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Abstract: We review the experimental status of searches for lepton-flavour violation in the charged
sector. We give an overview of searches for lepton-flavour violation in purely leptonic decays, hadron
decays, and decays of heavy bosons. We focus on the most stringent constraints on lepton-flavour
violating processes in these areas and give prospects for ongoing and future experiments.
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1. Introduction

In the Standard Model (SM) with massless left-handed neutrinos, lepton flavour
is conserved. However, lepton flavour in the SM is not protected by a fundamental
symmetry but instead arises accidentally due to the absence of right-handed neutrinos.
With the observation of neutrino oscillations [1,2], Lepton-Flavour Violation (LFV) has
been established in the neutral sector. Extending the SM minimally by including right-
handed neutrinos (νSM) also gives rise to Charged Lepton-Flavour Violating (CLFV)
processes through loop-level diagrams involving neutrinos. These processes are, however,
strongly suppressed by ∼(∆mij/MW)4 through the GIM mechanism, resulting in branching
fractions, e.g., for the decay µ→ eγ of <10−54 [3–7]. Branching fractions of this size are
well below the sensitivity of current and planned future experiments; any observation
of CLFV decays would therefore constitute a clear sign of New Physics (NP) beyond the
(minimally extended) SM.

Numerous NP models predict new sources of LFV, potentially resulting in enhance-
ments of LFV branching fractions to observable rates, among them supersymmetric models,
new heavy gauge bosons, extended Higgs sectors, and seesaw models. For a more detailed
overview of NP models predicting CLFV effects, we refer the reader to Refs. [8,9].

Several excellent reviews exist in the area of CLFV, among them Refs. [8–13]. In this
review, we focus on experimental aspects and the most recent results on CLFV. The review
is structured in the following way. In Section 2 we introduce the major experiments that are
currently performing searches for CLFV. Section 3 gives an overview of searches in decays
of leptons, Section 4 details searches in hadron decays, and Section 5 discusses searches for
CLFV in decays of heavy bosons. We conclude in Section 6.

2. Experiments and Experimental Techniques

The most stringent limits on CLFV decays are set in the muonic sector, using the decays
µ+ → e+γ and µ+ → e+e−e+, as well as µ−N → e−N conversion. Current best limits in
this area are provided by the MEG and SINDRUM (II) experiments [14–16]. Several future
experiments are either under construction or planned with the aim to further improve these
limits, among them MEG II [17], Mu3e [18] and Mu2e [19], COMET [20], and DeeMe [21].
The strongest limits in the search for LFV in τ decays are set by the B-factories BaBar [22]
and Belle [23], and by the LHCb experiment [24]. Future improvements in this area are
expected from the Belle II experiment [25] and from LHCb [26]. The B-factories and LHCb
also play a leading role in providing constraints on LFV hadron decays, including LFV
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decays of B- and D-mesons. The most stringent limits on the LFV decays of kaons are
performed by BNL and KTeV [27,28]. Finally, the best limits on searches for LFV decays of
Higgs and Z bosons are provided by ATLAS and CMS at the LHC [29,30].

In the following subsections, we will briefly introduce the experiments providing the
most stringent bounds and discuss the experimental techniques exploited to search for
CLFV. The experimental results are discussed in Sections 3–5 and summarized in Section 6.

2.1. MEG and MEG II

The MEG experiment, located at the Paul Scherrer Institut (PSI) in Switzerland, is
designed for the search for the µ+ → e+γ decay [14,31]. A continuous beam of positive
muons is stopped in a thin plastic target at the centre of a spectrometer, where they decay
at rest. The signal decay µ+ → e+γ would result in the signature of a positron and a
photon emitted back-to-back with energies of mµ/2 ∼ 52.8 MeV/c2. A schematic view of
the detector is given in Figure 1. The magnetic field for the spectrometer is provided by
a thin-walled, superconducting solenoid with an axially graded magnetic field ranging
from 1.27 T in the centre to 0.49 T at the ends of the magnet cryostat. A drift chamber
system is used to reconstruct the positron trajectory and measure its momentum. Impact
time and position of the positron are further measured with a timing counter consisting
of scintillating bars. Photons are reconstructed using a liquid xenon scintillation detector,
which provides excellent position, time, and energy resolution.

The MEG experiment took data from 2009 to 2013 and collected 7.5 × 1014 positive-
muon decays with a muon beam intensity of 3 × 107 µ+/s. The upgraded detector MEG II
is designed for a muon beam intensity of 7 × 107 µ+/s and provides improved position,
momentum, and energy resolutions [17]. Data taking for the first MEG II physics run
started in 2021 and the collaboration aims to reach the design sensitivity with the data
taken until 2026 [32].
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Figure 1. Schematic view of the MEG detector at PSI. Figure taken from Ref. [31].

2.2. SINDRUM and Mu3e

The main focus of the SINDRUM experiment, which operated at PSI from 1983 to 1986,
was the search for the decay µ+ → e+e−e+ [15]. A positive muon beam with momentum
of 28 MeV/c and intensity of 5 × 106 s−1 was stopped in a hollow double-cone-shaped
target. The decay products were detected in a SINDRUM spectrometer, consisting of five
concentric multi-wire proportional chambers located inside a magnet providing a field
of B = 0.33 T. The SINDRUM spectrometer covered a solid angle of Ω/4π = 0.73 and
provided a momentum resolution of ∆p/p = (12.0± 0.4)% (FWHM) for tracks of 50 MeV/c
momentum.

