
 

Searches for heavy neutrinos at 3 TeV CLIC in fat jet final states*

Yao-Bei Liu (刘要北)1,2†    Jing-Wei Lian (连经伟)1,3

1Henan Institute of Science and Technology, Xinxiang 453003, China
2School of Electro-Mechanical Engineering, Zhongyuan Institute of Science and Technology, Xuchang 461000, China

3Department of Physics, Henan Normal University, Xinxiang 453007, China

mN ≳ 1
N→ ℓ±W∓

JW N→ νh
h→ bb̄ Jh /ET

2σ 5σ
mN |VℓN |2 |VℓN |2

|VℓN |2

Abstract: Heavy Majorana neutrinos (N) are predicted in many models of physics beyond the Standard Model. In
this work, we explore the production and detection prospects of TeV-scale heavy neutrinos (  TeV) at a future
3 TeV Compact Linear Collider (CLIC). We focus on two distinct decay topologies: (i)  with hadronic W
boson decay, leading to a final state with one charged lepton and a hadronic fat-jet ; and (ii)  with sub-
sequent  Higgs  decay ,  yielding  a  Higgs-tagged  fat-jet  and .  Based  on  comprehensive  detector-level
simulations  and  background  analysis,  we  present  both  exclusion  limits  and  discovery  reaches  in  the

–  plane.  We further  extract  95% confidence level  upper  limits  on the mixing parameter , and per-
form a detailed comparison with existing constraints from direct searches at future colliders and indirect global fits.
Our findings demonstrate that a 3 TeV CLIC can improve the sensitivity to  by about two orders of magnitude
compared to the projected reaches of future hadron colliders, while remaining competitive with other CLIC search
channels.
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I.  INTRODUCTION
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Heavy  Majorana  neutrinos  (N) provide  critical  in-
sights into the origin of neutrino masses and lepton num-
ber  violation  (LNV)  [1−5],  where  the  type-I  seesaw
framework  introduces  gauge-singlet  right-handed neutri-
nos .  Through  their  mixing  with  SM  left-handed
neutrinos ,  heavy  mass  eigenstates N emerge contain-
ing  small  components,  with  masses  ranging  from  eV
to  GeV depending on model parameters. These scen-
arios  are  further  constrained  by  neutrinoless  double  beta
decay  ( )  experiments  that  probe  effective  Majorana
masses  at  the  sub-eV  scale  [6]. Consequently,  experi-
mental searches for LNV processes involving heavy neut-
rinos play a vital role in establishing the Majorana nature
of neutrinos [7, 8].

mN |VℓN |2

νℓ
|VℓN |2

The production  cross  section  and decay  width  of  the
heavy neutrino N are critically dependent on both its mass

 and the mixing parameter ,  which characterizes
the flavor-dependent mixing between N and the Standard
Model  neutrino . Current  LHC  searches  have  con-
strained  through  investigations  of  lepton-number-

|VℓN |2 10−5

|VℓN |2 8.0×10−4 6.3×10−2

mN = 90

µ±µ∓e±ν µ±µ∓µ±ν

10−6

violating  (LNV)  signatures,  particularly  in  same-sign
dilepton  plus  dijet  final  states  [9−16].  For  neutrino
masses between 10 and 50 GeV, the most stringent limits
on  reach approximately  [9, 10],  though these
constraints weaken significantly above the Z boson mass
threshold.  Very  recently,  a  stringent  upper  limit  on  the
mixing parameter  in the range –
was  established  for  heavy  neutrino  masses –600
GeV. This  constraint  was derived from a combined ana-
lysis of the  and  channels at the 13 TeV
LHC  with  an  integrated  luminosity  of  138  fb−1 [17].
Complementary  bounds  on  the  mixing  parameters  for
masses below 50 GeV can be derived from W boson de-
cay  analyses  [18].  Notably,  displaced  vertex  searches
have  achieved  even  stronger  sensitivity,  reaching  limits
of order  [19], albeit limited to the low-mass regime
below 10–15 GeV.

