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Abstract: The discovery of neutrino oscillations is the first laboratory evidence of New Physics
beyond the Standard Model. Oscillating neutrinos necessarily imply that neutrinos are massive and
that (neutral) lepton flavour is violated. However, a signal of charged lepton flavour violation (cLFV)
has so far eluded experimental discovery. In this proceeding, we review some phenomenological
implications of the current experimental bounds (and future sensitivities) on observables related
to muons, with particular attention to charged lepton flavour violating processes. In connection to
neutrino masses, we also highlight some phenomenological implications of leptonic CP violation on
cLFV observables.
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1. Introduction

The Standard Model of Particle Physics (SM) provides an extraordinarily successful
and yet simple description of nature at its smallest scales. Despite its exceptional success, it
is now firmly established that the SM cannot account for a certain number of observations,
and one must thus envisage extensions of the model capable of accommodating experi-
mental data. Moreover, a strong theoretical interest also fuels the study of “New Physics
beyond the SM (BSM)”, as the latter might provide a solution for some of the theoretical
puzzles of the SM.

In its original formulation, the SM features strictly massless neutrinos, which implies
the conservation of the total lepton number as well as individual lepton flavour [1,2].
Furthermore, in stark contrast to the SM quark sector, the SM lepton sector does not have
an intrinsic source of CP violation such that electric dipole moments (EDMs) of charged
leptons are immensely suppressed (generated at the 4-loop order) [3].

Up to the present moment, neutrino oscillations remain the only confirmed evidence
for New Physics observed in a laboratory, implying that neutrinos have (tiny) masses and
that neutral lepton flavour is violated in nature. Oscillating and massive neutrinos open
the door to lepton flavour violation and new sources of CP violation.

In order to (indirectly) search for the New Physics that can potentially address the
SM’s observational and theoretical shortcomings, a useful approach is to test the (acci-
dental) symmetries of the SM, which might not be present in New Physics models. In
particular, lepton flavour conservation and lepton flavour universality (LFU) are broken
by the presence of massive neutrinos. Thus, observables involving charged leptons, in
particular, muons, offer uniquely versatile probes of various BSM constructions.

2. Muon Observables

In this section, we briefly review the current status and future prospects of several
muon-related observables well-suited to indirectly searching for New Physics (NP). In
particular, we focus on the muon anomalous magnetic moment, lepton flavour universality
violation (LFUV), and charged lepton flavour violation (cLFV).
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2.1. Lepton Moments: (g —2),

The anomalous magnetic moment of a charged lepton ¢ (a; = (g, —2)/2) allows
probing numerous aspects of the SM and is also instrumental in determining some of its
fundamental quantities.

Concerning muons, and following the release of the FNAL results [4], the experimental
average and the latter SM prediction (following “Muon g — 2 Theory Initiative [5]”) lead
to a tension between theory and observation, Aa, = aiM — af,Xp 251 (59) x 1011,
corresponding to a significance of ~4.2 0. Should this be confirmed, the need for an NP
capable of accounting for such a sizeable discrepancy is manifest. Note that recent lattice
QCD calculations [6] of the leading-order hadronic vacuum polarisation contribution might
suggest a much lower significance of the anomaly, around ~ 1.5¢.

Depending on the value of «, that is used for the computation of its SM prediction, the
anomalous magnetic moment of the electron has also been at the origin of possible new ten-
sions: extracting a, from measurements using Cs atoms leads to Aa$® = —0.88 (0.36) x 10712,
corresponding to a deviation of ~—2.5¢ [7,8]. Using a more recent estimation of «,, which
was obtained relying on measurements using Rubidium atoms (implying an overall devi-
ation above the 5 level for a,), suggests a milder discrepancy between observation and
theory prediction, AaXP = 0.48 (0.30) x 10~'2 corresponding to ~1.7 ¢ [9].

In addition to the (possible) deviations from the SM expectation themselves, it is
interesting to consider the simultaneous potential impact of Aa$® and Aay,. On the one
hand, the deviations are of opposite sign, while on the other hand, the ratio Aa, /Aa.
does not exhibit the naive scaling ~ m%/ m?2, which would usually be expected from the
magnetic dipole operator, due to a mass insertion of the SM lepton that is responsible for
the required chirality flip. Thus, it is quite challenging to find a common explanation of
both tensions in a New Physics model, leading to a departure from a minimal flavour
violation hypothesis or necessitating non-minimal new field content (coupled to charged
leptons) of SM extensions. Furthermore, we notice that this pattern in Aa$® and Ay, can
also be a hint of the LFU violating New Physics.

