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Abstract We derive the discovery potential of a leptophilic
Z ′, and a Z ′ rising from a SU (3)C × SU (3)L × U (1)N
symmetry at the Compact Linear Collider (CLIC), which is
planned to host e+e− collisions with 3 TeV center-of-mass
energy. We perform an optimized selection cut strategy on the
transverse momentum, pseudorapidity, and invariant mass of
the dileptons in order to enhance the collider sensitivity. We
find that CLIC can potentially reach a 5σ signal of a 1−5 TeV
leptophilic Z ′ with less than 1 fb−1 of integrated luminosity
in the most favorable cases. As for the Z ′ belonging to a 3-
3-1 symmetry, CLIC will offer a complementary probe with
the potential to impose MZ ′ > 3 TeV with L = 2 fb−1.

1 Introduction

The Compact Linear Collider (CLIC) represents a high-
luminosity, TeV-scale linear e+e− collider under vigorous
development by global collaborations, centered at CERN [1].
In order to maximize its physics potential, a staged construc-
tion is foreseen. CLIC will operate at center-of-mass ener-
gies of 380 GeV, 1.5 TeV, and 3 TeV. The total site length
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is projected to vary between 11 km and 50 km. Considerable
advancements in recent years have been made, both in terms
of technical development and system testing for the CLIC
accelerator, which have greatly reduced its building cost and
improved its physics potential. The first beams are planned to
occur by 2035, thereby initiating a physics program expected
to span over 25 to 30 years. Given our successful experi-
ence with the Large Electron Positron collider [2–4], with its
larger luminosity and center-of-mass CLIC promises to be
a unique opportunity to probe physics Beyond the Standard
Model (BSM). It will facilitate direct searches and enable a
comprehensive range of precision measurements of Standard
Model processes. This potential will be particularly valuable
for studying the Higgs boson and extended scalar sectors as
well as new gauge bosons.

Several theories extending beyond the Standard Model
(SM) rely on the existence of neutral gauge bosons that fea-
ture coupling to leptons. These theories provide potential
explanations for unresolved phenomena, such as dark mat-
ter (DM), neutrino masses, the muon anomalous magnetic
moment, among others. Such neutral bosons are often asso-
ciated with a new Abelian gauge symmetry which is sponta-
neously broken, generating a Z ′ boson with mass around the
new physics scale. Non-Abelian gauge symmetries can also
give rise to a Z ′ boson. Such a Z ′ boson can be produced at
Hadron and Lepton colliders producing a high-mass dilepton
resonance. To the experimentalist, a Z ′ boson is, at the end
of the day, a resonance more massive than the SM Z boson.
Conversely, for a theorist, a Z ′ field represents a new force
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carrier, which holds the secret to the road of physics beyond
the Standard Model (SM).

Motivated by the importance of Z ′ bosons in theoretical
constructions, we will assess the CLIC potential to discover
a leptophilic Z ′ using a simplified model, and a Z ′ rising
in extended gauge sectors with a SU (3) × SU (3) × U (1)N
symmetry, 3-3-1 for short. A leptophilic Z ′ emerges in sim-
ple gauged lepton number theories [5–16], and or in more
complex setups [17–23]. The SU (3)C × SU (3)L × U (1)N
symmetry has featured in a multitude of papers in the litera-
ture because it could help to solve neutrino masses [24–32],
flavor puzzles [33,34], dark matter [35–60], among others.

In the context of linear colliders, there have been lep-
tophilic Z ′ studies in the past [6,22,23,61–66]. Although,
none of them were focused on a sequential leptophilic Z ′
boson, which has couplings to SM lepton equal to the Z-
boson, with no interaction with quarks. A sequential Z ′ is
often the target of several collider searches at the LHC. If
tree level couplings to quarks are turned off,1 a sequential lep-
tophilic Z ′ arises and could be a benchmark model at CLIC.
Obviously, in the presence of sizeable couplings to quarks,
the LHC reach is significantly better than CLIC. However,
in the absence ( or strong suppression) of interactions with
quarks, CLIC stands out as a promising probe. Moreover,
CLIC can also serve as a precision machine once a Z ′ boson
is discovered at LHC or the High-Luminosity LHC. In our
work, we will concentrate on the Z ′ phenomenology. Its mass
should stem from a Stueckelberg mechanism [67,68] or from
spontaneous symmetry breaking of the extra gauge symme-
try. In the latter case, there will be a scalar field breaking the
gauge symmetry, but it is assumed to be sufficiently heavy,
yielding no impact on the Z ′ decay width into leptons [69].
The phenomenology of such a scalar is out of the scope of
this manuscript.

