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This work explores the discovery potential of the first-generation weak-isosinglet vectorlike leptons,
denoted by E�, via pair production at future electron-positron colliders. Our analysis adopts a
comprehensive framework that incorporates beam polarization configurations and leverages detailed
detector simulations. We focus on two distinct multilepton signatures: the 2lþ 2jþ =ET and 3lþ 2jþ =ET

final states (l ¼ e, μ). Both signatures arise from the decay E� → Ze�=W�νl and are distinguished by the
decay patterns of the associated gauge bosons. By applying optimized selection criteria to both signal and
background events, we establish exclusion sensitivities and discovery prospects across the vectorlike lepton
mass spectrum. Our findings demonstrate that, for integrated luminosities of 25, 90, and 1000 fb−1 at
corresponding center-of-mass energies of 1, 1.5, and 3 TeV, the accessible mass range extends to
approximately 490, 740, and 1440 GeV, respectively, which represents a substantially improvement over
the detection limits of existing hadron collider experiments.
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I. INTRODUCTION

Vectorlike leptons (VLLs) are among the most promising
candidates for physics beyond the Standard Model (BSM),
appearing naturally in many theoretical extensions of the SM.
Theyoffer potential solutions to several fundamental problems
in particle physics, including the hierarchy problem through
new Higgs sector dynamics [1], viable dark matter candidates
[2–5], electroweak (EW) vacuum stabilization [6,7], and
explanations for some precision anomalies. The latter encom-
pass the electron and muon g − 2 discrepancies [8–13] and
observed deviations in the W�-boson mass [14,15]. The
theoretical appeal of VLLs is further strengthened by their
natural realization in extra-dimensional scenarios [16,17],
supersymmetric frameworks [18–22], compositeness [23],
and various other SM extensions [24–27].
A defining characteristic of VLLs is indeed their vector-

like nature: Both left- and right-handed components

transform identically under the SM gauge group. This
property allows for gauge-invariant mass terms indepen-
dent of the Higgs mechanism, distinguishing them from
chiral SM fermions. Consequently, VLLs face less stringent
constraints from EW precision observables [28,29] and
Higgs sector measurements [30–32], while generating
rich collider phenomenology (see, e.g., Refs. [33–56]).
VLLs that mix with first-, second-, or third-generation SM
leptons (l ¼ e, μ, τ) are referred to as vectorlike electrons,
muons, or tauons, respectively. This work focuses specifi-
cally on the first-generation scenario, so that our VLL is
denoted by E�, which exhibits unique phenomenological
features compared to its heavier counterparts. Experimental
searches at the Large Hadron Collider (LHC) have pri-
marily targeted VLL pair production with decays involving
third-generation leptons and gauge bosons [57–63]. Recent
ATLAS results [64] establish stringent 95% confidence
level mass limits for vectorlike electrons (muons), exclud-
ing doublet scenarios up to 1220 GeV (1270 GeV) and
singlet scenarios up to 320 GeV (400 GeV). These limits
highlight the particular challenge in detecting singlet VLLs
at hadron colliders.
In fact, the search for weak-isosinglet VLLs faces

significant challenges at hadron colliders because of large
QCD backgrounds [65], motivating the exploration of
future eþe− colliders such as the International Linear
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Collider (ILC) [66,67] and Compact Linear Collider
(CLIC) [68,69], which offer clean experimental conditions
for VLL searches [70–78]. This work examines the pair
production of an electron-type weak-isosinglet VLL (E�)
with minimal mixing to SM electrons at c.m. energies offfiffiffi
s

p ¼ 1, 1.5, and 3 TeV, focusing on the dominant decay
channels E� → W�νe and E� → Z�e. By performing
comprehensive signal and background simulations, we
establish 2σ exclusion limits and 5σ discovery reaches,
demonstrating that eþe− colliders can probe E� masses
well beyond current LHC sensitivities, approaching the
kinematic threshold at each energy stage and exploring
previously inaccessible parameter space.
This paper is organized as follows. Section II introduces

the theoretical framework for the singlet VLL model, in
order to specify its interactions with SM particles and to
compute the pair-production cross sections at eþe− col-
liders, including the effects of polarized beams. Section III
presents a detailed collider analysis for the chosen final
states, evaluating signals and backgrounds. We conclude
with a summary in Sec. IV.

