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We explore the discovery potential of heavy neutral leptons (HNLs), motivated by models addressing the
origin of neutrino masses, at the proposed high-energy same-sign muon collider known as μTRISTAN. The
study focuses on two complementary HNL-mediated signatures: (i) the lepton-flavor-violating (LFV)
channel μþμþ → Wþτþν̄μ and (ii) the lepton-number-violating (LNV) channel μþμþ → WþWþ. The LNV
process is the muon analogue of inverse neutrinoless double beta decay and, if observed, would provide
strong evidence for Majorana neutrinos, while the LFV process offers a novel probe of flavor-changing
neutral currents in the lepton sector. At the μTRISTAN collider with

ffiffiffi
s

p
∼Oð10Þ TeV, the resulting

sensitivity to the HNL mixing with muon and tau neutrinos, as a function of mass, can surpass current
bounds from the measurements of electroweak precision observables over a broad mass range. In particular,
for the mixing with muon neutrinos, the collider bound can improve by an order of magnitude for 5–10 TeV
HNLs.
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I. INTRODUCTION

The discovery of the Higgs boson at a mass of approx-
imately 125 GeV by ATLAS and CMS Collaborations at
the Large Hadron Collider (LHC) [1,2] marked a major
milestone in particle physics, confirming the mechanism of
electroweak symmetry breaking and completing the par-
ticle content of the Standard Model (SM). As the LHC
enters its high-luminosity phase, no clear evidence of
physics beyond the SM has yet been observed. A key
focus of the high-luminosity LHC (HL-LHC) will be to
continue the search for new physics and to investigate the
properties of the Higgs boson in greater detail through
precision measurements of its couplings. Despite the SM’s
remarkable success, it remains incomplete. It fails to
account for several fundamental phenomena, including
the nature of dark matter, the origin of neutrino masses,

the observed matter-antimatter asymmetry in the Universe,
and the flavor structure of fermions. The lack of new
physics signals so far has motivated the exploration of
complementary experimental strategies and next-genera-
tion collider facilities aimed at addressing these open
questions.
In light of this, a wide range of proposed future colliders

aims to extend the reach of the LHC. Lepton colliders, in
particular, offer clean experimental environments for pre-
cision studies of the Higgs sector and electroweak inter-
actions, while also providing complementary sensitivity to
beyond-the-SM (BSM) scenarios. Facilities under consid-
eration include the Future Circular Collider [3], the
International Linear Collider [4–8], the Linear Collider
Facility [9], the Compact Linear Collider [8,10], the Cool
Copper Collider [11,12], the HALHF project [13,14], the
Circular Electron Positron Collider [15], LEP3 [16] and the
Muon Collider [17].
Among these proposals, muon colliders have emerged as

a very interesting future possibility. They combine the
advantages of pointlike collisions with the ability to reach
multi-TeV center-of-mass energies, while avoiding signifi-
cant synchrotron radiation losses [17–23]. Traditionally,
muon colliders involve opposite-sign beams (μþμ−), but
recent advances in ultracold muon technology, particularly
from the J-PARC facility [24,25], have enabled the pos-
sibility of constructing high-intensity same-sign muon
(μþμþ) beams. This forms the basis of the μTRISTAN
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concept, a proposed multi-TeV same-sign muon collider
that utilizes ultracold antimuons. Such a machine could
reach sufficiently high luminosity and energy to support a
wide range of precision and discovery physics. Although
the μþμþ collider lacks the ability of producing new
particles via s-channel annihilations, it provides a unique
opportunity to explore the lepton sector by having a
nonvanishing lepton number in the initial state. Unlike
conventional colliders, it can also search for exotic inter-
actions that are difficult to access elsewhere. Beyond its
role as a Higgs factory, μTRISTAN offers exciting oppor-
tunities to investigate a broad range of scenarios beyond the
Standard Model [26–34]. Thus, if the μþ cooling facility
can be built somewhat earlier, there is certainly an option to
start with the μþμþ collider where many physics programs,
including the Higgs precision measurements, are possible,
and one can wait for the μ− cooling to come later to explore
the energy frontier.
The observation of tiny but nonzero neutrino masses and