While  TeV-scale  heavy  neutrino  production  at  the
LHC  suffers  from  suppressed  cross  sections,  limiting
constraints  on  active-sterile  mixing  [20−27],  alternative
colliders offer complementary probes: electron-proton fa-
cilities enable unique signatures [28−41], muon colliders
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mN ≲ 500
mN ∼ O(1)

√
s = 1.4

5σ |VeN |2 ∼ 10−5 10−6

N→ e±W∓ mN = 600
qqℓ

MN = 200 e−γ
O(10−5) 2σ√

s = 3 mN = 1

access  extreme  mass  ranges  [42−50],  Future  col-
liders provide a unique opportunity to probe heavy neutri-
nos [51]. The International Linear Collider (ILC) [52, 53]
has  been  extensively  studied  for  heavy  neutrino  masses

 GeV, with sensitivity explored in various chan-
nels [56−65]. At higher masses (  TeV and bey-
ond), the Compact Linear Collider (CLIC) [54, 55], with
planned  center-of-mass  energies  of  TeV  and  3
TeV, offers enhanced discovery potential. Recent studies
highlight  CLIC's  sensitivity  across  multiple  signatures:
Ref.  [66]  reports  reach  for –  at  500
fb−1 via  for –2700  GeV,  while  Ref.
[67]  extends  coverage  to  final  states  (Dirac/Major-
ana)  for  GeV–3.2  TeV.  Additionally,  the 
mode  achieves  sensitivity  at  for  same-sign
dileptons at  TeV with –2.5 TeV [68].

mN = 1000

|VeN |2 = |VµN |2
N→ ℓ±W∓ N→ νh

W → qq̄′ h→ bb̄
JW Jh

2σ 5σ

In  this  work,  we  investigate  the  production  of  heavy
Majorana  neutrinos  ( –2900  GeV)  at  a  3  TeV
Compact  Linear  Collider  (CLIC),  assuming  flavor-sym-
metric mixings . We focus on the dominant
decay  channels  and ,  where  CLIC's
high  center-of-mass energy  produces  highly  boosted  fi-
nal states. This enables efficient identification of hadron-
ic  decays  ( , )  through  their  characteristic
fat-jet  signatures  ( , ).  Our  analysis  establishes  both

 exclusion  limits  and  discovery potential,  demon-
strating CLIC's  unique  sensitivity  to  previously  unex-
plored  regions  of  the  heavy  neutrino  parameter  space
beyond current experimental reach.

This paper is organized as follows: Section II presents
the theoretical framework for Majorana neutrino produc-
tion  and  decay.  Section  III  details  the  collider  analysis
methodology, including  signal  and  background  simula-
tions. Finally, we give a summary in Sec. IV. 

II.  THE MODEL

e+e−

S M_HeavyN_LO

N1 N2 N3

Heavy  neutrinos,  as  outlined  in  the  introduction,  are
predicted  by  various  seesaw  models  [5, 69−71].  While
the minimal Type-I seesaw mechanism typically predicts
heavily  suppressed  mixing  angles  for  TeV-scale  heavy
neutrinos, this prediction is in direct tension with the ex-
perimental  sensitivities  explored  in  this  work.  However,
several  well-motivated  extensions,  such  as  the  inverse
seesaw  [72−74] or  other  models  with  protected  sym-
metry, can naturally yield large mixing angles. Therefore,
for  this  study  on  the  sensitivity  reach  of  future  high-en-
ergy  colliders,  we  adopt  a  phenomenological  and
model-independent  approach,  considering  only  mixing-
induced  interactions  between  the  new  neutrinos  and  the
SM.  Our  analysis  is  thus  performed  within  the

 framework  for  Majorana  neutrinos,
which  effectively  extends  the  SM  by  introducing  three
right-handed neutrino singlets ( , , ) under the SM
gauge groups [75−77].

The  model's  Lagrangian  consists  of  the  SM  terms
supplemented by new interactions: 

L =LS M +LN +LWNℓ +LZNν+LHNν (1)

LNwhere  contains  the  kinetic  and  mass  terms  for  the
heavy  neutrinos  (expressed  in  4-spinor  notation
throughout): 

LN =
1
2

3∑
k=1

(
N̄ki/∂Nk −mNk N̄k

C Nk
)
, (2)

with  the  sum  explicitly  indicating  the  three  neutrino
states, and the superscript C denotes the charge conjuga-
tion.

The interaction Lagrangians for heavy neutrinos with
SM gauge and Higgs bosons are given by: 

LWNℓ = −
g√
2

W+
µ

3∑
k=1

τ∑
ℓ=e

N̄kV∗ℓkγ
µPLℓ

−+h.c., (3)

 

LZNν = −
g

2cosθW
Zµ

3∑
k=1

τ∑
ℓ=e

N̄kV∗ℓkγ
µPLνℓ +h.c.,

(4)

 

LHNν = −
gmN

2MW
h

3∑
k=1

τ∑
ℓ=e

N̄kV∗ℓkPLνℓ +h.c., (5)

Vℓkwhere  represents  the  heavy-light neutral  lepton  mix-
ing matrix elements.

