third generation, where the subscript L represents
the chirality of the fermions. For the singlet VLQ-B, we
neglect the mixing of right-handed quarks since it is sup-
pressed [4].

From Eq. (1) we can see that, for the couplings of the singlet
VLQ-B with the SM fermions, R; = 0 corresponds to cou-
pling to top and bottom quarks only. In many new physics
models, VLQs are expected to couple preferentially to third-
generation quarks [15,16] and can have flavor-changing
neutral-current decays in addition to charged-current decays
[44]. While the limit R, = oo represents coupling to first
and second generation of quarks only, which are not excluded
[4,54] although not favored.

According to above discussions, VLQ-B has three typical
of decay modes: Wu;, Zd;, and Hd;, where i =1, 2, 3. The
corresponding partial widths are given by
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where ¢; = 2/(1+R;) for t,b quarks, and ¢; =
R,/ (1+R;)foru,c,d,s quarks,

2 2 2
c.koM m; m
I'(B— Hd)=-8_58,1/2 (1,—' —h>

8m = — > gp = (5)
and the function A(a, b, c) is given by
A(a,b,c) =a’>+b>+c* —2ab—2ac — 2bc. (6)

In the limit of M > m,, the partial widths can be approxi-
mate written as
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From above equations, we can see that, for heavy VLQ-
B, %F (B— Wu;) ~T(B— Zd,) ~ T (B— Hd,) is
a good approximation as expected by the Goldstone boson
equivalence theorem [55]. From the Lagrangian given in Eq.
(1), one may expect the branching ratios of Hd, channel is
the largest one since the coupling coefficient of B Hd, is pro-
portional to M 5. Actually, the partial width " (B — Hd,) is
proportional to M3, which is similarly with that for other two
decay channels as shown in Egs. (7-9). The branching ratios
of these decay channels are plotted as functions of the mass
parameter Mp and the generation mixing coupling R, in
Fig. 1. Since the mass of the boson W, Z or H is much larger
than that of the first or second generation quark, the branching
ratios of VLQ-B decaying to the first and second generation
quarks are approximately equal each other, so we only give
the branching ratios of VLQ-B decaying to the first genera-
tion quarks in Fig. 1. For Mg > 800 GeV, one can see that
the branching ratios approximate satisfy Br (B — Wui) :
Br (B — Zdi) . Br (B — Hdl.) ~2:1:1. As expected,
the branching ratios of the first and second generation quarks
vanish rapidly when R, approaches to zero. When R, < 1,
the third generation quarks plus bosons are the main decay
channels. Hence, we choose the Wt channel to study the pos-
sibility of detecting the signals of VLQ-B at the LHeC in our
work.

3 Signal analysis and discovery potentiality

For the single production of VLQ-B at the LHeC, the dom-
inant way is mediated by the exchange of a W or Z boson
in the 7-channel, the H-mediated process can be ignored due
to the tiny Yukawa coupling between electron and Higgs
boson. The relevant Feynman diagrams for the single pro-
duction and decaying into Wt are presented in Fig. 2. For
the chosen decay channel of VLQ- B, the final state contains
two W-bosons (one of those coming from top quark decay).
There are three types of signatures, which come from the
fully hadronic, the fully leptonic and the semileptonic decay
channels, respectively.

To proceed further analysis, we need to know the values of
some parameters. The SM input parameters which relevant
to our calculations are taken from reference [56] as follow:

m, = 173.0 GeV, m, =91.1876 GeV, m, = 125 GeV,
Sy = 0231, «(my) =1/128. (10)

Considering the current constraints on the VLQ- B mass [45—
471, we choose three benchmark points: Mp = 800, 900, 1000
GeV, which are referred to as Bggo, Booo, B1ooo, respectively.

