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Abstract: We investigate the collider signatures of the maximally flavor-violating U(1) 1,~L, model, where a new

gauge boson Z’ and scalar triplets induce lepton flavor-changing interactions in the u-t sector. Focusing on four-

lepton final states at multi-TeV lepton colliders, we conduct a detailed analysis of cross sections, asymmetries, and

polarization effects. We show that the signal cross section is highly sensitive to.myz and the effective parameters

g/mz , while remaining largely insensitive to the triplet Yukawa couplings within the phenomenologically allowed

region. The forward-backward asymmetry exhibits a characteristic monotonic dependence on my , and beam polariz-

ation can significantly suppress Standard Model backgrounds while enhancing new physics contributions. We find

that over the phenomenologically allowed parameter space, the predicted observables remain highly sensitive to the

underlying model parameters. These results demonstrate that multi-lepton final states are powerful probes of the
U(1)1y-1, framework and offer valuable guidance for future searches at muon and electron-positron colliders.
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I. INTRODUCTION

The Standard Model (SM) of particle physics success-
fully describes all known elementary particles and their
interactions [1]. However, the observation of neutrino os-
cillations implies that neutrinos possess nonzero masses
and that neutral lepton flavor violation (LFV) occurs,
thereby strongly indicating the potential for charged
lepton flavor violation. Within the SM, charged LFV pro-
cesses arise only at the loop level and are highly sup-
pressed due to the minuscule neutrino masses compared
to the electroweak scale, with branching ratios such as
Br(u — ey) ~ 107 [2, 3]. Consequently, the predicted
rates of LFV processes within the SM lie far below the
reach of current and foreseeable experimental sensitivity.
Therefore, any observable LFV signal would constitute
compelling evidence for physics beyond the SM.

Numerous extensions of the SM predict observable
charged LFV, including supersymmetric models [2, 4, 5],
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left-right symmetric frameworks [6—10], various seesaw
mechanisms [11-14], and leptoquark scenarios [15—18],
Goldstone scenarios [19, 20] and Z’ models [21-25], etc.,
each providing distinct sources and characteristic signa-
tures of flavor violation. Among these, the anomaly-free
U(1);,-1, gauge symmetry is particularly compelling, as it
naturally explains the flavor structure of the lepton sector
[26—32]. In this work, we investigate a maximally flavor-
violating realization of the U(1),,;, model, which per-
mits sizable LFV couplings and leads to distinctive mul-
tilepton signatures at colliders. This framework is real-
ized by introducing off-diagonal gauge interactions and
new scalar fields that break the flavor symmetry in a con-
trolled manner [33]. As a result, the associated Z’ boson
and extended Higgs sector can mediate LFV processes at
tree level, significantly enhancing the prospects for ob-
serving such signals. Furthermore, the model remains
consistent with existing constraints from precision elec-
troweak measurements, neutrino oscillation data, and rare
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decay searches, provided that the Z’ mass and coupling
strengths are appropriately chosen. Notably, sizable LFV
couplings are allowed without violating current experi-
mental limits, particularly in the u-t sector, which is sig-
nificantly less constrained than the e-y and e-t channels
[34].

Lepton colliders offer a clean experimental environ-
ment with well-defined initial states, making them ideal
for precision electroweak measurements and the search
for rare or forbidden phenomena such as lepton flavor vi-
olation (LFV) [35—42]. In particular, future high-lumin-
osity electron-positron colliders—such as the CLIC [43],
ILC [44], CEPC [45, 46], and FCC-ee [47]—will provide
excellent sensitivity to multilepton final states, owing to
their low background levels and high lepton detection ef-
ficiencies. These facilities enable detailed reconstruction
of kinematic distributions and invariant mass spectra,
thereby facilitating resonance searches for new particles
such as the Z’ boson. Within the framework of the
U(1);,-1, model with maximal LFV, the observation of
final states involving mixed lepton flavors [48] would
constitute a smoking-gun signature of new physics.
Moreover, advanced flavor-tagging techniques and high
energy resolution enable the disentanglement of various
decay modes and a detailed study of the underlying LFV
couplings. In addition to electron-positron colliders,
muon colliders have recently attracted increasing atten-
tion as promising next-generation facilities. With the po-
tential to achieve multi-TeV center-of-mass energies and
deliver high luminosity, muon colliders offer powerful
probes of both flavor-conserving and. flavor-violating
new physics [49]. Their unique initial state allows for the
direct production of particles that couple to muons, such
as the Z’ boson in the U(1),,-,, model [40]. Correspond-
ingly, the large muon coupling enhances sensitivity to in-
teractions involving second- and third-generation leptons,
making muon colliders particularly well-suited for prob-
ing LFV in the u-t sector.

