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We investigate the unique potential of a high-energy muon collider to probe lepton-flavor-violating
signals arising from physics beyond the Standard Model (SM). Low-energy, precision searches for charged
lepton flavor violation (LFV) are projected to dramatically improve their sensitivity in the coming years and
could provide the first evidence of new physics. We interpret the sensitivity of these searches in terms of a
set of LFV operators in the SM effective field theory. The same operators are then probed at the TeV scale
via new, high-energy processes only available at a high-energy muon collider, such as up — pr or the
scattering of a muon of an electroweak gauge boson into LFV final states. We find that, for most operators,
a muon collider could confirm signals if they are seen at future low-energy experiments, whereas for certain
flavor combinations it extends the reach to scales well beyond those accessible at lower energies. We also
project the sensitivity of a muon collider to lepton-flavor-violating decays of the SM Higgs boson and
demonstrate improved sensitivity to 4 — ez and & — pur by an order of magnitude compared to the High-
Luminosity LHC. The importance of having multiple, complementary probes is illustrated by considering
both various combinations of operators and relative sizes of flavor-violating transitions between

generations under various assumptions for the flavor structure of new physics.

DOI: 10.1103/bg4z-dmgb

I. INTRODUCTION

The Standard Model (SM) of particle physics has been
remarkably successful in explaining disparate phenomena
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across a vast range of energy scales. The Large Hadron
Collider (LHC), in particular, has successfully corroborated
many predictions of the SM, producing both astonishingly
precise measurements of SM parameters and the discovery
of its final piece: the Higgs boson.

Despite this progress, there are many features of the SM
that we do not understand. These include the vanishingly
small CP odd gluon coupling (the strong CP problem), the
inexplicably small Higgs mass (the hierarchy problem), and
the observed patterns of masses and mixings between
different generations of SM fermions (the SM flavor
puzzle). Resolutions of these puzzles require additional,
unknown dynamics in the ultraviolet (UV). For the flavor
puzzle, in particular, these new dynamics generically
generate flavor-changing processes that can be searched

Published by the American Physical Society
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for experimentally. These signatures are tightly constrained
by high-intensity and precision experiments at lower
energies that can indirectly probe flavor physics at much
higher-energy scales.

Examples of such precision measurements include elec-
tric and magnetic dipole moments, as well as charged
lepton-flavor-violating (LFV, also used for lepton flavor
violation) decays (such as y — ey). The Standard Model
rates for these processes are suppressed by tiny neutrino
masses and are negligibly small. At the same time, the
existence of neutrino masses indicates that lepton flavor is
not an exact symmetry of the SM, making it natural that any
UV completion of the SM responsible for the observed mass
pattern will also include LFV signals. This expectation has
strongly motivated the continual improvement of searches
for LFV across multiple channels. Low-energy experiments
have been remarkably successful in constraining LFV, with
especially strong constraints on u — e transitions. Their
extraordinary reach in probing high scales makes them
promising candidates to provide the first hints of new
physics, potentially even before direct discoveries at
colliders.

Despite their great reach, these small-scale experiments
have their own limitations: unlike the LHC or other high-
energy facilities, they typically probe only a narrow range
of flavor observables and beyond the SM (BSM) models.
Additionally, if a small-scale experiment does discover new
LFV physics, comprehensively characterizing the under-
lying physics behind the signal would require a direct
search at a high-energy collider. In this sense, the absence
of direct BSM signals at the LHC elevates the role of
precision flavor measurements: they may serve as har-
bingers of new physics and, in doing so, help guide the
design and priorities of future colliders, shaping the long-
term trajectory of particle physics.

A prominent proposal for future energy-frontier col-
liders is a high-energy muon collider [1-6] (see also
Refs. [7-14] for recent reviews). Muon colliders outper-
form proton colliders in energy reach for a fixed size due
to the elementary nature of the muon, while also avoiding
the significant synchrotron energy loss of electron col-
liders due to the muon’s larger mass. The report of the
National Academies of Science, Engineering, and
Medicine lists the development of a path toward a
high-energy muon collider as their highest priority rec-
ommendation for the future of particle physics [15], which
motivates work on such machines from a variety of angles.
Major technological developments toward building such a
machine have been pointed out in Refs. [1-6], especially
on the cooling front [16], while also outlining additional
steps that are necessary before a final design can be
developed. These studies have identified a 10 TeV muon
collider with a final integrated luminosity of 10 ab™! as a
benchmark target.

To complement and motivate accelerator-physics stud-
ies, parallel efforts have been devoted to assessing the
potential of a future muon collider to probe well-motivated
scenarios of new physics. In particular, it has been
emphasized that such a machine effectively functions as
an electroweak gauge boson collider [17-21], thereby
enabling exploration of a wide range of colorless new
physics models that remain comparatively less constrained
at the LHC. In this spirit, numerous studies have inves-
tigated the reach of a muon collider in Higgs boson and
precision electroweak measurements [22-39], flavorful
new physics [40-58], dark-matter candidates [59-68],
and a broad spectrum of other BSM scenarios [18,69—-84].
Proposals have also been put forward to exploit muon beam
dumps as powerful tools to probe hidden-sector and other
BSM models [85,86].

In this work, we analyze the capabilities of a muon
collider in observing signals associated with physics that
violates lepton flavor. We will identify a number of
processes initiated by muons or electroweak gauge bosons
that probe lepton flavor violation and highlight how a high-
energy muon collider is uniquely positioned to study them.
LFV signals at a muon collider have previously been
studied in the context of specific models [18,50], but here
we take a more model-agnostic approach. Specifically, we
investigate the reach of a muon collider to detect LFV SM
effective field theory (SMEFT) operators. The SMEFT
captures the most general set of higher-dimension operators
that can be written with the SM field content while
respecting its gauge symmetries and is a useful model-
independent framework for BSM setups; see Refs. [87,88]
for recent reviews. Lepton-flavor-violating SMEFT oper-
ators have also been studied in the context of electron-
positron colliders [89-91], but as we will see, both the
higher energy and the fact that muons are participating in
the collisions will lead to signatures at g+~ machines that
are unique.

We consider all SMEFT dimension-six operators with no
quark fields that can give rise to 7 — u LFV signals.] Not
counting the generation indices, there are nine independent
operators that violate lepton flavor and that do not involve
quark fields. These can be written as”

'We omit, for instance, four-fermion operators involving two
quark fields that violate lepton flavor. For a comprehensive study
of their low-energy effects, see Ref. [92]; for an overview of the
corresponding signals at a high-energy muon collider, see the
recent work in Ref. [58].

We have suppressed the subscripts L and R on the fermions
for clarity and defined

(H'iD,H) = iH' (D,H) — i(D,H)"H,

<~ ] :
(H'iD, H) = iH'/(D,H) — i(D,H)"t'H.
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OeW - (l_zigﬂvej)TlHW/I“/,
1 2 =
04} = (H'iD,H)(Liy"L,),

On = (Liy,L;)(Lyy*Ly,).

Casting the effect of a UV model in the context of these
operators allows us to properly compare the constraints
from the high-energy collider searches and the IR precision
observables; this is possible thanks to extensive works on
the renormalization group equations of operators in
SMEFT and their matching to the low-energy field theory
(LEFT) [93-97].” We use these results to properly compare
the reach of a 10 TeV muon collider with an integrated
luminosity of 10 ab~! to existing and near future experi-
ments for probing LFV effects in the IR. We find that, in
some cases, a future muon collider could provide better
sensitivity to 7 — 4 LFV signals than IR observables, while
in other cases it could confirm LFV signals if they are
detected at future low-energy experiments.

We examine the sensitivity of many different scattering
processes to 7 — u flavor violation and conduct detailed
background studies for those with the greatest reach. These
include uV — zh and yW — =W for probing all operators
involving the Higgs boson except Oy, and up — pt,
uV — prr, and puV — 7zt for probing the four-fermion
operators. We find that after implementing cuts to suppress
backgrounds, these processes probe scales of new LFV
physics between 10 and 100s of TeV. For simplicity, we
restrict to simple cut-and-count searches for the signal of
these operators. While we expect a more complicated
analysis using tools such as machine learning to provide
additional improvement, this simple, conservative strategy
will suffice to understand the approximate sensitivity for a
future collider. We also constrain all three flavor combi-
nations (t — u, 7 — e, and y — e) of O,y from LFV Higgs
boson decays, finding that a muon collider would improve
on LFV branching ratios of the Higgs boson by around 1
order of magnitude compared to current LHC bounds.

The rest of this paper is organized as follows: first, in
Sec. II, we calculate the reach in the scale of SMEFT
operators of flavor-violating y, 7, and Z decays. In Sec. 111,
we discuss constraints from flavor-violating Higgs boson
decays, including the reach of current experiments and the
potential reach of a future muon collider. Next, in Sec. IV,
we calculate additional constraints from scattering proc-
esses at a future muon collider, including uV — 7h,
uW — W, up — pt, uV — trz, and uTV — pt o7 ¢F with
same sign 7 leptons. Finally, we compare these constraints

3Although we only consider turning on SMEFT operators
with no quarks in the UV, we do consistently include quark
operators in the low energy that are generated by running and
matching.

OeB = (iiG””ej)HB
o1 _

OG) = (H'iD, H)(L'y"L)),

Oee = (éiyuej)(ékyﬂem)’

s OeH = (HTH)(Z‘iejH)?
OHe = (HTiB;tH)(Eiyﬂej)’

Ole = (l_‘l},ﬂLj)(ékyﬂem) (1)

in Sec. V, including studying combinations of operators and
different flavor Ansdtze, before concluding in Sec. VL.

II. LOW-ENERGY PROBES OF LEPTON
FLAVOR VIOLATION

In this section, we review the existing and projected
bounds from different precision experiments on LFV
signals beyond the SM. These experiments include various
I — I'y, lepton conversions, or three-body decays, as well
as flavor-violating decays of the Z boson. We summarize
the current and projected bounds on these observables in
Table I. The following discussion, extending into the next
section, reviews constraints from various experiments and
recasts the sensitivity of current and proposed experiments
in the context of the SMEFT operators in Eq. (1).

A. Decays or conversions of muons and 7’s

Some of the most stringent constraints on lepton flavor
violation come from searches for flavor-violating decays of
muons and 7 leptons or from searches for muons converting
into electrons when scattering off of atomic nuclei.

Processes involving a muon and electron are particularly
well constrained. The MEG experiment, for instance,
searches for the y — ey decay via a u™ beam incident
on a thin plastic target giving rise to a back-to-back signal
of a positron and a photon [120]. The best limit on the
branching ratio, BR(u — ey) < 1.5x 10713, was just
recently set by the MEG-II experiment [99] and is expected
to improve substantially with more data collection that
continues to 2026 [121]. A complementary suite of experi-
ments search for the decay u™ — eTe~e™ [105,109]. Over
the coming decade, the most significant improvements are
projected for the muon-electron conversion processes,
where a muon rapidly stops and binds with the atomic
nucleus in a target and subsequently converts to an electron
with energy slightly below the muon mass [112]. The
conversion rate (CR) is the flavor-changing capture rate
normalized with respect to the total nucleus capture rate,
which is dominated by the Standard Model process
U N(A,Z) - v,N(A,Z—-1). The Mu2e and COMET
experiments [111,112] are expected to improve upon the
limits set by SINDRUM-II [109,110] on titanium and gold
nuclei by over 4 orders of magnitude using an aluminum
nucleus.

There are also constraints on lepton-flavor-violating
processes involving the z. Because of its larger mass and
shorter lifetime, 7 leptons are more challenging to produce
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TABLE 1.

