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Abstract Searching for the new particles beyond the stan-
dard model (SM) is an important way to probe new physics
beyond the SM. In one class of new particles there are nonchi-
ral color singlet fermions that couple to the SM leptons,
that is vector-like leptons (VLLs), which have been widely
concerned in experiment and theory. The existing literature
shows that the singlet VLLs suffer from a big difficult chal-
lenge for discovery at future proton-proton colliders. In this
paper, we study the prospects of searching for the singlet
VLLs in pure leptonic and fully hadronic channels at e*e™
colliders. We find that there is an opportunity for excluding
the region m,+ € [180 GeV, 240 GeV] with £ € [3.0 fb~!,
14.9 fb=11([0.1 fb=1, 0.3 fb~']) at ILC of /5 = 500 GeV,
the region m = € [240 GeV, 450 GeV] with £ € [9.9 fo- !,
23.1 fb~11([0.2 671, 0.3 fb~!]) at ILC of /5 = 1000 GeV
and the region mp+ € [450 GeV, 700 GeV] with L €
[52.1 b1, 197.9 fb~ 1] ([2.21 fb~!, 4.5 fb~!]) at CLIC of
/s = 1500 GeV in the pure leptonic (fully hadronic) chan-
nel. It is more optimistic for excluding and discovering the
singlet VLL through the fully hadronic channel at future high
energy eTe™ colliders.
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1 Introduction

The Standard Model (SM) of particle physics predicts the
existence of three generations of fermions and has been con-
firmed by experiments. Why are there only three genera-
tions? So far, we donot have a good understanding and so it
is worth exploring the possible experimental consequences
of additional fermions. There are powerful constraints on the
possibility of an additional SM-like chiral fermions from the
Large Hadron Collider (LHC) data [1]. One possibility is
an additional vector-like generation, where a SM-like gen-
eration is paired with one of opposite chirality. They can
acquire masses independently of their Yukawa couplings to
the Higgs boson and thus they are much less constrained.

In this work, we consider SU (2), singlet charged vector-
like leptons (VLL) model. The VLL (r/i) are hypothetical
new fermions that transform in non-chiral representations
of the unbroken SM gauge group, they are among the sim-
plest SM extensions near the electroweak scale. The VLL
and their associated SM leptons have identical lepton num-
bers and the VLL mass is the only free parameter [2]. Com-
pared with the electron and muon, the relative weakness
of lepton flavor-violation constraints involving the t lep-
ton is that the VLL coupling to SM leptons is mostly with
the third family, and therefore the T decay mostly to final
states involving the 7 lepton [3]. In Ref. [4], the authors have
studied the VLL decays mostly to muons and derived some
generally applicable limits on various VLL pair production
and decay processes. They pointed out that BR(r — Z 7))
must be less than 92%, 76% and 75% for the singlet VLL
m = 125, 150, 200 GeV, respectively.

An earlier study [5] excluded the v’ mass up to 101.2
GeV from the non-discovery by the CERN large electron-
positron (LEP) collider experiments. Recently, the ATLAS
Collaboration has performed a search for the heavy charged
leptons decaying to a Z boson and an electron or a muon,
and excluded the mass range 129-176 GeV (114-168 GeV)
for electron-only (muon-only) mixing, except for the interval
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144-163 GeV (153-160 GeV) [6]. The CMS Collaboration
has executed a search for the VLLs in multilepton final states,
and excluded the mass range of 120-790 GeV for an SU(2)
mass degenerate VLL doublet with couplings to the third
generation SM leptons [2]. In Ref. [3], the authors studied the
possibilities for discovering or excluding VLLs at the LHC
of /s = 8 TeV and /s = 13 TeV in different multilepton
searches. They points out that it is possible to set a 95%
Conference Level (CL) exclusion in > 3e/u + 11, channel
with 350 fb~! luminosity for 130 GeV < M_ <150 GeV of
the singlet VLL model at the LHC of /s = 13 TeV. For the
modified singlet VLL model assuming BR(r — Z1)=1,
it is possible to set a 95% CL exclusion in 5-lepton signal
channel with 100 fb~! luminosity for M , up to 250 GeV
at the LHC of /s = 13 TeV. With a very high integrated
luminosity of 1000 fb!, it may be possible to set a 95% CL
exclusion for a narrow range of 140 GeV < M_» < 165 GeV
using multilepton events at the LHC of /s = 13 TeV. In
Ref. [7], the authors pointed out that weak-isosinglet VLLs
present a much more difficult challenge, with some reach
for exclusion, but not for discovery at future proton-proton
colliders.

