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We investigate charged lepton-flavor violation (LFV) induced by dimension-six four-lepton operators
within the Standard Model effective field theory (SMEFT) at a proposed high-energy muon collider. We
study the processes μþμ− → e�τ∓, μþμ− → e�μ∓, and μþμ− → μ�τ∓ at

ffiffiffi
s

p ¼ 3, 10, and 14 TeV,
incorporating beam polarization and hadronic τ reconstruction. Using an optimal-observable analysis of the
angular distributions, we perform a global fit to the relevant set of four-lepton operators. Projected
sensitivities reach C=Λ2 ∼ ð0.5–1.2Þ × 10−4 TeV−2, depending on the flavor and chiral structure of the
operator, exceeding current limits by up to an order of magnitude. A combined analysis of multiple center-
of-mass energies and beam polarizations significantly improves the resolution of correlations among the
Wilson coefficients. These results highlight the strong sensitivity of a future multi-TeV muon collider to
charged LFV four-lepton interactions, establishing it as a powerful probe of the SMEFT parameter
space.

DOI: 10.1103/k249-jg2x

I. INTRODUCTION

Lepton-flavor violation in the charged lepton sector
constitutes one of the most sensitive probes of physics
beyond the Standard Model (SM). Neutrino oscillations
provide clear evidence of lepton-flavor violation (LFV) in
the neutral lepton sector, whereas charged LFV processes
have not yet been observed. In the SM minimally extended
by neutrino masses, such processes arise only through loop
amplitudes suppressed by ðΔm2

ν=M2
WÞ2 [1,2], leading to

branching ratios far below any realistic experimental
sensitivity. Consequently, any observation of charged
LFVwould provide a clean and unambiguous signal of new
physics.
Awide class of beyond-SM scenarios predict potentially

observable LFV effects. In particular, simple and well-
motivated extensions such as heavy neutrino frameworks
[3,4], multi-Higgs models with generic Yukawa structures
[5,6], and Z0 constructions with flavor nonuniversal cou-
plings [7] naturally induce LFV. More elaborate setups,

including supersymmetric frameworks [8,9], grand unified
theories [10], leptoquark models [11], and extra-dimen-
sional constructions [12], also predict potentially observ-
able signals. A model-independent description of such
phenomena is provided by the Standard Model effective
field theory (SMEFT), in which heavy new physics is
encoded through higher-dimensional operators consistent
with SM symmetries [13,14].
Experimentally, increasingly stringent bounds have

been established across multiple channels. The MEG
experiment constrains μ → eγ at the level of 4.2 × 10−13

[15], while SINDRUM sets Bðμ → eeeÞ < 10−12 [16].
Searches for LFV τ decays by Belle and BABAR probe
branching fractions at the 10−8 level [17–20]. In addi-
tion, μ − e conversion experiments currently reach sen-
sitivities of 4.3 × 10−12 [21], with upcoming facilities
such as Mu2e and COMET expected to improve these
limits by several orders of magnitude [22,23].
Complementary constraints also arise from LFV B-meson
decays at LHCb [24,25].
Large electron positron collider constrained LFV Z

decays at the 10−5 level [26,27], while future eþe− facilities
(ILC, CLIC, FCC-ee, CEPC) are projected to reach
sensitivities down to 10−9 in several channels [28–31].
These developments motivate a systematic investigation of
LFV processes at high-energy lepton colliders.
Within SMEFT, LFV effects can arise from multiple

operator classes. In this work, we focus on four-lepton
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operators, which provide the leading contact-interaction
contributions to purely leptonic LFV processes at high
energies. This choice is motivated by their direct sensitivity
at lepton colliders, their energy-enhancedbehavior, and their
minimal dependence on assumptions about additional oper-
ator sectors.
Most SMEFTanalyses adopt a top-down approach, speci-

fying Wilson coefficients at a high new-physics scale and
evolving them downward. Such an approach can also relate
collider observables to low-energy constraints. In contrast,we
follow a bottom-up strategy in which experimentally allowed
Wilson coefficients defined near the electroweak scale are
evolved upward to the characteristic energy of a multi-TeV
muon collider using renormalization-group equations
[32–34]. This choice provides a direct, data-driven framework
to propagate existing bounds to collider scales without
imposing assumptions on the ultraviolet flavor structure.
A high-energy muon collider offers a clean probe of LFV

interactions induced by four-lepton operators, with strong
sensitivity to such structures at multi-TeVenergies [35–37].
Future eþe− facilities such as FCC-ee, with Oð1012Þ Z
bosons (∼20 ab−1), can test LFV decays Z → lilj down to
branching ratios ∼10−9 − 10−10 [31,38,39]. Comple-
mentary studies of LFV scattering at lepton colliders
show sensitivity to four-fermion operators through
nonresonant channels [40,41], while a multi-TeV muon
collider extends this reach through the energy growth of
contact interactions.
LFV processes at high-energy muon colliders have also

been studied in specific ultraviolet models [42,43] and in
effective field theory (EFT) studies exploring LFV four-
fermion operators [44] and more general flavor-violating
interactions [45].
In this work, we perform a gauge-invariant SMEFT

analysis in the Warsaw basis, identifying the complete set
of dimension-six four-lepton operators that contribute at tree
level to the processes under consideration and using their
chirality structure. We systematically account for operator
redundancies, including Fierz relations, and perform a
global sensitivity analysis using polarized μþμ− collisions
at

ffiffiffi
s

p ¼ 3, 10, and 14 TeV. The extraction of Wilson
coefficients is carried out using an optimal-observable
framework applied to differential kinematic distributions,
enabling statistically efficient constraints and a detailed
characterization of correlations in parameter space.
The paper is organized as follows. In Sec. II, we

introduce the effective Lagrangian for four-lepton opera-
tors, while Sec. III discusses the corresponding theoretical
and experimental constraints. Section IV presents the
renormalization-group evolution of the Wilson coefficients.
In Sec. V, we detail the collider simulation, together with
signal and SM background (BG) event selections, and
Sec. VI is devoted to the optimal-observable analysis.
Finally, our results and conclusions are summarized in
Sec. VII.

II. EFFECTIVE LAGRANGIAN

In this work, we focus on LFV transitions accessible at a
muon collider via the processes

μþμ−→e�τ∓; μþμ−→μ�τ∓; μþμ−→e�μ∓; ð1Þ

which are forbidden in the SM.
Within the SMEFT, charged LFV in purely leptonic

processes first appears at leading order through dimension-
six four-fermion operators, neglecting higher-dimensional
contributions. The SMEFT Lagrangian for six dimensions
can be written as

L ¼ LSM þ
X
i

Ci

Λ2
Oi: ð2Þ

Here, Ci=Λ2 denote the Wilson coefficients, where the Ci
are dimensionless and Oi are the dimension-six operators.
At dimension six, four-fermion operators relevant at lepton
colliders, in the Warsaw basis, are given in Table I.
Here, lp denotes the left-handed SUð2ÞL lepton doublet,

ep the right-handed charged-lepton singlet, and p, r, s, t are
flavor indices. Other classes of operators at dimension six
also contribute to the LFV process, such as the Dipole
operators or the Higgs-mediated operators. Because of the
presence of s-channel suppression in the case of dipole and
Higgs operators, their contribution to the LFV cross
section, at the same order of Wilson coefficient, is smaller
compared to the four-fermion operator [41]. Hence,
throughout this work, we consider only purely leptonic
four-fermion operators given in Table I, and Wilson
coefficients are assumed to be real to avoid additional
CP-violating phases.
Since the initial state at a muon collider is fixed, only

operators with ðp; rÞ ¼ ðμ�; μ∓Þ contribute at tree level.
The LFV final states correspond to f�1 f

∓
2 with f1 ≠ f2,

where f1f2 ∈ feτ; μτ; eμg. So, the contributing four-
fermion operators can be identified by the final-state
leptons alone. Accordingly, for simplicity, the Wilson
coefficients can be written as

Cprst
ll ≡ Cf1f2

ll ; Cprst
le ≡ Cf1f2

le ; Cprst
ee ≡ Cf1f2

ee ;

where f1 and f2 denote the outgoing leptons.