Summary of current and future constraints on lepton-flavor-violating processes, all at 90% confidence

level (CL). The High-Luminosity LHC (HL-LHC) projections (marked with *) are obtained by scaling the LHC
results to the projected luminosity of 3 ab~!, assuming the searches remain statistics limited. The constraint on §Gp
is determined from electroweak scale data; see text for details. The quoted value of R, combines the Belle II
determination with earlier values in the HFLAV combination [98].

Observable Current limit (Ref.) Projected limit (Ref.)

BR(,u - ey) 1.5 x 10~13 (MEG-II [99]) 6.0 x 10~'* (MEG-II [100])
BR(7 — ey) 3.3 x 1078 (BABAR [101]) 3.0 x 107 (Belle II [102])
BR(7 — uy) 4.2 x 1078 (Belle [103]) 1.0 x 107 (Belle II [102])
BR(u — 3e) 1.0 x 107" (SINDRUM [104]) ~1 x 1071 (Mu3e [105])

BR(z = 3e) 2.7 x 1078 (Belle [106]) 4.6 x 1071° (Belle II [102])

BR(7 — 3u) 1.9 x 10~% (Belle II [107]) 3.5 x 1071% (Belle 11 [102])

BR(z™ = uete™) 1.6 x 1078 (Belle 11 [108]) 3 x 10710 (Belle 11 [102])

BR(z™ = e putu) 2.4 x 1078 (Belle II [108]) 5 x 10710 (Belle II [102])

R(/l - e)y 4.3 x 10712 (SINDRUM-II [109])
CR(u — ) py 7.0 x 10713 (SINDRUM-II [110]) e

CR(u = e)p ~1x 10717 (Mu2e, COMET [111,112])

P(M, —> M,) 8.3 x 10~ (MACS, PSI [113]) ~1 x 10~"3 (MACE, J-PARC [114])

6Gr (u — ew) (1.2 +£17.0) x 1073 e

R, (RM = 0.9726)

R(Z = ue) 1.9 x 1077 (CMS [116])

R(Z - 7e) 5.0 x 107 (ATLAS [117])
BR(Z — ) 6.5 x 107% (ATLAS [117])
BR(h — pe) 4.4 x 107> (CMS [118])
BR(h — te) 2.0 x 1073 (ATLAS [119])
BR(h — ) 1.8 x 10~ (ATLAS [119])

0.9735 £ 0.0026 (Belle II [115])

~4 x 1078 (HL-LHC¥)
~1 x 107° (HL-LHC*)
~1 x 107° (HL-LHC*)
~1 x 1075 (HL-LHC¥)

~5 x 10~* (HL-LHC¥)
~5 x 10~* (HL-LHC¥)

and manipulate at small-scale experiments. However, they
are produced abundantly in collider experiments operating
at the Y threshold: the so-called “B-factory” experiments
such as BABAR, Belle, and Belle II. Most of the strongest
limits on processes such as 7 — uy or 7 — 3e were set
by the previous generation of B-factory experiments.
SuperKEKB is targeting an increase in the total luminosity
available to Belle II by a factor of 40 compared to Belle, so
all of these limits are expected to significantly improve
in the next decade. See Table I for a comprehensive
summary.”

The aforementioned observables are all measured at
energy scales fixed by the masses of the corresponding
leptons. As such, a more apt description of potential new
physics effects is not in terms of the SMEFT, but the LEFT.
As we will discuss more below, using the LEFT allows us to
systematically incorporate higher order perturbative effects
arising from flavor-violating SMEFT operators into the

“These collider experiments can also constrain the semiha-
dronic LFV 7 decays in the form of 7 — [h, [ = e, yu, and h is a
hadronic system [122]. As we are omitting SMEFT operators that
involve quarks from our study, we will not study the bounds from
these decays: for purely leptonic operators, the purely leptonic
decays are always more constraining.

low-energy calculations, from both one- and two-loop
matching of the SMEFT onto LEFT at the weak scale
and from renormalization group evolution of the LEFT
coefficients down to the relevant lepton mass scale.
Systematic studies of LFV signals in the language of
LEFT can be found in Refs. [123-125].

In the notation of Refs. [96,97], the LEFT operators
relevant for flavor-violating muon and 7 decays to leptonic
final states are

O,,.ij = 0" eg iF,,.
OXéLpI;st = (e, prier, e, sYu€L, )
OZeliﬁst = (egprter,) (R sVuCR1)
O(‘f/el}!ist (erprer ) (@rsVuer.)s
OfeR;rst = ( eR,r)(eL,seR,t>7 (2)

where ij and prst are flavor indices. In addition, we must
also consider LEFT operators involving quarks, which are
generated by renormalization group evolution below the
weak scale even if we start with only leptonic operators in
the UV and are relevant for 4 — e conversion in atomic
nuclei,
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OZquLrst = (erpr'er. ) @L.s7uqr.)s

OXquRrst (erpr"er )RV udR1)s

Ocirprst = (217" €L ) (ArsTudrs):

quRgrst (eLper ) (rL.sqR1)s

Oiquerst = (e, eR,r)(QR.sCIL.t)' 3)

Here, g = u or d.
For example, u — ey decay can be written as a function
of the Wilson coefficients of the LEFT operators as

m
P = er) = 22 (ILep(m)P + Lo (m)P). - (4)
In this expression, the L,,;;(m,) are the Wilson coeffi-
cients of the operators O,, ;; evaluated at the muon mass
scale. In general, operator coefficients at the muon mass
scale (or the 7 mass scale depending on the relevant
experiment) can be written as a function of the Wilson
coefficients of the SMEFT operators, defined at the weak
scale, using

1
1672

+ L (m,) + ... (5)

Lo(m,) = LY (M) + L8 (M7)log 1+ L+ Lol m,)

[0]

In this expression, L., indicates the value of the Wilson
coefficient obtained from a tree-level matching of SMEFT
onto LEFT at the scale up = M. The full catalog of such
matching can be found in Ref. [96]. The L indicate the
(one-loop) anomalous dimensions,

BR(l; = 3[;) =

ey, lj eejjjl eejljj
S,RR S.RR
+ ( R PPILSRR 1 4 6
2 ee,]/l] €€]l]]
64G2

Expressions for the mixed final-state decays can be found
in Ref. [90]. These are unique among the low-energy
probes in their importance for testing mixed-flavor four-
fermion operators such as OZgﬁfM,.

For many four-fermion operators that violate lepton
flavor by two units (e.g., Oy, 4z,), there are no kinemat-
ically allowed decays of a 7 or y to charged lepton final
states. For O, and Oy, these operators contribute to decays
such as 7 — uvv, where they compete with the SM leptonic
decay modes. In terms of the LEFT coefficients, we have,

. d
L= 167r2,u@L, (6)

which were computed in Ref. [97] and can be written in
terms of LEFT coefficients obtained from the tree-level

matching at M. For all LEFT operators other than O,, ;;,

we only include the LH and Lg contributions, i.e., the
LEFT operator coefﬁ(:lent at the muon mass scale is
computed to the leading log order.

For Oer,ij only, as indicated in Eq. (5), we include two
further contributions, L'l and L/, coming from a one- and
two-loop matching from SMEFT to LEFT. These are
evaluated directly at ur = m,, without resumming the
potentially large log from M to m, which would require
unknown two- and three-loop anomalous dimensions. The
one-loop matching onto the dipole operators is given in
Refs. [123,126]. For the dipole operators, the two-loop
matching contributions from O,y are also numerically
important: because the dipole transition requires a chirality
flip, the one-loop contributions are suppressed by a factor
of the lepton mass, while the two-loop contributions can
exchange this suppression for a factor of the top mass or a
gauge coupling (and an additional loop factor). We there-
fore include these contributions, adapting from the results
in Refs. [127,128].

For completeness, we also collect here the expressions
for the decays [; — [;y and [; — 31;, which can be written
in terms of LEFT coefficients at the appropriate lepton
mass scale,

4872

s (LeyiP + L5 P). (D)

R(l = 1
BR(; = ljy) = Gom?

and

16710(EM mlz 11 2
G2 l <logm_3_ 4 (l e}']l| +|Leyzj|>

— Re [L* (LYER o V-RE
Fm

ee.jijj ee.jijj

)* +Ley,j1<LVLR 4 2LVLL ):|

V.LL V.RR V.LR V.LR |2
Leejl]] + 16 Lee]l]j +8 Lee]l]}‘ +38 Lee]]]z > (8)
[
for instance,
V.LL V.LR |2

L=l | HLeei JAjij + Lo JAjij 9
SM - 8G2 ( )
li=lw F

For operators involving multiple 7 indices, these can be
constrained, for example, via measurements of the lepton
flavor universality ratio,

015003-5
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BR(7™ = u"o,v,)
7 BR(1™ = e ,v,)

VLR VL V.LR
+ |Leé,3232|2 — 4Ly sl - IL.;3131 2)- (10)

R

_ RS V.LL 2
=RM (1 +4|L ¢ 5353l

The most recent Belle [T result finds R, = 0.9675 + 0.0037
[115], which is slightly lower than the SM value of 0.9726.
The combination with earlier measurements at BABAR and
CLEO yields R, = 0.9735 4 0.0026 [98,129,130], which
i1s in good agreement with the SM. This uncertainty is
already systematics dominated at Belle II, so we do not
make any projections for an improved future value. Note
that this probe would be insensitive to 7—p and 7 —e
flavor-violating operators if they are both the same size.

To constrain similar operators involving p — e flavor
violation, we follow Ref. [131] and interpret the effect in
Eq. (9) for 4 — evv as a shift in the Fermi constant,
Gro = Gp,(1 4 6Gp), with G the value inferred from
the electroweak theory and G, the value inferred from
muon decays. A comparison to the determination using
the weak-mixing angle yields the constraint 6Gp =
(1.2 4 17.0) x 107, From Eq. (9), we find

V.LL VLR
4L ogria | + L5101 |?

16G7 ’

5Gp = (11)

and the constraint on 6G above thus translates directly
into a bound on the LEFT operators.

3

m, ~
wcaplCR(ﬂ - E)N = L*y,21DN + 4m;4(cfp

4 |7e

A separate bound on the p—e flavor-violating operators
comes from contributions to muonium-antimuonium con-
version. Accounting for the magnetic field in the exper-
imental setup at PSI that provides the strongest limit to date,
the oscillation probability for muonium-antimuonium con-
version can be parametrized as [132-136]

7.58 x 1077 GeV~* LVLL Ly [V
G% ee2121 ee2121

—1.68L.5, [ +0.563|LY55,

PMu_’M/A =

LA + OSBLEAE ) (12

Note that this rate is insensitive to the axial-vector
combination, LZE’LL —LXE’RR. The PSI experiment set a
limit on the conversion probability PM”_, i, < 8.3 x 10~
at 90%CL [113]. This will be improved by the MACE
experiment at the J-PARC muon facility, which aims to
achieve a sensitivity Py _jz, < x10~13 [114].

