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We investigate charged lepton flavor violating top quark flavor-changing neutral current interactions
at the proposed asymmetric muon-electron collision stage of the μTRISTAN collider, operating at a
center-of-mass energy of 346 GeV. Specifically, we study the process μþe− → tq (tq̄þ t̄q) with q ¼ u, c,
within the framework of three classes of four-fermion contact interactions: scalar, vector, and tensor
operators. A cut-based analysis is performed using boost-invariant kinematic observables, followed by a
likelihood-based statistical treatment to derive projected sensitivities for each operator. For an integrated
luminosity of 100 fb−1, the projected constraints improve upon current LHC bounds on the corresponding
effective couplings by approximately an order of magnitude. Projections for 1 ab−1 indicate even stronger
sensitivity, indicating improved reach at higher luminosity. Additionally, we explore the impact of initial-
state beam polarization on these projections, showing how it can further enhance sensitivity to specific
operator structures.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
remarkably successful in explaining a wide range of
experimental observations. One of its intriguing features
is the flavor structure, with each type of fermion appearing
in three generations. Flavor mixing arises through the
Yukawa interactions, which couple the flavor and mass
eigenstates. In the quark sector, such mixing appears in the
charged current interactions and is suppressed by the
Glashow-Iliopoulos-Maiani (GIM) mechanism [1]. In con-
trast, the SM originally contained no analogous mixing in
the lepton sector.
In the quark sector, flavor-changing neutral current

(FCNC) processes are forbidden at tree level and highly
suppressed at loop level within the SM. These include
radiative decays such as b → sγ (B → Xsγ [2–4], B → K�γ
[5,6]), semileptonic decays b → slþl− (B → Klþl−

[7,8], B → K�lþl− [8,9], Bs → ϕlþl− [10]), neutral
meson mixing (B0 − B̄0 [11], B0

s − B̄0
s [12], D0 − D̄0

[13]), and rare kaon decays (Kþ → πþνν̄ [14]), among
others. Although these precision observables provide sen-
sitive probes of potential new physics, in most cases, the
current measurements are largely consistent with the
Standard Model within experimental and theoretical

uncertainties, and the flavor sector continues to offer strong
constraints complementary to direct collider searches.
Similar FCNC searches have also been conducted in the
context of top quark production and decay [15–20].
However, no significant deviations from the SM predictions
have been observed so far, primarily due to limited
precision in current top quark measurements. As the
heaviest particle in the SM, the top quark offers a promising
window into potential new physics. Consequently, FCNC
studies involving the top quark are crucial for probing
physics beyond the SM at current and future experimental
frontiers.
In the lepton sector, lepton flavor violation (LFV) is

strictly forbidden in the SM with massless neutrinos.
However, the discovery of neutrino oscillations [21,22],
implying nonzero neutrino masses and lepton flavor mix-
ing, confirms LFV in the neutral lepton sector. In contrast,
charged LFV remains unobserved despite extensive exper-
imental efforts. Searches have targeted processes such as
radiative decays (μ → eγ [23], τ → lγ, with l ¼ e, μ
[24,25]), three-body decays (μ → 3e [26], τ → 3l [27]),
and coherent μ → e conversion in nuclei [28–31]. In the
minimally extended SM with neutrino masses and mixing,
contributions to charged LFV processes are extremely
suppressed, with radiative decay branching ratios as low
as ∼10−54 [32]. Therefore, any experimental observation of
charged LFV would constitute a clear signal of new physics
in the charged lepton sector.
Top quark FCNC processes have been investigated by

phenomenological studies [33–51] in various beyond the
Standard Model (BSM) scenarios, and within the effective
field theory (EFT) framework, in the context of both current
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and future collider experiments. Similarly, charged LFV
has also been extensively studied in the literature [52–81].
In this work, we aim to simultaneously address both
phenomena by exploring charged lepton flavor violating
top quark FCNC interactions through tq (tq̄þ t̄q) produc-
tion, with q ¼ u, c, at the μþe− asymmetric collision stage
of the proposed μTRISTAN collider [82]. Such charged
lepton flavor violating top quark FCNC interactions can
arise naturally in a variety of BSM scenarios. For instance,
models with extended Higgs sectors, such as two Higgs
doublet models (2HDMs) with flavor-violating Yukawa
couplings [83–85], can generate tree-level top FCNCs
together with charged LFV. Leptoquark models, which
introduce colored scalar or vector particles coupling simul-
taneously to quarks and leptons, can induce both top quark
FCNC transitions and LFV processes, with their flavor
structure determined by underlying symmetries or coupling
hierarchies [86,87]. Similarly, models with an additional Z0
gauge boson that has flavor-dependent couplings to SM
fermions can enhance top FCNC interactions while simul-
taneously generating charged LFV [88,89], without con-
flicting with stringent low-energy constraints. While
experimental measurements strongly constrain either
charged LFV processes or quark FCNCs individually,
scenarios involving simultaneous violations in both the
lepton and top quark sectors are relatively less restricted,
allowing more freedom for phenomenological exploration.
Additionally, such scenarios can also arise from composite
Higgs models [90,91]. In all these frameworks, interactions
involving up-type quarks, particularly the top quark, are
more natural, as down-type FCNCs are strongly con-
strained by precision B-physics measurements. This pro-
vides a theoretically well-motivated rationale for focusing
on lepton flavor violating processes involving the top
quark. For detailed BSM scenarios, refer Appendix A.
Experimental searches at the LHC [19,20] and some
phenomenological studies [92] have already explored
charged lepton flavor violating top quark FCNC inter-
actions in the context of low-energy experiments, hadron
colliders, and same-flavor lepton colliders. However, differ-
ent-flavor lepton colliders [93–95] offer a cleaner environ-
ment for probing charged LFV due to reduced background
contamination and the possibility of introducing flavor
violation directly at the initial collision vertex.
TheproposedμTRISTANcollider is anasymmetricmuon–

electron collider designed to operate within the existing
TRISTAN [96] storage ring. It aims to collide ultra-cold μþ
beamswith energies of 1 TeVagainst high-intensity e− beams
of 30 GeV, achieving a center-of-mass energy offfiffiffi
s

p ¼ 346 GeV.Thebaselinedesign targets an instantaneous
luminosity of approximately 4.6 × 1033 cm−2 s−1, enabling
the accumulation of around 100 fb−1 of data over a few
operational years. With potential upgrades to beam intensity
and repetition rate, the integrated luminosity could be
extended up to 1 ab−1, making the μTRISTAN a promising

platform for probing rare processes and performing preci-
sion measurements. A follow-up stage envisions symmetric
same-sign antimuon collisions at a center-of-mass energy
of

ffiffiffi
s

p ¼ 2 TeV.
Several BSM phenomenological studies have been con-

ducted for both stages of the μTRISTAN [72–80,97–105].
In particular, charged LFV has been explored in the context
of Z0 models, heavy neutrino models, axion-like particle
(ALP) searches, and effective operator frameworks, focus-
ing predominantly on the lepton sector. In this work, we
focus on the process μþe− → tq (with q ¼ u, c), induced
by charged lepton flavor violating top quark FCNC
interactions. We construct simplified scalar, vector, and
tensor four-fermion operators extracted from Standard
Model Effective Field Theory (SMEFT) [106,107] oper-
ators, following the modeling strategy used in [19,20], as
detailed later. Our analysis constrains these EFT operators
and, in turn, the rare FCNC decay modes of the top quark
involving charged LFV. These bounds can be mapped onto
a broad class of BSM scenarios that link the lepton and
quark sectors, such as Z0 and leptoquark models.
The paper is organized as follows: In Sec. II, we present

the EFT framework adopted for this study and review
existing constraints on the relevant operators. Section III
details the collider analysis of the process μþe− → tq at the
μTRISTAN, based on a cut-based strategy, along with a
discussion on the impact of beam polarization. In Sec. IV,
we provide the projected sensitivities for the EFT operators
and the corresponding limits on rare top quark decay
branching ratios. Finally, we summarize our findings and
conclusions in Sec. V.