The partial decay widths for the three dominant heavy
neutrino decay channels are: 

Γ(N→ ℓW) =
g2

64π
|VℓN |2

m3
N

M2
W

Å
1− M2

W

m2
N

ã2Å
1+2

M2
W

m2
N

ã
,

(6)

 

Γ(N→ νℓZ) =
g2

128π
|VℓN |2

m3
N

M2
W

Å
1− M2

Z

m2
N

ã2Å
1+2

M2
Z

m2
N

ã
,

(7)

 

Γ(N→ νℓh) =
g2

128π
|VℓN |2

m3
N

M2
W

Å
1− M2

h

m2
N

ã2

. (8)

mN ≫ MW ,MZ ,MhIn  the  heavy  mass  limit  ( ),  the
branching ratios approach the simple ratio: 

BR(N→ ℓW) : BR(N→ νZ) : BR(N→ νh) ≃ 2 : 1 : 1. (9)
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mN ≥ 1000
BR(N→ ℓW) ≈

For  our  region  of  interest  (  GeV), this  corres-
ponds to  50%, making the charged lepton
channel  particularly  prominent  for  heavy  neutrino
searches. 

III.  COLLIDER SIMULATION AND ANALYSIS
 

A.    Production cross section

|VℓN |2 = |VeN |2 = |VµN |2 , 0
ℓ = e,µ |VτN |2 = 0

N2 N3

|VℓN |2
10−4

cτ≪ 1

To simplify our analysis, we consider a minimal scen-
ario with a single generation of heavy Majorana neutrino
N that  mixes  exclusively  with  electron  and  muon  flavor
active  neutrinos.  This  framework  assumes  flavor-sym-
metric  mixing  parameters  (for

),  while  setting .  The  remaining  heavy
neutrinos  and  are  decoupled with masses  fixed at
10  TeV and  all  their  mixing  parameters  set  to  zero.  For
reference sample generation, the mixing parameter 
has  been  set  to .  For  our  choice  of  the  parameter
space,  the  heavy  neutrino  has  a  microscopic  lifetime
(  nm) and no displaced vertices are expected.

e+e−

σ(e+e−→ νN) mN

|VℓN |2 = 10−4
√

s = 3

mN = 2

mN

At  colliders, the  dominant  production  mechan-
isms proceed through s-channel Z boson exchange and t-
channel W boson  exchange. Figure  1 shows the  calcu-
lated cross sections  as a function of  for
a fixed mixing parameter  at a center-of-mass
energy  of TeV,  comparing  scenarios  with  and
without initial state radiation (ISR) and beamstrahlung ef-
fects. These  calculations,  performed at  leading  order  us-
ing  MᴀᴅGʀᴀᴘʜ5_ᴀMC@NLO  [78], reveal  that  ISR  ef-
fects  moderately  reduce  the  production  cross  section
across  the  mass  range.  For  instance,  at  TeV,  the
cross  section  decreases  from  6.03  fb  (without  ISR)  to
4.95 fb (with ISR). While the overall production rate nat-
urally  decreases  with  increasing  due  to  phase  space
suppression.

N→ ℓ±W∓ N→ νh

JW Jh

We investigate  the  discovery  potential  of  heavy  Ma-
jorana  neutrinos N through  comprehensive  Monte  Carlo
simulations of  signal  and background processes at  CLIC
energies. Our  analysis  focuses  on  two  characteristic  de-
cay  channels:  and ,  where  the  high
boost of the W and Higgs bosons leads to collimated had-
ronic  decays  forming  distinctive  fat-jets  (  and  re-
spectively).  The  key  final-state signatures  are  character-
ized by: 

Case1 : e+e−→ νN→ ℓ±W∓ν→ ℓ±+ JW + /ET ,

Case2 : e+e−→ νN→ ννh→ Jh+ /ET ,

JW W → qq̄′

Jh h→ bb̄ /ET

ℓ± e± µ±

where  represents  a  2-prong fat  jet  from  de-
cay,  is  a b-tagged  2-prong  jet  from ,  de-
notes missing transverse energy from all neutrino contri-
butions,  and  refers  to  isolated  or  leptons.  The
complete  production and decay topology is  illustrated  in
Fig.  2,  showing  both  the t-channel W-exchange  and s-
channel Z-exchange processes.