@ Springer
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Fig. 1 The branching ratios of the decay modes Wu;, Zd; and Hd,; as functions of the VLQ-B mass M (left) and the generation mixing coupling

R, (right)
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Fig. 2 The Feynman diagrams for single production of VLQ-B at the LHeC including the decay channel B — Wt

The stringent bounds on the coupling parameter kg come
from the experimental data about the Zbb couplings, which
give the upper limit as k5 < 0.23 [53]. For taking the e~
and p beam energy as 140 GeV and 7 TeV respectively,
the c.m. energy of the LHeC is /s = 1.98 TeV. In Figs. 3
and 4 , we show the scaled cross sections of the processes
e p —>Z7Z —> e Bande p - W — vB with differ-
ent My, R; and e~ beam polarization at the LHeC. From
these figures, one can see that: (1) The cross section of W-

@ Springer

mediated process can be enhanced by the polarization of e~
beam, while that of Z-mediated process is insensitive, since
W boson only couple to the left-handed electron. (2) The
cross section of W-mediated process is more sensitive to R
than that of Z-mediated process. And the cross section of
W-mediated process vanishes when R, approaches to zero,
the reason is that no top parton in proton. Hence, in the fol-
lowing, we choose W-mediated process for simulation in the
case of P, = —0.8, k5 =0.1,and R; = 0.5.
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Fig. 3 The scaled cross sections of the processes e” p — W — vB ande” p — Z — e~ B as functions of M, for different R; and polarization

of e~ beam

The model file [57] which realize the Lagrangian given
by Eq. (1) can be found in the dedicated FeynRules pack-
age [58-60]. Signal and background events are simulated
at the leading order using MadGraph5-aMC@NLO [61,62]
with the CTEQG6L parton distribution function (PDF) [63].
Showering, fragmentation and hadronization are performed
with customized Pythia [64]. The PGS is applied for detector
simulation, and the relevant parameters are taken for LHeC
Detector Design [48,65]. The anti-«; algorithm [66] with
parameter AR = 0.4 is used to reconstruct the jets. Finally,
MadAnalysis5 [67-69] is applied for data analysis and plot-
ting. The energy resolutions of lepton and jets are taken as
(48]

AE a

E - VB @b,
where a = 0.45 GeV~! , b = 0.03 for jets and a =
0.085 GeV~! , b = 0.003 for leptons. Assuming the effi-
ciencies of LHeC detector are the same with those of CMS
detector, then the efficiency of muon is set as 0.95, the effi-
ciency of electron is set as 0.95 for |[n| < 1.5 and 0.85 for
1.5 < |n| < 2.5. The efficiency for tagging b-quark jets is
85%, the light-parton misidentification probability is 10%
[70].

(1)

3.1 The fully hadronic channel

In this subsection, we analyze the signal and background
events and explore the sensitivity of the singlet VLQ-B at
the LHeC (/s = 1.98 TeV) through the fully hadronic decay
channel:

e p—>VvB(— Wt) > vW (= jj)i(— Wb — jjb)
b, (12)

For this channel, the typical signal is one b-jet, four jets and
large missing energy. The main SM backgrounds come from
the following five processes:

e BKGI: vitjets: vp — vi + jets — vW b + jets —
b+E; + jets,

e BKG2: vV+jets: e p — vV + jets —>,E’T + jets,

e BKG3: vti+jets: vp — vtf + jets — vW—-bWth +
jets — bb +ET + jets,

e BKG4: bV Viets: e p — vVV + jets > E + jets,

e BKG5: vVi+jets: e p — vVi+ jets > vVW™b +
jets — b +,E/T + jets,

@ Springer
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Fig. 4 The scaled cross sections of the processes e” p — W — vB ande” p — Z — ¢~ B as functions of R; for different M and polarization

of e~ beam

where V denotes W or Z boson, the one light jet mentioned
above can be faked as b-jet. To avoid double counting for mul-
tiple jets and parton shower, the MLM [71] matching method
with xgcut = 25 GeV is applied. The signal and background
processes are simulated at the LHeC with the integrated lumi-
nosity of 1000 fb~!. Firstly, we apply the basic cuts to the
signal and background events, which are used to simulate the
geometrical acceptance and detection threshold of the detec-
tor. These basic cuts are selected as follows in our simulation

ph>20GeV, [n/| <5, AR(x,y) > 0.4,

where the particle separation AR, is defined as

\/(Anxy)z + (A¢,,)? with An,, and A¢,, being the rapid-
ity and azimuthal angle gaps between the two particles x and
y.

We use the characteristics of the signal as a handle to
reduce the backgrounds Hence, we dipict the normalized
distributions of pT, AR g M i and H for signals and
backgrounds in Fig. 5. According to the information of these
kinematic distributions, we impose the following cuts to get
a high statistical significance. All cuts applied are given in
the following list.