II. SINGLET VLL MODEL FRAMEWORK

A. Theoretical setup

We consider a minimal extension of the SM by intro-
ducing a weak-isosinglet VLL, denoted E�, as mentioned,
which mixes with the first-generation SM leptons. Under
the SM gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞY , the VLL
transforms as

EL; E
†
R ∼ ð1; 1;−1Þ; ð1Þ

where both chiral components share the same gauge quantum
numbers, permitting a gauge-invariant Dirac mass term.
In the singlet VLL model for the first generation, the

fermion mass terms and electron mixing with the Standard
Model lepton can be obtained from the Lagrangian written
in two-component fermion form as

−L ¼ mEEĒþ ϵHLeĒþ yeHLeēþ c:c:; ð2Þ

where H is the SM Higgs complex doublet scalar field,
Le ¼ ðe; νeÞL is the SM first-family lepton doublet in the
gauge eigenstate basis, ye is the SM electron Yukawa
coupling, and ϵ is the mixing Yukawa coupling. The field E
(Ē) denotes the left-handed (right-handed) two-component
spinor of the vectorlike electron.
After EW symmetry breaking, the mass matrix for the

charged leptons in the basis ðe; EÞ is

M ¼
�
yev 0

ϵv M

�
; ð3Þ

where v ≈ 174 GeV is the Higgs vacuum expectation
value. The mixing between the SM electron and the
VLL is characterized by a small mixing angle θL, given
to leading order (LO) by

sin θL ≈
ϵv
M

: ð4Þ

The physical mass eigenvalues are

me ≈ yev

�
1 −

ϵ2v2

2M2
þ � � �

�
; ð5Þ

ME ≈M

�
1þ ϵ2v2

2M2
þ � � �

�
: ð6Þ

The mixing angle is severely constrained by current
experimental data from EW precision tests, Z-pole observ-
ables, and direct VLL searches. Recent LHC results [64]
require sin θ ≲ 0.03 for VLL masses in the few hundred
GeV range, while low-energy precision measurements
impose even tighter constraints at lower masses. In this
work, we adopt a value of ϵ ¼ 0.01. This choice is
sufficiently small to enable a perturbative treatment of
mixing effects while being large enough to ensure the
prompt decay of E� within the detector volume [44]. For
smaller mixing parameters that induce displaced decays,
dedicated searches targeting long-lived charged particles
become applicable, as investigated in Refs. [53,54,79].

B. Pair production at e + e− colliders

The pair production of singlet VLLs proceeds primarily
through s-channel exchange of EW gauge bosons. The LO
interaction Lagrangian for the vectorlike electron E�,
retaining terms up to OðϵÞ, is given by

Lint ¼
gs2W
cW

ZμðE†σ̄μE − Ē†σ̄μĒÞ − eAμðE†σ̄μE − Ē†σ̄μĒÞ;

ð7Þ

where e denotes the electromagnetic coupling, g is the
SUð2ÞL gauge coupling, and θW is the Weinberg angle plus
sW ≡ sin θW and cW ≡ cos θW with e ¼ gsW .
For polarized eþe− collisions with beam polarizations

Pe− and Peþ , the partonic cross section takes the form

σ̂ðeþe− → EþE−Þ ¼ 2πα2

3
ðŝþ 2m2

EÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

E=ŝ
q

½jaLj2ð1 − Pe−Þð1þ PeþÞ þ jaRj2ð1þ Pe−Þð1 − PeþÞ�; ð8Þō
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with the chiral amplitude coefficients

aL¼
1

ŝ
þs2W−1=2

c2W

1

ŝ−M2
Z
; aR¼

1

ŝ
þ s2W
c2W

1

ŝ−M2
Z
: ð9Þ

Our analysis employs a single optimized beam polari-
zation configuration across all collider scenarios, using
þ80% right-handed electrons and −20% left-handed posi-
trons. This choice follows the technical design reports for
future linear colliders [66] and maximizes the production
cross section due to the hierarchy jaLj < jaRj at high
energies. The polarization values adhere to the standard
convention where P ¼ þ1 (P ¼ −1) corresponds to a fully
right-handed (left-handed) particle.
The production cross sections for EþE− pairs,

σðeþe− → EþE−Þ, are plotted as a function of mE in
Fig. 1 for three proposed collider configurations:ffiffiffi
s

p ¼ 1 (ILC), 1.5, and 3 TeV (CLIC). A distinct threshold
behavior is observed, while optimized beam polarization
yields a substantial enhancement in the cross section. With
such optimization, the cross section reaches approximately
114, 20, and 7.8 fb formE values of 450 GeV, 740 GeV, and
1.45 TeV, respectively, at the corresponding c.m. energies.