flavor mixing [35] presents one of the most compelling
signs of BSM physics. Among the simplest and most well-
motivated extensions of the SM that address this puzzle are
models introducing heavy neutral leptons (HNLs), the SM-
singlet fermions that couple weakly to the active neutrinos
and participate in the generation of neutrino masses through
seesaw mechanisms. In particular, the Type-I seesaw
[36–40], and its variants such as the linear [41–43] and
inverse seesaw [44–46], provide elegant frameworks in
which small neutrino masses arise naturally from the
suppression of lepton-number-violating (LNV) mass
scales. These sterile states also appear in broader new
physics constructions, including left-right symmetric mod-
els, radiative neutrino mass models, and Grand Unified
Theories, and can span a wide range of masses depending
on their theoretical origin [47,48]. In addition to their role
in neutrino mass generation, HNLs have been studied as
candidates for baryogenesis via leptogenesis, and as pos-
sible contributors (partly) to the dark matter relic abun-
dance. The LHC has actively pursued searches for such
states, particularly in final states involving same-sign
dileptons or multileptons with missing energy [49–51],
placing bounds on their masses and mixings. However, the
hadronic environment of the LHC limits the sensitivity to
rare LNV processes, motivating the need for cleaner
experimental setups. Future lepton colliders and in par-
ticular, the proposed μTRISTAN μþμþ collider, offer a
promising platform for probing HNLs with enhanced
sensitivity. The unique μþμþ initial state suppresses many
SM backgrounds, improving discovery prospects for
Majorana neutrinos and other BSM scenarios involving
extended neutrino sectors. Given the central role that HNLs
play in connecting neutrino physics, cosmology, and high-
energy theory, dedicated searches at future facilities like
μTRISTAN are well motivated and timely.

One particularly intriguing process discussed in the
context of μþμþ colliders is the LNV reaction μþμþ →
WþWþ [18]. This process can be viewed as the muon
analogue of “inverse neutrinoless double beta decay” [52],
providing a direct probe of LNV in the muon sector.1 Thus,
if this process is observed, this would be a strong indication
that the neutrinos are the Majorana particle. Given that the
muon collider can go up to Oð10Þ TeV center-of-mass
energy with a Oð10Þ km level collider ring, the search for
this process can reach unexplored regions of the parameter
space in various neutrino mass models (see related works in
Refs. [28,32,34,59–63]).
In this work, we study the model of the HNLs at the

μþμþ collider. We consider two processes: μþμþ →
Wþτþν̄μ and μþμþ → WþWþ. The first process is inde-
pendent of the Majorana mass term and preserves the
lepton number symmetry while violating the lepton flavor
symmetry. The second process is analogous to inverse
neutrinoless double beta decay at e−eþ colliders, violating
the lepton number symmetry. We find that both processes
provide stronger bounds than the existing limits from
electroweak precision measurements on the corresponding
parameters, for a center-of-mass energy of 10 TeV, and an
integrated luminosity of 1 ab−1.
The paper is organized as follows: In Sec. II, we outline

the general setup of the HNL framework and review the
existing experimental constraints, particularly those from
the measurements of the electroweak precision observables
(EWPOs). In Sec. III, we describe the search strategies for
HNLs at a same-sign muon collider, focusing on both
lepton-flavor-violating (LFV) and LNV processes. We
present the details of our simulation setup, event selection,
and sensitivity projections. Our main results are summa-
rized and discussed in Sec. IV, where we also outline
possible future directions.

II. THE MODEL

HNLs, also known as sterile neutrinos, represent a well-
motivated extension of the SM, emerging naturally in
several mechanisms for generating neutrino masses
[36,37,39,40,44,63–69]. Beyond accounting for the

1The analogy to inverse neutrinoless double beta decay arises
because both processes involve two same-sign leptons annihilat-
ing into two same-sign W bosons via an intermediate Majorana
neutrino, violating lepton number by two units. While conven-
tional 0νββ experiments target LNV in the electron sector through
nuclear decays, they are not sensitive to LNV involving other
lepton flavors. In contrast, same-sign lepton colliders offer a clean
environment to probe flavor-specific LNV processes, such as
μþμþ → WþWþ, and can explore scenarios where new physics
couples more strongly to muons than to electrons [53–58]. Thus
collider-based searches provide a complementary avenue to
nuclear-based experiments, particularly in regions of parameter
space involving heavy mediators beyond the kinematic reach of
double beta decay.
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smallness of active neutrino masses, HNLs may also

explain the observed baryon asymmetry of the Universe

through the mechanism of leptogenesis [70–73].
HNLs are SM gauge singlets that couple to the SM

lepton doublets via the so-called neutrino portal operator:

L ⊃ YαL̄αðiσ2H�ÞN þ H:c:; ð2:1Þ

where Yα denotes the Yukawa coupling associated with the
flavor of the lepton α, Lα is the SM lepton doublet, andH is
the Higgs doublet. After electroweak symmetry breaking,
the Higgs acquires a vacuum expectation value vΦ, gen-
erating a Dirac mass term for the neutrinos:

MD ¼ YαvΦffiffiffi
2

p : ð2:2Þ

If the HNLs also possess a Majorana mass term, they
violate the lepton number by two units:

L ⊃ −
1

2
MNN̄cN þ H:c: ð2:3Þ

The complete mass terms, combining Dirac and Majorana
contributions, lead to the following Type-I seesaw
Lagrangian:

LType-I¼−
1

2

�
νL Nc

�� 0 MD

MT
D MN

��
νcL
N

�
þH.c. ð2:4Þ

Assuming a seesaw hierarchy MN ≫ MD, the effective
mass matrix for light neutrinos is:

mðIÞ
ν ¼ −MDM−1

N MT
D: ð2:5Þ

The flavor eigenstates of the light neutrinos can therefore
be expressed as a superposition of three light-mass eigen-
states νm and n heavy-mass eigenstates Nj:

νLl ¼
X3
m¼1

Plmνm þ
Xn
j¼1

UljNj; l ¼ e; μ; τ; ð2:6Þ

where Plm denotes the elements of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix describing active neu-
trino mixing,Ulj characterizes the strength of active-sterile
mixing, and n is the number of HNLs. Although the heavy
neutrino Nj lacks direct gauge interactions, its coupling to
the electroweak sector of the SM arises through this
mixing. At leading order in the small mixing parameters
Ulj, the charged-current interaction part of the Lagrangian,
which is relevant for the present work,becomes:

LCC¼
gffiffiffi
2

p
X

l¼e;μ;τ

WμlLγ
μ

�X3
m¼1

Plmνmþ
Xn
j¼1

UljNj

�
þH:c:;

ð2:7Þ

where g is the weak interaction coupling constant.
In the Type-I seesaw framework, the active-sterile

mixing angle is typically given by U2
lj ∼mν=MN. To

obtain light neutrino masses of Oð0.1Þ eV with
MN ∼Oð1Þ TeV, the Yukawa coupling must be tiny,
Yα ∼Oð10−6Þ. If, instead, one assumes a coupling of
Yα ∼Oð1Þ, the HNL mass must be extremely large, well
beyond the reach of current collider experiments. This
limitation has motivated the development of extended
seesaw mechanisms that allow for lower HNL masses
and larger mixing angles, making them potentially acces-
sible in collider experiments such as the LHC. In this work,
we adopt a phenomenological perspective that avoids
reliance on specific high-scale realizations of the seesaw
mechanism. Instead of embedding our analysis in a fully
UV-complete model, we treat the active-sterile mixing
angle Ulj and the heavy neutrino massMN as independent
parameters. This approach is motivated by the desire to
explore a broad and model-agnostic region of parameter
space, capturing the key signatures of heavy neutrinos in a
collider setting while remaining agnostic about the under-
lying new physics responsible for their origin.
In the high-mass region (MN ≳ 100 GeV) which we are

interested in, the direct LHC searches for the HNLs are
limited by the collider energy (for more details see
Refs. [69,74] and references therein), and indirect con-
straints from EWPOs and charged lepton flavor violation
(cLFV) remain the most stringent [75–83]. In Ref. [83], an
updated global fit analysis is performed by using new and
updated experimental results on the key observables. Using
the Z boson mass, fine structure constant and Fermi
constant extracted from muon decay as the SM input
parameters in the electroweak sector, bounds onP

j jUljj2 are derived by fitting to the W-boson mass
MW , the effective weak mixing angle s2eff , Large Electron-
Positron Collider (LEP) Z-pole observables (ΓZ, σ0had, Re,
Rμ, Rτ, Γinv), tests of lepton-flavor universality in π, K,
and τ decays, and weak-decay measurements con-
straining the unitarity of the Cabibbo–Kobayashi–
Maskawa matrix. The global 95% confidence level
(CL) limits on the mixing parameters areP

j jUejj2 ¼ ½0.162; 2.8� × 10−3,
P

j jUμjj2 < 2.8 × 10−4,
and

P
j jUτjj2 < 1.8 × 10−3 [83].The null observation of

various cLFV processes provide constraints on the flavor-
violating quantities jPj UlNU�

l0N j (l ≠ l0). The current
upper bounds from the flavor-violating observables are
jPj UejU�

μjj < 2.4 × 10−5, jPj UejU�
τjj < 1.6 × 10−2,

and jPj UμjU�
τjj < 1.9 × 10−2, while the flavor-

conserving observables, including the EWPOs, also put
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strong bounds on jPj UlNU�
l0N j through the Cauchy–

Schwarz inequality, which leads to jPj UejU�
μjj <

6.8 × 10−4, jPjUejU�
τjj<1.8×10−3, and jPj UμjU�

τjj <
3.6 × 10−4 [83].