@ Springer

e Cut 1: The first kinematical selection involves the trans-
verse momentum of jet p} , which is shown in Fig. 5a for
signals and backgrounds. Since the jets of signal come
from the boosted W bosons, they have a larger trans-
verse momentum. Thus, events with p]T > 150 GeV are
selected.

e Cut 2: The distributions of the transverse momentum
AR i of the jets for signals and backgrounds are shown
in Fig. 5b. Based on these normalized distributions, we
require the second cut selection is R > 2.5.

e Cut 3: Figure 5c, d show the normalized distributions
of M. ik and H, where M . 1s the invariant mass of
two jets and H; denotes the scalar sum of the transverse
momenta of the b-tagged jet, the untagged jet and the
charged electron. Since the jets of signals all come from
the massive VLQ-B, the M . and H . peaks of signal
and background are separate Then the cuts M]] n >
350 GeV and H; > 450 GeV are imposed.

In order to see whether the signatures of VLQ-B can be
detected at the LHeC, we further calculate the statistical sig-
nificance of signal events:

S

§S§S = ——,
vS+ B

(13)
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and H, for signals and backgrounds at the LHeC (/s = 1.98 TeV) with the integrated

Table 1 Numbers of the signal and background events at the LHeC (/s = 1.98 TeV) with the integrated luminosity £ = 1000 fb~!. Here, we take

the coupling parameter kz = 0.1 and R; = 0.5

Signals Backgrounds

Bsoo Bogo B1ooo vi+jets vV +jets vii+jets vV V+jets vVitjets Total
Basic cuts 242.1 110.0 533 546992 66100 31.8 2018.5 1001.6 616144
Cut 1 211.6 994 48.5 11607 11679 17.7 102.5 23908
Cut 2 205.7 97.6 47.6 7073 8125 10.8 62.9 15615
Cut 3 203.9 97.3 474 725.5 1015.6 7.4 18.6 1911.8

where S and B denote the numbers of the signal and back-
ground events, respectively. We define SS = 5 and 3 as
the discovery significance and the possible evidence, respec-
tively. In Table 1, we show the numbers of the signal and
background events at the LHeC(y/s = 1.98TeV) with the

integrated luminosity £ = 1000 fb~!. From the numerical
results, we can see that the relevant backgrounds are sup-
pressed effectively, while the signals still have a relatively
good efficiency after imposing the above selection cuts. The

@ Springer
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Fig. 6 3o (left) and 5o (right) contour plots in the R; — «; plane with three typical VLQ-B masses at the LHeC with the integrated luminosity of

1000 fb~!

values of SS can respectively reach about 4.4, 2.2 and 1.0 at
the £ = 1000 fb~! for Mpx = 800, 900 and 1000 GeV.

For the purpose of investigating the signal of the singlet
VLQ-B more comprehensively, we show the 3o (left) and
5o (right) contour plots in the R; —« ; plane with three typical
VLQ-B masses at the LHeC with the integrated luminosity
£ =1000 fb~! in Fig. 6. One can see that, the statistical
significance can reach 30 when the values of x is about
0.076, 0.110 and 0.156 for R, = 0.5 and M, = 800, 900
and 1000 GeV respectively.

3.2 The fully leptonic channel

Similar with the previous section, we analyze the observation
potential and explore the sensitivity of the singlet VLQ-B at
the LHeC through the leptonic decay channel:

e p— vB(—> W 1) > vW (= [T i)t (—> Wb — lj.*vjb)

> 71 + b+ Er. (14)
For this channel, the typical signal is exactly two charged
leptons, one b jet, and missing energy. The main SM back-
grounds come from the following processes:

e BKGI: vi+jets: e"p — vi + jets — vW™h + jets —
1=+ b+ Er + jets,

e BKG2: vV+jets:e™p — vV + jets — (l_or l_l+) +
Er + jets,

e BKG3:vVV+jetsie™ p — vV V4jets — (21,31 or 4])+
Er + jets,

@ Springer

e BKG4: vVitjets: e p — vZi +jets — vITITW™b +
jets — 217 + 1T + b+ Er + jets,

where the light jet can be faked as b-jet and the leptons may
escape the detector.

In our simulation, we apply the following basic cuts on
the signal and background events firstly

P >10GeV, |n'| <25, pl>20GeV,

In/| <5, AR(x,y)>04, x,y=1,j.

