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We investigate lepton number violation (LNV) induced by AL = 2 dimension-seven Standard Model
effective field theory (SMEFT) operators in the context of same-sign muon colliders. Specifically, we study
utut - WWT/Wtqq' production at the yTRISTAN at /s = 2 TeV with an integrated luminosity of
1 ab™!, using the final-state signature comprising two fat jets. This process is sensitive to eight distinct
SMEFT operators, providing a unique avenue for testing LNV beyond the Standard Model. We determine
the maximal sensitivity to these operators and compare our results with existing LHC constraints and future
projections from the future circular collider. Our findings highlight the potential of same sign muon
colliders to serve as powerful probes of LNV and new physics (NP) at the TeV scale.
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I. INTRODUCTION

Symmetries play an important role in describing funda-
mental particles and interactions. Lepton number symmetry
is one such accidental global symmetry. Following the
observation that charge and neutral current weak (as well as
electromagnetic) interactions preserve such symmetry, in
the Standard Model (SM) of particle physics, lepton
number (more specifically, electron number, muon number
and tau number) is a strictly conserved quantity. This
conservation is ensured by the field definitions in con-
junction with the gauge charges assigned to them, and there
are no renormalizable terms that would allow Ilepton
number violation (LNV). However, neutrino oscillations
[1] demonstrate that neutrinos have mass, which the SM
alone cannot explain. If we assume the presence of right
handed neutrinos, which are isosinglets with zero hyper-
charge, then a possible Majorana mass term can lead to
LNV, which would show up in certain processes, such as
neutrinoless double-beta decay [2—8]. Nonobservation of
such processes places stringent constraints on LNV [9-12],
and set strong upper bounds on such processes, implying
that if LNV exists, it must be either highly suppressed or
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occur at energy scales beyond current experimental
reach. We shall note that lepton flavor symmetry in the
SM is broken by the Yukawa terms yielding different
masses to different lepton generations. Therefore, the
constraints from neutrinoless double beta decay, that
affect the operators with electron flavor, do not neces-
sarily limit scenarios that involve heavier leptons. In this
study, we focus on LNV interactions associated with the
muon flavor.

LNV has been extensively studied in the literature,
particularly in the context of neutrino mass generation
mechanisms such as the Seesaw mechanism [13-17],
radiative models [18-22], and related frameworks. As
we do not know about the nature of new physics (NP),
the Standard Model effective field theory (SMEFT) [23]
serves as the default framework to study physics beyond
the SM. It encapsulates NP effects through higher-
dimensional operators built from SM fields while preserv-
ing the gauge symmetry of the SM. The SMEFT
Lagrangian can be written as

(@) ()

C
Lsmert :ESM"‘ZW, (1)

where, 05”” are the operators of mass dimension d; where A

is the effective NP scale and C,(-d) are the dimensionless
Wilson coefficients. The lepton number symmetry is
explicitly violated at the leading order extension of the
Standard Model (SM) by the dimension-5 Weinberg
operator (AL = 2) [24]

Published by the American Physical Society


https://orcid.org/0000-0002-8841-603X
https://orcid.org/0009-0009-5640-9976
https://orcid.org/0000-0003-1449-2934
https://ror.org/0022nd079
https://ror.org/00djv2c17
https://crossmark.crossref.org/dialog/?doi=10.1103/pmj9-8g25&domain=pdf&date_stamp=2026-03-25
https://doi.org/10.1103/pmj9-8g25
https://doi.org/10.1103/pmj9-8g25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BHATTACHARYA, DATTA, and SARKAR

PHYS. REV. D 113, 055043 (2026)

(CW/A)eijemn(L_fLm)Hme (2)

where € indicates completely antisymmetric tensor of rank
2, and H stands for SM Higgs isodoublet. Models like type-
I, type-1I, or type-III seesaw frameworks can generate such
operators where the heavy physics is integrated out. Owing
to its structure, the Weinberg operator involves only SM
neutrinos and the Higgs field, leading to a Majorana mass
term for neutrinos after electroweak symmetry breaking
(EWSB). However, the direct neutrino mass measurement
(electron-based) [25] requires the NP scale associated with
electron flavor A,, ~ 10'? TeV (assuming Cyy, ~ 1), which
lies far beyond the reach of current experimental facilities.
This stringent constraint on the Weinberg operator arises
under the assumption that it solely accounts for neutrino
mass generation and is dependent on the flavor composi-
tion of the operator; while relaxing these assumptions
significantly weakens the bound. The Weinberg operator
has been extensively studied in the literature [26,27], a
discussion on which is provided in Appendix A. Within
the SMEFT framework, baryon number violation first
appears at dimension 6 level through four operators that
simultaneously violate both baryon and lepton number
(AB = AL =1). Each of these operators involves three
quark fields and one lepton field [28]. At dimension-7,
there are 18 independent operators (excluding redundan-
cies), all of which violate the lepton number: 12 of the
AL = 2 type and 6 which violate both baryon and lepton
number simultaneously (AB = AL = 1) [29-32].