III. HNL SEARCHES AT μTRISTAN

In this work, we investigate the potential for HNL
searches in a promising proposed future collider: the
μþμþ collider, also known as μTRISTAN. Due to the
significantly lower synchrotron radiation emitted by muons
compared to electrons, it is feasible to consider circular
colliders operating at TeV-scale energies with circumfer-
ences of only a few kilometers [24,84,85]. Such a setup can
also achieve sufficient luminosity for meaningful physics
studies using existing technologies. While producing a
narrow μ− beam remains a technological challenge, there
are well-established methods for generating low-emittance
μþ beams using ultracold muons [24], providing strong
motivation to focus on a μþμþ collider. For this work,
we consider the center-of-mass energy

ffiffiffi
s

p ¼ 10 TeV
with integrated luminosity L ¼ 1 ab−1 and unpolarized
μþ beams.

A. Signal processes

We focus on the following two HNL-mediated proc-
esses: (1) the LFV process μþμþ → Wþτþν̄μ and (2) the
LNV process μþμþ → WþWþ. The corresponding
Feynman diagrams are shown in Fig. 1.
The first process, μþμþ → Wþτþν̄μ, violates the lepton

flavor and provides a chance to access the ντ–N mixing,
UτN . The cross section is proportional to

����
X̃n
I¼1

UμIU�
τI

����
2

; ð3:1Þ

where UlI denotes the mixing between the active neutrino
flavor νl and the heavy mass eigenstate NI (I ¼ 1;…; ñ).
For simplicity, we assume that the ñ HNLs are nearly
degenerate in mass, while the remaining states are suffi-
ciently heavy to be kinematically irrelevant for the signal
processes. This LFV process does not rely on the Majorana

nature of neutrinos and can also arise in inverse-seesaw-
type models.
The second process, μþμþ → WþWþ, is the muon-

collider analog of the inverse neutrinoless double beta
decay (0νββ) at e−e− colliders, and it violates lepton
number by two units. The corresponding cross section is
proportional to

����
X̃n
I¼1

U2
μI

����
2

: ð3:2Þ

As before, we assume that the ñ HNLs labeled by I are
nearly degenerate in mass. Since this process involves the
Majorana mass term in the t-channel HNL propagator, the
cross section scales as σ ∝ M2

N at high
ffiffiffi
s

p
, making it

particularly sensitive to the high-mass region of the HNL
parameter space. The parameters jPñ

I¼1UμIU�
τIj and

jPñ
I¼1U

2
μIj are independent. For instance, one can realize

jPñ
I¼1UμIU�

τIj ¼ 0 while keeping jPñ
I¼1 U

2
μIj ≠ 0 by

taking UτI ¼ 0. Conversely, jPñ
I¼1U

2
μIj ¼ 0 can be

achieved while maintaining jPñ
I¼1UμIU�

τIj ≠ 0 if the
Majorana mass term vanishes.
The EWPOs give the bound on the lepton-flavor-con-

serving quantities:

Xn
i¼1

jUlij2; ð3:3Þ

where n is the number of the HNLs. Note that the EWPOs
bounds do not depend on the mass of the HNLs as long as
they are much heavier than the mass of the W boson. The
parameters jPñ

I¼1 UμIU�
τIj and j

P
ñ
I¼1 U

2
μIj are bounded by

combinations of Eq. (3.3), using the Cauchy–Schwarz
inequality

X̃n
I¼1

jUμIj2
X̃n
J¼1

jUτJj2−
����
X̃n
I¼1

UμIU�
τI

����
2

¼
X
I>J

jUμIUτJ−UμJUτIj2≥0; ð3:4Þ

FIG. 1. Feynman diagrams for the signal processes: the LFV process μþμþ → Wþτþν̄μ (left) and the LNV process μþμþ → WþWþ
(right).
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�X̃n
I¼1

jUμIj2
�2

−
����
X̃n
I¼1

U2
μI

����
2

¼
X
I>J

jUμIU�
μJ −UμJU�

μIj2 ≥ 0; ð3:5Þ

and the trivial inequality,

Xn
i¼1

jUlij2 ≥
X̃n
I¼1

jUlIj2: ð3:6Þ

Therefore, the bounds from EWPOs on the quantities
Eq. (3.3) also constrain the parameters jPñ

