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ABSTRACT

This reports summarizes the activities of the Charged Lepton Flavor Violation
(CLFV) group of the 2022 Community Summer Study. CLFV reactions provide
unique information on the scale and dynamics of flavor generation, and more
generally a wide range of New Physics scenarios, complementing direct searches
performed at collider and neutrino physics experiments. These processes already
probe mass scales up to thousands of TeV, and an observation would be an
unambiguous signature of physics beyond the Standard Model. We review the
current status and future experimental opportunities in muon, tau and heavy
state transitions, with a focus on US-led initiatives.
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1 Executive summary

The broad physics potential of charged lepton flavor violating (CFLV) reactions, and the
discovery opportunities at related experiments, have been much emphasized during the
Snowmass process. CLFV processes open a unique window on many New Physics (NP)
scenarios, complementing searches performed at collider, dark matter, and neutrino physics
experiments. Existing studies provides crucial information on the scale and dynamics of
flavor generation, probing mass scales at the level of 103 − 104 TeV. A CLFV observation
would be unambiguous evidence of new particles beyond the Standard Model.

Impressive sensitivity gains are expected in the near future, with up to four orders
of magnitude improvements in the rate of µ−N → e−N conversion and µ+ → e+e−e+

decay searches, and up to two orders of magnitude in τ CLFV decays. The expected ratio
among the (relative) rates for these processes depends on the NP amplitude-generating
flavor violating effects, and comparisons offer powerful model discrimination. In the case of
muons, the relative strength among the decay and conversion processes is driven by a few
parameters governing the contribution of dipole-type and four-fermion operators. As an
example, the reach and complementarity of current and proposed experiments derived in
Effective Field Theory is illustrated in Figure 1. Existing measurements already place strong
constraints on the NP mass scale probed by these operators, and the planned improvements
will significantly extend our knowledge in the coming decade. On the other hand, tau
CLFV searches can be conducted over many final states, which is promising for identifying
the nature of the underlying NP. Decays of heavy states (Z,h,...) and mesons would give
another handle on the structure of physics beyond the SM.

A global experimental program of CLFV searches is underway in the US, Europe and
Asia. Among the most sensitive probes are experiments using high intensity muon beams to
search for CLFV transitions: µ+ → e+γ and µ+ → e+e−e+ decays with MEG-II and Mu3e
at PSI, and the coherent neutrinoless conversion of a muon into an electron, µ−N → e−N ,
with Mu2e at FNAL and COMET at J-PARC. Upgrades to the beamlines at PSI, Fermilab,
and J-PARC offer the possibility to further extend the discovery potential. In particular, a
staged program of next-generation experiments and facilities has been proposed at FNAL
to exploit the full potential of the PIP-II accelerator. Mu2e-II is a near-term evolution of
the Mu2e experiment, with an order of magnitude or more improvement in sensitivity to the
conversion rate. By leveraging existing infrastructures, Mu2e-II plans to starts construction
before the end of the decade. The Advanced Muon Facility is a more ambitious proposal
for a new high-intensity muon complex in the next decade. This facility would provide
the world’s most intense positive and negative muon beams, enabling a suite of experiments
with unprecedented sensitivity to probe mass scales in the range 104−105 TeV, as well as the
possibility to identify the type of operators contributing to New Physics. The development
of this complex has also synergies with R&D for the muon collider and a beam dump
dark matter program at FNAL. In tau decays, Belle-II at SuperKEKB promises great
improvement in sensitivity over many channels, and the addition of polarized electron beams
could provide additional gains. Complementing these efforts, the HL-LHC and the next-
generation of high-energy colliders will continue to explore heavy state decays, while Belle-II
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and LHCb will play a leading role in searching for CLFV in meson decays.

CLFV searches confront the lepton sector in unique way, and may provide the next
clues to understanding physics beyond the Standard Model. The next generation of CLFV
experiments and facilities are an essential component of a global effort to search for NP.
In particular, a staged program comprising a near term upgrade of the Mu2e experiment,
followed by a new high-intensity muon complex at FNAL in the next decade, would offer
unique possibilities to study CLFV reactions with unprecedented sensitivities. Strong and
continued support of the US community towards R&D and the realization of this program
is critical to fully understand many aspects of physics beyond the Standard Model.

2 Introduction

The observation of neutrino oscillations provided evidence that charged lepton must ex-
perience lepton-flavor-violating contact interactions [1]. If neutrino masses arise similarly
to those of other fermions (via Yukawa interactions with the SM Higgs), CLFV rates are
suppressed in the SM to unobservably small levels [2, 3, 4, 5, 6, 7]. For example, the µ→ eγ
decays branching fraction is of the order of 10−54, well below the sensitivity of any practical
experiment. However, neutrino masses could be generated via a different mechanism (see
e.g. [1, 8, 9, 10]), giving rise to potentially large CLFV effects. More generally, many scenar-
ios of physics beyond the Standard Model (SM) introduce new sources of CLFV [11], leading
to rates that may be accessible at the next generation of experiments. An observation would
be an unambiguous sign of NP. It might also shed light on the neutrino mass mechanism,
and even the matter excess of the Universe, should it arise from leptogenesis [12, 13, 14].

Where to look for CLFV? This question has frequently been addressed by theorists;
there are motivated arguments in favor of various channels, and a variety of predictions
from models [15] — some models even predict both the mass scale and flavor pattern of
the New Physics [16, 17]. The new particles are often assumed to be heavy, leaving contact
interactions among SM particles as low-energy footprints as discussed in the next Section.
But the new particles could also be light, for which dedicated searches are planned [18,
19, 20]. In the absence of strong guidance, the upcoming experimental program will search
under all lampposts:

• Muon transitions have already produced some of the best constraints on CLFV pro-
cesses; the next generation of experiments will further improve these bounds. In
particular, µ→ e experiments aim to probe branching ratios four orders of magnitude
beyond the current limits [19], reaching an impressive sensitivity to NP scale beyond
104−105 TeV. The conversion rate (on nuclei) as a function of the target material can
also provide information about the NP structure. The discrimination power depends
on the specific targets, although a combination of low-Z and high-Z materials usually
offer good complementarity.

• The τ → l sector is promising for identifying the underlying NP, due to the comparable
sensitivity to a multitude of observables. Flavor changing rates involving the third
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generation are larger in many CLFV scenarios and in the quark sector of the SM.
A variety of next-generation experiments will improve the sensitivity by one to two
orders of magnitude and probe scales ΛNP >∼ 10 TeV [21].

• Processes changing lepton flavor or lepton number by two units are particularly in-
teresting since they are linked to Majorana neutrino masses through the Black Box
theorem [22]. Examples of ∆L = 2 processes include muonium-antimuonium oscilla-
tions [23, 24] and a few meson decays such as K+ → π−µ+e+ [25].

• Collider experiments directly probe CLFV interactions of heavy particles, that only
contribute indirectly to low-energy processes. These reactions provide complementary
constraints, which are comparable to those obtained at lower energies [26].

• Meson decays provide an additional window on CLFV interactions, with a unique
sensitivity to NP models that connect lepton and quark flavor change (as arises for
example in leptoquark models favored by current B anomalies [27]). This topic briefly
summarized in this report, a more comprehensively discussion can be found in the
”Weak decays of b and c quarks” and ”Weak decays of strange and light quarks”
Topical Group reports [28, 29].

• Next generation experiments searching for CLFV lepton decays could investigate light
NP with CLFV couplings in decays [30, 31, 32], such as µ → eX or µ → eγX, and
probe flavor-diagonal feeble couplings in µ→ eννX reactions [18].

• Finally, some NP models (strongly) correlate LFV and lepton flavor conserving ob-
servables, such as electric dipole moments and anomalous magnetic moments. These
observables are discussed in the ”Fundamental Physics in Small Experiments” Topical
Group report [33].

This report will discuss theoretical aspects of CLFV reactions, and review current exper-
imental efforts and future initiatives in muon, tau, meson, and heavy particle transitions.
Some emphasis is given on the muon sector as there are tantalizing suggestions from B
decays [34] and the anomalous magnetic moment of the muon [35, 36] that NP might be
almost within reach.

3 Theory

3.1 Effective Field Theory

New particles responsible for CLFV are often taken to be heavy, allowing the resulting lower
energy predictions to be parameterized using Effective Field Theory (EFT), as summarized
in this section. A wide selection of models are described in [15]. In the case of light CLFV
new particles, specific models [32] and searches [18, 19, 20] are required.

Effective Field Theory is a convenient theoretical framework in which to assess the
impact of CLFV searches across various energy scales. For instance, the CLFV muon
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decays µ+ → e+e−e+ and µ+ → e+γ, and (Spin Independent) µ−N → e−N conversion can
be parameterized by the following Lagrangian at the experimental scale ∼ mµ

Lµe = −4GF√
2

∑
X=L,R

[
mµCD,X eσ

αβPXµFαβ + CS,XX ePXµ ePXe (1)

+
∑

Y ∈L,R
CV,XY eγ

αPXµ eγαPY e +
∑
N=p,n

(
CNS,X ePXµNN + CNV,X eγ

αPXµNγαN
)

where PL,R are chiral projection operators, and Spin Dependent conversion [37, 38, 39] is
neglected because it occurs at a relatively suppressed rate. The Ca are dimensionless Wilson
coefficients, which can be calculated in terms of model parameters when the underlying
model is known. As long as the scale of NP is much greater than the GeV scale, the
above Lagrangian provides a model-independent description of CLFV interactions involving
muons, electrons, and nucleons, at leading order in χPT. A similar Lagrangian, but with
more operators, could describe τ decays.