In order to get some hints of further cuts for reducing the
backgrounds, we analysis the normalized distributions of plT ,
pJT, Mj1 i and E for the signals and backgrounds as shown
in Fig. 7. Then, to get high statistical significance, a set of

further cuts are given as followings.

e Cut 1: The normalized distributions of transverse momenta
of leptons and jets for signals and backgrounds are shown
inFig. 7a, b, we can see that the transverse momenta of
signal events are distributed mostly at large plT’j values,
which are different from the distributions of background
events. Then we require plT > 70 GeV and pJT > 70
GeV to enhance the signal significance.

e Cut2: InFig. 7c, the background events have sharp peaks
in the distributions of the invariant mass of lepton pairs.
So the cut Mj1 e 100 GeV is applied.

e Cut 3: Fig. 7d show the normalized distributions of E
which denotes the total transverse energy of leptons and
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and E for signals and backgrounds at the LHeC with the integrated luminosity of 1000 fb~!

Table 2 Same as Table 1, but

Backgrounds

B1ooo vi+jets vV+jets vV V+ets vVi+jets Total

for the fully leptonic channel Signals
Bgoo Booo
Basic cuts 171.5 99.0
Cut 1 112.9 69.7
Cut 2 92.7 58.6
Cut 3 81.3 52.9

532 23230 116730 1374.8 108.9 141444
38.7 229.4 42667 521.1 25.6 43443

33.1 114.7 2391.1 347.7 14.8 2868.3
30.7 57.4 1304.2 244.9 8.1 1614.6

jets. From these distributions, we can efficiently reduce
the backgrounds by the cut: £, > 300 GeV.

We summarize the numbers of the signal and background
events at the LHeC (/s = 1.98 TeV) with the integrated
luminosity £ = 1000 fb~! in Table 2. The values of SS can
respectively reach about 2.0, 1.3 and 0.8 at the £ = 1000
fb~! for Mg = 800, 900 and 1000 GeV. And the 3o (left)

and 50 (right) contour plots in the R; — «, plane are shown
in Fig. 8. We can see that, for R, = 0.5 and M, = 800,
900 and 1000 GeV, SS can reach 30 when the values of k j is
about 0.107,0.132 and 0.173. Compared to the fully hadronic
channel, the fully leptonic channel is not a good process to
test the singlet VLQ-B at the LHeC.

@ Springer
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Fig. 8 Same as Fig. 5, but for the fully leptonic channel

3.3 The semileptonic channel

Now, we investigate the observability of the singlet VLQ-B
at the LHeC through the semileptonic decay channel

e p— vB(—> W t) > vW (= [T v)t(— Wb — jjb)

S I +2j+b+FEr. (15)

For this channel, the typical signal is exactly one charged
lepton, one b-jet, two jets (which coming from the top quark
decay) and missing energy.

The dominant SM backgrounds come from the following
processes:

e BKGI: vitjets: e~ p — vi + jets — vW b + jets —
1=+ b+ Er +jets,

e BKG2: vV+iets: e p — vV +jets — (I"or I71T) +
Er + jets,

e BKG3:vV V+jetsie™p — vV Vjets — (I"or [71T)+
Er + jets,

e BKG4: vVi+ets: e p — vZf +jets — vZW b +
jets — 21~ + 1t + b+ ET + jets,

where one light jet might be faked as b-jet and the leptons
may escape the detector.

We apply the following basic cuts on the signal and back-
ground events in our simulation:

In'| < 2.5,
x,y=1,j

ph > 10GeV,
AR(x,y) > 04,

ph>20GevV, |nf| <5,

(16)

@ Springer
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Further, we apply some general preselections as following.
To carry out the cut-based analysis, we discuss the normal-
ized distributions of AR g plT, M i and Hr for signals
and backgrounds at the LHeC with the integrated luminosity
of 1000 fb~! shown in Fig. 9. All cuts are applied one after

the other in the order given in the following list.

e Cut 1 : In Fig. 9a, we show the normalized distribu-
tions of the particle separation of jets AR, j, for sig-
nals and backgrounds. Since most jets of signals come
from boosted object, they have much narrower separa-
tion. Based on the normalized distributions, we impose
the first cut to get a high significance: AR}, j, < 1.5.

e Cut 2: Figure 9b is the normalized distributions of the
transverse momenta of leptons. Since the leptons of back-
grounds most come from the decay of static W or Z
bosons, the peaks local in half the mass of the W or Z
boson. Thus cut plT > 80 GeV can reduce the back-
grounds effectively.