TABLE I. Dimension-six four-fermion operators in the SMEFT
relevant for charged LFV.

Operator Wilson coefficient Operator structure

Oprst
ll Cprst

ll =Λ2 ðlpγμlrÞðlsγ
μltÞ

Oprst
ee Cprst

ee =Λ2 ðēpγμerÞðēsγμetÞ
Oprst

le Cprst
le =Λ2 ðlpγμlrÞðēsγμetÞ
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Using standard Fierz rearrangements, the operators in the
Warsaw basis can be expressed in terms of the commonly
used low-energy vector and scalar contact-interaction
operators [46]. The corresponding operator basis is

ðCS
LRÞf1f2
Λ2

ðμ̄PLμÞðf̄1PRf2Þ;
ðCS

RLÞf1f2
Λ2

ðμ̄PRμÞðf̄1PLf2Þ;
ðCV

LLÞf1f2
Λ2

ðμ̄γσPLμÞðf̄1γσPLf2Þ;
ðCV

RRÞf1f2
Λ2

ðμ̄γσPRμÞðf̄1γσPRf2Þ;
ðCV

LRÞf1f2
Λ2

ðμ̄γσPLμÞðf̄1γσPRf2Þ;
ðCV

RLÞf1f2
Λ2

ðμ̄γσPRμÞðf̄1γσPLf2Þ;

where the Wilson coefficient is related through

�
Cle

Λ2

�
st
¼

�
CV
LR

Λ2

�
st

¼
�
CV
RL

Λ2

�
st

;�
Cle

Λ2

�
st
¼ −

1

2

�
CS
LR

Λ2

�
st

¼ −
1

2

�
CS
RL

Λ2

�
st

;�
Cll

Λ2

�
st
¼ 1

4

�
CV
LL

Λ2

�
st

;�
Cee

Λ2

�
st
¼ 1

4

�
CV
RR

Λ2

�
st

: ð3Þ

At high-energy colliders, where lepton masses can be
neglected, chirality and helicity coincide, which allows
us to write the amplitudes in the helicity basis. The full set
of helicity amplitudes is given by

MEFT
λμλμ̄→λlλl0

¼ s
Λ2

½CLR
V ð1 − cos θÞδ½−−;þþ� þ CRL

V ð1 − cos θÞδ½þþ;−−� þ CLR
S δ½−þ;þ−�

þ CRL
S δ½þ−;−þ� − CLL

V ð1þ cos θÞδ½−−;−−� − CRR
V ð1þ cos θÞδ½þþ;þþ��; ð4Þ

where δ½−−;þþ� ¼ δλμ;−1δλμ̄;−1δλl;þ1
δλ

l;þ1
projects onto a spe-

cific helicity configuration of the four leptons. Since
different operators contribute to distinct helicity configu-
rations, interference terms between them vanish in the cross
section. The differential cross section, therefore, can be
written as

dσEFT
dΩ

¼ 1

64π2s

X
λμ;λμ̄;λl;λl0

jMEFT
λμλμ̄→λlλl0

ð ffiffiffi
s

p Þj2: ð5Þ

Since in the SM, the LFVamplitude vanishes identically,
there is no interference between the SM and EFT ampli-
tudes.1 Moreover, as mentioned above, due to the helicity
structure of the EFT amplitudes, no interference between
dimension-six EFT amplitudes survives, leaving the ampli-
tude only quadratic [Oð1=Λ4Þ] in Wilson coefficients.
Although dimension-eight operators can, in principle,
contribute through interference with the SM amplitude at
Oð1=Λ4Þ, in the present case this vanishes as the SM
contributions vanish. The leading interference between
dimension-six and dimension-eight amplitudes is of the
order Oð1=Λ6Þ and is therefore further suppressed.

III. EXPERIMENTAL AND UNITARITY
CONSTRAINTS

The dimension-six four-lepton operators introduced in
Sec. II are constrained by low-energy searches for LFV.
Since these operators induce LFV processes at tree level,
the most stringent bounds arise from three-body charged-
lepton decays of the form lp → lrlslt, followed by
coherent μ − e conversion in nuclei. Additionally, radiative
decays such as lp → lrγ mainly probe dipole operators
and affect the four-lepton operators only through loop-
induced mixing.
In this work, for the two processes involving a τ lepton in

the final state, the bounds on the Wilson coefficients can be
extracted directly from the upper bounds on the flavor-
violating decays of τ leptons. These channels have been
extensively investigated in several experiments, with the
most stringent bounds obtained at low-energy B-factory
experiments such as Belle [20] and BABAR [19],

Bðτ→μμμÞ<2.1×10−8; Bðτ→μμeÞ<2.7×10−8; ð6Þ

both quoted at the 90% confidence level [20]. These limits
were normalized to well-measured flavor-conserving lep-
tonic τ decay rates, thereby eliminating common normali-
zation factors and allowing the branching ratios to be
expressed directly in terms of the SMEFT Wilson
coefficients,

1However, with neutrino masses, these amplitudes are nonzero
but arise at loop level only and are proportional to neutrino
masses, leaving them highly suppressed.
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Bðτ → μμμÞ
Bðτ → μντν̄μÞ

≃ v4
����� 2Cτμ

ll

Λ2

����2 þ
���� 2Cτμ

ee

Λ2

����2 þ
����Cτμ

le

Λ2

����2
�
;

Bðτ → μμeÞ
Bðτ → eντν̄eÞ

≃ v4
����� 2Cτe

ll

Λ2

����2 þ
���� 2Cτe

ee

Λ2

����2 þ
����Cτe

le

Λ2

����2
�
; ð7Þ

where the numerical factor of 2 arises from identical-particle
combinatorics, and v ≃ 246 GeVdenotes theHiggs vacuum
expectation value. The branching ratios for the flavor-
conserving decays are taken from the PDG [47].
The situation differs for the process with μ�e∓ as final

state, where no direct tree-level constraint exists for the
corresponding purely leptonic Wilson coefficients. The
relevant low-energy probes for charged LFV in this case
are μ → eγ and coherent μ → e conversion in nuclei. The
latter constrains semileptonic operators and therefore does not
constrain the purely leptonic operators directly. The bounds
on the semileptonic Wilson coefficients are ofOð10−8Þ [48],
which, when translated to purely leptonic four-fermion
operators through operator mixing, becomes even weaker.
Similarly, the decay μ → eγ receives no tree-level contribu-
tion from the four-lepton operators and vanishes at one loop
when all the diagrams are taken into account [41]. As a result,
constraints on these operators arise only through higher loops
or through operatormixing, which areweaker. Consequently,
a future multi-TeV muon collider offers an unparalleled
environment to directly probe the Wilson coefficients for
contact interactions contributing to this process.
All existing upper bounds on the branching ratios and the

derived bounds on the Wilson coefficients for the Warsaw-
basis four-lepton operators considered in this work are
summarized in Table II.
At high energies, the amplitudes from dimension-six

four-lepton operators grow with the center-of-mass energy,
which may eventually lead to a breakdown of perturbative
unitarity. An estimate of the perturbative consistency of the
EFT description can be obtained from the partial-wave
unitarity condition jReða0Þj ≤ 1=2, where the s-wave
partial amplitude is defined as

a0 ¼
1

32π

Z
1

−1
d cos θMðs; θÞ: ð8Þ

The s-wave provides the most stringent bounds, as
p-wave amplitudes have angular dependence, making them
subleading. This leads to an approximate upper bound on
the effective couplings of the form

���� CΛ2

����≲
�
8π

s

�
; ð9Þ

up to numerical factors depending on the operator nor-
malization and helicity structure. In the present analysis,
the Wilson coefficients are chosen such that the explored
parameter space remains within the perturbatively reliable
regime of the EFT description for the center-of-mass
energies considered.