Compared to the proton colliders, the lepton colliders
could provide much cleaner environment to detect the VLL.
At the electron-positron collider, we could search for t/ by
the s channel ete~ — 7'77'~. Besides, the incident beams
can be polarized, which will to improve strongly the poten-
tial of searches for new particles and the identification of
their dynamics. Some lepton collider design plans have been
put forward, such as the Circular Electron Positron Collider
(CEPC) [8], the Future Circular Collider in electron-positron
mode (FCC-ee) [9], the International Linear Collider (ILC)
[10,11] and the Compact Linear Collider (CLIC) [12,13]. In
this work, we will focus on the ILC and CLIC since they have
higher energy.

The paper is organized as follows: In Sect. 2, we give a
brief review of the singlet VLL model. In Sect. 3, we present
the details of event generation including the calculations of
the polarized cross section, the left-right asymmetry and the
detailed signal and background analysis. In Sect. 4, we dis-
play the numerical results including the cut scheme of our
simulation and the excluding and discovering capability for
the VLL in pure leptonic channel and fully hadronic channel
at different colliders. Finally, we give a summary in Sect. 5.

2 A brief review of the model

In this work, we consider the detection ability of the ete™
colliders for VLLs in the singlet model (referred to as the
singlet VLL model). The singlet VLL model contains the SM
fields and interactions, SU (2) 1, singlet charged VLL '~ and
its antiparticle /. We transform SU (3)c x SU (2) ;. xU (1)y
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leptons 7'+ as a 2-component left-handed fermions [14,15]
U+ =11, -)+1Q,1,1) (1

In the singlet VLL model, the fermion mass terms and
7/ mixing with the SM lepton can be obtained from the
Lagrangian equation written in the form of a 2-component
fermion [3]

—L=myt'tT +e€HLT + y,HLT +c.c. 2)

where L = (v, 7) is the SM third family lepton doublet
based on the gauge eigenstate, 7 is the antiparticle of 7 lep-
ton, H is the SM Higgs complex doublet scalar field, y, is
the v Yukawa coupling in the SM and € is a small Yukawa
couplings to the Higgs field providing the mixing mass with
7 lepton. The relevant particle fields and their SM quantum
numbers are listed in Table 1.

The charged fermion mass matrix based on the gauge
eigenstate is

—L=(t ﬂ)M(;,)—i-c.c. 3)

where M is a single weak-isosinglet bare fermion mass
parameter and responsible for the VLL mass, with

(Y0 O
M_<ev M) @

where v = (H) ~ 174 GeV is the SM Higgs vacuum expec-
tation value. The tree-level mass eigenvalues, obtained from
the square roots of the eigenvalues of M T M after expanding
for y;v, ev K M, are

mpt = yev(l — 20?2 2M? 4+ O(e?)), 5)
M_w = M(1+ €*0?)2M* + O(e?)), (6)

where the O(e?) terms are suppressed by e*v*/M* or
62y$v4/M4. According to Ref. [7], we assume that € is
small enough to be treated as a tiny perturbation in the mass
matrix, but that it exceeds about 2 x 1077 to allow * to
decay promptly on collider detector. As € is a tiny perturba-
tion, M set the mass scale of the VLL 7 * and the mixing
between the gauge eigenstates 7 and s quite small, so
that Mo+ >~ yrv, m_. >~ M and the SM tau lepton and
the vector lepton mass eigenstates 77, T’ are nearly the
same as their corresponding gauge eigenstate t, T, respec-
tively. In addition, we can see that the mixing parameter €

does not affect the production cross section of the process

ete™ iz) 7+~ from Eq. (7) and the branching ratios of

7% from Eq. (10), so € do not affect the cross section of
ete” >ttt - W'y, 7~ — Zt~ given that the
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Table 1 The relevant particle fields and their SM quantum numbers in Eq. (2)

2-Component field SUQB)c SUQR2)L UDy=0-1
v 1
() 1 z
_( ¢ 1
h= (h +iG ! 2 2
3 1 1 -1
prompt decay of t'%. Therefore, we show the potential of 10 ' ' ' '
. . /.
future e*e™ colliders for the discovery of 7 in terms of the
parameter m_r.. in the following sections. -
In 2-component fermion representation based on eigen- %
states [with a metric feature (—, +, +, +)], the singlet VLL Dé) |
model ignores the term of € quadratic [3]: £
2
[
252 , . &5 o4t .
Lint = JZM (T’T(_T”r’ _ f/T&Hf/) —eA, (T/T5ul_/ _ _E/T&uf/) ) | 7t |
cw
(7 02 / ]
/ ht ]
where e is QED coupling, g is SU(2),, coupling, sy, cw 00 . . . . . . . . .
are the sine and cosine of the weak mixing angle with e = 100 200 300 400 500 600

gsw. The t/* decay is caused by the mixing parameter €
and we have the interactions mediating t/* decay working
to linear order in € [3]:!