I¼1UμIU�
τIj

and jPñ
I¼1U

2
μIj. Although an upper bound on

jPn
i¼1UμiU�

τij is discussed in Sec. II, it does not directly
apply to jPñ

I¼1UμIU�
τIj, as cancellations involving con-

tributions from heavier neutrinos may occur.
The inverse 0νββ process at same-sign lepton colliders

has been studied in the literature as a high-energy probe of
Majorana nature of neutrinos [18,26,27,63,86–89]. The full
cross section in the presence of a heavy Majorana neutrino
is analytically computed in [26,86]. For our purpose, it is
useful to take the mW ≪

ffiffiffi
s

p
limit, finding an approximate

cross section [88],

σWþWþ ≃
G2

Fsj
P

ñ
I¼1 U

2
μIj2

8π
HðM2

N=sÞ; ð3:7Þ

where UμI denotes the νμ–NI mixing and

HðrÞ ¼ rð2þ 3rÞ
�

1

1þ r
−

2r
1þ 2r

log

�
1þ 1

r

�	
; ð3:8Þ

which takes the maximum value, HðrÞmax ≃ 0.21, at r ¼
0.54 (i.e., MN ≃ 0.74

ffiffiffi
s

p
). In the high-energy limit

(
ffiffiffi
s

p
≫ MN) and the heavy HNL limit (

ffiffiffi
s

p
≪ MN), it

further approximates to

σWþWþ ≃

8>><
>>:

G2
FM

2
N

4π

���Pñ
I¼1U

2
μI

���2 for
ffiffiffi
s

p
≫ MN

G2
Fs

2

16πM2
N

���Pñ
I¼1 U

2
μI

���2 for
ffiffiffi
s

p
≪ MN

: ð3:9Þ

Note here that the cross section vanishes at MN ¼ 0 for
fixed

ffiffiffi
s

p
, and scales as 1=M2

N for large MN . This can be
understood by the fact that the process needs LNV so that
amplitude is proportional toMN or 1=MN for small or large
MN , respectively. In contrast, the amplitude of the LFV
process does not require an MN insertion. Therefore, it is
expected to scale as OðM0

NÞ for MN ≪
ffiffiffi
s

p
, while for

MN ≫
ffiffiffi
s

p
the amplitude scales as 1=MN , leading to a cross

section proportional to 1=M2
N .

One can see such qualitative differences in Fig. 2 where
the MN dependence of the signal cross sections at μþμþ

colliders is shown. The parameters are chosen as
ffiffiffi
s

p ¼
10 TeV and jPñ

I¼1UμIU�
τIj ¼ jPñ

I¼1 U
2
μIj ¼ 1. The red

line corresponds to the cross section of μþμþ → WþWþ,
which we calculate using Eq. (3.7). As suggested by the
analytical approximation Eq. (3.9) in two limiting
cases, the cross section is maximized at MN ≃

ffiffiffi
s

p
.

The blue dashed line shows the cross section of
μþμþ → Wþτþν̄μ, which we calculate numerically with
MadGraph5_aMC@NLO [90]. At the boundary of the electro-
weak precision bounds [83], i.e., jPñ

I¼1 UμIU�
τIj ≃ 7.1 ×

10−4 and jPñ
I¼1U

2
μIj ≃ 2.8 × 10−4, we have σWþτþν̄μ ≃

0.06 fb and σWþWþ ≃ 0.3 fbðMN=TeVÞ2 for
ffiffiffi
s

p
≫ MN.

Thus, 300 or more WþWþ events are expected at
ffiffiffi
s

p ¼
10 TeV with 1ab−1 luminosity.

B. Simulation and analysis

In this section, we estimate the expected sensitivities to
the HNL mass and to the mixing combinations
jPñ

I¼1UμIU�
τIj and jPñ

I¼1U
2
μIj at a same-sign muon

collider with
ffiffiffi
s

p ¼ 10 TeV and an integrated luminosity
of 1 ab−1. As stated above, we consider the two signal
events, the LNF process μþμþ → Wþτþν̄μ and the LNV
process μþμþ → WþWþ. The final states are analyzed
separately according to the decay modes of the Wþ boson
and τ lepton. After optimizing the selection cuts on the
relevant kinematic variables to maximize signal-back-
ground discrimination, we find that the singlet-τ plus
non-τ jet topology provides the highest sensitivity for
the LFV process, whereas the fully hadronic two-jet top-
ology offers the greatest sensitivity for the LNV process.
Contributions from the remaining channels are therefore
neglected in the following analysis. Signal and background
yields for these target final states are obtained from
numerical simulations. We apply event selections designed
to enhance the signal significance and derive the expected

FIG. 2. The cross sections for μþμþ → Wþτþν̄μ (blue
dashed) and μþμþ → WþWþ (red) at

ffiffiffi
s

p ¼ 10 TeV, with
jPñ

I¼1 UμIU�
τI j ¼ jPñ

I¼1 U
2
μIj ¼ 1.
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limits under the background-only hypothesis, i.e., assum-
ing that the observed number of events equals the expected
background yield.
Both signal and background events are generated using

