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The measurement of quartic gauge couplings (QGCs) provides a crucial test of the non-Abelian gauge
structure of the Standard Model and offers sensitivity to new physics effects. In this work, we explore the
potential of the proposed multi-TeV same-sign muon collider, μTRISTAN, to probe anomalous quartic
gauge couplings (aQGCs) through vector boson scattering (VBS) processes. Owing to the same-sign initial
state, s-channel contributions are absent, rendering VBS as the dominant production mode and thereby
significantly enhancing the sensitivity to aQGCs. Using dimension-8 Standard Model Effective Field
Theory operators, we classify the relevant operator sets contributing to charged and neutral QGCs, and
confront them with existing bounds from the LHC. A detailed collider analysis is performed across multiple
final states: 2V2ν, Vγlν, 2Vlν, 2γ2l, and 2V2l (V ¼ reconstructedW andZ boson), applying optimized
selection strategies. We present the projected sensitivities at the μTRISTAN with center-of-mass energies
2 TeV and 6 TeV, with integrated luminosities of 1 ab−1 and 10 ab−1, and demonstrate significant
improvements over current experimental limits from the LHC. Our results establish μTRISTAN as a
powerful probe of electroweak symmetry breaking dynamics and aQGCs in a model-independent
framework.

DOI: 10.1103/zw44-5zh8

I. INTRODUCTION

The SUð2ÞL ×Uð1ÞY non-Abelian gauge structure of the
standard model (SM) predicts a set of self-interactions
among the electroweak gauge bosons known as the triple
gauge couplings (TGC) and quartic gauge couplings
(QGC). Among these, the QGCs, involving the simulta-
neous interaction of four gauge bosons, are essential to
maintaining unitarity in high-energy vector boson scatter-
ing (VBS) processes and testing the internal consistency of
the SM and the electroweak symmetry breaking. Precise
measurements of QGCs therefore offer a crucial test of the
electroweak sector and are a powerful probe of physics
beyond the Standard Model (BSM). Many well-known
extensions of the SM, including composite Higgs models,
extradimensional theories, and scenarios with strongly
coupled dynamics, predict modifications to quartic gauge
couplings [1,2]. The deviations from the SM predictions

can be parametrized in a model-independent way using the
framework of effective field theory (EFT) using higher-
dimensional operators, particularly dimension-8 terms.
Using proper choice of basis, EFT operators can be
constructed, which contribute to the anomalous quartic
gauge couplings (aQGCs) without affecting TGCs at
leading order [3,4].
VBS processes help us probe the aQGCs directly since

the quartic gauge interactions appear at leading order. New
physics may significantly enhance the VBS cross-sections
and alter the high-energy tails of kinematic distributions.
The ATLAS and CMS experiments at the Large Hadron
Collider (LHC) have already provided significant con-
straints on anomalous QGCs through measurements of
same-sign W�W�jj, WZjj, ZZjj, and Zγjj final states
[5–22]. These analyses have established the first systematic
bounds on dimension-8 operator coefficients and demon-
strated the feasibility of precision studies of QGCs in
hadron collider environments. However, current constraints
remain limited by statistical uncertainties and the available
energy reach, leaving substantial room for improvements at
future facilities.
In this regard, the future lepton colliders are expected to

dramatically extend the sensitivity to quartic gauge inter-
actions. The characteristic energy growth of dimension-8
operator contributions implies that high-energy colliders
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are particularly well suited to probing QGCs, potentially
pushing sensitivity to scales far beyond the direct produc-
tion reach of new particles. In this work, we investigate the
current and projected constraints on dimension-8 operators
contributing to QGCs within the Standard Model Effective
Field Theory (SMEFT) framework. Such interactions have
been extensively studied in the context of opposite-sign
muon colliders [23–25] operating at high energies.
However, the μþμ− initial state leads to a profusion of
annihilation-driven s-channel SM processes, which act as
significant backgrounds to VBS, particularly at moderate
energies, thus necessitating higher c.m. energy,

ffiffiffi
s

p
to

suppress these contributions. In contrast, the μþμþ con-
figuration provides a cleaner environment, with the absence
of s-channel annihilation topologies, thereby reducing
background contamination and rendering VBS the domi-
nant production mode for probing such interactions.
We probe aQGCs at the proposed μTRISTAN facility

[26] and assess its sensitivity relative to existing LHC
bounds. μTRISTAN proposes to collide the ultracold and
highly focused μþ beams that have been developed by the
J-PARC muon g − 2 experiment, accelerate them up to
1 TeV energy and collide them with the 30 GeV e− beam
from the existing TRISTAN storage ring, thereby achieving
a c.m. energy,

ffiffiffi
s

p ¼ 346 GeV and expected integrated
luminosity Lint ¼ 1 ab−1. However, owing to its relatively
low c.m. energy, this asymmetric collider lacks sufficient
kinematic reach to probe momentum-dependent dimen-
sion-8 aQGC structures. Alternatively, this facility could
operate in the μþμþ mode at

ffiffiffi
s

p ¼ 2 TeV, offering a high-
energy leptonic environment capable of probing TeV-scale
physics within currently achievable accelerator technolo-
gies, and thereby providing a clean avenue to test such
effective vertices. Future upgrades in beam intensity and
repetition rate are expected to extend the reach to integrated
luminosities of Lint ¼ 10 ab−1 and c.m. energies of

ffiffiffi
s

p ¼ 6
and 10 TeV in the same-sign collision mode. This would
establish μTRISTAN as a powerful platform for both
precision measurements [27,28] and broad searches for
physics beyond the Standard Model [29–40].
The paper is organized as follows: In Sec. II, we introduce

the EFT framework employed to describe aQGCs, summa-
rize the existing constraints from LHC studies and discuss
the theoretical constraints on the operators. In Sec. III, we
present the collider analysis for the μTRISTAN 2 TeV run,
adopting a signal region-based strategy. In Sec. IV, we derive
constraints on the aQGC effective couplings using a multi-
observable likelihood-based approach and discuss the theo-
retical validity of the projected limits. Finally, we summarize
our results in Sec. V.

II. EFFECTIVE FRAMEWORK

The theoretical framework employed in this work is
based on SMEFT which provides a systematic and

model-independent description of potential deviations from
the SM at energies below a new physics scale Λ. The
charged quartic gauge couplings (cQGCs): WWWW,
WWγγ, WWγZ, and WWZZ, are present in the SM and
the anomalous contributions are generated at dimension-6
SMEFT. The neutral quartic gauge couplings (nQGCs):
γγγγ, Zγγγ, ZZγγ, ZZZγ, and ZZZZ, are absent in the SM
and first appear at dimension-8. To maintain uniformity
with existing studies, we adopt the dimension-8 oper-
ator basis used in [4,23–25]. For completeness, the
impact of dimension-6 operators on cQGC processes is
discussed in Appendix. We parametrize the effective
Lagrangian as

LSMEFT ¼ LSM þ
X
i

fS;i
Λ4

OS;i þ
X
j

fM;j

Λ4
OM;j

þ
X
k

fT;k
Λ4

OT;k ð1Þ

where the operators are organized into the scalar (S),
mixed (M), and tensor (T) classes and the correspond-
ing Wilson coefficients fS;i, fM;i, and fT;i encode the
effects of new physics at scale Λ. After removing
redundancies, the three classes of dimension-8 operators
are listed below. It should be noted that these set of
operators contribute to QGCs without disturbing the
TGC vertices.
Class A. These operators only involve the covariant

derivatives of the Higgs doublet.

OS;0 ¼ ½ðDμHÞ†ðDνHÞ� × ½ðDμHÞ†ðDνHÞ�;
OS;1 ¼ ½ðDμHÞ†ðDμHÞ� × ½ðDνHÞ†ðDνHÞ�;
OS;2 ¼ ½ðDμHÞ†ðDνHÞ� × ½ðDνHÞ†ðDμHÞ�:

Class B. These operators involve the Higgs field and the
field tensors of the gauge bosons.