f/

Lin = g¥], (Wi (viee') +wy (<6 ) |

+ grzfr,Z,L (rT?r“r/ + r”&“r)

+ (yé'f,htf’ + c.c.) (8)
where
wt V4
gVIT/ = E’/n"V/n,l'L’/’ gTTT/

= —emz/\/imr/, yi'f,
=—¢/V2 ©)

I In the following we would use FeynRules to generate mode files for
MadGraph to do simulation, so we converte 2-component Lagrangian
Eq. (8) into 4-component fermions:

+ - - -
Lint = g:‘.fr, (Wibeyt P’ + W Ty PLo)
+8%  Zy (Ty" Pt + Ty PLT)
+ Yy h (TPRT + T PLT)

In the equation above, 7, v;, and 7’ are 4-component fermion fields and
Pr.r = (1 F y5)/2 are the normal chiral projection operators. What’s
more, the related files involving mathematica source file and UFO
model file can be downloaded from https://github.com/Mengmeng-htu/
the-singlet- VLL-model.git.

mt“(GeV)

Fig. 1 The branching ratios of t/* as a function of =

The resulting decay widths for t’ to SM states are:

1+ + _ v _ 2 w [?
P (e > W) = 25 (= )P @+ 1/rw) g
1+ + me 2 z |?
r(«* -z ):3271 (I =rz)*Q+1/rz) |85
+ + me 2|
[(t* - ht™) = Eo (I =r)” vz (10)

where ry = mg(/mf,i for X = W, Z, h. In the decays to
Z and W, the factors(2 + 1/rz) and (2 4+ 1/rwy) can be
understood as coming from the longitudinal (2) and trans-
verse (1/ry) components of the weak vector bosons. The
longitudinal components can in turn be understood as essen-
tially the Goldstone modes that are eaten by the vector bosons
to obtain their masses. This illustrates the usual Goldstone
Equivalence Theorem [16]. The resulting branching ratios
only depend on the single parameter m .+, as all of the widths
are proportional to €2. In Fig. 1, we show the branching ratios
of t/* — W*y,, Zt* and ht™ as a function of m+ in the
singlet VLL model. As expected by the Goldstone Equiva-
lence Theorem, for m_e 3> mp, mz, my, the results asymp-
totically approach: BR (t/* — W#*v;) : BR (¢/* — Zt¥)
:BR (v/* — ht¥) = 2:1:1.
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Fig. 2 Polarized cross sections of e " et — t'~1'* at different polar-
ization P, and P,+ form_r. =200 GeV and /s = 500 GeV, and the
contour lines stand for these cross sections and their unit is fb

3 Event generation

We will consider the following e*e™ collider options [17]:

e ILC with the highest integrated luminosity 4 ab™! at

/s =500 GeV;
e ILC with the highest integrated luminosity 8 ab~—! at
/s = 1000 GeV;

e CLIC with the highest integrated luminosity 2.5 ab™! at
/s = 1500 GeV.

Since the polarized e~ beams and e beams can enhance
the cross section effectively, we show the ete™
cross sections at different polarization P, and P+ for m
= 200 GeV and +/s = 500 GeV in Fig. 2. We can see
the symmetric center of the contour lines is near the point
(P,- = —0.6, P,+ = 40.6) ratherthan (P,- = 0, P+ = 0),
which is caused by the Z boson mediated in the process
ete™ — v 77~ When P,- — land P,+ — —1, the polar-
ized cross section tends to the maximum since the polarized
cross section op_ p . of ete™ — vt~ can be written as
(18],

’ 4
N

op,_p, = (1= PePu)oo (1 — PerALr). (11
P_—P. . . .
where Prr = ﬁ is the effective polarization, ogy,

is the cross section for the completely right-handed polar-
ized e~ beam (P,- = +1) and the completely left-handed
polarized e™ beam (P,+ = —1), and the cross section o g
is defined analogously, op = ZELFT?LE s the unpolarized

cross section, Apg = SLAZEL s the left-right asymme-
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Fig. 3 The left-right asymmetry Ay g as a function of m,+ at /s =
500 GeV, 1000 GeV and 1500 GeV

try. In principle, only the electron beam needs to be polar-
ized. However, even a small polarization of the positron beam
can improve the effective polarization. For example, a 80%
polarization in the electron beam and —30% polarization in
the positron beam yields an effective initial-state polariza-
tion of almost 90% [19]. Considering the technical limit, we
choose the following polarization in our calculations [17]:
P,- = 0.8, P,+ = —0.3 for /s = 500 GeV, P,- = 0.8,
P,+ = —0.2 for /s = 1000 GeV and P,- = 0.8, P,+ =0
for /s = 1500 GeV.