Finally, for muon-to-electron conversion, we follow the
procedure of Refs. [124,137,138]. Recently, the “effective
field theory tower” for muon-to-electron conversion was
extended down to the nonrelativistic effective theory,
allowing for a more general parametrization of the response
of nuclear targets [139]. Here, we will consider only the
coherent conversion process, in which case the transition
rate can be written

~ 2
SwN) 4 CYRVIPN) 4 (p = n))|” + (L < R), (13)

where Dy, §(7/"N) and V(P/"N) are numerical quantities related to the overlap integrals between the lepton wave functions
and the nucleon densities. Reference [137] evaluates these overlap integrals using several different methods appropriate for
various nuclei. We simply take the average of the different results; for aluminum nuclei, the differences are at the percent
level, while for gold the different methods yield results that differ from a few to a few tens of percent,

vA) — 0.0171,
ViAY —0.127. (14)

v(PA) = 0.0160,
y(p-Au) — (.09165,

S(AD) — 00165,
sAY) — 0.0764,

SPA) = 0.0154,
S(r-A) — ,05685,

DAl - 003595,
Dy, = 0.178,

The effective couplings CS%, CVX, etc., are given by weighted sums over the nucleon form factors for the individual quarks,

VR V.LR \x V.RR (q) ~VL V.LR V.LL ()
C(p/n) - Z <<Leq’21qq) +Leq’l2qq>pr/n’ C(p/n) B Z (Leqﬂqq +Leq,12qq>pr/n’

q=u.d,s q=u,d,s

“SL SRR \x SRL N\« \ £(q) SR __ S.RR S.RL (q)

C(p/n) - Zj <(Leq,2qu) + (Leqlqu) )fSp/n’ C(p/n) - Zj (Leq,ﬁqq + Leq,12qq)f5p/n' (15)
g=u,d,s g=u.,d,s

The nucleon form factors are given by

£ =(208+£15)x 1073, f{) = (41.1+£28)x 107, f) = (43+11)x 107,

U — (1894 1.4)x 1073, f = (451+£27)x 1073, £ = 434+ 11)x 1073,
u d K u d s
=2 fh=1 =0 fi=1. Al=2 fi=0 (16)
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Here, the form factors for vector operators are determined
by vector-current conservation. For the scalar operators, we
follow Refs. [124,140] and take the values of the up- and
down-quark factors from the two-flavor chiral perturbation
theory calculation described in Refs. [141,142]. The form
factors for the strange quarks are taken from the average of
lattice calculations, presented in Ref. [143], which is in
agreement with effective field theory calculations in
Refs. [144,145]. Note that we neglect the uncertainties
on these form factors in our calculations, for simplicity.

B. Flavor-violating decays of the Z boson

Additional constraints on lepton flavor violation can be
derived from constraints on the decays of the Z and Higgs
bosons. As flavor-violating decays of the Higgs boson will
also be well tested at a future muon collider, we postpone a
discussion of these constraints until Sec. III and here focus

+

on the decays Z — [;"[;. As these processes involve decays

of particles near the weak scale, a tree-level, leading order
description of the decays directly in terms of the SMEFT
operators evaluated at the weak scale will be satisfactory for
our purposes.

The width for lepton-flavor-violating Z decays is given by

N(Z - I{1;) =

M2 (sgip +1age). ()
6702 9ij Gij 1™ )

where the anomalous Z couplings are related to the SMEFT
coefficients by

1
5955’ = 5 vche,ij‘
(18)
the SM,

! 1 1 3
5915 = ) UZ(C;U).U + CE—I;.:’;’)’

This competes with the total width in
I'zsm = 2.4955 GeV [146].

The best constraints on LFV Z decays are set by the
ATLAS and CMS Collaborations [116,117,147]. These
searches are statistically limited, and we obtain projections
for the HL-LHC limit by scaling the expected results from
Refs. [116,117,147] to 3 ab™!, assuming that the searches
remain statistics limited. These constraints are unlikely to
improve at future muon colliders, as the final states are
relatively distinctive at hadron machines and the production
cross section for on-shell Z bosons is not substantially
larger with high-energy muon collisions. FCC-ee is
expected to improve further from the HL-LHC limit due
to its superior momentum resolution and Z mass resolution,
by 1-3 orders of magnitude depending on potential
improvement on the y — e mistagging rate [148] (cf. [90]).

III. LEPTON-FLAVOR-VIOLATING
HIGGS DECAYS

In this section, we consider flavor-violating decays of the
Higgs boson, both at the LHC and future muon colliders.

Such decays have previously been studied in other colliders
[128,149-151].

In the context of flavor-violating Higgs boson decays, it is
useful to temporarily step back from the effective field
theory approach used in the rest of this paper and work
instead with a general (i.e., not necessarily diagonal)
coupling matrix for the Higgs scalar and the charged leptons,

L: D) —ijhEL,ieR’j + H.c. (19)

In the SMEFT, these Yukawa couplings are of the form

2

m; L
ij — W eH.ij:

ye =2 (20)

The parametrization in Eq. (19) is more general for the
purposes of understanding Higgs boson decays because it
can also be applied to models with additional Higgs doublets
with a more complex flavor structure. In this case, the new
mass scales can be at the electroweak scale, so the EFT
expansion is not a good description, even if the strongest
constraints come from precision measurements of the
125 GeV resonance.
The width of the decays h — [;; is given by’

m
C(h— 1) = 8_”’1 <|Y;j|2 + |Y;,.|2>. (21)

This can be compared directly to the branching ratios
measured by the experiments, using the SM value of the

The ATLAS and CMS Collaborations have searched for
lepton-flavor-violating decays h — ey, er, and ur
[118,119,153,154], summarized in Table I. The strongest
of these constraints is on the ey final state, whose branching
ratio is constrained to be <4.4 x 1073 [118]. All of these
searches are statistically limited, and the high-luminosity
phase of the LHC will improve each of these constraints by
nearly an order of magnitude.6 The projected constraints in
Table I are obtained by simply rescaling the expected limits
from Refs. [118,119], assuming the systematic uncertain-
ties remain subdominant, improving by the same factor as
the statistical component.

The prospects for LFV Higgs boson decays have also
been studied in the context of eTe™ Higgs factories in
Ref. [150]. They were found to be similar to the HL-LHC
projections mentioned above, with O(1) improvements on
the ur and et final states.

°In this manuscript, we always mean the combination of the
modes h — [[; and h — I7[}.

The most recent search for 7 — 7z and h — ze in ATLAS
actually has a modest upward fluctuation, preferring BR(h — re) ~
BR(h — tu) =2 0.1% [119]. These fluctuations are only at the
~2¢ level, but will be decisively tested with the next run of
LHC data.
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FIG. 1.

¢; u vy
W
Z, U;
¢;
W+
Vj 0

Feynman diagrams for the vector-boson fusion (VBF) production of a Higgs boson, decaying to lepton-flavor-violating final

states (left) and for SM backgrounds that produce different flavor final-state leptons (middle and right).

A. LFV Higgs decays at a high-energy muon collider

We now wish to understand how well these flavor-
violating decays can be measured at a high-energy muon
collider. Muon collisions at TeV energies yield large rates
for Higgs production via vector boson fusion in an
environment that is relatively clean from hadronic back-
grounds. This makes muon colliders powerful machines for
Higgs precision studies. For instance, Refs. [35,36] studied
the attainable precision on all the SM Higgs boson
couplings using a Delphes [155] fast simulation of a
hypothetical muon collider detector. These projections
were validated with a more detailed detector simulation,
including beam-induced background, in Ref. [156].

In this section, we will extend these studies to the beyond
the Standard Model decays h — [;l;. As in later sections,
we will focus on the capabilities of a /s = 10 TeV
collider. We generate samples of Higgs boson production
via vector-boson fusion using MadGraph5 [157] and decay
the Higgs boson to the different lepton-flavor-violating
final states using MadSpin [158]. The lepton-flavor-violating
interactions were implemented by including the dimension-
six operators O,y using the SMEFTsim model file [159,160],
with the most general flavor scheme. For the er and p7 final
states, we focus on the hadronic decays of the 7 only, which
are generated by interfacing to Pythiag [161].

To obtain a realistic estimate of the attainable sensitivity
on the LFV Higgs branching ratios, we perform a para-
metrized detector simulation using the muon collider
detector card shipped with Delphes [155]. This is the same
card that was used in the studies in Refs. [35,36], and more
detailed information on its performance can be gleaned
from the analyses therein. Jets were clustered using FastJet
[162] with the k, algorithm [163,164] with R =0.5.
Consistent with Refs. [35,36], a flat z-tagging efficiency
of 80% was assumed for jets originating from hadronic
7 decays with a reconstructed transverse momentum
pr,; > 10 GeV within [7;| <2.5. These parameters are
consistent with a 2% mistag rate for QCD jets and a 0.1%
mistag rate for electron energy depositions, both of which are
small enough that the reducible backgrounds in our study are
insignificant compared to the irreducible ones discussed
below, the only exception being the u~V — putt~ 7~ process
discussed in Sec. IV E.

The irreducible backgrounds to the LFV Higgs boson
decay processes are [vl'v production through intermediate
W bosons and 717~ pair production, with at least one of the
7’s decaying leptonically. The former includes both proc-
esses that produce on-shell W bosons that decay promptly,
as well as nonresonant production of the final-state leptons,
e.g., through diagrams such as that shown in Fig. 1. Both
Ivl'v and 7~ backgrounds can be produced either through
direct up~ annihilation or via vector-boson scattering
processes, where the additional beam remnants are
assumed to be undetected. As these are the only direct
ways of producing different flavor leptons in high-energy
lepton collisions, these background processes will play a
role in the other flavor-violating probes studied in Sec. IV
as well. Additional backgrounds such as #f production,
which are the dominant background at the LHC, are much
easier to remove in the relatively clean hadronic environ-
ment of a muon collider, due to the additional objects in
the event.

For the annihilation and charged VBF production modes,
the background processes can be simulated directly in
MadGraph. For the neutral VBF backgrounds, there is a
singularity associated with the muons scattering in the
forward direction, so we instead employ the effective vector
approximation (EVA) [165,166] in MadGraph [20]. To
validate this approach, we performed additional simula-
tions including the forward muons explicitly: for tz~
production, the forward singularity is integrable, and we
verified explicitly that the bulk of the cross section arises
from the forward limit, with only a tiny fraction of the
events containing muons with appreciable transverse
momentum and finite pseudorapidity, none of which passed
the selection cuts described below. For the [vl'v back-
ground, avoiding the IR divergence in the forward direction
requires explicit cuts on the transverse momentum and
pseudorapidity of the muons. We verified that, as these cuts
were relaxed from || <4 to |y| <8 and pr, > 20 to
pPru >S5 GeV, our estimate of the number of events
passing all the selection criteria was unchanged and was
always several orders of magnitude smaller than the
background estimated with the EVA. Given these results,
we restrict our attention to the EVA estimates of these
backgrounds in what follows.

015003-8



LEPTON FLAVOR VIOLATION: FROM MUON DECAYS TO MUON ...

PHYS. REV. D 113, 015003 (2026)

— 950F 3 3 h—>,ue, C.p=(10 TeV)’Z

_'_c% PV, EYe

S 200f | i

— '

I b i

S 150 | ‘

2] L '

£ 100 i &

2 i &

O 50¢ E}
0 i J . " |
50 100 150 200 250

mye [GeV]

~ 250f h—-pue, Cop=(10 TeV)2

l% | v eve

S 2001 ‘ T

— 1

150k 1

) 3

£ 100} ;

g :

2 :

O 50t !
0-‘““’____;‘-——4
0 100 200 300 400

PT,pe [GGV]

_T00E L W hotu, Cog=(10 TeV)2 (x3)
'n 600F ! LTV
® ! TT
S 500f \
I | |
400F ) '
<) : ‘
w300 IR !
e j
g 1 [
= 200F ' |
Q i |
© j00f :
ol . : .
50 100 150 200 250 300
My, [GeV]
~ o50L h—-pe, Cog=(10 TeV)2
I Hv,eve
Z 200t ! T
— '
I b
3 150
2 E
45 100
2 :
O 90¢ )
OM
0 100 200 300 400
MT2 [GeV]

FIG. 2. Histograms of kinematic observables from toy datasets of the & — [;/; signal and the different backgrounds, after applying
basic preselection cuts demanding the correct number of reconstructed particle objects. Top row: invariant mass of the lepton pair for the
ue and Ty analyses (the plot for the ze analysis is essentially identical to the latter). Bottom row: the p; of the reconstructed Higgs boson
and the M, variable from the e analysis. The 7z background contribution is both small in magnitude and sufficiently diffuse to remain
undetectable in the bottom left and bottom right histograms. The vertical dashed lines denote the cuts on the variable; see the text for

details.