OM;0 ¼ ½WI
μνWIμν� × ½ðDβHÞ†ðDβHÞ�;

OM;1 ¼ ½WI
μνWIνβ� × ½ðDβHÞ†ðDμHÞ�;

OM;7 ¼ ½ðDμHÞ†τIτJðDνHÞ� × ½WI
βνW

Jβμ�;
OM;2 ¼ ½BμνBμν� × ½ðDβHÞ†ðDβHÞ�;
OM;3 ¼ ½BμνBνβ� × ½ðDβHÞ†ðDμHÞ�;
OM;4 ¼ ½ðDμHÞ†τIðDμHÞ� × ½WI

βνB
βν�;

OM;5 ¼ ½ðDμHÞ†τIðDνHÞ� × ½WI
βνB

βμ�;

Class C. These operators are constructed purely out of
the gauge boson field tensors.
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OT;0 ¼ ½WI
μνWIμν� × ½WJ

αβW
Jαβ�;

OT;1 ¼ ½WI
ανWIμβ� × ½WJ

μβW
Jαν�;

OT;2 ¼ ½WI
αμWIμβ� × ½WJ

βνW
Jνα�;

OT;5 ¼ ½WI
μνWIμν� × ½BαβBαβ�;

OT;6 ¼ ½WI
ανWIμβ� × ½BμβBαν�;

OT;7 ¼ ½WI
αμWIμβ� × ½BβνBνα�;

OT;8 ¼ ½BμνBμν� × ½BαβBαβ�;
OT;9 ¼ ½BαμBμβ� × ½BβνBνα�:

In Table I, we further organize the operators into subclasses
to streamline the analysis. For each subclass, we list the
specific vertices that are modified or induced. The subclass
A0 contains all scalar operators, while the subclasses B
and C correspond to mixed and tensor-type operators,
respectively.

A. Existing LHC constraints

Existing constraints on aQGCs include a combination of
theoretical consistency requirements and experimental
measurements. On the theory side, perturbative unitarity
imposes important bounds on the Wilson coefficients of
dimension-8 operators, as the energy growth of scattering
amplitudes due to additional contributions from new
physics can lead to a breakdown of unitarity at sufficiently
high energies [41,42]. This restricts the allowed parameter
space for the coefficients fS;i=Λ4, fM;j=Λ4, and fT;k=Λ4,
or necessitates the implementation of appropriate

unitarization procedures [43]. The unitarity constraints
are further supplemented by positivity constraints, which
ensure the mathematical consistency of the EFT by
enforcing causality and analyticity in the underlying UV
completion [44–46]. Complementing these theoretical
constraints are experimental measurements by the
ATLAS and CMS Collaborations at the LHC. The
most stringent experimental constraints till date have
been obtained through measurements of VBS and
triboson production processes (such as Wγjj, Zγjj,
and Zγγ), which have been used to set 95% confidence
limit (C.L.) on Wilson coefficients for scalar (S), mixed
(M), and tensor (T) type operators [5–22,47]. Table II
lists the most updated experimental bound on the
operators from the 13 TeV run of the ATLAS and
CMS where the tightest bound is highlighted in bold for
each case.

B. Muon collider projections

Several studies in the context of μþμ− colliders have
explicitly investigated aQGCs across different production
channels. In Ref. [25], nQGCs are probed using OT;k-type
operators that induce Zγγγ, ZZγγ, and ZZZγ interactions
via the process μþμ− → μþμ−Zγ at a c.m. energy of

ffiffiffi
s

p ¼
10 TeV with an integrated luminosity of Lint ¼ 10 ab−1.
The resulting constraints improve by nearly an order of
magnitude over the bounds on fT;k=Λ4 as listed in Table II.
A similar analysis is presented in Ref. [24], where a subset
of operators from all three classes (S, M, and T) is
considered. This study focuses on vector boson scattering
processes, specifically WþW− → WþW−, initiated by W

TABLE I. cQGCs (upper) and nQGCs (lower) modified by the listed dimension-8 operators are shown with ✓.

Subclass Operators WWWW WWZZ WWZγ WWγγ

A0 OS;0, OS;1, OS;2 ✓ ✓ ✗ ✗

B1 OM;0, OM;1, OM;7 ✓ ✓ ✓ ✓

B2 OM;2, OM;3 ✗ ✓ ✓ ✓

B3 OM;4, OM;5 ✗ ✓ ✓ ✓

C1 OT;0, OT;1, OT;2 ✓ ✓ ✓ ✓

C2 OT;5, OT;6, OT;7 ✗ ✓ ✓ ✓

C3 OT;8, OT;9 ✗ ✗ ✗ ✗

Subclass Operators ZZZZ ZZZγ ZZγγ Zγγγ γγγγ

A0 OS;0, OS;1, OS;2 ✓ ✗ ✗ ✗ ✗

B1 OM;0, OM;1, OM;7 ✓ ✓ ✓ ✗ ✗

B2 OM;2, OM;3 ✓ ✓ ✓ ✗ ✗

B3 OM;4, OM;5 ✓ ✓ ✓ ✗ ✗

C1 OT;0, OT;1, OT;2 ✓ ✓ ✓ ✓ ✓

C2 OT;5, OT;6, OT;7 ✓ ✓ ✓ ✓ ✓

C3 OT;8, OT;9 ✓ ✓ ✓ ✓ ✓
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bosons at a μþμ− collider with
ffiffiffi
s

p ¼ 30 TeV and
integrated luminosities of Lint ¼ 10 and 90 ab−1. At
such high energies and luminosities, the sensitivity to
the most constrained operator, fT;2=Λ4, reaches the level
of Oð10−5Þ. In a related study, Ref. [23] also examines
a subset of operators from all three categories at μþμ−

colliders with
ffiffiffi
s

p ¼ 6, 10, and 30 TeV, and integrated
luminosities of Lint ¼ 4 and 10 ab−1. The analysis
focuses on the channels μþμ− → WW þ νν=μμ
and μþμ−→WW=ZZþνν, achieving sensitivities of
Oð10−5Þ for the most constrained operator, fT;0=Λ4.
The projected 95% C.L. are summarized in Table III.

C. Theoretical constraints and EFT validity

The dimension-8 parametrization used in Eq. (1) is
valid only within a finite energy range. Since the aQGC
operators considered here generate amplitudes that
grow with the hard scattering energy, the projected
collider sensitivities must be interpreted together with
constraints from the EFT cutoff, perturbative unitarity,
and positivity.
As shown in Eq. (1), the coefficient of a generic

dimension-8 operator is given by cX;i ≡ ðfX;i=Λ4Þ. For a
one-coefficient interpretation with a dimensionless Wilson

coefficient of order unity, the EFT scale associated with this
interaction is estimated as

ΛX;i ¼ jcX;ij−1=4: ð2Þ

More generally, the corresponding cut-off scale is
ΛX;i ¼ ðjfX;ij=jcX;ijÞ1=4. The relevant energy regime for
the EFT validity is the hard VBS scale QVBS ≡ ffiffiffiffiffiffiffiffi

ŝVV
p

,
which may be identified with the final-state diboson invari-
ant mass mVV at the partonic level. This scale should be
distinguished from the full muon-collider c.m. energy

ffiffiffi
s

p
.

Perturbative unitarity gives an additional restriction. The
dimension-8 aQGC amplitudes scale as cX;iQ4

VBS, and the
corresponding partial-wave eigenvalues can violate unitar-
ity at sufficiently large energies. Following Ref. [43], the
one-coefficient partial-wave unitarity condition may be
written as

jcX;ij <
AX;i

Q4
VBS

; ð3Þ

or equivalently in terms of the unitarity scale,

QVBS < QU
X;i ¼

�
AX;i

jcX;ij
�

1=4
: ð4Þ

TABLE II. Observed 95% C.L. intervals (TeV−4) on dimension-8 quartic gauge couplings from LHC
measurements. The tightest bound per operator is highlighted in bold.