In Fig. 3, we show the value of the left-right asymmetry
ALg as a function of m_+ at /s =500 GeV, 1000 GeV and
1500 GeV. We can see that the value of A; g canreach —60%,
which implies the chirality-violating effect caused by the Z
boson.

In this work, we choose two decay modes for the signal,
that is the pure leptonic channel and fully hadronic channel,
the production and decay chain of the signal are given as:

e pure leptonic: ete™ — Tt T > (Wi (17Z) —
(CFvebe) (x=€FE7);
e fully hadronic: eTe™ — 777~ - (Wti)(t~2) —
Gjvo) (@™ jj)-

Based on these signal characters, we analyzed the main
backgrounds from the SM processes are =, ZZ, Zh,
ZWYW—,ttZ,ZZZ.Inorder to do quantitative calculation,
we implement the singlet VLL model into the FeynRules
[20] package to generate the model files in UFO [21] format.
Then, we use MG5_aMC_v3.0.1 [22] to calculate the cross
sections after decay of the signal and backgrounds and show
the results in Table 2. The parton level events of the signal
and backgrounds are required to pass through the basic cuts
as follows:

AR(x,y)>04, x,y=L{¢, 1), j(g,u,d,c,s),b
pE>10Gev, || <25



Eur. Phys. J. C (2021) 81:415

Page50f 12 415

Table 2 The processes and cross sections of the signal and backgrounds for three benchmark points in pure leptonic channel, where L* = ¢+, v+,
The conjugate processes of the signal and backgrounds have been considered

Process Cross section (fb) Pure leptonic decay mode
m200 m,350 m 600
V5 =500 /5 = 1000 V5 = 1500
(GeV) (GeV) (GeV)
Signal etem — 7't~ 2.654 0.586 0.166 T+ = WHo, Wt = ¢ty), ¢~ = 12,
Z— LTe7)
Backgrounds ete” — ttr™ 474.4 110.9 42.69 -
ete” > ZZ 10.9 2373 0.658 Z— L LY, Z — vy,
ete™ — Zh 5.572 0.923 0.084 Z— L7 LY, h—all
efe” - ZWTW~ 0.057 0.071 0.057 Z—L7LY, Wt — Lty W™ — L7
ete™ > t1Z 0.0043 0.016 0.0084 t — WJrh,_W+ — LTy,
f— W bW~ = L v),Z— LL*
ete™ > 7277 0.0039 0.0025 0.001 Z—> L LY, Z—> L LY, Z— vy
800
P2 >20GeV, |np| <2.5 —— me200
j _ I M350
pPr > 20 GeV, il < 5.0 r\ ......... me600
. 600
where pr denotes the transverse momentum, meanwhile \
AR(x,y) = +/(Ap)? + (An)? with A¢ the difference of -
azimuthal angle between object x and y and An the differ- £ 400
ence of pseudo-rapidity between them. These basic cuts are © \
used to simulate the geometrical acceptance and detection
threshold of the detector. 200 e\
Considering the limits of current experiments and col- J N"'&.___
lision energy, we take these parameter spaces m,x € I : "'--.,,__‘ T
[180, 250] GeV for /s = 500 GeV, m,+ € [240, 500] GeV 0 H ! i ¥ i i i
for \/E = 1000 GeV and m.+ € [450 750] GeV for 400 600 800 1000 1200 1400 1600 1800 2000
‘ ' s (GeV)

A/s = 1500 GeV, we also choose three benchmark points
my+ = 200 GeV, my+ =350 GeV and m+ = 600 GeV,
respectively. The relevant SM input parameters [23] are taken
as follows:

m; = 173.0GeV, my = 91.1876 GeV, my, = 125 GeV,
sin 0y = 0.231, a(myz) = 1/128.877.

Note that the fine-structure constant « is chosen at the myz
scale in our simulation, which will not lead to the correct
W boson mass at the tree level. But the effect coming from
different values of « is negligible for detector simulation.

InFig. 4, we show the signal cross sections as a function of
/s for mp+ = 200, 350, 600 GeV. We can see that the cross
sections increase sharply at the threshold and then decrease
with the center-of-mass energy /s, which comes from the
center-of-mass energy suppression of s-channel production
process.