To isolate the Higgs decay signal, we impose several
selection cuts on the events. These cuts are informed by
various kinematic distributions, some of which are shown
in Fig. 2. For the h — ey signal, we require exactly one
reconstructed electron and muon in the central region with
|n| < 2.5, each with p; > 30 GeV. The primary discrimi-
nant is the invariant mass of the eu pair, which we require to
lie in the range 122.5 < m,, < 127 GeV (see Fig. 2, top
left). We additionally require a modest boost of the
reconstructed Higgs boson system, pr,, > 80 GeV (see
Fig. 2, bottom left). To eliminate the significant component
of the background arising from on-shell W*W~ or 7z~
pairs with decays to multiple neutrinos, we also compute
the “stransverse mass” of the system, My, [167,168] using
the library provided by Ref. [169]. For the on-shell W W~
and 777~ components of the background with no additional
missing transverse momentum component, M, is bounded
above by My, or m,, so a cut M, > 80 GeV eliminates a
significant component of the background events (see Fig. 2,
bottom right). The remaining background events have
a significant amount of missing transverse momentum
that is not characteristic of the signal, so we impose a
cut Ey miss < 350 GeV.

The h — re and h — 7y analyses are quite similar, except
that we require one 7-tagged jet with pr; > 30 GeV in the
final state along with the charged lepton. Because of the
lower-energy/momentum resolution for jets, along with
the losses from the invisible part of the hadronic = decays,
keeping a large fraction of the signal requires a much larger,
asymmetric window for the invariant mass of the recon-
structed Higgs boson: we require 80 <m,,m,, <130GeV
(see Fig. 2, top right). The cuts on py j,, My, and Er ;s are
the same as above.

In Table II, we summarize the number of events from the
signal and the relevant backgrounds for each LFV Higgs
decay channel. The signal events assume the relevant
Co;j/N* = 1/(10 TeV)? for illustration, and we assume
a total integrated luminosity of 10 ab~!. The ¢ x BR
column shows the total cross section for each signal or
background process after requiring the correct number of
final-state particles are reconstructed (e.g., exactly one of
each flavor lepton considered with sufficient transverse
momentum and within the central region || < 2.5). Note
that this includes the efficiency for identifying the jets as
hadronic 7 decays. This allows for a more direct compari-
son between the different backgrounds where the cross
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TABLE II.

Summary of the expected number of events passing the selection cuts described in the text for the LFV

Higgs boson decay signal and backgrounds. The reported cross sections account for the preselection requiring the
correct number of leptons or jets in the central region (|| < 2.5) with py > 30 GeV, for a fair comparison across the
different backgrounds. For each channel, we include only one SMEFT operator C, ;;, noting that C, ;; yields an

identical contribution.

Process o x BR (fb) Efficiency Neyents (10 ab™1)
pe Signal, C,py 51 /A% = 1/(10 TeV)? 0.58 0.47 2706
uvev (Annihilation) 14.6 2.8x 107 4.1
(Charged VBF) 3.7 55x%x 1073 200
(Neutral VBF) 8.0 2.0x 1074 16
o (u) ¥ (ewv) (Annihilation) 0.042 0.0 0
(Charged VBF) 0.60 7.5x 1074 4.5
(Neutral VBF) 1.7 0.0 0
Total background 225
ze Signal, C,py 31/A2 = 1/(10 TeV)2 0.25 0.53 1304
Twev (Annihilation) 0.14 5.9 x 1075 0.1
(Charged VBF) 1.2 7.2 x 1072 887
(Neutral VBF) 2.8 1.8x 1073 51
7t (had)zT (ew) (Annihilation) 0.15 0.0 0
(Charged VBF) 2.9 9.4 x 1072 2800
(Neutral VBF) 9.0 5.0x 1075 4.5
Total background 3743
w Signal, C,y32/A = 1/(10 TeV)? 0.29 0.53 1546
TV (Annihilation) 7.8 2.0x 1073 157
(Charged VBF) 1.6 6.8 x 1072 1050
(Neutral VBF) 3.4 1.7x 1073 59
7% (had) 7T (uwv) (Annihilation) 0.16 1.5%x 1073 0
(Charged VBF) 3.3 9.4 x 1072 3141
(Neutral VBF) 10.4 9.6 x 1073 10
Total background 4417

section may be computed inclusively or exclusively but the
forward particles are not observed. The efficiency column
shows the fraction of events passing all other cuts (on the
invariant mass, the Higgs boson pr and the My, of the
event), while the last just shows the expected number of
events assuming 10 ab~! total integrated luminosity.

Given the expected number of background events, we
derive an upper limit on the branching ratio of the Higgs
boson to each final state at 95%CL, using the Gaussian
approximation for the likelihood and neglecting any
systematic uncertainties. The projected branching ratio
constraints are

BR(h — pe) < 9.9 x 1076,
BR(h — te) < 8.4 x 1073,
BR(h — i) < 7.7 x 107, (22)

The projected constraint on 7 — pe is essentially the same
as the one from HL-LHC—this is not unexpected, as the

ep final state does not suffer from significant hadronic
backgrounds, so the large cross section for Higgs produc-
tion in proton collisions can be leveraged for a strong
constraint, and the advantages of muon collisions are less
apparent. For the e and 7y final states, on the other hand,
the muon collider projections represent an order of magni-
tude improvement compared to HL-LHC.

The constraints from LFV Higgs boson decays on the
off-diagonal entries of the Yukawa matrices as in Eq. (19)
are summarized in Fig. 3. Here, the constraints from low-
energy processes such as I; — [y are included by trans-
lating the bounds derived on C, ;; in the last section into
constraints on Y fj using Eq. (20). In each case, we show the
two relevant off-diagonal couplings for 4 — e, 7 — e, and
T — p transitions, respectively. The dashed gray line indi-
cates the theoretical bound |Y,;Y ;| = m;m;/v*, above
which fine-tuning is required to obtain the observed,
hierarchical masses for the SM fermions from electroweak
symmetry breaking. The opposite axes show the SMEFT
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FIG. 3. Summary of the constraints on flavor-violating Higgs Yukawa couplings. We show the constraints for y — e, 7 — e, and 7 — u

flavor violation in the top left, top right, and bottom panels, respectively. Each plot shows the constraints in the plane of the two off-
diagonal couplings; the opposite axes show the constraints interpreted as constraints on the scale of the effective operator O,y. The
shaded region in each panel indicates the region excluded by various low-energy constraints (with projected low-energy constraints
indicated by the corresponding dashed lines), while the solid (dashed) orange line shows the current LHC bounds (HL-LHC
projections). The solid red curve shows the projected muon collider constraint. The dashed gray lines indicate a “fine-tuning” constraint
on the size of the off-diagonal elements, as discussed in the text.

operator interpretation of the constraints as bounds on
A/+/C.p ;- Note that the plots are symmetric around the
main diagonal as C,y ;; and C,y j; have identical contribu-
tions to LFV observable in the figure, see Egs. (20) and (21).

The shaded regions in each plot indicate the present
constraints from low-energy precision experiments, pre-
dominantly u — ey, t — ey, and T — puy, in each situation.
For y — e transitions, it is clear that the parameter space

testable in direct Higgs boson decays at current or future
colliders is already ruled out even by present precision
constraints. For 7 — ¢ and 7 — p transitions, on the other
hand, existing LHC constraints set the most stringent limits,
competitive even with projected future constraints from
Belle II. A high-energy muon collider represents the best
possibility for testing this important aspect of the Higgs
sector.
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Future improvements in sensitivity to LFV Higgs boson
decays may arise from sophisticated kinematic variables
like the collinear mass, which is particularly effective for
z-involving channels (see Ref. [154]). Moreover, deploying
modern tools such as machine learning techniques can yield
major gains in signal discrimination. Combined with the
simple strategy outlined here, these approaches highlight the
extraordinary promise of a future muon collider for explor-
ing BSM physics via LFV Higgs boson decays.

IV. FLAVOR-VIOLATING SCATTERING
PROCESSES AT A MUON COLLIDER

We now turn to additional probes of lepton-flavor-
violating new physics that are accessible only at a high-
energy muon collider. In contrast to the precision Higgs
decay measurements discussed in the previous section, here
we focus on high-energy scattering processes that involve
the lepton-flavor-violating interactions between the muon,
7, and electroweak gauge/Higgs bosons in the Standard
Model. We focus on u — 7 transitions, in particular, because
muon colliders offer unique opportunities to explore these
processes in regimes that are inaccessible to current
precision experiments. As we will see, the capability to
scatter muons at high energy in a relatively clean environ-
ment leads to distinctive signatures that can test the physics
of lepton flavor in new ways. These processes will be
particularly important for characterizing new physics if a
signal is detected at next-generation precision machines,
such as Belle II or MuZ2e.

In the rest of this section, we focus on five different
scattering processes that violate lepton flavor: uV — h,
uW — =W, upu — pt, uV — ez, and u TV — pr77F with
same sign 7 leptons, where V =y, Z. Each of these
processes is sensitive to several combinations of the effective
operators in Eq. (1). On-shell Higgs and Z boson decays
discussed above, they receive contributions from four-point
vertices—either flavor-changing operators with electroweak
gauge/Higgs bosons or flavor-changing four-fermion oper-
ators. These lead to kinematically distinct, high-momentum
processes that take full advantage of the high energies
available at a 10 TeV machine. A subset of these interactions
was studied in Refs. [18,58]. Here, we extend these works
with more detailed investigations covering the suite of LFV
interactions from dimension-six operators involving leptons
or electroweak gauge/Higgs bosons.

In each case, we simulate the signal process, along with
the primary, irreducible backgrounds, in MadGraph with the
same methodology used in Sec. III A. The events are again
passed through Pythia for decays, parton showering, and
hadronization, and then passed through Delphes with the
same muon collider detector card discussed in Sec. III A.

In all cases, we will focus on the hadronic decays of
the final-state z. This choice takes full advantage of the
relatively clean hadronic environment available at a high-
energy lepton collider and keeps the largest fraction of the

events without suffering additional flavor-conserving back-
grounds. However, properly identifying these processes as
violating lepton flavor requires that the resulting jets can be
identified as arising from a 7. This “z-tagging” has been
well studied in the context of the LHC, where 7 jets are
distinguishable from light quark or gluon jets due to the
small number of charged tracks associated with them,
the distinctive jet mass, and their collimated geometry
[170,171]. This is an active area of research in the LHC
experiments, where recent advances in machine learning
promise improvements in the efficiency of tagging 7 jets
and the rejection of QCD-induced backgrounds [172,173].
While the principles are the same at high-energy lepton
colliders, detailed studies are needed that properly examine
the expected capabilities at future muon collider detectors. In
particular, while the relatively clean hadronic environment
reduces contamination, there are challenges associated with
beam-induced backgrounds, and the typical boost for the jets
will be much larger, which makes distinguishing between
the low-multiplicity z decays and QCD radiation inherently
more challenging. In the absence of a detailed study, we will
simply assume an 80% efficiency for tagging z jets, with a
rejection rate for QCD jets of 2% and electrons of 0.1%. For
most of the processes we consider, these mistagging rates are
small enough to ignore any resulting reducible backgrounds,
with the exception of 4TV — u*rF77 in Sec. IVE.