IV. RENORMALIZATION-GROUP EVOLUTION
OF LFV FOUR-LEPTON OPERATORS

We study the renormalization-group equation (RGE) of
dimension-six four-lepton operators in the SMEFT that
induce charged LFV. The renormalization-group equations
governing the SMEFT Wilson coefficients are

Ċi ≡ 16π2μ
dCi

dμRS
¼ ΓijCj; ð10Þ

where μRS is the renormalization scale. The renormaliza-
tion-group evolution of the gauge couplings is
given by

μRS
dgi
dμRS

¼ bi
16π2

g3i ði ¼ 1; 2; 3Þ; ð11Þ

with the SM coefficients b1 ¼ 41
6
, b2 ¼ − 19

6
, and b3 ¼ −7.

This running is consistently included in the evolution of the
SMEFT Wilson coefficients.
The one-loop RGEs for the relevant four-lepton operator

classes, derived from the latest version of [34], are
given below.
For the operator Oprst

ll ¼ ðlpγμlrÞðlsγ
μltÞ, the RGE

reads

TABLE II. Experimental upper bounds on the relevant LFV branching ratios together with the corresponding
constraints on the Warsaw-basis four-lepton Wilson coefficients.

Process Upper bound on branching ratio Wilson coefficients Extracted bounds on C=Λ2 (TeV−2)

μþ → eþγ <4.2 × 10−13 CeB (dipole) ≲6 × 10−5

τ → μμμ <2.1 × 10−8 Cμτ
ll; C

μτ
ee ≲2.8 × 10−3

Cμτ
le ≲5.7 × 10−3

τ → μμe <2.7 × 10−8 Ceτ
ll; C

eτ
ee ≲3.26 × 10−3

Ceτ
le ≲6.51 × 10−3
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Ċ ll
prst

¼ 8

3
g21y

2
lC ll

prww
δst þ

8

3
g21y

2
lC ll

stww
δpr þ

4

3
g21y

2
lC ll

pwwr
δst þ

4

3
g21y

2
lC ll

swwt
δpr −

2

6
g22C ll

pwwr
δst −

2

6
g22C ll

swwt
δpr

þ 2

3
g22C ll

swwr
δpt þ

2

3
g22C ll

pwwt
δrs þ

2

3
g21yeylC le

prww
δst þ

2

3
g21yeylC le

stww
δpr þ 6g22C ll

ptsr
− 3ðg22 − 4y2lg

2
1ÞC ll

prst
: ð12Þ

For the operator class O ee
prst

¼ ðēpγμerÞðēsγμetÞ, the RGE is

Ċ ee
prst

¼ 2

3
g21yeylC le

wwst
δpr þ

2

3
g21yeylC le

wwpr
δst þ

2

3
g21yeylC le

wwsr
δpt þ

2

3
g21yeylC le

wwpt
δsr þ

2

3
g21y

2
eC ee

stww
δpr þ

2

3
g21y

2
eC ee

prww
δst

þ 2

3
g21y

2
eC ee

srww
δpt þ

2

3
g21y

2
eC ee

ptww
δsr þ

2

3
g21y

2
eC ee

swwt
δpr þ

2

3
g21y

2
eC ee

pwwr
δst þ

2

3
g21y

2
eC ee

swwr
δpt þ

2

3
g21y

2
eC ee

pwwt
δsr þ 12g21y

2
eC ee

prst
:

ð13Þ

For Oprst
le ¼ ðlpγμlrÞðēsγμetÞ,

Ċ le
prst

¼ 16

3
g21yeylC ll

prww
δst þ

8

3
g21yeylC ll

pwwr
δst þ

8

3
g21yeylC ee

stww
δpr þ

8

3
g21yeylC ee

swwt
δpr

þ 4

3
g21y

2
eC le

prww
δst þ

8

3
g21y

2
lC le

wwst
δpr − 12g21yeylC le

prst
: ð14Þ

Here, yl ¼ − 1
2
, ye ¼ −1 denote the SM hypercharges of

the left-handed lepton doublet l and right-handed charged-
lepton singlet e, respectively.
For the LFV processes μþμ− → f�1 f

∓
2 where f1 ≠ f2,

the set of Wilson coefficients we analyze are

C⃗ ¼ ðCμμf1f2
ll ; Cμμf1f2

le ; Cμμf1f2
ee ÞT: ð15Þ

Since the initial-state current is flavor conserving, we have
p ¼ r ¼ μ, s ¼ f1, t ¼ f2, for f1 ≠ f2, which implies

δpr ¼ δμμ ¼ 1; δst ¼ δf1f2 ¼ 0;

δpt ¼ δμf2 ; δrs ¼ δμf1 : ð16Þ

Incorporating these relations, the anomalous-dimension
matrix Γij for our analysis, including all possible non-
vanishing permutations, can be written as

Γμμf1f2 ¼

0
BB@

ðAg21 þ Bg22Þ 1
3
g21 0

0 − 16
3
g21 Dg21

0 Eg21 Fg21

1
CCA

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
gauge

þ

0
BBB@

2y2μ 0 0

0 2y2μ þ y2f1 þ y2f2 0

0 0 y2f1 þ y2f2

1
CCCA

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Yukawa part

;

ð17Þ

where

A ¼ 11

3
þ 1

3
Pf1μμf2 ;

B ¼ −
2

6
Pf1μμf2 þ

2

3
Pf1f2μμδμf2 þ

2

3
δμf1 þ 6Pμf!f2μ − 3;

D ¼ 4

3
ð1þ Pf1μμf2Þ;

E ¼ 1

3
þ 1

3
Pμf2f1μðδμf1 þ δμf2Þ; and

F ¼ 38

3
þ 2

3
Pμf2f1μðδμf2 þ δμf1 þ 1Þ þ 2

3
ðδμf2 þ δμf1Þ;

and P is a permutation operator such that
PpsrtCprst → Cpsrt. At the one-loop level, Yukawa con-
tributions are comparable to those of two-loop gauge
contributions and hence can be neglected. Consequently,
the renormalization-group evolution is overwhelmingly
dominated by the gauge sector.
Figure 1 shows the renormalization-group-evolved val-

ues of the experimentally allowed Wilson coefficients at
μRS ¼

ffiffiffi
s

p ¼ 14 TeV, obtained by evolving the low-energy
constraints extracted from LFV τ decays at μRS ¼ mτ. The
initial points are generated on the ellipsoidal surface
defined by the low-energy constraints and subsequently
evolved using the one-loop SMEFT RGEs. Since the
evolution includes operator mixing, individual Wilson
coefficients need not vary monotonically; depending on
the direction in coefficient space, they may either increase
or decrease slightly. The figure therefore represents the RG
evolution of the allowed SMEFT parameter space rather
than the evolution of any individual Wilson coefficient. The
shift remains small, indicating that the characteristic scale

PROBING LEPTON-FLAVOR-VIOLATING FOUR-LEPTON … PHYS. REV. D 114, 075015 (2026)

075015-5



of the allowed coefficient space is largely preserved
between the τ mass and multi-TeV energies.

V. EVENT GENERATION AND SIGNIFICANCE
ESTIMATION

Having established the SMEFT parameter space at the
collider scale through renormalization-group evolution, we
now investigate the sensitivity of a future muon collider to
these Wilson coefficients using detector-level simulations.
The analysis is based on Monte Carlo event samples for
both the LFV signal processes and the relevant SM back-
grounds capable of producing experimentally indistin-
guishable final-state signatures. We consider the three
benchmark LFV channels

μþμ− → e�τ∓; μþμ− → μ�τ∓; μþμ− → e�μ∓:

Here, unlike electrons and muons, which leave clean and
directly identifiable signatures in detectors, τ leptons decay
promptly and cannot be observed as stable charged tracks.
Hence, τ leptons must be inferred from their decay
products. Approximately 65% of τ leptons decay through
hadronic channels, producing narrow, low-multiplicity jets,
while the remaining (∼35%) decay leptonically into elec-
trons or muons accompanied by neutrinos. At first sight,
leptonic τ decays may appear advantageous because they
produce relatively clean final states containing isolated
charged leptons. However, SM processes such as μþμ− →
WþW− can produce identical visible final states together
with missing energy from neutrinos, leading to kinematic
distributions that are difficult to distinguish from the signal.
Hence, the present study focuses exclusively on hadroni-

cally decaying τ leptons. In addition, this choice benefits
from the larger hadronic branching fraction, resulting in a
higher signal yield than purely leptonic τ decay channels.
The hadronic τ reconstruction is implemented using jet-
reconstruction algorithms, τ-identification criteria, and a
cut-based analysis framework designed to maximize the

signal sensitivity while maintaining efficient suppression of
the SM backgrounds.
The dominant SM background processes considered in

this analysis are

μþμ− → WþW−; μþμ− → τþτ−; μþμ− → Zνν̄:

For the specific e�μ∓ final state, an additional background
arises from μþμ− → μþμ−. These background processes
have been extensively studied in collider searches for
charged LFV, including analyses of LFV Z boson decays
by the ATLAS Collaboration [49]. Their inclusion is
therefore important for constructing realistic event-selec-
tion criteria.
In addition to the conventional SM backgrounds dis-

cussed above, muon colliders are subject to beam-induced
backgrounds (BIBs), which arise from the decay of beam
muons along the accelerator beamline. These decays
generate large fluxes of soft electrons, photons, low-energy
hadrons, and neutrinos that propagate into the detector
volume, predominantly in the forward direction and with
time delays relative to particles originating from the
primary hard-scattering interaction [50]. The principal
effect of BIB is the generation of diffuse low-pT activity
in the detector, particularly within the forward regions.
Importantly, BIB contributions rarely produce hard and
isolated objects in the central detector volume. Qualitative
studies of beam-induced backgrounds have been carried
out within the Muon Accelerator Program and subsequent
muon collider detector studies [51,52]. The hard kinematic
cuts considered in our analysis strongly suppress beam-
induced backgrounds, which therefore do not contribute
significantly in the kinematic regions of our interest.
The experimental setup considered in this study follows

future muon collider proposals operating at multiple TeV
center-of-mass energies corresponding to different stages
of the proposed muon collider program [51,53–55].
Signal and SM background events are simulated by
implementing the LFV model in FeynRules [56] followed

FIG. 1. Evolution of the allowed Wilson coefficient parameter space from the low-energy scale μRS ¼ mτ, where the constraints are
extracted from LFV τ decays (7), to the collider scale μRS ¼ 14 TeV. The points shown correspond to the RG-evolved coefficients in the
ðCll; CleÞ plane, with Cee indicated by the color scale.
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by event generation with MadGraph5_aMC@NLO [57], and
parton showering and hadronization are performed using
Pythia8 [58]. Finally, detector-level simulation is carried
out with Delphes3 [59] using the delphes_card_
MuonColliderDet.tcl [60,61], developed based on
the proposed muon collider detector designs. At this stage,
the reconstruction of hadronic τ decays is carried out using
the Valencia algorithm in FastJet [62] considering
inclusive jet reconstruction with the jet radius ΔR ≤ 0.2
followed by jet association and τ tagging.
Figure 2 compares the energy dependence of the LFV

signal evaluated for a benchmarkWilson coefficient and the
dominant SM background cross sections. As expected, the
dominant SM background cross sections, arising primarily
from the WþW− and τþτ− production channels, decrease
with increasing center-of-mass energy owing to s-channel
suppression. In contrast, the LFV signal, induced by
dimension-six four-lepton contact interactions, increases
with

ffiffiffi
s

p
, thereby improving the signal-to-background ratio

at higher collision energies. Table III summarizes the
corresponding leading-order signal and SM background

FIG. 2. Leading-order cross sections as a function of the center-
of-mass energy for the LFV signal process μþμ− → e�τ∓ and the
dominant SM background processes. The signal is evaluated for
Ceτ=Λ2 ¼ 1.0 × 10−3 TeV−2, with one Wilson coefficient
switched on at a time while all others are set to zero. Since all
four-lepton operators exhibit identical energy dependence, only a
single representative signal curve is shown.

TABLE III. Leading-order cross sections (in femtobarn) for LFV signal processes with e�τ∓, μ�τ∓, and e�μ∓ final states, together
with the dominant SM backgrounds, at

ffiffiffi
s

p ¼ 3, 10, and 14 TeV for different muon beam polarizations. The signal rates are shown
before particle decays and detector effects. Columns under each energy correspond to Pμ− ¼ 0%, −80%, −30%, þ30%, and þ80%,
respectively.

Process: μþμ− → e�τ∓

Couplings ð10−3 TeV−2Þ
3 TeV 10 TeV 14 TeV

0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80%

Cf1f2
ll =Λ2 0.74 1.3 0.965 0.521 0.15 8.26 14.87 10.74 5.78 1.65 16.2 29.15 21.04 11.33 3.24

Cf1f2
le =Λ2 0.37 0.37 0.37 0.37 0.37 4.13 4.13 4.13 4.13 4.13 8.09 8.09 8.09 8.09 8.09

Cf1f2
ee =Λ2 0.74 0.15 0.52 0.96 1.3 8.26 1.65 5.79 10.74 14.87 16.2 3.24 11.33 21.05 29.16

Total BG 2560 4592 3322 1798 529 3663 6592 4761 2564 734 4068 7322 5287 2848 814.5

Process: μþμ− → μ�τ∓

Couplings ð10−3 TeV−2Þ
3 TeV 10 TeV 14 TeV

0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80%

Cf1f2
ll =Λ2 2.98 5.35 3.87 2.08 0.59 33.05 59.49 42.97 23.14 6.61 64.78 116.6 84.22 45.35 12.96

Cf1f2
le =Λ2 1.49 1.49 1.49 1.49 1.49 16.53 16.53 16.53 16.53 16.53 32.39 32.39 32.39 32.39 32.39

Cf1f2
ee =Λ2 2.98 0.59 2.08 3.87 5.35 33.05 6.61 23.14 42.97 59.49 64.78 12.96 45.35 84.22 116.6

Total BG 2560 4592 3322 1798 529 3663 6592 4761 2564 734 4068 7322 5287 2848 814.5

Process: μþμ− → e�μ∓

Couplings ð10−3 TeV−2Þ
3 TeV 10 TeV 14 TeV

0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80% 0% −80% −30% þ30% þ80%

Cf1f2
ll =Λ2 2.98 5.35 3.87 2.08 0.59 33.05 59.49 42.97 23.14 6.61 64.78 116.6 84.22 45.35 12.96

Cf1f2
le =Λ2 1.49 1.49 1.49 1.49 1.49 16.53 16.53 16.53 16.53 16.53 32.39 32.39 32.39 32.39 32.39

Cf1f2
ee =Λ2 2.98 0.59 2.08 3.87 5.35 33.05 6.61 23.14 42.97 59.49 64.78 12.96 45.35 84.22 116.6

Total BG 7568 9797 8405 6732 5339 34121 7068 5225 3014 1172 4301 7565 5525 3077 1038
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cross sections for all center-of-mass energies and beam-
polarization configurations. We observe that the cross
section of μμ → eτ is different from the other two signal
processes (μμ → μe and μμ → μτ), which are identical to
each other; this is because they have the same signal
topology, where the presence of a final-state muon intro-
duces additional permutation channels compared
to μμ → eτ.
We have also simulated events considering different

polarizations of the μ− beam, keeping the μþ beam
unpolarized. In our study, the simulations are performed
for Pμ− ¼ 0%;�30%, and �80%.
To define exclusive LFV final states for signal and SM

background, we impose channel-specific particle selection
requirements before any analysis,

CutðeτÞ0 ∶ ðNe; Nτh ; NμÞ ¼ ð1; 1; 0Þ;
CutðμτÞ0 ∶ ð0; 1; 1Þ;
CutðeμÞ0 ∶ ð1; 0; 1Þ: ð18Þ

The impact of these selection requirements becomes
evident once the hadronic τ decays and detector efficiencies
discussed above are taken into account. Table IV presents
the cross sections after the application of Cut0. The
observed reduction in the signal cross section is primarily
due to the hadronic branching fraction of the τ lepton
(∼65%), followed by the τ-tagging efficiency of 80% for
pT > 10 GeV and the electron-identification efficiency
ranging from 58 to 98% across different pT and η bins
as defined in the muon collider Delphes card. For the e�μ∓
channel, which does not contain τ leptons, the reduction is
correspondingly much smaller and arises predominantly
from the finite electron-identification efficiency.