II. EFFECTIVE OPERATORS

In the absence of direct evidence for new physics at
current experiments, effective field theories have emerged
as powerful tools for interpreting observed deviations and
projecting sensitivities in a model-independent manner.
Among these, SMEFT provides a systematic extension of
the SM by incorporating higher-dimensional operators built
from SM fields and respecting its gauge symmetries,
without introducing additional degrees of freedom. The
SMEFT Lagrangian is given by

LSMEFT ¼ LSM þ
X
i;d

Cd
i

Λd−4O
d
i ; ð1Þ

where Od
i are dimension-d operators constructed from SM

fields, Cd
i are their corresponding dimensionless Wilson

coefficients (WCs), and Λ denotes the effective scale.
While the leading contribution in SMEFT arises at dimen-
sion-5 through the Weinberg operator [108], its phenom-
enological impact is limited primarily to neutrino mass
generation. In practice, the dominant and most widely
studied effects begin at dimension-6, which have
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significant implications across various sectors of particle
physics. A complete and nonredundant basis of dimension-
6 operators is presented in [107].
The leading contributions to the process μþe− → tq

(q ¼ u, c) arise from three classes of four-fermion SMEFT

operators; scalar [Oð1Þ
LeQu, including its Hermitian conju-

gate], vector [Oð1Þ
LQ, O

ð3Þ
LQ, Oeu, OLu, and OQe], and tensor

(Oð3Þ
LeQu, also including its Hermitian conjugate), as sum-

marized in Table I. These operators are flavor-dependent,
with lepton flavor indices denoted by i, j and quark flavor
indices by k, l. Following the approach in [20], we define
simplified operators that capture the relevant flavor struc-
tures contributing to the process, abstracted from the full
SMEFT basis. The mapping between the simplified and
SMEFT operators is given by

OS
eμtq ¼ ½Oð1Þ

LeQu�eμtq;
OV

eμtq ¼ ½Oð1Þ
LQ�eμtq þ ½Oð3Þ

LQ�eμtq þ ½Oeu�eμtq
þ ½OLu�eμtq þ ½OQe�eμtq;

OT
eμtq ¼ ½Oð3Þ

LeQu�eμtq: ð2Þ

It should be noted that upon flavor expansion, the operators

½Oð1Þ
LQ�eμtq and ½Oð3Þ

LQ�eμtq yield identical Lorentz structures.
However, due to the presence of SU(2) generators τa in

½Oð3Þ
LQ�eμtq, the charged lepton interactions acquire an overall

negative sign, while the neutrino interactions acquire a
positive sign [19,109,110]. Consequently, the effective

WCs contributing to the OLQ-like Lorentz structure is
given by:

�½Cð−Þ
LQ�eμtq
Λ2

�
¼

�½Cð1Þ
LQ�eμtq
Λ2

�
−
�½Cð3Þ

LQ�eμtq
Λ2

�
: ð3Þ

A. Constraints on operators

Before presenting our sensitivity projections at the
μTRISTAN, it is important to review the current exper-
imental constraints on charged lepton flavor violating top
quark FCNC interactions. The most stringent bounds to
date are provided by a recent CMS analysis at

ffiffiffi
s

p ¼
13 TeV with an integrated luminosity of 138 fb−1 [20,111].
This analysis combines searches for anomalous production
via qg → eμt and rare decay processes t → eμq, interpret-
ing the results in the framework of effective four-fermion
interactions involving scalar, vector, and tensor operators.
The limits are derived under the assumption that only one

operator is active at a time and are quoted in terms of the
effective WCs, CX

eμtq=Λ2. These bounds can be translated
into constraints on the branching ratio of the rare top decay
t → eμq (q ¼ u, c) using the following expression [19,112]:

Bðt → eμqÞ ¼ m5
t

3072π3Γt

��
CS
eμtq

Λ2

�
2

þ 8

�
CV
eμtq

Λ2

�
2

þ 48

�
CT
eμtq

Λ2

�
2
�
; ð4Þ

where mt and Γt are the top quark mass and total decay
width, respectively. It is worth emphasizing that our analysis

TABLE I. SMEFT and corresponding simplified four-fermion operators contributing to the process μþe− → tq
(q ¼ u, c) at the μTRISTAN. The scalar and tensor operators include their Hermitian conjugates, although they are
not shown explicitly in the table. Indices i, j represent lepton flavors, while k, l denote quark flavors. The simplified
operators incorporate all relevant flavor combinations necessary for the considered processes.

Operator

SMEFT operators Simplified operators

Symbol Structure Symbol Structure

Scalar ½Oð1Þ
LeQu�ijkl ðL̄a

i ejÞϵabðQ̄b
kulÞ OS

eμtu ðēμÞðt̄uÞ
OS

eμtc ðēμÞðt̄cÞ

Vector ½Oð1Þ
LQ�ijkl ðL̄iγαLjÞðQ̄kγ

αQlÞ

½Oð3Þ
LQ�ijkl ðL̄iγατ

aLjÞðQ̄kγ
ατaQlÞ OV

eμtu ðēγαμÞðt̄γαuÞ
½Oeu�ijkl ðēiγαejÞðūkγαulÞ OV

eμtc ðēγαμÞðt̄γαcÞ
½OLu�ijkl ðL̄iγαLjÞðūkγαulÞ
½OQe�ijkl ðēiγαejÞðQ̄kγ

αQlÞ

Tensor ½Oð3Þ
LeQu�ijkl ðL̄a

i σαβejÞϵabðQ̄b
kσ

αβulÞ OT
eμtu ðēσαβμÞðt̄σαβuÞ

OT
eμtc ðēσαβμÞðt̄σαβcÞ
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is performed strictly within the SMEFT framework, where
SUð2ÞL gauge invariance restricts the allowed chiral struc-
tures of the semileptonic operators. In particular, the scalar

and tensor operators Oð1Þ
LeQu and Oð3Þ

LeQu generate fixed
chirality combinations. Independent chiral structures that
would arise in a general low-energy EFT are not present,
unlike [86]. Consequently, for the fully integrated unpolar-
ized decay width considered here, the scalar-tensor interfer-
ence term vanishes due to the antisymmetric Lorentz
structure of the tensor operator, and is therefore not included
in our expressions. Since the contribution of these operators
to Γt is negligible for small values of theWCs, it is treated as
a fixed SM parameter. The resulting bounds are summarized
in Table II.
As shown in Table II, the existing CMS bounds constrain