In summary, we consider a leptophilic sequential Z ′
inspired by the CMS and ATLAS collaborations which adopt
the sequential Z ′ as a benchmark. In this case, the gauge cou-
pling is fixed allowing us to draw more concrete predictions.
On the theoretical side, there should be a symmetry involv-
ing lepton number to explain the exclusive couplings to lep-
tons and extra chiral fermions to cancel the gauge anomalies.
This reasoning is also applicable to the Sequential Z ′ model
adopted in ATLAS and CMS analyses. Anyway, our goal in
this work is to assess CLIC potential to discover a Z ′ boson
that resembles in some way the Z boson.

It is important to emphasize that, using LHC data, collider
bounds on the Z ′ bosons belonging to a 3-3-1 symmetry
have been derived in the past, excluding Z ′ masses below 4
TeV. However, if the Z ′ is leptophilic, the relevant collider

1 Effective quark couplings can be generated at loop level though, but
they are naturally suppressed compared to the tree-level ones involving
leptons.

constraints mainly come from LEP, and masses larger than
200 GeV are not excluded, which motivates the searching at
future e+e− colliders. We have no data at the moment, thus
we can only assess CLIC sensitivity reach. We will see that
with less than 1 fb−1 of luminosity, CLIC can discover such
a Z ′ boson. Therefore, despite not being able to produce on-
shell Z ′ bosons with masses larger than 3 TeV, CLIC will
be able to constrain better the couplings and properties of
any new gauge boson that has sizeable couplings to leptons.
In this spirit, we will perform a phenomenological analysis
based on optimized cuts that yield better signal efficiency
for discovery and exclusion for a given luminosity in the
e+e− → e+e− channel. Although our focus is on the impact
of a leptophilic Z ′ in the e+e− → e+e− process, we will also
present, for comparison and completeness of our analysis, the
predictions from the 3-3-1 model.

This paper is organized as follows. In the next Section
we will describe the details of our analysis. In particular, we
briefly present the CLIC experiment and the models con-
sidered. Moreover, the Monte Carlo simulation and cuts
assumed in the analysis will be discussed. In Sect. 3 we
present our results for the total and differential cross sec-
tions derived considering a leptophilic Z ′. The predictions
associated to the 3-3-1 model are also presented for compar-
ison. The best kinematic cuts are obtained and the luminosity
required to exclude (or discover) a Z ′ at CLIC is estimated
considering distinct values for the Z ′ mass. Finally, in Sect. 4,
we summarize our main conclusions.

2 Details of the analysis

Our goal in the present analysis is to estimate the impact
of a Z ′ on the e+e− → e+e− process. Such a boson can
contribute to the direct electron–positron annihilation (Drell-
Yan), represented in the left panel of Fig. 1, as well can be
present in the t-channel diagram (right panel). The main
Standard Model backgrounds are represented by these same
diagrams but with the exchange of a photon or a Z boson.
Vector boson fusion (VBF) contributions are negligible after
requiring only two same-flavor opposite-sign leptons in the
final state. Moreover, VBF processes are O(α4), two orders
ahead of the main SM backgrounds. We will focus on e+e−
collisions at CLIC and assume a leptophilic Z ′. Having in
mind the new physics potential of CLIC and the reasonable
hypothesis of Z ′ fields in theoretical constructions, in what
follows we will briefly discuss the Compact Linear Collider
and describe the models that we investigate in this work.

2.1 The Compact Linear Collider

The Compact Linear Collider (CLIC), currently under the
development auspices of the CLIC accelerator collaboration,
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Fig. 1 Feynman diagrams for the signal and background processes
relevant for the Z ′ search at the CLIC. In the left panel, the Drell-Yan
contributions, and in the right panel, the Babbha scattering ones

is a high-luminosity linear collider capable of reaching multi-
TeV energies. The Conceptual Design Report (CDR) for the
CLIC was released in 2012 but recent updates to the initial
proposal were presented [1,70–72]. A pioneering feature of
the CLIC is its utilization of the two-beam acceleration tech-
nique, which employs novel accelerating structures function-
ing within the range of 80–100 MV/m.