2.2. Lepton Flavour Universality

In the Standard Model, charged leptons are only distinguishable due to their masses.
In particular, all electroweak couplings to gauge bosons are blind to lepton flavour, leading
to an accidental symmetry called lepton flavour universality (LFU), whose validity has been
determined to a very high accuracy for instance in Z — ¢*¢~ and W* — (Fv ({ = e, u,7)
decays [10].

Lepton flavour universality can also be tested in charged and neutral (semi-)leptonic
meson decays, such as kaon and pion decays. In order to test the LFU, one constructs ratios

of the helicity suppressed widths RS = T&=0) wyith RSM — (2,477 4 0.001) x 1075 [11]

T(K—uv)”’
and R/’ P = (2.488 £ 0.009) x 10~ [10], thus also being highly consistent with the SM pre-
dlctlon Equivalent ratios can be constructed for pion decays, with
RI'M = (12354 +0.0002) x 104 [11] and RY P = (1.230 + 0.004) x 104 [10], which

also confirm lepton universality as predicted by the SM.

However, during the last decade, hints on the violation of the LFU in b — clv
and b — s¢¢ decays have begun to emerge (and to fade away), in mounting tension
with respect to the SM expectations. In particular, measurements of the * theoretically
clean” ratios of the branching ratios R,y = BR(B — D®v)/BR(B — D™ ¢v) [12] and
Ry() = BR(B — K®)pup)/BR(B — K ee) [13,14] deviate around 2 — 3 ¢ from their theo-
retlcal predictions, which are expected to be unity in the SM, up to phase space suppression.
However, a recent update to the measurement of Rg and Ry« of the LHCb collaboration [15]
was consistent with the SM prediction. A hint on the LFUYV, as currently present in the
b — clv system, can also be suggestive of lepton flavour violating New Physics [16].
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2.3. Muon cLFV

Muons are possibly the best laboratory to look for cLFV, since they can be abundantly
produced and have a comparatively long lifetime. Furthermore, due to their low mass, the
number of kinematically allowed decay channels, flavour violating or not, is relatively small,
and the final states can be studied with great precision. Very high intensity muon beams
are possible (obtained at meson factories and proton accelerators), allowing for a great
variety of muon dedicated experiments with extremely high sensitivities. In view of this, it
comes as no surprise that the best available experimental sensitivities and, consequently,
the best available bounds on cLFV processes, arise from rare muon processes.

The most minimal SM extension (adding three right-handed neutrinos ad hoc, in full
analogy to the charged fermions [17]) that accommodates neutrino oscillation data, would
in principle allow for cLFV transitions. However, due to the unitarity of the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix and to the tiny differences of the neutrino masses,
there is a strong GIM cancellation taking place, so that the expected rates are vanishingly
small. For instance, the prediction for the rate of y — ev in this framework, using the
current experimental constraints on neutrino mixing, is approximately given by [18,19]

3ae i my, ’ 55
BR(y — ey) ~ U, U —=| ~0(107>), 1)
2|5 My

clearly lying beyond the reach of any experimental sensitivity. Similar (extremely small)
values are found for processes such as 4 — eee decays and the analogous lepton flavour
violating T decays. The observation of such cLFV signals would thus imply that more
involved BSM extensions are needed in order to simultaneously explain the origin of
neutrino masses and to interpret a possible cLFV signal. Any observation of cLFV would
imply new degrees of freedom: the SM must be nontrivially extended.