In this paper, we focus on four-lepton final states as a
clean and sensitive probe of lepton flavor violation. The
structure of the paper is as follows. In Section II, we
present the construction of the maximally flavor-violat-
ing U(1),,-,, model, where the Z’ interactions are aug-
mented by triplet scalar fields. In Section III, we analyze
the resulting collider signatures, with a focus on four-
lepton final states at both muon and electron-positron col-
liders. Finally, we summarize our findings and offer con-
cluding remarks in Section IV.

II. THE U(1);,-,, MODEL FOR MAXIMAL p-1
COUPLING
The U(1),-,, gauge symmetry corresponds to the dif-

ference between the muon and tau lepton numbers. In the
minimal setup, the left-handed doublets, L;;: (1,2,-1/2),

and the right-handed singlets, eg;:(1,1,—1), transform
under the gauged U(1),,-,, symmetry with charges 0, +1,
and -1 assigned to the first, second, and third genera-
tions, respectively. Here, the numbers in parentheses de-
note the quantum numbers under the
SUB)exSUR),xU(1)y gauge group. The Z' gauge bo-
son in this model couples exclusively to leptons in the
weak interaction basis [26, 27]

Ly =-g(@y'u—ty't+9,y'Lv, - v y'Lv.)Z,, (1
where g is the gauge coupling associated with the
U(1)1y-1, symmetry. And L/R denotes the chiral projec-
tion Ppr=(1%7ys)/2. The vector current interaction
provides a positive contribution to the muon anomalous
magnetic moment (g-2),. The U(1),,,, symmetry is
spontaneously broken by introducing a singlet scalar field
S with charge +1 and a vacuum expectation value (VEV)
of vg/ V2, through which the Z’ boson acquires a mass
given by mz = gvs.

The interaction described above is purely flavor-con-
serving but can be extended to incorporate flavor-chan-
ging effects. We briefly outline the construction of such a
model below. This extension requires the introduction of
three Higgs doublets, H;,;:(1,2,1/2), with VEVs
(H)) =v;/ V2, and U(1),,, charges 0, +2, and -2, re-
spectively. An unbroken exchange symmetry is imposed
under which Z’ - -Z’, H, < H,, and H, & H;, with
v, =v3; =v. Under these conditions, the Z’ interactions
and lepton Yukawa couplings are given by

Ly = = §(by'LL — Iyy"Lls + ;" Re, — &7 Res)Z,
—[Y},liRey + Y5, (LLRe, + ;Res)1H,

—Ys.(lLResHy + LRey Hs) + H.C. 2)

After electroweak symmetry breaking, the scalar fields

acquire non-zero VEVs, which generate the charged

lepton masses via the Yukawa interactions shown in the

second line of Eq. (2). However, since the resulting mass

matrix is not diagonal, it must be diagonalized through
-1

the following transformation:
my_ 1 [1
) V21 1 ’

A similar transformation is also applied to the neutrino
sector. After rotating to the charged lepton mass eigen-
state basis using the above transformation, the desired fla-
vor-changing Z’ interactions take the following form

“ (3)

€3

Ly =gy v+ u+ vy Ly + vy Lv)Z, . (4)
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The aforementioned Z’ interaction significantly enhances
the branching ratio of the process 7 — uv,v,, an effect
that can be alleviated by introducing three scalar triplets
with hypercharge Y =1, Aj,;5:(1,3,1), each acquiring
VEVs (A;) = v,/ V2 and carrying U(1),,-;, charges of 0,
-2, and +2, respectively [23]. The A fields form the core
of the well-known type-II seesaw mechanism, which gen-
erates small neutrino masses [50—55] with