The primary objective of this report was to substantiate
the viability of the CLIC accelerator at elevated energies of
3 TeV. Furthermore, it was crucial to affirm that the presence
of particles from beam-induced backgrounds and the charac-
teristics of the luminosity spectrum would not inhibit the per-
formance of high-precision physics measurements [1,73,74].
In the same way that LEP and SLAC were important to test
various SM predictions, the CLIC hopes to collect more strin-
gent electroweak precision measurements and signals of new
physics for a period of 27 years in three different but com-
plementary stages [75]. Moreover, based on a novel acceler-
ation system, CLIC plans to progressively reach energies of
up to

√
s = 3 TeV and an integrated luminosity of 5 ab−1

[76–79] in a sequence of stages. For the first stage of the
CLIC operation, beams are expected to be delivered at an
energy of

√
s = 380 GeV and a luminosity of 1 ab−1. In

the second and third stages, operations are aimed at elevated
energies with beams at

√
s = 1.5 TeV with L = 2.5 ab−1,

and
√
s = 3 TeV with L = 5 ab−1, respectively. In each of

these operation stages, the CLIC program aims to improve
electroweak precision measurements of SM parameters and
find, either indirect or direct, indications of new physics (NP)
[80].

These stages of the CLIC operation will be adjusted based
on the results obtained by the HL-LHC. In particular, the
center-of-mass energy can be increased by extending the
length of the accelerator or by improving acceleration tech-
nology. In this way, the novel acceleration technology of
the CLIC opens the possibility of carrying out studies with
high center-of-mass energy and luminosity, accessing pro-
duction mechanics at far higher energy than those observed at
LEP.

2.2 The Models

2.2.1 Leptophilic Z ′

A sequential Z ′ is a benchmark model at the LHC. It refers
to the case where the Z ′ field couples to SM fermions in
the same way the Z boson does [81,82]. With that in mind,
we propose searching for a leptophilic Z ′ with sequential
couplings to SM leptons. In other words, it is a Z ′ that fea-
tures only couplings to SM leptons identical to the Z boson.
Therefore, the neutral current reads,

L = −g

2 cos θW

∑

i

ψ̄iγ
μ(giV − γ5g

i
A)ψi Z

′
μ (1)

where θW = tan−1(g′/g), giV = τ3 L(i)2Qi sin2 θW , and
giA = τ3 L . In this case, i = 1,2,..6; with ψi running over
all six lepton flavors. This new boson can potentially cou-
ple new particles but we hypothesize that these new parti-
cles are too heavy to be produced at CLIC via Z ′ exchange.
The lagrangian above is, therefore, the relevant one for phe-
nomenological studies.

2.2.2 3-3-1 Model

The 3-3-1 model refers to the SU (3)C × SU (3)L × U (1)Y
symmetry [83–85]. An obvious consequence of enlarging
SM gauge group is the appearance of new vector bosons.
Particularly, within the 331 models we have three new gauge
bosons, six new fermions (three leptons and three quarks),
and six new scalars. In these models, to avoid chiral anoma-
lies and reproduce the correct SM interactions, leptons are
accommodated in the triplet representations. In the quark
sector, the first two generations transform under the triplet
representation and the third generation transforms under the
anti-triplet representation. Right-handed fermions transform
in the singlet representation, as usual. Fermion masses are
obtained through a two-step spontaneous symmetry breaking
using three scalar triplets. There is freedom in the choice for
the third component of the fermion triplet, and this freedom
gives rise to different particle contents. We will focus on the
331RHN and 331LHN models [86], where the third compo-
nent of the lepton triplet is a right-handed neutrino or a heavy
and neutral fermion, respectively. In both 331 RHN and LHN
models, the lagrangian that describes the interaction between
fermions and the Z’ boson is the same lagrangian presented
in Eq. (1), where giV and giA are the vector and axial cou-
plings whose values are shown in Table 1. Again, we will
tacitly assume that the new fermions and scalars of the 331
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Table 1 Vector and Axial couplings of the Z ′ boson with fermions in
the 331RHN and 331LHN models

