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Lepton flavor is an accidental symmetry of the Standard Model in its minimal formulation.
The observation of neutrino oscillations already demonstrates that lepton flavor is not an exact
symmetry of nature; however, charged-lepton-flavor-violating transitions induced only by neutrino
mixing are predicted to occur at rates far below the sensitivity of present or foreseeable collider
experiments. For this reason, any observation of charged Lepton Flavor Violation at the LHC would
constitute an unambiguous indication of physics beyond the Standard Model. This contribution
reviews recent searches for Lepton Flavor Violation performed by ATLAS, CMS and LHCb,
focusing on decays of Standard Model bosons, searches for heavy neutral resonances, effective-
field-theory interpretations in the top-quark sector, and rare tau-lepton decays.
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1. Introduction

Lepton Flavor Violation (LFV) occupies a special position in the search program for physics
beyond the Standard Model (SM). In the minimal SM with massless neutrinos, the individual
lepton-family numbers associated with the electron, muon and tau are conserved. Once neutrino
masses and mixing are included, lepton flavor is no longer exactly conserved. Nevertheless, the rates
for charged-lepton-flavor-violating processes generated through neutrino oscillations are extremely
small. In practice, such rates are many orders of magnitude below the sensitivity of collider
experiments.

This gap between what is allowed by the discovery of neutrino masses and what is observable
at colliders makes LFV a particularly clean discovery channel. Unlike several other signatures in
which a deviation may be interpreted as a subtle distortion of Standard Model dynamics, a charged-
lepton-flavor-violating decay of a Z boson, a Higgs boson, a heavy resonance, a top quark or a
tau lepton would be a direct sign of new interactions. Moreover, lepton flavor conservation is not
protected by an exact gauge symmetry in the SM. The question is therefore not only whether lepton
flavor is violated, but at which scale and through which dynamics it may become experimentally
visible.

2. Standard Model Boson Decays

Searches for LFV decays of Standard Model bosons provide a direct and experimentally clean
probe of new physics. The most prominent examples are decays of the Z boson and of the Higgs
boson into final states containing charged leptons of different flavor. The channels considered at
the LHC include 𝑍 → 𝑒𝜇 , 𝑍 → 𝑒𝜏 , 𝑍 → 𝜇𝜏 , 𝐻 → 𝑒𝜇 , 𝐻 → 𝑒𝜏 , and 𝐻 → 𝜇𝜏 . These
modes are experimentally challenging because the expected signals are small and must be separated
from large backgrounds involving prompt leptons, tau decays, misidentified jets and non-resonant
dilepton production. However, the presence of a narrow resonance and the availability of large data
sets make them among the most sensitive collider probes of LFV.

2.1 Z Boson Lepton-Flavor-Violating Decays

The 𝑍 → 𝑒𝜇 decay is one of the cleanest LFV signatures in proton-proton collisions. The final
state contains exactly two high-quality, oppositely charged leptons of different flavor, and the signal
would appear as a narrow structure in the 𝑒𝜇 invariant-mass distribution around the Z-boson mass.
The dominant backgrounds include 𝑍 → 𝜏𝜏 events in which both 𝜏 leptons decay leptonically,
𝑍 → 𝜇𝜇 events with one misreconstructed or misidentified lepton, and non-resonant contributions
such as top-quark and diboson production.

ATLAS performed a search for 𝑍 → 𝑒𝜇 [1] using multivariate event selection based on
boosted decision trees (BDTs). Control regions enriched in same-flavor events were used to
constrain the relevant backgrounds. The analysis excluded a branching fraction 𝐵(𝑍 → 𝑒𝜇) above
2.62(2.37) × 10−7 at 95% confidence level, where the values in parentheses denote the expected
limits. This result demonstrates the capability of the general-purpose LHC experiments to probe
LFV Z-boson decays at the few-10−7 level (Fig. 1b).
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CMS has also reported a search for 𝑍 → 𝑒𝜇 with signal regions categorized according to the
BDT score. The analysis uses a fit to the e 𝜇 invariant-mass distribution, with the signal modeled by
a double Crystal Ball function and non-resonant backgrounds described through analytic functions.
Three BDT intervals are considered: 0.3 < BDT < 0.7, 0.7 < BDT < 0.9 and 0.9 < BDT < 1.0.
The corresponding observed limits are 5.7 × 10−7, 3.2 × 10−7 and 3.0 × 10−7 , respectively, with a
combined observed limit of 1.9× 10−7 and an expected limit of 2.0× 10−7. These results represent
an important improvement in sensitivity and show the advantage of categorizing events according
to their signal purity [2] (Fig. 1a).
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(a) Upper limits at 95% CL on the branching fraction
B(𝑍 → 𝑒𝜇) for each BDT score range and for the
final combined fit (from [2])
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(b) Distributions of the combined NN output of the
𝜇𝜏 3P candidates in the signal region (from [3]).