delphes_card_CLICdet_Stage3_fcal.
tcl

R = 1.0 β = 1 γ = 1

We simulate the signal and background processes us-
ing a complete Monte Carlo workflow. The event genera-
tion  is  performed  at  leading  order  using
MᴀᴅGʀᴀᴘʜ5_ᴀMC@NLO  [78],  with  subsequent  parton
showering  and  hadronization  handled  by  Pʏᴛʜɪᴀ  8.20
[79]. Detector effects are incorporated through fast simu-
lation with Delphes 3.4.2 [80], using the dedicated CLIC
detector  card  (

) [81] that accounts for the unique detector geometry
and  performance  specifications.  For  jet  reconstruction,
we employ  the  Valencia  Linear  Collider  (VLC)  al-
gorithm  [82, 83]  with  parameters  ( , , )
optimized  for  the  high-energy lepton  collider  environ-
ment.  The b-jet  identification  uses  the  medium  working
point  with  70%  efficiency  for b-quark  jets,  along  with
corresponding misidentification rates for charm and light
jets. The final event analysis and statistical interpretation
are conducted using MadAnalysis5 [84, 85].

ℓ±+ JW + /ET

e+e−→ ℓ±ν j j
WW

e+e−→ νν̄W+W− W → ℓν
W → qq̄′

Jh+ /ET e+e−→ νν̄h
h→ bb̄ e+e−→ νν̄Z

e+e−→W+W−

tt̄h

The dominant SM backgrounds are categorized by fi-
nal  state  topology:  for  Case  1  ( ),  the  main
backgrounds arise from  processes (compris-
ing  on-shell  production, t-channel W-exchange dia-
grams,  and  off-shell  gauge  boson  contributions)  as  well
as  with  mixed  decays  (  plus

)  and  fully  hadronic W decays;  for  Case  2
( ),  the  dominant  backgrounds  include 
with ,  with the Z boson decaying had-
ronically,  and  with  mixed  decays  where
one W decays hadronically while the other decays lepton-
ically with the charged lepton ℓ escaping detection, while
processes  with  negligible  cross  sections  after  selection
cuts (such as Zhh, ZZh, and ) are omitted from our ana-
lysis.

Tables 1 and 2 summarize the cross sections for both

 

e+e−→ νN mN

|VℓN |2 = |VeN |2 = |VµN |2 = 10−4

Fig.  1.    (color online) The  production  cross  section  of
 as  a  function  of  at  the  3  TeV  CLIC  with

.
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√
s = 3

|VℓN |2 = 10−4

signal  processes  and  SM  backgrounds  at  TeV
CLIC, including the effects of initial state radiation (ISR)
and beamstrahlung.  The  signal  cross  sections  are  calcu-
lated assuming  for two benchmark scenarios,
while the background processes include all  relevant  pro-
duction channels with their dominant decay modes.

To identify  objects,  we  choose  the  basic  cuts  at  par-
ton level for the signals and SM backgrounds as follows: 

pℓ/ j
T > 10 GeV, |ηℓ| < 2.5, |η j| < 5 (10)

pℓ, jT |ηℓ/ j|where ,  are the transverse momentum and pseu-

dorapidity of leptons and jets. 

1ℓ+ JW + /ETB.    Case 1:  analysis

mN = 1000

pℓ,JT ηℓ

MJ /ET

MℓJ

Figure 3 displays the differential distributions for sig-
nal  events  with  Majorana  neutrino  masses ,
1500, 2000, and 2500 GeV, along with relevant SM back-
grounds.  The distributions include:  the lepton and fat  jet
transverse momenta ( ), lepton pseudorapidity ( ), fat
jet  invariant  mass  ( ),  missing  transverse  energy  ( ),
and  the  reconstructed  neutrino  mass  ( ).  The  heavy
Majorana neutrino leads to distinctive kinematic features:
its  decay products  are  highly boosted,  producing leptons
and fat  jets  with  significantly  larger  transverse  mo-

 

Fig. 2.    (color online) The Feynman diagrams of processes for Case 1 and Case 2.

 

|VℓN |2 = 10−4Table 1.    Cross sections (in fb) of signals for two cases at 3 TeV CLIC with , including ISR and beamstrahlung effects.