C. Decay properties

The singlet first-generationVLLE� predominantly decays
into SM particles through its small mixing with the SM
electron. The main decay channels are the charged-gauge-
current decay E� → W�νe, the neutral-gauge-current decay
E� → Z�e, and the SM Higgs-mediated decay E� → he�.
The corresponding partial decay widths are given by

ΓðE� → W�νeÞ ¼
ϵ2

32π
mEð1þ 2rWÞð1 − rWÞ2; ð10Þ

ΓðE� → Ze�Þ ¼ ϵ2

64π
mEð1þ 2rZÞð1 − rZÞ2; ð11Þ

ΓðE� → he�Þ ¼ ϵ2

64π
mEð1 − rhÞ2; ð12Þ

where rX ¼ m2
X=m

2
E for X ¼ W�; Z; h.

In the high-mass regime (mE ≫ mW;mZ;mh), the
branching ratios (BRs) approach the characteristic pattern

BRðE → W�νeÞ∶BRðE → Ze�Þ∶BRðE → he�Þ ¼ 2∶1∶1;

ð13Þ

providing a distinctive signature for VLL identification and
discrimination from other BSM scenarios.

III. COLLIDER ANALYSIS AND SIGNAL
SENSITIVITY

We assess the discovery potential through comprehensive
Monte Carlo (MC) simulations of both the signal and
relevant SM backgrounds. The analysis focuses on the
dominant decay channels of the singlet vectorlike electron:
E� → W�νe and E� → Ze�. Considering the subsequent
W-boson decays W� → jj and W� → l�νl as well as Z-
boson decays Z → lþl− and Z → jj, the event samples for
our search are categorized into the following two topologies:

(i) case 1. eþe−→EþE−→Zð→jjÞeþW−ð→l−ν̄lÞνe→
2lþ2jþ=ET ; and

(ii) case 2. eþe− → EþE− → Zð→ lþl−ÞeþW−ð→
jjÞνe → 3lþ 2jþ =ET .

where l ¼ e, μ, j denotes light-flavor jets and =ET represents
missing transverse energy. The corresponding Feynman
diagrams are shown in Fig. 2.

FIG. 1. Production cross sections for eþe− → EþE− as a
function of mE at

ffiffiffi
s

p ¼ 1, 1.5, and 3 TeV, using the beam
polarization configuration ðPeþ ; Pe−Þ ¼ ð−0.2; 0.8Þ.

FIG. 2. Characteristic Feynman diagrams illustrating the signal processes for cases 1 (left) and 2 (right) discussed in the text.
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Signal and SM background events are generated at LO
using MadGraph5_aMC@NLO [80], followed by parton show-
ering and hadronization with Pythia 8.20 [81]. Detector effects
are simulated using Delphes 3.4.2 [82] with the international
large detector card for ILC studies and the CLIC detector
card [83] for CLIC studies. The event analysis is carried out
within the MadAnalysis5 framework [84,85].

To test the scope of future eþe− colliders in testing our
VLL scenario, we choose three benchmark configurations
of it, with the E� mass spanning values from the EW to the
TeV scale. They are identified as follows, depending on the
collider c.m. energy:

(i) mE ¼ 350, 400, and 450 GeV at
ffiffiffi
s

p ¼ 1 TeV;
(ii) mE ¼ 500, 600, and 700 GeVat

ffiffiffi
s

p ¼ 1.5 TeV; and
(iii) mE ¼ 800, 1100, and 1400 GeV at

ffiffiffi
s

p ¼ 3 TeV.
The dominant SM backgrounds include ZW�, tt̄Z, and

tt̄ production. Table I summarizes their cross sections
including polarization effects at eþe− colliders, with ratios
σpol=σunpol given in parentheses. We find that the adopted
beam polarization setup effectively suppresses SM back-
grounds, thereby enhancing the sensitivity to our VLL
signals.
The object reconstruction adopts the following baseline

selection criteria:

TABLE I. SM background cross sections under the beam
polarization configuration ðPeþ ; Pe−Þ ¼ ð−0.2; 0.8Þ. The values
in parentheses denote the cross section ratio σpol=σunpol.