The 𝑍 → ℓ𝜏 channels, where ℓ denotes either an electron or a muon, are more complex than
𝑍 → 𝑒𝜇 because the 𝜏 lepton can decay either hadronically or leptonically and always involves at
least one neutrino. The presence of missing transverse momentum and the reduced mass resolution
require dedicated reconstruction and background-rejection strategies. Nevertheless, these channels
are theoretically and experimentally important because new physics may couple preferentially to
the third lepton generation.

CMS searches for 𝑍 → ℓ𝜏 include both hadronic and leptonic 𝜏 decays. A key ingredient is
the embedding technique used to model the 𝑍 → 𝜏𝜏 background: data events containing 𝑍 → 𝜇𝜇

candidates are selected, and one of the muons is replaced by a simulated 𝜏 decay. Four BDTs are
trained to discriminate the 𝑒𝜏ℎ𝑎𝑑 , 𝑒𝜏𝑚𝑢, 𝜇𝜏ℎ𝑎𝑑 and 𝜇𝜏𝑒 signal hypotheses against 𝑍 → 𝜏𝜏 and jet-
to-𝜏 misidentification backgrounds. The combined result sets a limit 𝐵(𝑍 → ℓ𝜏) < 1.9(2.0) ×10−7

[2].
ATLAS has performed searches in both hadronic and leptonic tau final states. In the hadronic

channel [3], the analysis separates one-prong and three-prong tau candidates and uses a neural
network to discriminate signal from W+jets, 𝑍 → 𝜏𝜏 and 𝑍 → ℓℓ backgrounds. A combined
fit is performed in the signal region using the neural-network output, together with the collinear
mass in the 𝑍 → 𝜏𝜏 control region. In the leptonic tau channel [4], neural networks are trained
against the dominant backgrounds, including 𝑍 → 𝜏𝜏, top-quark and diboson production. Signal
regions are further divided into low- and high-𝑝𝑇 categories according to the transverse momentum
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of the prompt lepton. For the combined ATLAS ℓ𝜏 interpretation, limits are obtained separately
for 𝑒𝜏 and 𝜇𝜏 final states and for different 𝜏 polarization hypotheses. The inclusive ℓ𝜏 limits are
5.0(6.0) × 10−6 for 𝑒𝜏 and 6.5(5.3) × 10−6 for 𝜇𝜏. The analysis also provides results for left- and
right-handed tau assumptions, reflecting the importance of tau polarization in signal acceptance
and kinematic distributions.

2.2 Higgs-Boson Lepton-Flavor-Violating Decays

The discovery of the Higgs boson opened a new set of LFV probes. In the Standard Model, the
Higgs Yukawa couplings are diagonal in the charged-lepton mass basis, and LFV Higgs decays are
forbidden at observable rates. Many beyond-the-Standard-Model scenarios, including models with
extended scalar sectors, leptoquarks, vector-like leptons or new flavor structures, can generate LFV
Higgs couplings. The main channels studied at the LHC are 𝐻 → 𝑒𝜏 , 𝐻 → 𝜇𝜏 and 𝐻 → 𝑒𝜇.