The Mu3e experiment [18,33], currently under construction at PSI, aims to improve
the sensitivity to the µ+ → e+e−e+ decay by approximately four orders of magnitude with
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respect to SINDRUM. A schematic view of the Mu3e experiment is shown in Figure 2. For
the reduction of backgrounds from internal conversion (µ+ → e+e−e+νeν̄µ), an excellent
momentum resolution is paramount. To reduce accidental background that does not
originate from a single decay vertex, good vertex and timing resolution is furthermore
required. To minimize multiple scattering, thin silicon pixel detectors are used for tracking.
These High-Voltage Monolithic Active Pixel Sensors (HV-MAPS) are based on HV-CMOS
technology and can be thinned to 50µm [34]. Precision timing is provided by timing
detectors based on scintillating fibres and tiles. In the first phase of the experiment (Phase I),
a muon rate of 108 µ+/s will be provided by the beamlines currently available at PSI. This
will ensure an improvement on the current sensitivity of three orders of magnitude. In
order to reach the ultimate sensitivity, a muon rate greater than 109 µ+/s is needed. For
this purpose, the Mu3e experiment will exploit in the second phase the new High-Intensity
Muon Beam (HiMB) facility, which is planned to be realised at PSI with the aim of delivering
up to 1010 µ+/s to experiments [35].

Target

Inner pixel layers

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

10 cm

Figure 2. Schematic view of the Mu3e experiment in the Phase I configuration. Figure taken from
Ref. [18].

2.3. SINDRUM II and Future µ−N → e−N Experiments

The SINDRUM II experiment located at PSI was designed to search for conversions of
a negative muon to an electron in the field of a nucleus [16]. If no neutrinos are emitted,
this conversion represents a CLFV process, which results in a monoenergetic electron with
Eµe = mµc2 − Bµ − R, where Bµ denotes the muon binding energy and R the atomic recoil.
An overview of the SINDRUM II experiment is given in Figure 3. In order to separate
background from muon decays in orbit (µ−N → e−ν̄eνµN) from signal events, excellent
momentum resolution is required for the electron. Two drift chambers (F and G in Figure 3)
located inside a superconducting solenoid (H) are used to measure the helical trajectories of
the electrons, resulting in a transverse momentum resolution of approximately 1% (FWHM).
Two hodoscopes (D and E) are used for triggering and timing.

Figure 3. Overview of the SINDRUM II spectrometer. Figure taken from Ref. [36].

Three experiments are aimed at improving on the sensitivity of SINDRUM II: the Mu2e
experiment [19], which is under construction at Fermilab, the COMET (COherent Muon-
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to-Electron Transition) experiment [20] under construction at J-PARC, and the DeeMe
(Direct emission of electron from Muon to electron conversion) experiment, also at J-
PARC [21]. In contrast to SINDRUM II, which used the quasi-continuous (50 MHz) PSI
proton accelerator beam, these experiments will use pulsed beams with longer pulse
spacing. This will allow them to suppress prompt pion backgrounds (e.g., from radiative
pion capture π−N → γ(→ e+e−)N∗) by exploiting the shorter pion lifetime (26 ns at rest)
compared to muons. The Mu2e experiment aims to reach a sensitivity of O(10−17) in
approximately three years of data taking using a thin aluminium target [19]. The COMET
experiment is expected to reach a sensitivity of O(10−15) in Phase I and a sensitivity of
O(10−17) in Phase II, also using an aluminium target [20]. The DeeMe experiment is
expected to reach a sensitivity of O(10−13) or O(10−14) with a graphite or a silicon carbide
target [21].

2.4. The B-Factories and Belle II

The B-factories BaBar and Belle were located at the PEP-2 collider at SLAC and
at the KEK-B collider at the KEK laboratory, respectively [22,23]. Both colliders were
asymmetric e+e− colliders operating mainly on the Υ(4S) resonance to produce BB̄ meson
pairs with a production cross-section of approximately 1 nb. BaBar and Belle collected data
corresponding to integrated luminosities of 426 fb−1 and 711 fb−1 at this centre-of-mass
energy, which results in data sets of 471 M and 772 M BB̄ pairs, respectively. In addition to
the large B-meson samples, τ+τ− pairs are also produced, with a production cross section
of approximately 0.9 nb−1, respectively. The B-factories are therefore well suited to search
for the CLFV decays of B-mesons and τ-leptons.

Belle II represents the major upgrade and successor of the Belle experiment, op-
erating at SuperKEKB at KEK. The target instantaneous luminosity of SuperKEKB of
8× 1035 cm−2s−1 is approximately a factor of 40 larger than at KEK-B [37]. The first physics
data-taking period of Belle II with a fully instrumented detector started in 2019. Belle II
plans to take a total data sample corresponding to an integrated luminosity of 50 ab−1,
approximately 50 times larger than the samples available from the B-factories [25].

A schematic view of the Belle II detector is shown in Figure 4. The Belle II detector cov-
ers the interaction region near hermetically. The innermost detector systems are the silicon
pixel (PXD) and silicon strip (SVD) vertex detectors. Momentum and dE/dx measurements
of charged particles are provided by the central drift chamber (CDC). Further particle
identification information is provided by a time-of-propagation (TOP) counter, together
with a ring imaging Cherenkov (ARICH) detector. Photon and electron reconstruction is
provided by the CsI(Tl) electromagnetic calorimeter (ECL). Outside the superconducting
solenoid K0

L and muon, reconstruction is provided by an alternating sandwich structure
of resistive plate chambers and iron absorbers (KLM), which also serves as magnetic flux
returns for the solenoid.