With all these choices, a relatively complete study of
these processes can be performed. As we will see, in each
case, a simple set of cuts is sufficient to reduce the
backgrounds to the O(1-10) events level. More sophisti-
cated analyses involving combinations of observables
could easily reduce these backgrounds even further, but
we will leave these studies to future work when the design
and expected performance of future detectors are better
understood. We also defer a comprehensive treatment of
systematic uncertainties to future work, once the detector
design has matured.

In Table III, we summarize the production cross section
and the event count for all the signals and the most relevant
backgrounds for each process. As before, we assume
/s =10 TeV and 10 ab~! data. For each process, we
report the signal event count with only one SMEFT operator
included. The quoted cross section and total event yield
include contributions from both the process and its con-
jugate. The following subsections detail our analyses for
each of these processes and the kinematic cuts. A summary
of the projected constraints and a comparison to low-energy
signatures is left to Sec. V.

A. puV — th

We first consider the uV — th process. This process
simultaneously tests two distinct sources of LFV: a uzyh
four-point interaction that arises from the dipole operators
O,p and Oy, as well as a yrZh interaction that arises from

Oper O4), and OF).
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TABLE II.  Table summarizing the signal and background efficiencies and expected event rates at a /s = 10 TeV muon collider for
the various processes we have considered. For each process (first column), we show the cross section times branching ratio (¢ x BR),
efficiency and number of expected events (assuming 10 ab™! integrated luminosity) for the signal (with a representative choice of
operators), and the non-negligible background processes. The cross section times branching ratio is reported for the process after the
preselection cuts requiring the correct number of reconstructed particle objects relevant for the process (including tagging efficiencies),
while the efficiency is only the ratio of these events that pass cuts on higher-level variables. Both the process and its complex conjugate
are included in calculating the cross section and the total event count. We elaborate on the cuts used for each process in the upcoming
sections. See text for details.

Process 6 x BR (fb) Efficiency Nevents (10 ab™1)

Signal, Cy,,./A* = 1/(10 TeV)? 1.4 %1072 0.53 75.2
Signal, Cjj) /A% = 1/(10 TeV)? 1.4 x 1072 0.54 74.8
Signal, C§j) ,./A® = 1/(10 TeV)? 14 x 1072 0.54 74.8

Signal, C,p,,/A? = 1/(10 TeV)? 0.79 0.57 4.50 x 10

WV > h Signal, C,y,;/A* = 1/(10 TeV)? 0.21 0.54 1.13 x 10
uvh(bb) 1.1 x1072 1.2 x 1072 1.4
uvbb 6.4 x 1072 3.0x 1073 1.8
Total background 34
Signal, Cy,,./A* = 1/(10 TeV)? 6.6 x 1072 0.32 216
Signal, Cyj) /A% = 1/(10 TeV)? 6.6 x 1072 0.233 155
Signal, Cy;),./A> = 1/(10 TeV)? 6.6 x 1072 0.231 154
Signal, C,p,,,/A? = 1/(10 TeV)? 8.9 x 1073 0.016 1.4

Signal, C,yy ,../A* = 1/(10 TeV)? 0.6 0.213 1.29 x 10

W — W

pr =T w,jj (Annihilation) 42 %1072 2.5 % 1073 0.98
(Annihilation) 6.4 x 107! 1.7 x 107 0.24
T (Charged VBF) 22.6 2.9 x 107 0.64
Total background 1.87

Signal, C,p e/ N> = 1/(10 TeV)? 4.1 x 10? 0.19 8.00 x 10°

Signal, Cy; ./ A* = 1/(10 TeV)? 4.1 x 10? 0.21 8.76 x 10°

Signal, Cj, e/ A* = 1/(10 TeV)? 1.0 x 10? 0.23 238 x 10°

Hi = HT Signal, Cjg e/ A* = 1/(10 TeV)? 1.0 x 102 0.25 2.57 x 10°
U, T 8.1 6.2 x 1073 5.0
Signal, Cyp rre/A* = 1/(10 TeV)? 8.9 x 1072 0.73 650
Signal, Cj; /A2 = 1/(10 TeV)? 9.0 x 1072 0.69 624
uv — 111 Signal, Cy, e/ A* = 1/(10 TeV)? 1.1 x 1072 0.71 78.2
Signal, C, /A% = 1/(10 TeV)? 1.1 x 1072 0.72 80.8
Signal, Cy e/ A? = 1/(10 TeV)? 4.6x 1072 0.90 414
Signal, Cjjrue/A> = 1/(10 TeV)? 47 %1072 0.86 399
Signal, Cy, e/ A* = 1/(10 TeV)? 1.2 x 1072 0.83 95.8
- e 47 (annihilation; central x and 27) 2.7 x 1074 0.66 1.8
PtV o ptrte v, pv,rrT (central y and 27) 7.2 % 1073 0.04 3.2
uWy, 1t 1.3x 1072 0.03 39
uv,TvLjj (jet mistag) 1.8 x 1072 0.05 8.3
Total background 17.2
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FIG. 4. Top row: Example diagrams contributing to the y*u~ — p*tTh scattering process at a high-energy muon collider, arising
from insertions of dimension-six lepton-flavor-violating operators. The first diagram includes the 4V — zh subprocess of interest, with
the additional muon traveling in the forward direction. The other diagrams contribute at the same order and are included in our
simulations for consistency. Bottom row: example diagrams for processes that serve as irreducible backgrounds to the yy — uzh signal.

In both cases, our primary interest is in the uV — zh
subprocess contained in Fig. 4 (top left), in which the Higgs
boson and 7 are scattered with high momentum. The
additional muon in the final state, which radiates the y or
Z is deflected at a small angle and is thus generally not
visible in the detector. As a result, this process can, in
principle, be treated with the effective vector approximation.
In practice, however, we simulate the full 2 — 3 process
utu~ — prrTh, keeping the initial- and final-state muon
legs explicit to capture contributions from diagrams such as
the top right-hand panel of Fig. 4. These are subdominant in
the region we are most interested in, but are included in our
simulation for consistency.

For the final-state Higgs boson, we focus on the dominant
branching fraction & — bb, again taking advantage of the
relatively clean hadronic environment. As we will be
primarily interested in the boosted regime to separate
the signal from irreducible backgrounds, the two b jets
are nearly collinear. We thus consider jets clustered with a
larger radius parameter R = 1.0, still with the k; algorithm,
so that all the (hadronized) Higgs decay products are
consistently clustered in a single jet object. Such jet objects
containing B hadrons are distinct from ordinary QCD jets
due to the displaced secondary vertices and semileptonic
decay products, and sophisticated algorithms have been
developed by the ATLAS and CMS experiments to tag these
“b jets” [174-178]. We assume that similar performance is
attainable at a future high-energy muon collider and adopt a
flat, 80% efficiency for tagging these “double-b jets,” with
mistagging rates small enough that any reducible back-
grounds can be neglected.

Our signal is thus a single hadronic 7 and a & — bb
resonance. The additional muon in the signal process is

generally in the forward direction, so rather than selecting
for it, we veto events with a central (py > 30 GeV and
|n| < 2.5) muon. This helps mitigate other potential irre-
ducible backgrounds with leptonically decaying W bosons
or 7 leptons.

The remaining, significant, irreducible backgrounds come
from the production of zvbb final states, where the 7 and v
arise from an intermediate W leg, and the bb can come from
either a resonant Higgs boson (e.g., in associated Wh
production) or from continuum QED processes.7 Both of
these backgrounds are produced via vector-boson fusion, as
illustrated in the example diagrams in the bottom row of Fig. 4.

As with the [vl'v backgrounds for the Higgs decays
studied in Sec. IIT A, there are cases where the full back-
ground process including the final-state muons/neutrinos
suffers from a collinear divergence at fixed order. To
simulate them, we thus again employ the effective vector
approximation. To ensure that we are not artificially
excluding events where a small amount of transverse
momentum for the radiated vector bosons would change
the kinematics enough to avoid our selection cuts, we also
simulate the full process with a small, explicit cut on the
transverse momentum and pseudorapidity of the final-state
muon to avoid the collinear singularity. We find consistent
results as these cuts are varied, and the selection criteria
discussed below suppress this contribution to <0.1 events,
so we will focus only on the EVA-induced component in
the remainder.

In contrast to the signal, which involves a high-energy
scattering process from one of the colliding muons, the

"We use the word “continuum,” despite the fact that many of
the events arise from resonant Z — bb production.
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Histograms of the pr and mass of reconstructed Higgs boson from a fat jet system with two b tags for both the signal (red) and

dominant zv,h (orange) and 7v,bb (green) backgrounds with each process independently normalized. The vertical dashed lines denote

the cuts on the variable; see the text for details.

backgrounds are produced entirely from the scattering of
radiated vector bosons, and the resulting final states are
produced at correspondingly lower energy. This is illus-
trated in Fig. 5 (left), where we show a histogram of the
transverse momentum of the reconstructed 4 — bb jet,
with each process independently normalized. Requiring
Pr.jwp) > 1.5 TeV eliminates a substantial fraction of the
VBF-induced backgrounds. Aside from this, we require
that the jet mass of the double-b-tagged fat jet be near the
Higgs boson mass, 100 < M jpp) < 140 GeV, which, as
illustrated in Fig. 5 (right), significantly reduces the
continuum 7vbb background. Finally, we require E; >
60 GeV on the missing transverse energy (MET), which
helps eliminate potential collinear backgrounds, while the
signal process generally has appreciable missing energy
arising from the neutrino in the hadronic = decay.

|

10 TeV
A

So,, 4500 events x C2, <
for Oy =04, 0%), Oye,

where we have suppressed the flavor indices ij = ur on the
Wilson coefficients above for clarity. For more general
scenarios where multiple Wilson coefficients are turned on,
one must take into account the interference between the two
dipole operators, O, and Oy, and between the two left-

handed current operators, (921) and OSZ) The rest of the
operators do not mutually interfere.

It is clear from Eq. (23) that the dipole operators O,p,
O,w yield larger signal rates at a given scale; however,
these compete with the significantly stronger precision
constraints, as we will discuss further in Sec. V.

B. uyW — W

We next consider the uW — =W process. It is sensitive
to the same set of operators as uV — th, but tests different

4
) . So,, = 1130 events x C§W<

After these selection cuts, the mean number of total
expected background events based on our simulations is 3.4
events, coming in roughly equal parts from the zvh and
continuum zvbb components. See Table III for a break-
down of signal and background counts. The signal proc-
esses, on the other hand, pass the pr jpp), Mjpp), and
Fr cuts with a ~53% efficiency. This efficiency is essentially
unchanged irrespective of whether the signal arises from a
dipole interaction or from a zuZh vertex. A detailed break-
down of the efficiencies for the signal process and each
background is given in the first section of Table III.

Assuming only one operator contributes at a time, we
can compute the yield for the signal process, taking
C;/A*> = 1/(10 TeV)? as a benchmark. Including both a
process and its conjugate, we find the resulting event yields
S¢ for operator O and for 10 ab~! data is given by

10 TeV
A

4 10 TeV\ 4
> , SOX:7Seventst§< ¢ >

A
(23)

I

linear combinations of them and—as we will see—
provides stronger constraints on Oy, and O,y As before,
we do not use the effective vector boson approximation
for simulating the signal and focus on diagrams like those
in Fig. 4, but with the Higgs or neutral vector boson
replaced with a W boson, together with the necessary
SU(2), rotations on the final-state leptons for the SM
vertices.