In Fig. 5, we show the cross sections before decay of the
signal process for m,+ = 200 GeV and background pro-
cesses as a function of /s. We can see that the cross sections
of backgrounds tt, ZZ, Zh are larger than the signal and the

Fig. 4 The signal cross sections as a function of /s for mp+ =
200, 350, 600 GeV

10°
10° |
10° b

10° |

o (fb)

107 b
10" k

10° £

10" E E

1-2-1. 1 n 1 n 1 n 1 n 1 " 1 " 1

400 600 800 1000 1200 1400 1600 1800
Js (GeV)

2000

Fig. 5 The cross sections of the signal process for m+ = 200 GeV
and background processes as a function of /s
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(a) Pure leptonic channel

Fig. 6 The Feynman diagram of ete™ — 7/t7/~
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(b) Fully hadronic channel

followed by the subsequent decay chains in pure leptonic chanel or fully hadronic channel
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-~ E T
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Fig. 7 Normalized distributions of the £7 and AR(ty, £1) in the signal and backgrounds at /s = 500 GeV. The solid lines stand for signal events,
dashed lines stand for background events and black arrows indicate our selection cuts

dominant background 77 is about 103 times larger than the
signal. In order to improve the signal significance, it is neces-
sary to perform the detailed detector simulation and choose
some effective cuts to suppress these backgrounds.

In the detector simulation of final states, we transmit
these parton-level events to Pythia 8 [24] for showering
and hadronization. Then we make a fast detector simula-
tions by Delphes [25] and cluster jets by Fastjet [26] with
the anti-K, algorithm [27], where the distance parameter
AR = 0.4.Finally, we analyse the reconstructed-level events
by using MadAnalysis 5 [28,29]. Besides, we use the pack-
age EasyScan_HEP [30] to connect these programs and
scan the parameter space. In order to quantimize the observ-
ability, we evaluate the statistical significance (S) by using
the Poisson formula [31] as follow:

S= \/25 [(os +op)ln (1 + 2) — 05i|
oB

where L is the integrated luminosity and o, o are the signal
and background cross sections after all cuts, respectively.

12)

@ Springer

Here we define the exclusion limits as S = 2, the possible
evidence as S = 3 and the discovery significance as S = 5.

Systematic uncertainties are known to become dominant
especially at higher luminosities, so we estimate the preci-
sion on the singlet VLL mass in case of a discovery by the
following significance formula considering uncertainty for
the background [31]:

2
95

S= _
A7

2
Jz(wﬁgs)m[wwww]

0} + L (os+0p) A} 5 (08 + LA})

(13)

where Aj stands for the systematic uncertainties of back-
grounds and we choose A, = 0.3 % op in the pure lepton
channel and A, = 0.5 * op in the hadronic channel.

4 Numerical results
In this section, we will display the signal significance and the

related excluding and discovering capability in the pure lep-
tonic channel and fully hadronic channel at eTe™ colliders

LA2os
In |:l+ (71’05

)
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Table 3 Summary of the cut schemes, where t stands for the 7-tagging jet, j = g, u, d, ¢, s stands for light flavour jets, b stands for the b-tagging
jet, L =e,

Pure leptonic V5 =500 GeV /s = 1000 GeV s = 1500 GeV
Basic cut AR(x,y) > 0.4, p?’t > 10 GeV, pl;'j >20GeV, |ngpl < 2.5, |0 <5.0

Trigger N({)=0,Nb)=0,N(r)=1,N{¥) =2

Cut-1 FEr > 40 GeV Er > 50 GeV Fr > 60 GeV
Cut-2 AR(t,£1) < 3.0

Table 4 Cut flows of the signal and backgrounds at m,+ = 200 GeV, /s = 500 GeV

/5 = 500 GeV

Pure leptonic Signal (fb) Backgrounds (fb)

Benchmarks mp+200 =t V4 Zh ZW-w+ ttZ 7727
Basic cut 2.66 474.4 10.9 5.57 5.71E-2 4.29E-3 3.89E-3
Trigger 0.48 0.094 0.0 0.061 5.52E-3 5.15E—6 3.16E—4
Cut-1 0.38 0.0 0.0 0.046 3.9E-3 4.72E—6 2.56E—4
Cut-2 0.28 0.0 0.0 0.025 2.67E—3 4.29E—6 2.01E—4
Total Eff. 10.62% 0.0 0.0 0.45% 4.67% 0.1% 5.17%

Table 5 Cut flows of the signal and backgrounds at m,+ = 350 GeV, /s = 1000 GeV

/s = 1000 GeV

Pure leptonic Signal (fb) Backgrounds (fb)

Benchmarks my+350 =t ZZ Zh ZW-W+ tiZ 777
Basic cut 0.59 110.9 2.373 0.923 7.03E—2 1.63E-2 2.48E—-3
Trigger 0.12 0.0 0.0 0.013 742E-3 1.14E-5 2.04E—4
Cut-1 0.11 0.0 0.0 0.012 5.87E-3 6.5E—6 1.81E—4
Cut-2 0.082 0.0 0.0 0.003 2.6E-3 3.35E—6 1.09E—4
Total Eff. 14.29% 0.0 0.0 0.3% 3.77% 0.02% 4.37%

