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1 Introduction

A multitude of neutrino oscillation measurements [1, 2] from experiments with solar, atmo-

spheric, reactor and accelerator neutrinos have shown that neutrinos have small non-zero

masses, while the origin of their masses is still a mystery. The Standard model (SM),

which incorporates left-handed neutrinos νL in SU(2)L gauge group doublets, is unable

to generate neutrino mass without giving up gauge symmetry and renormalizability, so

additional particles must be added to extend the SM. The simplest scheme is to intro-

duce n right-handed SM singlet neutrino fields NR. They can couple to the three flavour

neutrinos through Yukawa couplings which result in Dirac mass terms mD(νLNR + h.c.)

after gauge symmetry breaking. More interestingly, these gauge singlet neutrino fields are

also allowed to couple to their own charge conjugate fields to form Majorana mass terms

M(N c
LNR + h.c.). This is known as the type-I seesaw mechanism [3–8], which has strong

theoretical motivation and can be incorporated into many scenarios, such as Left-Right

symmetric gauge theories [9–11]; SO(10) Supersymmetric (SUSY) grand unification [12–

14] and other grand unified theories [15–18]; models with exotic Higgs representations [19–

24]; R-parity violating interactions in Supersymmetry (SUSY) [25] and theories with extra

dimensions [26–28]. Introduction of Majorana masses which are absent in the SM and vi-

olate global U(1) symmetry, will result in lepton number no longer being conserved. Such

unique phenomena, if observed, would provide the most unambiguous evidence for the exis-

tence of a Majorana neutrino. The observed neutrino flavour oscillation phenomena imply

a mixture between the flavour and mass eigenstates of neutrinos. Therefore, via neutral

current (NC) and charged current (CC) interactions, direct collider searches may produce

lepton-number violating processes involving charged leptons which would help establish

the nature of neutrino masses.

The prospects of detecting signals of heavy Majorana neutrinos at hadron colliders have

been thoroughly explored [29–41]. Both the ATLAS and CMS experiments at the LHC

have set limits on the mixing parameters for heavy Majorana neutrino masses between 1
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and 1600 GeV [42–47]. The “smoking gun” signal at hadron colliders is Majorana neutrino

production via the Drell-Yan (DY) process: pp → W ∗ → N`± → `±`±jj. For Majorana

neutrinos lighter than W bosons, the signal production rate is very large because they

can come from on-shell W boson decay, but the jets have small transverse momentum

in this case. There are complex backgrounds to be considered when detector effects are

included. In order to discriminate against hadronic backgrounds at the LHC, more stringent

acceptance cuts are applied which restrict the sensitivity of hadron colliders in the low mass

region. Without such hadronic backgrounds, lepton colliders have significant advantages for

Majorana neutrino detection in the low mass region. Considering different ongoing projects

of the next generation lepton colliders [48–51], it is worth examining the potential for

Majorana neutrino detection at lepton colliders, which provide a much cleaner environment.

2 Models and mixing parameters

We begin our discussion by describing two basic models, to show how Majorana neutrinos

fit into the big picture of the SM particles. Notice that the models displayed here do not

harm the generality of our phenomenological analysis in section 3.

First, let us consider the simplest extension, the well known Type I seesaw with n

right-handed SM singlet neutrino NaR (a = 1, 2, . . . , n). After gauge symmetry breaking,

there are Dirac mass terms coming from the normal Yukawa couplings, as well as Majorana

mass terms. The full neutrino mass terms can be written as [37]

−Lνm =
1

2

 3∑
a=1

n∑
b=1

(νaLm
ν
abNbR +N c

bLm
ν∗
baν

c
aR) +

n∑
b,b′=1

N c
bLBbb′Nb′R

+ h.c. (2.1)

where νaL(a = 1, 2, 3) are three generations of flavour neutrinos defined dynamically with

respect to charged leptons. After diagonalization, they transform into

− Lνm =
1

2

(
3∑

m=1

mνmνmLν
c
mR +

3+n∑
m′=4

mNm′N
c
m′LNm′R

)
+ h.c. (2.2)

with the following mixing relations between flavour and mass eigenstates

νaL =
3∑

m=1

UamνmL +
3+n∑
m′=4

Vam′N c
m′L, (2.3)