Z ′ Interactions with the SM fermions in the 3-3-1 model

Interaction giV giA

Z ′ ūu, c̄c
−3 + 8 sin2 θW

6
√

3 − 4 sin2 θW
− 1

2
√

3 − 4 sin2 θW

Z ′ t̄ t −3 − 2 sin2 θW

6
√

3 − 4 sin2 θW
− 1 − 2 sin2 θW

2
√

3 − 4 sin2 θW

Z ′ d̄d, s̄s
−3 + 2 sin2 θW

6
√

3 − 4 sin2 θW
− 3 − 6 sin2 θW

6
√

3 − 4 sin2 θW

Z ′ b̄b −3 + 4 sin2 θW

6
√

3 − 4 sin2 θW
− 1

2
√

3 − 4 sin2 θW

Z ′ �̄�
1 − 4 sin2 θW

2
√

3 − 4 sin2 θW

1

2
√

3 − 4 sin2 θW

Z ′ ν�ν�

−
√

3 − 4 sin2 θW

18
−

√
3 − 4 sin2 θW

18

models are heavier than the Z ′ so the interactions above are
the only ones relevant for a Z ′ search at CLIC.

2.3 Simulation

All signal and background events were simulated using
FeynRules [87], MadGraph5 [88], Pythia8 [89], and
Delphes3 [90]. In our analysis, we generate, in each case,
80k signal events for each of ten Z ′ mass hypotheses: from
0.5 to 5 TeV with intervals of 500 GeV, and 200k for back-
grounds.

We simulate e+e− collisions at CLIC employing the
clic3000llParton Distribution Function (PDF) set which
takes initial state radiation effects at Leading Order+Leading
Log approximation and also a parametrized implementation
of beamstrahlung [91]. In this study, we assume that the new
particle spectrum is heavy such that the decay of the Z ′ into
BSM particles is kinematically forbidden. The interactions
that we are considering are those corresponding to the Z ′ to
SM fermions where the couplings to leptons are equal to the
SM Z boson, but Z ′ does not couple to quarks, in the case
of the leptophilic new gauge boson, as defined in Eq. (1).
In the case of 331 models, couplings to quarks diminish the
branching fraction of the Z ′ into SM leptons and increase
the total width compared to the leptophilic case for the same
MZ ′ . In both models, we expect to observe sharp peaks in the
e+e− invariant mass but the leptophilic model will produce
narrower resonances.

The SM background and the signal have s and t-channel
diagrams exchanging a Z , γ and Z ′, respectively, as depicted
in panels (a) and (b) of Fig. 1. To avoid collinear divergences
and suppress VBF backgrounds, we selected events with
only one identified e+e− pair that satisfy the following basic

Fig. 2 The e+e− → e+e− cross section for the leptophilic (red dashed
lines) and 3-3-1 models (blue dashed lines) for Z ′ masses up to 5 TeV.
The SM background is displayed as a dotted blue curve. The basic cuts
of Eq. (2) were required in all cases

selection requirements

pT > 100 GeV, |η| < 3 , (2)

for the electron and the positron of the event.

3 Results and discussions

In Fig. 2, we present our results for the e+e− → e+e− cross
section as a function of the Z ′ mass, derived considering
the cuts discussed in the previous section and assuming the
Leptophilic and 3-3-1 models for Z ′ masses up to 5 TeV. For
masses much smaller than the collider energy, the t-channel
diagram dominates as the Z ′ is produced off its mass-shell,
but heavier Z ′ bosons tend to be produced more in the mass-
shell increasing the cross section towards MZ ′ = 3 TeV.
By their turn, 331 bosons present a smaller cross section
once, in this case, there are more options for the Z ′ to decay
into, contrary to the case of the leptophilic ones. In 331 and
leptophilic models, BR(Z ′ → e+e−) = 2.4%, and 11%,
respectively, for the masses range we are considering in this
work. The SM cross section for the e+e− → e+e− process
is 13.2 pb, represented by the blue dotted line in Fig. 2.