Subsequent selections, labeled Cutðf1f2Þ1 , are applied

cumulatively on top of Cutðf1f2Þ0 and impose progressively
tighter kinematic requirements on the leading lepton. Their
precise definitions are provided in the following sections,
and their results are tabulated.

A. Signal significance estimation

Having established the event selection together with the
corresponding signal and SM background rates, we now
quantify the discovery potential of the proposed muon
collider using the profile-likelihood formalism. The
expected statistical significance is evaluated using the
asymptotic likelihood formalism [63],

Z ¼
�
2

�
ðNS þ NBÞ ln

�ðNS þ NBÞðNB þ Δ2
bÞ

N2
B þ NS þ NBÞΔ2

b

�

−
N2

B

Δ2
b

ln

�
1þ Δ2

bNS

NBðNB þ Δ2
bÞ
���

1=2
; ð19Þ

where NS ¼ σSLint and NB ¼ σBLint are the expected
number of signal and SM background events, respectively,
and Δb is the relative systematic uncertainty in the back-
ground. The systematic uncertainty is taken to be 1%. Here
Lint is the integrated luminosity. The uncertainty in the
integrated luminosity is included in the quoted systematic
uncertainty.
Each panel in Fig. 3 shows the allowed region in the

space of two SMEFTWilson coefficients while keeping the
third fixed. The shaded regions enclosed by the contours
correspond to the parameter space where a 1σ discovery
would be achievable. The polarization dependence of the
corresponding significance contours for the μ�τ∓ and
e�μ∓ final states is identical to that for the e�τ∓ case,
although the numerical sensitivities differ because of
channel-dependent backgrounds and reconstruction
efficiencies.

B. Kinematic distributions

We first examine the kinematic properties of the final-
state leptons in order to identify observables that maximize
the sensitivity to LFV contact interactions and optimize
background suppression. In particular, we focus on the
transverse momentum pT and polar-angle distribution cos θ
of the reconstructed electron (muon in case of μ�τ∓ signal)
in the final state.
The resulting distributions for the process μþμ− → e�τ∓

are shown in Fig. 4 for
ffiffiffi
s

p ¼ 3, 10, and 14 TeV.
As shown in Fig. 4, the LFV signal exhibits a markedly

hard transverse-momentum spectrum, with the lepton
distribution concentrated near the kinematic end point,
pT ∼

ffiffiffi
s

p
=2. In contrast, the SM backgrounds originate

predominantly from electroweak gauge-boson decays and
therefore populate significantly lower transverse-momen-
tum regions.
Motivated by this clear kinematic separation, we impose

the following hard transverse-momentum requirements on
the leading electron:

pe
T > 0.8 TeV for

ffiffiffi
s

p ¼ 3 TeV;

pe
T > 1.0 TeV for

ffiffiffi
s

p ¼ 10 TeV;

pe
T > 1.2 TeV for

ffiffiffi
s

p ¼ 14 TeV: ð20Þ

These selections substantially reduce the SM back-
ground while preserving most of the signal contribution.
A small number of reconstructed events extend beyond the
nominal kinematic end point at pT ≃

ffiffiffi
s

p
=2. This feature

originates from detector-level energy smearing imple-
mented in the Delphes muon collider card and reflects
purely instrumental fluctuations near the end point region.
Such effects also mildly modify the overall normalization
and induce slight shape smearing in the distributions, but
this does not affect the stark difference between signal and
SM background in the high-pT region.
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TABLE IV. Cross sections (in femtobarn) after sequential cuts for (a)
ffiffiffi
s

p ¼ 3 TeV with an integrated luminosity of 1 ab−1 and
(b)

ffiffiffi
s

p ¼ 10 and 14 TeV with an integrated luminosity of 10 ab−1 each. Results are shown for the three effective operators and the
corresponding background, assuming unpolarized (0%), positively polarized (þ80%;þ30%), and negatively polarized (−80%;−30%)
muon beams.

Process: μþμ− → e�τ∓ffiffiffi
s

p ¼ 3 TeV
ffiffiffi
s

p ¼ 10 TeV
ffiffiffi
s

p ¼ 14 TeV

Couplings

CutðeτÞ0 ∶ Nμ ¼ 0 CutðeτÞ1 CutðeτÞ0 ∶ Nμ ¼ 0 CutðeτÞ1 CutðeτÞ0 ∶ Nμ ¼ 0 CutðeτÞ1

Ne ¼ 1; Nτh ¼ 1 pe
T > 0.8 TeV Ne ¼ 1; Nτh ¼ 1 pe

T > 1 TeV Ne ¼ 1; Nτh ¼ 1 pe
T > 1.2 TeV

ð1 × 10−3 TeV−2Þ 0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

−30 −80 −30 −80 −30 −80 −30 −80 −30 −80 −30 −80

Cll=Λ2 0.34 0.24 0.07 0.28 0.20 0.06 3.87 2.71 0.77 3.85 2.69 0.77 7.36 5.15 1.47 7.35 5.14 1.47
0.45 0.62 0.36 0.50 5.03 6.96 5.00 6.92 9.56 13.24 9.54 13.21

Cle=Λ2 0.17 0.17 0.17 0.15 0.15 0.15 1.95 1.95 1.95 1.94 1.95 1.94 3.70 3.70 3.70 3.69 3.69 3.69
0.17 0.17 0.15 0.15 1.95 1.95 1.94 1.94 3.69 3.70 3.69 3.69

Cee=Λ2 0.34 0.45 0.62 0.28 0.37 0.50 3.86 5.03 6.96 3.84 5.00 6.91 7.35 9.55 13.23 7.33 9.53 13.20
0.24 0.07 0.20 0.06 2.71 0.77 2.69 0.77 5.14 1.47 5.13 1.47

Background

Total BG 11.21 8.37 3.70 0.43 0.32 0.25 10.29 7.24 2.20 0.15 0.14 0.09 10.65 7.42 2.17 0.09 0.07 0.05
13.98 18.55 0.46 0.55 13.52 18.77 0.18 0.25 13.82 19.42 0.11 0.13

Process: μþμ− → μ∓τ�ffiffiffi
s

p ¼ 3 TeV
ffiffiffi
s

p ¼ 10 TeV
ffiffiffi
s

p ¼ 14 TeV

Couplings

CutðμτÞ0 ∶ Ne ¼ 0 CutðμτÞ1 CutðμτÞ0 ∶ Ne ¼ 0 CutðμτÞ1 CutðμτÞ0 ∶ Ne ¼ 0 CutðμτÞ1

Nμ ¼ 1; Nτh ¼ 1 pμ
T > 0.8 TeV Nμ ¼ 1; Nτh ¼ 1 pμ

T > 1 TeV Nμ ¼ 1; Nτh ¼ 1 pμ
T > 1.2 TeV

ð1 × 10−3 TeV−2Þ 0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

−30 −80 −30 −80 −30 −80 −30 −80 −30 −80 −30 −80

Cll=Λ2 1.51 1.06 0.30 1.22 0.85 0.24 17.24 12.07 3.45 17.08 11.95 3.42 34.38 24.08 6.89 34.30 24.02 6.87
1.96 2.72 1.58 2.19 22.43 31.08 22.22 30.79 44.73 61.93 44.62 61.79

Cle=Λ2 0.76 0.76 0.76 0.64 0.64 0.64 8.69 8.68 8.69 8.63 8.62 8.63 17.32 17.33 17.33 17.29 17.30 17.30
0.76 0.76 0.64 0.64 8.69 8.69 8.63 8.63 17.31 17.32 17.28 17.29

Cee=Λ2 1.52 1.97 2.73 1.22 1.58 2.19 17.24 22.41 31.04 17.08 22.20 30.75 34.35 44.67 61.85 34.27 44.57 61.71
1.06 0.30 0.85 0.24 12.08 3.45 11.97 3.41 24.07 6.87 24.01 6.85

Background

Total BG 13.33 9.96 4.29 0.43 0.40 0.29 12.57 9.05 2.68 0.18 0.15 0.11 13.06 9.17 2.66 0.10 0.07 0.06
16.82 22.44 0.50 0.60 16.56 22.88 0.22 0.26 16.81 23.45 0.10 0.16