Experimentally, the Belle II experiment profits from the clean e+e− environment and
the known kinematics of the initial state, which allows it to reconstruct the energy difference
∆E between the reconstructed energy and half

√
s, as well as the beam-energy substituted

mass mES. These observables can significantly improve the signal-over-background ra-
tios. The production of BB̄ meson pairs via the Υ(4S) resonance furthermore allows full
reconstruction of one of the B-mesons (B-tagging) using a full event interpretation. This
allows for a particularly clean reconstruction of the other (signal) B-meson at the cost of a
lower efficiency.
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Figure 4. The Belle II detector at SuperKEKB. Figure taken from Ref. [38].

2.5. LHCb

The LHCb experiment, located at the Large Hadron Collider (LHC) at CERN (Geneva),
is designed for precision measurements of b- and c-hadron decays [24]. The LHCb detector
is designed as a single arm forward spectrometer covering the pseudorapidity range
1.8 < η < 4.9. In the first two runs of data taking (Runs 1 and 2), LHCb collected data
corresponding to an integrated luminosity of 9 fb−1. After a major upgrade of the detector
and trigger systems, LHCb is now taking its third run of data (Run 3) at a five-times larger
instantaneous luminosity (2 × 1033 cm2s−1). By the end of the LHC Run 4, LHCb expects
to collect data corresponding to an integrated luminosity of 50 fb−1.

A schematic view of the upgraded LHCb detector is shown in Figure 5. The primary
pp interaction vertex is surrounded by a silicon vertex locator (VeLo), providing excellent
impact parameter resolution. The tracking system further consists of a silicon strip detec-
tor (UT) before and a larger area scintillating fibre tracker (SciFi) after the magnet, which
provides an integrated magnetic field of 4 Tm. The tracking system provides a relative
momentum resolution σ(p)/p of up to 0.5%. Particle identification is provided by two
ring-imaging Cherenkov (RICH) detectors, one located before and one after the magnet,
and, in addition, the electromagnetic and hadronic calorimeters (ECAL and HCAL), as well
as the muon chambers (M2–M5).

Figure 5. The upgraded LHCb detector. Figure taken from Ref. [26].

LHCb profits from enormous production cross sections at the LHC: during the
LHC Run 2 at

√
s = 13 TeV, LHCb measured cross sections of (154 ± 14)µb−1 and

(2940 ± 241)µb−1 in the LHCb acceptance for beauty and charm quark productions, re-
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spectively [39,40]. This results in enormous data samples of b- and c-hadrons, and, via
their semileptonic decays, also τ-leptons (e.g., from the decay D+

s → τ+ντ). LHCb exploits
these large samples to provide world-leading sensitivities for decays involving muons
and electrons in the final state. The reconstruction of final states involving τ-leptons is
more challenging, but LHCb can exploit its excellent vertex resolution in kinematic fits.
Following Run 4, the LHCb collaboration plans to perform a further upgrade of the detector,
with a target luminosity of 300 fb−1 [41].

2.6. ATLAS and CMS

ATLAS and CMS are the two general purpose detectors of the LHC [29,30]. Dur-
ing the LHC Runs 1–2, ATLAS and CMS ran at instantaneous luminosities of up to
2 × 1034 cm−2s−1, twice the design luminosity of 1 × 1034 cm−2s−1. Both ATLAS and
CMS collected data samples corresponding to an integrated luminosity of approximately
165 fb−1 during the LHC Runs 1–2. For Run 3, the target integrated luminosity is 250 fb−1.
Due to the large pile-up, the triggers at ATLAS and CMS are particularly optimized for
high pT signatures. ATLAS and CMS therefore provide world-leading sensitivities to
lepton-flavour violating decays of the heavy Z and Higgs bosons. During the HL-LHC, the
instantaneous luminosity will increase to up to 7.5 × 1034 cm−2s−1, and ATLAS and CMS
expect to collect data samples corresponding to 3 ab−1 until the end of Run 6 [42,43].

3. Lepton-Flavour Violation in Purely Leptonic Decays
3.1. Muon Decays
3.1.1. µ+ → e+γ

As detailed in Section 2.1, searches for the decay µ+→ e+γ are typically performed
by stopping a positive muon beam in a target and looking for coincident mono-energetic
positrons and photons with an energy of mµ/2, each in a back-to-back configuration. The
sensitivity of experiments is limited by the ability to reject backgrounds, primarily from
radiative muon decays (RMD) µ+→ e+ν̄µνeγ, where the two neutrinos are carrying away
a small fraction of the available energy, and from accidental coincidence of a positron
and a photon from different processes. For the suppression of these backgrounds, the
reconstructed positron and photon energies (E+ and Eγ), the relative time of positron and
photon, te+γ = tγ − te+ calculated at the target, and the relative azimuthal and polar angles
(θe+γ and ϕe+γ) can be used. The currently most sensitive search has been performed by
the MEG collaboration with the full data set taken during the years 2009–2013 [31]. The
resulting events are shown in Figure 6 (left), where a cut on cos Θe+γ < −0.99963, where
Θe+γ is the relative stereo angle and |te+γ| < 0.24 ns is applied. No statistically significant
excess of events is observed in the signal region (denoted in blue); the best fit of the signal
component yields a negative branching ratio, as shown in Figure 6 (right). As a result,
the MEG collaboration sets a limit and finds B(µ+ → e+γ) < 4.2 × 10−13 set by the MEG
experiment at 90% confidence level (CL) [31], which constitutes the most stringent limit on
this decay to date.
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Figure 6. (Left) Event distribution in the (Ee+ , Eγ) plane. A cut on cos Θe+γ < −0.99963 and
|te+γ| < 0.24 ns is applied. (Right) Resulting negative−log likelihood as function of the branching
ratio. Figures taken from Ref. [31].