In this work, we focus on the AL = 2 operators, which
can be effectively probed at future same-sign lepton
colliders such as the yTRISTAN [33,34]. At the same-
sign muon collider yTRISTAN, the initial state itself carries
a net lepton number (AL = 2), making it ideal for studying
lepton number violating processes, which are characterized
by a final state with zero total lepton number. We should
note that as neutrinos escape detection, their presence in the
final state may very well be within the lepton number
conserving paradigm, but, can potentially disguise the zero
lepton final state signal. Missing energy turns very handy in
discriminating such cases, as we elaborate. AL = 2 oper-
ators have previously been studied in the context of the
LHC [32,35] where same sign dilepton final state provides
the main signal; however, huge #7 background can camou-
flage such final states with same sign leptons arising from
b — c?v, and leptonic decays of W. Similar studies have
also been done in the context of uu~ colliders [36]. Same-
sign lepton colliders on the contrary, are expected to offer a
cleaner and more sensitive environment for their explora-
tion. There have been a number of model-specific studies
concerning LNV at the yTRISTAN [37-40]; while our
study focuses specifically on muon-flavored AL = 2 oper-
ators contributing via: uTut - WTWT/Wtqq at the
UTRISTAN, where we show how the sensitivity can be
enhanced.

From the collider perspective, the observation of lepton
number violating processes would signal the presence of
physics beyond the SM, complementing their implications
for neutrino masses and the Majorana character of neu-
trinos. In particular, the observation of AL = 2 interactions
at a high-energy collider such as the yTRISTAN would
directly point to new degrees of freedom at the TeV scale,
instead of decoupled, ultraheavy states typical of vanilla
seesaw realizations. Such low-scale manifestations of LNV
can in turn indicate toward nonminimal extensions where
neutrino mass is either generated radiatively, or through
flavor-structured dynamics that suppress the Weinberg
operator, allowing sizable higher-dimensional effects.
More broadly, LNV is also a key ingredient in addressing
fundamental open questions most notably the origin of the
matter-antimatter asymmetry of the Universe via lepto-
genesis [41], subsequently converted into a baryon asym-
metry. As emphasized in [42], a nonzero LNV cross section
would imply efficient lepton number washout near the
electroweak phase transition, thus effectively falsifying
high-scale leptogenesis scenarios by violating the out-of-
equilibrium condition, while the absence of LNV signal
leaves leptogenesis unconstrained. Consequently, estab-
lishing LNV at colliders would not only reveal the presence
of accessible NP, but also provide critical clues about the
underlying structure of lepton number breaking and its
possible role in shaping the observed properties of the
Universe.

The paper is organized as follows: Sec. II introduces the
effective operators relevant to our analysis. In Sec. III, we
review existing constraints on these operators. Sections IV
and V are devoted to the collider phenomenology and the
projected sensitivity of future experiments. In Sec. VI, we
compare our projected sensitivities with those expected at
the future circular collider (FCC)-hh, while Sec. VII
presents an explicit NP scenario that generates one of
the effective operators and examines its phenomenological
implications. Finally, we summarize and conclude in
Sec. VIIL

II. LNV OPERATORS IN SMEFT

We focus on AL = 2 dimension 7 operators. Among 12
such operators, eight contribute at the tree level
to the processes WTW* and Wtqq' at the yTRISTAN.
These operators, along with their relevant interaction
vertices, are listed in Tab. I. The operator O p:
€ij€mn(LL,,)H;H,(H H) also contributes to WTW*/
Wtqq' production (via vv vertex), but it generates the
same vertices as the Weinberg operator unless one consid-
ers interactions involving more than two Higgs fields and is
therefore redundant for the purposes of our analysis.

It is important to note that the operators listed in Table I
carry flavor indices. In our analysis, we focus specifically
on muon-flavored operators, i.e., those with flavor
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TABLE L. AL = 2 dimension 7 SMEFT operators contributing
to WW(jj)/Wtjj signal process at the yTRISTAN and the
corresponding effective vertices. The corresponding WCs have
the same subscripts as the effective operators.

Operators Vertices

ii€mn(LEDML;)(H, D H,)  p, W, uuWW

Y2H2D2 Opppi

OLup2 e,mejn(L‘ D*L;)(H,D,H,) v, W
WHD  Oippe €€, (L{y"e)H;(H,,iD,H,)  py,W
YD OLraun eij(dy'u)(LEiD,L;)  wuqaq . uuWaq'
Y'H O €;€,,(dL;) (05 ) Hv,qq’
OLrgar €,m€,n( L)(05 m) . Huqq'
OLrgun u(Qm u)(Ly,Li)H; Huqq'
OLeuar € (Liy*e)(dy,u)H, Hv,qq

structures pu and puqq’, with no lepton flavor violation.
While quark flavor mixing is allowed, we restrict the quark
indices to the first two generations. The inclusion of third-
generation quarks can lead to additional signal channels,
which we leave for future investigation. The operators are
further categorized into four classes based on their Lorentz
structure: W2H2D?2, P2H?*D, W* D, and P*H. The latter two
classes, involving four fermion fields, are commonly
referred to as four-fermion operators.