WCs

ATLAS (13 TeV) [21] ATLAS (13 TeV) [20] CMS (13 TeV) [22]

W�W�jj (139 fb−1) Zðνν̄Þγjj (139 fb−1) WV+ZV (138 fb−1)

fS;0=Λ4 ½−5.9; 5.9� × 100 � � � ½−2.9; 3.0� × 100

fS;1=Λ4 ½−2.4; 2.4� × 100 � � � ½−4.0; 4.0� × 100

fS;2=Λ4 ½−5.9; 5.9� × 100 � � � ½−4.0; 4.1� × 100

fM;0=Λ4 ½−4.1; 4.1� × 100 ½−4.6; 4.6� × 100 ½−5.4; 5.3� × 10−1

fM;1=Λ4 ½−6.8; 7.0� × 100 ½−7.7; 7.7� × 100 ½−1.6; 1.6� × 100

fM;7=Λ4 ½−9.8; 9.5� × 100 � � � ½−2.6; 2.6� × 100

fM;2=Λ4 � � � ½−1.9; 1.9� × 100 ½−7.0; 7.0� × 10−1

fM;3=Λ4 � � � � � � ½−2.6; 2.6� × 100

fM;4=Λ4 � � � � � � ½−1.5; 1.5� × 100

fM;5=Λ4 � � � � � � ½−2.1; 2.1� × 100

fT;0=Λ4 ½−3.6; 3.6� × 10−1 ½−9.4; 8.4� × 10−2 ½−9.2; 7.8� × 10−2

fT;1=Λ4 ½−1.7; 1.9� × 10−1 � � � ½−8.6; 9.4� × 10−2

fT;2=Λ4 ½−6.3; 7.4� × 10−1 � � � ½−2.1; 2.1� × 10−1

fT;5=Λ4 � � � ½−8.8; 9.9� × 10−2 ½−2.6; 2.4� × 10−1

fT;6=Λ4 � � � � � � ½−5.0; 4.8� × 10−1

fT;7=Λ4 � � � � � � ½−8.5; 8.0� × 10−1

fT;8=Λ4 � � � ½−5.9; 5.9� × 10−2 ½−5.3; 5.3� × 10−1

fT;9=Λ4 � � � ½−1.3; 1.3� × 10−1 ½−1.2; 1.2� × 100
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Here AX;i is obtained from the largest eigenvalue of the
coupled VV; Vh; hh → VV; Vh; hh partial-wave scatter-
ing matrix for the given operator and is listed in
Table X. Combining the EFT cutoff estimate and the
unitarity bound, a conservative EFT validity condition is
given by

QVBS < Qvalid
X;i ≡min ðΛX;i; QU

X;iÞ: ð5Þ

This condition will be used below to assess the
theoretical interpretation of the projected sensitivities
at the μTRISTAN collider.
Finally, the allowed Wilson coefficients are further

restricted by positivity bounds, which necessitate certain
linear combinations of these coefficients must be positive.
These follow from general assumptions on the ultraviolet
completion, such as Lorentz invariance, analyticity, cau-
sality, and unitarity. In the one-coefficient scenarios con-
sidered in this work, positivity imposes sign restrictions on
several dimension-8 aQGC coefficients, while some iso-
lated one-operator directions are not compatible with
positivity and require correlated nonzero coefficients in a
global EFT interpretation [45]. The numerical impact of

these theoretical requirements on our projected limits will
be discussed later.

III. COLLIDER ANALYSIS

In this Section, we present the collider analysis strategy
employed to probe aQGCs at the μþμþ mode of the
μTRISTAN collider. Our analysis focuses on VBS-initiated
topologies, where the effects of higher dimensional oper-
ators become increasingly significant at high energies. A
similar analysis can, in principle, be performed in the μþe−

mode of μTRISTAN. However, the higher c.m. energy
achievable in the μþμþ mode provides a more favorable
environment for probing aQGCs. Moreover, in VBS-
initiated processes, the μþe− mode primarily offers better
sensitivity to cQGCs, whereas the μþμþ mode allows
simultaneous access to both cQGCs as well as nQGCs.
This makes the μþμþ configuration a more powerful and
comprehensive probe of aQGCs.We consider multiple final
states involving reconstructed weak bosons, photons,
leptons, and missing transverse energy (MET), which
together provide complementary sensitivity to different
operator subclasses introduced in Sec. II. A schematic
representation of the VBS topology relevant to our analysis

TABLE III. Projected 95% C.L. intervals (TeV−4) on dimension-8 quartic gauge couplings from future μþμ−
collider studies, involving different processes. Here, V ¼ W, Z.

WCs

μþμ− → μþμ−Zγ WþW− → WþW− μþμ− → VV þ μμ=νν

(10 TeV, 10 ab−1) [25] (30 TeV, 90 ab−1) [24] (30 TeV, 10 ab−1) [23]

fS;0=Λ4 � � � 0.5þ2.1
−0.3 × 10−2 ½−4.6; 4.5� × 10−3

fS;1=Λ4 � � � 3.1þ0.1
−3.0 × 10−2 ½−2.5; 2.5� × 10−3

fS;2=Λ4 � � � 0.6þ1.9
−0.4 × 10−2 ½−2.5; 2.5� × 10−3

fM;0=Λ4 � � � 2.6þ0.1
−0.0 × 10−4 ½−4.6; 4.6� × 10−4

fM;1=Λ4 � � � 6.2þ0.1
−0.0 × 10−4 ½−1.2; 1.1� × 10−3

fM;7=Λ4 � � � 1.1þ0.0
−0.0 × 10−3 ½−2.1; 2.2� × 10−3

fM;2=Λ4 � � � � � � � � �
fM;3=Λ4 � � � � � � � � �

fM;4=Λ4 � � � � � � � � �
fM;5=Λ4 � � � � � � � � �

fT;0=Λ4 ½−7.6; 7.4� × 10−2 2.5þ0.0
−0.0 × 10−5 ½−3.1; 1.8� × 10−5

fT;1=Λ4 ½−7.6; 7.4� × 10−2 3.4þ0.0
−0.0 × 10−5 ½−5.0; 3.1� × 10−5

fT;2=Λ4 ½−1.2; 1.3� × 10−1 5.8þ0.0
−0.0 × 10−5 ½−9.1; 4.2� × 10−5

fT;5=Λ4 ½−3.2; 3.0� × 10−2 � � � � � �
fT;6=Λ4 ½−3.4; 3.5� × 10−2 � � � ½−2.7; 2.4� × 10−5

fT;7=Λ4 ½−7.9; 7.8� × 10−2 � � � ½−3.4; 2.8� × 10−5

fT;8=Λ4 ½−8.6; 8.6� × 10−3 � � � � � �
fT;9=Λ4 ½−1.7; 1.7� × 10−2 � � � � � �
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is shown in Fig. 1. This Feynman diagram captures the
characteristic structure where incoming same-sign anti-
muons radiate electroweak gauge bosons that sub-
sequently undergo scattering, leading to multiboson
final states. The blob denotes the combined contribution
from both the SM interactions and the EFT operators. The
aQGC model implementation is done using FeynRules [48].
The generated Universal FeynRules Output [49] model is
fed to MG5_aMC [50], where, event samples for both the
SM and SMEFT contributions are generated at parton
level and subsequently passed through Pythia8 [51] for
parton showering. The detector response is modeled using
Delphes3 [52], employing a default detector card
appropriate for a generic high-energy lepton collider

analysis. Jets are reconstructed using the anti-kT algorithm
using FastJet3 [53] within the Delphes3 framework,
and standard object identification criteria are applied for
leptons and photons.