MadGraph5_aMC@NLO [90]. To generate the signal events
MadGraph5 is interfaced with the SM_HeavyN_NLO
model file as obtained from the package FeynRules Model
Database [91]. The decay kinematics of unstable particles,
as well as subsequent parton showering and hadronization,
are simulated with Pythia8 [92,93]. Finally, detector
responses are taken into account using Delphes [94] employ-
ing the MuonCollider card with the VLCjetR05N2 Jet
Branch.
We simulate the following relevant SM background

processes for our analysis: (i) μþμþ → μþμþZ,
(ii) μþμþ → μþμþZZ, (iii) μþμþ → μþμþWþW−,
(iv) μþμþ → μþν̄μZWþ, and (v) μþμþ → ν̄μν̄μWþWþ. In
addition, we also consider the processes μþμþ →
μþμþτþτ− and μþμþ → μþμþZτþτ−, which overlap with
the backgrounds (i) and (ii) when the Z boson decays into
τþτ−. In our analysis, contributions from these back-
grounds to the signal region are largely suppressed by
imposing a cut on the transverse momentum (pT) of jets,
and therefore we neglect these two processes in the
following analysis.2

The background samples for (iv) and (v) are generated
with 106. Fewer events are generated for (i) and (ii), since
they do not contribute to the signal region. For background
process (v), we generate 3 × 106 events to ensure sufficient
statistical precision.3 Signal samples are generated with 105

events. The cross sections for processes with μþ in the final
state suffer from divergences due to collinear photon
emission when evaluated using MadGraph. For these proc-
esses, when applicable, we compute the total cross sections
using the method described in Ref. [95], which splits the
phase space into low- and high-pT regions. In the
Appendix, we show the calculation of the background
(iv) by using the method. For backgrounds (iii) and (iv), we
find suitable minimum pT cuts of 0.02 and 0.6 GeV,
respectively. For backgrounds (i) and (ii), this procedure is
not applicable; instead, we adopt several minimum pT cuts
in the range 0.01 GeV < pT < 0.1 GeV. Finally, we con-
firm that the jet pT cut applied in the analysis effectively
removes these backgrounds, and therefore no further treat-
ment of these processes is required.

The LFVand LNV signal yields are parametrized by the
mixing combinations,

κ1≡
����
X̃n
I¼1

UμIU�
τI

����; κ2≡
����
X̃n
I¼1

U2
μI

����:

For each channel, a reference point is defined, κ1 ¼ c1
(LFV) and κ2 ¼ c2 (LNV), and the corresponding expected
signal yields S1 and S2 are obtained from simulation under
a fixed selection. Since the rates scale with the square of the
mixing, the expected signal at generic κi is

S1ðκ1Þ ¼ S1

�
κ1
c1

�
2

; S2ðκ2Þ ¼ S2

�
κ2
c2

�
2

:

Separate 95% CL upper limits on κ1 (LFV) and κ2 (LNV)
are set, assuming the other combination vanishes in each
case. Let B1 and B2 denote the expected background yields
after selection, and let N1 and N2 be the observed event
counts. In the expected-limit treatment,Ni is taken to be the
integer nearest to Bi. The 95% CL upper limits are obtained
by solving

S1

�
κ1
c1

�
2

þ B1 ¼ CuðN1Þ;

S2

�
κ2
c2

�
2

þ B2 ¼ CuðN2Þ; ð3:10Þ

where CuðNÞ denotes the upper endpoint of the exact two-
sided 95% confidence interval for the mean of a Poisson
distribution. Explicitly, CuðNÞ is defined by

XN
k¼0

e−CuðNÞ½CuðNÞ�k
k!

¼ 0.025: ð3:11Þ

For example, Cuð0Þ ¼ 3.688879 and Cuð1Þ ¼ 5.5716.
Here, CuðNiÞ is the confidence bound on the total
Poisson mean Si þ Bi. For a fixed background expectation
Bi, the corresponding upper limit on the signal yield is
therefore S95i ¼ CuðNiÞ − Bi.
Selections are chosen to approximately maximize the

expected significance S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
. For the LFV channel, the

cuts listed in Table I are used. For the LNV channel, the
cuts are

pjet1
T > 4.2 TeV; pjet2

T > 1.9 TeV;

Mtot > 6.45 TeV; or 6.75 TeV;

where Mtot is the invariant mass of the two jets, and we
choose one of the two values of the Mtot threshold in the
equation for each MN . An example cut flow table for the
LFV (LNV) process considering various optimized cuts for
the choice of mixing parameters jPñ

I¼1UμIU�
τIj¼6.3×10−4

2After introducing the cuts described in Table II in the draft, the
expected event number is less than 1.19 × 10−3 for μþμþ→
μþμþτþτ− and less than 4.5 × 10−2 for μþμþ → μþμþZτþτ−.