Symmetry 2024, 16, 359 7 of 19

3.1.2. µ+ → e+e−e+

The search for the lepton-flavour violating decay µ+→ e+e−e+ is complementary to
the search for the decay µ+→ e+γ. The main background source for the signal channel
is the RMD µ+→ e+e−e+ν̄µνe, where the photon is virtual and converts into an e+e− pair,
and the two neutrinos are low energetic. Another relevant source of background arises from
the accidental combination of an e+e− pair with low invariant mass and an uncorrelated
positron. The most stringent limit on the branching fraction of the µ+ → e+e−e+ decay is set
by the SINDRUM experiment, described in Section 2.2 above. The SINDRUM experiment
found no significant signal excess and set an upper limit of B(µ+ → e+e−e+) < 1 × 10−12

at 90% CL [15].
The Mu3e experiment [33], currently under construction at PSI, is aimed at reaching a

sensitivity of 10−16 to the µ+ → e+e−e+ decay, four orders of magnitude lower than the
limit set by the SINDRUM collaboration.

3.1.3. µ−N → e−N

The search for the lepton-flavour violating conversion process µ−N → e−N is per-
formed by looking for the emission of an electron with an energy of Eµe = mµc2 − Bµ − R,
where Bµ denotes the muon binding energy and R the atomic recoil, as discussed in
Section 2.3. The dominant background contribution for these searches arises from muon
decays in orbit, i.e., µ−→ e−ν̄eνµ, that can mimic the signal if the two neutrinos carry very
little energy. A second type of background originates from radiative pion capture that can
arise if the beam exhibits a significant pion contamination. The SINDRUM II experiment
suppresses these backgrounds by keeping the muon beam extremely clean through the use
of a CH2 moderator. Residual pion induced backgrounds can be removed through angular
selection criteria. Figure 7 (top) shows the momentum distribution of events from a search
for µ–e conversion in gold, for which pion induced backgrounds have been removed. The
data are in good agreement with the background-only hypothesis. Limits on µ−N → e−N
processes are expressed as a ratio between the µ–e conversion and the nuclear capture rates:

Rµe =
µ−N → e−N

µ−N → all muon captures
(1)

The SINDRUM II experiment has set the most stringent constraints on µ–e conversion,
resulting in upper limits of Rµe < 7 × 10−13, Rµe < 8.9 × 10−11 and Rµe < 4.6 × 10−11 at
90% CL, using gold, titanium, and lead [16,44,45].

Figure 7. (Top) Comparison between the measured distribution and simulated muon decay-in-orbit
events. In addition, the simulated shape of a potential lepton-flavour violating signal is given. For
these events, contamination from pion-induced backgrounds are removed. (Bottom) Sample enriched
with pion-induced backgrounds. Figure taken from Ref. [46].
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The Mu2e [19], COMET [20], and DeeMe [21] experiments expect to improve on
these limits for µ–e conversion and aim to reach sensitivities of O(10−17), O(10−17), and
O(10−14), respectively.

3.2. Tau Decays

Due to the large τ mass, the branching fractions predicted by NP models for LFV τ
decays can be orders of magnitude larger than LFV µ decays [47,48]. Moreover, their larger
mass allows for a larger variety of final states, including neutrinoless semileptonic decays
such as τ− → ℓ−π0 and τ− → ℓ−π+π−. Despite being theoretically appealing, LFV τ
decays are more challenging from the experimental side. In contrast to muons, which can
be manipulated and accelerated in beams, tau leptons have a significantly shorter lifetime
(2.9 × 10−13 s instead of 2.2 × 10−6 s) and can only be studied via their decay products.

As of today, most of the upper limits on the branching fractions of LFV τ decays have
been obtained by the BaBar and Belle experiments. At the LHC, searches for LFV τ decays
are feasible thanks to the large τ production cross section. So far, the LHCb, ATLAS, and
CMS experiments have produced upper limits for the τ− → µ−µ+µ− decay and LHCb
also for the τ−→ pµ−µ− and τ−→ p̄µ−µ+ decays [49]. An overview of the current status
of the observed upper limits on the branching fractions of LFV τ decays is reported in
Figure 8.

Figure 8. Current status of the observed upper limits on LFV τ decays at CLEO, BaBar, Belle, LHCb,
ATLAS, and CMS. In addition, projections for Belle II are reported. Figure taken from Ref. [50].

3.2.1. τ− → ℓ−γ

In many NP models, the τ− → ℓ−γ (with ℓ = e, µ) is predicted to be the dominant
decay mode among all possible LFV τ processes, with a branching fraction close to the
current experimental sensitivity [48,51,52]. At B-factories, both the energy and the mass of
the τ leptons produced in pairs in the e+e− collisions are well known. The LFV candidate
is reconstructed by dividing the event into two hemispheres, the “signal-“ and the “tag-”
side, which are expected to contain the LFV and the SM decays, respectively. Each of the
two hemispheres has a reconstructed energy Eτ expected to be equal to

√
s/2 and invariant

mass equal to the τ lepton mass mτ . The search for τ− → ℓ−γ decays is challenging due to
the presence of irreducible backgrounds coming from τ−→ ℓ−ν̄ℓντ decays and an external
photon, from hadronic τ decays where the pion is misidentified as an electron or muon and
from di-muon events misidentified as τ+τ− pairs. Both BaBar and Belle conducted searches
for τ− → ℓ−γ decays on 516 fb−1 and 988 fb−1 of recorded data, respectively [53,54]. In
the BaBar analysis, signal candidates are selected by means of two kinematic variables:
the energy difference ∆E = Eτ −

√
s/2 and the beam energy-constrained τ mass (mEC). In

the two dimensional plane of mEC versus ∆E, signal candidates are expected to be centred
at (mτ , 0). Belle, instead, examined the signal candidates in the ∆E/

√
s versus Mbc plane,
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∆E/
√

s being the normalised energy difference and Mbc the beam-energy constrained
invariant mass. In Figure 9, the 2D distribution of mEC vs. ∆E for τ−→ e−γ candidates
and of ∆E/

√
s vs. Mbc for τ− → µ−γ candidates is reported for the BaBar and Belle

analysis, respectively.