A /2
AO

0o_vatd+in

A =5 )

N

Under the above exchange symmetry A; & Ay, Ay, & A;
with vy, = va3, we use the transformation given in Eq. (3)
to express the Yukawa terms in terms of the component
fields A°, A*, and A** as

AT
—A*/ V2

Ve e e
L= EIOMAOL | v, |+ V2 S OMAIL | p | +@EEOMAIL| u
Vs T T
Y, A
e ’ ’ ©)
with M(A)=| 0 (Yh(As+Ay) —2Y5A)/2 Y3 (As —Ay)/2
0 Vo -A/2 AP+ A+ 2¥5A)/2

We find that the large number of model parameters com-
plicates the analysis. For simplicity, we adopt the follow-
ing assumptions.

® m,+++0 =my: The degeneracy of the triplet compon-
ents guarantees that the triplet scalars possess identical
masses, a requirement that demands m, > 420 GeV [56]
for vy ~O(1) GeV.

® Y123 << Yy : This suppresses the effects of A, res-
ulting in triplet contributions dominated by A, and A;.

® A, ~ A;: Off-diagonal interactions are forbidden by
the exact exchange symmetry, which may be broken by
quantum corrections at the two-loop level. Therefore, we
consider the case where the diagonal coupling is approx-
imately ten orders of magnitude larger than the off-diag-
onal coupling.

The above assumptions ensure that the triplet effects
can be effectively described solely by the A, parameters,

>L<'u ) » Ynl/ys=10.
-

(7

Y22
Y23

Y23

La, = A7 (15,7 (
Y22

In the following collider analysis, we employ the above
couplings to perform the study with omitting the sub-
script “2”.

III. ANALYSIS OF FOUR-BODY DECAY RES-
ULTS AT LEPTON COLLIDERS

Before presenting the detailed collider analysis, we
first discuss the current existing bounds on the model
parameters.

® (g—2);: One-loop exchange of Z’ and A*** both
contribute to muon (g—2),, with opposite contributions
as [23, 24]

)
1672 m3

Here we adopt the limit m, 2 >> m,,. For (¢g—2),, FNAL
reported a new experimental world average [57], togeth-
er with the updated theoretical prediction using lattice
QCD calculations alone [58], yields a deviation of
ai? —a™ =39(64) x 107", Furthermore, the opposite con-
tributions from Z’ and A cancel each other out, resulting
in consistency with the recent muon (g—-2), measure-
ment. A 20~ confidence level is applied to constrain the
model parameters in the e—my plane, as indicated in
blue in Fig. 1.

52 2
_ 7/ A _ gZ’mp 3mr
Aa, = Aa, +Aa, (

1272m2,

(®)

my,

e 7 — uvv: The decay processes are mediated by Z’
and A* effects in terms of the ratios as [23, 24]
e —»uvy) (1

R =
I'e-— ﬂ_vpv‘r)SM

2
_4’”%1/ Y2 )
g 4mi.
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Combining the SM predictions Rj,, = 0.972564 +0.00001
[59] and average experimental values R}, =0.972968+
0.002233 from HFLAV collaboration [60] and Belle-1I
[61], the ratio can be obtained as R* = 1.00042 +0.00230,
which imposes the stringent bounds as shown in the

Fig. 1.

® v,+N—v,.+N+u*u: The process known as
neutrino trident processes, is induced by A* at tree-level

as [23, 24]
2 2\ 2 2 92 \ 2
o My 2yy, my 2yy
Itdsy ———5) +\1-— 5
O A+ . _ 8 my 8" My
. trident [(1 +4S%1/)2 T 1] s
(10)
-20
r neutrino trident excluded
-2.5F B
T> 5 a, allowed
[}
i L
= -3.0F B
£ L o1
>
B
S F o2
p4 o5
-3.5F B
— (A VeV VN VENVERVARVAP R . S
4'—04.0 -38 -3.6 -34 -32 -30
Log[g/mz(GeV™)]
Fig. 1. (color online) The allowed model parameter spaces

in the §/myz -y/my plane. Different constraints are indicated
using distinct colors: green for = — pvv; yellow for neutrino
trident process; and blue for muon (g-2). Here the red mark-
ers denote the selected benchmark points, chosen to represent
both typical and extreme parameter ratios of the Z’ boson and
triplet scalars.