A. Signal region categorization

In order to access multiple subclasses of operators,
we divide the possible final states from VBS into
different signal regions. The identification of signal
regions is based on the multiplicity of reconstructed
objects in the final state, namely jets (j), leptons (l),
and photons (γ). These selections are designed to isolate
distinct VBS topologies while maintaining sensitivity to
different classes of operators. For the reconstruction of
hadronically decaying weak bosons, we select events
containing pairs of hard jets and impose an invariant
mass requirement,

jMV
jj −MZj < 30 GeV; ð6Þ

which efficiently captures both W and Z bosons due to
the finite detector resolution. In events with two recon-
structed bosons, jet pairing is performed by minimizing
the difference between the invariant masses of jet pairs
and the nominal weak boson mass, followed by com-
paring with each possible system. The strategy can be
outlined as follows:

δMj1j2;j3j4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔMV

j1j2
Þ2 þ ðΔMV

j3j4
Þ2

q
→

8>><
>>:

ΔMV
j1j2

¼ jMV
j1j2

−MZj
ΔMV

j3j4
¼ jMV

j3j4
−MZj

Ensure∶ MV
j1j2

> MV
j3j4

;

If δMj1j2;j3j4 ¼ min

8><
>:

δMj1j2;j3j4

δMj1j3;j2j4

δMj1j4;j2j3

→

�
V1 ⇒ Reconstructed from j1; j2
V2 ⇒ Reconstructed from j3; j4

: ð7Þ

FIG. 1. Feynman diagrams corresponding to diboson produc-
tion via vector boson scattering at the μTRISTAN. Here, V ¼ W,
Z. The blob includes both SM and EFT operator contributions.

TABLE IV. Signal and respective cQGC (upper) and nQGC (lower) vertices at the μþμþ collider.

Signal region WWWW WWZZ WWZγ WWγγ Operator subclasses

2V2ν ✓ ✗ ✗ ✗ A0;B1;C1

Vγlν ✗ ✗ ✓ ✓ B1;B2;B3;C1;C2

2Vlν ✗ ✓ ✓ ✗ A0;B1;B2;B3;C1;C2

Signal region ZZZZ ZZZγ ZZγγ Zγγγ γγγγ Operator subclasses

2γ2l ✗ ✗ ✓ ✓ ✓ B1;B2;B3;C1;C2;C3

2V2l ✓ ✓ ✓ ✗ ✗ A0;B1;B2;B3;C1;C2;C3
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Based on object multiplicities, we define the following
signal regions:

Signal region 2V2ν∶ ðNj; Nl; NγÞ ¼ ð4; 0; 0Þ;
Signal region Vγlν∶ ðNj; Nl; NγÞ ¼ ð2; 1; 1Þ;
Signal region 2Vlν∶ ðNj; Nl; NγÞ ¼ ð4; 1; 0Þ;
Signal region 2γ2l∶ ðNj; Nl; NγÞ ¼ ð0; 2; 2Þ;
Signal region 2V2l∶ ðNj; Nl; NγÞ ¼ ð4; 2; 0Þ: ð8Þ

For event simulation, we include all relevant SM contri-
butions to each final state, ensuring that not only the VBS
topology but also additional contributions, such as radiative
processes, are fully taken into account. For the invisible
final state, in addition to the above selection criteria, MET
requirements are imposed to suppress possible visible
backgrounds, that can mimic the accompanying visible
final states. Specifically, we require

(i) MET > 10 GeV for single neutrino final states,
(ii) MET > 25 GeV for double neutrino final states.

These signal regions collectively probe different cQGC and
nQGC couplings, as summarized in Table IV. The com-
plementarity among the channels allows for a comprehen-
sive exploration of the EFT parameter space. In Table V, we
present the event yields in each signal region for different
collider configurations, considering only SM contributions.
For

ffiffiffi
s

p ¼ 2 TeV, the Vγlν signal region yields the highest
event count, followed by the 2V2ν channel. In contrast, atffiffiffi
s

p ¼ 6 TeV, the 2V2ν signal region becomes dominant,
while Vγlν provides a subleading contribution. This shift
in the relative event rates can be attributed to the increased
boost of the vector bosons at higher energies. As a result,
the decay products of the bosons, particularly jets, become
increasingly collimated and may merge into a single
reconstructed jet. Consequently, final states requiring
resolved jet pairs are comparatively suppressed at higher
energies. We note that in such boosted regimes, a dedicated
fat-jet and jet substructure-based analysis would provide a
more efficient reconstruction strategy. However, incorpo-
rating such techniques is beyond the scope of the
present study.

IV. PROJECTED SENSITIVITY

In this Section, we present the projected sensitivity to the
effective operator coefficients, fX;i=Λ4, 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 the
observable φðkÞ is given by,

μðkÞr ðfX;i=Λ4Þ ¼ Lint × σðkÞr ðfX;i=Λ4Þ; ð9Þ

where Lint is the integrated luminosity, σðkÞr is the cross
section of the rth bin of the observable φðkÞ, which depends
on the operator coefficient, fX;i=Λ4. The corresponding
likelihood function [54] is defined as a product of Poisson
probabilities over all bins,

LðfX;i=Λ4Þ ¼
Y
r;k

½μðkÞr ðfX;i=Λ4Þ�nre−μðkÞr ðfX;i=Λ4Þ

nr!
; ð10Þ

where, nr is the observed number of events in the rth bin of
the observable φðkÞ. Since no observed data exist for future
colliders, the observed event counts are assumed to equal to
the SM yields. So, the observed events are taken as the
background expectation,

nr ¼ Lint × σðkÞr ð0Þ: ð11Þ

The log-likelihood is then given by,

logLðfX;i=Λ4Þ ¼
X
r;k

h
nðkÞr log μðkÞr ðfX;i=Λ4Þ

− μðkÞr ðfX;i=Λ4Þ
i
þ constant: ð12Þ

TABLE V. SM event counts for each signal region for different c.m. energy,
ffiffiffi
s

p
(TeV) and integrated luminosity,

Lint (ab−1) combinations.

Setup ð ffiffiffi
s

p
;LintÞ

Event counts in different signal regions

2V2ν Vγlν 2Vlν 2γ2l 2V2l

ð2 TeV; 1 ab−1Þ 8.1 × 103 2.2 × 105 5.0 × 103 6.4 × 103 1.5 × 103

ð2 TeV; 10 ab−1Þ 8.1 × 104 2.2 × 106 5.0 × 104 6.4 × 104 1.5 × 104

ð6 TeV; 1 ab−1Þ 2.4 × 104 1.0 × 104 4.7 × 103 1.0 × 103 5.5 × 102

ð6 TeV; 10 ab−1Þ 2.4 × 105 1.0 × 105 4.7 × 104 1.0 × 104 5.5 × 103
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To quantify the sensitivity, we define the profile likelihood
ratio,

λðfX;i=Λ4Þ ¼ LðfX;i=Λ4Þ
Lðf̂X;i=Λ4Þ ;

QðfX;i=Λ4Þ ¼ −2 log λðfX;i=Λ4Þ; ð13Þ

where, f̂X;i=Λ4 denotes the value of the operator coefficient
that maximizes the likelihood. Since we are evaluating the
sensitivity to new physics against the SM, we perform the
analysis around the null hypothesis, i.e., f̂X;i=Λ4 ¼ 0.
The test statistic Q defined in Eq. (13) is used to derive

projected bounds on the operator coefficient fX;i=Λ4 at a
given C.L. According to Wilks’ theorem [55], 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 computationally demand-
ing. For projection studies focused on assessing the reach
of future colliders, the use of Wilks’s theorem provides a
reasonable and commonly adopted approximation. Using
the Wilks’s theorem, we translate the value of Q into
confidence intervals on fX;i=Λ4. For instance, the critical
values of the test statistic Q corresponding to the 68% and
95% C.L. are given by,

QðfX;i=Λ4Þ ≤ χ21;68% ¼ 1.00;

QðfX;i=Λ4Þ ≤ χ21;95% ¼ 3.84; ð14Þ

where χ2f;p% denotes the pth percentile of the chi-squared
distribution with f degrees of freedom. These thresholds
define the regions of parameter space that are consistent
with the background-only hypothesis at the corresponding
confidence levels. For different signal regions we use
different observables (φðkÞ),

2V2ν∶ fΔϕVV;ΔηVV;ϕV1
; ηV1

g;
Vγlν∶ fΔϕVγ;ΔηVγ;ϕV1

; ηV1
g;

2Vlν∶ fΔϕVV;ΔηVV;ϕV1
; ηV1

g;
2γ2l∶ fΔϕγγ;Δηγγ;ϕγ1 ; ηγ1g;
2V2l∶ fΔϕVV;ΔηVV;ϕV1

; ηV1
g: ð15Þ

In the following Subsections, we present the limits on the
operators of different subclasses.