Mass (GeV) Case 1 Case 2 Mass (GeV) Case 1 Case 2

1000 2.85 1.24 2000 1.54 0.68

1100 2.75 1.19 2100 1.39 0.62

1200 2.63 1.15 2200 1.22 0.55

1300 2.52 1.11 2300 1.06 0.47

1400 2.38 1.05 2400 0.90 0.40

1500 2.27 1.00 2500 0.73 0.33

1600 2.12 0.94 2600 0.57 0.25

1700 1.99 0.88 2700 0.41 0.18

1800 1.84 0.82 2800 0.26 0.12

1900 1.70 0.75 2900 0.11 0.05

 

Table 2.    SM background processes and their corresponding cross sections at 3 TeV CLIC, including ISR and beamstrahlung effects.

Case SM Process Decay Channels Cross section (fb)

Case 1
e+e−→ ℓ±ν j j – 499

e+e−→ νν̄W+W− W → ℓν W → qq̄′, 33.8

Case 2

e+e−→ νν̄h h→ bb̄ 269

e+e−→ νν̄Z Z→ bb̄ Z→ qq̄ or 1410

e+e−→W+W− W → ℓν W → qq̄′, 115

Yao-Bei Liu, Jing-Wei Lian Chin. Phys. C 50, (2026)
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ηℓ ≈ 0

/ET

MℓJ

mN

mentum  compared  to  background  processes.  Signal
leptons  predominantly  appear  in  the  central  region
( ),  while  background  leptons  tend  to  populate  the
forward region. Background processes dominate the high

 region  due  to  contributions  from  multiple  neutrinos
and  potential  detector  effects.  The  invariant  mass 
distribution  clearly  reveals  the  mass  peaks  for  different

 hypotheses.
We employ the following sequential selection criteria

to optimize signal extraction:
 

/ET < 150● Cut-1: Missing energy cut:  GeV
 

● Cut-2: Fat jet selection:
 

pJ
T > 300–  GeV
|MJ −mW | < 15–  GeV (consistent with hadronic W de-

cay)
 

● Cut-3: Lepton selection:
N(ℓ) = 1– Exactly one charged lepton ( )

|ηℓ| < 1.5– 

– Transverse momentum requirements:
pℓT > 350 1000 ≤ mN ≤ 1400*  GeV for  GeV
pℓT > 500 1500 ≤ mN ≤ 1900*  GeV for  GeV
pℓT > 600 mN ≥ 2000*  GeV for  GeV

 
● Cut-4: Invariant mass cut:

MℓJ > 900 1000 ≤ mN ≤ 1400–  GeV for  GeV
MℓJ > 1400 1500 ≤ mN ≤ 1900–  GeV for  GeV
MℓJ > 1900 mN ≥ 2000–  GeV for  GeV

 

mN = 1000

σafter cut = σ0× ϵcut σ0

ϵcut

We report the efficiencies for signal processes at three
benchmark  mass  points  ( ,  1500,  and  2000
GeV) and  their  corresponding  SM  backgrounds  follow-
ing the  sequential  application  of  selection  cuts,  as  de-
tailed  in Table  3.  The cross  sections  after  each selection
stage  are  computed  using: ,  where 
represents the initial production cross section and  de-
notes the cumulative efficiency up to that cut. The incre-
mental efficiency for  each individual  cut  can be  determ-
ined from the ratio of consecutive cross-section values.

1.27 fb
After  applying  the  full  selection  criteria,  the  total

background cross section is reduced to  in the mass

 

mN = 1000Fig.  3.    (color online) Normalized  distributions  for  the  four  signals  (with ,  1500,  2000,  and  2500  GeV  and  relevant  SM
backgrounds for Case 1.
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1000 ≤ mN ≤ 1400 GeV
0.86 fb 1500 ≤ mN ≤ 1900 GeV 0.59 fb

mN ≥ 2000 GeV

range ,  decreasing  further  to
 for  and  reaching 

for  the  heavy  mass  regime  ( ).  The  signal
cross sections after all cuts are presented in Table 4. 

Jh+ /ETC.    Case 2:  analysis

mN = 1000

pJ
T MJ

/ET

Jh

To optimize background suppression,  we systematic-
ally analyzed  the  normalized  distributions  of  key  kin-
ematic variables for signal benchmarks ( , 1500,
2000,  and 2500 GeV and SM backgrounds (Fig.  4).  The
studied  variables  include:  fat  jet  transverse  momentum
( ),  fat  jet  invariant  mass  ( ) and  the  missing  trans-
verse energy ( ). The analysis reveals distinct kinemat-
ic  features:  signal  events  exhibit  significantly  higher
missing transverse energy compared to SM backgrounds,
while the invariant mass distribution of Higgs-originated
fat  jets  ( )  shows  a  clear  peak  around  the  Higgs  boson
mass.