Fig. 2.

4

Combining the current bounds from CHARM, CCFR
and NuTeV [62—64], we obtain the averaged value
0.95+0.25.

Motivated by the aforementioned constraints, we ex-
plore the viable parameter space of the U(1),,-,, model
as a potential explanation for the observed deviations in
Fig. 1. In order to better visualize the relevance between
the lepton collider sensitivity and allowed regions, we
define several benchmark points as

Bl :3/mz(GeV ") =0.62x107,
y/mp(GeV™")=0.83x107,
8/my(GeV)=025x107,
y/ma(GeV")=05%x107,
:8/my(GeV) =0.3x1073,
y/ma(GeV™")=0.1x107,
:8/my(GeV ) =0.1x107%,
y/ma(GeV")=04x107,
:8/mzp(GeV')=0.32x107,
y/ma(GeV™")=04x107.

B2

B3

B4

B5
(1D

These benchmarks exhibit varied combinations of the
gauge parameter g/myz and the triplet scalar parameter
y/my, ensuring both phenomenological viability and dis-
tinctive collider signatures.

A. Four-Body final states at the Muon Colliders

In the maximally flavor-violating model U(l).,.,,
the process puu* — u*u* +7*r* can be mediated by the
gauge boson Z’ and new Higgs scalars, as shown in the
typical Feynman diagram in Fig. 2.

For the benchmark points mentioned above, we calcu-
late the production cross sections o(u u* — pu*u® +7=717)
as a function of mz at a muon collider, as presented in
the left panel of Fig. 3. We find that the corresponding
cross sections increase monotonically with my , reflect-
ing the enhanced phase space and coupling strengths at

Representative Feynman diagrams for the four-lepton processes
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Fig. 3.

signal cross-section in the plane g —my .

higher resonance masses. Benchmark Bl yields the
largest cross sections, reaching 10~ pb for my, ~ 1 TeV,
while B4 predicts significantly suppressed cross sections,
with a suppression of approximately three orders of mag-
nitude over the same mass range. These differences illus-
trate the strong dependence of collider phenomenology
on the underlying parameter choices, highlighting the im-
portance of multi-lepton final states as sensitive probes of
this model.

For a collider center-of-mass energy of 3 TeV, we as-
sume an integrated luminosity of 1ab™ [65]. Since this
process conserves both charged lepton number and lepton
flavor, it receives SM background contributions, with the
value 8.19%x10™* pb. In order to extract signatures more
effectively, we can adopt the following criteria as [66]

S B ox ¥
VB+S Nosm+or)x 2’

(12)

The corresponding values are summarized in Table 1,
which presents benchmark scenarios B3, B2, and B1 with
different combinations of the effective gauge parameters
g/mz and triplet parameters. For each scenario, we re-
port the predicted signal cross section ¢ and the corres-
ponding statistical significance.

The corresponding cross section can be projected in-

---- 30
--=-= Bl
08f ==== B2 o(pb)
---- B4 p 0.00125
0.6 /"
> 0.00100
oY) o" o

0.00075
0.4 .

.-

0.00050

¢¢¢¢¢¢

0.2 e 0.00025

0.0

200 400 600 800 1000 1200 1400

mz (GeV)

(color online) (a) The cross section o(u~ut — p*u® +7*7¥) as a function of mz at a muon collider with +/s=3 TeV. (b) The

to the plane of g—my as shown in the right panel of
Fig. 3. The shaded contours denotes the cross section as a
function of the mass mz and the coupling g, with darker
regions corresponding to larger signals. Benchmark
points B1-B5 are indicated by distinct colored dashed
lines, while the black dashed line marks the 30 sensitiv-
ity threshold. Among the benchmarks, Bl lies mostly
above the 30 curve for my > 400 GeV, indicating strong
discovery prospects. In contrast, B2-B5 remain well be-
low the observable threshold. Therefore, the Z’ signal
could be observable in the high-mass regime at a muon
collider under scenario B1. Additionally, we further
check that the contribution from the triplet scalar has only
a minor effect on the overall cross section, suggesting
that the gauge sector predominantly determines the col-
lider sensitivity in this channel.