A. Operators of subclass A

We, first, start with the analysis of subclass A0 operators,
which correspond to the scalar class of dimension-8

operators involving only covariant derivatives of the
Higgs doublet. These operators predominantly modify
charged electroweak quartic interactions such as
WWWW and WWZZ, and therefore mainly contribute to
final states with multiple reconstructed weak bosons. The
95% C.L. on fS;i=Λ4 (in TeV−4) from different signal
regions, for μTRISTAN

ffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1,
are shown in Table VI. As seen from Table VI, the
sensitivity to these operators arises primarily from the
2V2ν, 2Vlν, and 2V2l signal regions, while channels
involving photons do not contribute. Among these, the
2V2l channel provides the strongest individual constraints
due to its clean final state and reduced combinatorial
ambiguities. The combined limits, obtained by statistically
combining all relevant signal regions, show a noticeable
improvement over individual channels. This highlights the
complementarity between different final states in con-
straining the parameter space. The resulting bounds remain
atOð1Þ in units of TeV−4, comparative to the LHC bounds.
The corresponding likelihood profiles for individual and
combined channels are shown in Fig. 2, illustrating the
relative constraining power of each signal region.

B. Operators of subclass B

Next, we consider subclass B operators, which belong to
the mixed category i.e., scalar and tensor combination,
involving both Higgs fields and field strength tensors.
These operators induce a broader range of quartic inter-
actions, includingWWγγ andWWZγ, thereby contributing
to both pure bosonic and photon associated final states. The
95% C.L. on fM;i=Λ4 (in TeV−4) from different signal
regions, for μTRISTAN

ffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1,
are shown in Table VII. From Table VII, it is evident that all
signal regions, including the photon associated regions
Vγlν and 2γ2l, play an important role in constraining
these operators. In particular, photon rich final states
significantly enhance sensitivity due to the higher kin-
ematic access and direct coupling of these operators to
electroweak field strengths, which induce momentum
dependent Lorentz structures. The interplay between differ-
ent signal regions leads to comparable sensitivities across
multiple channels. The combined limits show a substantial
improvement over individual constraints, reachingOð10−1Þ
in TeV−4. This improvement reflects both the structure of
these operators as well as the increased statistics from
combining multiple final states. The sensitivity projections
and likelihood distributions are illustrated in Fig. 3, where
the impact of each signal region and their combination can
be clearly observed.

C. Operators of subclass C

Finally, we analyze subclass C operators, corresponding
to the pure tensor class constructed from gauge field
strength tensors. These operators generate the most
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pronounced energy growing effects and contribute to both
cQGC and nQGC couplings, including purely neutral
quartic gauge interactions absent in the SM at tree level.
The 95% C.L. on fT;i=Λ4 (in TeV−4) from different signal
regions, for μTRISTAN

ffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1,
are shown in Table VIII. As shown in Table VIII, the
sensitivity to these operators is significantly stronger
compared to subclasses A and B, with constraints reaching

Oð10−2Þ −Oð10−3Þ in TeV−4. All signal regions contribute
meaningfully, with the photon rich and multiboson final
states playing a particularly important role due to the
structure of the operators. The combined limits benefit
greatly from the inclusion of all channels, especially those
sensitive to neutral quartic interactions such as 2γ2l. The
enhanced reach reflects the strong energy dependence of
tensor operators, making them especially well suited for

FIG. 2. 95% C.L. sensitivity plots on aQGCs of type fS;i=Λ4 (in TeV−4) from different signal regions, for μTRISTAN
ffiffiffi
s

p ¼ 2 TeV,
with Lint ¼ 1 ab−1.

TABLE VI. 95% C.L. sensitivity constraints on aQGCs of type fS;i=Λ4 (in TeV−4) from different signal regions,
for μTRISTAN

ffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1. → refers to as the combined limit from all the channels.

Operators: A0

fS;0=Λ4 2V2ν ½−5.6; 6.8� × 100 Vγlν � � � 2Vlν ½−7.1; 7.6� × 100

2γ2l � � � 2V2l ½−5.0; 5.4� × 100 → ½−3.4; 3.6� × 100

fS;1=Λ4 2V2ν ½−7.0; 7.9� × 100 Vγlν � � � 2Vlν ½−6.4; 6.8� × 100

2γ2l � � � 2V2l ½−6.6; 7.3� × 100 → ½−3.9; 4.1� × 100

fS;2=Λ4 2V2ν ½−9.1; 9.6� × 100 Vγlν � � � 2Vlν ½−6.0; 6.4� × 100

2γ2l � � � 2V2l ½−3.7; 3.9� × 100 → ½−3.0; 3.1� × 100
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probing at high energy lepton colliders, which can access
large c.m. energies at the parton level. The corresponding
likelihood profiles are presented in Fig. 4, demonstrating
the superior sensitivity for this class of operators and the
importance of combining multiple channels.

D. Future upgrades

In this Section, we explore the projected sensitivity to
aQGCs under future upgrade scenarios of the μTRISTAN
facility. In particular, we consider increases in both the c.m.
energy and the integrated luminosity, which play a crucial
role in enhancing the reach of higher dimensional operators
within the EFT framework. The results for three represen-
tative configurations, namely ð ffiffiffi

s
p

;LÞ ¼ ð2 TeV; 10 ab−1Þ,
ð6 TeV; 1 ab−1Þ, and ð6 TeV; 10 ab−1Þ, are summarized in
Table IX. These projections are obtained using the same
multi-observable likelihood framework described in
Sec. IV, combining information from all relevant signal
regions. A clear hierarchy in sensitivity improvement is
observed as the collider configurations, i.e., c.m. energy
and the integrated luminosity, are upgraded. Increasing the
integrated luminosity at fixed energy, for instance from
Lint ¼ 1 ab−1 to Lint ¼ 10 ab−1 at

ffiffiffi
s

p ¼ 2 TeV, leads to a
moderate improvement in the bounds, typically by a factor
of ∼2–3. This behavior is consistent with the expected
statistical scaling, as the sensitivity in the statistics domi-
nated regime improves approximately as 1=

ffiffiffiffiffiffiffi
Lint

p
. In

contrast, increasing the c.m. energy has a far more
pronounced impact on the sensitivity. Moving from

ffiffiffi
s

p ¼
2 TeV to 6 TeV results in an order of magnitude or more
improvement in the constraints in case of most operators.
This enhancement arises primarily from the intrinsic energy
dependence of dimension-8 operator contributions, which
grow rapidly with energy and dominate over the SM
background in the high energy tails of kinematic distribu-
tions. As a result, higher energy configurations signifi-
cantly extend the reach of the SMEFT parameter space.
This trend is particularly striking for tensor operators of
subclass C, operators of purely tensor type, where the
projected sensitivities reach the level of Oð10−4Þ −
Oð10−5Þ TeV−4 at

ffiffiffi
s

p ¼ 6 TeV with Lint ¼ 10 ab−1.
Such precision represents a significant improvement of
several orders of magnitude over current LHC bounds (see
Table II), and comparable to analysis at μþμ− colliders
[24,25], which require way larger c.m. energy or the
integrated luminosity, in comparison. Mixed operators of
subclass B also exhibit substantial gains, reaching sensi-
tivities at the Oð10−3Þ level, while scalar operators of
subclass A improve to theOð10−2Þ regime. It is also worth
noting that the relative improvement is not uniform across
all operators. Operators contributing to photon rich final
states, such as those involving WWγγ and Zγγγ vertices,
benefit significantly from higher energies due to both
enhanced production rates and much cleaner experimental

TABLE VII. 95% C.L. sensitivity constraints on aQGCs of type fM;i=Λ4 (in TeV−4) from different signal regions, for μTRISTANffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1. → refers to as the combined limit from all the channels.