e Cut 3: In Fig. 9c, the normalized distribution of M
is given. The peaks of signals are larger than those of
backgrounds. Then the cut with M ; i > 100 GeV is
selected.

e Cut 4: The Fig. 9d show the total hadronic energy H;.
Since the massive VLQ- B, the signal events should have
higher hadronic energy than those of background events.
Finally, we keep the events with H; > 300 GeV.
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In Table 3, we show the numbers of the signal and back-
ground events at the LHeC (/s = 1.98 TeV) with the inte-
grated luminosity £ = 1000 fb~!. After imposing the above
selection cuts, the backgrounds are suppressed efficiently.
The values of SS can respectively reach about 10.4, 7.5 and
4.6 at the £ = 1000 fb~! for Mz = 800, 900 and 1000 GeV.

Figure 10 shows the 3o (left) and 5o (right) contour plots
in the R, — kg plane with three typical VLQ-B mass at the
LHeC with £ = 1000 fb~!. For R; = 0.5 and M, = 800,
900 and 1000 GeV, SS reach 30 (50') while the values of «
achieve about 0.043 (0.058), 0.053 (0.070) and 0.071 (0.093)
separately.

From above discussions, we can see that, for single pro-
duction of VLQ-B at the LHeC, it is possible to detect its sig-
nal via the fully hadronic, the fully leptonic and the semilep-
tonic final states. However, the VLQ-B which is the SU (2)
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and Hr for signals and backgrounds at the LHeC with the integrated luminosity of 1000

singlet with electric charge —1/3, can be more easy detected
via the semileptonic decay channel at the LHeC.

4 Conclusions

In this paper, we study the discovery potential of the single
production of VLQ- B at the LHeC, through three types of the
characteristic signals, which come from the fully hadronic,
the fully leptonic and the semileptonic decay channels. We
focus our attention on the SU (2) singlet VLQ- B with electric
charge —1/3 in a model-independent fashion. We investigate
the observability of the VLQ-B signal through these three
decay channels at the LHeC with the integrated luminosity
£=1000fb~!. In our numerical calculation, we obtain the 3o
possible evidence region as well as the 5o discovery region,

@ Springer



876 Page 12 of 13

Eur. Phys. J. C (2020) 80:876

Table 3 Same as Table 1 but for

. . Signals Backgrounds
the semileptonic channel — —
Bsgoo Bogo Biooo vi+jets vV+jets vV V4jets vVi+jets Total
Basiccuts  629.1 369.6 199.0 497564 159070 9306.5 828.8 666770
Cut 1 4729 2782 147.2 114242 50103 1950.7 144.6 166441
Cut2 3787 2323 1255 75398 13289 706.4 20.0 21555
Cut 3 3325 2115 1169 2413 667.5 308.2 3.1 1220.1
Cut 4 276.2 187.6 1064 0 2832 148.5 0.8 4325
1. T T T 1- T T ' 1
[ — M= 800GeV | I — Mp= 800GeV |
0.8 — Mp= 900 GeV -~ 0.8 — Mp= 900GeV ~
[ M5=1000GeV | I M5=1000GeV |
0.6[ 0.6 .
S =
0.4 0.4 .
0.2f 0.2f .
$S=5, £ =1000fb""
0.k . . . - . O . . . . R T T
0 0.05 0.1 0.15 0.2 0. 0.05 0.1 0.15 0.2
KB KB
(@ (b)

Fig. 10 Same as Fig. 5, but for the semileptonic channel

which are respectively presented in terms of parameter space
regions for three typical masses (800 GeV, 900 GeV, 1000
GeV). For R; = 0.5 and M, = 800, 900 and 1000 GeV,
the values of SS reach 30 when «j is about 0.076, 0.110 and
0.156 in the fully hadronic channel, 0.107, 0.132 and 0.173
in the fully leptonic channel, and 0.043, 0.053 and 0.071
in the semileptonic channel. Thus, the possible signatures
of the SU(2) singlet VLQ-B with electric charge —1/3 is
easier detected via the process e p — vB(— W7t) in
the semileptonic channel than other decay channels at the
LHeC. We expect our analysis can provide a complementary
candidate to pursue searching for the singlet VLQ-B at the
LHeC.
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