Based  on  these  kinematic  studies,  we  implement  the
following optimized selection criteria:
 

N(ℓ) ≥ 1● Cut-1: Lepton veto: Reject events with  to
suppress leptonic backgrounds
 

● Cut-2: Fat jet selection:
MJ > 100 GeV– Invariant mass requirement: 

– Transverse  momentum  thresholds  (signal-mass-de-
pendent):

pJ
T > 300 GeV 1000 ≤ mN ≤ 1400 GeV*  for 

pJ
T > 400 GeV 1500 ≤ mN ≤ 1900 GeV*  for 

pJ
T > 500 GeV mN ≥ 2000 GeV*  for 

 
● Cut-3: Missing energy requirements:
/ET > 350 GeV 1000 ≤ mN ≤ 1400 GeV–  for 
/ET > 550 GeV 1500 ≤ mN ≤ 1900 GeV–  for 
/ET > 700 GeV mN ≥ 2000 GeV–  for 

 

mN = 1000

10.26 fb
1000 ≤ mN ≤ 1400 GeV 2.57 fb 1500 ≤ mN ≤

1900 GeV 1.07 fb mN ≥ 2000 GeV

We report the selection efficiencies for signal bench-
marks  at  three  representative  mass  points  ( ,
1500, and 2000 GeV) and their corresponding SM back-
grounds following the sequential kinematic selections de-
tailed  in Table  5.  The  analysis  demonstrates  significant
background suppression  exceeding  two  orders  of  mag-
nitude  while  maintaining  signal  efficiencies  above  45%
across all mass points. The complete selection criteria re-
duce  the  total  background  cross  section  to 
( ),  (

),  and  ( ).  The  signal
cross sections after all cuts are listed in Table 6.
 

D.    Statistical analysis
Zdisc ZexclThe  discovery  ( )  and  exclusion  ( ) signific-

ances are computed using [86]:
 

 

mN = 1000Table 3.    Cut flow efficiencies for signal benchmarks ( , 1500, and 2000 GeV) and dominant backgrounds in Case 1.

Selection Cuts
Signal Efficiency Background Efficiency

1000 GeV 1500 GeV 2000 GeV ℓ±ν j j νν̄W+W−

σ0( f b) 2.85 2.27 1.54 499 33.8

/ETCut 1 ( ) 0.75 0.75 0.75 0.28 0.54

Cut 2 (Fat jet) 0.46 0.60 0.64 0.04 0.004

Cut 3 (Lepton)

mN　 =1000 GeV 0.28 – – 0.003 0.0018

mN　 =1500 GeV – 0.39 – 0.0021 0.0012

mN　 =2000 GeV – – 0.44 0.0015 0.00083

MℓJCut 4 ( )

mN　 =1000 GeV 0.27 – – 0.0024 0.0017

mN　 =1500 GeV – 0.35 – 0.0017 0.001

mN　 =2000 GeV – – 0.38 0.0012 0.00069

 

|VℓN |2 = 10−4

Table 4.    Signal cross sections (in fb) after all selection cuts
for Case 1 at 3 TeV CLIC with .

Mass (GeV) Cross section Mass (GeV) Cross section

1000 0.77 2000 0.58

1100 0.91 2100 0.63

1200 0.95 2200 0.56

1300 0.99 2300 0.51

1400 0.98 2400 0.43

1500 0.79 2500 0.36

1600 0.87 2600 0.29

1700 0.85 2700 0.21

1800 0.83 2800 0.13

1900 0.76 2900 0.06
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Zdisc =
√

2[(s+b) ln(1+ s/b)− s], (11)

 

Zexcl =
√

2[s−b ln(1+ s/b)], (12)

Lint

where s and b denote the expected number of signal and
background  events,  respectively,  for  a  given  integrated
luminosity ( ).

2σ 5σ
|VℓN |2 mN

Lint = 1−3 ab−1

|VℓN |2 = |VeN |2 = |VµN |2
mN ≲ 2900 GeV

mN = 1000−2500 GeV 2σ O(10−6−10−5)

Figure 5 presents the  exclusion limits and  dis-
covery reaches in the –  plane for a 3 TeV CLIC
with ,  assuming flavor-symmetric mixings

. The  CLIC  sensitivity  exceeds  in-
direct  global  constraints  [87] for .  Across

,  limits  of  are
found  for  Case  1,  which  provides  stronger  constraints

 

Fig. 4.    (color online) Normalized distributions for the signals and relevant SM backgrounds for Case 2.