Process: μþμ− → e�μ∓ffiffiffi
s

p ¼ 3 TeV
ffiffiffi
s

p ¼ 10 TeV
ffiffiffi
s

p ¼ 14 TeV

Couplings

CutðeμÞ0 ∶ Nτh ¼ 0 CutðμτÞ1 CutðeμÞ0 ∶ Nτh ¼ 0 CutðμτÞ1 CutðeμÞ0 ∶ Nτh ¼ 0 CutðμτÞ1

Ne ¼ 1; Nμ ¼ 1 pe
T > 0.8 TeV Ne ¼ 1; Nμ ¼ 1 pe

T > 1 TeV Ne ¼ 1; Nμ ¼ 1 pe
T > 1.2 TeV

ð1 × 10−3 TeV−2Þ 0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

0%
þ30 þ80

−30 −80 −30 −80 −30 −80 −30 −80 −30 −80 −30 −80

Cll=Λ2 2.60 1.82 0.52 2.11 1.48 0.42 28.22 19.76 5.65 28.07 19.65 5.61 52.73 36.90 10.55 52.67 36.86 10.54
3.37 4.67 2.75 3.80 36.72 50.81 36.52 50.53 68.56 94.88 68.48 94.77

Cle=Λ2 1.31 1.31 1.31 1.12 1.12 1.12 14.25 14.24 14.24 14.19 14.18 14.18 26.49 26.49 26.49 26.47 26.46 26.47
1.31 1.31 1.12 1.12 14.24 14.24 14.18 14.18 26.48 26.49 26.46 26.47

Cee=Λ2 2.60 3.37 4.67 2.11 2.74 3.80 28.23 36.71 50.81 28.08 36.50 50.53 52.73 68.54 94.89 52.67 68.47 94.79
1.82 0.52 1.48 0.42 19.76 5.65 19.65 5.61 36.90 10.55 36.86 10.54

Background
Total BG 8.57 6.03 2.17 0.38 0.27 0.12 6.37 4.52 1.30 0.13 0.10 0.04 6.43 4.41 1.32 0.07 0.04 0.02

10.59 14.77 0.42 0.59 8.23 11.54 0.16 0.24 8.34 11.56 0.09 0.14
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The corresponding signal and SM background cross
sections after the baseline selection Cutðf1f2Þ0 and
after the additional hard transverse-momentum requirement

Cutðf1f2Þ1 are summarized in Table IV. The results demon-
strate that the hard-pT selection provides the dominant
kinematic discrimination between LFV signals and SM
backgrounds across all collider energies considered in this
study. The hard transverse-momentum requirement sup-
presses the SM backgrounds by more than an order of
magnitude at all center-of-mass energies while retaining
most of the LFV signal, thereby providing the principal
source of signal-background discrimination in the cut-
based analysis.
Although the distributions displayed in Fig. 4 correspond

explicitly to the e�τ∓ final state, similar distributions are
obtained for the μ�τ∓ and e�μ∓ channels. We therefore
employ an analogous kinematic selection strategy for all
LFV final states in the subsequent optimal-observable
analysis. In the μ�τ∓ channel, the transverse-momentum
selection is applied to the prompt muon.

VI. OPTIMAL-OBSERVABLE TECHNIQUE

The method of optimal observables has been widely
used in precision studies of anomalous gauge-boson
couplings [64], Higgs couplings at lepton colliders [65,66],
and more recently in SMEFT studies of LFV [41,67].
In this section, we apply the Optimal Observable

Technique (OOT) to quantify the sensitivity of a muon
collider to LFV four-lepton operators using the cos θ
distribution of the prompt charged lepton in the LFV final
state f1f2, where θ denotes its polar angle with respect to
the beam axis. For fixed center-of-mass energy

ffiffiffi
s

p
and

muon beam polarization Pμ− , the differential event yield is

Lint
dσtotalð

ffiffiffi
s

p
;Pμ−Þ

dðcosθÞ ¼ Lint
dσSMð

ffiffiffi
s

p
;Pμ−Þ

dðcosθÞ

þLint

X
α;β

Cf1f2
α Cf1f2

β

dσαβð
ffiffiffi
s

p
;Pμ−Þ

dðcosθÞ ;

ð21Þ

where α; β∈ fll;le; eeg. The term σSM denotes the
flavor-conserving SM background, while σαβ contains
the pure EFT contributions, including interference among
dimension-six operators. Since LFV amplitudes are absent
in the SM, there is no linear SMEFT interference.
For a binned analysis in cos θ, the expected number of

events in the kth bin is

N k ¼ N k
SM þ

X
α;β

Cf1f2
α Cf1f2

β ðN f1f2
αβ Þk; ð22Þ

where ðN f1f2
αβ Þk ¼ Lintσ

k
αβ.

As discussed earlier, the delta functions in Eq. (4) ensure
that the cross terms between different Wilson coefficients
vanish. As a result, the inverse covariance matrix can be
written as

ðV−1Þf1f2αβ ¼
X
k

ðN f1f2
αα ÞkðN f1f2

ββ Þk
ðΔN kÞ2 ; ð23Þ

where

ΔN k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδN k

statÞ2 þ ðδN k
sysÞ2

q
: ð24Þ

We assume Poisson statistics, such that the statistical
uncertainty is given by δN k

stat ¼
ffiffiffiffiffiffiffi
N k

p
. The systematic

uncertainty is parametrized as δN k
sys ¼ ϵN k, where we

take ϵ ¼ 1%.
The sensitivity obtained with the optimal-observable

method depends on the binning of the angular distribution.
After verifying the stability of the extracted limits under
variations of the bin size, we adopt a bin width of
Δ cos θ ¼ 0.1, which provides an optimal compromise
between statistical fluctuations and the ability to resolve
differences in the angular distributions induced by the
various operator structures.
The corresponding test statistic is

ðχ2Þf1f2αβ ð ffiffiffi
s

p
; Pμ−Þ ¼ ðCf1f2

α Þ2ðVαβÞ−1ðCf1f2
β Þ2; ð25Þ

The total ðχ2Þf1f2αβ is obtained by summing the binwise
contributions over all cos θ bins for each beam-polarization
and center-of-mass-energy configuration. Figure 5 shows the
projected 1σððΔχ2Þf1f2αβ ¼ 2.30Þ contours in the (Ceτ

ll=Λ2−
Ceτ
ee=Λ2), (Ceτ

ll=Λ2 −Ceτ
le=Λ2), and (Ceτ

ee=Λ2 −Ceτ
le=Λ2)

planes for the LFV process μþμ− → e�τ∓. The correspond-
ing 1σ contours for the remaining LFV channels, μþμ− →
μ�τ∓ and μþμ− → e�μ∓, are provided in Appendix A and
shown in Figs. 7 and 8, respectively.
The chirality structure of the operators plays a key role in

determining the sensitivity. The strongest constraints on the
left-chiral operator Oll are obtained with left-polarized
muon beams ðPμ− ¼ −80%Þ, while Oee is most effectively
constrained by right-polarized beams. In contrast, the
mixed-chirality operator Ole is largely insensitive to beam
polarization due to its simultaneous coupling to left- and
right-handed leptons. The orientation and eccentricity of
the allowed ellipses are governed by operator correlations
encoded in the covariance matrix, with stronger correla-
tions producing more elongated contours.
For a fixed center-of-mass energy, the sensitivities differ

among LFV channels due to the varying reconstruction
efficiencies of the final-state leptons. Channels containing τ
leptons generally yield weaker constraints than those
involving only electrons and muons because of the lower
τ-tagging and background-rejection efficiencies.
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FIG. 3. Projected 1σ discovery contours for Wilson coefficients for the process μ�μ∓ → e�τ∓, with all the polarizations for three
benchmark energy center-of-mass energies.