In addition to the radiative and three-body decays (u* — e¢*y and yt — etee™),
several facilities are dedicated to studying muonic atoms. Muonic atoms are formed when
a muon is “stopped” in some target material (N), usually very pure elements. The bound
muon decays via interactions with the target nucleus, either exchanging a virtual photon
or, in the presence of New Physics, undergoing some non-electromagnetic interaction. In
the SM, there are two possible outcomes: either the muon decays in orbit (DIO) into an
electron and two neutrinos, or it is captured by the target nucleus via inverse  decay. In
the presence of New Physics, the exotic process of neutrinoless muon capture can occur
in which the electron is produced with sufficient kinetic energy to escape the Coulomb
potential of the target nucleus, which can be left in the ground state or in an excited one.
Usually dominating, and from an experimental point of view the most advantageous,
is the first case, called “coherent capture”. This process is usually referred to as “u — ¢
conversion”, and the associated observable is defined as

I'(y"+N—=e +N)

CR(p—eN) = [(p~ + N — all captures) ’

@

which, from a theoretical point of view, has the additional advantage that most of the
nuclear form factors cancel out, and only the overlap integrals between the nuclear and
leptonic wave function remain to be computed [20].

In the presence of lepton number violating interactions, another neutrinoless y — e
conversion can take place, given by

U= (AZ) = et (A z-2)0), ©)

in which the the final state nucleus can be in its ground state or an excited one. Here,
contrary to the =~ — e~ conversion, no coherent enhancement is possible since the final
and initial state nuclei are necessarily different from each other. Due to its LNV nature,
this process is closely related to neutrinoless double-beta decay. However, from the theo-
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retical perspective, there is a caveat; all but one of the nuclear form factors are presently
unknown [21-23].

Another cLFV process in muonic atoms was proposed in [24]. It consists of a bound 1s
muon and a bound 1s electron converting into a pair of electrons and has been identified as
potentially complementary to other cLFV muon processes:

e —ee . 4)

As pointed out in [24], it offers several experimental advantages. On the one hand,
the experimental signal consists of two (almost) back-to-back emitted electrons with the
same energy. On the other hand, this process is enhanced by the Coulomb potential of the
nucleus with respect to other observables in muonic atoms. So far, this process has not been
experimentally investigated, but it would potentially offer complementary information of
the flavour structure of lepton flavour violating NP.

Further interesting observables concern Muonium (Mu). Muonium is a Coulomb
bound state consisting of an electron and an anti-muon (e~ # "), which is formed when a u*
slows down inside matter and captures an electron. Being free of hadronic uncertainties,
this hydrogen-like bound state is well described by electroweak interactions and is used to
study the fundamental constants of the SM or to search for deviations from the SM induced
by the presence of possible New Physics interactions.

Concerning cLFV transitions, one can study the spontaneous conversion of Muonium
into anti-Muonium (Mu = e*u~) and the cLFV decay of Muonium, Mu — ete™. An
observation of these would again be a clear signal of New Physics.

Many experiments have searched for signals of cLFV in the decays of an extensive array
of neutral and charged mesons. These processes probe g — g') ¢,/ p contact interactions,
possibly accompanied by another final state meson. The most stringent bounds have been
obtained for K}, decays, but the results for heavy meson decays have nevertheless reached
an impressive level. Similar g — q()¢,¢ p contact interactions can also be probed with
measurements of high-pr di-lepton tails in pp collisions at hadron colliders, with charged
lepton flavour violating the final states (see, for instance, [25]).

At higher energies, and in the presence of cLFV New Physics, Z- and Higgs bosons
can also undergo cLFV decays. Furthermore, cLFV transitions of charged leptons are often
(depending on the underlying model) at least partly mediated via cLFV Z-penguin (also
Higgs-penguin) diagrams, so that studying cLFV Z and Higgs decays offer important
complementary information, which might help to disentangle New Physics scenarios.

Currently, there is a vast worldwide array of dedicated experiments and searches, at
different energy scales, aiming to discover cLFV transitions. In Table 1, we list the current
experimental bounds and future sensitivities for some of the muon observables.

Table 1. Current experimental bounds and future sensitivities on some muon cLFV observables. All
limits are given at 90% C.L.