Cross section (fb)

Process
ffiffiffi
s

p ¼ 1 TeV
ffiffiffi
s

p ¼ 1.5 TeV
ffiffiffi
s

p ¼ 3 TeV

eþe− → ZWþW− 9.95 (0.17) 10.72 (0.21) 6.73 (0.21)
eþe− → tt̄Z 2.70 (0.59) 1.91 (0.54) 0.88 (0.53)
eþe− → tt̄ 130 (0.78) 53 (0.70) 13.5 (0.70)

FIG. 3. Comparison of normalized distributions between signal processes and relevant SM backgrounds at
ffiffiffi
s

p ¼ 1 TeV for case 1.
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pl=j
T > 10 GeV; jηl=jj < 3; ΔRxy > 0.4; ð14Þ

where ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔϕÞ2 þ ðΔηÞ2

p
represents the spatial sep-

aration in the η − ϕ plane and the indices x and y refer to
different final state particles, such as leptons and jets.

A. Case 1: 2l+ 2j+=ET analysis

For the 2lþ 2jþ =ET signal channel (case 1), the
dominant SM backgrounds stem from eþe− → ZWþW−

and eþe− → tt̄ production. Signal events are characterized
by two opposite-sign leptons l1 and l2 that are
explicitly nonresonant with the Z boson, along with at
least two jets consistent with a Z-boson decay. All jets are
treated generically, without distinguishing between b
jets and light jets. Furthermore, for the decay chain
E− → W−ð→ l−ν̄lÞνe and Eþ → Zð→ jjÞeþ (and charged
conjugate), the invariant mass Mj1j2eþ can be utilized to
reconstruct distinctive mass peaks.
Based on the distinct kinematic features of signal and

background events, we show normalized differential distri-
butions in Figs. 3–5 for the aforementioned signal bench-
marks. The distributions are compared with those from the
dominant SMbackgrounds and include the following observ-
ables: the transverse momenta of the two leading leptons
pTðl1;l2Þ, the dijet invariant mass Mj1j2 , the missing
transverse energy =ET, the reconstructed VLL mass Mj1j2lþ ,
and the transverse massMl−

T . While the hadronic Z boson is
typically reconstructed from dijet events, in high-energy

environments such as the
ffiffiffi
s

p ¼ 3 TeV scenario, its hadronic
decay usually produces a highly boosted single jet rather than
a resolved dijet event, prompting the additional inclusion of
the transverse momentum pj1

T and invariant mass Mj1 of the
leading fat jet. These kinematic observables provide effective
discrimination between signal and background processes,
particularly through the characteristic VLL mass peaks and
distinctive missing transverse energy patterns inherent to the
weak-isosinglet VLL signature.
The event selection strategy employs three sequential cut

stages.
(i) Cut 1: lepton selection.

— Selection of exactly two isolated leptons (e or
μ) with opposite electric charges.

— Positive lepton transverse momentum thresh-
olds: plþ

T > 50 GeV at
ffiffiffi
s

p ¼ 1 TeV, >
100 GeV at 1.5 TeV, and > 160 GeV at 3 TeV.

— Negative lepton transverse momentum thresh-
olds: pl−

T > 25 GeV at
ffiffiffi
s

p ¼ 1 TeV, >
50 GeV at 1.5 TeV, and > 80 GeV at 3 TeV.

— Z-boson veto: jMll −mZj > 10 GeV.
(ii) Cut 2: missing transverse energy and transverse

mass requirements.
— Missing transverse energy thresholds: =ET >

100 GeV at
ffiffiffi
s

p ¼ 1 TeV, >150 GeV at
1.5 TeV, and > 200 GeV at 3 TeV.

— Transverse mass requirement: MTðl−Þ >
100 GeV (applied uniformly across all energy
configurations).

FIG. 4. The same as Fig. 3 but for
ffiffiffi
s

p ¼ 1.5 TeV.
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(iii) Cut 3: invariant mass selection.
— For

ffiffiffi
s

p ¼ 1 and 1.5 TeV: requirement of at
least two jets with dijet invariant mass
jMjj −mZj < 20 GeV, combined with mini-
mum Mjjlþ thresholds of > 300 GeV at
1 TeV and > 400 GeV at 1.5 TeV.

— For
ffiffiffi
s

p ¼ 3 TeV: requirement of at least one fat jet
withpj1

T >300GeVand60GeV<Mj1<110GeV,

along with a minimum Mj1lþ threshold of
> 600 GeV.