Events associated with off-mass-shell Z ′ bosons (masses
above 3 TeV) are also expected but with increasingly sup-
pressed production rates, as we can see in Fig. 2. Notwith-
standing, assuming an integrated luminosity of a few inverse
attobarns will lead to hundreds of signal events even for 5
TeV bosons. On the other hand, we should expect a some-
what more difficult selection of signal events compared to
the bosons that produce a peak in the invariant mass. Yet,
the mass of the new boson can be read from the trans-
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Fig. 3 The left(right) upper panel depicts the transverse momen-
tum(rapidity) distribution of electrons of the SM background and signals
corresponding to Z ′ masses of 0.5 and 2.5 TeV. The lower panels show
the e+e− invariant masses distribution of background and signals for

on-mass-shell (left), and an off-mass-shell (right) 4.5 TeV Z ′, respec-
tively. All signals correspond to leptophilic Z ′ model. The distributions
of 331 signals are similar

verse momentum distributions, which peak at approximately
MZ ′/2.

The signal and background distributions of the electron
transverse momentum, pT (e−), electron rapidity, η(e−), and
the e+e− invariant mass, M(e+, e−), are shown in Fig. 3, for
leptophilic Z ′ signals. The 331 Z ′ distributions are similar.
As we see, the signal and background features are very dis-
tinctive, especially for heavy Z ′ bosons. Nonetheless, for
lighter Z ′, the peaks in e+e− invariant mass still denounce
the presence of signals, making the distinction against the
smooth background spectrum an easy task. Concerning the
rapidity distributions, lighter Z ′ and the SM backgrounds
display a similar behavior with the majority of events hitting
the high rapidity regions of the detector, while heavy Z ′ pro-
duced electrons and positrons at central rapidities. This is due
to the competition between the s and t-channel amplitudes,
where the t-channel contribution is amplified when the final

state lepton is collinear with the initial state one, while the
s-channel produces high-pT yields.

In the case of off-mass-shell bosons, the transverse
momentum and rapidity distributions still bear the distinctive
marks of the heavy Z ′ bosons, but the peak in the e+e− invari-
ant mass is lost. Instead, a sharp peak occurs at the collider
energy, the same region where the backgrounds accumulate,
as we see in the lower right panel of Fig. 3. This causes a
decrease in the signal selection efficiency.

To remove backgrounds and increase the statistical sig-
nificance of the signal, we searched for the kinematic cuts
on pT , η, and M(e+, e−) that maximize the signal efficiency
and minimize the background one. As discussed in the next
section, the background efficiencies after optimization were
found to be very small for Z ′ masses from 10 GeV to 5 TeV.
We compute the signal significance as follows
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Table 2 The best kinematic cuts for representative Z ′ masses in the 331 models. The transverse momentum and e+e− mass are given in GeV. In
the two rightmost columns, we display the signal and background efficiencies after (1st cut)[1st+2nd cuts]all cuts in %

MZ ′ pT > |η| < |Mee − Mc| < δM εS(%) εB (%)

500 207 2.23 458 ± 57 (98.4)[82.7]1.9 (98.4)[30.5]0.005

1500 641 2.65 1554 ± 52 (54.7)[54.7]17 (8)[8]0.005

2500 1032 1.96 2391 ± 84 (50)[49.8]10 (1.5)[1.5]0.005

3500 1481 0.90 3057 ± 64 (5.2)[5.2]4.1 (0.02)[0.02]0.005

4500 1481 1.56 3066 ± 73 (4.8)[4.8]3.8 (0.02)[0.02]0.005

Table 3 The best kinematic cuts for representative Z ′ masses in the leptophilic model. The transverse momentum and e+e− mass are given in
GeV. In the two rightmost columns, we display the signal and background efficiencies after (1st cut)[1st+2nd cuts]all cuts in %

MZ ′ pT > |η| < |Mee − Mc| < δM εS(%) εB (%)

500 189 2.00 485 ± 65 (96.8)[96.8]11.1 (98.9)[30.5]0.005

1500 444 0.92 1461 ± 88 (78.3)[26]20.1 (22)[1.8]0.01

2500 991 0.45 2547 ± 64 (52.2)[22.8]15 (1.8)[0.4]0.01

3500 1481 1.02 3072 ± 78 (5.1)[5.1]3.9 (0.02)[0.02]0.005

4500 1482 0.48 3086 ± 91 (4.6)[4.6]3.5 (0.02)[0.02]0.005

Nσ = L × εSσS√
L × εBσB + (ε

sys
B × L × εBσB)2

, (3)

where σS(εS) and σB(εB) represent the cross section (selec-
tion efficiency) of the signal and the backgrounds, respec-
tively. The integrated luminosity is denoted by L , while ε

sys
B

is the systematic uncertainty in the background rate.
The best cuts along with the cut-flow for some represen-

tative Z ′ masses are shown in Table 2 for the Z ′ leptophilic
model and in Table 2 for the 331 models. The cut in the
e+e− mass was performed by searching for the best win-
dow around the signal peak to select the events. For each Z ′
mass, 4 × 105 random searches were performed in the cut
thresholds space of pT (l), |η(l)|, and e+e− window around
the signal peak. The search is agnostic of the Z ′ mass, and
the algorithm is able to identify the resonance peak without
any previous information about the model parameters.