We again focus on fully hadronic final states. For the
signal process, the hadronic decay products of the W boson
are highly collimated and are therefore clustered into a
single jet. The event selection is thus similar to the A7 final
state discussed above, consisting of a 7 jet and a second fat
jet. In this analysis, we do need to tag the W jet, since there
are no reducible backgrounds with a single fat jet that does
not originate from a W.
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There are two sources of significant backgrounds. One is
from zv_jj with the two jets bundled into a single fat jet;
this background dominantly arises from two intermediate
W bosons, with one decaying to zv and one decaying
hadronically. Another background is 7z production, with
both 7 leptons decaying hadronically but with only one
correctly tagged as 7 jet. Note that in both the signal and the
tv, jj background processes we expect the fat jet to carry all
of the intermediate W energy, while the z-tagged jet only
carries around half of the 7 energy (with the other half
carried by the undetected neutrino). Thus, for these
processes we typically expect the z-tagged jet to be the
softer of the two final-state jets.

As already noted, the signal arises from hard scattering of
an incoming muon and a radiated gauge boson, whereas the
background originates from the scattering of two radiated
vector bosons, which carry only a fraction of the muon
beam energy. This difference informs the cuts that can be
used to subtract the background. Specifically, we impose
lower bounds on the transverse momenta of the leading
and subleading final-state jets, requiring p7 ;; > 1500 and
pr.j2 > 500 GeV. For the same reason, we expect the
signal to be more forward than the background. Thus,
we impose a cut on the pseudorapidity of the missing
momentum vector, p, | ]/| > 2.

The distinct topologies of signal and background make
the angular separation between the missing momentum and
the softer jet, i.e.,

AR = \/(’7;2 - ’7/)2 +(hjp— f/),/)z,

a powerful discriminator. In VBF backgrounds, forward
leptons escaping down the beam pipe carry large energies
whose momenta mostly cancel; the remaining missing
momentum is then dominated by the neutrino from the
7 decay and tends to be aligned with the z-tagged (softer) jet,
yielding a small AR.. In contrast, the signal is initiated by
an incoming muon and a gauge boson, so a substantial
fraction of the missing momentum is carried along the beam
pipe and dominates the net missing momentum. The visible
system recoils against this, leading to a large separation
between the softer jet and the missing momentum vector.
Therefore, imposing a lower bound on AR, enhances the
signal over the background.

(24)

The combined selection cuts described above substan-
tially suppress the zvjj background. To demonstrate their
effectiveness, Fig. 6 shows representative histograms, with
the chosen cut values indicated for each kinematic variable.
This figure illustrates that the 7z background can further be
suppressed by a cut on My, [167]. Unlike the signal, for
backgrounds with 7z production, M7, is bounded above by
the 7 mass, so imposing Mz, > 50 GeV efficiently
removes these events. Finally, and similar to the previous
section, we require a lower bound on the missing transverse
energy Er > 50 GeV.

Putting all these cuts together, we can calculate the final
signal event counts for different SMEFT operators,

10 TeV\*
So,, = 1.4 events x CgB< © )

A 9
10 TeV) 4

So,, = 1290 events x C§W<

A
10 TeV\ 4

)
)

(3)2 <10 TeV

Sy =155 events x c;}}z<

SOS; =~ 154 events x Cp;

So,, =216 events x C%,e< (25)

The proposed cuts also reduce each backgrounds to O(1)
events, see Table III.

C.uu — pt

Our next process is pu — pz. This signal arises from a
single vertex with an LFV four-fermion operator insertion
(see the left panel of Fig. 7). As a result, the cross section
experiences a relative growth with the center-of-mass
energy /s, making it a particularly attractive target for
high-energy colliders. The operators that contribute include
four different four-fermion operator helicity structures:
Cr, i, O, 7 see Eq. (1) for their definitions.
All of these have fairly large cross sections, as displayed in
Table III. As before, we will focus on the hadronic 7 decay,
so that the final state in the detector will be a 7 jet and a
single visible muon.
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FIG. 7. Example diagrams for four-fermion signals pu — pt (left), uV — rzz (center), and =V — utz~r~ (right).
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FIG. 8.

Normalized histograms of the distributions of the muon p; (left), the muon energy (middle), and the M4, of the system (right) for

the yp — pr signal (red) and the pzv,v, background (green). The vertical dashed lines denote the cuts on the variable; see the text for details.

The primary background for this signal is pp — uv,7v,.
This gets several contributions including the decay of on-
shell 7 pairs where one decays to a muon and of on-shell W
pairs where one decays to a 7 and the other decays to a
muon. Each of these on-shell decays contributes roughly
~2% of the total background, though they are a larger
fraction of the higher pr events. With only basic selection
cuts (muon and 7py > 100 GeV and |n| < 2.5), this back-
ground appears large, with 4.0 x 10* events expected at a
benchmark luminosity of 10 ab~!.

To suppress this background, we impose more stringent
cuts on the minimum muon transverse momentum and
energy, requiring py > 4300 and E > 4900 GeV, respec-
tively, along with an upper bound of M7, < 15 GeV. These
cuts are illustrated in Fig. 8. The muon py requirement
effectively separates signal from background, as relatively
forward muons are far more common in background

|

A
10 TeV\ 4
A 9

10 TeV\ 4
So,, ~=8.00 x 10° events x Cee"* <7e> ,

So, = 8.76 x 10° events x C’ﬁ””’(

One might also be concerned about similar final states
arising from charged or neutral VBF processes. However,
these backgrounds feature muons with transverse momenta
and energies that are significantly lower than those in the
signal and are therefore efficiently removed by our selec-
tion cuts. For completeness, we also checked potential
reducible backgrounds for this operator. In particular, we
examined backgrounds such as pp — uv,jj to account for
the possibility that jets could be mistagged as 7 leptons at a

processes than in the signal. The additional cut on muon
energy provides further discrimination, since in the signal
the muon typically shares energy with fewer final-state
particles and is therefore somewhat more energetic. The
My, variable also aids in distinguishing signal from
background, as it is sensitive to missing energy and thereby
to the number of neutrinos in the event. Although M4, was
not originally designed for this purpose, it serves
adequately for our study; further optimization, e.g., poten-
tially involving alternative missing-energy observables or
machine-learning-based methods, could provide even
stronger separation.

After these selection cuts, only 5.0 expected background
events remain, but signal passes with between 19% and
25% efficiency (see Table III). Assuming we only consider
one operator at a time, this gives signal yields of

A
10 TeV\ 4
A .

10 TeV\ 4
S 222.38 x 10° events x C/¥** (76) ,

Sopmn =2 2.57 x 107 events x C‘,’Z””( (26)

[
rate of 0.02 and confirmed they are likewise eliminated by
our selection criteria.

D. uV - 71t
Next we consider ¢V — rzz. An example contribution
for this process is shown in the center of Fig. 7. The four-
fermion operators that contribute are Ce¢ ", C;;*", CJ*", and
CJ)*, and we again restrict to hadronic 7 decays.
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All of the backgrounds for this signal are negligible with
arelatively loose cut of 500 GeV on the transverse momenta
of the hardest two jets and of 50 GeV on the missing
transverse energy. The irreducible background for this
signal is W*Z/y — b,z77 "7, Since it is computationally
intractable to run this with a forward muon and neutrino, we
studied this background using the effective vector approxi-
mation. Additionally, we imposed generator level cuts of
50 GeV on the pr of the softest 7 jet and on the pr of v, as
well as a cut of 450 GeV on the hardest two 7 jets for
sufficient sampling. The combination of these cuts is
sufficient to reduce the background to a total of <1 events,
making it effectively negligible. These cuts work because
the signal process includes one of the hard partons, while
the background is at py because it comes from the
interaction of two gauge bosons. In addition to this
irreducible background, there are also backgrounds from
four 7’s (produced either through annihilation or neutral or
charged VBF) where only three are reconstructed and from
a jjrz final state (again produced via annihilation or VBF)
where the light jets are mistagged as a single z. In both
cases, a pr of 500 on the hardest two jets is also sufficient to
eliminate these balckgrounds.8

Given the negligible backgrounds for this process, we
only impose the loose cuts previously mentioned. This
corresponds to signal yields of

10 TeV\ 4
So,, =650 events x CZ’"( ¢ ) ,

A
10 TeV> 4

A

10 TeV\ 4
A 9’

10 TeV\4
Srs = 81 events x C”’”( ¢ ) :

S = 78 events x C’;Z”(

So, = 624 events x C;;’”(

le A (27)

E. u¥V - ptr¥F¥

Finally, we consider 4TV — u*tT¢F. This process is
similar to the one studied in the last section except for the
existence of a muon instead of one of the final 7’s (see the
right panel of Fig. 7). It is LFV only if the two final-state 7’s
have the same charge and arises from the four-fermion
operators Ceg'", C;**, and C)J** with AL, = —AL, = £2.
Again we require both 7’s decay hadronically and tag the
sign of the muon to make sure that we end up with two 7’s
of the same sign.

For our predictions, we will assume we do not have
additional information about the sign of the = from the 7 jet.

A lower bound on the invariant mass of the 7 pair is also
imposed at generator level to avoid IR divergences. Conserva-
tively, this cut is also included in the signal, which only modifies
the cross section by a few percent.

This is a conservative assumption since it leads us to
consider additional background with z’s that have opposite
signs. Since these backgrounds are already small, 7 charge
tagging is not expected to notably change the scales to
which this process is sensitive, but could slightly reduce the
number of background events. Either the observable jet
charge [179,180] or machine learning techniques that
capture the same information [181,182] could be utilized
for this purpose.

There are several different possible irreducible back-
grounds. Two possibilities come from different kinematic
regions of W'V — v z777. One is a beam muon moving
out of the forward and into the central region while
simultaneously detecting only two 7 jets, and the other
comes from one of the 7’s decaying to a muon and the
others being tagged hadronically. A p; cut of 500 GeV on
the leading 7 jet, as well as cuts of 50 GeV on the p7 of the
other 7 jet, the muon, and the MET leaves the first of these
to contribute 3.2 events at a benchmark of 10 ab~! of data.
The second is completely eliminated by the same p; cut on
the leading 7 jet.” Another irreducible background is
utu~ = utu ttrT, where only one muon goes down
the beam pipe, but this is negligible due to kinematics.
The final irreducible background we study is utp~ —
u Wy, 7777; again the same set of py cuts leaves
3.9 events for this background.

We also study three reducible backgrounds. One is the
case where four 7’s are produced, one decays to a muon,
and the others decay hadronically but only two jets are
reconstructed. A second is where two light jets are
produced in addition to two 7’s (one of which decays
hadronically and the other to a muon), and a total of two
jets are reconstructed and 7 tagged. Both can be produced
either in a ™ u~ hard process or by charged or neutral VBF.
The four 7 annihilation case contributes 1.8 events after the
same selection cuts; the same cuts leave a negligible
number of events for the rest of these backgrounds. The
third reducible background is p*u~ — ,u*ziﬂr‘y, jj where
the muon is visible and the two jets are mistagged as a
single 7. After the same set of cuts, assuming a mistag rate
of 0.02 for light jets mistagged as 7’s, this contributes
8.3 expected events at 10 ab™!.

Adding these same cuts to the signal gives yields of

10 TeV\ 4
So,, ~414 events x C’,’fZ’”( A ) ,

10 TeV\*4
)
10 TeV\*
)

Sopme =2 96 events x ot T<

So, =399 events x C’;f’”( (28)

*This background specifically is run with the EVA. p7 cuts of
50 on each of the 7’s and the 7z neutrino are also required at
generator level for MadGraph to effectively sample this background.

015003-18



LEPTON FLAVOR VIOLATION: FROM MUON DECAYS TO MUON ...