The reach and complementarity of past and upcoming µ→ e experiments is illustrated
in Fig. 1 (taken from [40]). The curves are obtained by translating the coefficients of
Eq. (1) to the NP scale via Renormalisation Group Equations (RGEs), and parameterizing
them in spherical coordinates (so 2

√
2CD = |eD| cos(θD)/Λ2, where |eD| ∼ 1 encodes RGE

effects). The variable κD = cotan(θD) − π/2∗ describes the relative contribution of the
dipole and selected four-fermion operators, with logarithmic measure: for |κD| � 1 the
dipole operator dominates, while the four-fermion operators dominate for |κD| � 1. The
variable θV denotes the angle between four-fermion operators on leptons or quarks, and φ
distinguishes coefficients that can be probed by µ− e conversion on Al vs. Au.

When µ → eee is observed, the dipole and four-lepton operators can be distinguished
in the final state angular distributions with polarized muons [42]. In Spin-Independent
µ→ e conversion, all operators add coherently at the amplitude level, weighted by nucleus-
dependent overlap integrals [43, 44]. As a result, changing the nuclear target probes a
different combination of operators [43, 45]. If the overlap integrals for each nucleus are
represented as a vector in the space of operator coefficients, then the complementarity of
different nuclei can be represented as the misalignment angle between different vectors [20,
45]. As pointed out long ago, light and heavy targets provide good complementarity, so
an ideal second target after Al would be heavy — say Au or Pb. Within the Mu2e-II [20]
and COMET experiments, this is not possible due to the short muon lifetime in heavier
elements [46]. Focusing on targets with Z < 25, Fig. 2 shows that Li-7 and Ti-50 have
larger complementarity with respect to Al [44]. This could ultimately help to distinguish
CLFV operators involving protons from those involving neutrons.

EFT not only gives a generic parameterization of NP effects, as illustrated in Eqn (1),
it also elegantly separates known SM dynamics from the unknown NP (in the operator co-
efficients). This means that the nucleon operators can be matched onto operators involving
quarks (see e.g. [40] for references), and SM loop corrections can be included through the

∗The constant −π/2 is added to be consistent with the definition of the variable κ in [41].
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Figure 1: Reach in NP scale, Λ, of past and upcoming µ→ e searches. The solid region is
currently excluded. The parameter κD is related to the relative contribution of the dipole
and the four-fermion contact operators. For |κD| � 1 the dipole operator dominates, while
the four-fermion operators dominate for |κD| � 1. The remaining parameters are fixed to
typical values (see [40] for details).

RGEs for the operator coefficients. The QED and QCD loops below the weak scale are
relevant for the µ→ e sector [47, 48], because they ensure that almost all the µ→ e oper-
ators with four or fewer legs will contribute to µ→ eγ, µ→ eee and/or µ→ e conversion,
suppressed at most by a factor >∼ 10−3.

Beyond the weak scale v = 1/(
√

2GF)1/2 ' 246 GeV, heavy New Particles (that are
weakly coupled†) can be described by the Standard Model EFT (SMEFT) [51, 52, 53, 54,
55, 56, 57], where their effects are encoded in operators of dimension greater than four built
out of SM fields that are suppressed by inverse powers of the “New Physics” scale ΛNP

Leff = LSM +
∑

n, D≥5

C
(D)
n

ΛD−4
NP

O(D)
n . (2)

The Wilson Coefficients C
(D)
n encode additional model information (couplings, ratios of

masses, etc). If the underlying model is known, the Wilson coefficients can be calculated in
terms of the model parameters, so the effective Lagrangian describes the low-energy limit of
any weakly-coupled extension of the SM containing only heavy New Particles. The leading
CLFV operators appear at dimension D = 6 and are therefore suppressed by 1/Λ2

NP .

The EFT framework is applicable to processes in which the center-of-mass energy is well
below the expected scale of NP. This means that lepton and meson decays can be analyzed

†An alternative Higgs EFT (HEFT)[49, 50], can be appropriate when there are contributions to elec-
troweak symmetry breaking beyond the SM Higgs.
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Figure 2: Misalignment angle with Al, taken from [44]. The misalignment angle increases
with the number of neutrons in isotopes.

in this framework, as can intermediate-energy colliders such as the EIC with center-of-mass
energy

√
s < v ∼ 200 GeV. Moreover, given the null results so far for NP searches at the

LHC, the SMEFT also can be applied, with some caveats, to the analysis of LHC processes,
as performed in [26].

CLFV processes involving τ leptons were studied in an EFT framework in [21] (see also
[48, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72]); in addition, (µ→ τ)× (τ → e)
interactions can contribute to µ→ e processes [73]. The constraints on Wilson coefficients
resulting from the non-observation of CLFV at Belle-II are illustrated in Figure 3, taken
from [21]; the “marginalized” limits are constraints in the presence of all the coefficients,
and are comparable to the “individual” bounds that apply to one operator at a time. This
illustrates the ability of τ decays to distinguish among coefficients and thereby among
models.

3.2 Models

The above EFT approach is model agnostic and can capture the effects of any heavy new
physics model. However, the large number of baryon-number-conserving CLFV SMEFT
operators – 888 at mass dimension six [74] – can cause dismay. The study of simple well-
motivated models provides a complementary approach: if the number of new fields and
parameters is small, CLFV rates can be predicted. Neutrino-mass models are of particular
interest since they necessarily violate lepton flavor.

In the celebrated type-I seesaw mechanism [75, 76, 77, 78], heavy right-handed neu-
trinos with diagonal mass matrix MR generate a Majorana neutrino mass matrix Mν '
−1

2v
2 yDM

−1
R yTD as well as d = 6 CLFV operators (yDM

−2
R y†D)αβLαHi/∂H

†Lβ [79] that in-
duce `α → `βγ and more. Despite the close connection, even full knowledge of Mν does

not fix the relevant CLFV matrix yDM
−2
R y†D [80, 81, 82], i.e. there are no definite CLFV

predictions; on the flip side, CLFV processes can be sizable here [83, 84, 85] and any obser-
vation would provide crucial complementary information about the seesaw mechanism [82].
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Figure 3: Allowed values for C/(GFΛ2) based on the expected Belle-II limits, comparing the
individual and marginalized analyses for hadronic tau decays, given at the 99% confidence
level.

The desired flavor structure that enhances CLFV while keeping Mν small can naturally be
obtained in extensions such as the inverse seesaw mechanism [86, 87, 88, 89, 90].

Other neutrino-mass models have more predictive power. For example, in the type-II
seesaw mechanism [91, 92, 93, 94, 95], an SU(2)L-triplet scalar obtains a vacuum expectation
value that generates a Majorana neutrino mass matrix Mν . The charged triplet components
induce CLFV processes with flavor structure directly connected to Mν and the oscillation
angles and neutrino masses residing inside [96, 97, 98, 99]. While the overall CLFV rates
depend on the unknown triplet masses, ratios of CLFV channels only depend on neutrino
parameters and can be predicted. For example, the rate for `α → `βγ is proportional to

|(MνM
†
ν )βα|2, which is completely specified by neutrino-oscillation data and predicts [99]

BR(τ → µγ) ' 23 BR(τ → eγ) ' 3.5 BR(µ→ eγ) . (3)

The rates for `α → `β`η`σ depend on the individual Mν entries and hence Majorana CP
phases and the absolute neutrino mass scale, neither of which are known yet [100]; in this
model, observations of several CLFV modes could therefore provide information about these
difficult-to-measure neutrino parameters, in addition to the triplet masses. CLFV in the τ
sector comes with larger branching ratios than in the µ sector, which is however more than
compensated by the superior experimental reach for µ CLFV.

Models that generate neutrino masses at loop rather than tree level naturally require
lower new-physics scales and thus enhanced CLFV [101]. However, even with the flavor
structure fixed or linked to charged-fermion mixing, the overall CLFV rates cannot be
predicted without knowledge of the new physics scale or masses. This could be achieved
in models that explain current anomalies such as (g − 2)µ [102, 35], lepton-flavor non-
universality in B decays [103, 104], or CDF’s MW mass measurement [105], all of which
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can be resolved with new physics around the electroweak scale that generically yields large
CLFV. The CLFV constraints are often so stringent that it appears more natural to suppress
or even eliminate CLFV altogether via symmetries/flavor-alignment [106, 107, 108, 109, 110,
111], Minimal Flavor Violation [112, 113, 114, 115] being a well-known example. Should
any of the current anomalies survive and prove the existence of TeV-scale physics beyond
the SM, it is generically expected to lead to CLFV as well. More detailed discussions of
CLFV models and their connection to other issues can be found in [116, 117, 41, 118, 15].