The cutflow results for our signal benchmarks with the
three chosen E masses and dominant SM backgrounds are
summarized in Tables II–IV for c.m. energies of 1, 1.5, and
3 TeV, respectively. The cross sections after each sequential
selection are computed as σcut ¼ σ0 × ϵcut, where σ0
denotes the initial cross section and ϵcut represents the

FIG. 5. The same as Fig. 3 but for
ffiffiffi
s

p ¼ 3 TeV.

TABLE II. Cross sections (in fb) for our three signal benchmarks (with different mE) and SM backgrounds in case 1 at
ffiffiffi
s

p ¼ 1 TeV.
Values in parentheses show the selection efficiency after the corresponding cut is applied.

Signal (mE in GeV) Background

Cuts 350 400 450 tt̄ tt̄Z ZWþW−

Basic 2.97 2.57 1.95 40 0.97 3.63
Cut 1 1.86 (61%) 1.62 (61%) 1.23 (61%) 1.87 (4.7%) 0.037 (3.8%) 0.20 (5.5%)
Cut 2 1.07 (35%) 0.98 (37%) 0.76 (38%) 0.38 (1.0%) 0.008 (0.8%) 0.032 (0.9%)
Cut 3 0.64 (21%) 0.63 (24%) 0.52 (26%) 5.4 × 10−3 (0.014%) 4.4 × 10−4 (0.045%) 0.01 (0.3%)
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cumulative efficiency up to that stage. The efficiency for
each individual cut is determined from the ratio of
successive cross section values. Upon completion of the
full selection procedure, the total SM background cross
sections are suppressed to 3.3 × 10−3 fb at

ffiffiffi
s

p ¼ 1 TeV,
1.5 × 10−3 fb at

ffiffiffi
s

p ¼ 1.5 TeV, and 0.9 × 10−3 fb atffiffiffi
s

p ¼ 3 TeV, confirming efficient background rejection
across all considered collision energies.

B. Case 2: 3l+ 2j+=ET analysis

The dominant SM backgrounds for the 3lþ 2jþ =ET
final state (case 2) are eþe− → ZWþW− and eþe− → tt̄Z.
In signal events, the highest-pT isolated lepton (l1)
originates from the decay E� → Ze�, while an opposite-
sign same-flavor lepton pair (l2, l3) comes from the
Z-boson decay whereas the two jets arise predominantly
from hadronic W�-boson decays. Reconstructible mass

TABLE III. The same as Table II but for
ffiffiffi
s

p ¼ 1.5 TeV.

Signal (mE in GeV) Background

Cuts 500 600 700 tt̄ tt̄Z ZWþW−

Basic 1.26 1.08 0.69 12.7 0.63 3.53
Cut 1 0.67 (51%) 0.62 (55%) 0.41 (56%) 0.26 (2.0%) 0.01 (1.6%) 0.14 (4.0%)
Cut 2 0.43 (33%) 0.42 (37%) 0.27 (37%) 0.04 (0.3%) 0.002 (0.3%) 0.02 (0.6%)
Cut 3 0.22 (17%) 0.21 (19%) 0.15 (21%) 5.8 × 10−4 (0.005%) 7.8 × 10−5 (0.012%) 4.6 × 10−3 (0.13%)

TABLE IV. The same as Table II but for
ffiffiffi
s

p ¼ 3 TeV.

Signal (mE in GeV) Background

Cuts 800 1100 1400 tt̄ tt̄Z ZWþW−

Basic 0.32 0.28 0.17 2.82 0.28 2.15
Cut 1 0.14 (41%) 0.14 (47%) 0.086 (49%) 0.037 (1.3%) 0.003 (1.1%) 0.074 (3.4%)
Cut 2 0.10 (30%) 0.10 (35%) 0.058 (33%) 0.0083 (0.29%) 0.00078 (0.28%) 0.011 (0.51%)
Cut 3 0.058 (17%) 0.068 (23%) 0.046 (26%) 8.6 × 10−4 (0.03%) 2.2 × 10−4 (0.079%) 5.1 × 10−3 (0.24%)

FIG. 6. Normalized distributions for the signals and relevant SM backgrounds at
ffiffiffi
s

p ¼ 1 TeV for case 2.
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peaks emerge in Ml1l2l3 and Mj1j2
T for the processes

E∓ → W∓νe and E� → Ze�. At
ffiffiffi
s

p ¼ 3 TeV, the W
boson from heavy E� decay is highly boosted, causing
its hadronic decay products to merge into a single fat jet;
accordingly, the transverse momentum and invariant mass
distributions of the leading fat jet j1 are included in the
analysis.
Based on the kinematic differences between signal and

background processes, we show in Figs. 6–8 the differential
distributions for the signals and relevant SM backgrounds.
These observables offer distinctive features for signal
identification and background suppression.
The event selection is performed through three sequen-

tial cut stages.
(i) Cut 1: lepton selection.