The above analysis is based on the unpolarized case.
In practice, the initial-state lepton beams at a muon col-
lider can be polarized in various configurations, as dis-
cussed in Refs. [67, 68]. In this study, we consider two
representative polarization scenarios: {P,+,P,-} = {—20%,
80%} and {80%, —80%}. Under these configurations, the
signal significance exhibits notable improvements, as
summarized in Table 2. For {P,+,P,} = {~20%, 80%},
the significance increases by approximately 14% for
benchmark B3 and 11% for B, relative to the unpolar-

Table 1. The cross section and statistical significance for different benchmarks at the luminosity of £ = 1ab™!.
g/mz (1073GeV) mz (GeV) g mp(GeV) Y2 o x107*(pb) S/VB+S
500 0.125 0.05 0.19
B2 0.25 500 0.25
800 0.20 0.16 0.56
500 0.15 0.11 0.39
B3 0.3 500 0.05
800 0.24 0.33 1.15
500 0.31 2.03 6.35
Bl 0.62 500 0.415
800 0.496 6.10 16.14
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Table 2. Same as Table 1, but for different beam polarization configurations.
gL e @) Ym (P Py 1={0%,0%} (P Py }={~20%,80%} (P Py }={80%,-80%}
(107°GeV™) ox104(pb)  S/VB+S  ox10(pb)  S/VB+S  ox10%(pb)  S/VB+S
600 0.18 0.18 0.61 0.20 0.7 0.29 1.00
B3 0.3 800 0.24 500 0.05 0.33 1.14 0.38 1.31 0.57 1.88
1000 0.3 0.49 1.67 0.56 1.91 0.82 2.73
600 0.36 2.83 8.53 3.23 9.55 4.68 13.05
Bl 0.62 800 0.48 500 0.415 5.35 14.53 6.13 16.20 8.90 21.53
1000 0.6 7.89 19.67 9.01 21.72 14.07 29.82
ized case. For {P,,P,-} = {80%, —80%}, the improve- o .
ment is more substantial—about 64% for B3 and 50% for — T+
B1. These enhancements arise because suitable initial- T
state polarization can suppress background processes that 05} - ZEZ Z

preferentially couple to a specific chirality, while simul-
taneously enhancing the signal cross section. In particu-
lar, a large asymmetry between P, and P, maximizes
the interference between the SM and Z' amplitudes,
thereby boosting the sensitivity in both the cross section
and angular observables.

To systematically investigate the implications of our
model, we analyze the forward-backward asymmetry Agg
defined by [69]

1
d

AFB=O'F O-B, F:/ =l dcos0,

Or+0p o dcosf

0

do
= dcos6 13

s [1 dcos6 o3 (13)

Here the scattering angle 6 is defined as the angle
between the outgoing u and 7 in the center-of-mass frame
of the collision.

Firstly, we focus on the evolution of the forward-
backward asymmetry Apg with respect to the mass my,
considering the promising benchmark point B1 discussed
earlier. By fixing the triplet scalar mass m, = 500 GeV,
we can isolate the pure impact of the Z’ mass on the
asymmetry. Within the SM, the process u*u~ — p*u*r*r*
is governed by y/Z exchange and yields A$¥ ~ 0, due to
the absence of chiral flavor violating interference. For
2 =0.1, the allowed region in Fig. 1 corresponds to a my
range of 200-1000 GeV, As my increases, the predicted
forward-backward asymmetry Arp decreases monotonic-
ally and approaches zero around my =~ 750 GeV, as illus-
trated in Fig. 4 This monotonic decrease reflects the sup-
pression of parity-violating interference effects as the Z’
becomes heavier. Notably, the transition from positive to
negative asymmetry is a characteristic feature of the mod-
el and could serve as a discriminating observable in the
search for heavy Z’ bosons at future colliders. Further-
more, the two curves corresponding to the final states

Arp

200

400 600

mz(GeV)

800 1000

Fig. 4.
as the function with myz for g=0.1 with ms =500 GeV and
Y2 =0.415.