UU † + V V † = I. (2.4)

In terms of the mass eigenstates, the Lagrangian for the CC and NC interactions is

L = − g√
2
W+
µ

(
τ∑
`=e

3∑
m=1

U∗`mνmγ
µPL`

)

− g√
2
W+
µ

(
τ∑
`=e

3+n∑
m′=4

V ∗`m′N c
m′γ

µPL`

)

− g

2 cosW
Zµ

(
τ∑
`=e

3+n∑
m′=4

V ∗`m′N c
m′γ

µPLν`

)
+ h.c. (2.5)
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where PL is the left-handed chirality projection operator. As can be seen, U`m is the

non-unitary version of the PMNS mixing matrix in our example, while V`m determines the

weight of the heavy Majorana neutrinos in leptonic CC and NC interactions. The latter will

be the dominant contribution to the lepton-number violation processes at colliders, since

the masses of light neutrinos, namely νm(m = 1, 2, 3), are at most O(eV) [37]. Moreover,

the existence of V`m is also relevant to many other intriguing topics, such as nonunitarity of

the light neutrino mixing matrix as well as lepton flavour violation (LFV) [52–60], lepton

nonuniversality and electroweak precision tests [61–66]. Therefore we can derive constraints

on the heavy neutrino mass and the mixing elements V`m from experimental observations.

Now let us take a look at the decay of the heavy Majorana neutrino. For Majorana

neutrinos heavier than the Higgs boson MN > MH , the decay modes are to a W or a Z

or a Higgs boson plus a corresponding SM lepton. The corresponding partial widths are

proportional to |V`m|2 [67]:

Γ(N → `−W+) =
g2

64π
|V`N |2

M3
N

M2
W

(
1−

M2
W

M2
N

)2(
1 + 2

M2
W

M2
N

)
(2.6)

Γ(N → ν`Z) =
g2

128π
|V`N |2

M3
N

M2
W

(
1−

M2
Z

M2
N

)2(
1 + 2

M2
Z

M2
N

)
(2.7)

Γ(N → ν`H) =
g2

128π
|V`N |2

M3
N

M2
W

(
1−

M2
H

M2
N

)2

(2.8)

For Majorana neutrinos lighter than the W boson MN < MW , the decay is via charged and

neutral current interactions to SM leptons plus pseudoscalar or vector mesons, a detailed

list of which can be found in [37]. Adding all the partial decay widths, the total width of

the heavy Majorana neutrino is [34]

ΓN ≈


∑̀
|V`N |2

GFM
3
N

8
for MN > MZ ,MH

∑̀
|V`N |2

G2
FM

5
N

103
for MN �MW .

(2.9)

It is still quite narrow even for MN ∼ 1 TeV with small mixing angles. For MN �
MW ,MZ ,MH , the decay branching ratios are Br(`−W+) ≈ Br(ν`Z) ≈ Br(ν`H) ≈ 25%.

Another way to incorporate Majorana neutrinos is through SU(2)L lepton triplets

which is known as the Type III Seesaw mechanism [68–70]. Here we employ triplet leptons

ΣL in the representation (1,3,0) of the SM gauge group [70]:

ΣL = Σa
Lσ

a =

(
Σ0
L/
√

2 Σ+
L

Σ−L −Σ0
L/
√

2

)
, Σ±L ≡

Σ1
L ∓ iΣ2

L√
2

, Σ0
L = Σ3

L, (2.10)

where Σ±L have electric charges Q = ±1, and the σa (a = 1, 2, 3) are the usual Pauli

matrices. The relevant Lagrangian for generating neutrinos masses is given by

L =
1

2
Tr[ΣLi /DΣL]− MΣ

2
Σ0
LΣ0c

R −MΣΣ−LΣ+c
R − YΣLΣc

Riσ
2H∗ + h.c. (2.11)
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where the first three are the kinetic and mass terms of the triplet, and the last one is

its Yukawa coupling to the SM left-handed lepton doublet L and Higgs doublet H. After

gauge symmetry breaking, the Yukawa coupling will bring about mass mixing among the

triplet and SM leptons which is key to our process discussed below. In addition to the

mixing between charged triplet leptons Σ±L and SM charged leptons e, µ, τ , which is special

to the Type III Seesaw mechanism, Σ0c
R has the same Yukawa coupling and mass term as

the right-handed neutrino of the Type I Seesaw above.