Table 6 Cut flows of the signal and backgrounds at m,+ = 600 GeV, /s = 1500 GeV

/5 = 1500 GeV

Pure leptonic Signal (fb) Backgrounds (fb)

Benchmarks m =600 7t 77 Zh ZW-WTt ttZ 777
Basic cut 0.17 42.69 0.658 8.36E—2 5.7E-2 8.37E-3 1.01E-3
Trigger 3.44E-2 8.54E-3 6.58E—5 1.31E-3 6.2E—3 2.51E—6 7.5E—5
Cut-1 3.26E-2 8.54E-3 6.58E—5 1.15E-3 4.94E-3 2.51E—6 6.8E—5
Cut-2 2.28E—2 427E-3 6.58E—5 5.02E-5 1.76E-3 8.37E—7 3.75E-5
Total Eff. 13.67% 0.01% 0.01% 0.06% 3.09% 0.01% 3.71%

with 4/s = 500, 1000 and 1500 GeV. We show the Feyn- 4.1 pure leptonic channel

man diagrams of the signal followed by the pure leptonic

decay in Fig. 6a and followed by the fully hadronic decayin =~ We give the processes of the signal and backgrounds in

Fig. 6b. Table 2. We can see that the signal events satisfy the fol-
lowing features:

@ Springer
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Fig. 8 The contour plots of S = 2 (blue solid line), S = 3 (black
solid line) and S = 5 (red solid line) in the £ ~ m+ plane for pure
leptonic channel. The horizontal dashed black line is the highest inte-
grated luminosity, and the horizontal dashed blue (red) line stands for

T
pure leptonic
J$=1500GeV

£=25ab”

1248.8 b

L)

=3 197.9 fo!
10

1 1 1 1 1

0
450 500 550 600 650 700 750
m_(GeV)

(¢) V/5=1500 GeV at CLIC

the integrated luminosity for excluding (discovering) the mass region
myx € [180,240] GeV in a, [240,450] GeV in b and [450,700] GeV
in ¢. For discovery S = 5, the surrounding red band corresponds to the
significance considering the systematic uncertainties op = 0.3 x B

Table7 The processes and cross sections of the signal and backgrounds for three benchmark points in fully hadronic channel, where L* = ¢+, t+.
The conjugate processes of the signal and backgrounds have been considered

Process Cross section (fb) Fully hadronic decay mode
my200 my350 my 600
/s =500 /s = 1000 /s = 1500
(GeV) (GeV) (GeV)
Signal ete™ - Tt~ 39.68 10.74 2.84 @t = Wi, WwH — jj),
(t= =1 Z,Z— jj)
Backgrounds ete” > tte™ 474.4 110.9 42.69 -
ete™ - 77 53.07 18.81 8.15 Z— jj,Z— jj
ete™ — Zh 27.53 4.8 0.43 Z— jj,h—all
ete™ - ZWTW~- 0.74 1.1 0.86 Z— jj, Wt = jj W™ — L
ete™ - t1Z 0.056 0.24 0.13 t— WH— jpb,
Fo W (> L v)b, Z — jj
ete - 777 0.033 0.024 0.011 Z— jj,Z— jj,Z— LTL™

@ Springer
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Fig. 9 Same as Fig. 7 but for normalized distributions of the £7 and E7 of signal and backgrounds in fully hadronic channel at /s = 500 GeV

Table 8 Same as Table 3 but for fully hadronic channel

Fully hadronic Vs =500 GeV /s = 1000 GeV Vs = 1500 GeV

Basic cut AR(x,y) > 04, (x,y=2¢,j,b), péT > 10 GeV, p}} > 20 GeV, p; > 20 GeV, |ne| < 2.5, Inp| < 2.5, |nj] < 5.05
Trigger N()=0,N(x)=1,N(j) = 3;

Cut-1 Er > 40 GeV; FEr > 60 GeV; FEr > 100 GeV;

Cut-2 160 GeV < E7 < 320 GeV 250 GeV < E7 < 650 GeV,; 400 GeV < E7 < 800 GeV.