The background efficiencies are tiny for each Z ′ mass,
while the signal efficiency increases from light towards heavy
Z ′ bosons, reaching a maximum at 2.5 TeV mass, approxi-
mately, in all models. Tables 2 and 3 show that higher signal
efficiencies are achieved by hardening the pT threshold and
selecting more centrally produced events in the detector. As
anticipated, the signal efficiencies drop to ∼ 4%, or less,
when the boson’s mass is above the energy collider.

We show, in Fig. 4, the luminosity required to exclude a
Z ′ at 95% confidence level (CL) or to discover its signal in
the 3 TeV CLIC. A 3-3-1 Z ′ will demand around one order
of magnitude more data compared to leptophilic ones. Yet, 1
ab−1 will suffice for the less promising case, while luminosi-
ties as low as 100 pb−1 will be needed for the most promising
scenarios. It is known that LHC already places MZ ′ > 4 TeV

[86]. CLIC will also present discovery potential for masses
above 4 TeV as shown in Fig. 4 for these models. Neverthe-
less, it is worth pointing out that in the Multi-TeV Z ′ mass
regime, CLIC has the potential to discover such a boson with
less than 1 fb−1 of data (See Fig. 4b). This clearly shows
that even if LHC happens to discover a Z ′ boson with a
mass larger than CLIC’s center-of-mass energy, CLIC will
still play an important role in constraining its properties in a
similar vein to LEP back in time.

Anyway, there is room for improvement if we combine
the signal for final state muons [18], which should nearly
double the signal cross section after cuts depending on the
Z ′ mass. One can discriminate the leptophilic from the 3-3-1
hypothesis by looking for a resonance at different channels,
such as dijets.

An interesting possibility is that the Z ′ mediates the inter-
actions between dark matter and the SM spectrum. In that
case, due to the diminished branching ratio into leptons, the
integrated luminosity to reach the sensitivity we forecast here
will be larger but, given these excellent prospects for discov-
ery and exclusion, observing this new boson at CLIC will
probably remain viable. We plan to investigate the Z ′ phe-
nomenology at CLIC in scenarios with a dark matter candi-
date in the future.

4 Conclusions

In this work, we investigate the prospects of the 3 TeV CLIC
to unravel new physics associated with a new weak interac-
tion coupling to electrons and positrons. If this new interac-
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Fig. 4 The required luminosity, in fb−1, for 95% CL exclusion and 5σ discovery, in 3 TeV CLIC, of the leptophilic (left panel) and 331RHN/331LHN
Z ′ boson (right panel)

tion couples feebly to quarks, then an e+e− collider is the
suitable machine to search for that leptophilic interaction.
We found that an optimized kinematics cuts strategy search
for e+e− → e+e− benefits from resonant and non-resonant
contributions from a Z ′ improving the mass reach of the col-
lider.

In the leptophilic case, Z ′ masses from 100 GeV up to 5
TeV can be excluded at 95% C.L. with less than 10fb−1 if
the strength of couplings with leptons is similar to the SM
Z boson, and with up to 100fb−1 for a discovery. By their
turn, LHN and RHN 3-3-1 models will need more data once
couplings to quarks compete for the branching ratios of the
Z ′. Yet, CLIC will surely complement searches performed at
the LHC for 3-3-1 models.

In summary, we proposed that in the same way the sequen-
tial Z ′ boson is a benchmark model for LHC collaboration,
a leptophilic Z ′ with sequential couplings to leptons be for
the CLIC. We justified this argument by assessing the CLIC
discovery potential, which reaches a 5σ detection with less
than 1fb−1 of integrated luminosity for MZ ′ = 1 − 3 TeV.
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