Models involving heavy particles effectively reduce the number of SMEFT operators
to something manageable or even predictive. Models involving light particles cannot be
described by the SMEFT at all and thus require dedicated analyses [30] or extensions of
the SMEFT by additional light particles [119, 120]. For example, the majoron J [121, 122]
as the Goldstone boson of lepton number often appears in neutrino-mass models and leads
to the CLFV processes `α → `βJ [123, 124]. Pseudoscalars [125, 32] such as axions and
familons can similarly induce such CLFV, as can Z ′ gauge bosons [126, 127]. Depending on
the lifetime and decay channels of the light particle, even displaced-vertex signatures such
as `α → `βJ → `βe

+e− [128, 129] are possible and require dedicated searches.

4 Muon experimental overview

The muon has consistently provided powerful constraints on CLFV reactions (see e.g. [15,
130]). Muons have a relatively long lifetime and a limited number of decay channels,
resulting in much simpler final states than those of the heavier tau lepton. In addition,
intense muon beams are available at several facilities, providing the high statistics needed to
study processes with extremely small rates. Three main transitions have been investigated
so far: µ+ → e+γ, µ+ → e+e−e+ and µ−N → e−N conversion in the Coulomb field of a
nucleus, in addition to muonium-antimuonium oscillations. Rare muon decay experiments
typically exploits the kinematical constraints of a decay at rest from intense positive muon
beams stopped in a target. These studies are only possible with positive muons, since
negative muons would be captured by the target nuclei, distorting the decay kinematics.
The most recent experiments exploit surface muon beams (pµ = 29.8 MeV) produced by the
decay of pions at rest on the surface of a production target. By contrast, muon conversion
experiments stop negative muons in matter, wherein muons are captured in atomic orbits
before undergoing the conversion process. The reach and complementarity of the three
transitions is illustrated in Fig. 1. Current measurements probe NP mass scales at the
level of 103 − 104 TeV over a large fraction of parameter space, and future experiments will
increase the sensitivity by an order of magnitude.

This section first reviews the current landscape of muon CLFV experiments and their
expected performance. A staged program of future next-generation experiments and facil-
ities is then discussed. Mu2e-II is proposed as a near-term, low cost follow-on to Mu2e,
extending the investigation of muon to electron physics by an order of magnitude or more in
sensitivity. By leveraging existing investments in Mu2e and PIP-II, Mu2e-II plans to starts
its construction phase before the end of the decade. On a longer term, the Advanced Muon
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Facility is a more ambitious proposal for a new high-intensity muon complex at FNAL. This
facility would provide the world’s most intense positive and negative muon beams, enabling
a whole suite of experiments and synergies with a light dark matter search program.

4.1 Muon Flavor Violation Experiments in this Decade

4.1.1 Muon decay experiments

The search for µ+ → e+γ is based on the reconstruction of a positron and a photon emitted
back-to-back from the stopping target, each with an energy of 52.8 MeV. The background
rejection can independently exploit information on the positron and photon. At very high
muon stopping rates, accidental backgrounds from pile-up largely dominate over the intrinsic
µ+ → e+νeνµγ background. Since accidental backgrounds are proportional to the square of
the beam intensity, the experimental sensitivity plateaus once a threshold muon stopping
rate is crossed.

The best limit on µ+ → e+γ has been set by the MEG experiment at PSI, BR(µ+ →
e+γ) < 4.2×10−13 at 90% confidence level [131]. The positron kinematics are reconstructed
with a drift chamber in a graded solenoidal magnetic field. The photon energy, time and
production point are determined with a LXe detector instrumented with PMTs. The MEG
experiment has recently been upgraded with a new drift chamber, silicon photomultipliers
at the entrance of the LXE detector, and a more granular positron timing detector [132].
The upgraded experiment aims for a final sensitivity of ∼ 6 × 10−14 after three years of
data taking [133]. On-going studies show that that incremental improvements in photon
calorimetry and positron tracking could push the limit below 10−14 [134], but fully exploiting
beam rates of 1010 µ/s or more and breaking the 10−15 barrier will require a conceptually
new experimental approach.

The µ+ → e+e−e+ decay is reconstructed by combining three tracks originating from
the same position. The dominant background arise from µ+ → e+e+e−νµνe decays since the
accidental background (coincidence of one or more standard Michel decays with a positron
produced from Bhabha scattering or radiative decay) is strongly suppressed up to very high
muon beam intensities. All backgrounds can be controlled using vertexing and kinematic
requirements, and the accidental contribution can be further reduced by coincident timing
requirements.

The current limit has been set by the SINDRUM experiment at PSI, BR(µ+ → e+e+e−) <
1.0× 10−12 at 90% CL [135]. The Mu3e experiment at PSI [136] plans to improve the sen-
sitivity by several orders of magnitude. The experimental apparatus contains four layers of
High-Voltage Monolithic Active Pixel Sensors (HV-MAPS) surrounding a muon stopping
target, scintillating fibres and scintillating tiles for a precise timing of the charged tracks.
A Phase-I experiment is planned on the same beam line as the MEG experiment to reach a
sensitivity of ∼ 10−15. A Phase-II detector with additional tracking and timing capabilities
would take full advantage of the high muon flux foreseen at the proposed HIMB facility at
PSI [137] to improve the sensitivity by an additional order of magnitude.
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In addition to searches for µ+ → e+γ and µ+ → e+e−e+, decay experiments can also
investigate LFV reactions of the type µ+ → e+X or µ+ → e+γX, where X denotes a new
neutral particle escaping undetected or decaying into into SM fields. Examples of such
particles include LFV axion-like particles [32], familons [138] or dark photons [31]. The
µ+ → e+X decay is characterized by the emission of a mono-energetic positron, which can
be identified as a narrow peak on top of the µ+ → e+νµνe energy spectrum. Polarized
muons could potentially boost the sensitivity if the NP decays are controlled by a different
structure than that of the weak interaction (e.g. V + A) [32]. The strongest limit on this
decay have been set by Jodido et al. at TRIUMF [139] and the TWIST experiment [140]
with bound at the level of 10−6−10−5. Dedicated experiments at very high muon beam rates
could significant improve these constraints [32]. Visible decays could be explored in inclusive
searches, such as µ+ → e+X with either X → γγ or X → e+e−. The first channel was
recently investigated by MEG [141], while the second could be explored at Mu3e. Similarly,
µ+ → e+γγ decays could studied with a setup similar to MEG-II, providing sensitivity to
couplings poorly probed by other muon CLFV searches.

4.1.2 Muon conversion experiments

The search for µ−N − e−N conversion is carried out by stopping a negative muon beam in
a target, wherein muons are captured in atomic orbits and converted into electrons through
a coherent interaction with the nucleus. Since the nucleus remains unchanged during this
process, the energy of the outgoing electron is close to the muon rest mass. The rate of the
conversion process relative to ordinary muon capture is conventionally defined as:

Rµe =
Γ(µ− +N(A,Z)→ e− +N(A,Z))

Γ(µ− +N(A,Z)→ all captures)

where N(A,Z) denotes the mass and atomic numbers of the target nuclei. Incidentally,
measurements of negative muon capture rates provide valuable inputs in the calculation of
the amplitudes of the virtual transitions in neutrinoless double beta decays [142].

The current experimental bound has been set by the SINDRUM-II experiment at PSI
using a Au target, Rµe < 7 × 10−13 at 90% CL [143]. The Mu2e experiment [144], under
construction at Fermilab, aims to reach a single event sensitivity on the conversion rate
on an Al target of ∼ 3 × 10−17. The COMET collaboration at J-PARC will proceed in
two phases, with a planned sensitivity of O(10−15) on Al for Phase-I [145] and a similar
sensitivity to Mu2e for Phase-II [146, 147]. Both Mu2e and COMET use pulsed proton
beams to form an intense muon beam, transported onto a stopping target. The conversion
electron is reconstructed with a high-resolution tracking system and a calorimeter placed in
a solenoid. The muon transport line is based on curved solenoids to shield the detector from
the direct line of sight of the production target and select negatively charged muons. In the
Mu2e configuration, the stopping target is located directly in front of the detector. This
design has the advantage of being charge symmetric, enabling the search for µ−N → e+N ′

decays and measure positrons from radiative pion captures, but the innermost regions of the
detector must be left uninstrumented to withstand the large flux of low-momentum particles.
By contrast, COMET uses an additional curved solenoid downstream of the stopping target
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before a tracking detector to limit the acceptance to electrons with momenta near that of
the expected signal. This allows for a fully instrumented volume, but at the cost of charge
symmetry.

The DeeMe experiment at J-PARC [148] has adopted a different scheme, using a single
target to produce and capture muons. Pulsed proton bunches are transported to a graphite
target, and a fraction of the muons produced by pion decays will be captured near the
surface of the target itself and form muonic atoms. Electrons from the conversion process are
transported by a secondary beamline to a compact magnetic spectrometer. The experiment
is currently in preparation and has a projected sensitivity of O(10−13).