PHYS. REV. D 113, 015003 (2026)

V. SUMMARY OF LOW- AND HIGH-ENERGY
PROBES

With all of the constraints in hand, we can compare the
various limits on the effective operators from Eq. (1). As we
have seen in some examples already, the constraints
vary widely depending on the flavor-violating transition
involved: the indirect constraints on y — e transitions are
quite stringent, while for 7 —y and 7 — e transitions,
different probes are sensitive to roughly similar scales,
depending on the operator.

We begin in Sec. VA by comparing all existing and
projected constraints in the case where only a single operator
is turned on at a time. For many operators, we find that the
proposed muon collider searches from Sec. IV can probe
scales beyond the reach of both current and even future small-
scale experiments. In line with the previous section, we focus
on 7 — yu transitions in a high-energy muon collider. While
this setup allows for a clear comparison of the sensitivities
of different experimental probes, it is not a fully realistic
scenario since any UV completion is expected to generate
multiple operators simultaneously. In Sec. V B, we therefore
extend the analysis to the case where more than one SMEFT

operator can be nonzero at a time. Here the importance of
complementarity between probes becomes evident: for many
operator combinations, the muon collider and small-scale
experiments cover different regions of parameter space.
Finally, in Sec. V C we com pare constraints across different
generations, exploring various assumptions about the flavor
structure of the operator coefficients.

A. Comparison of one-dimensional constraints

For each of the LFV operators in Eq. (1), and for each set of
generation indices, we compute all the relevant low- and
high-energy constraints as described in Secs. II-IV. The
results for each operator (excluding O,y, considered in
Sec. III) and for each generation are shown in Figs. 9-11.
The top, middle, and bottom rows in each figure show the
bounds on y — e, T — e, and 7 — y transitions, respectively.
The muon collider constraints appear as dashed lines only in
the bottom row, as we considered exclusively 7 — p flavor-
violating effects. The constraints on C 1(;1) and CSZ) are seen to
be essentially identical, as they both result from the modified

Z — I; — I; coupling which is proportional to (Cg,) - CS)).
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FIG. 9. Constraints on lepton-flavor-violating dipole and Higgs-current effective operators from various low-energy experiments and
from a high-energy muon collider. We show the constraints on ¢ — e, 7 — e, and 7 — y in the top, middle, and bottom rows, respectively.
The dark shaded regions indicate the current low-energy constraints, while the lighter shaded regions with a dashed border indicate the
future projections tabulated in Table I. For the 7 — u transitions, we compare to the various muon collider probes discussed in Sec. IV,
assuming a /s = 10 TeV muon collider with 10 ab™! integrated luminosity.
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At leading order, collider constraints are insensitive to
changing the order of flavor indices, e.g., the cross section
and resulting sensitivity for processes involving Cy, ,, are
identical to those for Cy, ., at a muon collider. In contrast,
many low-energy constraints do depend on this choice,
since it determines which lepton mass flips the chirality in
the loop diagrams that match onto the low-energy effective
operators. For operators containing the Higgs doublet, the
two possible orders of lepton-flavor-violating indices are
shown in Figs. 9 and 10. While the muon collider reach
remains unchanged between these two figures, the sensi-
tivity of some low-energy probes is significantly reduced
once the indices are flipped. In particular, for the flavor
combinations shown in Fig. 10, low-energy probes become
far less constraining, leaving the muon collider as the
clearly dominant probe for these operators.

The four-fermion operators involving a muon-antimuon
that can annihilate are easily the most constrained of all
operators from collider searches, see Fig. 11. This is
anticipated, as the contact operator leads to a relative
enhancement with the center-of-mass energy /s of the
collision. These searches thus benefit the most from the
high energy available in y*u~ collisions at /s = 10 TeV,
probing scales up to A ~ 160 —225 TeV, depending on the

chirality structure of the operator. This vastly exceeds the
sensitivity available even to future = — 3u decay searches,
which test only the 40-50 TeV range.

All in all, we find that, for many operators, the proposed
processes at a muon collider (Sec. IV) can probe scales well
beyond the reach of even future low-energy experiments.
This disparity is especially striking in the case of four-
fermion operators, as illustrated in Fig. 11. For certain
operators and flavor structures, such as O,, ;z;, N0 low-
energy probes exist at all, making the muon collider the
only available avenue to constrain these operators.
Additionally, there are other operators for which a muon
collider would be able to confirm and characterize a signal
if one is seen in a future low-energy probe.

More generally, it also appears that the low-energy
constraints on y — e transitions are orders of magnitude
more stringent than those on 7 — e and 7 — u, with the latter
two having quite comparable low-energy constraints. Of
course, this assumes Wilson coefficients all of order unity,
which is unlikely in realistic UV completions (given the
rich flavor structure already present in the Standard Model).
In reality, which processes are the most interesting for
constraining new physics depend on the expected size of
the Wilson coefficients, which is dictated by the underlying
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FIG. 10. The same as Fig. 9, but for the opposite combination of flavor indices, for which some of the low-energy precision constraints

are weaker due to factors of the lepton mass.
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model of flavor. This motivates our discussion of how these
constraints compare for various different flavor Ansdtze
in Sec. VC.

B. Constraints on multiple (same-flavor) operators

We expect multiple SMEFT operators to be generated
below the scale of any realistic model of new physics in the
UV. A unique capability of a high-energy muon collider,
however, beyond the overall sensitivity demonstrated in the
previous section, is that it allows for numerous independent
probes of these operators. As we will now see, the
combination of channels discussed in Sec. [V—along with
the low-energy probes—would allow for a nearly complete
characterization of the operators responsible for any signal
observed at planned future experiments.

To illustrate this, we consider two-dimensional param-
eter planes spanned by pairs of SMEFT operators from
Eq. (1) with flavor indices i, j = y, 7, and plot the 95% CL
constraints from all relevant low- and high-energy probes.
An example is shown in Fig. 12, which displays the reach
of both current and future low-energy experiments along-
side different processes at a high-energy muon collider on
the plane of Oy, ,, and Oy ., This figure highlights not
only the ability of collider processes such as pu — uz to
access scales beyond the reach of low-energy probes, but

CYlL,,urrr

T T T T
nT-3u nTopy w Ry,
uCe@10 TeV, 10ab!
----- U= pt e g Vorrr weee gt VouFrr

Cle, HTTT Cle,-rr;n' Cee, UTUT Cll JUTUT C’le, ATUT

Similar to Fig. 9, but for the considered four-fermion operators.

also their strong complementarity with rare decays such
as 7 — 3y, together covering a wide region of parameter
space. Moreover, if a signal were to appear in future
7 — 3u searches and be attributable to these operators, a
combination of uW — zW and up — pzr processes at a
muon collider would provide a guaranteed path to both
discover and characterize the underlying physics.10

The same exercise can be repeated for many different
pairs of SMEFT operators. In Fig. 13 (Fig. 14) we show the
reach of a high-energy muon collider on the planes of several
representative pairs of operators involving leptons and
electroweak bosons (four-fermion operators). Depending
on the operators, different collider processes and low-energy
probes dominate the sensitivity, underscoring the impor-
tance of a broad experimental program to capture different
signatures. With the exception of the dipole operators
(which, as discussed above, cannot be tested at high energies
with the same sensitivity as 7 — uy) and the degeneracy

between Cgl) and CS,), the muon collider probes provide
coverage of essentially all interesting directions in parameter

'9A recent study found that a degree of discrimination between
different operators is possible using differential distributions with
only low-energy data, but several degenerate explanations would
remain [183].
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FIG. 12. Constraints on 7 — y flavor-violating operators Cy, and
Cy;, expressed as bounds on the scale. We show the muon collider
constraints in red and orange, along with the low-energy constraints
from 7 — py, © — 3u, and Z — 7u in blue, green, and purple,
respectively (with projected low-energy constraints indicated by the
corresponding dashed lines). The shaded region indicates the
parameter space excluded by the best current constraint.

space. The dips in sensitivity seen in some planes are the
result of destructive interference between operators, which
produces “flat directions” in the parameter space of certain
observables.

As for the one-dimensional constraints considered in the
previous section, the high-energy probes (even when
considered with multiple operators at once) are unchanged
by the interchange of flavor indices,'' while the low-energy
constraints change by factors of the lepton masses. In all the
figures in this section, we are showing the flavor-index
combination for which the low-energy constraints are most
stringent.

C. Complementary probes of lepton flavor Ansdtze

We have seen that, depending on the effective operators
responsible for flavor violation, the scattering processes at a
high-energy muon collider are particularly powerful at
testing flavor-violating 7 — y transitions and in some
parameter space can even test beyond the reach of future
measurements expected from Belle II. In contrast, the
potential for high-energy muon colliders (or any more

"This is strictly only the case when such an interchange is
between two indices corresponding to fields with the same
chirality. For Oy, ,,, by contrast, an interchange of the indices
g and s exchanges the SU(2), doublet field with the singlet,
which does have a mild impact on tree-level observables.

general high-energy collider experiment) for probing u — e
flavor transitions is much weaker than the extraordinary
constraints attainable with precision muon decay or con-
version experiments.

Nevertheless, it is a priori still unclear which set of
constraints are the most important for constraining physics
beyond the Standard Model: given that the charged lepton
masses display enormous hierarchies, with m, 2 3000 x m,,
there is no reason to expect flavor-violating transitions to be
of the same magnitude. Indeed, the SM quark sector exhibits
flavor-changing transitions that vary by several orders of
magnitude, and this hierarchical structure could extend to the
lepton sector as well.

In the absence of an underlying model of flavor (which
would dictate the pattern of flavor in both the SM and BSM
interactions), we can only make different Ansdtze for the
relative size of the flavor-violating transitions and try to test
them empirically. The most naive Ansatz is “flavor
anarchy,” which supposes that all the Wilson coefficients
from new physics are O(1), independent of the flavor
indices. In this case, y — e transitions are the most powerful
probe, given the incredible precision of the low-energy
experiments. If there is hierarchical structure in the flavor
transitions that mimics the hierarchies in the charged lepton
masses, however, 7 —y transitions may be more con-
straining than y — e transitions.

Another conservative Ansatz is “minimal lepton flavor
violation” (MLFV) [184]. This imitates the philosophy of
minimal flavor violation in the quark sector, where all BSM
flavor transitions are related to the parameters of the mixing
matrix in the Standard Model [in this case, the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix]. We work with
the minimal field content scenario where there is no right-
handed neutrino, and the flavor group of the lepton sector is
SU(3); x SU(3),. The flavor spurions are the charged
lepton Yukawa 4., which transforms as 4, - V4, VI, and
the coefficient of the Weinberg operator g,, which trans-

forms as g, = Vig, Vz. Since all the precision observables
in our study have external charged lepton states, we work
with the flavor basis where 4, is diagonal, leading to

. 2.2 2
Ao o diag(mg, my, mz),

g, « Urdiag(m? ,mZ,, m,)U", (29)

where U is the PMNS mixing matrix. From the trans-
formation properties of the spurions, it is immediately clear
that, in MLFV, LFV operator coefficients are suppressed by
more powers of A, when there are more right-handed
leptonic fields in the operator. In particular, operators with
LL lepton structure are suppressed by A = gZ g,» LR (RL)
by A4} (4,A) and RR by 4,AA}. The strong hierarchical
structure in the numerical value of A, means the flavor
structure of the LFV operator coefficients in MLFV varies
greatly between different operators. For LL operators
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FIG. 14. Similar to Fig. 13, but for different combinations of the four-fermion operators. The muon collider outperforms the

low-energy probes for all the combinations of operators shown.

(such as Cg;, CSZ)), ey and pr coefficients have a mild
flavor hierarchy of about an order of magnitude, while for
RR operators (such as Cy,, C,,), the flavor hierarchy can
be nearly 5 orders of magnitude.

