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Lepton flavor violation with tau leptons
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Abstract

We review the status and importance of lepton flavor violation with tauons, focusing on
overlooked flavor-breaking patterns as well as tau-flavor violation in nucleon decays.
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1 Introduction

The successful Standard Model of particle physics features four global U(1) symmetries that
were not put in by hand but rather emerge due to the gauge group representations and the
restriction to renormalizable interactions:

U(1)B × U(1)Le
× U(1)Lµ × U(1)Lτ = U(1)B × U(1)L × U(1)Lµ−Lτ × U(1)Lµ+Lτ−2Le

, (1)

where L ≡ Le + Lµ + Lτ is the total lepton number, B is baryon number, and the individual
lepton flavor numbers are denoted by Le,µ,τ. Charged lepton flavor violation (CLFV) is typically
defined as processes involving only charged leptons – without neutrinos – that violate the SM
symmetry U(1)Lµ−Lτ×U(1)Lµ+Lτ−2Le

[1]. Even though we know from neutrino oscillations that
U(1)Lµ−Lτ × U(1)Lµ+Lτ−2Le

is broken, this does not lead to any measurable CLFV and hence
leaves U(1)Lµ−Lτ ×U(1)Lµ+Lτ−2Le

as an extremely good approximate symmetry in the charged
lepton sector. Testing this SM prediction would be sufficient motivation by itself, but luckily
many SM extensions could actually lead to testable CLFV effects, which elevates CLFV to a
very promising handle in the search for new physics [2].

We will investigate CLFV model-agnostically using higher-dimensional effective operators
in the Standard Model Effective Field Theory (SMEFT), which encode the effects of any heavy
particles. CLFV arises first at mass dimension d = 6 and contains nearly 900 different operators
thanks to the three-generational fermion structure of the SM. This is a daunting amount of
operators to study and constrain, and of course there are infinitely many more CLFV operators
at d > 6, although only a small finite number of these lead to observable effects.
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Figure 1: Lepton-flavor-violating processes grouped by their
U(1)Lµ−Lτ × U(1)Lµ+Lτ−2Le

breaking, with one example process shown per group.
Left: ∆B =∆L = 0, adapted from Ref. [1]. Right: ∆B =∆L = 1, from Ref. [3].

Complementary to the SMEFT organization of CLFV in terms of mass dimension, we can
group all CLFV processes by how they break U(1)Lµ−Lτ × U(1)Lµ+Lτ−2Le

[1], resulting in the
2D grid of Fig. 1 (left). Here, every dot such as µ→ eγ stands for all processes with the same
flavor content, such as µ → eeē, µ → eγγ, Z → µ̄e, etc, as they can all be obtained by each
other by closing loops using SM interactions; which process dominates in each group depends
on the underlying model. Also note that the processes involving two leptons (the six groups
closest to the origin) and four leptons (the 12 groups around those first six) all arise already
at d = 6, whereas anything beyond requires d ≥ 10 and is hence far more suppressed.

Since we do not know if and how U(1)Lµ−Lτ×U(1)Lµ+Lτ−2Le
is broken in the charged lepton

sector, it is imperative to probe CLFV in as many directions as possible. It is worth pointing out
that one can easily impose a flavor symmetry, for example lepton triality [4] or a discrete or
continuous subgroup of U(1)Lµ−Lτ × U(1)Lµ+Lτ−2Le

, to forbid many or even all but one group
in Fig. 1 (left), so CLFV could well be hiding in groups not under experimental scrutiny. This is
important to emphasize because otherwise one could simply put all eggs in the µ→ eγ basket,
which is by far the most sensitive CLFV group. Alas, studying µ→ eγ can only tell us if Lµ and
Le are broken by one unit. CLFV in the tauon sector probes many more breaking patterns and
is perfectly complementary to muon CLFV. The previous B factories BaBar and Belle continue
to analyze their collected data and improve their limits [5], while Belle II has now collected
enough data to confirm and improve on those constraints [6] (see talk by Alberto Martini);
LHC experiments have also reached competitive limits the CLFV tauon channel τ→ 3µ.