 

mN = 1000Table 5.    Cut flow efficiencies for signal benchmarks ( , 1500, and 2000 GeV) and dominant SM backgrounds in Case 2.

Cut
Signal Background

1000 GeV 1500 GeV 2000 GeV νν̄h νν̄Z W+W−

σ0  (fb) 1.24 1.00 0.68 269 1411 115

Cut 1 (Lepton veto) 1.0 1.0 1.0 1.0 1.0 0.77

Cut 2 (Fat jet)

mN　 =1000 GeV 0.55 – – 0.036 0.0038 6.07e-4

mN　 =1500 GeV – 0.65 – 0.015 0.0021 6.05e-4

mN　 =2000 GeV – – 0.69 0.007 0.0012 5.74e-4

/ETCut 3 ( )

mN　 =1000 GeV 0.47 – – 0.023 2.84e-3 2.05e-4

mN　 =1500 GeV – 0.48 – 4.77e-3 9.0e-4 1.28e-4

mN　 =2000 GeV – – 0.53 1.77e-3 4.17e-4 9.2e-5

 

|VℓN |2 = 10−4

Table 6.    Signal cross sections (in fb) after full selection cuts
for Case 2 at 3 TeV CLIC with .

Mass (GeV) Cross section Mass (GeV) Cross section

1000 0.58 2000 0.36

1100 0.65 2100 0.35

1200 0.69 2200 0.33

1300 0.69 2300 0.29

1400 0.69 2400 0.26

1500 0.48 2500 0.22

1600 0.51 2600 0.17

1700 0.51 2700 0.12

1800 0.49 2800 0.073

1900 0.48 2900 0.035
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mN = 2 TeV 5σ
|VℓN |2 = 2.1×10−5 1 ab−1 1.2×10−5

3 ab−1 5.1×10−5 2.9×10−5

2σ 8.6×10−6

1 ab−1 4.9×10−6 3 ab−1 2.0×10−5

1.1×10−5

than Case 2. For , the  discovery reach for
Case  1  is  ( )  and 
( ), compared to  and  for Case 2.
Similarly,  the  exclusion  limits  reach 
( ) and  ( ) for Case 1, and 
and  for Case 2.

|VeN |2 , 0
e+e−→ νeN→ e±W∓

√
s = 1.4

qqℓ

|VℓN |2
mN ∈ [200GeV,3.2TeV]

V2
eN = V2

µN = V2
τN

|VµN |2 O(10−6−10−5)
√

s = 3
O(10−7−10−6)

√
s = 10

Recent  studies  of  heavy  neutrinos  at  3  TeV  CLIC
have  employed  complementary  approaches.  Chakraborty
et  al.  [66]  studied  flavor-specific  mixing  ( )  via
the  channel  (with  hadronic W de-
cays) at both  and 3 TeV, though their 5σ sensit-
ivity  projections  used  only  500  fb−1 of  unpolarized  data.
In  contrast,  Mekala  et  al.  [67]  analyzed  final  states
using  Boosted  Decision  Trees  (BDT)  with  4  ab−1 integ-
rated luminosity and -80% electron polarization (unpolar-
ized  positrons),  obtaining  95%  CL  limits  on  for
masses  under the  universal  mix-
ing hypothesis . Besides, future muon col-
liders  can  probe  down to  at 
TeV (1 ab−1) and  at  TeV (10 ab−1),
respectively [44].

pp→ 2µℓX

√
s = 3 TeV Lint = 4 ab−1 (Pe+ ,Pe− ) =

Zexcl = 1.645

Figure  6 compares  our  results  in  Case  1  with  these
previous  constraints  and  includes  FCC-hh  projections
[21]  for  processes  (30  fb−1) as  a  hadron  col-
lider  benchmark.  For  direct  comparison  with  previous
CLIC  studies  [66, 67],  we  adopt  identical  accelerator
parameters: , , and  (0,
−80%) beam polarization1). Our analysis significantly ex-
tends  Ref.  [66]  by  properly  accounting  for  polarization
effects - while  the  original  study  used  unpolarized  cross
sections,  we  demonstrate  that  the  (0, −80%) configura-
tion enhances both signal and background processes by a
consistent factor  of  1.8.  Using these corrected cross sec-
tions,  we  derive  updated  95%  CL  exclusion  limits
( )  that  reflect  realistic  CLIC  operation.  Our
results  conclusively  establish  that  a  3  TeV  CLIC  would
achieve  sensitivity  to  heavy  neutrino  mixing  parameters

that is  improved  by  approximately  two  orders  of  mag-
nitude  relative  to  projected  hadron  collider  capabilities,
while  maintaining  competitive  performance  with  other
CLIC search channels. 