Observable Current Bound Future Sensitivity

BR(p — e) <42 x 10718 (MEG [26]) 6x 10714  (MEGII[27])
BR(y — 3e) <1.0x 10712 (SINDRUM [28]) 10-15(-16)  (Mu3e [29])
CR(pt —¢,N) <7x 10713 (Au, SINDRUM [30]) 10714 (SiC, DeeMe [31])

2.6 x 10717 (Al, COMET [32,33])
8 x 10~ (Al, Mu2e [34])

BR(Z — etuT) <42 %1077 (ATLAS [35]) 0(10719)  (FCC-ee [36])
BR(h — et uT) <6.1x107> [10] 1.2 x 107> (FCC-ee [36])

BR(Ky — uteT) <47 x10712 [10] —
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3. The Probing Power of Muon cLFV

The non-observation of cLFV signals and the implied experimental upper bounds on
the associated processes consequently lead to tight constraints on the parameters of New
Physics models that could in principle predict sizeable rates for cLFV transitions. From a
model-independent perspective, one can argue that the inherent scale of New Physics that
can be probed with current and future cLFV dedicated experiments is up to thousands of
TeV, far beyond the direct reach of current and future colliders [37]. An overview of this is
shown in Figure 1, where one has the inherent New Physics scales to be indirectly probed
by several flavour observables.

0 o3 ? < 107
S (LA § 3 < 10
SUREREFLT | B S5
< 10* R ? § € 104
| N S S §
g 10° TR EENELL
102 I == ‘§§§\~'§m;102
N ~
Y \ \ N

» Sleaalnnceanrrell -
SINESISISE 1L S
Observable

Figure 1. New Physics scales to be indirectly probed by the indicated observables. The darkened
areas are the “naive” New Physics scales, by assuming the Wilson coefficients of order one, the
coloured bars indicate the inherent New Physics scales assuming weak interaction strengths, and the
hatched areas account for loop suppression due to higher-order effects. Figure taken from ref. [37].

3.1. Correlations Matter

As extensively argued, the observation of one (or several) cLFV processes would be a
clear unambiguous sign of New Physics. However, it is important to stress that although
neutrino oscillations imply that lepton flavour is violated in nature, a possible observation
of charged lepton flavour violating processes is not necessarily associated with neutrino
oscillation phenomena; the cLFV can emerge as an independent process, without any
connection to the mechanism of neutrino mass generation.

In order to disentangle the origin of the cLFV and to constrain the flavour structure
of the New Physics responsible for it, it is often useful to study the correlations between
different cLFV transitions. While for radiative decays, the dipole operator at its origin is
necessarily realised at loop level, # — 3e decays and neutrinoless y — e conversion in nuclei
can stem from both higher-order (photon-, Z- or Higgs-mediated diagrams and boxes) or
even from tree-level processes. Depending on the “nature” of the New Physics mediator(s)
(scalar, vector, fermion, ...), certain operators might be enhanced with respect to others,
while depending on the flavour structure of the couplings, certain flavour transitions
can be enhanced. On the one hand, the synergy of identical transitions between different
flavours (e.g., the comparison of T — yy with y — ey decays) offers insight into the flavour
structure of common cLFV interactions; on the other hand, the comparison of different
processes requiring similar flavour violation (e.g., 4 — ey, 4 — 3¢, and u — e conversion)
could shed light on the nature of the new mediator.

To illustrate this, we focus on neutrino mass models. Several mechanisms of neutrino
mass generation are known to be associated with peculiar cLFV signatures, which have
been extensively investigated as powerful tools to disentangle (and further give insight into)
certain mechanisms of neutrino mass generation. This is particularly true for the different
seesaw constructions. While in type I seesaw models, for propagator masses aroung the



Phys. Sci. Forum 2023, 8,28

6 of 10

TeV-scale, one finds BR(y — ey)/BR(p — 3e) ~ 5 — 10, in type III seesaw constructions,
this ratio is ~4 orders of magnitude smaller, around BR(y — e7)/BR(y — 3e) ~ 1073,
since the cLFV three-body decay occurs at tree level in these types of models (see e.g., [38]).
However, the presence of CP violating phases (Dirac and/or Majorana) in association with
the new lepton mixings can strongly impact such predictive scenarios, as we discuss in the
next section.

As a further illustrative example of the probing power of the correlations of cLFV
observables, we consider scotogenic models, in which the SM is extended via inert scalar
doublets and right-handed neutrinos [39]. In these models, neutrino masses are generated
radiatively, and either the lightest neutral component of the inert scalar or the lightest
right-handed neutrino can be considered as a dark matter candidate, often stabilised by
a discrete symmetry. Measurements of several cLFV observables, especially BR(y — 3e)
and BR(y — e7), can then shed light on the nature of the dark matter candidate (either
the lightest fermion or the lightest neutral scalar), as shown in [40]. Furthermore, a future
measurement of the ratio of u — e flavour violating observables could further constrain the
absolute scale of neutrino masses (see ref. [40] for details).