III. CONSTRAINTS ON LNV OPERATORS

Before exploring collider signatures at the g TRISTAN, it
is essential to consider existing constraints on the lepton
number violating operators. These constraints arise from a
variety of sources, including low-energy processes, preci-
sion measurements, and previous collider studies. A com-
prehensive analysis of existing constraints on LNV operators
is provided in [35]. The most stringent bounds arise from
the nonobservation of neutrinoless double beta decay, but
these are specific to operators involving the electron flavor
and do not directly constrain muon-flavored operators
unless a flavor symmetry is assumed. Additional constraints
on multiflavor operators come from processes such as
coherent elastic neutrino-nucleus scattering [43-50], neu-
trino oscillations [51-54], rare meson and heavy lepton
decays [55-59], and measurements of the neutrino magnetic
moment [60-64]. However, for operators involving only
muon flavors, the bounds from these low-energy observ-
ables remain relatively weak.

Constraints on these LNV operators from the LHC have
been explored primarily through phenomenological studies
[31,35,65-67], focusing on signatures like same-sign
dilepton plus jets, etc. A detailed phenomenological study
in [35] recasts the ATLAS analysis [68] to investigate
same-sign muon signal processes of the form pp —
ututjj, where j stands for light quark jets. The resulting
bounds on the relevant LNV operator coefficients

TABLE II.  Upper limits on A and WCs for different dimension
7 SMEFT operators from LHC 13 TeV 139 fb~' [35,68].

LHC 13 TeV 139 fb~!

Operators A (TeV) C;/A\® (TeV~3)
OLupi 1.100 7513 x 107!
Orupa 0.075 2.370 x 103
O\ iie 0.210 1.080 x 102
OLraup 5.000 8.000 x 1073
OLroam1 1.100 7.513 x 107!
OLLoan2 0.900 1.372 x 10°
OLLQuH 1.400 3.644 x 107!
OLeuan 1.100 7.513 x 107!

(in TeV™>) and the corresponding effective scale A
(in TeV) are summarized in Table II.

In the LHC context, four-fermion operators tend to
receive stronger bounds, primarily due to the presence of
quark fields enabling direct production processes. Among
these, the operator O;; 4,p is the most tightly constrained,
as it contributes through a contact interaction, enhancing
the signal rate at the tree level. Operators belonging to the
W2H?D? and W?H?D classes predominantly contribute to
the signal process through W boson fusion (WBF). Among
them, the operator O; yp; is more strongly constrained, as
its contribution involves fewer propagators in the produc-
tion diagram, leading to a less suppressed signal rate. While
the LHC offers a high-energy environment for such probes,
its sensitivity to the AL =2 dimension-7 operators is
limited by backgrounds and relatively small cross sections.
As a result, the bounds derived from these studies are
relatively weak and leave ample room for exploration at
future same-sign lepton colliders.

IV. W*W*/W+*qq' PRODUCTION AT yTRISTAN

The Feynman diagrams for the signal processes WHW+ /
W qq' arising from the dimension seven SMEFT operators
are shown in Fig. 1. The operators O;yp; contribute to
Figs. 1(a) and 1(c), and Oy 4,p contribute to Figs. 1(b)
and 1(d). The operators O, yp, and O; yp, contribute to
the diagram in Fig. 1(c), while the four-fermion operators
of class W*H contribute through Fig. 1(d).

The production cross sections for the signal processes at
UTRISTAN with /s =2 TeV are shown in Fig. 2 with
respect to the NP scale variation; C;/A* (left) and A with
C;, = 1 (right). Among the operators, O yp1 and Oy b
yield the largest cross sections, primarily due to their
dominant contributions arising from contact interaction
diagrams (Figs. 1(a) and 1(b), respectively), which scale
with the center-of-mass energy. Between the two, Oy 4up
results in a higher cross section due to the presence of
lighter final states. While the four-fermion operators of
class W*H also feature light final states, their cross sections
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FIG. 1. Feynman graphs corresponding to WTW*/Wtqq
signal process at the yTRISTAN. Black square dot refers to
the effective vertices arising from the dimension seven SMEFT
operators.

are suppressed by propagator effects. In contrast, the
operators Oy ypo and Opyp,. are further suppressed due
to both propagator dependence and heavier final states.

A. Collider analysis

For our analysis of the signal processes WTW* /Wqq/,
we consider the final-state signature with 2 fat jets (2J). In
the WTW™ process, fat jets originate from the hadronic
decays of the W bosons. For the W' gq’ process, the final
state typically contains two or three fat jets, one from the
hadronic decay of the W boson and one or two additional
fat jets from the final-state quarks, depending on their
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degree of collimation. To maintain consistency across both
processes, we restrict the combined analysis to events with
exactly two fat jets. The dominant Standard Model back-
ground arises from the process W W™ 0. Subdominant
backgrounds include channels such as u"ToW™, u*u*Z, and
W+ Zutp, where one or more muons escape detection.
However, these subdominant contributions are strongly
suppressed and are completely removed by the cutflow
strategy described later.