To illustrate how different flavor Ansdtze could signifi-
cantly change the comparison between different flavor
transitions, we show the constraints on the scale associated
with the operator C;; with flavor indices euee and pzup in
Fig. 15. The precision measurements of 4 — 3e and 7 — 3pu
decays constrain A/\/Cy epee and A/\/Cyy > TESPEC-
tively, and a high-energy muon collider directly probes
A/+\/Cliyeyu- These constraints are experimentally inde-
pendent and therefore appear as vertical or horizontal lines
on the plane. In dashed black lines, we show several flavor
Ansdtze including those discussed earlier: C;; =1 (flavor
anarchy), C;; « /mm;, C;; & mym;, MLFV with normal
ordering in the neutrino masses (NO), and MLFV with

inverted ordering (I0). NO and IO differ in the measured
PMNS matrix elements and neutrino masses that go into g, .
All experimental values are taken from [185]. The flavor
Ansdtze relate the dimensionless numbers Cy .. and
Ciiyzuu» and they allow a comparison of the constraining
power of these experiments on the underlying scale of new
physics, A. For example, with flavor anarchy, we see that a
10 TeV muon collider has the same constraining power on
A as the current bound on y — 3e, while for all other
flavorful Ansditze, a 10 TeV muon collider constrains A
better than the projected bound from ¢ — 3e (intersections
of the muon collider line with the Ansatz lines are further to
the right than the projected 4 — 3e line). In Figs. 16 and 17,
we consider all other operators studied in this paper, and for
each operator we compare the constraints on the ij = eu
and ij = pr flavor indices. The different constraints are
shown in the same manner as in Sec. V B, but for clarity, we
omit some of the subleading constraints on each operator.
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FIG. 15. Constraints on the left-handed four-fermion operator
C,; with flavor indices epee and prup. Muon collider constraint is
shown in red, while precision measurements constraints from
7 — 3u and y — 3e decay are shown in solid green (projected in
dashed green). Different flavor Ansdtze are shown as dashed
black lines. For anarchy (Cy;j; 1), the projected u — 3e
constraint on the scale of new physics is stronger than a
10 TeV muon collider, while for all other flavorful Ansdtze a
10 TeV muon collider would constrain higher scales.

As illustrated in Figs. 16 and 17, the comparative strength
of a high-energy muon collider varies greatly between
different operators and flavor Ansdtze, but, in general, it is
the most powerful constraint for four-fermion operators,
where there exist examples where a muon collider would be
more constraining than precision experiments even in the
flavor anarchy scenario (see, e.g., the bottom right panel
of Fig. 17).

While the exact comparison is different for each oper-
ator, generally, the 7 — u probes at a high-energy muon
collider are markedly the most important when C;; o m;m;,
while the constraints from muon colliders and future
low-energy u — e transition probes are competitive if
Cij o« \/mym;. In the flavor anarchy scenario, the u —e
transitions are always the most important. The MLFV
scenario exhibits all three possibilities depending on the
chirality structure of the operators considered. This rein-
forces the preliminary results of Ref. [18], which consid-
ered only a single four-fermion operator and less detailed
simulations of the signal and backgrounds. While more
sophisticated Ansdtze or models of flavor might predict
different patterns, it is clear that the powerful constraints on
T — p transitions can test a broad swath of interesting
flavorful models of new physics.

VI. CONCLUSIONS

In this work, we compared the sensitivity of a future
muon collider versus precision experiments in probing the
scale of lepton flavor violation within the SMEFT frame-
work. Since lepton flavor is already broken in the Standard
Model, generic extensions of it are naturally expected to
induce additional LFV effects, and it is important to
quantify the discovery potential of such observables at
future colliders.

Our analysis focused on the nine dimension-six oper-
ators involving only leptons, electroweak gauge bosons,
and the Higgs doublet [see Eq. (1)]. Each of these operators
can contribute to flavor violation between different gen-
erations and is sensitive to different constraints. In par-
ticular, while 4 — e LFV is already stringently constrained
by low-energy precision experiments, the dominant sensi-
tivity to flavor-violating transitions involving the 7 arises
from colliders. For this reason, our study concentrated on
collider probes of 7 —e and 7 —p LFV, where a muon
collider offers unique opportunities.

We first calculated the contribution of these SMEFT
operators to various low-energy lepton flavor violation
observables. In doing so, we systematically matched the
SMEFT operators onto the LEFT ones and incorporated the
running effects for an accurate prediction. This systematic
approach enables a clear comparison of the sensitivity of
various low-energy observables to different SMEFT oper-
ators and LFV transitions, as shown in Figs. 9-11. In
particular, we find that, while certain observables can probe
very large scales of new physics in some LFV processes,
the bounds from low-energy observables are considerably
weaker for 7 —e and 7 —pu LFV transitions. These can
instead be probed in a high-energy muon collider.

To assess the sensitivity of a future muon collider for
7 —u LFV operators, we simulated a variety of LFV
processes, along with their SM backgrounds. We used
Delphes fast simulation and performed simple cut-and-count
analyses involving kinematic variables, such as the
transverse momentum of reconstructed objects, angular
separations between visible objects and the missing four-
momentum, and the My, (or stransverse mass) of the
systems. Our main results are presented in Figs. 9-14,
which illustrate the projected reach of different processes in
probing the characteristic scales of new physics associated
with each operator. For clarity, we provide below a brief
summary of the processes and the operators to which they
are sensitive:

(i) h — 7l: LFV Higgs decays provide a clean probe of
the O,y operator, which can introduce oft-diagonal
Yukawa couplings for the Higgs boson. As shown in
Fig. 3, h — 7/ at a muon collider can improve
existing bounds on the LFV Yukawa coupling of
the Higgs boson to 7 — ¢ and 7 — u by roughly an
order of magnitude compared to the LHC.
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(i) uV — th (V = Z, y): This process is sensitive to the

operators Oz, Oy, (’)21) OSI) and Oy, and can

probe scales up to A ~ O(10-100) TeV at a 10 TeV
muon collider.

(iii) uW — zW: This process is also sensitive to the

@iv)

)

operators O,z, Oy, (’)Sl), (’)Sl) and Op,, but to
different linear combinations and thus provides
complementary information. It also probes scales
of O(10-100) TeV at a 10 TeV muon collider,
depending on the operator.

puu — pt: This process is sensitive to four-fermion
operators with a single u — 7 transition. Since here
the final-state objects carry the full center-of-mass
energy of the collision, this process leads to the
strongest direct bounds, with the sensitivity of a
10 TeV collider reaching ~200 TeV.

uV — zrr: This process is sensitive to four-fermion
operators involving a single muon and multiple 7’s.
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m;m;, and for Cy; it would surpass low-

At /s =10 TeV, the sensitivity reaches the
~20-35 TeV scale.

uTV — 77T This process is uniquely sensitive
to AL = 2 four-fermion operators, with two sepa-
rate p — 7 transitions. The sensitivity is at the
20-30 TeV level.

With the exception of the dipole operators C,p and C.y,

these
from

sensitivities generically outperform the sensitivity
existing low-energy direct probes in 7 decays. This

sensitivity would allow for a robust follow-up to any
potential discovery with the improved sensitivity at Belle
II. Additionally, for many operators involving the r,
particularly four-fermion operators and combinations that
are mass suppressed at low energy, a muon collider would
outperform even future limits from planned experiments.

To

facilitate comparisons with the tests of y — e flavor

violation, we compared the reach of different searches
under various flavor Ansdtze for the Wilson coefficients.
The scales quoted above correspond to an anarchic Ansatz,
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with all C;; =1. Beyond this, we considered several
motivated alternatives: the assumption that C;; o  /m;m;,
Cjj oxm;m;, and the Ansatz of minimal lepton flavor
violation where the flavor structure of C;; depends greatly
on the chirality structure of the operator. For operators
involving the leptons and Higgs/electroweak bosons, a
muon collider is competitive with low-energy probes under
the Cl-j IS \/nT,nT, Ansatz in most cases, while for four-
fermion operators, a muon collider outperforms all pro-
jected constraints from low-energy experiments under the
Cij o \/mym; Ansatz and even the C;; = 1 Ansatz in the
case of the C;; operator.

There are a number of clear directions for future study.
First, a crucial ingredient in obtaining a reliable estimate of
the muon collider reach for rare processes such as LFV is a
detailed understanding and accurate modeling of detector
performance. While this is the subject of ongoing exper-
imental efforts, dedicated studies of jet properties and their
modeling are particularly well motivated. This includes
both understanding the capabilities of detectors for study-
ing jet substructure and for systematic evaluations of
tagging efficiencies. Our searches would benefit, in par-
ticular, from improved understanding of the capabilities
in distinguishing boosted & — bb jets, jets from hadronic
7 decays, and hadronic jets originating from W bosons or
lighter QCD objects. Understanding the capability for
tagging the charge of 7 jets also has the potential to
improve some of our studies.

Additionally, it is worthwhile to explore detector design
strategies that could enhance the sensitivity of a high-
energy muon collider to the LFV signals studied in this
work. For example, several of the processes we consider
(uV = th, uV — 777 and uTV — u*rr) involve collinear
radiation of a neutral electroweak boson off one of the
muon beams, with the radiating muon traveling down the
beam pipe. It has recently been proposed [37,186] that a
dedicated forward muon detector could significantly improve
the tagging efficiency for such events, even with relatively
light instrumentation. Given that any LFV signal would
constitute an unambiguous indication of new physics beyond
the Standard Model, it is highly motivated to assess the
impact of such a forward detector on the sensitivity to LFV
processes, as well as to investigate other potential detector
augmentations that could further strengthen LFV searches.

While the SMEFT provides a useful framework for
interpreting experimental bounds, we stress that it should
ultimately be regarded as an intermediate step toward a long-
term goal of constraining or discovering an explicit UV
model. In particular, since the bounds on the EFT cutoff are
not parametrically beyond the center-of-mass energy of the
collider, it is important to critically assess the applicability of
the SMEFT in this intermediate regime. This is especially
true in the context of models where the flavor-violating
operators may be suppressed by small parameters. It would
be interesting to reassess the reach of the processes consid-
ered above in the context of explicit models.

Finally, we demonstrated that the assessment of the
constraints on flavor-violating operators depends strongly
on the choice of flavor Ansatz. To go beyond MLFV, we
introduced several ad hoc Ansdtze for the relative size of
different flavor-violating operators based on the charged
lepton masses. It would be useful, however, to put these
assumptions on firmer ground. One interesting direction
would be to consider the predictions of different explicit
models that explain the SM flavor hierarchies (see, for
example, Refs. [187-190]). A more systematic investiga-
tion of motivated textures for BSM flavor violation would
provide a more robust picture of the discovery potential of
future colliders.

In summary, the combination of high center-of-mass
energy and initial states dominated by second-generation
leptons or electroweak gauge bosons makes a muon
collider uniquely suited to probe LFV effects that are
difficult to access at other high-energy colliders or even
at the most sensitive small-scale experiments. As exper-
imental efforts advance toward establishing the feasibility
of such a machine, it becomes increasingly important to
catalog additional signals and motivated BSM scenarios for
which a high-energy muon collider offers truly distinctive
discovery potential.

With experimental efforts toward a future muon collider
gaining momentum, it is timely to explore the potential of
such a machine to uncover new physics signals, including
lepton flavor violation. Beyond their intrinsic theoretical
interest, these LFV signatures can provide valuable bench-
marks to guide detector optimization and help shape the
physics case for the collider from the outset. More broadly,
studies such as ours illustrate how targeted analyses can
steer the development of future searches for physics beyond
the Standard Model, ensuring that the discovery potential
of next-generation colliders is fully realized.
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