(color online) The forward-backward asymmetry App

wtt (blue) and u*r~ (red) nearly overlap, corroborating
the fact that the forward-backward asymmetry is largely
insensitive to the electric charge assignment of the final-
state leptons. Note that the behavior of the forward-back-
ward asymmetry in our analysis is a direct consequence
of the maximal flavor-violating Z’ structure. The maxim-
ally flavor-violating scenario in our model arises from the
discrete exchange symmetry, Z’ — —Z’ and 1 « 2, which
is guaranteed even at one-loop level due to the new
charge assignment. This exchange symmetry may be
broken by quantum corrections at higher loop levels,
leading to small flavor-diagonal couplings to muons and
taus. However, the resulting flavor-diagonal couplings
8, are much smaller than the flavor-changing couplings
8., S0 that the dominant contribution to Arp comes from
the flavor-changing couplings, and the corresponding res-
ults remain largely unaffected.

Furthermore, we aim to investigate the individual ef-
fects of doubly charged scalars. Since the Z' boson exhib-
its only vector-current interactions in our model, we can
probe the chiral properties of the doubly charged scalars
by defining

_OR+ 0L —ORr—ORL

R

(14)

ORT 0L +ORRr+ORL
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Here o;, where i, j = L,R, denote the polarized cross sec-
tions, with “L” and “R” denoting 100% left- and right-
handed polarization, respectively. A numerical evalu-
ation yields R ~ -1, indicating a maximal left-right asym-
metry (100%). This also serves as a cross-check of the in-
teraction structure, where the left-handed vector current
(V-A) is mediated by the triplet scalar. To further invest-
igate the details, we similarly analyze the angular distri-
bution of the differential cross section, as shown in Fig. 5.
Here 0 is defined as the angle between the two final-state
charged leptons originating from the decay of the doubly
charged Higgs boson. In the left panel, four different fi-
nal-state configurations are presented, revealing that the
angular distribution is truncated around cosd = 0.8. This
is because the difficulty in distinguishing the final-state u
and tr when the opening angle is small. The structure in-
dicates that Arp tends to be positive, with corresponding
values of 0.8772, 0.6216, 0.8736, and 0.622, respectively.
In the right panel, the angular distribution is shown for
different collider energies, revealing that lower energies
correspond to a larger truncation angle in the angular dis-
tribution. Additionally, when the center-of-mass energy
reaches 6 TeV, the angular distribution becomes visible
across the full range of cosf € [-1,1]. Although the ini-
tial design stage plans to operate at a maximum energy of
3 TeV, a 10 TeV scenario is foreseeable in the future,
provided that challenges such as muon beam cooling and
the particle’s short lifetime are resolved.

In addition to the charged lepton final states, the
doubly-charged scalar can decay into a pair of W* bo-
sons, with the corresponding expressions as [48]

DA™ - W*W*) vy my
DA™ = £+65) vl )2

4 2
0/ va 2(250 GeV) (mA/GeV>
~10 (1 GCV> Vsm y ’ (15)

s_channely*t*
1 tchannelp*t*

[ schannelp~t~
[ tchannelp~1~

1/o do/dcosé

] T 7 T T
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
cos@

Fig. 5.
tion with different collider energies.

Here vy =246 GeV. We find that the decay into a pair of
W#* primarily depends on the triplet vacuum expectation
value v,, while the decay into charged leptons is predom-
inantly governed by the Yukawa coupling. For the 4W
boson final states originating from A** decays, the pro-
duction cross section with m, is presented in Fig. 6,
which explicitly demonstrates the significant role of v,.
Furthermore, the cross section exhibits a monotonic in-
crease as m, increases. Additionally, the cross section de-
creases by several orders of magnitude when decreasing
va from 1 to 1073 (corresponding to the red and orange
curves, respectively). This behavior is crucial for predict-
ing detectability in collider experiments: higher values of
va and m, increase the cross section to levels potentially
observable above background noise.