The SMEFT contribution is estimated via implementing
the operators using FeynRules [69]. Four-fermion flow-vio-
lating vertices are handled in a manner similar to the
approach used in [70]. Signal and dominant SM background
events are generated with MG5_amc [71], followed by parton
showering using Pythiag [72]. Detector-level simulation is
performed with Delphes3 [73], utilizing the default Delphes
detector card provided in MG5_aMmcC. The basic object
selection criteria based on transverse momentum (p;) and
pseudorapidity (r) are as follows: Electrons: pr > 10 GeV
and |n| < 2.5, with identification efficiency: 0.95 for || <
1.5and 0.85 for 1.5 < |p| < 2.5. Muons: py > 10 GeV and
In| < 2.4, with identification efficiency: 0.95. Photons:
pr > 10 GeV and |57| < 2.5, with identification efficiency:
0.95 for || < 1.5 and 0.85 for 1.5 < |n| < 2.5. Fat jets: The
fat jets are clustered using Fastet3 [74] with the anti-k,
algorithm [75] within the Delphes3 framework. The minimum
pr required to form a fat jet is set to 200 GeV, and the jet
radius is chosen to be 0.8. The parameters for pruning [76],
trimming [77], and softdrop [78] are set to the default values
provided by Delphes3. For event selection, we require exactly
two fat jets (N; = 2) and no electrons, muons, or photons
(N,=0,N,=0,N, =0).

The relevant kinematic distributions for the signal and
the background are shown in Fig. 3. The definition of the
variables are as follows:
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FIG. 2. Production cross section of utut — W+W*/W*gq' process as a function of the WCs, C;/A3 (left), and EFT scale (A) with

C; set to 1 (right), at the uTRISTAN /s = 2 TeV.
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Kinematic distributions corresponding to EFT signals (colored) and the dominant SM background, W W o (black) at the
UTRISTAN 2 TeV.

(i) M, and M, are the masses of the heavier and the

(i)

lighter fat jets, respectively, defined as:

’

M, = (Zpi)z

where, p; are the 4-momenta of the reconstructed
constituents of the fat jet.
The missing energy, £ is defined as

E:\/E_ZEh

where, E; are the energies of the visible final state

particles.

(3)

M =/(p;, + sz)zv

(iii) Invariant mass of the fat jet pair, M, is defined as

(5)

where, p;, and p;, are 4-momenta of the heavier and
lighter fat jet, respectively.
To enhance the signal-to-background separation, we apply

the following sequential kinematic cuts, in addition to the
basic detector-level and signal selection cuts

(i) Ci: My, > 10 GeV,

(ii)) Cy: F <400 GeV, and

(4)

(iii) C3: M,; > 1600 GeV.

The mass of the lighter fat jet is required to be greater
than 10 GeV to suppress backgrounds involving fat jets

originating from final-state radiation or secondary hadro-

nization. This cut completely eliminates background
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TABLEIII.  Cross sections (o;) after each sequential cut C;, along with the final cut efficiency (¢ = 63/6,,04) for
the SM background processes and individual LNV operators contributing to the WHW*/W*qq' signal at the
UTRISTAN with /s = 2 TeV with &, = 1 ab~!. The WCs are fixed at C;/A®> = 0.1 TeV~3 for all operators.

Cross sections (fb)

Operators o1 05 03 Cut efficiency, €
OLupi 5.091 x 10 4.869 x 10 4.812 x 10 0.7390
Orup2 6.244 x 1073 5.495 x 1073 5.378 x 1073 0.7814
OLupe 4.499 x 1073 4280 x 1073 4229 x 1073 0.5777
Oy Laup 2.089 x 10° 1.012 x 10 9.405 x 10? 0.1728
OLrLoam 1.310 x 10° 6.204 x 10~ 5.787 x 107! 0.1921
OL1odm 1.304 x 10° 6.143 x 1071 5.714 x 107! 0.1898
OLLoun 3.564 x 10° 1.659 x 10° 1.541 x 10° 0.1645
OLeudn 3.172 x 10° 1.363 x 10° 1.264 x 10° 0.1644
SM background 3.047 x 10° 2.714 x 1072 2.255 x 1072 0.0006