After an unitary transformation to the mass basis, we use N and E± to denote the

mass eigenstates of triplet leptons, then the gauge eigenstates become

Σ± = UE± −
√

2V `±m, Σ0 = UN − V νm (2.12)

`± = U`±m +
√

2V E±, ν = UN + V νm (2.13)

with |U | ∼ O(1), |V | ∼ YΣv0√
2MΣ

� 1. (2.14)

The relevant gauge interaction Lagrangian in the mass basis is

Lχ0
i − E(eUAµγ

µ + g cos θWUZµγ
µ)E − gUEW−µ γµN

− g

2 cos θW
Zµ

(
V NγµPRν +

√
2V EγµPR`

)
− gW+

µ

(
V νγµPLE +

1√
2
V NγµPR`

)
+ h.c. (2.15)

At tree level, the heavy leptons N and E± are degenerate in mass, and we have [70]

mν ≈
Y 2

Σv
2
0

2MΣ
, MN ≈ME ≈MΣ. (2.16)

However, radiative corrections will create a mass splitting and make the charged E± slightly

heavier than the N . So the available decay channels of the heavy Majorana N here are the

same as that of the Type I Seesaw [69].

One thing we would like to point out is that a “minimal canonical” Seesaw mechanism

is not likely to be the final answer to explain the reality of neutrino mass generation.

Besides, the parameter space of the minimal Seesaw mechanisms is often severely restricted

and unreachable in current experiments. For example, in the minimal, high-scale Type I

Seesaw, we can obtain the following relationship for mixing elements of the Majorana

neutrino [70],

|V`N |2 ∼
mν

MN
. (2.17)

For a heavy neutrino mass of MN ∼ 100 GeV, this implies |V`N |2 ∼ 10−14 − 10−12, well

below any foreseeable experiments can reach. This calls for generalization of the minimal

Seesaw models, which would give rise to greater phenomenology. Hybrid Seesaw models

are one type of variant in which two or more “canonical” mechanisms are combined. For

example, in the Type I+II Hybrid Seesaw model, the light neutrino mass matrix Mν is

given by [70]

Mν = ML −MDM
−1
N MT

D. (2.18)
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Here, MD,MN are respectively the Dirac and Majorana mass matrixes from the Type I

model, whereas ML comes from the Type II mechanism. In this scenario, sub-eV neutrino

masses can arise not only from parametrically small Type I and II masses but additionally

from an incomplete cancellation of the two terms. Hence |V`N |2 could break the relation

in eq. (2.17), and need not be that small.

Since our goal is to study the detection capability of near future experiments, our

analysis in section 3 takes a model-independent phenomenological approach. The heavy

Majorana neutrino mass MN and mixing elements |V`N | are treated as free parameters. So

far, neutrinoless double-β decay (0νββ) experiments have set the most stringent bound on

mixing with electrons [71–73]:

∑
N

|VeN |2

mN
< 5× 10−8 GeV−1. (2.19)

This makes it difficult for colliders to produce events involving electrons. So instead,

we focus on muon relevant signals and seek to improve the detecting sensitivity on VµN .