B. Four-Body final states at electron-positron Colliders

The muon collider analysis in the previous subsec-
tion can also be applied to the case of an electron collider.
To facilitate comparison, we choose the same center-of-
mass energy +/s=3 TeV for the electron-positron col-
lider, as reported in the CILC design [43]. The corres-
ponding integrated luminosity is 3000 fb™'.

Note that since our model framework involving Z’
and A** only couples to muons and taus, the electron col-
lider contributes only through s-channel processes to pro-
duce p*u~t*7~. The corresponding cross sections for four
different benchmark points are indicated in the left panel
of Fig. 7. A similar increasing trend is observed, consist-
ent with the behavior in Fig. 3. Additionally, benchmark
B1 yields the largest cross section, approximately O(10-%)
pb, exceeding those of the other three benchmarks.

For the process e*e™ — u*u¥r*t7,the SM  back-
ground arises from purely y/Z-mediated processes,
2.92x 107 pb, while the signal arises from diagrams in-
volving Z' or doubly charged scalar exchange. Adopting
the statistical significance defined in Eq. 12, we can ob-
tain the projected cross section on the plane of m, — g, as

VS=3TeV [ V§=TTeV

[ VS =5TeV

10

1/o do/dcos6

0 T " T T i T T
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(color online) (a) The angular distribution at a center-of-mass energy of 3 TeV for different channels. (b) The angular distribu-
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shown in the right panel of Fig. 7. We find that the cross
section increases with both mz and g, reaching a maxim-
um at their largest values. Similarly, four benchmark
scenarios (B1-BS5) are included for comparison, along
with the corresponding 30~ discovery contour. Among
these benchmark scenarios, B1 lies well above the 3o
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—_ 10°5 4
o
Z
5]
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mz(GeV)
Fig. 7.

1.0

discovery threshold across the entire mass range, indicat-
ing the highest potential for an observable signal, consist-
ent with the results from the muon collider case. The only
difference compared to the muon collider case is that B2,
B3 and BS5 can exceed the 30 discovery threshold at large
values of my . Specifically, B2 exceeds the threshold
when myz = 650 GeV, B3 does so for mz = 500 GeV, and
B5 does so for my = 450 GeV. These results underscore
the strong dependence of new physics discovery pro-
spects on the choice of parameter space, particularly in
the context of electron collider scenarios.

Similarly, the forward-backward asymmetry is invest-
igated through the analysis of the angular distribution, as
shown in Fig.. 8. A clear trend is observed with increas-
ing mass my,which is of great significance for under-
standing the underlying physical mechanisms and guid-
ing experimental observations.

IV. CONCLUSION

In this work, we investigated the collider phenomeno-
logy of the U(1),,-;, model with maximal flavor viola-
tion, concentrating on four-lepton final states as a sensit-
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(color online) Same as Fig. 3 but for o(e”e* — p*u™ +7577).
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(color online) The forward-backward asymmetry App as the function with mz for g = 0.1 with ma =500 GeV and Yz, = 0.415.
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ive probe of new physics. We demonstrated that the sig-
nal cross sections increase with both the effective para-
meters g/m, and the mass my, whereas the contribution
from triplet Yukawa couplings remains comparatively
small within the phenomenological allowed regions. We
further demonstrated that the forward-backward asym-
metry constitutes a robust observable, with its monotonic
dependence on my serving as a distinctive signature of
the model. Polarization of the initial beams enhances
sensitivity by suppressing Standard Model backgrounds
and amplifying chiral effects associated with the new in-
teractions, thereby facilitating the study of triplet scalar
effects. Among the benchmark scenarios considered, the
B1 point yields the highest discovery significance, ex-

ceeding the 30 threshold at both muon and electron-
positron colliders. The B2 and B3 scenarios also offer
good sensitivity at electron colliders for large values of
my . The difference between electron and muon colliders
lies in the presence of additional t- and u-channel contri-
butions in the muon collider, in contrast to the electron
collider, which only involves s-channel processes.

Overall, our study demonstrates that high-energy
lepton colliders can offer clear and testable signatures of
the U(1),,,, framework. Multi-lepton final states, in con-
junction with polarization and angular observables,
provide experimentally accessible handles to probe lepton
flavor violation and to explore the underlying gauge and
scalar dynamics of the model.
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