Operators: B1

fM;0=Λ4 2V2ν ½−5.8; 6.0� × 10−1 Vγlν ½−6.2; 6.6� × 10−1 2Vlν ½−7.0; 7.6� × 10−1

2γ2l ½−5.9; 6.3� × 10−1 2V2l ½−4.3; 4.4� × 10−1 → ½−2.5; 2.6� × 10−1

fM;1=Λ4 2V2ν ½−6.7; 7.4� × 10−1 Vγlν ½−6.4; 6.7� × 10−1 2Vlν ½−6.8; 7.4� × 10−1

2γ2l ½−5.0; 5.3� × 10−1 2V2l ½−6.0; 6.5� × 10−1 → ½−2.8; 2.9� × 10−1

fM;7=Λ4 2V2ν ½−6.7; 7.2� × 10−1 Vγlν ½−7.0; 7.4� × 10−1 2Vlν ½−6.3; 6.6� × 10−1

2γ2l ½−5.0; 5.3� × 10−1 2V2l ½−5.3; 5.7� × 10−1 → ½−2.7; 2.8� × 10−1

Operators: B2

fM;2=Λ4 2V2ν � � � Vγlν ½−2.4; 2.4� × 10−1 2Vlν ½−5.5; 5.8� × 10−1

2γ2l ½−2.9; 2.9� × 10−1 2V2l ½−2.8; 2.8� × 10−1 → ½−1.5; 1.5� × 10−1

fM;3=Λ4 2V2ν � � � Vγlν ½−6.7; 7.2� × 10−1 2Vlν ½−7.0; 7.5� × 10−1

2γ2l ½−5.8; 6.2� × 10−1 2V2l ½−5.8; 6.1� × 10−1 → ½−3.2; 3.3� × 10−1

Operators: B3

fM;4=Λ4 2V2ν � � � Vγlν ½−6.8; 7.2� × 10−1 2Vlν ½−5.5; 5.8� × 10−1

2γ2l ½−4.8; 5.0� × 10−1 2V2l ½−4.2; 4.4� × 10−1 → ½−2.6; 2.6� × 10−1

fM;5=Λ4 2V2ν � � � Vγlν ½−6.3; 6.7� × 10−1 2Vlν ½−5.9; 6.4� × 10−1

2γ2l ½−6.0; 6.4� × 10−1 2V2l ½−6.3; 6.9� × 10−1 → ½−3.1; 3.2� × 10−1
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FIG. 3. 95% C.L. sensitivity plots on aQGCs of type fM;i=Λ4 (in TeV−4) from different signal regions, for μTRISTAN
ffiffiffi
s

p ¼ 2 TeV,
with Lint ¼ 1 ab−1.
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signatures. Similarly, operators inducing purely nQGCs,
which are absent at leading order in the SM, experience
reduced background contamination and thus yield
stronger constraints. This highlights the importance of
pursuing both high energy and high luminosity upgrades
in future collider programs. In particular, the strong
energy scaling of dimension-8 operators makes high
energy lepton colliders uniquely powerful probes of
aQGCs, surpassing the capabilities of current hadron
colliders. Overall, the future upgrade scenarios of
μTRISTAN demonstrate a remarkable potential to probe
aQGCs with unprecedented precision, opening a new
window into the electroweak sector and possible BSM
physics.

E. Theoretical validity of the projected limits

In this Section we combine the projected one-coefficient
sensitivities obtained above with the EFT-validity criteria
introduced in Sec. II C. For each operator we assign jcX;ij to
the larger absolute end-point of the combined 95% C.L.
sensitivity highlighted in Tables VI–VIII to estimate the
EFT validity scale ΛX;i and the perturbative unitarity
scale QU

X;i according to Eqs. (2), and (4) where the
constants AX;i are taken from the one-operator partial-wave

unitarity bounds of Ref. [43]. The resulting values for the
2 TeV, 1ab−1 configuration are shown in Table X. A
conservative sufficient condition for a fully perturbative
interpretation over the entire kinematical regions is
Qvalid

X;i ≡min ðΛX;i; QU
X;iÞ >

ffiffiffi
s

p ¼ 2 TeV. The ΛX;i esti-
mates for the other three μTRISTAN configurations,
namely

ffiffiffi
s

p ¼ 2 TeV with Lint ¼ 10 ab−1,
ffiffiffi
s

p ¼ 6 TeV
with Lint ¼ 1 ab−1, and

ffiffiffi
s

p ¼ 6 TeV with Lint ¼ 10 ab−1,
are presented in Fig. 5 for comparison. A clear hierarchy is
observed among the three classes of operators. The
Subclass A (Scalar) operators correspond to the lowest
sensitivity scales, remaining below approximately 2 TeV
even for the most optimistic collider configuration. The
Subclass B (Mixed) operators exhibit intermediate sensi-
tivity scales, reaching about 4 TeV at

ffiffiffi
s

p ¼ 6 TeV with an
integrated luminosity of 10 ab−1. In contrast, the Subclass
C (Tensor) operators consistently yield the highest sensi-
tivity scales, with several operators attaining values above
10 TeV for the same collider configuration. The sensitivity
scales increase systematically with both the c.m. energy
and the integrated luminosity. While increasing the inte-
grated luminosity from 1 ab−1 to 10 ab−1 at fixed c.m.
energy leads to a significant improvement, the enhance-
ment due to increasing the c.m. energy from 2 TeV to 6 TeV
is considerably more significant. This trend reflects the

TABLE VIII. 95% C.L. sensitivity constraints on aQGCs of type fT;i=Λ4 (in TeV−4) from different signal regions, for μTRISTANffiffiffi
s

p ¼ 2 TeV, with Lint ¼ 1 ab−1. → refers to as the combined limit from all the channels.

Operators: C1

fT;0=Λ4 2V2ν ½−6.0; 6.4� × 10−2 Vγlν ½−6.9; 7.6� × 10−2 2Vlν ½−4.9; 5.3� × 10−2

2γ2l ½−4.4; 4.4� × 10−2 2V2l ½−4.0; 4.2� × 10−2 → ½−2.2; 2.3� × 10−2

fT;1=Λ4 2V2ν ½−5.8; 6.8� × 10−2 Vγlν ½−5.5; 6.0� × 10−2 2Vlν ½−5.1; 5.5� × 10−2

2γ2l ½−5.7; 6.2� × 10−2 2V2l ½−4.6; 4.7� × 10−2 → ½−2.4; 2.5� × 10−2

fT;2=Λ4 2V2ν ½−7.2; 7.7� × 10−2 Vγlν ½−8.4; 9.1� × 10−2 2Vlν ½−7.3; 8.1� × 10−2

2γ2l ½−7.3; 7.8� × 10−2 2V2l ½−3.7; 4.0� × 10−2 → ½−2.7; 2.8� × 10−2

Operators: C2

fT;5=Λ4 2V2ν � � � Vγlν ½−6.6; 7.1� × 10−2 2Vlν ½−6.5; 6.9� × 10−2

2γ2l ½−5.2; 5.0� × 10−2 2V2l ½−5.8; 6.2� × 10−2 → ½−3.0; 3.0� × 10−2

fT;6=Λ4 2V2ν � � � Vγlν ½−6.3; 6.8� × 10−2 2Vlν ½−5.8; 6.2� × 10−2

2γ2l ½−4.8; 4.5� × 10−2 2V2l ½−6.6; 7.4� × 10−2 → ½−2.9; 2.9� × 10−2

fT;7=Λ4 2V2ν � � � Vγlν ½−6.6; 7.1� × 10−2 2Vlν ½−8.4; 9.1� × 10−2

2γ2l ½−5.2; 5.5� × 10−2 2V2l ½−6.3; 6.8� × 10−2 → ½−3.2; 3.3� × 10−2

Operators: C3

fT;8=Λ4 2V2ν � � � Vγlν � � � 2Vlν � � �
2γ2l ½−3.6; 2.8� × 10−2 2V2l ½−6.7; 7.1� × 10−2 → ½−3.3; 2.7� × 10−2