Table 9 Cut flows of the signal and backgrounds at m,+ = 200 GeV, /s = 500 GeV

/5 =500 GeV

Fully hadronic Signal (fb) Backgrounds (fb)

Benchmarks m =200 LA V4 Zh ZW-WT tiZ 777
Basic cut 39.68 4744 53.07 27.53 0.74 0.056 0.03252
Trigger 6.6 0.0 0.122 0.369 0.036 8.46E—4 2.86E—3
Cut-1 5.68 0.0 0.005 0.21 0.022 5.2E—4 1.08E—3
Cut-2 4.64 0.0 0.0053 0.08 0.017 3.82E—4 7.09E—4
Total Eff. 11.7% 0.0 0.01% 0.29% 2.27% 0.69% 2.18%
Table 10 Cut flows of the signal and backgrounds at m,+ = 350 GeV, /s = 1000 GeV

/5 = 1000 GeV

Fully hadronic Signal (fb) Backgrounds (fb)

Benchmarks my+350 -t 4 Zh ZW-w+t ttZ 777
Basic cut 10.73 110.9 18.81 4.8 1.1 0.24 0.025
Trigger 1.99 0.0 0.04 0.028 0.059 342E-3 2.14E-3
Cut-1 1.83 0.0 1.51E-3 0.019 0.038 2.44E-3 9.67E—4
Cut-2 1.53 0.0 1.13E-3 0.011 0.028 1.79E-3 6.41E—4
Total Eff. 14.29% 0.0 0.006% 0.24% 2.59% 0.75% 2.62%

(1) one lepton 7 and one neutrino v, (i.e., missing energy at
the detector level) are directly from the VLL decay;

(i1) two leptons (labeled as £ and £ = e, p) from the Z boson,
one lepton and one neutrino from W boson.

According to the features of the signal and backgrounds,
we choose the missing energy F7 and the separation

AR(ty, ¢ 1)2 as cut criterions. As an example, we show their
normalized distributions for the three benchmark points of
the signal and backgrounds at /s = 500 GeV in Fig. 7.
According to the behaviours of these distributions, we impose

2 The number in the subscript stands for the orders of pr, such as
pr(€) = pr(€2) = pr(¢3) = ---

@ Springer
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Table 11 Cut flows of the signal and backgrounds at m+ = 600 GeV, /s = 1500 GeV
/s = 1500 GeV
Fully hadronic Signal (fb) Backgrounds (fb)
Benchmarks m =600 ot ZzZ Zh ZW-WT tZ 777
Basic cut 2.84 42.69 8.15 0.43 0.87 0.13 0.011
Trigger 0.52 0.0 0.01 1.59E-3 0.049 1.84E—-3 9.21E—4
Cut-1 0.48 0..0 6.52E—4 6.66E—4 0.027 1.05E-3 3.12E—4
Cut-2 0.36 0.0 3.26E—4 4.32E—4 0.016 5.2E—4 1.87E—4
Total Eff. 12.65% 0.0 0.004% 0.1% 1.83% 0.41% 1.72%
104 E T T T T
_____________________ -
1o¢ L fully hadronic £74ab
J§=500GeV
2
q
10-2 L 1 1 1 1
180 190 200 210 220 230 240 250
m_.(GeV)
(a) /s=500 GeV at ILC
10000 pr———— - 10—
: £=8 ab” E
[ | fully hadronic P T T T T T T
1000 = s | fully hadronic
F iR tiniGey " F s=1500Gev
100 £
R E 107 3 T T
B t e 3
g 3 g A S
_ . 10" F ! i
B =5 __L17f ; R G § o a san :
E 1 =3 i _——A A S=2,
I —a— ——T L wl |
F |
0.01 1 1 1 -1 1 1 1 l 1
250 300 350 400 450 500 450 500 550 600 650 700 750
m_(GeV) m_.(GeV)

(b)/5s=1000 GeV at ILC

(¢)/s=1500 GeV at CLIC

Fig. 10 Same as Fig. 8, but for the fully hadronic channel and the surrounding red band corresponds to the significance considering the systematic

uncertainties o = 0.5 * B

the cut schemes in Table 3 to enhance the signal sig-
nificance for three different ete™ options, i.e., ILC with
/s = 500 GeV, ILC with /s = 1000 GeV and CLIC with
/s = 1500 GeV.

We show the cut flows of the signal and backgrounds at
/s = 500, 1000, 1500 GeV in Tables 4, 5, 6, respectively.
The bottom row named “Total Eff.” stands for the ratio of

@ Springer

cross section at “Cut-2” over that at “Basic cut”. From these
tables, we can see that the selected cuts can suppress the
backgrounds and isolate the signal effectively. In Fig. 8a—
¢, we show the S= 2, 3, 5 lines in the £ ~ m+ plane at
A/5=500, 1000, 1500 GeV, respectively. We can see that the
required integrated luminosity increases with m .+ increas-
ing and sharply rises when m .+ approaches to the thresh-
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Table 12 Comparison of the excluding and discovering capability in the pure leptonic and the fully hadronic decay channels of electroweak gauge
bosons for /s = 500 GeV at ILC. The numbers in parentheses indicate the uncertainties of integrated luminosity

Excluding capability (20)

Discovering capability (50)