contributions from the y oW and utu ™ Z channels, which
survive the basic detector-level and signal selection cuts.
Notably, applying M,;, > 10 GeV automatically guaran-
tees that M, also exceeds 10 GeV, since jets are ordered by
decreasing mass. The most effective discriminating variable
turns out to be the missing energy, which tends to be larger
for SM backgrounds due to multiple invisible neutrinos
in the final state. The W™ W™ signal process offers better
separation from the background compared to the Wgq
channel. Similarly, the invariant mass of the fat jet pair
(M ;) peaks near the CM energy for signal events, whereas
for background processes, the distribution shifts to lower
values due to energy carried away by neutrinos. The
cutflow for both signal and background processes, corre-
sponding to individual operator scenarios, is presented in
Table III. The WCs are set to C;/A*> = 0.1 TeV™ for all
operators, corresponding to an effective scale of A~
2.15 TeV (assuming C; ~ 1). This choice satisfies the
EFT validity condition (detailed in Appendix B) for
collider studies, which requires A > /s; in our case,
/s =2 TeV. It should be noted that for the operator
O} Laup- the stringent LHC constraints (see Table II) require
a smaller value of Cj;,.p/A>. Nevertheless, we set
Crraup/N’ = 0.1 TeV™3 to maintain consistency with
the values used for the other operators. The final cut
efficiency, ¢, is defined as the ratio of the cross section
after the final cut (Cs), 03, to the production cross section,
Oproa- Operators contributing to the W+ W™ process exhibit
higher cut efficiencies compared to those contributing to
the Wgq' process, owing to their better separation from
the background.

V. PROJECTED SENSITIVITIES OF OPERATORS

To assess the discovery potential of these operators at
uTRISTAN, we perform a binned y? analysis on key
observables to estimate the projected sensitivities of the

LNV operator coefficients. This allows us to determine the
exclusion limits at various confidence levels, assuming an
integrated luminosity of 1 ab™!. Different formulations of
the y? test exist in the literature, each becoming equivalent
under certain limits. For our analysis, we adopt the Neyman
definition [79]

b0 (C) - Q,(0))2
"22( 3,(0) ) ©

r

where Q,(C;) and Q,(0) denote the number of events in the
rth bin of a chosen observable, with and without the
presence of LNV operators, respectively. In our study, we
use the differential observable

Q€)= [ S (jjéfg)l)d<cosel), (7)

where 6 is the angle between the heavier jet and the beam
axis. The integration is performed over the range corre-
sponding to the width of the rth bin. For our analysis, the
cos 0, distribution is divided into five equally spaced bins,
ie., r=1,2,...,5. Note that the y* definition used here
accounts only for statistical uncertainties and does not
include additional systematic uncertainties that could affect
the estimations. In experimental analyses, such uncertain-
ties are typically handled using nuisance parameters
[80,81], but implementing them requires detailed technical
inputs beyond the scope of this study and is therefore not
considered.

A. One operator analysis

We begin by analyzing individual operator scenarios. For
an m-parameter fit, the degrees of freedom (d.o.f.) in a y?
analysis using a non-normalized observable is given by
n — m, where n is the number of bins [80]. In the case of a
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FIG. 4. Left: y* sensitivity curves for the LNV operator coefficients corresponding to W+ W+ /W+ g4’ production at the uTRISTAN
with /s = 2 TeV with &;,, = 1 ab~!. The black dashed (dotted) horizontal line indicates the 95% (68%) CL exclusion limit. Right:

95% CL limits on operators as a function of integrated luminosity, ;..

single parameter fit with 5 bins, the d.o.f. is 4. The
corresponding y* values for 68% CL and 95% CL are
4.695 and 9.488, respectively. The y? sensitivity curves for
various LNV operators are presented in Fig. 4 (left), with
the 95% (68%) confidence level exclusion limits indicated
by black dashed (dotted) lines. The exclusion limits on
C,;/\? for each operator are listed in Table IV. Consistent
with the LHC constraints, the strongest bound is obtained
for the operator O ,p- Notably, there is a substantial
improvement in the bounds for operators contributing to the
WHW* channel compared to existing LHC limits, with
similarly enhanced sensitivity for the four-fermion oper-
ators contributing to the Wrgq' process. Figure 4 (right)
illustrates the improvement of exclusion limits with
increasing luminosity. While the gains are substantial,
we restrict our analysis to 1 ab™! to remain consistent
with the projected target for yTRISTAN [33].

TABLE IV. 68% and 95% CL upper limits on C;/A3 (TeV™3)
corresponding to WTW™ /W qq' production at the yTRISTAN
with /s =2 TeV, and &, = 1 ab™..

Bounds on C;/A3 (TeV™)

Operators 68% CL 95% CL

Orup 1.364 x 1073 1.627 x 1073
Orupa 1.311 x 107! 1.563 x 107!
OLHDE 1.267 x 10_] 1.511 x 10_]
OrLdup 2.941 x 1074 3.507 x 10~
Oproam 1.286 x 1072 1.534 x 1072
Orrgam 1.266 x 1072 1.510 x 1072
OLLoun 7.088 x 1073 8.451 x 1073
Oy euant 8.130 x 1073 9.693 x 1073

B. Two operator analysis

Following the approach of the individual operator
analysis, we now extend the study to two-operator scenar-
i0s. For a two-parameter fit, the d.o.f. is 3, with the 95% CL
corresponding to a y* value of 7.815. Figure 5 shows the
correlated 95% CL y? sensitivity contours for O, yp; in
combination with each of the other seven operators. The
contours are grouped into different planes based on the
relative sensitivities. Stronger correlations are observed
between O, yp; and Oy ypy, as well as O yp,, driven by
the larger separation in their sensitivities. The two-param-
eter limits are consistent with the one-parameter results,
which we verify by examining the bounds on one operator
when the other is set to zero within each contour of Fig. 5.
Additional correlated 95% CL contours for all operator
pairs are provided in Fig. 9 in Appendix C.