fT;9=Λ4 2V2ν � � � Vγlν � � � 2Vlν � � �
2γ2l ½−4.3; 4.0� × 10−2 2V2l ½−5.8; 6.5� × 10−2 → ½−3.5; 3.4� × 10−2
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FIG. 4. 95% C.L. sensitivity plots on aQGCs of type fT;i=Λ4 (in TeV−4) from different signal regions, for μTRISTAN
ffiffiffi
s

p ¼ 2 TeV,
with Lint ¼ 1 ab−1.
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TABLE IX. Combined 95% C.L. intervals for different future upgrades of μTRISTAN.

WCs

Future μTRISTAN configurations

2 TeV; 10 ab−1 6 TeV; 1 ab−1 6 TeV; 10 ab−1

fS;0=Λ4 ½−1.1; 1.1� × 100 ½−2.0; 2.1� × 10−1 ½−6.4; 6.5� × 10−2

fS;1=Λ4 ½−1.2; 1.3� × 100 ½−2.9; 3.0� × 10−1 ½−9.2; 9.4� × 10−2

fS;2=Λ4 ½−9.6; 9.8� × 10−1 ½−2.9; 3.0� × 10−1 ½−9.3; 9.4� × 10−2

fM;0=Λ4 ½−8.1; 8.2� × 10−2 ½−1.1; 1.1� × 10−2 ½−3.4; 3.4� × 10−3

fM;1=Λ4 ½−8.8; 8.9� × 10−2 ½−2.3; 2.4� × 10−2 ½−7.3; 7.4� × 10−3

fM;7=Λ4 ½−1.0; 1.0� × 10−1 ½−2.0; 2.1� × 10−2 ½−6.5; 6.5� × 10−3

fM;2=Λ4 ½−8.5; 8.6� × 10−2 ½−1.0; 1.0� × 10−2 ½−3.1; 3.2� × 10−3

fM;3=Λ4 ½−4.7; 4.7� × 10−2 ½−2.8; 2.9� × 10−2 ½−8.9; 9.0� × 10−3

fM;4=Λ4 ½−1.0; 1.0� × 10−1 ½−1.7; 1.7� × 10−2 ½−5.4; 5.4� × 10−3

fM;5=Λ4 ½−8.2; 8.3� × 10−2 ½−2.3; 2.3� × 10−2 ½−7.3; 7.3� × 10−3

fT;0=Λ4 ½−6.9; 7.0� × 10−3 ½−5.4; 5.4� × 10−4 ½−1.5; 1.5� × 10−4

fT;1=Λ4 ½−7.6; 7.7� × 10−3 ½−4.3; 4.3� × 10−4 ½−9.4; 9.4� × 10−5

fT;2=Λ4 ½−8.5; 8.6� × 10−3 ½−1.6; 1.6� × 10−3 ½−4.9; 4.9� × 10−4

fT;5=Λ4 ½−9.4; 9.4� × 10−3 ½−6.2; 6.2� × 10−4 ½−1.9; 1.9� × 10−4

fT;6=Λ4 ½−9.0; 9.1� × 10−3 ½−9.6; 9.6� × 10−4 ½−2.9; 2.9� × 10−4

fT;7=Λ4 ½−1.0; 1.0� × 10−2 ½−1.9; 2.0� × 10−3 ½−6.2; 6.2� × 10−4

fT;8=Λ4 ½−1.1; 1.0� × 10−2 ½−2.5; 2.4� × 10−4 ½−3.4; 3.3� × 10−5

fT;9=Λ4 ½−1.1; 1.1� × 10−2 ½−5.1; 5.0� × 10−4 ½−1.3; 1.3� × 10−4

TABLE X. EFT cutoff and perturbative-unitarity scales corresponding to the combined 95% C.L. at
ffiffiffi
s

p ¼ 2 TeV
and Lint ¼ 1 ab−1 assuming jfX;ij ¼ 1. The last column lists the positivity conditions for the one-coefficient
scenarios.

Class Operator ΛX;i (TeV) AX;i [43] QU
X;i (TeV) Positivity constraint [45]

A0 OS;0 0.73 32π 2.30 cS;0 ≥ 0

OS;1 0.70 96π=7 1.80 cS;1 ≥ 0

OS;2 0.75 96π=5 2.10 cS;2 ≥ 0

B1 OM;0 1.40 32π=
ffiffiffi
6

p
3.54 isolated cM;0 ≠ 0 not allowed

OM;1 1.36 128π=
ffiffiffi
6

p
4.88 cM;1 ≤ 0

OM;7 1.37 256π=
ffiffiffi
6

p
5.85 cM;7 ≥ 0

B2 OM;2 1.61 16π=
ffiffiffi
2

p
3.92 isolated cM;2 ≠ 0 not allowed

OM;3 1.32 64π=
ffiffiffi
2

p
4.56 cM;3 ≤ 0

B3 OM;4 1.40 32π 4.43 isolated cM;4 ≠ 0 not allowed
OM;5 1.33 64π 5.01 isolated cM;5 ≠ 0 not allowed

C1 OT;0 2.57 12π=5 4.26 cT;0 ≥ 0

OT;1 2.51 24π=5 4.96 cT;1 ≥ 0

OT;2 2.44 96π=13 5.37 cT;2 ≥ 0

C2 OT;5 2.40 8π=
ffiffiffi
3

p
4.69 isolated cT;5 ≠ 0 not allowed

OT;6 2.42 48π=7 5.22 cT;6 ≥ 0

OT;7 2.35 32π=
ffiffiffi
3

p
6.48 isolated cT;7 ≠ 0 not allowed

C3 OT;8 2.35 3π=2 3.46 cT;8 ≥ 0

OT;9 2.31 24π=7 4.19 cT;9 ≥ 0
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stronger energy dependence of the amplitudes induced by
dimension-8 operators, making high-energy collisions
particularly sensitive to aQGC structures. These sensitiv-
ity scales form the basis of the comparison with the
corresponding theoretical validity bounds presented
in Sec. IV.
Increasing the luminosity or collider energy improves the

coefficient reach and therefore raises the inferred scaleΛX;i.
The improvement is most consequential for the tensor
operators, whereas the scalar and mixed classes generally
remain below the conservative full-phase-space validity
criterion.
It is important to note that, a value of ΛX;i below the

nominal collider energy reflects the limited statistical
sensitivity of a particular collider configuration, rather than
a breakdown of the EFT description. In such a case, the
measurement simply does not provide sufficient precision
to constrain the corresponding interaction at a higher
characteristic scale. This behavior is illustrated directly
in Fig. 5. As the statistical precision improves with
increasing integrated luminosity, the inferred scales ΛX;i

move to higher values. Increasing the c.m. energy provides
an even larger improvement because of the strong energy
dependence of the dimension-8 contributions.
In addition to the EFT validity and unitarity require-

ments, positivity bounds provide an independent theoreti-
cal consistency condition. The one-coefficient positivity
constraints for the operators considered in this work are
summarized in the last column of Table X, following
Ref. [45]. For several operators, positivity requires a
definite sign of the Wilson coefficient, while for others
an isolated nonzero coefficient is not compatible with the
positivity conditions, implying that additional operators
must be simultaneously present. These bounds are com-
plementary to the EFT validity criteria discussed above
and should be imposed when interpreting the projected
sensitivities.