4.1.3 Muonium-antimuonium oscillations

Muonium (M) is a bound state of a positive muon and an electron, with a lifetime similar to
that of the muon. The spontaneous conversion of muonium into antimuonium via ∆L = 2
interaction opens the possibility to study muonium – antimuonium oscillations. Theoretical
analyses of the conversion probability have been performed both in particular NP models
(see e.g. [149, 150]) and in effective field theory [23].

Muonium atoms are usually formed by injecting and slowing down a surface µ+ beam
in material. A fraction of the positive muons could spontaneously capture an electron
and emerge in vacuum as muonium. After conversion, the antimuonium is identified by
reconstructing the Michel electron from the muon decays and the shell positron. Based
on this approach, the MACS experiment at PSI set a bound on the M −M conversion
probability (PMM ) of PMM < 8.3× 10−11 at 90% CL [151].

The MACE experiment [152] has been proposed to improve this sensitivity by more
than two orders of magnitude. The proton beam required to produce the surface muon
beam could be provided by the China Spallation Neutron Source or the continuous proton
beam of the China Initiative Accelerator Driven sub-critical System. The rate of muonium
formation and diffusion in vacuum could be enhanced by replacing the silica powder used
by the MACS experiment with a laser-ablated silica aerogel target. The signal would be
identified by reconstructing the Michel electron with a magnetic spectrometer and the shell
positron with a composite detector system comprising a microchannel plate (MCP) and an
electromagnetic calorimeter. The shell positron is accelerated to an energy around a few
keV and guided to the detector system through a transport line before annihilating into a
photon pair in the MCP. The coincidence between the Michel electron, the shell positron
signal in the MCP and the two photons in the calorimeter is used to suppress the various
backgrounds.

An alternative scheme based on a surface muon beam crossing a layer of superfluid
helium has also been proposed [153]. This beam could be produced by either the existing
400-MeV Linac at FNAL, or the PIP-II accelerator under construction. Slow antimuons
would then be directed into a small cryostat cooled to sub-Kelvin temperature, and form
muonium in a layer of superfluid helium. The muonium atoms are ejected vertically from the
upper superfluid helium surface, producing a quasi-monoenergetic, quasi-parallel muonium
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beam in vacuum. This beam would enable (especially at PIP-II) world-leading sensitivities
for muonium gravity, muonium spectroscopy, and muonium – antimuonium oscillation ex-
periments (see the ”Fundamental Physics in Small Experiments” Topical Group report [33]
for more details).

4.2 Future initiatives and next-generation facilities

4.2.1 Mu2e-II

Mu2e-II [20] is a proposed evolution of the Mu2e experiment at FNAL with the aim of
increasing the sensitivity of µ−N → e−N conversion by an order of magnitude or more
over Mu2e. By reusing as much of the current infrastructure as possible, construction
of this upgrade is planned to start before the end of the decade. Should a conversion
signal be observed, Mu2e-II could investigate the underlying physics by measuring the
conversion rate for mid-Z target materials, such as Ti or V [154]. Alternatively, increasing
the sensitivity to probe higher NP mass scales will be required if no signal is seen at
the currently planned experiments. Mu2e-II would also investigate the ∆L = 2 process
µ−N → e+N with increased sensitivity, and the precise determination of the tail of the
muon decay-in-orbit spectrum could further explore NP signatures [155, 156].

Mu2e-II will exploit the PIP-II linac at Fermilab [157], currently under construction, to
provide the intense 800 MeV proton beam (100 kW on target) needed for the experiment.
The gain in sensitivity over Mu2e is achieved by a combination of higher intensity and
duty factor, since the muon production rate are comparable at 800 MeV and 8 GeV for a
given beam power. Handling a more powerful beam while keeping the background under
control presents several challenges. The PIP-II linac pulses are narrower than the Mu2e
resonantly extracted beam, improving the beam extinction, but a section of the beamline,
the production solenoid, and associated shielding may need significant changes to handle
the higher beam power. On the other hand, the proton beam energy is below the antiproton
production threshold, eliminating one potential source of background.

While the detector layout remains essentially unchanged compared to Mu2e, the higher
occupancy and background rejection requirements place stringent constraints on the sub-
system performance. In particular, improvements in tracker resolution and in pattern recog-
nition are required to adequately reject the muon decay-in-orbit background. The design of
the current Mu2e tracker, a straw tube chamber with 15 µm aluminized mylar straws, would
need to be revisited. A R&D program is underway to explore decreasing the thickness of
the straws to reduce multiple scattering [158]. The Mu2de calorimeter, used for triggering,
particle identification and validating the tracker momentum measurement, is composed of
CsI crystals read out by SiPMs. The CsI scintillation light decay time (∼ 30 − 40 ns) is
marginal for Mu2e-II, and alternatives are being investigated. BaF2 is an especially promis-
ing candidate, with a very fast (sub-nanosecond) component around 220 nm. A R&D effort
has started to suppress the slow component at longer wavelength by doping with yttrium
and developing a UV-sensitive, solar-blind readout [159, 160, 161]. Cosmic rays are also
a major background and their rejection is crucial to achieve the desired sensitivity. The
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higher running duty factor will increase the live time by about a factor of three compared to
Mu2e, and the scintillator-based Mu2e cosmic ray veto (CRV) system needs to be upgraded.
A new geometry of the CRV counters to reduce the detection inefficiency is under study, as
well as other technologies (such as RPCs) [162]. Mu2e-II will also have an order of mag-
nitude higher data rate than Mu2e, posing challenges for the trigger and data acquisition
system, and potential approaches to mitigate these issues are also under investigation [163].

4.2.2 Advanced Muon Facility at FNAL

A more ambitious proposal, the Advanced Muon Facility (AMF), would exploit the full
potential of the PIP-II accelerator to explore muon physics with unprecedented sensitiv-
ity [19]. A suite of experiments could be pursued at this complex, from charged lepton flavor
violation and muonium-antimuonium oscillations to muon EDM and muon spin rotation. In
addition, this program has many synergistic activities with R&D efforts to develop a muon
collider, as well as a future beam dump experiment searching for dark matter and other
light NP at FNAL [164, 165] (see the ”Dark Sector Studies at High Intensities” Topical
Group report [166] for more details). Dedicated CLFV experiments at AMF could poten-
tially improve the sensitivity of decay channels by two orders of magnitude compared to
the ultimate rates probed by currently planned initiatives, and reach conversion rates down
to the level of 10−18 with a proton beam power of O(100) kW, and 10−19 or lower with
O(1) MW. This complex would also enable the study of muon conversion with high-Z tar-
get materials, which could provide critical information about the nature of the underlying
NP [154].

The Advanced Muon Facility is based on a small fixed-field alternating gradient syn-
chrotron (FFA), used to produce an intense muon beam with well-defined momentum from
the PIP-II accelerator. The PRISM (Phase Rotated Intense Source of Muons) system [167],
shown in Fig. 4, provides a reference concept. Short high intensity proton bunches are
delivered to a production target surrounded by a capture solenoid with a field at about 5T,
well within current capabilities. The muons produced by pion decays are then injected into
the FFA ring by a transport system. The phase rotation decreases the momentum spread of
the muons, trading momentum spread for time spread. During the RF phase rotation, the
remaining pion contamination is reduced to negligible levels. A cold quasi-monochromatic
muon beam is then extracted to the detector system. The feasibility of the FFA approach
was demonstrated with a dedicated prototype at the Research Center of Nuclear Physics
(RCNP) of Osaka University [168].

The realization of this concept presents several challenges that must be addressed
through a dedicated R&D program. The design of the proton compressor ring for a 1 MW
facility is very complicated to achieve from the 0.8 GeV PIP-II beam with conventional
magnets. However, a 50-200 kW AMF facility would be consistent with a more conserva-
tive set of parameters described in [165] for a 0.8 − 1.2 GeV ring termed “C-PAR”. The
proton compressor for a 1 MW AMF facility would likely require a higher injection energy
(2−3 GeV) or alternatively use of super-ferric magnets. Another major limiting factor is the
beam power that can be absorbed by the target. Several concepts have been developed to

14



Figure 4: The PRISM concept, adapted from [167], showing the facility configured for muon
conversion experiments. Not shown are the PIP-II linac, the RF beam splitter and transport
lines, the compressor ring, and the induction linac. The spectrometer and detector solenoids
could be replaced for upgrades or new, different experiments.

handle a beam power of O(100) kW in a capture solenoid, but additional efforts are needed
to design a MW-class target. A similar challenge is faced by the muon collider [169]; the two
projects are potentially synergistic, with the target required for this program representing
both a staging and an R&D platform for the demands of the muon collider. Finally, the
beam dynamics in the muon transport solenoid and the FFA ring are significantly different.
The design of an efficient beam transport and injection system will need detailed studies to
be validated and optimized.

Improving the µ−N → e−N sensitivity could be accomplished by extending the COMET
approach to a larger spectrometer to reduce backgrounds in the detector, as proposed by
the PRISM/PRIME experiment [167], together with a high-resolution, low-mass tracking
system. A number of promising detector technologies have been identified for the latter,
including the proposed Mu2e-II straw-tracker with 8 µm wall thickness [20], or low-mass
silicon sensors such as HVMaps or micro-pattern gas detectors proposed for the Belle-II
tracking TPC [170].