VI. COMPARISON WITH FCC PROJECTIONS

In this section, we present a comparison between the
projected sensitivities on the LNV operators from W+W+/
W+qq' production at yTRISTAN and the best available
projections from the phenomenological study [35] involv-
ing utu"jj production at the FCC-hh [82,83], a proposed
pp collider operating at a CM energy of 100 TeV with an
expected integrated luminosity of up to 30 ab~!. The FCC-
hh projections in [35] are obtained by scaling background
event counts from the ATLAS analysis [84] to match the
100 TeV, 30 ab~!' conditions, and extracting exclusion
limits based on the statistical significance of the signal
over background.

Table V compares the 95% CL exclusion limits on the
WCs, C;/ A3, and on the effective scale, A (setting C; = 1),
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between the FCC-hh and our yTRISTAN 2 TeV, 1 ab™!
study. The improvement for operators of the classes
Y2H?D? and W?H?D, contributing to W+ W™ production,
is substantial: sensitivities on O; yp, and O, yp, improve
by about O(10°) and O(10?), respectively, while O, yp,
improves by roughly an order of magnitude.

For the four-fermion operators contributing via the
W'gq' channel, the FCC-hh performs well due to the
presence of light quarks. The sensitivities from gy TRISTAN
are of the same order of magnitude and comparable to the
FCC-hh bounds, with the FCC-hh offering slightly better

llmlts for OLLdMD’ OLLQdHl’ and OLLQMH7 Whlle
UTRISTAN  shows better sensitivity for Op;oama
and O an-

Overall, this comparison highlights that despite operat-
ing at 50 times lower CM energy and 30 times lower
integrated luminosity, #TRISTAN achieves significantly

stronger sensitivity particularly for Y>H?D? and W?H>D
operators and maintains competitive sensitivity for the four-
fermion operators compared to the proposed FCC-hh.

VII. NEW PHYSICS IMPLICATIONS

In this section, we present a concrete UV complete
scenario that generates a dimension-7 operator at the
leading order, while avoiding the generation of the dimen-
sion-5 Weinberg operator at the same order. The construc-
tion of such UV completions and their matching onto
effective operators has been explored extensively in the
literature [65,85-92]. We consider a model involving two
heavy scalar leptoquarks (LLQs) which, upon integrating out
the heavy degrees of freedom, induces the operator
OLLgan- Although this UV realization has been studied
previously [85,93-96], we revisit it here in light of the

055043-8



PROBING AL =2 LEPTON NUMBER VIOLATING ...

PHYS. REV. D 113, 055043 (2026)

TABLE V. Comparison between the projected lower limits on
A and upper limits of WCs for dimension 7 SMEFT operators
at the FCC-hh 100 TeV 30 ab™! [35] and yTRISTAN with
/s =2 TeV and 1 ab~! luminosity.

FCC-hh 100 TeV 30 ab™!  uTRISTAN 2 TeV 1 ab™!

Operators A (TeV) C;/A? (TeV=3) A (TeV) C;/A? (TeV™)
Orupi 4.90 8.500 x 1073 8.50 1.627 x 1073
O 0.18 1.715 x 102 1.86 1.563 x 107!
OrLtbe 0.44 1.174 x 10! 1.88 1.511 x 107!
Oy Laub 19.0 1.458 x 10~ 14.2 3.507 x 10~
Orroam 4.30 1.258 x 1072 4.02 1.534 x 1072
OLLoan? 3.10 3.357 x 1072 4.04 1.510 x 102
Orroun 5.40 6.351x 1073 4.92 8.451 x 1073
(P 4.50 1.097 x 1072 4.69 9.693 x 1073

projected sensitivity of the yTRISTAN, and derive updated
constraints on the model parameters using our collider
analysis.

We extend the SM by introducing two scalar LQs,
S(3,1,1/3) and R(3,2,1/6), where the quantum numbers
denote their representations under the SM gauge group
SU(3)c xSU(2);, x U(1)y. For simplicity and phenom-
enological relevance, we restrict the LQ couplings to the
second generation of leptons and the first generation of
quarks. The relevant LQ Lagrangian is given by

‘CLQ D ’leinetic + ‘Cllfinetic - gr<z‘i62R+d)

- g,(Q%i6,SL) — p,(SH'R) + Hc.,  (8)

where o, denotes the second Pauli matrix, and £lfinetic and
LR . represent the kinetic terms for the S and R fields,
respectively. In this setup, neutrino masses are generated
radiatively at the one-loop level with quarks propagating in
the loop, thereby avoiding the generation of the dimension-
5 Weinberg operator at leading order. Integrating out the
heavy leptoquark fields induces the dimension-7 operator

OLLQdHl’ see Flg 6.