the WCs down to the level of Oð10−2Þ TeV−2, translating
to upper limits on the rare top quark branching ratios as low
as Oð10−8Þ. The constraints are generally stronger for the
u-type operators compared to c-type, reflecting the parton
distribution function (PDF) enhancement of the up quark in
proton collisions. Among the three operator classes, the
tensor operator coefficients are the most tightly con-
strained, as both the production cross section for
qg → eμt and the decay branching ratio of t → eμq exhibit
a stronger sensitivity to variations in tensor interactions
compared to their scalar and vector counterparts. This is
because, tensor operators tend to contribute more strongly

than vector operators, which in turn are larger than scalar
operators, because the way their Lorentz structures contract
with fermion spinors and affect the kinematics leads to
progressively larger decay rates or cross sections. This
pattern is evident in Eq. (4), where the tensor contribution
carries the largest weight, followed by vector and then
scalar.For completeness and for comparison purposes, we
also summarize existing bounds on other flavor structures,
namely, scenarios with LFV but no quark FCNC, and vice
versa, in Appendix B.

III. COLLIDER ANALYSIS

The Feynman diagrams corresponding to the process
μþe− → tq (q ¼ u, c) are shown in Fig. 1. For the collider
analysis, we focus on the leptonic decay channel of the top
quark, t → blν, which leads to a final state consisting of
two jets (one being a b-jet), a charged lepton, and missing
transverse energy (MET). The dominant SM background
arises from μþe− → lνjj, primarily via the process
μþe− → Wlν, where the W boson decays hadronically.
This background is reducible and can be significantly
suppressed with appropriate kinematic selections, as dis-
cussed later.
While the hadronic decay mode of the top quark

(t → bjj) benefits from a larger branching ratio and
relatively lower background contamination, it poses prac-
tical challenges in this analysis. Since our study involves
comparing operator structures from different effective
classes, angular observables, particularly the separation
between the light quark (q) and the top quark, play a crucial
role in distinguishing operator contributions. In the leptonic
channel, this angular separation can be effectively approxi-
mated using the separation between the light jet and the
b-jet. In contrast, the hadronic channel suffers from
combinatorial ambiguities due to the presence of multiple
light jets, making the reconstruction of the correct jet
pairing and extraction of angular correlations considerably
more difficult.
For our analysis, we define the following individual

operator benchmark points, with all other WCs set to zero:

BPðSuÞ∶
�
CS
eμtu

Λ2

�
¼ 0.01 TeV−2; BPðScÞ∶

�
CS
eμtc

Λ2

�
¼ 0.01 TeV−2;

BPðVuÞ∶
�
CV
eμtu

Λ2

�
¼ 0.01 TeV−2; BPðVcÞ∶

�
CV
eμtc

Λ2

�
¼ 0.01 TeV−2;

BPðTuÞ∶
�
CT
eμtu

Λ2

�
¼ 0.01 TeV−2; BPðTcÞ∶

�
CT
eμtc

Λ2

�
¼ 0.01 TeV−2: ð5Þ

All benchmark points respect the current exclusion limits summarized in Table II. Although some of the operators are
subject to weaker experimental constraints, we choose a uniform benchmark value across all cases to facilitate a consistent
and direct comparison during the cut-based analysis, which will be discussed in subsequent sections.

TABLE II. 95% CL exclusion limits on charged lepton flavor
violating top quark FCNC operators and corresponding bounds
on top quark rare decay branching ratios from the LHC at 13 TeV
with 138 fb−1 [20].

Operator CX
eμtq=Λ2 (TeV−2) Bðt → eμqÞ

OS
eμtu 0.24 7.00 × 10−8

OV
eμtu 0.12 1.30 × 10−7

OT
eμtu 0.06 2.50 × 10−7

OS
eμtc 0.86 8.90 × 10−7

OV
eμtc 0.37 1.31 × 10−6

OT
eμtc 0.21 2.59 × 10−6
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A. Beam polarization effects

Beam polarization is a powerful handle at lepton
colliders that can substantially improve the sensitivity to
new physics. By tuning the polarization of the initial-state
leptons, one can reduce the SM backgrounds and selec-
tively enhance signal contributions from operators with
specific chiral structures. This not only boosts the overall
signal-to-background ratio but also provides a means to
disentangle the effects of different operator classes based
on their chirality. As a result, beam polarization serves both
as a background suppression technique and a diagnostic
tool for probing the Lorentz structure of effective operators.
At the μTRISTAN, substantial beam polarization is

anticipated for both μþ and e− beams [82]. Surface muons,
originating from πþ decays, are naturally produced with
nearly 100% polarization due to the V–A nature of weak
interactions. When subjected to a longitudinal magnetic
field of ∼0.3 T, and accounting for possible beam emit-
tance effects, a polarization of Pμþ ∼�0.80 is expected. In
less favorable scenarios, where the longitudinal magnetic
field is absent, the polarization may reduce to Pμþ ∼�0.25,
which we adopt as the conservative benchmark for our
analysis. On the electron side, technological developments
at SuperKEKB [113] suggest that beam polarizations of
Pe− ¼ �0.70 are realistically achievable.
The production cross section in the presence of beam

polarizations translates to the following expression:

σðPμþ ; Pe−Þ ¼
ð1 − PμþÞð1 − Pe−Þ

4
σLL

þ ð1 − PμþÞð1þ Pe−Þ
4

σLR

þ ð1þ PμþÞð1 − Pe−Þ
4

σRL

þ ð1þ PμþÞð1þ Pe−Þ
4

σRR; ð6Þ

where P̄ denotes the flipped sign of P. In addition, σXY
denotes the polarized cross section defined as
σXY ¼ σðμþXe−Y → tqÞ, where X; Y ¼ L, R, specify the
chiralities of the initial state leptons. The scalar and tensor
operators couple fields of opposite chiralities, whereas the
vector operator couples fields of the same chirality. This
chiral structure directly affects their response to beam

polarization and underlies the polarization dependence
observed in the signal rates.
The production cross sections for the signal processes

μþe− → tðblνÞu, mediated by scalar, vector, and tensor
operators, along with the dominant SM background
μþe− → lνjj, are presented in Table III for various
polarization configurations. Throughout this section, we
denote beam polarization configurations using the short-
hand PAB∶ ðPμþ ; Pe−Þ, where A ¼ þ;− corresponds to
Pμþ ¼ þ0.25;−0.25, and B ¼ þ;− corresponds to
Pe− ¼ þ0.70;−0.70. The unpolarized case ðPμþ ; Pe−Þ ¼
ð0.00; 0.00Þ is denoted as P××. Using Eq. (6), the cross
section can be written as