FIG. 4. Distributions of the transverse momentum pT of the leading electron in LFV process μþμ− → e�τ∓ at
ffiffiffi
s

p ¼ 3, 10, and
14 TeV. The signal arises from dimension-six LFV four-lepton operators in the SMEFT, while the background corresponds to purely SM
contributions. Here the bin widths are 100, 250, and 400 GeV for

ffiffiffi
s

p ¼ 3, 10, and 14 TeV, respectively.
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The projected sensitivities improve the current experimen-
tal limits on several LFVWilson coefficients by up to an order
of magnitude, depending on the operator and final state. The
allowed parameter space contracts with increasing center-of-
mass energy because the pure EFT contribution grows
approximately as ðs=Λ2Þ2, enhancing both the signal-to-
background ratio and the sensitivity to LFVoperators.
A higher integrated luminosity leads to stronger pro-

jected constraints, since the χ2 statistic scales linearly with
the integrated luminosity. For a fixed value of χ2, the

coupling strength therefore scales as

Cα ∝ L−1=4; ð26Þ
implying that the sensitivity to the coupling improves with
the fourth root of the integrated luminosity.
Finally, the sensitivity is dominated by quadratic EFT

terms proportional to ðCα=Λ2Þ2. In the absence of SMEFT
interference, positive and negative values of the Wilson
coefficients yield identical χ2 values, leading to contours
that are symmetric under Cα → −Cα.

FIG. 5. Shaded 1σðΔχ2 ¼ 2.30) C.L. region in the ðCeτ
ll=Λ2; ;Ceτ

ee=Λ2Þ, ðCeτ
ll=Λ2; ;Ceτ

le=Λ2Þ, and ðCeτ
ee=Λ2; ;Ceτ

le=Λ2Þ planes for the
process μþμ− → e�τ∓ for a given beam polarization, shown for three center-of-mass energies with their corresponding integrated
luminosities.
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A. Covariance analysis at a fixed center-of-mass energy

While the projected confidence contours quantify the
sensitivity to individual Wilson coefficients, the covariance
matrix provides a more complete description of the fit by
determining both their projected uncertainties and mutual
correlations. For a given center-of-mass energy, beam polari-
zation, and LFV final state f1f2, the elements of correlation

matrix (ραβ) and the projected 1σ uncertainty of each squared
Wilson coefficient (εC2

α
) are respectively defined as

ρf1f2αβ ¼ Vf1f2
αβffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vf1f2
αα Vf1f2

ββ

q ; ε
f1f2≡εðCf1f2α Þ2
α ¼

ffiffiffiffiffiffiffiffiffiffiffi
Vf1f2
αα

q
: ð27Þ

FIG. 6. Projected 1σ confidence regions in the ðCf1f2
ll =Λ2; Cf1f2

ee =Λ2Þ, ðCf1f2
ll =Λ2; Cf1f2

le =Λ2Þ, and ðCf1f2
ee =Λ2; Cf1f2

le =Λ2Þ planes for the
LFV processes μþμ− → e�τ∓, μþμ− → μ�τ∓, and μþμ− → e�μ∓. The blue and red contours correspond to the analyses obtained after
combining all beam-polarization configurations at

ffiffiffi
s

p ¼ 10 and 14 TeV, respectively, while the green contours represent the global fit
obtained by combining the statistically independent datasets at

ffiffiffi
s

p ¼ 3, 10, and 14 TeV. Throughout the analysis, a 1% systematic
uncertainty is assumed in each angular bin, and the third Wilson coefficient is fixed to zero in each panel.
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To demonstrate the covariance structure, we consider the
benchmark process μþμ− → e�τ∓ at

ffiffiffi
s

p ¼ 3 TeV with an
unpolarized muon beam. The projected 1σ uncertainties
and corresponding correlation matrix are

εeτll ¼ �51.66;

εeτee ¼ �50.75;

εeτle ¼ �4.604;

0
B@ 1 −0.99 −0.34

−0.99 1 0.29

−034 0.29 1

1
CA : ð28Þ

The large off-diagonal elements indicate that the squared
Wilson coefficients are strongly correlated and therefore
cannot be extracted independently. Instead, the measured
angular distributions constrain specific combinations of
operators.
To identify these combinations, we diagonalize the

covariance matrix. Its eigenvectors define the principal
directions of the fit, while the corresponding eigenvalues
represent the variances along those directions. The princi-
pal direction associated with the largest eigenvalue is the
least-constrained direction, corresponding to the combina-
tion of squared Wilson coefficients that produces the
smallest change in the measured angular distributions.
For the unpolarized beam configuration, the least-con-

strained direction is

−0.71ðCeτ
llÞ2 þ 0.70ðCeτ

eeÞ2 þ 0.02ðCeτ
leÞ2 ¼ �72.4; ð29Þ

with a condition number, defined here as the square root of
the ratio of the largest to the smallest of the eigenvalues of
the covariance matrix,

κ ¼
ffiffiffiffiffiffiffiffiffi
λmax

λmin

s
¼ 392.7: ð30Þ

Such a large condition number indicates that certain
combinations of squared Wilson coefficients are much
more weakly constrained than others.
The least-constrained direction depends strongly on the

beam polarization. For positively polarized beams
(Pμ− ¼ þ80% and þ30%), the dominant eigenvectors
are approximately

ð−0.99; 0.11; 0.001Þ; ð−0.88; 0.47;−0.008Þ;

whereas for negatively polarized beams (Pμ− ¼ −80% and
−30%) they become

ð−0.11; 0.99;−0.001Þ; ð−0.47; 0.88; 0.008Þ:

This behavior reflects the chiral structure of the four-
lepton operators: left-polarized beams are primarily sensitive
to Oll, whereas right-polarized beams preferentially
probe Oee. Consequently, different beam polarizations
constrain complementary combinations of squared Wilson

coefficients, effectively rotating the principal axes of the
covariance ellipsoid.
Combining the statistically independent beam-polarization

datasets further reduces these degeneracies. The combined
test statistic at fixed center-of-mass energy is

ðχ2Pol:comb:Þf1f2αβ ¼
X
Pμ−

ðχ2Þf1f2αβ ð ffiffiffi
s

p
; Pμ−Þ; ð31Þ

for which the least-constrained direction becomesffiffiffi
s

p
∶3 TeV∶ − 0.246ðCeτ

llÞ2 − 0.254ðCeτ
eeÞ2 þ 0.935ðCeτ

leÞ2
¼ �2.18: ð32Þ

After combining the data from the different beam polar-
izations, we observe that the uncertainty along the least-
constrained direction is further reduced to �2.18, with
corresponding κ ¼ 26.27 for 3 TeV center-of-mass energy.
A similar procedure is then applied to combine the datasets at
the different center-of-mass energies, with the least-con-
strained directions as ffiffiffi

s
p ¼ 10 TeV∶

−0.237ðCeτ
llÞ2 − 0.238ðCeτ

eeÞ2 þ 0.942ðCeτ
leÞ2 ¼ �0.111;ffiffiffi

s
p ¼ 14 TeV∶

−0.236ðCeτ
llÞ2 − 0.235ðCeτ

eeÞ2 þ 0.943ðCeτ
leÞ2 ¼ �0.080:

ð33Þ

We observe that higher collision energies shrink the
confidence ellipsoid by reducing the uncertainty along its
least-constrained direction, while leaving the direction of
the least-constrained combination of squared Wilson coef-
ficients largely unchanged.