Figure 9. (Left) mEC vs. ∆E distribution for τ−→ e−γ in the BaBar analysis [55]. (Right) ∆E/
√

s vs.
Mbc distribution for τ−→ µ−γ candidates in the Belle analysis [54].

Both experiments observed no significant excess of signal events, and the best upper
limits of B(τ− → e−γ) < 3.3 × 10−8 (BaBar) and B(τ− → µ−γ) < 4.2 × 10−8 (Belle) were
set at 90% CL. Belle II is expected to improve the current sensitivity to the τ− → ℓ−γ decay
by one order of magnitude, thanks to a larger data set (50 ab−1), higher signal efficiencies,
and improved reconstruction and particle identification capabilities [56]. A comparable
sensitivity is expected to be reached also at FCC-ee, the first stage of the Future Circular
Colliders program [57].

3.2.2. τ− → ℓ−ℓ+ℓ−

Like τ− → ℓ−γ, the τ− → ℓ−ℓ+ℓ− (with ℓ = e, µ) decays also represent golden
channels in the search for LFV τ decays. Both at Babar and Belle, a search for all six possible
final states, i.e., e−e+e−, µ−µ+µ−, µ−e+e−, µ−µ+e−, e−µ+e−, µ−e+µ−, was conducted
on 468 fb−1 and 782 fb−1 of data, respectively [58,59]. Signal candidates are selected by
requiring the τ-pair candidate to have four charged tracks with zero net charge, three in
the “signal-“ and one in the “tag-” side. The event selection, based on particle identification
and kinematical requirements, is optimised mode by mode as each mode can be affected by
a different mixture of backgrounds. In the Belle analysis, signal candidates are examined in
the M3ℓ-∆E plane, M3ℓ being the ℓ−ℓ+ℓ− invariant mass and ∆E the difference between
the summed energy and the beam energy in the centre-of-mass system. As an example,
Figure 10 shows the events observed in the M3ℓ-∆E plane for the τ− → e−e+e− and
τ−→ µ−µ+µ− modes. A similar approach is also adopted in the BaBar analysis . For all
six modes, no signal events were observed in the signal region and upper limits were set on
the branching fractions of τ− → ℓ−ℓ+ℓ− at 90% CL in the ranges (1.8–3.3)× 10−8 (BaBar)
and (1.5–2.7)× 10−8 (Belle). The most stringent limits on the single modes, all set by Belle,
are reported in Table 1.

At the LHC, the search for the τ− → µ−µ+µ− decay is feasible thanks to the clear
signature provided by the muons in the final state. The strongest limit from a hadron
collider on the branching fraction of the τ− → µ−µ+µ− decay is the one set by the
LHCb experiment, where τ leptons are mainly produced in Ds-meson decays. The largest
source of background is the combinatorial one, arising from the random combination
of charged tracks wrongly associated with the same vertex. Multivariate classification
techniques based on kinematics and track quality information are used to suppress the
combinatorial background, while particle identification information is exploited in the
suppression of the background originating from hadron misidentification. A first search
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was conducted on data collected in Run 1, corresponding to an integrated luminosity
of ∼3 fb−1. No significant excess of events was observed in the signal region and an
upper limit of 4.6 × 10−8 was set at 90% CL [60]. The analysis on the Run 2 data set,
corresponding to an integrated luminosity of ∼ 6 fb−1, is currently ongoing. A search for
the τ− → µ−µ+µ− decay was conducted by the ATLAS experiment on τ leptons produced
in W−→ τ−ν̄τ decays; no signal event was observed and an upper limit of 3.8 × 10−8 was
set at 90% CL [61]. The CMS collaboration recently published a new result for the upper
limit on the branching fraction of τ− → µ−µ+µ−, 2.9 × 10−8 at 90% CL, obtained on data
collected in Run 2 and corresponding to an integrated luminosity of 131 fb−1 [62]. In this
case, τ leptons coming from both heavy-flavour hadron and W boson decays are exploited
in the analysis. As also shown in Figure 8, Belle II is expected to improve the current limit
on the τ− → µ−µ+µ− decay down to O(10−9–10−10), with 50 fb−1 of collected data [56].
In the HL-LHC era, the LHCb experiment plans to reach a sensitivity of O(10−9), either
confirming any Belle II discovery or contributing to a significant improvement of the
combined limit [63]. A similar sensitivity is also expected from the ATLAS experiment,
which plans to collect 3 ab−1 of data at 14 TeV during the HL-LHC campaign [64].

Figure 10. Scatter−plots for data (solid circles) and signal MC (filled boxes) over the ±20σ area in the
M3ℓ − ∆E plane for the τ−→ e−e+e− (a) and τ−→ µ−µ+µ− (b) decays. The elliptical solid curve
indicates the signal region, while the box inside the horizontal lines but excluding the elliptical region
are used to estimate the background contamination in the signal region. Figure taken from Refs. [55].