3We have checked that repeating the background simulation
with three statistically independent samples, each containing 106

events, produces consistent projected sensitivities within the
expected Monte Carlo statistical fluctuations. This indicates that
the statistical uncertainty associated with the finite size of the
simulated background sample is negligible for the results
presented here.
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(jPñ
I¼1 U

2
μIj ¼ 6.5 × 10−5) and MN ¼ 1 TeV is shown in

Table II (III). Our choices of optimized cuts are guided by
the distributions in Figs. 3 and 4 for the LFV and LNV
processes, respectively.
Scanning over MN, we obtain the projected sensitivities

of our analyses. Figure 5 summarizes the reach: the left
panel shows the ðMN; j

P
ñ
I¼1UμIU�

τIjÞ plane (LFV), and
the right panel shows the ðMN; j

P
ñ
I¼1U

2
μIjÞ plane (LNV).

In both cases, the expected sensitivity surpasses current
bounds from the measurements of EWPOs over sizable
mass ranges. For example, in the LFV case (left), our
analysis is stronger than EWPO for MN ≲ 3 TeV. In the
LNV case (right), the reach improves the constraint on

jPñ
I¼1U

2
μIj by roughly an order of magnitude around

MN ≃ 5–10 TeV. Before concluding, we emphasize that
this work explores searches for HNL in two complementary
channels using purely cut-based selections. To fully exploit
the discovery reach of μTRISTAN, a natural next step is to
develop machine-learning-based multivariate analyses
(e.g., Boosted Decision Trees (BDTs) or neural networks)
built on an expanded set of kinematic observables; such
methods are expected to deliver substantially improved
sensitivity relative to the results reported here.

FIG. 3. Distributions of various kinematic observables for the individual SM background processes and the LFV signal
channel corresponding to jPñ

I¼1UμIU�
τI j¼6.3×10−4. The panels correspond to the observables (top left) Pτjet

T , (top right) Mtot,
(bottom left) Pnon−τjet

T , and (bottom right) Mnon−τjet, all in GeV. The distribution of Mnon−τjet is shown after applying the cuts

for pτ−jet, Mtot, and pnon−τ-jet
T .

TABLE I. Optimized selection cuts for the LFV process at five
benchmark values of MN . Analogous selection cuts for the LNV
process are discussed in the text.

MN [TeV] 0.1 0.5 1 2 4

jPñ
I¼1 UμIU�

τI j × 104 6.1 6.3 6.3 6.3 8.9

pτjet
T > x [TeV] 0.8 0.7 0.7 0.6 0.5

pnonτjet
T > x [TeV] 3.0 3.0 2.9 3.2 3.2

Mtot > x [TeV] 3.2 3.0 2.7 0.0 3.0
Mnonτjet < x [GeV] 88.6 88.4 88.5 88.8 88.6

TABLE II. Number of events after each cut for the LFV process
at jPñ

I¼1 UμIU�
τI j ¼ 6.3 × 10−4 and MN ¼ 1 TeV.

Signal Background S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p

Total 181 6.59 × 106 7.06 × 10−2

Exact 1τ-jet 75.8 3.57 × 105 0.127
τ-jet has charge 1 74.6 2.04 × 105 0.165
At least 1 non-τ-jet 74.6 2.04 × 105 0.165
No electrons and muons 63.1 1.59 × 105 0.158

pτ−jet
T > 0.7 TeV 47.2 2.76 × 103 0.89

pnon−τ−jet
T > 2.9 TeV 12.7 25.5 2.06

Mtot > 2.7 TeV 12.7 25.4 2.06
Mnon−τ-jet > 88.5 GeV 11.3 13.8 2.27
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IV. CONCLUSIONS

In this work we have explored the potential of a same-
sign muon collider (μTRISTAN) to probe HNLs and their
possible Majorana nature. Our study focused on two
complementary processes, supported by detailed
Monte Carlo simulations and background analyses:

(i) LFV channel: μþμþ → Wþτþν̄μ. This process
probes the flavor structure through the mixing
combination jPI UμIU�

τIj and does not require
lepton-number violation. We found the most sensi-
tive final state to be one τ-jet plus one non-τ jet.
Key selections include a hard τ-jet and non-τ jet
transverse momentum and moderate global mass
requirements, e.g., pTðτ-jetÞ ≳ 0.5–0.8 TeV (mass

dependent), pTðnon − τjetÞ ∼ 3.0–3.2 TeV, Mtot ≳
2.7–3.2 TeV, and an on-shell W window for the
non-τ jet (mnon−τjet ≈mW). With these cuts and atffiffiffi
s

p ¼ 10 TeV and 1 ab−1, the projected sensitivity
curve in the ðMN; j

P
I UμIU�

τIjÞ plane improves
upon the current bounds coming from the EWPOs
across a broad MN range.