The most stringent constraint on mixing with muons from LEP2 experiments requires

|VµN |2 . 10−4 − 10−5 for 5 GeV < mN < 80 GeV [74–76]. For neutrinos heavier than the

Z bosons, there are also plenty of researches based on electron colliders [77–85]. However,

due to the limitation of the center-of-mass (c.m.) energy of previous LEP2 experiments, the

most stringent constraint for heavy Majorana neutrino masses between 100 and 1600 GeV

is from the LHC experiments based on the production via the DY process [42–47]. At very

high scales, another production mechanism will come into play, which is the vector boson

fusion (VBF) channel Wγ → N`±, benefiting from its collinear logarithmic t−channel

enhancement [86, 87]. It dominates over the DY mechanism for mN ∼ 1 TeV (770 GeV)

at the 14 TeV LHC (100 TeV VLHC) [87]. Figure 1 summarizes the current constraints

on heavy right-handed neutrino mixing with the muon neutrino [42, 44, 46, 47, 75, 76].

A comprehensive discussion regarding the upper bounds on the mixing elements from all

kinds of experimental and prospective studies can be found in [70, 88–91].

3 Collider signatures

The “smoking gun” signal for heavy Majorana neutrinos at hadron colliders is the like-sign

dilepton final state with two jets and no missing transverse energy: pp → W ∗ → N`± →
`±`±jj [34, 37]. For electron-positron colliders, a similar approach has been proposed to

produce lepton-number violation processes [67, 92]:

e+e− → N`±W∓ → `±`± + 4j (3.1)

with a final state of a same-sign dilepton pair plus four jets and no missing energy. For

the reason mentioned above, we do not hold out much hope that electrons could play a

significant role in this process. Hence we limit the dilepton signature in final states to

be same-sign dimuon µ±µ±, and ignore mixing with the electron (VeN = 0), giving the

most conservative setting to derive bounds on VµN . Representative Feynman diagrams

– 5 –
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Figure 1. Limits at 95% CL on the mixing between the muon neutrino νµ and a single heavy

neutrino in the mass range 1 GeV - 1600 GeV, from different current collider direct searches: L3 [75],

DELPHI [76], ATLAS [42], CMS 8 TeV data [44], and the the trilepton analysis [46] and dilepton

analysis [47] based on CMS 13 TeV data.

with dimuon in final states are displayed in figure 2. Channels involving the eNW vertex

have been omitted. In these diagrams, a Majorana neutrino can be produced on shell

while kinematically accessible, and decays to a muon plus two jets. Due to the resonance

enhancement effect, the total production rate is basically proportional to |VµN |2. For the

Majorana neutrino mass range of our interest, the decay width is small enough so that

the narrow-width approximation (NWA) is applicable. Thus the total cross section of our

signal process can be approximately broken down as

σ(e+e− → µ±µ± + 4j) ≈
σ(e+e− → Nµ± + 2j)Br(N → µ± + 2j) ≡ Sµµσ0 (3.2)

where σ0 is a function of Majorana neutrino mass mN , and independent of the mixing

parameters when the heavy neutrino decay width is narrow. Sµµ is an “effective mixing

parameter” of N with a muon, and in the cases of the minimal Type I and Type III Seesaw,

is defined as [37]

Sµµ =
|VµN |4∑τ
`=e |V`N |2

. (3.3)

This enables us to get a direct understanding of the effect of the mixing parameters. We

calculate the cross sections of the signal process at the CEPC and the ILC energies. In

light of the possibility for a later upgrade of the ILC to 1 TeV, both 500 GeV and 1 TeV

c.m. energies are considered. The total cross section values for different heavy neutrino

masses are shown in figure 3, assuming a benchmark value Sµµ = 10−4. This is the typical

value of the bounds previously simulated at hadron colliders [37]. For mN < MW , the

cross sections almost stay the same. When the mass approaches the c.m. energy limit, the

– 6 –
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(a) (b)

(c)

Figure 2. Three sample Feynman diagrams for the process e+e− → Nµ±W∓ → µ±µ± + 4j.

CEPC

500 GeV ILC

1 TeV ILC

5 10 50 100 500 1000

10- 8

10- 6

10- 4

10- 2

MN(GeV)

(f
b
)

Figure 3. Total cross section for the process e+e− → Nµ±W∓ → µ±µ± + 4j at the CEPC and

ILC (500 GeV and 1 TeV), with Sµµ = 10−4.