4. Lepton-Flavour Violation in Hadron Decays
4.1. Lepton-Flavour Violating b-Hadron Decays
4.1.1. Final States Including Light Leptons

New Physics models, including leptoquark models and models including new heavy
gauge bosons, can predict sizeable branching fractions for lepton-flavour violating b-
hadron decays [65–69]. Searches for lepton-flavour violating b-hadron decays have been
performed by LHCb and the B-factories. In searches for decays to final states with light
leptons (i.e., electrons and muons) that include only charged tracks, the LHCb collaboration
provides the most stringent limits. A search for the purely leptonic decays B0

s → µ±e∓

and B0→ µ±e∓ was performed using the LHCb Run 1 data sample, corresponding to an
integrated luminosity of 3 fb−1. As evident from Figure 11, no signal was observed and
exclusion limits of B(B0

s → µ±e∓) < 5.4 × 10−9 and B(B0 → µ±e∓) < 1.0 × 10−9 at 90%
CL were set [70]. The most stringent limits on semileptonic b → sµ±e∓ transitions have
also been determined by the LHCb collaboration. Figure 12 shows signal candidates for
the lepton-flavour violating decays B0 → K∗0µ+e− and B0 → K∗0µ−e+ using LHCb data
corresponding to an integrated luminosity of 9 fb−1. No significant signal is observed and
LHCb sets limits of B(B0→ K∗0µ+e−) < 5.7 × 10−9, B(B0→ K∗0µ−e+) < 6.8 × 10−9, and
B(B0

s → ϕµ±e∓) < 16.0 × 10−9 at 90% CL [71]. For the decay B+→ K+µ±e∓, LHCb sets
the limits of B(B+→ K+µ+e−) < 6.4 × 10−9 and B(B+→ K+µ−e+) < 7.0 × 10−9 at 90%
CL using 3 fb−1 of data [72]. The Babar and Belle collaborations have established the most
stringent limits on the decays B+→ K∗+µ±e∓ and B0→ K0µ±e∓ at B(B+→ K∗+µ±e∓) <
1.4 × 10−6 and B(B0→ K0µ±e∓) < 3.8 × 10−8 (both at 90% CL), respectively [73,74]. The
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best limit on the b → dµ±e∓ decay B→ πµ±e∓ (isospin-averaged) of B(B→ πµ±e∓) <
9.2 × 10−8 at 90% CL has been established by the BaBar collaboration [75].
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Figure 11. Limits for the decays (left) B0 → µ±e∓ and (right) B0
s → µ±e∓ by the LHCb collaboration.

Figure taken from Ref. [70].
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Figure 12. Signal candidates for the lepton-flavour violating decays (left) B0 → K∗0µ+e− and
(right) B0 → K∗0µ−e+ overlaid with fit projections. Figure taken from Ref. [71].

4.1.2. Final States Including τ Leptons

Lepton-flavour violating decays of b-hadrons to final states including τ-leptons are
more challenging to reconstruct, especially at hadron colliders, where the kinematics of
the initial state are not known. Nevertheless, the LHCb collaboration is able to leverage its
precision tracking system to reconstruct the mass of the signal b-hadron using kinematic
fits. Using the decay τ− → π−π+π−(π0)ντ , the LHCb collaboration sets the current
best limits on the purely leptonic decays B0 → τ±µ∓ and B0

s → τ±µ∓ using Run 1 data
corresponding to an integrated luminosity of 3 fb−1. Figure 13 (left) illustrates that the B0

(s)
meson masses can be well reconstructed despite the missing neutrino, which allows for
a good separation of potential signals from background events. The search is performed
in several bins of a BDT classifier output with increasing signal-over-background ratio.
The most sensitive BDT bin is shown in Figure 13 (right). No signal is observed and
LHCb sets limits of B(B0 → τ±µ∓) < 1.4 × 10−5 and B(B0

s → τ±µ∓) < 4.2 × 10−5 at
90% CL [76]. Slightly less stringent limits on B0 → τ±µ∓ are provided by the BaBar and
Belle collaborations [77,78]. These collaborations, however, have set the most stringent
limits on the decay B0 → τ±e∓ of B(B0 → τ±e∓) < 2.8 × 10−5 and B(B0 → τ±e∓) <
1.6 × 10−5 at 90% CL, respectively [77,78]. Semileptonic b → sτ±µ∓ transitions have
been searched for by LHCb, resulting in limits of B(B0 → K∗0τ+µ−) < 1.0 × 10−5 and
B(B0 → K∗0τ−µ+) < 8.2 × 10−6 at 90% CL [79]. Using B∗0

s2 → B+K− decays, LHCb
furthermore has set an upper limit of B(B+→ K+µ−τ+) < 3.9 × 10−5, also at 90% CL [80].
The most stringent limits on semileptonic b → sτ±e∓ transitions are provided by the
BaBar collaboration, which provides the exclusion limits B(B→ Kτ+e−) < 1.5 × 10−5 and
B(B→ Kτ−e+) < 4.3 × 10−5 at 90% CL [81]. A summary of the limits on lepton-flavour
violating b-hadron decays is given in Table 1.
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Figure 13. (Left) Reconstructed B mass for signal simulation and same-sign lepton data.
(Right) B→ τ±µ∓ signal candidates in the most sensitive BDT bin. Figures taken from Ref. [76].