σðPABÞ ¼
X
XY

MAB
XYσXY; ð7Þ

where the matrix M is

M ¼

2
66664

0.31875 0.05625 0.53125 0.09375

0.05625 0.31875 0.09375 0.53125

0.53125 0.09375 0.31875 0.05625

0.09375 0.53125 0.05625 0.31875

3
77775: ð8Þ

The AB and XY sequences correspond to
fþþ;þ−;−þ;−−g and fLL; LR; RL;RRg, respectively.
For scalar and tensor operators, only σLR and σRL are
nonzero. Furthermore, σLR ¼ σRL, since the Hermitian
conjugate operator carries the same coupling strength. In
contrast, for the vector operator only σLL and σRR are
nonzero, and the simplified operator definition in Eq. (2)
implies σLL ¼ σRR. Therefore, the chiral structure of the
operators leads to the relations σðPþþÞ ¼ σðP−−Þ and
σðPþ−Þ ¼ σðP−þÞ for the signal cross sections. Among
these, Pþþ yields lower SM background than P−−, making
it a preferred benchmark configuration. Similarly, Pþ−
offers reduced background compared to P−þ and is thus
also selected. Hence, our benchmark polarization choices
are P×× (unpolarized), Pþþ, and Pþ−. Importantly, polari-
zation configurations affect operator sensitivity: Pþþ=P−−
enhance scalar and tensor operator contributions while
suppressing the vector ones. Conversely, Pþ−=P−þ con-
figurations enhance vector operator sensitivity while reduc-
ing scalar and tensor contributions. This polarization
dependence is crucial for distinguishing different operator
structures in experimental analyses.
In addition to differentiating operator structures; scalar,

vector, and tensor, beam polarization can also be exploited
to disentangle the various SMEFT vector structures listed in
Table I. A detailed discussion of the role of polarization in
distinguishing these vector operators is provided in
Appendix C.

FIG. 1. Feynman diagrams corresponding to μþe− → tq,
q ¼ u, c production at the μTRISTAN.
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B. Cut-based analysis

The model implementation is carried out using
FEYNRULES [114]. The corresponding universal
FEYNRULES Output (UFO) [115] model files are exported
and passed to MG5_aMC [116] to generate Monte Carlo
(MC) events for both the EFT signal and SM background
processes. In addition to the dominant background process
μþe− → lνjj, subleading contributions can arise from
processes such as μþe− → lljj and μþe− → llbb, par-
ticularly due to nonidentification of lepton or jet flavor
misidentification. However, such contributions are highly
suppressed and do not pass the event selection criteria;
therefore, they are neglected in the analysis.
The generated events are passed to PYTHIA8 [117] for

parton showering, followed by detector simulation using
Delphes3 [118]. In the absence of a dedicated detector
card for the μTRISTAN, we adopt the ILCgen [119] card,
which provides a reasonable approximation of the expected
detector performance at the μTRISTAN. For b-jet tagging,
we employ the “tight” b-tagging configuration available in
the ILCgen card. This model yields a b-tagging efficiency
of approximately 53%, with mistagging rates of around 5%
for charm jets and 0.5% for light-flavor jets (u, d, s, g). This
tight tagging configuration effectively suppresses SM
backgrounds, which rarely contain genuine b-jets. While
the implementation of a c-tagging algorithm could in
principle aid in distinguishing between u- and c-type
operators, we refrain from doing so due to the limited
discriminating power of current c-tagging techniques.
For signal event selection, we require events to contain

exactly one charged lepton and two jets, with one b-tagged
and one non-b-tagged jet,

Nl ¼ 1; Nb ¼ 1; Nj ¼ 1: ð9Þ

Due to the asymmetric beam configuration at the
μTRISTAN with μþ at 1 TeV and e− at 30 GeV the
final-state system is strongly boosted along the beam (z)
direction. In such setups, two primary analysis strategies
are typically adopted; (i) reconstructing observables in the
partonic center-of-mass frame, or (ii) relying on transverse

and boost-invariant observables directly in the lab frame.
We follow the latter approach, using kinematic variables
such as the invariant mass of visible final-state particles, the
transverse momentum of both visible (pT) and invisible
(MET) particles, rapidity differences, and azimuthal angu-
lar separations. Among these, we highlight two key
invariant mass observables,

Mbj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpbþpjÞ2

q
; Mlbj¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðplþpbþpjÞ2

q
; ð10Þ

where pl, pb, and pj denote the four-momenta of the
lepton, b-jet, and light jet, respectively. Figure 2 shows the
distributions of Mbj (left) and Mlbj (right) for the signal
benchmarks and SM background in the process
μþe− → tðlνbÞq, with q ¼ u, c, at the μTRISTAN. The
distributions are obtained after applying detector-level cuts
along with the event selection criteria specified in Eq. (9),
collectively referred to as the baseline cut, C0.
Building on the baseline selection, we apply the follow-

ing sequential kinematic cuts to further enhance the signal-
to-background separation,

C1∶ Mbj > 100 GeV; C2∶Mlbj > 200 GeV: ð11Þ

The dominant SM background arises from the process
μþe− → WðjjÞlν, where the invariant mass of the jet pair
peaks around the W boson mass. The cut C1 effectively
suppresses this background by requiring Mbj to lie above
100 GeV. Furthermore, the signal process μþe− → tq
originates from a contact interaction, leading to a harder
kinematic spectrum with visible final-state invariant
masses peaking closer to the center-of-mass energy. In
contrast, the background involves intermediate propaga-
tors, resulting in softer distributions. The additional cut C2,
imposing Mlbj > 200 GeV, further discriminates against
the background.
The cutflow of cross sections for the signal benchmarks

and the dominant SM background is summarized in
Table IV. To quantify the observability of the signal, we
define the statistical significance as

TABLE III. Production cross sections for the signal process μþe− → tðlνbÞu, mediated by scalar, vector, and
tensor operators, along with the dominant SM background μþe− → lνjj, are presented for various beam
polarization configurations.

Polarization ðPμþ ; Pe−Þ

Signal

Background σlνjj (fb)σBPðSuÞtðlνbÞq (fb) σBPðVuÞ
tðlνbÞq (fb) σBPðTuÞ

tðlνbÞq (fb)

P××∶ Unpolarized 0.035 0.105 0.276 148.4

Pþþ∶ ðþ0.25;þ0.70Þ 0.041 0.086 0.323 123.4
Pþ−∶ ðþ0.25;−0.70Þ 0.029 0.123 0.228 242.1
P−þ∶ ð−0.25;þ0.70Þ 0.029 0.123 0.228 74.8
P−−∶ ð−0.25;−0.70Þ 0.041 0.086 0.323 150.5
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ZLint
¼ σS ×

ffiffiffiffiffiffiffi
Lint

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σS þ σB

p ; ð12Þ

where σS and σB denote the signal and background cross
sections after cuts, respectively, and Lint is the integrated
luminosity. The resulting signal significances for Lint ¼
1 ab−1 are also reported in Table IV. Despite the
conservative choice of benchmark WCs, we find that the
signal remains clearly distinguishable from the back-
ground. Owing to the strong suppression of the background
through the optimized cutflow, even a modest increase in
the EFT couplings leads to a marked improvement in
significance.
Table V presents the cross sections after the final

selection cut (σ2) and the corresponding signal significan-
ces, Z1 ab−1 , for two polarization configurations: Pþþ and
P−þ. As anticipated from the chiral structure of the
effective operators, the scalar and tensor benchmarks yield
higher significances under the Pþþ configuration, while the
vector operator shows enhanced signal significance for the
P−þ setup.