AMF could be implemented in a phased approach: a conceptual design for a complex
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with a ∼ 100 kW proton beam power using PIP-II as a first stage, followed by an upgrade to
reach a final ∼ 1 MW power. A 100 kW facility would already provide significant sensitivity
improvements for both decay and conversion experiments, and allow measurement of con-
version in high-Z materials, currently inaccessible with pulsed-beam experiments. Starting
the design studies in the near future would allow the realization of this program shortly
after the completion of the Mu2e experiment on the FNAL site, and operate simultaneously
with LBNF/DUNE.

The FFA cannot provide the ideal beam structure for muon decay experiments – a con-
tinuous positive muon beam – as the large size of the FFA beam makes slow extraction
impractical. Instead, we envision a standard surface muon beam created by coupling the
output of PIP-II to the same production solenoid and target, selecting positive muons in-
stead of the negative muons for the capture experiments. Based on the operation of the πE5
beamline at PSI, a proton beam power of ∼ 100 kW would yield a 1012 µ+/s beam, roughly
two orders of magnitude larger than the proposed HiMB facility at PSI [137]. We are also
investigating whether this surface muon beam could be further slowed in an induction linac;
a lower energy beam stops in a shorter distance in material, improving the vertex resolution
required for both decay experiments, which will be limited by accidental backgrounds. This
facility could also be used to study muonium physics [171]. As discussed in the previous
section, improvements in photon calorimetry and track reconstruction could push the sen-
sitivity of µ+ → e+γ searches close to 10−15 with the HiMB at PSI [134]. Similarly, the
current approach for µ+ → e+e−e+ plateaus near 10−16 with the current technology [18].
Conceptually new experimental approaches are required to take full advantage of a bright
surface muon beam powered by PIP-II.

5 Tau experimental overview

In contrast to muon CLFV searches, in which a given decay is usually studied by a dedicated
experiment, tau CLFV searches can be conducted over many final states with large data sets
collected at e+e− or hadron colliders. In addition, the large τ mass greatly decreases the
GIM suppression, enhancing the signal rate with respect to the corresponding muon channel
in some scenarios. However, the typical sample size collected at colliders is much smaller
than the muon production rate at dedicated facilities, partially negating this advantage.
The experimental landscape will undergo tremendous progress in the next decade, with
Belle-II and LHC working towards collecting large data sets. The Electron-Ion Collider
(EIC), the Super τ -Charm Facility (STCF), and the Future Circular Collider (FCC) could
also play a major role on a more distant horizon. This section reviews the efforts in turn.

5.1 Tau Flavor Violation Experiments in this Decade

The first generation of B-factories collected large data samples of τ pairs produced in
e+e− → τ+τ− events. The current bounds probe branching fractions at the level of 10−8−
10−7 for many purely leptonic decays, as well as final states with one or several hadrons [172].
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The Belle-II experiment at SuperKEKB [173] is expected to collect a data set ∼ 30×
larger than the combined BABAR and Belle integrated luminosities. Together with in-
creased reconstruction efficiencies, this experiment could improve the current limits by two
orders of magnitude for the cleanest channels (e.g τ → 3`), and an order of magnitude
for mode with irreducible backgrounds [174], as shown in Fig. 5. Additional gain would be
possible by upgrading SuperKEKB to provide polarized electron beams with approximately
70% polarization [175]. In that mode of operation, the helicity angles of the τ pair decay
products can be used to further suppress the background, resulting in a sensitivity increase
of the τ → µγ channel of ∼ 10% [175]. A similar gain is expected for the τ → eγ reaction.
More interestingly, the Dalitz plot of the polarized τ− → µ−µ+µ− decay can be used to
infer the Lorentz structure of the CLFV coupling, should a signal be observed [71, 70]. Tau
decays also allow for precision tests of charged lepton flavor universality (LFU), the assump-
tion that lepton coupling to charge gauge bosons of the electroweak interaction have equal
strength. These tests typically consist of precise measurements of branching-fractions ra-
tios, such as B(τ → µνµντ )/B(τ → eνeντ ) or B(τ → K−ντ )/B(K → µ−νµ) (see e.g. [176]).
Belle-II will significantly improve the precision on many inputs to measure LFU quantities,
yielding some of the most stringent constraints on non-SM deviations from charged current
lepton universality [177].

At the LHC, τ leptons are produced almost entirely from b and c hadron decays. The
CMS and LHCb collaborations have taken advantage of the large inclusive τ production
cross-section to search for τ− → µ−µ+µ− decays, setting limits in the range 4.6 − 8 ×
10−8 [178, 179, 180]. Bounds in the vicinity of 10−5 have also been derived for lepton
flavor violating b-hadrons decays in B0 → µ±τ∓, B0

S → µ±τ∓ and B+ → K+µ−τ+ by
LHCb [181, 182]. In the HL-LHC era, the LHCb Upgrade II detector plans to collect
300fb−1 of data at 14 TeV, opening the possibility to probe the τ− → µ−µ+µ− branching
fraction at the level of 10−9 [183]. A similar level of sensitivity is expected at the ATLAS
and CMS experiments with a data set of 3000fb−1 [184, 185].

5.2 Future initiatives and next-generation facilities

The Super τ -Charm Facility (STCF) [187] is a proposed symmetric electron-positron collider
designed to operate at

√
s = 2 ∼ 7 GeV with a peak luminosity of 0.5 × 1035 cm−2s−1 or

higher, with a possible upgrade including a polarized electron beam [188]. This facility
could produce 3.5 × 109 τ−τ+ pairs at

√
s = 4.26 GeV per year, and ∼ 108 τ -pairs near

the production threshold. While the production rate is lower in the latter case, operating
near threshold could offer better control of systematic uncertainties by collecting data just
below this energy. The sensitivity of two benchmark CLFV processes, τ− → µ−µ+µ−

and τ− → µ−γ, has been studied at
√
s = 4.26 GeV [189]. The signal region is almost

background-free after applying the signal selection procedure for the τ− → µ−µ+µ− channel,
yielding a sensitivity of 1.4× 10−9 at 90% CL for 3.5× 109 τ -pairs. The situation is slightly
more challenging for the τ− → µ−γ final state due to the presence of a larger background
arising from photon and π/µ mis-identification. Several approaches have been explored to
suppress these background, yielding sensitivity estimates in the range (1.2 ∼ 1.8)× 10−8 at
90% CL.

17



Figure 5: Projection (by simple statistical scaling) of expected upper limits at the Belle-II
experiment [177] and current status of observed upper limits at CLEO, BABAR, Belle,
ATLAS, CMS and LHCb experiments [186] on LFV, LNV and BNV processes in τ decays.

The Electron Ion Collider [190] (EIC) is a collider designed to provide collisions between
a polarized electron beam and a wide range of ions, ranging from polarized protons to
unpolarized heavier ions up to uranium. The large instantaneous luminosity opens the
door for precision tests of the SM. A leading observable in this arena is the electron-to-tau
transition, which could be enhanced to observable levels in several BSM scenarios [69, 58].
The current limits on e + p → τ + X, τ → eγ, and p + p → e + τ + X have been
set at HERA [191], BABAR [192], and the LHC [193] respectively. A study based on
the ECCE detector configuration was conducted to evaluate the reach on the e− ↔ τ−

transition mediated by a 1.9 GeV leptoquark [21]. Assuming 100 fb−1 of luminosity for the
18× 275 GeV energy configuration, the EIC should be able to improve on the limits set by
HERA by up to an order of magnitude.

The FCC-ee program [194, 195] plans to produce about 5× 1012 Z decays, out of which
1.7 × 1011 will decay to tau pairs. This large sample will open the door to a very rich τ -
physics program [196], including the ability to probe the same set of LFV τ decays measured
by the B-factories, with sensitivities in the 10−10−10−9 range. More quantitatively, a study
of the τ− → µ−µ+µ− and τ− → µ−γ modes has been carried out [197]. The analysis relies
on the identification of a tag side to select Z → τ+τ− events, searching for LFV decays in
the signal side. No backgrounds were found for the τ− → µ−µ+µ− mode, and a sensitivity
of O(10−10) should be within reach. A non-negligible background from radiative events,
primarily e+e− → τ+τ−γ, is observed for the τ− → µ−γ channel. Depending on the ECAL
energy resolution, sensitivity at the level or below 10−9 could be achieved.
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6 Heavy state experimental overview

At higher energies, CLFV can be studied both inclusively, e.g. in pp → µe + X, and in
a wide variety of heavy state decays. This section will focus on this latter possibility and
review the current status and future prospects for searching CLFV in the decays of the Z
and Higgs bosons, the top quark and new BSM particles. The high luminosity program at
the LHC and the next generation of colliders promise tremendous progress in that area.

6.1 Z boson decays

New physics leading to the lepton flavor violating Z decays can be model-independently
parameterized in the context of the Standard Model EFT [54]. The leading interactions
producing Z → ``′ decays at tree level are dimension-six dipole and Higgs operators. These
operators also give rise to low-energy LFV transitions, and barring accidental cancellations,
LFV muon decays and muon-to-electron conversion largely outperform Z → µe decays in
terms of NP sensitivity. The situation is markedly different for processes involving taus:
the Z → τe and Z → τµ have sensitivities comparable to low-energy processes [198], and
provide complementary information.