3.2. The Role of CP Violation

The presence of leptonic CP violating (CPV) phases is known to have a strong impact
on the predictions of several lepton number violating processes, such as neutrinoless
double beta decays, or (semi-) leptonic meson decays [41]. Concerning cLFV observables,
we performed a thorough study of the effects of Dirac and Majorana phases on numerous
cLFV transitions in [42], and in the following, we summarise the most relevant results.

In our study, in order to stay as general as possible, we considered an effective
“3 + 2 toy model”. We made no assumption on the actual mechanism of neutrino mass
generation and just explored the low-energy effects of two heavy neutral leptons (HNL)
added to the SM content, called upon by many extensions of the SM. The neutral lepton
spectrum thus consisted of five massive Majorana states, and the leptonic mixings were
incoded in a 5 x 5 unitary matrix, which was parametrised via 10 rotations around the
mixing angles 6,;, with 10 physical CPV phases (six Dirac J,; and four Majorana ¢;). Taking
the limit of small mixing angles, the active-sterile mixings can be approximated as

s1ae 1 Gu=es) g p=i(d15—5)
Uy(as) = | spae Cmm) gppemilings) | ®)

—i(03a—qa) —i(d35—¢s5)

S34€ 535€

with s,; = sin6,;. We emphasise here that the would-be PMNS matrix is no longer unitary,
leading to modified charged and neutral lepton currents. This can have (potentially)
significant impacts to several lepton observables, and one might also expect significant
contributions to SM-forbiddden transitions.

As an illustrative example to highlight the impact of CPV phases on cLFV observables,
let us consider the case of the radiative 4 — ey decays, which are mediated by W bosons
and involve both light and heavy neutrino contributions. The associated branching fraction
(see [42] and references therein) can be written as

BR(p — ey) o |GH)? with  GY = ) UpiUyy; Gy (m3;,/ Miy), (6)
i=4,5

in which G, (x;), with x; = m3 N; / mw, is a dimensionless loop function (see [42]). Taking
the limits my ~ ms and sinf,4 ~ sinf,5 < 1, upon inserting the elements of I/, the form
factor can be written as

GH|? ~ 453453, cos? <514 + 95 ; 015 — 024 ) G2 (x45) .- ?)
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The decay rate clearly depends on the Dirac phases, and in the case of 614 + d25 — 015 — dpa = T,
a full cancellation occurs.

Following the initial simplified approach described above, we now proceed with a
comprehensive exploration of the impact of CPV phases on cLFV observables. Our study
involves thorough scans of the parameter space, encompassing the mixing angles and all
phases, while taking into account all available relevant constraints. In addition to various
cLFV constraints, we consider experimental results and limits on SM extensions via TeV-
scale HNL. The constraints we consider include electroweak precision observables (M,
Gr, invisible Z width, ...), lepton universality tests, (leptonic W and Z decays, ratios of
leptonic meson decays, ratios of (semi)leptonic tau decays, ...), neutrinoless double beta
decays, and finally perturbative unitarity constraints (I'y,,/m45 < 1/2); for a detailed
description, and corresponding references, see [42].

In Figure 2, the left plot demonstrates the influence of the CP-violating (CPV) phases
on the correlation between two observables in the y — e sector, namely CR(y — ¢, N) and
BR(y — 3e). The results presented in the plot were obtained through a random scan
conducted within a semi-constrained parameter space. Specifically, the condition imposed
was 6,4 ~ £60,5. The heavy states were assumed to be degenerate, with my = ms =1 TeV.
For each point in the scan, the CPV phases d,4 and ¢4 were set as follows: vanishing
(represented by blue points), randomly varied (indicated by orange points), or varied
systematically on a grid (represented by green points). The inclusion of the latter possi-
bility aimed to ensure that special cases involving “cancellation” effects were adequately
considered. In the current regime of HNL masses, both observables, CR(# — ¢, N) and
BR(y — 3e), are primarily influenced by dominant contributions from Z-penguins. As a
result, it is expected that these rates exhibit a correlation, as demonstrated by the thick blue
line in the plot of CR(4 — e, N) vs. BR(# — 3e). However, when non-vanishing CPV phases
are introduced, a loss of correlation is observed, particularly for the “special” values of the
phases: 0, F, 7, %, 7, represented by the green points. This loss of correlation becomes
particularly pronounced under these phase values.