IV. PROJECTED SENSITIVITY

In this section, we present the projected sensitivity to the
effective operator coefficients, CX

eμtq=Λ2, using a binned
likelihood analysis. By leveraging the shape information of
suitably chosen differential distributions, we go beyond
total rate measurements and extract stronger constraints.
This approach captures not only the overall event yield but
also the distinct kinematic features of signal and back-
ground processes, thereby enhancing the sensitivity to new
physics. We outline the statistical framework used to
quantify these projections below.
We estimate the projected sensitivity to the operator

coefficients by constructing a binned likelihood using a
differential observable, say φ. The expected number of
events in the rth bin of φ is given by

FIG. 2. Invariant mass distributions after the baseline cut C0 for
signal benchmarks and SM background in the process μþe− →
tðlνbÞq with q ¼ u, c at the μTRISTAN. Mbj (left) denotes the
invariant mass of the b-jet and light jet system, whileMlbj (right)
corresponds to the invariant mass of the lepton, b-jet, and light jet
system.

TABLE IV. Cutflow table showing the signal and background
cross sections (σi) after each sequential cut Ci, for various signal
benchmarks and the dominant SM background. The final column,
Z1 ab−1 , denotes the signal significance at the μTRISTAN collider
with Lint ¼ 1 ab−1.

Benchmarks

Cutflow

Z1ab−1σ0 (fb) σ1 (fb) σ2 (fb)

BPðSuÞ 0.014 0.012 0.011 2.008
BPðVuÞ 0.042 0.037 0.032 4.438
BPðTuÞ 0.108 0.096 0.080 8.000

BPðScÞ 0.014 0.012 0.010 1.826
BPðVcÞ 0.040 0.035 0.029 4.143
BPðTcÞ 0.103 0.087 0.070 7.379

SM background 5.070 0.036 0.020 � � �

TABLE V. Cross sections after the final selection cut (σ2) and
corresponding signal significance, Z1 ab−1 , for various signal
benchmarks and the SM background under polarization configu-
rations Pþþ and P−þ.

Benchmarks

Pþþ∶ ðþ0.25;þ0.70Þ P−þ∶ ð−0.25;þ0.70Þ
σ2 (fb) Z1ab−1 σ2 (fb) Z1ab−1

BPðSuÞ 0.013 2.373 0.009 2.065
BPðVuÞ 0.026 3.965 0.037 5.397
BPðTuÞ 0.094 8.922 0.066 7.571

BPðScÞ 0.012 2.228 0.008 1.886
BPðVcÞ 0.024 3.748 0.034 5.126
BPðTcÞ 0.082 8.241 0.058 7.034

SM background 0.017 � � � 0.010 � � �
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μrðCX
eμtq=Λ2Þ ¼ LintfσBr þ σSr ðCX

eμtq=Λ2Þg; ð13Þ

where Lint is the integrated luminosity, σBr is the back-
ground cross section in bin r, and σSr is the signal cross
section which depends on the operator coefficient,
CX
eμtq=Λ2. The corresponding likelihood function [120] is

defined as a product of Poisson probabilities over all bins,

L ðCX
eμtq=Λ2Þ ¼

YN
r¼1

fμrðCX
eμtq=Λ2Þgnre−μrðCX

eμtq=Λ2Þ

nr!
; ð14Þ

where, the observable φ is divided into N bins, and nr is the
observed number of events in the rth bin. Since no
observed data exist for future colliders, the observed event
counts are assumed to equal the expected background
yields. So, the observed events are taken as the background
expectation,

nr ¼ Lintσ
B
r : ð15Þ

The log-likelihood is then given by

logL ðCX
eμtq=Λ2Þ ¼

XN
r¼1

fnr log μrðCX
eμtq=Λ2Þ

− μrðCX
eμtq=Λ2Þg þ constant: ð16Þ

To quantify the sensitivity, we define the profile likelihood
ratio,

λðCX
eμtq=Λ2Þ ¼ L ðCX

eμtq=Λ2Þ
L ðĈX

eμtq=Λ2Þ ;

QðCX
eμtq=Λ2Þ ¼ −2 log λðCX

eμtq=Λ2Þ; ð17Þ

where, ĈX
eμtq=Λ2 denotes the value of the operator coef-

ficient that maximizes the likelihood. Since we are evalu-
ating the sensitivity to new physics against the SM
background, we perform the analysis around the null
hypothesis, i.e., ĈX

eμtq=Λ2 ¼ 0.
The test statistic Q defined in Eq. (17) is used to derive

projected bounds on the operator coefficient CX
eμtq=Λ2 at a

given confidence level (CL). According to Wilks’ theorem
[121], in the asymptotic limit, the distribution of Q
approaches a chi-squared (χ2) distribution with degrees
of freedom equal to the number of parameters being tested.
It is important to note that in the low-statistics regime, Q
may deviate from the ideal χ2 behavior, in which case the
true distribution should be estimated using Monte Carlo
simulations. However, such simulations are computation-
ally demanding. For projection studies focused on assess-
ing the reach of future colliders, the use of Wilks’ theorem
provides a reasonable and commonly adopted approxima-
tion. Using the Wilks’ theorem, we translate the value ofQ

into confidence intervals on CX
eμtq=Λ2. For instance, the

critical values of the test statistic Q corresponding to the
68% and 95% CL are given by

QðCX
eμtq=Λ2Þ ≤ χ21;68% ¼ 1.00;

QðCX
eμtq=Λ2Þ ≤ χ21;95% ¼ 3.84;

QðCX
eμtq=Λ2Þ ≤ χ22;68% ¼ 2.30;

QðCX
eμtq=Λ2Þ ≤ χ22;95% ¼ 5.99; ð18Þ

where χ2f;p% denotes the pth percentile of the chi-squared
distribution with f degrees of freedom. In the present
analysis, the f ¼ 1 thresholds are used when varying a
single WC at a time, while the f ¼ 2 thresholds are adopted
when two WCs are simultaneously allowed to vary in the
fit. These thresholds define the regions of parameter space
that are consistent with the background-only hypothesis at
the corresponding confidence levels.
For the sensitivity analysis, we employ the differential

distribution Δϕbj, illustrated in Fig. 3, defined as

Δϕbj ¼ ϕb − ϕj; ð19Þ

where ϕb and ϕj denote the azimuthal angles of the b-jet
and the light jet, respectively. As evident from Fig. 3, the
azimuthal angle separation between jets exhibits notable
sensitivity to the Lorentz structure of the effective oper-
ators, making it a powerful discriminator. We divide the
Δϕbj distribution into five equally spaced bins and perform
a binned likelihood analysis to extract projected bounds on
the operator coefficients, CX

eμtq=Λ2. By scanning over these
parameters and evaluating the test statistic Q for each
value, we determine the allowed parameter space consistent
with the background-only hypothesis.