ATLAS has searched for 𝐻 → 𝑒𝜏 and 𝐻 → 𝜇𝜏[5] using both leptonic and hadronic 𝜏

decays. The analysis considers three related interpretations: an independent search for 𝐻 → 𝑒𝜏, an
independent search for 𝐻 → 𝜇𝜏, and a simultaneous determination of the 𝐻 → 𝑒𝜏 and 𝐻 → 𝜇𝜏

signal strengths with two parameters of interest. This is important because the two LFV Higgs
couplings can in principle coexist and may be correlated in the data. In the leptonic 𝜏 channel,
separate strategies are used for vector-boson-fusion (VBF) and non-VBF event topologies. In
the non-VBF channel, the background is estimated using Monte Carlo templates normalized to
data. In the VBF channel, a symmetry method is used to estimate the Standard Model prompt-
lepton background. In the hadronic tau channel, the background is modeled using Monte Carlo
templates normalized to data. The non-VBF leptonic and hadronic channels use BDTs as the
main discriminating variables, while the VBF leptonic channel uses a deep neural network. The
simultaneous fit of 𝐵(𝐻 → 𝑒𝜏) and 𝐵(𝐻 → 𝜇𝜏) gives observed upper limits of 𝐵(𝐻 → 𝑒𝜏) <
0.2% and 𝐵(𝐻 → 𝜇𝜏) < 0.18% . The Standard Model point, corresponding to zero branching
fraction in both channels, lies slightly outside the 95% confidence-level contour, corresponding to
a local excess of about 2.1 standard deviations (Fig. 2a).

CMS has performed searches for 𝐻 → 𝑒𝜏 and 𝐻 → 𝜇𝜏 in four final states: e 𝜏ℎ𝑎𝑑 , 𝑒𝜏𝜇, 𝜇𝜏ℎ𝑎𝑑
and 𝜇𝜏𝑒. The event categories are defined according to lepton flavor and jet topology, giving eight
categories in total: e 𝜏 and 𝜇𝜏 channels each subdivided into zero-jet, one-jet, two-jet gluon-fusion-
like and two-jet VBF-like categories. The use of topology-dependent categories enhances sensitivity
to different Higgs production mechanisms. Signal selection relies on BDTs trained separately for
the different channels and categories. The main backgrounds include 𝑍 → 𝜏𝜏 and same-sign lepton
events. The 𝑍 → 𝜏𝜏 contribution is estimated using an embedding technique, similarly to other
𝜏-based LFV searches. A useful kinematic observable is the collinear mass, constructed under the
assumption that the missing transverse momentum is aligned with the visible tau-decay products.
This variable improves the reconstruction of the Higgs-boson mass in final states involving neutrinos.
The CMS results set limits 𝐵(𝐻 → 𝜇𝜏) < 0.22(0.16)% and 𝐵(𝐻 → 𝑒𝜏) < 0.15(0.15)% [6]. The
𝐻 → 𝑒𝜇 final state is experimentally clean because it contains two prompt charged leptons and no
neutrinos. However, the branching fractions expected in many models are very small, and the main
backgrounds from top-quark and WW production are substantial. CMS has searched for a narrow
e 𝜇 resonance in the invariant-mass interval between 100 and 170 GeV, considering both VBF and
non-VBF categories and further subdividing events according to a BDT score. For a Higgs-boson
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mass of 125 GeV, the analysis sets a limit 𝐵(𝐻 → 𝑒𝜇) < 4.4(4.7)×10−5. A small excess is observed
near ∼ 146 GeV, with a local significance of 3.8 standard deviations and a global significance of 2.8
standard deviations, mainly driven by selected gluon-fusion and VBF categories[7] (Fig. 2b).

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3

) in %τe→ H(Β

0.05−

0

0.05

0.1

0.15

0.2

0.25

0.3

) 
in

 %
τ

µ
→  

H(
Β

95% CL

68% CL

Best fit

SM

ATLAS
1−fb , 138VeT 13 = s

(a) Best-fit value (red star) of the branching ratios
B(𝐻 → 𝑒𝜏) and B(𝐻 → 𝜇𝜏), given in %, and
likelihood contours at 68% and 95% CL obtained
from the simultaneous fit of 𝐻 → 𝑒𝜏 and 𝐻 → 𝜇𝜏

signals based on the MC-template method, compared
with the SM expectation (black cross). from([5])

(b) The 𝑚𝑒𝜇 distribution of the observed data is
shown, with the S + B fit at 𝑚𝑋 = 146 GeV n red
solid line, and the background component of the fit
in red dotted line. Events and fit in each category are
weighted by S/(S + B) (from [7]).