– 7 –



J
H
E
P
0
2
(
2
0
1
9
)
1
7
5

cross sections drop sharply. The bumps at approximately 80 GeV correspond to the energy

threshold of on-shell production of W bosons in the decay of Majorana neutrinos. As we

can see, the CEPC has an advantage in the lower Majorana mass range (about 5–100 GeV)

and the 1 TeV ILC in the larger mass range (about 200–900 GeV). We will mainly present

our results at 1 TeV for the ILC.

3.1 Phenomenological Analysis at the CEPC

Based on the discussion in the previous section, we study the Majorana neutrino production

and lepton-number violating process at future lepton colliders. The Circular Electron

Positron Collider (CEPC) proposed by the Chinese high energy physics community is an

ambitious project. Envisioned to operate at
√
s ∼ 250 GeV, CEPC may be able to shed light

on Majorana neutrinos with lower mass (mN < 100 GeV). Compared to linear colliders,

it is easier for circular colliders to achieve a much higher integrated luminosity, which

amounts to 5 ab−1 in the case of CEPC. In this section, we take performance of the CEPC

as benchmark for our numerical analysis [50, 51]. Since the FCC-ee is also planning to run

at the ZH peak for almost the same amount of integrated luminosity [48], the analyses

below also apply to the FCC-ee case. To reach a high particle identification efficiency, we

apply following basic cuts on transverse momentum (pT ) and pseudorapidity (η):

pT (µ) > 5 GeV, η(µ) < 2.5, (3.4)

pT (j) > 5 GeV, η(j) < 2.5. (3.5)

To mimic the effect of detector resolution, we smear the four-momentum of the final state

particles, following the performance specified in refs. [50, 51]. For muons in the final

state, the silicon tracking system provides high track momentum resolution, which performs

approximately as

∆

(
1

pT

)
= 2× 10−5 ⊕ 10−3

pT sin θ
. (3.6)

The energy resolution of jets measured in the Hadron Calorimeter (HCAL) is

δE

E
=

0.3√
E/GeV

⊕ 0.02. (3.7)

To get a detailed understanding of the signal process, we further analyze the kinemat-

ical features of the final states. We choose three different masses m4 = 25, 50 GeV (below

mW threshold) and 100 GeV (above mW threshold) for illustration. The key point is that

there are two well-isolated same-sign muons, with no missing energy. Therefore we calcu-

late the radial distance (∆R =
√

∆η2 + ∆φ2) of different particle pairs in the final states:

∆R``, ∆R`j and ∆Rjj respectively. After normalization, the distributions of the minimal

isolation are shown separately in figure 4(a), (b) and (c). Since all particles in the final

state are visible in principle, by nature there is neither missing transverse momentum nor

missing total energy in the signal process. However, misbalance in the energy-momentum

measurement would still result from finite resolution of detectors, which is simulated by

the smearing effect in eqs. (3.6)–(3.7). This would be regarded as missing transverse mo-

mentum or missing energy. An advantage over hadron colliders is that the c.m. energy at

– 8 –
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mN=25 GeV

mN=50 GeV

mN=100 GeV

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

Rℓℓ

(a) (b)

 

 

 

      













mN=25 GeV

mN=50 GeV

mN=100 GeV

0 5 10 15
0.00

0.05

0.10

0.15

0.20

pT
miss(GeV)

(c) (d)

mN=25 GeV

mN=50 GeV

mN=100 GeV

0 2 4 6 8 10 12 14
0.00

0.05

0.10

0.15

0.20

0.25

pL
miss(GeV)

mN=25 GeV

mN=50 GeV

mN=100 GeV

- 20 - 10 0 10 20
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Emiss(GeV)

(e) (f)

Figure 4. Normalized distributions σ−1dσ/dX for mN = 25, 50 and 100 GeV at the CEPC for

(a) the radial isolation of muon pairs ∆R``; the minimal radial isolation (b) ∆Rmin
`j and (c) ∆Rmin

jj ;