B. Global uncertainties and correlations

The covariance analysis presented in the previous sub-
section characterizes the sensitivity of a given beam-
polarization configuration at a fixed center-of-mass energy
and the polarization-combined test statistic for each center-
of-mass energy.
The measurements performed at different center-of-mass

energies are likewise statistically independent. Conse-
quently, combining the dataset from different center-of-
mass energies through the global statistics,

ðχ2globalÞf1f2αβ
¼

Xffiffi
s

p
∈ f3;10;14g TeV

ðχ2Pol:comb:Þf1f2αβ ð ffiffiffi
s

p Þ; ð34Þ

which combines all beam-polarization configurations and
collision energies considered in this analysis.
The resulting confidence regions are shown in Fig. 6. For

each LFV channel, the blue and red contours correspond
to the polarization-combined analyses at

ffiffiffi
s

p ¼ 10 and
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14 TeV, respectively, while the green contours are obtained
from the global combination of the

ffiffiffi
s

p ¼ 3, 10, and 14 TeV
datasets. Although the overall sizes of the contours differ
among the three LFV channels because of their different
reconstruction efficiencies and background levels, their
orientations remain remarkably similar.
The projected global 1σ uncertainties together with the

corresponding correlation matrices as summarized in
Table V, shows that, despite the different final-state flavor
compositions, all three LFV channels exhibit nearly iden-
tical correlation matrices, indicating that the correlation
pattern is governed primarily by the Lorentz and chirality
structure of the underlying four-lepton operators rather than
by the final-state flavor. In particular, C2

ll and C2
ee are

strongly positively correlated, ρðC2
ll; C

2
eeÞ ≃ 0.85, while

both are strongly anticorrelated with the mixed-chirality
coefficient C2

le, with ρ ≃ −0.95.
Finally, combining the statistically independent datasets

collected at
ffiffiffi
s

p ¼ 3, 10, and 14 TeV reduces the corre-
sponding condition number to κ ¼ 20.15 and yields the
global least-constrained direction,

−0.236ðCeτ
llÞ2 − 0.236ðCeτ

eeÞ2 þ 0.942ðCeτ
leÞ2 ¼ �0.065:

ð35Þ
The global least-constrained direction is nearly identical to
those obtained at the individual center-of-mass energies
after combining all beam-polarization configurations.
Similarly, for the other two LFV processes μμ → μτ and
μμ → μe, the least-constrained directions remain almost
similar, and the corresponding global uncertainties are
�0.0294 and �0.0264, respectively.

VII. SUMMARY

In this work, we have investigated charged LFV proc-
esses induced by dimension-six four-lepton operators
within the SMEFT at a future high-energy muon collider.
Owing to the extreme suppression of charged LFV in the
SM, these processes constitute a particularly sensitive
probe of new physics. We first translated the existing
experimental limits from LFV τ decay measurements into
constraints on the relevant SMEFT Wilson coefficients and
evolved the corresponding parameter space to the multi-
TeV scale using the one-loop renormalization-group equa-
tions. The small corrections imply that the experimentally
allowed low-energy parameter space is mildly modified at
future muon collider energies.

Signal events for the LFV processes μþμ− → e�τ∓,
μþμ− → μ�τ∓, and μþμ− → e�μ∓ and the SM back-
grounds both were simulated at

ffiffiffi
s

p ¼ 3, 10, and 14 TeV
and analyzed using a realistic detector-level simulation
based on the Delphes muon collider detector card. The
characteristic hard kinematic behavior of the contact
interactions enables efficient suppression of the SM back-
grounds through simple event selections while maintaining
high signal efficiencies.
To obtain the most stringent constraints on the SMEFT

Wilson coefficients, we employed the OOT on the binned
angular distributions of the reconstructed charged leptons.
As illustrated by the projected confidence regions in
Figs. 5, 7, and 8, the projected 1σ sensitivities improve
upon the existing bounds by reaching the Oð10−4Þ TeV−2

level at
ffiffiffi
s

p ¼ 3 TeV and are further strengthened to the
Oð10−5Þ TeV−2 level at

ffiffiffi
s

p ¼ 10 and 14 TeV, depending
on the operator and LFV channel. The projected sensitiv-
ities improve with increasing center-of-mass energy and
vary slightly across the three LFV processes due to
different final-state topologies. Beam polarization helps
disentangle the chirality structure of the underlying oper-
ators, with left- (right-) polarized muon beams providing
the best sensitivity to Oll (Oee), while Ole is largely
insensitive to polarization.
To further investigate the correlations among the fitted

squared Wilson coefficients, we performed a covariance
matrix analysis. Combining different beam polarizations
significantly reduced the uncertainty of the least-con-
strained direction of the squared Wilson coefficients.
The global combination of all center-of-mass energies
further reduced the corresponding uncertainties for the
three LFV processes to �0.065;�0.0294, and �0.0264,
leading to substantially stronger constraints on the Wilson
coefficients. This is also observed in the projected con-
fidence contours shown in Fig. 6, which have shrunk,
providing more stringent constraints. We have summarized
the final results of the bounds on the individual couplings
and their uncertainties in Table VI.
Overall, our results demonstrate the excellent potential of

a future multi-TeV muon collider as a precision probe of
charged LFV within the SMEFT framework. With its high
center-of-mass energies, beam-polarization capabilities,
and clean experimental environment, the muon collider
is expected to tighten current bounds by orders of
magnitude, achieving unprecedented sensitivities of
ð0.5 − 1.2Þ × 10−4 TeV−2. Crucially, for processes such

TABLE V. Global 1σ uncertainties and correlation matrices for the SMEFT Wilson coefficients after combining all beam-polarization
configurations and the

ffiffiffi
s

p ¼ 3, 10, and 14 TeV datasets.

εeτll ¼ �0.0161
εeτee ¼ �0.0161
εeτle ¼ �0.0611

0
@ 1 .85 −.95

.85 1 −.95
−.95 −.95 1

1
A εμτll ¼ �0.0073

εμτee ¼ �0.0073
εμτle ¼ �0.0277

0
@ 1 .85 −.95

.85 1 −.95
−.95 −.95 1

1
A εeμll ¼ �0.0067

εeμee ¼ �0.0063
εeμle ¼ �0.0255

0
B@ 1 .85 −.95

.85 1 −.95
−.95 −.95 1

1
CA
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as μþμ− → e�μ∓, where low-energy observables do not
provide tree-level bounds, the muon collider offers a unique
and unparalleled environment to establish direct, stringent
constraints on these purely leptonic four-fermion operators.
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APPENDIX: PLOTS FOR ADDITIONAL
PROCESSES

This appendix details the remaining two-dimensional 1σ
exclusion contours for the LFV channels evaluated in this
study. The constraints are derived using the same statistical
procedure, benchmark assumptions, and analysis frame-
work established in the main text, thereby providing the full
set of exclusion contours for all flavor combinations.
The exclusion contours for the process μþμ− → μ�τ∓

are shown in Fig. 7. The three panels in each row
correspond to the ðCμτ

ll=Λ2; Cμτ
ee=Λ2Þ, ðCμτ

ll=Λ2; Cμτ
le=Λ2Þ,

and ðCμτ
ee=Λ2; Cμτ

le=Λ2Þ parameter planes, respectively, for a
fixed center-of-mass energy considered and the different
rows correspond to different center-of-mass energies.
For the LFV process μþμ− → e�μ∓, the corresponding

exclusion contours are given in Fig. 8. As in the previous
case, the constraints are displayed in the three independent
Wilson coefficient planes while fixing the remaining
coefficient to its SM value.

TABLE VI. Projected 1σ bounds of all three channels on the
individual coupling coefficients from the combined beam-polari-
zation analysis (0%;�30%;�80%) at Δχ2Pol:comb: ¼ 2.3, for

ffiffiffi
s

p
3, 10, and 14 TeV, and for the global combination Δχ2global of all
three center-of-mass energies.

ffiffiffi
s

p
(TeV) Coupling

1σ bounds (10−4 TeV−2)

μμ → eτ μμ → eμ μμ → μτ

3 (Pol. combined) Cll=Λ2 4.133 2.237 2.622
Cee=Λ2 4.074 2.602 2.649
Cle=Λ2 5.948 3.401 3.808

10 (Pol. combined) Cll=Λ2 1.045 0.636 0.715
Cee=Λ2 1.041 0.645 0.715
Cle=Λ2 1.560 0.963 1.069

14 (Pol. combined) Cll=Λ2 0.890 0.554 0.600
Cee=Λ2 0.895 0.603 0.600
Cle=Λ2 1.341 0.879 0.898

Global Cll=Λ2 0.801 0.494 0.542
Cee=Λ2 0.803 0.523 0.542
Cle=Λ2 1.202 0.769 0.811
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FIG. 7. The shaded 1σ confidence contours in the (Cμτ
ll=Λ2 − Cμτ

ee=Λ2), (Cμτ
ll=Λ2 − Cμτ

le=Λ2), and (Cμτ
ee=Λ2 − Cμτ

le=Λ2) planes for the
LFV channels μþμ− → μ�τ∓.
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