FIG. 6. Feynman diagrams illustrating the UV-complete sce-
nario (left) and the corresponding matched EFT process (right).
The black square denotes the effective vertex generated by the
dimension-seven SMEFT operator O/ oau1-

Matching the UV theory onto the SMEFT yields

‘ CLLQdHl ~ HrsGrGs (9)
A3 mim%

where mg and my denote the masses of the S and R LQs,
respectively. Using the matching relation above, we
translate the projected bounds on the effective operator
into indirect constraints on the leptoquark masses. In
particular, we infer limits from the sensitivities obtained
at the LHC and the proposed yTRISTAN. For the
operator Op;pan1. the sensitivities of the yTRISTAN
and the FCC-hh are found to be comparable; therefore,
we present only the yTRISTAN limits in the following
analysis. To illustrate the impact of these bounds, we

consider three representative benchmark scenarios,
defined by

BP1: \/g,9, = 1.0, Uy =1 TeV,

BP2: /g9, = 0.5, Uy =1 TeV,

BP3: /9,9, = 0.5, s =2 TeV. (10)

Figure 7 shows the projected exclusion contours in
the mg — mp parameter space obtained by translating
the bounds on (Cppg/A?) from the LHC and the
UTRISTAN. The results indicate that the indirect con-
straints on the LQ masses are strengthened by approx-
imately an order of magnitude at the yTRISTAN (2 TeV
1 ab™") compared to those achievable at the LHC (13 TeV
139 fb~!), highlighting the potential of the uTRISTAN to
significantly enhance indirect sensitivity to heavy BSM
states.

RO S
20 NN 4
NN
L e\, \\ === uT2 (BP1)
10 _—\\\\ ".,."\.\.s\\ ...... uT2 (BP2) b
ARNGNY ,.\.\\\ —-+= UuT2(BP3)
5 NS O ]
NS N N
_ | DN AN N S
% \'\\ ~ . .\. SN
g 2r N RN NN 7
. \ ~
x N, N LN S
s 1k N \\ .." .\ \\ i
F \. ~ ...' < \\
F . \'\\ ~ '\. \\
0.5 | -—- LHCBPI) NN S ONL ]
i '\ ~ ., . ~
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—.= LHC (BP3) EOMRRNGRN R
0.2+ NN N
NN .,
OUN, Y
1 1 1 1 1*- i I~ 1
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FIG. 7. Projected indirect 95% CL constraints on the LQ

mass parameter space in the mg— mp plane for different
benchmark points (see text), derived from the sensitivities to
Crroam/N at the LHC (13 TeV 139 fb~') and the
UTRISTAN (uT2,2 TeV 1 ab™!).
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VIII. SUMMARY AND CONCLUSION

In this work, we investigated the prospects of probing
dimension-7 AL =2 operators at the future same-sign
muon collider #TRISTAN, which is expected to operate at
a center-of-mass energy of 2 TeV with a projected
integrated luminosity of 1 ab~!. Having same sign dimuon
at the initial stage, any final state without leptons can
potentially indicate to LNV processes in action and can
provide better sensitivity than the presently running or even
future sensitivities of the LHC.

The operators that contribute to such signal can be
classified mainly into four categories: W>H>D?, WY?H>D,
¥4D, and WY*H. We mainly focus on muon flavored
operators, as we probe them at yTRISTAN, having lighter
constraints from observables like neutrino less double
beta decay. Note here that dimension five Weinberg
operator also provides lepton number violation, but
connects only to neutrinos, so that it is difficult to
connect them to observables at the collider. Our analysis
is focused on WTW* and W*gqq' production, with the
final-state signature comprising two fat jets. Operators
that produce the signal via contact interaction, provides
larger cross section, than those having propagator
suppression.

The SM background mainly arises from W W+*pp
process. Event selection criteria and kinematic cuts were
carefully designed to effectively suppress SM backgrounds,
with particular emphasis on enhancing sensitivity to differ-
ent classes of LNV operators. Missing energy turns out to
be one of the most useful variables in this process apart
from the invariant mass between the two fat jets. All the
operators easily surpass the discovery limit at the
UTRISTAN, for the Wilson coefficients C;/A> consistent
with present experimental constraints.

We also performed a binned y° analysis based on the
angular distribution of the heavier fat jet to extract
projected exclusion sensitivities on the C;/A’ of the
LNV operators. Both individual operator and correlated
two-operator scenarios were explored, deriving projected
68% and 95% CL exclusion limits. The projected limits
surpass the existing LHC bounds for each operator by at
least an order of magnitude. Furthermore, we compared
our results with projections from a recent phenomeno-
logical study at the FCC-hh 100 TeV 30 ab~! run. Despite
the uTRISTAN operating at a significantly lower center-
of-mass energy and luminosity, it achieves substantially
improved sensitivities for operators of the W?H?D? and
W2H3D classes and competitive sensitivities for the four-
fermion operators contributing via the Wtqq' channel.
Our study highlights the unique potential of same-sign
muon colliders like yTRISTAN to probe LNV physics
with clean final states and precise kinematic control,
complementing and, in some cases, surpassing the reach
of future hadron colliders.
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APPENDIX A: THE WEINBERG OPERATOR