(d) the missing transverse momentum /pT ; (e) the missing longitudinal momentum /pL and (f) the

missing total energy /E. The missing total energy is the c.m. energy 250 GeV minus the sum of

energies of all visible particles in the final state.

an e+e− collider is precisely measurable and adjustable. We exploit this feature by fully

analyzing the missing transverse momentum, missing longitudinal momentum, as well as

missing total energy, and the distributions are plotted separately in figure 4(d), (e) and

(f). In addition, we emphasize the on-shell production of one Majorana neutrino N and at

least one W± boson in the signal process. Normally this could be useful for reconstructing

– 9 –
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pT
miss

pL
miss

Emiss

0 50 100 150
0.000

0.005

0.010

0.015

0.020

missing 4- momentum(GeV)

Figure 5. Normalized distributions σ−1dσ/dX for background channel e−e+ →W+Z+4j,W+ →
µ+ + νµ, Z → µ−µ+ at the CEPC for the missing transverse momentum /pT , missing longitudinal

momentum /pL and missing total energy /E. The missing total energy is the c.m. energy 250 GeV

minus the sum of energies of all visible particles in the final state.

particles from invariant masses of final state particles, which are m(`jj) in N decay and

m(jj) in W± decay. However there are extra muon and jets from other sources which

would impair this, and as we will see later, the missing momentum cuts already achieve

excellent discriminating power. Therefore, the invariant mass cuts are not considered here.

Since the SM Lagrangian conserves lepton number, there is no such process with

∆L = 2 in the SM. However, backgrounds to the like-sign dilepton signal can arise when

some particles are missing from detection. This comes from 4` + 4j final states with two

leptons lost in the beam pipe. By generating all processes with such final states in the SM,

we find most of them are at the level of 10−7 fb. What is left outstanding is the channel of

diboson plus four jets: e−e+ → WZ + 4j, with the two bosons decaying leptonically. We

further analyze the kinematical information of this background channel and find the best

discriminating power comes from missing four-momentum. We display the distributions of

/pT , /pL and /E of the background channel e−e+ → W+Z + 4j,W+ → µ+ + νµ, Z → µ−µ+

in figure 5. Comparing to the distributions of signal events, it is easy to see that /pT and

/E have the best discriminating powers, and could essentially eliminate this background.

Based on the analysis described above, we impose the following cuts to guarantee

qualified events:

∆R`` > 0.4, ∆Rmin
`j > 0.4, ∆Rmin

jj > 0.4, (3.8)

/pT < 10 GeV, /E < 20 GeV. (3.9)

After imposing the basic cuts in eqs. (3.4)–(3.5) and the selection cuts in eqs. (3.8)–(3.9),

all backgrounds are negligibly small. The signal cross sections for different heavy neutrino

masses at the CEPC are shown in figure 6, where we set Sµµ = 10−4 as a benchmark

value. The reduction in rate is mainly due to basic acceptance cuts, especially in the low

mass range. The cross section reaches its maximum when neutrino mass is about 25 GeV,

and then drops with increasing mN . Although the cross section is only at the level of

– 10 –
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Figure 6. Total cross section for the process e+e− → Nµ±W∓ → µ±µ± + 4j after all the cuts in

eqs. (3.4)–(3.5) and eqs. (3.8)–(3.9) at the CEPC, with Sµµ = 10−4.

(a) (b)

Figure 7. Sensitivity on Sµµ at the CEPC. (b) is an enlarged version of (a) in the range of 0–

100 GeV. For comparison, the 95% bound from the L3 [75] and DELPHI [76] searches and simulated

LHC results in [37] are presented.

10−2–10−3 fb, the high integrated luminosity of the CEPC results in a sufficient number of

events produced.

To obtain the signal significance, we consider Poisson statistics for the low event rate.

For instance, a 95% (2σ) bound on the signal for no background would need a signal event

rate NS = Lσ0Sµµ ≥ 3, where L is the integrated luminosity. Our final results for the

sensitivity on the mixing parameter Sµµ are shown in figure 7 together with the L3 [75]

and DELPHI [76] bounds from Z decay and the previous simulated LHC results in [37].