Searches for flavor violating Z decays into µe, µτ and τe final states have been performed
at LEP [199, 200], and more recently by ATLAS [201, 202, 203], setting limits at the level
of 0.75− 5.0× 10−6. Since these searches are dominated by backgrounds, the limits can be
expected to decrease by a factor five or so for 3000 fb−1.

The prospects for LFV Z decays at the FCC-ee were estimated assuming a sample of
3 × 1012 visible Z decays [197]. A sensitivity on the Z → µe decays at the level of 10−8

should be safely within reach, and one or two order of magnitude improvement could be
envisioned with increased PID capabilities. On the τ side, branching fractions in the vicinity
of 10−9 could be probed for both Z → eτ and Z → µτ decays.

6.2 Higgs boson decays

Searches for LFV decays of the Higgs boson have been performed by the ATLAS, CMS,
and LHCb experiments. Some of these measurements focus on the 125-GeV particle, while
other explore lighter or heavier scales. Searches for Higgs boson decays into eτ or µτ pairs
have been performed for different τ decays channels. Modes with hadronically decaying
taus exploit the larger τ branching fractions, but suffer from significant backgrounds from
quark- and gluon-jets. The H → eµ decay is identified as a narrow excess of events over a
smooth background, taking advantage from the excellent mass resolution of the lepton pair.

The ATLAS and CMS experiments have established bounds on the H → eτ and H → µτ
channels at the level of 1.5− 4.7× 10−3 at 95% CL, depending on the final state [204, 205].
These results can be translated into limits on the Yukawa couplings

√
|Yµτ |2 + |Yτµ|2 and√

|Yeτ |2 + |Yτe|2, as illustrated in Fig. 6. While the constraints on the µτ channel are already
below the theoretical naturalness limit |YijYji| = mimj/v

2 [206], the eτ final state is still
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Figure 6: Expected (red line) and observed (black solid line) 95% CL upper limits on |Yµτ |
vs. |Yτµ|. The green and yellow bands indicate the range containing 68% and 95% of
all observed limit variations from the expected limit. The shaded regions are constraints
obtained from null searches for τ → 3µ or τ → 3e (dark blue) and τ → µγ or τ → eγ
(purple). The blue diagonal line is the theoretical naturalness limit |YijYji| = mimj/v

2

(Figure taken from [205]).

an order of magnitude above this threshold. The most stringent limit on the eµ decay has
been established by ATLAS using their full Run-2 dataset, B(H → eµ) < 6.1× 10−5 [207].
These constraints in the Yukawa couplings are, however, significantly less stringent than
those derived from LFV muon transitions.

Significant improvements are expected at the HL-LHC, and preliminary projections
indicate that limit of the order of 0.01–0.05% could be reached on the H → τµ branching
fraction [208]. Sensitivity studies of various H → ``′ decays for future e+e− colliders were
performed assuming the dominant Higgs production mechanism e+e− → ZH with an event
multiplicity of about one million at circular colliders (CEPC and FCC-ee) and half a million
at the ILC [209]. Upper bounds on the H → eµ and H → `τ branching fractions at the
level of 1.2 × 10−5 (2.1 × 10−5) and 1.5 × 10−4 (2.4 × 10−4) were derived for CepC and
FCC-ee (ILC), respectively.

6.3 Top quark decays

In contrast to the Z and Higgs bosons, top quark LFV decays are necessarily 3-body decays,
t → q``′ (q = u, c). As these decays must compete with the leading 2-body decay mode
t → bW , their NP reach is slightly lower. However, top decays are highly complementary
to the Z and Higgs decays, as they probe qualitatively different types of NP.

More than 108 top quarks were produced during Run II at the LHC. The CMS exper-
iment established bounds on the t → uµe and t → cµe branching ratios at the level of
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10−7 and 10−6, respectively [210]. These results include both searches for top decays as
well as searches for single top production in association with µe. As with other heavy state
decays, NP giving rise to LFV top decays can be systematically parameterized by effective
dimension-six interactions of the SMEFT. Assuming Wilson coefficients of these operators
are of O(1), these limits already probe NP above 1 TeV [54, 211].

Some of the operators inducing t→ q``′ decays could also be probed by complementary
processes. For example, operators containing left-handed c or u quarks can lead to sizable
rates in LFV meson decays, such as KL → µe, B → π``′ or B → K``′ [211]. On the other
hand, indirect constraints are very weak for right-handed quark operators, and LFV top
decays provide the most sensitive probe.

6.4 BSM candidates

A large variety of BSM scenarios introduce additional neutral scalars H with LFV couplings
to the SM charged leptons at the tree-level or 1-loop level [212, 213, 214, 215]. Given a
single LFV coupling hαβ (α 6= β), a neutral scalar could be produced in e+e− collider
via the process e+e− → `±α `

∓
βH. If a single Yukawa coupling is non-vanishing, the LFV

decays `α → `βγ and `α → 3`β are forbidden, and only a handful of measurement can
constrain hαβ, such as the anomalous magnetic moment of electron [216] and muon [35] or
e+e− → `+`− data [217]. Measurements at CEPC and ILC could potentially improve these
bounds by up to an order of magnitude [213].

If two Yukawa couplings are nonzero, and at least one is LFV, the scalar H would in-
duce the LFV process e+e− → `±α `

∓
β at high-energy colliders. While µ → eee decays [135]

have already set stringent constraints on the combination heeheµ, colliders could substan-
tially improve the bounds on coupling combinations including taus (e.g. heeheτ , heehµτ or
heµheτ ) [213].

Heavy or light Z ′ boson are present in a large variety of NP models with very rich
phenomenologies, see e.g. [218, 219, 220]. Under the assumption that the Z and Z ′ LFV
couplings to charged leptons are similar, Z ′ mass up to 5.0 TeV in the eµ channel, 4.3 TeV
in the eτ channel, and 4.1 TeV in the µτ channel have been excluded [221]. The LFV
coupling of a light Z ′ boson can be directly measured at the high-energy hadron and lepton
colliders via the process pp, e+e− → `±α `

∓
β Z
′, quite similar to the process discussed for the

neutral scalar H. FCC-ee could probe couplings down to 10−3 for light Z ′ bosons, while
masses up to a TeV could be explored at the HL-LHC [222].

7 Quark Flavor-changing processes

CLFV processes involving quark flavour change, such as KL → e±µ∓ or B+ → K+τ±e∓,
provide a window on NP complementary to quark flavour-diagonal processes (e.g. µ−N →
e−N) since quark FCNC are suppressed in the SM. Such decays would be smoking guns
for leptoquark models [223], in which generation-diagonal couplings allow tree level decays
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such as K → e±µ∓ or K+ → π+e∓µ±. Experimentally, the most recent limits on kaon LFV
decays have been set by NA62 with BR(K+ → π−e+µ+) < 4.2 × 10−11 and BR(K+ →
π+e+µ−) < 6.6 × 10−11 [224]. Slightly better senstivity is achieved by the neutral kaon
decays with BR(KL → e±µ∓) < 4.7×10−12 [225]. The decay modes B → P`±`′∓ (P = π,K
and ` = e, µ, τ) are generally bounded at the level of 10−5 (10−8) for final state including
(excluding) a tau lepton.

Leptoquarks are also a popular explanation for Lepton Universality Violation (LUV)
observed in B decays [226], as they can induce the (sγβPLb)(µγβPLµ) operator suggested
by the data (see ”Weak decays of b and c quarks” Topical Group report [28]). Like other
NP models generating LUV, they naturally induce CLFV heavy quark decays, predicting
for example B → Kτµ at the level of 10−8 [227]. Indeed, a confirmation of NP coupled
to muons would strengthen the physics case for CLFV searches involving muons (the long-
standing anomaly in the muon magnetic moment [36, 35] also suggests BSM coupled to
muons), since the NP flavor structure would generically be misaligned with the SM Yukawa
couplings [228, 111, 229]. Anomalies in B → τνX decays could already be induced by
LFV New Physics [73] since the neutrino flavor is not observed. The B anomalies make
the tantalising suggestion that CLFV involving muons could soon be within experimental
reach.

8 Conclusion

Charged lepton flavor violating processes are NP that must occur, and offer a uniquely
sensitive gateway to many scenarios of physics beyond the SM. Together with searches
performed at collider, dark matter, and neutrino physics experiments, they provide critical
information on the scale and dynamics of flavor generation, and an observation would be
unambiguous evidence of NP.

Existing measurements in the muon sector already probe mass scales at the level of
103 − 104 TeV, and planned experiments will further improve the sensitivity by an order
of magnitude. In addition, studies of the muon conversion rate as a function of the target
material can provide information about the NP structure. Searches in tau decays can
be conducted over many final states, which is promising for identifying the nature of the
underlying NP. Reactions involving heavy states (Z,h,...) and mesons give complementary
handles on the structure of physics beyond the SM.