4.2. Lepton-Flavour Violating c-Hadron Decays

The most stringent limit on the purely leptonic decay D0 → µ±e∓ has been set by
the LHCb collaboration at B(D0 → µ±e∓) < 1.3 × 10−8 at 90% CL [82]. Concerning
semileptonic lepton-flavour violating decays, LHCb provides leading limits for final states
consisting of three charged tracks, resulting in B(D+ → π+µ+e−) < 2.2 × 10−7 and
B(D+→ π+µ−e+) < 2.1 × 10−7, as well as B(D+→ K+µ+e−) < 1.0 × 10−7 and B(D+→
K+µ−e+) < 7.5 × 10−8, all set at 90% CL [83]. Slightly less stringent limits are also set for
the corresponding D+

s decays [83]. For limits on four-track modes the BaBar collaboration
provides the most stringent limits. These include decays involving resonances where limits
have been set on, e.g., B(D0 → ρ0µ±e∓) < 5.0 × 10−7 and B(D0 → ϕµ±e∓) < 5.1 × 10−7,
as well as limits on inclusive final states such as B(D0 → π+π−µ±e∓) < 1.7 × 10−6 and
B(D0→ K+K−µ±e∓) < 1.0 × 10−6, all at 90% CL [84,85].

4.3. Kaon Decays

Searches for LFV kaon decays have been performed for many years by various ex-
periments, all leading to null results. The most stringent limit on the branching fraction
of the K0

L → µ±e∓ decay belongs to the BNL collaboration, which produced a limit of
B(K0

L → µ±e∓) < 4.7 × 10−12 at 90% CL on data collected at the E871 experiment [27]. The
KTeV experiment at Fermilab conducted searches for the lepton-flavour violating decays
K0

L → e±e±µ∓µ∓, K0
L → π0µ±e∓ and K0

L → π0π0µ±e∓, obtaining what are still today the
most stringent limits on their branching fractions, i.e., B(K0

L → e±e±µ∓µ∓) < 4.12 × 10−11,
B(K0

L → π0µ±e∓) < 7.56 × 10−11, and B(K0
L → π0π0µ±e∓) < 1.64 × 10−10 at 90%

CL [28,86]. Searches for LFV kaon decays have also been performed at the NA62 ex-
periment at CERN, thanks to the large data set of kaon decays into lepton pairs collected
between 2016 and 2018. In particular, a search for the K+→ µ−νe+e+ decay produced an
upper limit of B(K+ → µ−νe+e+) < 8.1 × 10−11 at 90% CL on the branching fraction of
the decay. The result is obtained assuming a uniform phase space distribution of signal
events and shows an improvement of a factor of 250 with respect to the previous limit [87].
The High-Intensity Kaon Experiments (HIKE) at CERN SPS, whose realisation is currently
under discussion, plan to bring the sensitivity to LFV kaon decays down to O(10−12) [88].

5. Lepton-Flavour Violation in Electroweak Boson Decays
5.1. Z → ℓ±ℓ′,∓ Decays

The most stringent limits on the branching fractions of Z→ ℓ±ℓ′,∓ decays are set by
the ATLAS experiment. The search for such decays is conducted by looking for an excess
above the background contribution in the invariant mass distribution of the two leptons
in correspondence of the Z-boson mass. For all three possible final states, the dominant
background contribution comes from the lepton-flavour-conserving Z → τ+τ− → ℓℓ′ + 4ν
decay, where the two τ leptons decay leptonically. The best limit on the Z→ e±µ∓ decay,
7.5 × 10−7 at 95% CL, is based on data collected in pp collisions at a centre-of-mass energy
of 8 TeV and corresponding to an integrated luminosity of 20.3 fb−1 [89]. The best limits
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on the branching fraction of the Z → e±τ∓ and Z → µ±τ∓ decays are derived from the
combination of the results obtained in two different analyses. In the former, the search is
conducted on events where the τ lepton decays hadronically on 159.3 fb−1 of data from
both Run 1 and Run 2 [90]. In the latter, only τ leptons reconstructed via their leptonic
decays are considered and 139 fb−1 of Run 2 data are used [91]. Both analyses make use
of neural networks based on kinematic variables for the suppression of the background
contamination. As an example, Figure 14 shows for the Z→ e±τ∓ and Z→ µ±τ∓ channels
the output of the neural networks for observed events as well as the predicted distributions
for the main background contributions. Both analyses observed no significant excess of
signal events, and the upper limits of 5.0 × 10−6 and 6.5 × 10−6 have been set at 95% CL on
the Z→ e±τ∓ and Z→ µ±τ∓ decays, respectively.

Figure 14. Distributions of the neural network output (a) for the low−pT signal region of the
Z→ e±τ∓ channel and (b) for the high−pT signal region of the Z→ µ±τ∓ channel. The expected
signal (red dashed line) is shown normalised to an arbitrary B(Z → ℓτ) = 3 × 10−4 for visualization
purposes. Figure taken from Ref. [91].

5.2. H → ℓ±ℓ′,∓ Decays

Also for the H → e±µ∓ decay, the best limit is provided by the ATLAS experiment.
The analysis is conducted on 139 fb−1 of data collected in pp collisions at

√
s = 13 TeV.

Similarly to what is described in the previous section, a narrow peak is searched for in the
invariant mass distribution of the two leptons in correspondence of the Higgs boson mass.
The background from top quarks is suppressed by identifying b-hadrons and neutrinos in
the final state. As also shown in Figure 15, no evidence of the signal decay is found and an
upper limit of B(H → e±µ∓) < 6.2 × 10−5 is set at 95% CL [92].