FIG. 3. Normalized Δϕbj distribution for signal benchmarks
and the SM background, after applying the selection cuts in
Eqs. (9) and (11).
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A. Bounds on EFT coefficients

We present the variation of the test statistic Q as a
function of the WCs in Fig. 4, corresponding to tq
production at the μTRISTANwith an integrated luminosity
of 1 ab−1. The projected 95% and 68% CL limits are
indicated by grey dashed and dotted lines, respectively. The
results are shown for three polarization configurations;
unpolarized (P××), Pþþ, and Pþ−.
For the scalar and tensor operators, both polarized

setups: Pþþ and Pþ− offer improved sensitivity over the
unpolarized case, with Pþþ yielding the strongest con-
straints. In contrast, for the vector operator, the Pþ−
configuration enhances sensitivity compared to the unpo-
larized scenario, while Pþþ does not improve and in some
cases slightly worsens the reach. It is also noteworthy that,
unlike at the LHC where up-quark PDFs significantly boost
sensitivity to u-type operators over c-type ones, the lepton
collider setup at the μTRISTAN ensures that both u- and
c-type operator sensitivities are nearly comparable.
In Table VI, we present the projected 95% confidence

level bounds on the WCs, CX
eμtq=Λ2, derived from tq

production at the μTRISTAN for integrated luminosities
of 100 fb−1 and 1 ab−1, across different polarization
configurations. Even with a relatively modest luminosity
of 100 fb−1, achievable within the early years of the
μTRISTAN operation, the sensitivity surpasses current

LHC limits by roughly an order of magnitude. With an
integrated luminosity of 1 ab−1, the bounds improve by
more than a factor of two across all operator types and
polarization configurations, highlighting the enhanced
sensitivity and precision achievable at the μTRISTAN
facility.

B. Bounds on branching ratios

The projected bounds on the WCs, CX
eμtq=Λ2, presented

in Table VI, can be translated into upper limits on the
branching ratios of rare top quark decays using Eq. (4).
These projections are summarized in Table VII for the
process μþe− → tq at the μTRISTAN, assuming integrated
luminosities of 100 fb−1 and 1 ab−1 under different polari-
zation configurations. The resulting bounds improve sig-
nificantly over current LHC constraints, with branching
ratio sensitivities reaching 2–3 orders of magnitude better,
depending on the operator class and flavor structure.
Notably, even at the early-stage luminosity of 100 fb−1,
the sensitivity outperforms existing limits, while the 1 ab−1

dataset offers substantially stronger exclusion potential.
These improvements highlight the capability of the
μTRISTAN collider to explore extremely rare flavor-
violating top decays with high precision, offering a
promising avenue to uncover signals of new physics in
the charged lepton and top quark sectors.

FIG. 4. Single-parameter log-likelihood scans as functions of the WCs for scalar (left), vector (middle), and tensor (right) operators
under different polarization configurations at the μTRISTANwith Lint ¼ 1 ab−1. The top and bottom panels correspond to u- and c-type
operators, respectively. Grey dashed (dotted) lines indicate the 95% (68%) CL limits.
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C. Correlated sensitivities

In Fig. 5, we present the projected 95% CL correlated
exclusion limits on the parameter spaces of different EFT
operator classes, shown separately for u-type (left panels)
and c-type (right panels) interactions. These bounds are
derived from tq production at the μTRISTAN, assuming
an integrated luminosity of 1 ab−1 under various beam
polarization configurations. The observed variations in the
shape, orientation, and extent of the exclusion contours

across different polarization setups reflect the chiral
selectivity of the operators and the beam polarization.
By appropriately tuning the beam polarization, one can
enhance sensitivity in specific directions of parameter
space, thereby isolating dominant contributions from
particular operator classes. This demonstrates the utility
of polarization in boosting signal significance and provid-
ing a more refined probe of the underlying new physics
dynamics.

TABLE VI. 95% CL limits on the WCs, CX
eμtq=Λ2 (in TeV−2) from tq production at the μTRISTAN for integrated

luminosities of a 100 fb−1 and 1 ab−1, for different polarization setups. The last columns corresponds to the LHC
bounds, detailed in Table II. Best-case sensitivities in each row are highlighted in bold for clarity.

Operator Luminosity

Polarization

LHCP×× Pþþ P−þ

OS
eμtu 100 fb−1 0.0235 0.0207 0.0231 0.24

1 ab−1 0.0112 0.0095 0.0104

OV
eμtu 100 fb−1 0.0137 0.0144 0.0115 0.12

1 ab−1 0.0066 0.0067 0.0052

OT
eμtu 100 fb−1 0.0085 0.0079 0.0086 0.06

1 ab−1 0.0041 0.0036 0.0039

OS
eμtc 100 fb−1 0.0243 0.0212 0.0238 0.86

1 ab−1 0.0116 0.0097 0.0107

OV
eμtc 100 fb−1 0.0143 0.0148 0.0118 0.37

1 ab−1 0.0068 0.0068 0.0053

OT
eμtc 100 fb−1 0.0090 0.0079 0.0089 0.21

1 ab−1 0.0043 0.0036 0.0040

TABLE VII. Projected limits on the branching ratios of rare top quark decay, Bðt → eμqÞ, from tq production at
the μTRISTAN for integrated luminosities of 100 fb−1 and 1 ab−1, for different polarization setups. The last column
shows the current LHC bounds as listed in Table II. Best-case sensitivities in each row are highlighted in bold for
clarity.

Operator Luminosity

Polarization

LHCP×× Pþþ P−þ

OS
eμtu 100 fb−1 6.3 × 10−10 4.9 × 10−10 6.1 × 10−10 7.0 × 10−8

1 ab−1 1.4 × 10−10 1.0 × 10−10 1.2 × 10−10

OV
eμtu 100 fb−1 1.7 × 10−9 1.9 × 10−9 1.2 × 10−9 1.3 × 10−7

1 ab−1 4.0 × 10−10 4.1 × 10−10 2.5 × 10−10

OT
eμtu 100 fb−1 4.0 × 10−9 3.4 × 10−9 4.1 × 10−9 2.5 × 10−7

1 ab−1 9.2 × 10−10 7.1 × 10−10 8.4 × 10−10

OS
eμtc 100 fb−1 6.8 × 10−10 5.1 × 10−10 6.5 × 10−10 8.9 × 10−7

1 ab−1 1.5 × 10−10 1.1 × 10−10 1.3 × 10−10

OV
eμtc 100 fb−1 1.9 × 10−9 2.0 × 10−9 1.3 × 10−9 1.3 × 10−6

1 ab−1 4.2 × 10−10 4.2 × 10−10 2.6 × 10−10

OT
eμtc 100 fb−1 4.4 × 10−9 3.4 × 10−9 4.4 × 10−9 2.6 × 10−6

1 ab−1 1.0 × 10−9 7.1 × 10−10 8.8 × 10−10

ABHIK SARKAR PHYS. REV. D 113, 095010 (2026)

095010-10



V. SUMMARY AND CONCLUSION

In this work, we have studied charged lepton flavor
violating FCNC interactions involving the top quark at the
proposed high-energy μþe− collider stage of the
μTRISTAN facility, operating at a center-of-mass energy
of

ffiffiffi
s

p ¼ 346 GeV. Focusing on the process μþe− → tq
with q ¼ u, c, we analyzed simplified scalar, vector, and
tensor four-fermion operators derived from the SMEFT
framework. These operators offer a model-independent
parametrization of potential new physics responsible for
charged LFV and FCNC effects.
Our collider analysis targeted the leptonic decay channel

of the top quark and utilized a cut-based strategy to
suppress the dominant SM backgrounds. We demonstrated
that kinematic observables such as invariant mass and
azimuthal angular separation between jets play a crucial
role in enhancing signal sensitivity. The effect of initial-
state beam polarization was studied in detail, revealing that
it can significantly boost the sensitivity to specific operator
structures and aid in disentangling their chiral nature.
We employed a binned likelihood analysis using the

distribution of Δϕbj to derive projected 95% CL bounds on
the Wilson coefficients, CX

eμtq=Λ2. Our results show that,
even in the unpolarized configuration and with a modest
integrated luminosity of 100 fb−1, attainable within the
early operational phase, the μTRISTAN can outperform
existing LHC bounds by nearly an order of magnitude.