3. Heavy Resonances and BSM Boson Decays

LFV may also arise from new heavy particles that couple directly to leptons of different flavor.
Searches for heavy neutral resonances decaying into e 𝜇, e 𝜏 or 𝜇𝜏 final states provide a powerful
test of such scenarios. Benchmark models include sequential Standard Model Z’ bosons with
LFV couplings, quantum black holes and R-parity-violating supersymmetric models. Even when
a specific model is used for interpretation, the experimental final states are sufficiently generic to
constrain a broad range of new-physics possibilities.

ATLAS has searched for LFV heavy resonances in e mu, e tau and mu tau final states. The
dominant irreducible backgrounds are top-quark and WW production, while reducible backgrounds
arise mainly from W+jets and multijet events in which jets are misidentified as leptons or tau
candidates. Data-driven methods are used to estimate these reducible components. The LFV Z’
signal is interpreted using a Sequential Standard Model benchmark for the production cross section
and branching fraction. The ATLAS analysis sets 95% confidence-level lower limits on the mass
of a Z’ boson decaying to different LFV final states. The observed limits are 𝑀 (𝑍 ′) > 5.0 TeV
for 𝑍 ′ → 𝑒𝜇 , 𝑀 (𝑍 ′) > 4.0 TeV for 𝑍 ′ → 𝑒𝜏 and 𝑀 (𝑍 ′) > 3.9 TeV for 𝑍 ′ → 𝜇𝜏, with expected
limits of 4.8, 4.3 and 4.2 TeV, respectively. The stronger sensitivity in the e 𝜇 channel reflects the
cleaner final state and better mass resolution, while tau channels suffer from missing energy and
larger reducible backgrounds[8].

CMS has performed a complementary search for new neutral vector resonances [2, 9]. At low
and intermediate masses, the analysis scans the e mu invariant-mass spectrum in the range 110–500
GeV. Signal events are selected using BDT-score regions, and the e mu distribution is fitted using
sliding windows. At higher masses, the analysis considers both a Sequential Standard Model Z’
with an LFV branching fraction benchmark and a more model-independent search covering e 𝜇, e 𝜏
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and 𝜇𝜏 final states. The dominant backgrounds are again top-quark and WW production. The CMS
analysis sets observed 95% confidence-level limits of 𝑀 (𝑍 ′) > 4.9 TeV for 𝑍 ′ → 𝑒𝜇, 𝑀 (𝑍 ′) > 4.3
TeV for 𝑍 ′ → 𝑒𝜏 and 𝑀 (𝑍 ′) > 4.1 TeV for 𝑍 ′ → 𝜇𝜏, with expected limits close to 5.0, 4.3 and
4.2 TeV, respectively. The agreement between ATLAS and CMS sensitivities demonstrates the
robustness of the high-mass LFV resonance program.

4. LFV in the Top-Quark Sector

The top quark provides a unique environment for LFV studies because of its large mass
and its potential sensitivity to new physics associated with electroweak symmetry breaking and
flavor. A useful framework for interpreting top-quark LFV searches is the Standard Model Effective
Field Theory (SMEFT), in which new interactions are described by higher-dimensional operators
suppressed by powers of a heavy scale Lambda.

ATLAS [10] and CMS [11] have searched for LFV top interactions involving 𝜇𝜏 final states.
The searches address both 𝑡 − 𝑢 − 𝜏 − 𝜇 and 𝑡 − 𝑐 − 𝜏 − 𝜇 vertices. A characteristic event selection
requires a hadronically decaying 𝜏 lepton, two muons with at least one same-sign muon pair, at
least one jet, and exactly one b-tagged jet. This topology is designed to suppress Standard Model
backgrounds while retaining sensitivity to LFV top production and decay. ATLAS reports an upper
limit of B(𝑡 → 𝜇𝜏𝑞) < 8.7 × 10−7 while CMS B(𝑡 → 𝜇𝜏u) < (0.04, 0.08, 0.12) for scalar, vector,
and tensor-like operators, respectively.