A global experimental program of CLFV searches is underway in the US, Europe and
Asia. Among the most sensitive probes are experiments using high intensity muon beams
to search for CLFV transitions, including the coherent neutrinoless conversion of a muon
into an electron with Mu2e at FNAL. A staged program of next-generation experiments and
facilities has been proposed to exploit the full potential of the PIP-II accelerator. Mu2e-
II is a near term evolution of the Mu2e experiment, with an order of magnitude or more
improvement in sensitivity to the conversion rate. By leveraging existing infrastructures,
Mu2e-II plans to starts construction before the end of the decade. The Advanced Muon
Facility is a longer term, more ambitious proposal for a new high-intensity muon complex.
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This facility would provide the world’s most intense positive and negative muon beams,
enabling a suite of experiments with unprecedented sensitivity to probe mass scales in the
range 104− 105 TeV, as well as the possibility to identify the type of operators contributing
to New Physics. The development of this complex has also synergies with R&D for the muon
collider and a beam dump dark matter program at FNAL. AMF could be implemented in a
phased approach: a conceptual design for a complex with a ∼ 100 kW proton beam power
using PIP-II as a first stage, followed by an upgrade to reach a final ∼ 1 MW power. A
strong R&D program could make this complex a reality in the next decade.

The next generation of CLFV experiments and facilities are an essential component of
a global program to search for NP. CLFV searches confront the lepton sector in unique
way, and may provide the next clues to understanding physics beyond the Standard Model
(SM). Strong and continued support of the US community towards current experimental
efforts and the development of next-generation experiments and facilities is critical to the
realization of the long term physics goals of this program.
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V. Anishchik et al., Comet phase-i technical design report, Progress of Theoretical
and Experimental Physics 2020 (2020) .

[146] COMET collaboration, Y.G. Cui et al., Conceptual design report for experimental
search for lepton flavor violating mu- - e- conversion at sensitivity of 10**(-16) with
a slow-extracted bunched proton beam (COMET), 6, 2009. KEK-2009-10.

[147] B.E. Krikler, Sensitivity and Background Estimates for Phase-II of the COMET
Experiment, Ph.D. thesis, Imperial Coll., London, 2016. 10.25560/45365.

[148] N. Teshima, Status of the DeeMe Experiment, an Experimental Search for µ-e
Conversion at J-PARC MLF, PoS NuFact2019 (2020) 082 [1911.07143].

[149] T.E. Clark and S.T. Love, Muonium - anti-muonium oscillations and massive
Majorana neutrinos, Mod. Phys. Lett. A 19 (2004) 297 [hep-ph/0307264].

[150] T. Li and M.A. Schmidt, Sensitivity of future lepton colliders and low-energy
experiments to charged lepton flavor violation from bileptons, Phys. Rev. D 100
(2019) 115007 [1907.06963].

[151] L. Willmann et al., New bounds from searching for muonium to anti-muonium
conversion, Phys. Rev. Lett. 82 (1999) 49 [hep-ex/9807011].

[152] A.-Y. Bai et al., Snowmass2021 Whitepaper: Muonium to antimuonium conversion,
in 2022 Snowmass Summer Study, 3, 2022 [2203.11406].

[153] E. Adelberger et al., Snowmass White Paper: Precision Studies of Spacetime
Symmetries and Gravitational Physics, in 2022 Snowmass Summer Study, 3, 2022
[2203.09691].

[154] V. Cirigliano, R. Kitano, Y. Okada and P. Tuzon, On the model discriminating
power of µ→ e conversion in nuclei, Phys. Rev. D 80 (2009) 013002 [0904.0957].

32

https://doi.org/10.1103/PhysRevD.91.052020
https://doi.org/10.1103/PhysRevD.91.052020
https://arxiv.org/abs/1409.0638
https://doi.org/10.1140/epjc/s10052-020-8364-1
https://arxiv.org/abs/2005.00339
https://doi.org/10.1007/s10582-006-0116-4
https://doi.org/10.1140/epjc/s2006-02582-x
https://arxiv.org/abs/1501.05241
https://doi.org/10.1093/ptep/ptz125
https://doi.org/10.1093/ptep/ptz125
https://doi.org/10.22323/1.369.0082
https://arxiv.org/abs/1911.07143
https://doi.org/10.1142/S0217732304013143
https://arxiv.org/abs/hep-ph/0307264
https://doi.org/10.1103/PhysRevD.100.115007
https://doi.org/10.1103/PhysRevD.100.115007
https://arxiv.org/abs/1907.06963
https://doi.org/10.1103/PhysRevLett.82.49
https://arxiv.org/abs/hep-ex/9807011
https://arxiv.org/abs/2203.11406
https://arxiv.org/abs/2203.09691
https://doi.org/10.1103/PhysRevD.80.013002
https://arxiv.org/abs/0904.0957


[155] X. Garcia i Tormo, D. Bryman, A. Czarnecki and M. Dowling, Bounds on majoron
emission from muon to electron conversion experiments, Phys. Rev. D 84 (2011)
113010 [1110.2874].

[156] Y. Uesaka, Model identification in µ− → e− conversion with invisible boson emission
using muonic atoms, Phys. Rev. D 102 (2020) 095007 [2005.07894].

[157] M. Ball et al., The PIP-II Conceptual Design Report, 2017.
FERMILAB-DESIGN-2017-01, FERMILAB-TM-2649-AD-APC, 10.2172/1346823.

[158] D. Ambrose et al., Mu2e, 2020. Letter of Interest for Snowmass 21,
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_

SophieMiddleton-025.pdf.

[159] Y. Davydov et al., Byrum, karen and others, 2020. Letter of Interest for Snowmass
21, https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_
RF0_David_Hitlin-073.pdf.

[160] D. Hitlin et al., Crystal and photosensor development for a BaF2 electromagnetic
calorimeter, 2020. Letter of interest for Snowmass 21,
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_

IF2-RF5_RF0_David_Hitlin-116.pdf.

[161] C. Hu, L. Zhang and R. Zhu, Development of novel inorganic scintillators for future
high energy physics experiments, 2020. Letter of interest submitted to Snowmass 21,
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_

IF0-EF1_EF0-RF5_RF0-069.pdf.

[162] K. Byrum et al., An enhanced cosmic ray veto detector for Mu2e-II, 2020. Letter of
interest for Snowmass 21, https://www.snowmass21.org/docs/files/summaries/
RF/SNOWMASS21-RF5_RF0_E._Craig_Dukes-060.pdf.

[163] A. Gioiosa et al., Mu2e-II: a 2-level TDAQ system based on FPGA pre-filtering,
2020. Letter of interest submitted to Snowmass 21,
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_

RF0-IF4_IF0_Franco_Spinella-044.pdf.

[164] “Fixed-Target Searches for New Physics with O(1 GeV) Proton Beams at Fermi
National Accelerator Laboratory.” https://www.snowmass21.org/docs/files/

summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf, 2021.

[165] M. Toups, R.G. Van de Water, B. Batell, S.J. Brice, P. deNiverville, J. Eldred et al.,
PIP2-BD: GeV Proton Beam Dump at Fermilab’s PIP-II Linac, in 2022 Snowmass
Summer Study, 3, 2022 [2203.08079].

[166] S. Gori, M. Williams et al., Dark Sector Physics at High-Intensity Experiments, in
2022 Snowmass Summer Study, 2022.

[167] Y. Kuno, Prism/prime, Nuclear Physics B - Proceedings Supplements 149 (2005)
376.

33

https://doi.org/10.1103/PhysRevD.84.113010
https://doi.org/10.1103/PhysRevD.84.113010
https://arxiv.org/abs/1110.2874
https://doi.org/10.1103/PhysRevD.102.095007
https://arxiv.org/abs/2005.07894
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_SophieMiddleton-025.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_SophieMiddleton-025.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_David_Hitlin-073.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_David_Hitlin-073.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_IF2-RF5_RF0_David_Hitlin-116.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_IF2-RF5_RF0_David_Hitlin-116.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_IF0-EF1_EF0-RF5_RF0-069.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF6_IF0-EF1_EF0-RF5_RF0-069.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_E._Craig_Dukes-060.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0_E._Craig_Dukes-060.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0-IF4_IF0_Franco_Spinella-044.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF5_RF0-IF4_IF0_Franco_Spinella-044.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://arxiv.org/abs/2203.08079
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2005.05.073
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2005.05.073


[168] H. Witte et al., Status of the PRISM FFAG Design for the Next Generation
Muon-to-Electron Conversion Experiment, Conf. Proc. C 1205201 (2012) 79.

[169] “Target Development for Muon Collider.”
https://indico.fnal.gov/event/46752/contributions/224118/attachments/

147660/189236/MCa__MUC_Targetry_Snowmass_23Sept2021.pdf, 2021.

[170] Belle-II collaboration, Snowmass Whitepaper: The Belle II Detector Upgrade
Program, in 2022 Snowmass Summer Study, 3, 2022 [2203.11349].

[171] “Letter of Interest for an Upgraded Low-Energy Muon Facility at Fermilab.”
https://www.snowmass21.org/docs/files/summaries/RF/

SNOWMASS21-RF0-AF0-007.pdf, 2021.