(ii) LNV channel: μþμþ → WþWþ. This process di-
rectly probes LNV via a Majorana neutrino propa-
gator and depends on jPI U

2
μIj. We identified the

fully hadronic two-jet topology as optimal, with
stringent requirements on the reconstructed W
candidates: pTðj1Þ > 4.2 TeV, pTðj2Þ > 1.9 TeV,
and Mtot > 6.45–6.75 TeV (mass dependent).
In the high-energy regime, the cross section
follows the known scaling σðμþμþ→WþWþÞ∝
G2

Fsj
P

IU
2
μIj2HðM2

N=sÞ, peaking near MN≃0.7
ffiffiffi
s

p
,

and yields Oð102Þ signal events at benchmark
mixings close to the current precision limits.
The resulting reach in ðMN; j

P
I U

2
μIjÞ surpasses

the existing indirect constraints over wide mass
ranges.

The two channels probe distinct aspects of the HNL sector:
the LFV process provides direct sensitivity to the flavor
structure of active-sterile mixing (independent of whether
neutrinos are Majorana), whereas the LNV process directly

FIG. 4. Distributions of various kinematic observables (top) Pjet1
T , (bottom left) Pjet2

T , and (bottom right) Mtot, all in GeV, for the
individual SM background processes and the LNV signal channel corresponding to jPñ

I¼1 U
2
μI j ¼ 6.5 × 10−5, MN ¼ 1 TeV.

TABLE III. Number of events after each cuts for the LNV
process at jPñ

I¼1 U
2
μI j ¼ 6.5 × 10−5 and MN ¼ 1 TeV.

Signal Background S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p

Total 16.3 6.93 × 106 6.19 × 10−2

At least 2 jets 15.2 4.11 × 106 7.50 × 10−2

No electrons and muons 9.64 2.99 × 106 5.57 × 10−2

pjet1
T > 4.2 TeV 4.47 7.12 1.31

pjet2
T > 1.9 TeV 3.92 1.63 1.66

Mtot > 6.45 TeV 3.87 1.47 1.67
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tests LNV and the Majorana nature. Taken together, they
offer complementary discovery handles and a nontrivial
consistency check on neutrino-mass generation scenarios.
It is also interesting to note that two processes we
considered involve initial muons with right-handed helic-
ities, μþRμ

þ
R , as they need to couple to W bosons. If the

polarization of the μþ beam is available, the polarization
dependence of the number of signals would be a great
handle to confirm the excess over the background events. In
addition, such analyses can discriminate the underlying
models. For example, the model discussed in Ref. [96]
gives a similar signal when the initial state polarization
is μþLμ

þ
R .

Overall, our results demonstrate that μTRISTAN would
significantly extend the experimental sensitivity to HNLs,
opening new discovery opportunities beyond the HL-LHC
and future eþe− machines, and providing a decisive test of
whether neutrinos are Majorana particles.
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APPENDIX: EVALUATION OF THE
BACKGROUND WITH THE COLLINEAR

DIVERGENCE

In this appendix, we demonstrate how to obtain the
correct cross section while avoiding the collinear diver-
gence by using the method described in Ref. [95]. In this
approach, we split the phases space into low- and high-pT
regions. In the low-pT region, the cross section is evaluated
using the effective photon approximation [97,98], while in
the high-pT region it is computed numerically with
MadGraph. The two contributions are then combined, and

FIG. 5. The projected sensitivity (blue lines) in the MN − jPñ
I¼1 UμIUτIj (left) and MN − jPñ

I¼1 U
2
μI j (right) planes. The current

exclusion limit from the measurements of the EWPOs is indicated by the black-dashed line.

FIG. 6. The dependence on the pT value separating the
two regions of the sum of the MadGraph and the EPA
contributions, as well as the MadGraph contribution for the
background process μþμþ → μþν̄μWþZ.
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the value of the pT cutoff separating the regions is varied to
ensure that the total cross section is insensitive to this choice.
Figure 6 shows the dependence of the summed MadGraph

and EPA contributions on the pT value separating the two
regions, as well as the MadGraph contribution alone for the

background process μþμþ → μþν̄μWþZ. A plateau is
observed between 1 and 50 GeV. We choose a pT cut of
0.6 GeV for the event generation, where the MadGraph

contribution matches the correct value of the cross section.
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