Figure 7(a) displays the mass range of 0–200 GeV, and (b) is a detail view of (a) in the range

of 0–100 GeV. The simulation results at the LHC are based on a c.m. energy of 14 TeV

and an integrated luminosity of 100 fb−1. We see that there is a significant improvement

on detection sensitivity at the CEPC in the mass range of mN = 15–80 GeV. Compared

to previous results, it improves measurement sensitivity on the mixing parameter Sµµ by

roughly one order of magnitude in this mass range. For neutrino masses in the range of

30–50 GeV where the CEPC has the best sensitivity, Sµµ can be probed to about 3× 10−6

at a 2σ level and 7× 10−6 at a 5σ level.
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3.2 Phenomenological analysis at the ILC

Since an e+e− linear collider has the flexibility to operate at different energies and in

different running conditions, experimental programs for the ILC are envisioned at a series

of energies well adapted to individual physics goals. The exact run plan that will be carried

out at the ILC will depend on the situation at the time of the ILC operation, taking into

account new discoveries and measurements from the LHC running. For definiteness in

our numerical simulation, we adopt a canonical program with c.m. energy of 1 TeV and

integrated luminosity 1000 fb−1 [49]. The proposed future lepton colliders in general have

similar detector performance and therefore we apply the same basic acceptance cuts as that

of CEPC on transverse momentum (pT ), pseudorapidity (η), as well as the same smearing

effects, which are

pT (µ) > 5 GeV, η(µ) < 2.5, (3.10)

pT (j) > 5 GeV, η(j) < 2.5. (3.11)

∆

(
1

pT

)
= 2× 10−5 ⊕ 10−3

pT sin θ
, (3.12)

δE

E
=

0.3√
E/GeV

⊕ 0.02. (3.13)

Following a similar approach, we analyze the kinematical features of the final state

particles and present their distributions. Since the ILC is capable of producing much more

massive Majorana neutrinos, we choose mN = 100, 200 GeV and 500 GeV as examples for

illustration. After normalization, the distributions of the minimal isolation of different par-

ticle pairs in the final state: ∆R``, ∆Rmin
`j and ∆Rmin

jj , are shown separately in figure 8(a),

(b) and (c). And figure 8(d), (e) and (f) are respectively the distributions of the missing

transverse momentum /pT , missing longitudinal momentum /pL and missing total energy /E

incurred by finite resolution of the detectors.

At 1 TeV c.m. energy, a significant background comes from production of four on-shell

W bosons, with two like-sign W bosons decaying leptonically and the other two decaying

hadronically:

e−e+ →W+W+W−W− → µ±µ±νν + 4j (3.14)

The same final state can be produced via the process

e−e+ →W±W±W∓jj → µ±µ±νν + 4j (3.15)

We also analysed other possibilities of four on-shell gauge bosons production, for example

e−e+ → ZZW+W− → µ±µ±µ∓ν + 4j (3.16)

Because of the presence of two missing leptons (neutrinos or charged muons), these channels

can be effectively suppressed by appropriate cuts on missing energy. As an illustration, we

plot the distributions of /pT , /pL and /E of the four W bosons channel in figure 9.
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Figure 8. Normalized distributions σ−1dσ/dX for mN = 100, 200 and 500 GeV at the 1 TeV ILC

for (a) the radial isolation of muon pairs ∆R``; the minimal radial isolation (b) ∆Rmin
`j and (c)

∆Rmin
jj ; (d) the missing transverse momentum /pT ; (e) the missing longitudinal momentum /pL and

(f) the missing total energy /E. The missing total energy is the c.m. energy 1000 GeV minus the

sum of energies of all visible particles in the final state.
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Figure 9. Normalized distributions σ−1dσ/dX for background channel e−e+ → W+W+W−W−

→ µ±µ±νν + 4j at the 1 TeV ILC for the missing transverse momentum /pT , missing longitudinal

momentum /pL and missing total energy /E. The missing total energy is the c.m. energy 1000 GeV

minus the sum of energies of all visible particles in the final state.