Given this behavior, it is crucial to emphasize that the presence of a single cLFV signal
should not lead to the immediate dismissal of HNL extensions of the SM. For instance, if
future collider searches strongly indicate the existence of sterile states with masses around
1 TeV, and a measurement of BR(i — 3¢) yields approximately 10~1%, one need not expect
the observation of CR(i — e, Al). In the absence of CPV phases, CR(i — e, Al) would be
expected to be of the order of ~O(10~1*). However, in the presence of CPV phases, the
expected range becomes considerably broader, with CR(y — ¢, Al) potentially reaching as
low as 1018, Therefore, the range of possible values for CR(1 — e, Al) expands significantly,
when the CPV phases are taken into account.

[Acp(Z = pr)| > 10%
®  [Acp(Z = pr)| = 20%
® |Acp(Z — )| = 30%

BR(Z — p*r¥)

T e : ‘v. = T T T T
10713 10712 101 10710 107 1078 10-7

T T T T T T T T
10727 100 100 10 1071 1077 107 1078 B o
BR(u~ — e efer) BR(T™ = p pu7)

Figure 2. Left Correlation of u — e cLFV observables, for varying values of the CPV Dirac and
Majorana phases: vanishing values (blue), non-vanishing (orange), and “special grid” (green); see the
description in the text. Right BR(Z — u*1T) vs. BR(T — ppup). The olive-green, cyan, and purple
points denote an associated CP asymmetry | Acp(Z — ut)| > 10%, 20% and 30%, respectively, while
the orange points denote CP asymmetries < 10%. From [42,43].
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Additionally, we also considered CP asymmetries in cLFV Z-boson decays [43],
BR(Z — {{{5) —BR(Z — ﬁ,;eg)

BR(Z — é,ﬂg) +BR(Z — E;é;) '

.Acp(z — éaéﬁ) = (8)

Sizeable CP asymmetries in Z decays turn out to be a generic feature of HNL extensions
encompassing at least two heavy states. For final states composed of a tau and a light
charged lepton, with decay rates potentially within future sensitivity, the CP asymmetries
can be as large as 20-30% for the case of Acp(Z — uT), interestingly, in association with
sizeable rates for T — 3y (also within future sensitivity). This is illustrated in the right plot
of Figure 2.

If, on the one hand, it is clear that CP violating phases should be taken into account in
general upon comparison between the prediction and the observation in the context of cLFV
HNL extensions of the SM, Acp(Z — £4£g) might hold the key to clearly establishing the
presence of leptonic CP violation [43]; in turn, this might have strong implications regarding
leptogenesis (relying on complete models including heavy sterile states). Thus, whenever
possible, data from individual channels (i.e., £} ¢, and ¢, ¢}) should be separately analysed
and compared.

In summary, the presence of leptonic CPV phases (both Dirac and Majorana) should
be consistently included in the phenomenological analysis of the prospects of the HNL
extensions of the SM in what concerns the cLFV.

4. Conclusions

Being the first laboratory evidence for New Physics, neutrino oscillations urgently
call for extensions of the SM, in order to offer a viable mechanism of neutrino mass
generation. Interestingly, due to offering a new source of CP violation and calling upon
weakly interacting states, New Physics extensions aiming at providing an explanation for
neutrino masses can often be connected to the baryon asymmetry of the universe and the
dark matter problem. Consequently, the interest in high-intensity searches dedicated to the
lepton sector has steadily increased.

The violation of accidental (lepton) symmetries of the SM, such as charged lepton
flavour conservation and lepton flavour universality (both violated due to the presence of
neutrino masses) opens many possible paths to search for New Physics. While massive
neutrinos consist of only one possible source of lepton flavour and lepton flavour univer-
sality violation, indirect signals indicating the breaking of these symmetries in synergy
with possible other indirect signals of New Physics will provide crucial guidelines for both
experimental direct searches and theoretical efforts to describe New Physics interactions.
With an unprecedented future of experimental prospects, the lepton sector, in particular,
cLFV searches in the muon sector, is emerging as a powerful laboratory to search for
New Physics.
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