[172] HFLAV collaboration, Averages of b-hadron, c-hadron, and τ -lepton properties as of
2018, Eur. Phys. J. C 81 (2021) 226 [1909.12524].

[173] Belle-II collaboration, Belle II Technical Design Report, 1011.0352.

[174] Belle-II collaboration, The Belle II Physics Book, PTEP 2019 (2019) 123C01
[1808.10567].

[175] D. Asner et al., Upgrading SuperKEKB with a Polarized Electron Beam: Discovery
Potential and Proposed Implementation, .

[176] HFLAV collaboration, Averages of b-hadron, c-hadron, and τ -lepton properties as of
2021, 2206.07501.

[177] Belle-II collaboration, Snowmass White Paper: Belle II physics reach and plans
for the next decade and beyond, 2207.06307.

[178] LHCb collaboration, Search for the lepton flavour violating decay τ− → µ−µ+µ−,
JHEP 02 (2015) 121 [1409.8548].

[179] CMS collaboration, Search for the lepton flavor violating decay τ → 3µ in
proton-proton collisions at

√
s = 13 TeV, JHEP 01 (2021) 163 [2007.05658].

[180] ATLAS collaboration, Probing lepton flavour violation via neutrinoless τ −→ 3µ
decays with the ATLAS detector, Eur. Phys. J. C 76 (2016) 232 [1601.03567].

[181] LHCb collaboration, Search for the lepton-flavour-violating decays B0
s → τ±µ∓ and

B0 → τ±µ∓, Phys. Rev. Lett. 123 (2019) 211801 [1905.06614].

[182] LHCb collaboration, Search for the lepton flavour violating decay B+ → K+µ−τ+

using B∗0s2 decays, JHEP 06 (2020) 129 [2003.04352].

[183] LHCb collaboration, Physics case for an LHCb Upgrade II - Opportunities in
flavour physics, and beyond, in the HL-LHC era, 1808.08865.

[184] ATLAS Collaboration, Prospects for lepton flavour violation measurements in
τ → 3µ decays with the ATLAS detector at the HL-LHC, 2018.
ATL-PHYS-PUB-2018-032, https://cds.cern.ch/record/2647956.

34

https://indico.fnal.gov/event/46752/contributions/224118/attachments/147660/189236/MCa__MUC_Targetry_Snowmass_23Sept2021.pdf
https://indico.fnal.gov/event/46752/contributions/224118/attachments/147660/189236/MCa__MUC_Targetry_Snowmass_23Sept2021.pdf
https://arxiv.org/abs/2203.11349
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF0-AF0-007.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF0-AF0-007.pdf
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/1909.12524
https://arxiv.org/abs/1011.0352
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2206.07501
https://arxiv.org/abs/2207.06307
https://doi.org/10.1007/JHEP02(2015)121
https://arxiv.org/abs/1409.8548
https://doi.org/10.1007/JHEP01(2021)163
https://arxiv.org/abs/2007.05658
https://doi.org/10.1140/epjc/s10052-016-4041-9
https://arxiv.org/abs/1601.03567
https://doi.org/10.1103/PhysRevLett.123.211801
https://arxiv.org/abs/1905.06614
https://doi.org/10.1007/JHEP06(2020)129
https://arxiv.org/abs/2003.04352
https://arxiv.org/abs/1808.08865
https://cds.cern.ch/record/2647956


[185] CMS Collaboration, The Phase-2 Upgrade of the CMS Muon Detectors, 2017.
CERN-LHCC-2017-012, https://cds.cern.ch/record/2283189.

[186] Heavy Flavor Averaging Group collaboration, Averages of b-hadron, c-hadron,
and τ -lepton properties as of 2018, 1909.12524.

[187] H. p. Peng, Experimental Program for Super Tau-Charm Facility, talk at FPCP
2021, Shanghai, China, 7-11 June, 2021 (2021) .

[188] Q. Luo, Progress of Preliminary Work for the Accelerators of a 2-7GeV Super Tau
Charm Facility at China, in 62nd ICFA Advanced Beam Dynamics Workshop on
High Luminosity Circular e+e− Colliders, p. TUOBB03, 2019, DOI.

[189] X.R. Zhou, Tau LFV decays: Super Tau Charm Factory, Snowmass-2021 CLFV
workshop, Snowmass-2021 CLFV workshop, USA, Jul 23, 2020,
”https: // indico. fnal. gov/ event/ 44457/ ” (2020) .

[190] A. Accardi et al., Electron Ion Collider: The Next QCD Frontier: Understanding the
glue that binds us all, Eur. Phys. J. A 52 (2016) 268 [1212.1701].

[191] ZEUS Collaboration collaboration, Limits on contact interactions and
leptoquarks at hera, Phys. Rev. D 99 (2019) 092006.

[192] BaBar collaboration, Searches for Lepton Flavor Violation in the Decays τ+ → e+γ
and τ+ → µ+γ, Phys. Rev. Lett. 104 (2010) 021802 [0908.2381].

[193] ATLAS collaboration, Search for lepton-flavor violation in different-flavor,
high-mass final states in pp collisions at

√
s = 13 TeV with the ATLAS detector,

Phys. Rev. D 98 (2018) 092008 [1807.06573].

[194] Future Circular Collider Study collaboration, FCC Physics Opportunities:
Future Circular Collider Conceptual Design Report Volume 1, Eur. Phys. J. C 79
(2019) 474.

[195] Future Circular Collider Study collaboration, FCC-ee: The Lepton Collider:
Future Circular Collider Conceptual Design Report Volume 2, Eur. Phys. J. ST 228
(2019) 261.

[196] A. Pich, Challenges for tau physics at the TeraZ, in A future Higgs and Electroweak
factory (FCC): Challenges towards discovery, EPJ+ special issue, Focus on FCC-ee,
2012.07099.

[197] M. Dam, Tau-lepton Physics at the FCC-ee circular e+e− Collider, SciPost Phys.
Proc. 1 (2019) 041 [1811.09408].

[198] S. Davidson, S. Lacroix and P. Verdier, LHC sensitivity to lepton flavour violating Z
boson decays, JHEP 09 (2012) 092 [1207.4894].

[199] DELPHI Collaboration, Search for lepton flavour number violating Z decays, Z.
Phys. C - Particles and Fields 73 (1997) 243.

35

https://cds.cern.ch/record/2283189
https://arxiv.org/abs/1909.12524
https://doi.org/https://indico.ihep.ac.cn/event/12805/overview
https://doi.org/https://indico.ihep.ac.cn/event/12805/overview
https://doi.org/10.18429/JACoW-eeFACT2018-TUOBB03
https://indico.fnal.gov/event/44457/
https://doi.org/10.1140/epja/i2016-16268-9
https://arxiv.org/abs/1212.1701
https://doi.org/10.1103/PhysRevD.99.092006
https://doi.org/10.1103/PhysRevLett.104.021802
https://arxiv.org/abs/0908.2381
https://doi.org/10.1103/PhysRevD.98.092008
https://arxiv.org/abs/1807.06573
https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1140/epjst/e2019-900045-4
https://arxiv.org/abs/2012.07099
https://doi.org/10.21468/SciPostPhysProc.1.041
https://doi.org/10.21468/SciPostPhysProc.1.041
https://arxiv.org/abs/1811.09408
https://doi.org/10.1007/JHEP09(2012)092
https://arxiv.org/abs/1207.4894
https://doi.org/10.1007/s002880050313
https://doi.org/10.1007/s002880050313


[200] OPAL Collaboration, A search for lepton flavour violating Z decays, Z. Phys. C -
Particles and Fields 67 (1995) 555.

[201] ATLAS collaboration, Search for the lepton flavor violating decay Z→ eµ in pp
collisions at

√
s = 8 TeV with the ATLAS detector, Phys. Rev. D90 (2014) 072010.

[202] ATLAS collaboration, Search for charged-lepton-flavour violation in Z-boson decays
with the ATLAS detector, Nature Phys. 17 (2021) 819 [2010.02566].

[203] ATLAS collaboration, Search for lepton-flavor-violation in Z-boson decays with
τ -leptons with the ATLAS detector, Phys. Rev. Lett. 127 (2022) 271801
[2105.12491].

[204] ATLAS collaboration, Searches for lepton-flavour-violating decays of the Higgs
boson in

√
s = 13 TeV pp collisions with the ATLAS detector, Phys. Lett. B 800

(2020) 135069 [1907.06131].

[205] CMS collaboration, Search for lepton-flavor violating decays of the Higgs boson in
the µτ and eτ final states in proton-proton collisions at

√
s = 13 TeV, Phys. Rev. D

104 (2021) 032013 [2105.03007].

[206] R. Harnik, J. Kopp and J. Zupan, Flavor Violating Higgs Decays, JHEP 03 (2013)
026 [1209.1397].

[207] ATLAS collaboration, Search for the Higgs boson decays H → ee and H → eµ in pp
collisions at

√
s = 13 TeV with the ATLAS detector, Phys. Lett. B 801 (2020)

135148 [1909.10235].

[208] M. Cepeda et al., Report from Working Group 2: Higgs Physics at the HL-LHC and
HE-LHC, CERN Yellow Rep. Monogr. 7 (2019) 221 [1902.00134].
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