In this section, we present the projected sensitivity of
UTRISTAN to the Weinberg operator specific to the muon-
flavor—diagonal case, and compare its reach with that of the
current LHC and the proposed FCC-hh. Direct neutrino
mass measurements based on muon kinematics [97] con-
strain the corresponding Majorana mass parameter to be
m,, < 0.17 MeV. This translates into a muon-flavor—
diagonal NP scale of order A, ~ 10° TeV. While this
bound is weaker than the one obtained for the electron
sector, it nevertheless lies far beyond the direct reach of
present-day colliders. It is worth noting that current
cosmological observations constrain the sum of the light
neutrino masses to y . m, < 0.12 eV (95% CL) [98], which
is considerably more stringent than existing direct exper-
imental bounds.

The sensitivity of hadron colliders to the Weinberg
operator is provided for dimension-seven operator O;y
in [35]. The effective scale A associated with O;y can be
related to the muon-diagonal NP scale A, via

2A3
e ).
where v denotes the Higgs vacuum expectation value.
Using the existing constraints on O;y from the LHC at
/s =13 TeV with an integrated luminosity of 139 fb~!,
as well as the projected sensitivities for the FCC-hh at

V/s = 100 TeV with 30 ab~! [35], we obtain the following
bounds:

(A1)

Ay > 142 TeV (LHC),

A, > 21.8 TeV (FCC). (A2)

At uTRISTAN, the Weinberg operator can be probed
through #-channel same-sign W W™ production, mediated
by neutrino fusion via the Majorana mass insertion v°v. We
focus on the two fat jet final state and apply the signal
selection and kinematic cuts described in Sec. IV, resulting
in an overall signal efficiency of 0.88. Repeating the y’-
based statistical analysis outlined in Sec. III, we derive the
following limits on the NP scale:

055043-10
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A,, > 476 TeV (68%CL),

Ay, > 399 TeV (95%CL). (A3)

Although these bounds remain weaker than those
inferred from direct neutrino mass measurements, they
surpass the projected FCC-hh sensitivity by more than an
order of magnitude, highlighting the exceptional potential
of uTRISTAN in probing lepton number violating physics
in the muon sector.

APPENDIX B: VALIDITY OF THE
EFFECTIVE FIELD THEORY

The EFT description of an NP scenario relies on a
perturbative expansion of the scattering amplitude in
inverse powers of the NP scale, A, assuming Wilson
coefficients of O(1). At the amplitude level, the EFT
contribution can be schematically written as

~ d—
)

where d denotes the canonical dimension of the effective
operator and p represents the characteristic momentum
scale of the process. The perturbative expansion is well
defined only when the expansion parameter is sufficiently
small, i.e.,

(B1)

p <A, (B2)
which ensures convergence of the series and the validity of
the EFT description [99].

A commonly adopted criterion for EFT validity is that
the cutoff scale lies above the largest energy scale probed in
the process; at collider experiments, this implies that the
accessible momentum transfer remains below A. For lepton
colliders, the maximum momentum transfer is set by the
CM energy, p ~ +/s, leading to the condition

Vs < A.

In the case of uTRISTAN, where we consider
/s =2 TeV, the EFT analysis is therefore self-consistent
only for NP scales satisfying A > 2 TeV. This ensures that
contributions from higher-dimensional operators remain
perturbative and that the underlying UV dynamics remain
effectively decoupled.

However this criterion provides only an approximate
assessment of EFT validity; a rigorous determination
requires knowledge of the explicit UV completion from
which the effective operators originate. The EFT approach

(B3)

M(:mS:mR) =2TeV

V8r8s

A (TeV)

(2prs /M)

FIG. 8. Variation of the inferred EFT cutoff scale A (shown by
the color bar) in the u,, — \/g,g, parameter space. The LQ masses
are fixed to 2 TeV.

is justified only when the available energy is insufficient to
produce the heavy degrees of freedom on-shell requiring

Vs < m,

where m denotes the mass of the heavy NP mediator. In
the EFT framework, the combination C/A“~* encodes both
the propagator suppression due to the heavy mass and the
underlying couplings, rendering the condition in Eq. (B3)
only approximate.

To illustrate this explicitly, we examine the dependence
of the EFT cutoff on the parameters of the UV complete
model introduced in Sec. VII. Fixing the LQ masses to
M(= mg = my) =2 TeV, we study the variation of the
inferred EFT scale A as a function of the couplings /g, g
and the trilinear parameter yu,,. The results are shown in
Fig. 8. We observe that the assumption A > 2 TeV is
satisfied only for specific regions of the BSM parameter
space, highlighting the model-dependent nature of EFT
validity.

(B4)

APPENDIX C: ADDITIONAL
SENSITIVITY PLOTS

The 95% CL y? sensitivity contours for various operators
(excluding O;yp;) are shown in Fig. 9, plotted in the
parameter space of the WCs of the operators. The corre-
sponding WCs are indicated in the plot labels for single-
curve plots or in the legends for multicurve plots.
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