CMS has also searched for LFV top interactions involving 𝑒𝜇 final states and an up or charm
quark[12]. The analysis targets trilepton events containing an 𝑒𝜇ℓ signal topology, with three-
electron and three-muon final states used for background studies. The dominant backgrounds are
Standard Model top-quark events with non-prompt leptons and diboson production. Two BDTs are
trained to discriminate LFV signal from background, separately for events with 𝑚(𝑒𝜇) below and
above 150 GeV. The results are interpreted in terms of Wilson coefficients and branching fractions
for 𝑡 → 𝑒𝜇𝑢 and 𝑡 → 𝑒𝜇𝑐 transitions, again considering different Lorentz structures. These
searches complement the 𝜇𝜏 analyses by probing first- and second-generation charged-LFV in the
top sector. Together, the top-quark LFV searches extend the collider LFV program beyond boson
decays and into contact interactions that may be sensitive to energy scales substantially above the
directly accessible resonance region.

5. Searches for 𝜏 → 3𝜇

Rare 𝜏 decays provide one of the most sensitive probes of charged LFV at low energies. The
decay 𝜏 → 3𝜇 is especially attractive experimentally because the final state contains three charged
muons, allowing precise vertexing and invariant-mass reconstruction. At the LHC, 𝜏 leptons are
produced through several mechanisms. The two most relevant sources for these analyses are heavy-
flavor decays, especially D-meson decays, and 𝑊 → 𝜏𝜈 decays. Heavy-flavor production provides
a very large 𝜏 yield, of order 1011 per 𝑓 𝑏−1, but typically at low transverse momentum and in
busy environments. W decays provide fewer 𝜏 leptons, of order 107 per 𝑓 𝑏−1, but the resulting
𝜏 candidates are higher-𝑝𝑇 , more isolated and accompanied by significant missing transverse
momentum.
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CMS has searched for 𝜏 → 3𝜇 using two main analysis regions: a heavy-flavor region and a
W-boson region [13]. The analysis further categorizes events according to the expected resolution
of the three-muon invariant mass, using three resolution intervals. A BDT trained on sideband
events is used to discriminate signal from combinatorial background, and three additional regions
are defined according to the BDT score. In the heavy-flavor region, the signal yield is normalized
using the control decay 𝐷𝑠 → 𝜙𝜋 → 𝜇+𝜇−𝜋. This normalization strategy reduces the dependence
on absolute production rates and reconstruction efficiencies. The final result is obtained from
fits to the three-muon invariant-mass distribution in the relevant categories. CMS sets a limit
𝐵(𝜏− → 𝜇−𝜇+𝜇−) < 2.9 × 10−8 at 90% confidence level, corresponding to 3.6 × 10−8 at 95%
confidence level. This result reaches the 10−8 scale and demonstrates the competitiveness of LHC
experiments in rare 𝜏 decay searches (Fig, 3a).

LHCb searches for 𝜏 → 3𝜇 using 𝜏 leptons produced in heavy-flavor decays [14]. The excellent
vertexing and particle-identification capabilities of LHCb are particularly well matched to this final
state. The yields are normalized as in the CMS analysis. The main backgrounds are combinatorial
combinations of muons and backgrounds involving hadron misidentification. The expected LHCb
limit is 𝐵(𝜏− → 𝜇−𝜇+𝜇−) < 2.0(2.5) × 10−8 at 90% (95%)confidence levelThe observed limit is
1.9(2.3) × 10−8 at 90% (95%) confidence level. This corresponds to an improvement of almost
30% with respect to the extrapolated Run-1 sensitivity based on the increased Run-2 luminosity
and cross section (Fig. 3b).

(a) Observed and expected upper limits on B(𝜏 →
3𝜇) at 90% CL, from the heavy-flavor (HF) analysis,
the W boson analysis, the combination of the two anal-
yses, as well as their combination with the previously
published result using 2016 data (from [13]).
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(b) CL𝑠 distribution as a function of the assumed
branching fraction for 𝜏− → 𝜇−𝜇+𝜇− decays, for both
the observed data (solid line) and background-only
expectation (dashed line)The red line corresponds to
the confidence level (from [14]).

6. Conclusions

No conclusive signal for LFV has been observed so far. Some analyses report mild excesses,
such as the ATLAS 𝐻 → 𝑒𝜏 𝐻 → 𝜇𝜏 simultaneous fit and the CMS 𝑒𝜇 resonance search near 146
GeV, but these deviations are not statistically significant once the relevant uncertainties and look-
elsewhere effects are considered. They nonetheless illustrate the need for continued investigation
with larger data sets.
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