ILC (/s = 500 GeV) Pure leptonic

Fully hadronic

Pure leptonic Fully hadronic

my= (GeV) [180, 240] [180, 240]
L (b1 [3.0, 14.9] [0.1,0.3] [18 (3), 94 (47)] [0.9 (0.1), 1.7 (0.4)]
Table 13 Same as Table 12 but for /s = 1000 GeV at ILC

Excluding capability (20°) Discovering capability (50)
ILC (/s = 1000 GeV) Pure leptonic Fully hadronic Pure leptonic Fully hadronic
myx (GeV) [240, 450] [240, 450]
L (b1 [9.9,23.1] [0.2,0.3] [61 (9), 144 (22)] [1.4 (0.2), 1.7 (0.3)]

Table 14 Same as Table 12 but for /s = 1500 GeV at CLIC

Excluding capability (20)

Discovering capability (50)

CLIC (/s = 1500 GeV)
myr+ (GGV)
L (fo~h

Pure leptonic
[450, 700]
[52.1,197.9]

Fully hadronic

[2.2,4.5]

Pure leptonic
[450, 700]
[325 (192), 1248 (749)]

Fully hadronic

[14 (4), 28 (17)]

old value, that is mainly because the signal cross section
quickly decreases when m .+ increases. If we consider the
systematic uncertainties of backgrounds op = 0.3 % B, we
can see that the integrated luminosities for discovery signif-
icance are required to increase by about 20%, 15%, 60% for
the same m .+ at i/s = 500, 1000, 1500 GeV, respectively.
The greater impact of systematic uncertainties on the case of
/s = 1500 GeV is due to the smaller signal to noise ratio in
this case. At the highest integrated luminosities, the highest
masses of 7/ can be probed to 245 GeV at 500 GeV with
4 ab~!, 475 GeV at 1000 GeV with 8 ab~! and 680 GeV at
1500 GeV with 2.5 ab™!.

4.2 Fully hadronic channel

We give the processes of the signal and backgrounds in
Table 7. We can see that the signal events satisfy the fol-
lowing features:

(i) one t lepton and one t neutrino v; (i.e., missing energy
at the detector level) are directly from the VLL decay;

(i) two jets (labeled as j and j = d,u,s,c,¢,5,i,d, g)
come from the W boson and two jets come from the Z
boson.

According to the features of the signal and backgrounds,
we choose the following kinematical variables as cut crite-
rions: The missing transverse energy £ and the total trans-

verse energy Er, where

Er= Y ‘ﬁr

visible particles

“| |” for the magnitude of 13T.

As an example, we show the normalized distributions of
the missing transverse energy Er and the total transverse
energy E7 of the signal and backgrounds /s = 500 GeV
after only the basic cut in Fig. 9. Based on these distributions,
we impose the cuts to enhance the signal significance shown
in Table 8.

We show the cut flows of the signal and backgrounds at
/s = 500, 1000, 1500 GeV in Tables 9, 10, 11, respectively.
We can see that the total cut efficiency of signal can reach
more than 10% after all the cuts, while the total cut effi-
ciencies of the backgrounds are reduced to less than 3%. In
Fig. 10a—c, we show the significance contour lines S = 2,
3,51in the £ ~ m+ plane at 4/s = 500, 1000, 1500 GeV.
If we consider the systematic uncertainties of backgrounds
op = 0.5% B, we can see that the integrated luminosities for
discovery significance are required to increase by about 15%,
10%, 30% for the same m .+ at ﬁ = 500, 1000, 1500 GeV,
respectively. At the highest integrated luminosities, the high-
est masses of /% can be probed to 248 GeV at 500 GeV with
4ab~!, 495 GeV at 1000 GeV with 8 ab~! and 745 GeV at
1500 GeV with 2.5 ab~!.
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5 Summary

In the singlet VLL model, we investigate the VLL through the
process ete™ — 7 t1'~ followed by the two decay modes
of the electroweak gauge bosons at eTe™ collider. We per-
form a detailed detector simulation and choose the suitable
kinematic cuts to enhance the signal significance effectively.
For clarity, we display the comparison of the excluding and
discovering capability in the two decay channels at different
colliders with various center of mass energy in Tables 12, 13,
14.

From these tables, we can see that the process eTe™ —
T, ¢t - Wth,, 7" — t7Z in the pure leptonic
channel needs higher integrated luminosities for excluding
or discovering the VLL 7/* compared to the fully hadronic
channel. Obviously, it is more hopeful to exclude and dis-
cover the singlet VLL through the fully hadronic channel at
the et e~ colliders. Besides, we can see that the future et e~
colliders will extend the search of the LHC and bring us a
chance to detect the singlet VLL.
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