IV.  CONCLUSION AND DISCUSSION

N→ ℓ±W∓ N→ νh

N→ ℓ±W∓ W →
1ℓ+ JW + /ET N→ νh h→ bb̄

We  present  a  comprehensive  investigation  of  heavy
Majorana  neutrino  (N)  production  and  detection  at  a  3
TeV  CLIC.  In  the  high-mass  regime  (1–2.9  TeV),  we
analyze two distinctive decay channels  where the W and
Higgs  bosons  from  and  decays  are
highly  boosted,  resulting  in  collimated  hadronic  decay
products  that  form  characteristic  fat-jet  signatures:  (i)
Case 1:  with  hadrons, yielding the final
state ;  and  (ii)  Case  2:  with ,

 

2σ 5σ mN |VℓN |2Fig.  5.    (color online) Exclusion  limits  ( )  and  discovery  reach  ( )  for  (a):  Case  1,  and  (b):  Case  2  in  the -  parameter
space.

 

|VℓN |2 −mN Lint = 4 ab−1 Pe+ = 0

Pe− = −0.8
µ+µ−

Fig.  6.    (color online) 95%  CL  exclusion  limits  in  the
 plane  for  3  TeV  CLIC  ( , ,
),  compared  with:  FCC-hh  direct  searches  [21],

 colliders  [44],  previous  3  TeV  CLIC  studies  [66, 67]
with identical luminosity and polarization, and indirect global
constraints [87].

Yao-Bei Liu, Jing-Wei Lian Chin. Phys. C 50, (2026)

1) The effects of beam polarization were not considered in the aforementioned previous analysis. The current results, which include this effect, allow for a more dir-
ect comparison with other references.
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Jh+ /ETproducing  final states.

|VℓN |2
mN = 1000−2900 GeV

Through comprehensive detector-level simulations of
both  signal  processes  and  relevant  SM backgrounds,  we
establish  the  following  sensitivity  ranges  for  the  heavy
neutrino  mixing  parameter  in  the  mass  range

:
 

1ℓ+ JW + /ET● Case 1 (  final states):
|VℓN |2 ∈ [6.9×10−6,9×10−5]– 1 ab−1: 
|VℓN |2 ∈ [3.9×10−6,5.1×10−5]– 3 ab−1: 

|VℓN |2 ∈ [2.1×
10−6,2.7×10−5]

– 4  ab−1 (−80%  electron  polarization): 

 
Jh+ /ET● Case 2 (  final states):
|VℓN |2 ∈ [1.9×10−5,2.0×10−4]– 1 ab−1: 
|VℓN |2 ∈ [1.1×10−5,1.1×10−4]– 3 ab−1: 

|VℓN |2 ∈ [1.7×
10−5,1.8×10−4]

– 4  ab−1 (−80%  electron  polarization): 

 

e+e−
These findings demonstrate that the clean experiment-

al  environment  of  collisions offers  unique  advant-

ages  for  precision  measurements  of  the  neutrino  mixing
parameters. While this study focuses on the heavy Major-
ana neutrino scenario, it is worth discussing its relation to
the  Dirac  case.  For  the  on-shell  production  considered
here,  the  primary  difference  lies  in  the  total  width:  a
heavy Dirac  neutrino  has  twice  the  width  of  a  Majorana
neutrino  with  the  same  mass  and  coupling,  leading  to  a
larger production cross-section and consequently stronger
exclusion limits for the Dirac type under the same condi-
tions [67]. This suggests that our limits, when interpreted
conservatively,  also  apply  to  the  Dirac  scenario.  More
importantly, future work aimed at distinguishing the two
possibilities could  leverage  differential  kinematic  distri-
butions.  For  instance,  the  lepton  angular  distribution  in
the  neutrino's  rest  frame is  expected  to  be  forward  for  a
Dirac neutrino but isotropic for a Majorana neutrino due
to  the  interference  between  its  particle  and  antiparticle
decay modes. Promisingly, methods such as analyzing the
rapidity  distribution  peak  with  single  lepton  tagging,  as
proposed  in  [50], offer  a  clear  path  forward  for  experi-
mental verification at future lepton colliders.
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