2 CLFV by two units

The groups closest to the origin in Fig. 1 (left) have received the lion share of experimental
and theoretical attention and are well covered in other reviews [2]; let us instead focus on the
twelve groups around them, which all violate at least one lepton flavor by two units [7]. These
also arise at d = 6 in the SMEFT and are thus equally important, but require – in part – dras-
tically different search strategies. The exception to this statement are the processes τ→ eeµ̄
and τ→ µµē, which are already covered in tauon CLFV at B factories [6]. Another familiar
entry is µ̄e→ µē, which induces muonium–antimuonium conversion and can be searched for
with increased precision at the future MACE [8] facility. Notice, however, that this conversion
only efficiently probes two of the three d = 6 SMEFT operators with ∆Lµ = −∆Le = 2. The
remaining blind direction only yields heavily suppressed muonium conversion rates [9] and
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is better constrained by searches for lepton flavor universality, e.g. Γ (µ→ eνν)/Γ (τ→ eνν).
Even though these observables involve neutrinos, they can put the strongest constraint on
some CLFV operators [7] and can be further improved with Belle-II data on τ→ ℓνν.

This only leaves CLFV operators with ∆Lτ = 2, which are considerably more difficult to
constrain because they do not induce any tree-level on-shell lepton decays, and the study of
“tauonium” is impossible. For all d = 6 operators involving left-handed tauons, one can again
obtain reasonable constraints from lepton universality ratios such as Γ (τ→ eνν)/Γ (τ→ µνν),
assuming one operator at a time [7]. The only ∆Lτ = 2 operators that cannot currently be
constrained in a way compatible with the SMEFT assumption, i.e. to Wilson coefficients below
(100 GeV)−2, are the three operators involving right-handed tauons [7]: ℓ̄αγσPRℓτ ℓ̄βγσPRℓτ,
with α,β ∈ {e,µ}. Closing loops to map these back onto left-handed operators comes with a
strong suppression by lepton Yukawas; letting one tauon be off-shell brings in an expensive
GF suppression. Either way, the limits on these Wilson coefficients are irrelevantly weak.
Slightly better are lepton-flavor-violating Z decays Z → τ+τ+ℓ−αℓ

−
β

, which have never been
searched for but could eventually yield SMEFT-relevant limits at a future Z factory. Until then,
UV realizations of these operators can still lead to testable signals as long as the mediator
particles are below the electroweak scale [4,10], so experimental searches should commence.

3 Baryon number violation involving tauons

So far we have restricted ourselves to the study of CLFV, which in particular assumed processes
that conserve baryon and total lepton number. Let us loosen this restriction and consider pro-
cesses that violate baryon number B by one unit. This leads to proton decay, subject to unfath-
omably strong limits due to the relative ease with which we can observe an extremely large
number of protons for long periods of time [11]. Angular momentum conservation requires
protons to decay into an odd number of leptons, kinematically restricted to electrons, muons,
and neutrinos. Once again, SMEFT operators inducing such decays already appear at d = 6
and take the form qqqℓ. In particular, each operator inevitably violates both lepton number
and lepton flavor. Even though this is rarely emphasized, it allows us to translate our previous
discussion – and Fig. 1 – to the baryon-number violating case, and organize ∆B processes by
their flavor content [12], see Fig. 1 (right). The same logic applies: every dot on the grid
stands for an entire group and every group probes a different flavor breaking pattern, making
it crucial to investigate in all possible direction to not miss new physics.

Just like in the CLFV case, tauon modes are crucial to explore the entire flavor landscape.
Tau decays such as τ→ p̄π0 or τ→ p̄e+µ− [13] are clean neutrinoless probes of the underlying
operators. However, as pointed out long ago by Marciano [14], the underlying operators or
UV-complete models inevitably also induce nucleon decays into tau neutrinos, which provide
far better limits. In Ref. [3] we have quantitatively explored and confirmed this argument. For
operators involving left-handed tauons, two-body τ decays compete directly with two-body
neutron decays such as n → π0ν̄τ, extremely well constrained by Super-K [15]. However,
for right-handed tauon operators it is possible to suppress nucleon decays quite a bit, forcing
them into the untested three-body channel p→ ηπ+ν̄τ [3]. Still, old inclusive nucleon-decay
limits [16] far exceed τ→ p̄η sensitivities.

At d = 7 in the SMEFT, one can find operators involving two strange quarks that induce
the relatively clean two-body decays τ → Ξπ, with nucleon decays forced into the heavily
suppressed five-body decay p→ K+µ+νµπ

−ντ. No studies for either of these decays exist, but
tauon decays could come close to nucleon-decay sensitivity, so we strongly encourage searches.
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4 Conclusion

Charged lepton flavor violation probes an important prediction of the SM and arises generically
in many SM extensions at testable rates. While CLFV in the muon sector is particularly clean
and capable of reaching very high scales, we emphasized here that CLFV in the tauon sector is
perfectly complementary and able to probe many more patterns of flavor symmetry breaking,
also in the baryon-number-violating case. We proposed a variety of useful searches at Super-K
and Belle II to probe overlooked channels.
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