The CMS experiment conducted a search for the H → e±τ∓ and H → µ±τ∓ decays
on 137 fb−1 of data collected in pp collisions happening at

√
s = 13 TeV. The dominant

background contributions to the signal decays come from Z→ τ+τ− processes and from
the misidentification of leptons. However, when the τ is reconstructed via its leptonic decay,
events from tt̄ processes can also contribute and have to be taken into account. The analysis
makes use of boosted decision trees to discriminate between signal and background events,
and a maximum likelihood fit to the output of the classifier is performed to extrapolate the
final results. The observed data are in agreement with the background-only hypothesis,
hence the upper limits of B(H → e±τ∓) < 0.22% and B(H → µ±τ∓) < 0.15% are set
at 95% CL [93]. The result for the H → e±τ∓ decay has been superseded by the one
obtained in a more recent analysis conducted by the ATLAS collaboration on 138 fb−1

of data collected in pp collisions at
√

s = 13 TeV. No significant excess of signal events is
observed and upper limits are set on the branching fractions of the decays, i.e., B(H →
e±τ∓) < 0.20% and B(H → µ±τ∓) < 0.18% [94].
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Figure 15. Comparison between the invariant mass distribution observed for the e±µ∓

channel and the background−only model. The signal parameterisation obtained assuming
B(H → e±µ∓) = 0.05% is also shown. Figure taken from Ref. [92].

6. Summary and Conclusions

We have presented an overview of searches for lepton-flavour violating processes in
decays of leptons, hadrons, and heavy bosons. Due to space constraints, we were not able
to cover all searches being performed, e.g., we did not discuss decays of light hadrons,
charmonia, and quarkonia. A summary of some of the most stringent constraints for
lepton-flavour violating processes is given in Table 1. No positive signal for lepton-flavour
violation in the charged sector has been observed to date; however, many experiments are
currently planned, under construction, or already running that aim to improve the present
limits by often several orders of magnitude. These searches will either result in exciting
signs of New Physics or set even stronger constraints on SM extensions.

Table 1. Summary table of the most stringent limits on a selection of lepton-flavour violating processes.

Process Limit CL Experiment Ref.

µ+→ e+γ 4.3 × 10−13 90% MEG [31]
µ+→ e+e−e+ 1.0 × 10−12 90% SINDRUM [15]
µ−Ti→ e−Ca∗ 8.9 × 10−11 90% SINDRUM II [44]
µ−Pb→ e−Pb 4.6 × 10−11 90% SINDRUM II [45]
µ−Au→ e−Au 7 × 10−13 90% SINDRUM II [16]

τ−→ e−γ 3.3 × 10−8 90% BaBar [53]
τ−→ µ−γ 4.2 × 10−8 90% Belle [54]
τ−→ e−e+e− 2.7 × 10−8 90% Belle [59]
τ−→ µ−µ+µ− 2.1 × 10−8 90% Belle [59]
τ−→ µ−e+e− 1.8 × 10−8 90% Belle [59]
τ−→ µ−µ+e− 2.7 × 10−8 90% Belle [59]
τ−→ e−µ+e− 1.5 × 10−8 90% Belle [59]
τ−→ µ−e+µ− 1.7 × 10−8 90% Belle [59]
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Table 1. Cont.

Process Limit CL Experiment Ref.

B0 → µ±e∓ 1.0 × 10−9 90% LHCb [70]
B0

s → µ±e∓ 5.4 × 10−9 90% LHCb [70]
B0 → K∗0µ+e− 5.7 × 10−9 90% LHCb [71]
B0 → K∗0µ−e+ 6.8 × 10−9 90% LHCb [71]
B0

s → ϕµ±e∓ 1.6 × 10−8 90% LHCb [71]
B+→ K+µ+e− 6.4 × 10−9 90% LHCb [72]
B+→ K+µ−e+ 7.0 × 10−9 90% LHCb [72]
B0 → τ±µ∓ 1.5 × 10−5 90% LHCb [76]
B0

s → τ±µ∓ 4.2 × 10−5 90% LHCb [76]
B0 → τ±e∓ 1.6 × 10−5 90% Belle [78]
B0 → K∗0τ+µ− 1.0 × 10−5 90% LHCb [79]
B0 → K∗0τ−µ+ 8.2 × 10−6 90% LHCb [79]

D0 → µ±e∓ 1.3 × 10−8 90% LHCb [82]
D+→ π+µ+e− 2.2 × 10−7 90% LHCb [83]
D+→ π+µ−e+ 2.1 × 10−7 90% LHCb [83]
D+→ K+µ+e− 1.0 × 10−7 90% LHCb [83]
D+→ K+µ+e− 7.5 × 10−8 90% LHCb [83]

K0
L → µ±e∓ 4.7 × 10−12 90% BNL [27]

K0
L → e±e±µ∓µ∓ 4.12 × 10−11 90% KTeV [28]

K0
L → π0µ±e∓ 7.56 × 10−11 90% KTeV [86]

K0
L → π0π0µ±e∓ 1.64 × 10−10 90% KTeV [86]

K+→ µ−νe+e+ 8.1 × 10−11 90% NA62 [87]

Z→ e±µ∓ 7.5 × 10−7 95% ATLAS [89]
Z→ e±τ∓ 5.0 × 10−6 95% ATLAS [91]
Z→ µ±τ∓ 6.5 × 10−6 95% ATLAS [91]
H→ e±µ∓ 6.2 × 10−5 95% ATLAS [92]
H→ e±τ∓ 2.0 × 10−3 95% ATLAS [94]
H→ µ±τ∓ 1.5 × 10−3 95% CMS [93]
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