— Exactly three isolated leptons (e or μ) are
required: Nl ¼ 3.

— The leading lepton must satisfy the transverse
momentum thresholds of pl1

T >120GeV atffiffiffi
s

p ¼ 1 TeV, > 150 GeV at 1.5 TeV, and
>250 GeV at 3 TeV.

— At least one opposite-sign same-flavor lepton pair
must be consistent with a Z-boson decay:
jMll−mZj<10GeV.

(ii) Cut 2:missing transverse energyand jet requirements.
— The missing transverse energy must satisfy

=ET > 80 GeV at
ffiffiffi
s

p ¼ 1 TeV, > 100 GeV at
1.5 TeV, and > 300 GeV at 3 TeV.

— For
ffiffiffi
s

p ¼ 1 and 1.5 TeV: the dijet trans-
verse mass must exceed 250 and 350 GeV,
respectively.

— For
ffiffiffi
s

p ¼ 3 TeV: at least one fat jet is re-
quired with pj1

T > 300 GeV and invariant mass
60 GeV < Mj1 < 110 GeV.

(iii) Cut 3: trilepton invariant mass selection.
— Theminimum requirement for the trilepton invari-

ant mass is Ml1l2l3 >300GeV at
ffiffiffi
s

p ¼ 1 TeV,
Ml1l2l3 > 450 GeV at

ffiffiffi
s

p ¼ 1.5 TeV, and
Ml1l2l3 > 600 GeV at

ffiffiffi
s

p ¼ 3 TeV.
The cutflow data in Tables V–VII detail the evolution of

cross sections and cumulative selection efficiencies for
both the usual three signal benchmarks and the dominant
SM backgrounds (tt̄Z and ZWþW−) in case 2 at c.m.
energies of 1, 1.5, and 3 TeV, respectively, revealing that the
signal efficiencies remain relatively stable (approximately
8%–20% after full selection) and are generally higher for
heavier masses. In contrast, the background efficiencies are
dramatically suppressed by several orders of magnitude,
falling to as low as 10−5 for tt̄Z and 10−4 for ZWþW− after
the final selection, thereby underscoring the exceptional
effectiveness of the sequential cuts in enhancing the signal-
to-background ratio.

C. Statistical analysis

The discovery (Zdisc) and exclusion (Zexcl) significances
are calculated following the method in Ref. [86]:

FIG. 7. The same as Fig. 6 but for
ffiffiffi
s

p ¼ 1.5 TeV.
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Zdisc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
h
ðsþ bÞ ln

�
1þ s

b

�
− s

ir
;

Zexcl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
h
s − b ln

�
1þ s

b

�ir
; ð15Þ

where s and b represent the expected numbers of signal and
background events, respectively, for a given integrated
luminosity.

The combined sensitivity for both 2σ exclusion and 5σ
discovery is presented in Fig. 9, which displays the required
integrated luminosity as a function of mE for both final
states considered at

ffiffiffi
s

p ¼ 1, 1.5, and 3 TeV. The contours
clearly demonstrate that the integrated luminosity require-
ment grows gradually with increasing mE and exhibits a
steep rise near the kinematic threshold, mirroring the rapid
decline in signal cross section as mE approaches the

FIG. 8. The same as Fig. 6 but for
ffiffiffi
s

p ¼ 3 TeV.

TABLE V. Cross sections (in fb) for our three signal benchmarks (with different mE) and SM backgrounds in case 2 at
ffiffiffi
s

p ¼ 1 TeV.
Values in parentheses show the selection efficiency after the corresponding cut is applied.