With 1 ab−1 of data, the projected sensitivity improves by a
further factor of 2–3. When translated into constraints on
the rare decay branching ratios Bðt → eμqÞ, this corre-
sponds to improvements of up to three orders of magnitude
over existing limits.
Additionally, we presented correlated sensitivity projec-

tions in the Wilson coefficient parameter space, high-
lighting how different beam polarization configurations
can be used to selectively enhance sensitivity in certain
directions. This illustrates the unique potential of a polar-
ized μþe− collider in disentangling the contributions of
different EFT operator classes.
In summary, the μTRISTAN collider offers a clean and

powerful environment to probe flavor-violating interactions
with high precision. Our analysis establishes that such a
facility can play a leading role in exploring rare top FCNC
processes involving charged LFV, significantly extending
the reach beyond current and near-future hadron coider
capabilities. Furthermore, although we have framed our
study in the language of effective operators, these inter-
actions can arise in a broad range of BSM scenarios,
including models with extended gauge sectors (e.g., Z0),
scalar or vector leptoquarks, and compositeness frame-
works. The bounds obtained in our analysis can thus be
interpreted as constraints on these underlying theories,
highlighting the utility of SMEFT-based collider studies in
mapping out the viable parameter space of a wide class of
new physics models.

FIG. 5. Correlated 95% CL exclusion contours for EFT operator parameter spaces of u-type (top) and c-type (bottom) classes from tq
production at the μTRISTAN, assuming an integrated luminosity of 1 ab−1, for different beam polarization configurations.
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APPENDIX A: BSM SCENARIOS GENERATING
eμtq OPERATORS

In this section, we provide two specific BSM scenarios
that generate sizeable eμtq interactions and thereby source
the EFT operators studied in this paper. We assume the
presence of new flavor structures arising from BSM
spurions that can naturally generate large off-diagonal
entries in the lepton and quark sectors while suppressing
diagonal flavor structures. A simple theoretical motivation
for such flavor structures arises from the presence of
additional flavor spurions associated with the BSM sector.
In this work we assume that the heavy states couple to SM
fermions through new flavor matrices that are not aligned
with the SM Yukawa structures. These spurions can
naturally contain sizeable off-diagonal entries while keep-
ing flavor-diagonal components suppressed. As a result, the
effective flavor matrices Xl and Xq may preferentially
generate ðeμÞ and ðtqÞ transitions, providing a natural
origin for the eμtq operators considered in this work.

1. Scalar leptoquark with flavorful couplings

We consider a heavy scalar leptoquark S ∼ ð3; 1;−1=3Þ
under the SM gauge symmetry. Its most general renorma-
lizable interactions with SM fermions, consistent with
gauge invariance, are

LS ¼ −Q̄iðCqÞijSLj − ūiðCuÞijSej þ H:c:; ðA1Þ

where Cq and Cu are flavor matrices. We assume that these
matrices originate from BSM flavor spurions that are not
aligned with the SM Yukawa structures and can contain
sizeable off-diagonal entries. The flavor structure of the
couplings can be parametrized as

Cq ¼ λXq; ðA2Þ

Cu ¼ λ̃X†
u; ðA3Þ

where Xq and Xu denote BSM flavor spurions. These
spurions are not required to follow the SM Yukawa

hierarchy and may contain comparatively large off-diago-
nal entries, particularly in the tq sector. Integrating out S at
tree level generates the effective operator

LEFT ⊃ −
1

M2
S
ðēYlμÞðt̄YqqÞ þ H:c:; ðA4Þ

where Yq inherits its flavor structure from the underlying
spurions appearing in Cq;u. The dominant flavor entry
corresponds to the component generating the tq transition,

ðYqÞtq ∼ ðXqÞtq; ðA5Þ

while entries involving purely light generations remain
suppressed according to the assumed flavor hierarchy. The
tree-level matching coefficient therefore takes the sche-
matic form,

Ceμtq ∼
1

M2
S
ðYlÞeμðYqÞtq; ðA6Þ

highlighting the origin of the e − μ and t − q flavor
violation from the underlying spurion structure.

2. Flavorful Z0 model with BSM flavor currents

As an alternative, we consider a heavy neutral vector Z0
coupled to flavorful fermion currents,

LZ0 ¼ Z0
μðgqQ̄iγ

μðGqÞijQj þ glL̄iγ
μðGlÞijLjÞ: ðA7Þ

We assume that the flavor structure of these currents is
controlled by BSM spurions,

Gq ¼ XqX
†
q; ðA8Þ

Gl ¼ XlX
†
l; ðA9Þ

where Xq and Xl denote flavor matrices that can contain
sizeable off-diagonal entries such as ðGqÞtq and ðGlÞeμ.
Integrating out Z0 yields at tree level,

LEFT ⊃ −
gqgl
M2

Z0
ðēγμðGlÞeμμÞðt̄γμðGqÞtqqÞ þ H:c:; ðA10Þ

where the effective coefficient is controlled by the off-
diagonal spurion entries generating the e − μ and t − q
transitions, while flavor-diagonal operators remain sup-
pressed by the assumed structure of the BSM spurions.

APPENDIX B: CONSTRAINTS ON OTHER
FLAVOR COMBINATIONS

In this section, we summarize existing constraints on
semileptonic four-fermion operators contributing to flavor-
violating scenarios not directly considered in this work,
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TABLE VIII. Existing constraints on scalar and tensor operators along with the respective flavor combination and
relevant observable. Here, l ¼ μ, e.

FCNC (✓) LFV (×)

Operator Flavor structure Observable Constraint (TeV−2)

Oð1Þ
LeQu

μμtc; eetc B → Dð�Þlν ð0.09� 0.58Þ × 10−7 [36]
ττtu B� → τντ −ð6.64� 0.21Þ × 10−9 [36]
μμcu D → μνμ −ð8.61� 0.18Þ × 10−10 [36]

OLeQd μμdb b → dμμ ½−3.48; 0.67� × 10−5 [122]
μμbs b → sμμ ½−6.80; 16.5� × 10−6 [122]

Oð3Þ
LeQu

μμtc; eetc B → Dð�Þlν −ð0.33� 6.61Þ × 10−10 [36]
μμtu; eetu B → πlν ð0.07� 0.16Þ × 10−7 [36]

TABLE IX. Existing constraints on vector operators along with the respective flavor combination and relevant
observable. Here, l ¼ μ, e.