V. SUMMARY

In this work, we have performed a comprehensive
investigation of the potential of the proposed
μTRISTAN collider to probe aQGCs using the μþμþ
collision mode. Using the SMEFT framework, we system-
atically classified dimension-8 operators across scalar
(Class A), mixed (Class B), and tensor (Class C) subclasses
and analyzed their impact on on VBS processes. Our
detailed collider analysis, spanning multiple signal regions
(2V2ν; Vγlν; 2Vlν; 2γ2l, and 2V2l), highlights the fol-
lowing conclusions:

(i) Sensitivity at 2 TeV: At the initial
ffiffiffi
s

p ¼ 2 TeV stage
with 1ab−1, μTRISTAN achieves sensitivities to
scalar operators (Subclass A) at the Oð1Þ TeV−4

level, as detailed in Table VI and Fig. 2. Similarly,
for Subclass B and Subclass C, the projected limits
are shown in Tables VII and VIII, and Figs. 3 and 4,
respectively. These results are already competitive
with the most recent constraints from the 13 TeV
LHC run shown in Table II.

(ii) Impact of Energy Upgrades: As expected, in-
creasing the c.m. energy provides a significantly
more pronounced sensitivity gain than increas-
ing integrated luminosity alone. Transitioning
from 2 TeV to 6 TeV results in an order of
magnitude or more improvement for most oper-
ators due to the intrinsic energy dependence of
dimension-8 contributions while increasing
luminosity from 1 ab−1 to 10 ab−1 at 2 TeV
provides a statistical improvement of roughly a
factor of 2–3 only.

(iii) Operator Class Performance: As summarized in
Table IX, the projected bounds reach unprecedented
precision at 6 TeV with 10 ab−1:
(a) Subclass A (Scalar): These operators improve

existing constraints to the Oð10−2Þ TeV−4 level
for the 6 TeV configuration.

FIG. 5. Limits on ΛX;i from different μTRISTAN configurations derived from limits on fX;i=Λ4, with jfX;ij ¼ 1.
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(b) Subclass B (Mixed): Projections for these oper-
ators, which benefit from photon-rich final
states, reach the Oð10−3Þ TeV−4 regime.

(c) Subclass C (Tensor): These operators exhibit the
strongest energy growth, reaching sensitivities of
Oð10−4Þ −Oð10−5Þ TeV−4. For example, the
limit for fT;0=Λ4 improves from the current of
the LHC’s ½−9.2; 7.8� × 10−2 TeV−4 to a pro-
jected ½−1.5; 1.5� × 10−4 TeV−4.

(iv) Multichannel Gains: The combination of all signal
regions significantly enhances the reach of the
SMEFT parameter space, especially for operators
inducing neutral quartic interactions that are absent
in the SM.

(v) Theoretical Validity: Fig. 5 presents the character-
istic scales ΛX;i corresponding to the projected
sensitivities for the four proposed μTRISTAN con-
figurations, obtained using jfX;ij ¼ 1. At the initial
2 TeV; 1 ab−1 stage, the scalar operators have
ΛX;i < 1 TeV, and therefore their limits should be
regarded as a limitation of the measurement’s
constraining power rather than as evidence for an
inconsistency of the EFT framework. The mixed
operators are more informative but remain close to
the boundary of a conservative EFT interpretation at
2 TeV. The tensor operators are the most robust
already at the initial stage, with inferred scales above
2 TeV, especially for the neutral-QGC-sensitive
subclass C3.
The upgraded configurations improve this inter-

pretation substantially. Increasing the luminosity to
10 ab−1 at 2 TeV mainly strengthens the tensor
limits and makes the mixed sector less marginal,
while the 6 TeV runs provide a much larger gain
because of the energy growth of the dimension-8
amplitudes. In particular, at 6 TeV; 10 ab−1, the
inferred scales reach roughly 2 TeV for scalar
operators, 4 TeV for mixed operators, and exceed
6 TeV for tensor operators, with several tensor
directions extending above 10 TeV. Thus, the
higher-energy and high-luminosity runs not only
improve the projected numerical sensitivities, but
also enlarge the region where the EFT interpretation
is perturbatively reliable.
In addition to the EFT cutoff and perturbative

unitarity requirements, the one-coefficient limits
must also be interpreted in light of positivity bounds.
As summarized in Table X, positivity imposes sign
restrictions on several single-operator directions,
while some isolated mixed and tensor operators
require correlated nonzero coefficients in a global
UV-consistent EFT interpretation.

In general, our results establish the μþμþ collider as a
uniquely powerful probe of electroweak symmetry break-
ing dynamics. The ability to access high c.m. energies at a
leptonic platform allows for precision measurements of

aQGCs that surpass the current and projected capabilities of
hadron colliders.
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APPENDIX: DIMENSION-6 SMEFT EFFECTS
ON AQGCS

As discussed in Sec. II, aQGCs, particularly cQGCs, can
also arise from dimension-6 SMEFT operators. Pure gauge
field-strength operators contributing to cQGCs are given by

fW3

Λ2
OW3; OW3∶ ϵIJKWI

μνW
Jμ
ρ WKρν;

fW̃3

Λ2
OW̃3; OW̃3∶ ϵIJKW̃I

μνW
Jμ
ρ WKρν; ðA1Þ

where W̃I
μν denotes the dual field-strength tensor, and OW̃3

is CP-odd. In addition, Higgs-gauge operators can also
induce cQGCs,

fHW

Λ2
OHW; OHW∶ ðH†HÞWI

μνWIμν;

fHW̃

Λ2
OHW̃; OHW̃∶ ðH†HÞW̃I

μνWIμν; ðA2Þ

where OHW̃ is likewise CP-odd. Unlike the genuine
dimension-8 operators considered in this work, these
dimension-6 operators simultaneously modify both
TGCs and QGCs. Consequently, for most collider proc-
esses, including the VBS channels studied here, the
sensitivity is primarily driven by the TGC contributions,
while the genuine QGC effects remain subdominant.
To illustrate this point, Fig. 6 compares the cross sections

of the cQGC-sensitive signal regions (2V2ν, Vγlν, and
2Vlν) as functions of representative dimension-6 coeffi-
cients (fW3=Λ2 and fHW=Λ2) and genuine dimension-8
coefficients (fM;0=Λ4 and fT;0=Λ4) for the

ffiffiffi
s

p ¼ 2 TeV
(top panel) and

ffiffiffi
s

p ¼ 6 TeV (bottom panel) μTRISTAN
configurations. As expected, the dimension-6 operators
induce significantly larger variations in the cross sections
than the dimension-8 operators, owing to both the lower
EFT suppression and the simultaneous presence of TGC
and QGC contributions. Furthermore, the effects become
more pronounced with increasing c.m. energy, reflecting
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the energy-growing behavior of the corresponding
amplitudes.
The dimension-6 operators are already subject to con-

straints from LHC measurements, with typical limits of
fW3=Λ2 ∼Oð10−1Þ TeV−2 and fHW=Λ2 ∼Oð10−2Þ TeV−2

[56,57]. However, such effects cannot, in general, be
neglected. Nevertheless, UV scenarios with suitable

symmetry structures can suppress or forbid the dimen-
sion-6 operators responsible for TGCs while allowing
genuine dimension-8 operators to provide the leading NP
effects. In such scenarios, the study of pure dimension-8
contributions to QGCs is well motivated, justifying the
framework adopted in this work and in numerous phenom-
enological and experimental studies discussed in Sec. II.
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