Figure 10. Total cross section for the process e+e− → Nµ±W∓ → µ±µ± + 4j after all the cuts

in eqs. (3.10)–(3.11) and eqs. (3.17)–(3.18) at the 1 TeV ILC, with Sµµ = 10−4.

Beyond the basic acceptance cuts, we impose the following additional cuts on radial

distance and missing four-momentum to guarantee qualified events:

∆R`` > 0.4, ∆Rmin
`j > 0.4, ∆Rmin

jj > 0.4, (3.17)

/pT < 20 GeV, /E < 40 GeV. (3.18)

After implementing all the cuts in eqs. (3.10)–(3.11) and eqs. (3.17)–(3.18), the SM back-

ground is essentially eliminated and no remaining events survive for the expected luminosity

of 1000 fb−1 at the ILC. The signal cross sections for different heavy neutrino masses at

the ILC are shown in figure 10, where we set Sµµ = 10−4 as a benchmark value. The

reduction in rate is mainly due to basic acceptance cuts, and the cross section gradually

drops with increasing mN .

We adopt Poisson statistics to determine signal significance and our final results for the

sensitivity on the mixing parameter Sµµ are shown in figure 11, compared to previous results

from the L3 [75] and DELPHI [76] searches and the LHC simulations in [37]. Figure 11(a)

displays the mass range of 0–700 GeV, and (b) is a detail view of (a) in the range of 200–

700 GeV. We see that because of its higher c.m. energy, the ILC can improve measurement
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(a) (b)

Figure 11. Sensitivity on Sµµ at the ILC. (b) is an enlarged version of (a) in the range of 200–

700 GeV. For comparison, the 95% bound from the L3 [75] and DELPHI [76] searches and simulated

LHC results in [37] are included.

Figure 12. Sensitivity on Sµµ at the ILC, compared to the updated result at 14 TeV LHC and the

new estimation at 100 TeV VLHC [87].

sensitivity on the mixing parameter Sµµ for more massive Majorana neutrinos. At a 5σ

level, the ILC improves sensitivity by about one order of magnitude for masses between

400 and 600 GeV. At a 2σ level, there is also a slight amount of improvement in the mass

range of 450–600 GeV.

As mentioned before, for large Majorana neutrino masses, the Wγ fusion channel will

become important at hadron colliders for contributing lepton number violating events.

An estimation of the discovery potential at the 100 TeV VLHC is carried out in [87],

combining this new Wγ fusion channel, the DY process and its next-to-next-to-leading

order (NNLO) QCD corrections. The old result of the 14 TeV LHC in [37] has also been

updated in [87], where the NNLO corrections are considered and different events analysis is

employed. We display the new results in comparison to our ILC estimation in figure 12. The

integrated luminosity assumed for the simulation results at the 14 TeV LHC and 100 TeV

VLHC in figure 12 is 100 fb−1. We can see that the ILC has completely lost its advantage

compared to the new results, and higher collision energy is obviously better for very large

neutrino masses.
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4 Summary and conclusions

In this work, we study a production channel of Majorana neutrinos at lepton colliders

that violates lepton number by two units (∆L = 2): e+e− → Nµ±W∓ → µ±µ± + 4j.

This process is of profound importance for understanding the nature of neutrino masses.

Although the cross section for the signal process is relatively small, lepton colliders still have

significant ability to search for signals of Majorana neutrinos due to the clean environment

and high integrated luminosity of the next generation lepton colliders. At the CEPC, the

mixing parameter Sµµ can be probed to about 3 × 10−6 at a 2σ level and 7 × 10−6 at a

5σ level in the neutrino mass range of 30–50 GeV. At the ILC, which has a comparative

advantage in the larger mass range, the measurement sensitivity on Sµµ can be improved

in the range of 450–600 GeV, although future hadron colliders with higher energy and

luminosity are obviously more powerful. In summary, in the mass ranges of 30–50 GeV

and 450–600 GeV, future generation lepton colliders have the potential to make progress

on searching for Majorana neutrinos.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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