FCNC (✓) LFV (×)

Operator Flavor structure Observable Constraint (TeV−2)

Oð1Þ
LQ

μμbs; μμtc b → sμμ −ð3.98� 1.20Þ × 10−4 [36]
μμbd; μμtu b → dμμ −ð1.90þ0.65

−0.68 Þ × 10−4 [36]
μμsd; μμcu BðKL → μμÞ −ð1.21þ0.33

−0.31 Þ × 10−4 [36]

Oð3Þ
LQ

μμbs; μμtc b → sμμ −ð3.98� 1.20Þ × 10−4 [36]
μμbd; μμtu b → dμμ −ð1.90þ0.65

−0.68 Þ × 10−4 [36]
μμsd; μμcu BðKL → μμÞ −ð1.21þ0.33

−0.31 Þ × 10−4 [36]

Oed μμbd b → dμμ ½−7.03; 3.76� × 10−4 [122]
μμbs b → sμμ ½−4.05; 4.37� × 10−4 [122]

OLd μμbd b → dμμ ½−2.79; 2.43� × 10−4 [122]
eebs b → see ½−4.04; 1.09� × 10−4 [122]

OQe μμbs; μμtc BðB0
s → μμÞ −ð7.39þ0.42

−0.44 Þ × 10−4 [36]
μμbd; μμtu b → dμμ ð0.68þ2.72

−2.79 Þ × 10−4 [36]
μμsd; μμcu BðKL → μμÞ −ð1.21þ0.33

−0.31 Þ × 10−4 [36]

TABLE X. Existing constraints on scalar and tensor operators along with the respective flavor combination and
relevant observable. Here, l ¼ μ, e.

FCNC (×) LFV (✓)

Operator Flavor structure Observable Constraint (TeV−2)

Oð1Þ
LeQu

μecc μ → eγ 2.6 × 10−4 [123]
μett μ → eγ 1.9 × 10−6 [123]
τecc τ → eγ 2.4 × 100 [123]
τett τ → eγ 1.8 × 10−2 [123]
τμcc τ → μγ 2.8 × 100 [123]
τμtt τ → μγ 2.1 × 10−2 [123]

Oð3Þ
LeQu

μecc μ → eγ 4.8 × 10−7 [123]
μett μ → eγ 3.6 × 10−9 [123]
τecc τ → eγ 4.6 × 10−3 [123]
τett τ → eγ 3.4 × 10−5 [123]
τμcc τ → μγ 5.4 × 10−3 [123]
τμtt τ → μγ 4.0 × 10−5 [123]
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namely: (i) charged LFV with quark flavor conservation,
and (ii) quark FCNC with lepton flavor conservation. Since
our analysis focuses exclusively on top quark FCNC effects
in combination with charged LFV, we do not include
bounds arising from quark flavor-changing charged-current
(FCCC) observables. For completeness, we also report
bounds on down-type semileptonic operators, both vector
and scalar, to facilitate comparison with their up-type
counterparts. These include,

½Oed�ijkl ¼ ðēiγαejÞðūkγαulÞ;
½OLe�ijkl ¼ ðL̄iγαLjÞðd̄kγαdlÞ;

½OLeQd�ijkl ¼ ðL̄a
i ejÞϵabðQ̄b

kdlÞ; ðB1Þ

Tables VIII and IX summarize existing constraints on quark
FCNC operators without LFV for scalar/tensor and vector
structures, respectively. Similarly, Tables X and XI present
constraints on LFV operators without quark FCNC. As
evident, these existing bounds are significantly stronger
than those on lepton flavor violating top FCNC operators,
primarily due to stringent limits from B-physics observ-
ables and the nonobservation of charged LFV processes.

APPENDIX C: DISENTANGLING THE VECTOR
CHIRAL STRUCTURES

In this section, we explore the role of beam polarization
in disentangling the different chiral structures of the vector
operators in the SMEFT framework. While the simplified

operator structures listed in Table I already exhibit kin-
ematic distinctions from the scalar and tensor operators, the
use of polarized beams provides an additional handle to
separate the individual components of the vector operators.
We select the following vector operator benchmarks rel-
evant for μþe− → tu production:

BPðuÞLQ∶
�½Cð−Þ

LQ�eμtu
Λ2

�
¼ 0.01 TeV−2;

BPðuÞLu∶
�½CLu�eμtu

Λ2

�
¼ 0.01 TeV−2;

BPðuÞeu ∶
�½Ceu�eμtu

Λ2

�
¼ 0.01 TeV−2;

BPðuÞQe∶
�½CQe�eμtc

Λ2

�
¼ 0.01 TeV−2: ðC1Þ

For each benchmark, all other Wilson coefficients are set to
zero. In this section, we focus exclusively on the u-type
benchmarks, since an analogous analysis for c-type bench-
marks would yield qualitatively similar results. The corre-
sponding signal cross sections for μþe− → tðlνbÞu
production are presented in Table XII for both the unpo-
larized case and various beam polarization configurations.
We observe that all operator structures contribute sim-

ilarly in the unpolarized setup. The polarization configu-
ration Pþ− enhances the Oð−Þ

LQ and OLu contributions while
suppressing Oeu and OQe, whereas the P−þ configuration

TABLE XI. Existing constraints on vector operators along with the respective flavor combination. The constraints
correspond to simultaneous fit (SF) on observables: Z → ll, τ → 3l, μ → 3e, and τ → ðρ;ϕ; πÞl [124]. Here,
l ¼ μ, e.

FCNC (×) LFV (✓)

Operator Flavor structure Observable Constraint (TeV−2)

Oð1Þ
LQ

μeuu; μedd; μess; μecc SF ð1.82� 0.69Þ × 10−3 [124]
μebb; μett SF ð2.69� 1.01Þ × 10−4 [124]

Oð3Þ
LQ

μeuu; μedd; μess; μecc SF ð6.39� 2.39Þ × 10−4 [124]
μebb; μett SF ð2.30� 0.86Þ × 10−4 [124]

Oeu μeuu; μecc SF ð9.68� 3.68Þ × 10−4 [124]
μett SF ð2.69� 1.01Þ × 10−4 [124]

Oed μedd; μess SF ð2.00� 0.75Þ × 10−3 [124]
μebb SF ð2.25� 0.96Þ × 10−3 [124]

OLu μeuu; μecc SF ð1.00� 0.38Þ × 10−3 [124]
μett SF ð2.81� 1.06Þ × 10−4 [124]

OLd μedd; μess SF ð1.96� 0.74Þ × 10−3 [124]
μebb SF ð2.49� 0.93Þ × 10−3 [124]

OQe μeuu; μedd; μess; μecc SF ð2.02� 0.76Þ × 10−3 [124]
μebb; μett SF ð2.81� 1.04Þ × 10−4 [124]
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exhibits the opposite behavior. We perform the collider
simulation and likelihood-based sensitivity analysis follow-
ing the same procedure outlined in Secs. III and IV. The
resulting 95% CL limits on the Wilson coefficients of the
vector operators for tu production at the μTRISTAN, for
integrated luminosities of 100 fb−1 and 1 ab−1 under
different beam polarization configurations, are presented
in Table XIII. Observations from Table VI indicate that the

c-type operator structures are expected to exhibit similar
sensitivity levels. This section highlights that beam polari-
zation remains a crucial tool for distinguishing the chiral
components of the vector operators.
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