Signal (mE in GeV) Background

Cuts 350 400 450 tt̄Z ZWþW−

Basic 1.82 1.58 1.19 0.98 3.63
Cut 1 0.55 (30%) 0.48 (30%) 0.36 (30%) 0.0048 (0.17%) 0.036 (0.35%)
Cut 2 0.20 (11%) 0.22 (13.6%) 0.20 (16.7%) 3.3 × 10−4 (0.012%) 0.0034 (0.034%)
Cut 3 0.20 (11%) 0.22 (13.6%) 0.20 (16.7%) 1.2 × 10−4 (0.0046%) 0.002 (0.02%)
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production limit. Case 2 consistently demands higher
integrated luminosity compared to case 1 for both exclusion
and discovery sensitivities. The 2lþ 2jþ =ET final state
proves to be especially promising for probing singlet
vectorlike leptons of electron flavor at future eþe− col-
liders. In particular, at

ffiffiffi
s

p ¼ 1 TeV, masses up to mE ≲
490 GeV can be explored with 25 fb−1; at

ffiffiffi
s

p ¼ 1.5 TeV,
the mass reach extends to mE ≲ 740 GeV with 90 fb−1;
while at

ffiffiffi
s

p ¼ 3 TeV masses up to mE ≲ 1440 GeV
become accessible with 1000 fb−1. The 3lþ 2jþ =ET

signature can instead be used for signal consolidation
purposes.

IV. SUMMARY

The clean experimental environment of high-energy
eþe− colliders, together with beam polarization capabilities
and well-defined initial states, offers distinct advantages in
searches for VLLs over hadronic environments. In this
work, we have performed a comprehensive analysis of the

TABLE VI. The same as Table V but for
ffiffiffi
s

p ¼ 1.5 TeV.

Signal (mE in GeV) Background

Cuts 500 600 700 tt̄Z ZWþW−

Basic 0.78 0.66 0.42 0.63 3.58
Cut 1 0.24 (30%) 0.20 (30%) 0.14 (33%) 0.0029 (0.15%) 0.035 (0.34%)
Cut 2 0.066 (8.3%) 0.068 (10%) 0.054 (12.5%) 6.4 × 10−5 (0.0034%) 0.0034 (0.017%)
Cut 3 0.066 (8.3%) 0.067 (10%) 0.054 (12.5%) 2.2 × 10−5 (0.0012%) 0.002 (0.01%)

TABLE VII. The same as Table V but for
ffiffiffi
s

p ¼ 3 TeV.

Signal (mE in GeV) Background

Cuts 800 1100 1400 tt̄Z ZWþW−

Basic 0.19 0.17 0.10 0.28 2.17
Cut 1 0.055 (28%) 0.048 (28%) 0.032 (30%) 0.0015 (0.17%) 0.02 (0.3%)
Cut 2 0.023 (12%) 0.025 (14%) 0.021 (20%) 8.7 × 10−5 (0.01%) 0.0022 (0.032%)
Cut 3 0.023 (12%) 0.025 (14%) 0.021 (20%) 5.0 × 10−5 (0.0057%) 0.0013 (0.019%)

FIG. 9. 2σ exclusion limits (solid curves) and 5σ discovery prospects (dashed curves) are shown as a function of the heavy VLL mass
mE for case 1 (top) and case 2 (bottom), at three c.m. energies: 1 (left), 1.5 (middle), and 3 TeV (right).
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pair production and decay patterns of weak-isosinglet VLL
of electron flavor at future eþe− colliders. Using detailed
MC simulations at c.m. energies of

ffiffiffi
s

p ¼ 1, 1.5, and 3 TeV,
including beam polarization effects, we have developed
optimized search strategies targeting both 2lþ 2jþ =ET
and 3lþ 2jþ =ET final states.
Upon adopting a variety of E� masses within the

kinematic reach of the ILC and CLIC prototypes consid-
ered here, each with varying luminosity values, our
results demonstrate that well-designed selection criteria
can suppress SM backgrounds efficiently while retaining a
high signal acceptance. The first channel is especially
powerful for singlet VLL searches, owing to its sizable
production cross section and favorable signal-to-
background ratio. The projected discovery reaches at 5σ
significance extend tomE ≲ 490 GeV at

ffiffiffi
s

p ¼ 1 TeV with
25 fb−1, mE ≲ 740 GeV at

ffiffiffi
s

p ¼1.5TeV with 90 fb−1,
and mE ≲ 1440 GeV at

ffiffiffi
s

p ¼ 3 TeV with 1000 fb−1,

substantially exceeding the current mass limits from hadron
colliders. The second channel is less sensitive in compari-
son but can be used for signal confirmation.
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