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Physics - numerous experiments rely on the study of “muon channels” to search for processes
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1. Introduction: leptonic observables and signals of New Physics

Several observational problems, as well as theoretical issues, suggest the need to consider New
Physics (NP) beyond the Standard Model (SM). Interestingly, several lingering tensions between
the SM’s predictions and observation (typically at the level of 2-3σ ) appear to be nested in leptonic
observables: this is the case of the anomalous magnetic moment of the muon (and more recently
that of the electron), as well as the lepton flavour universality violating (LFUV) hints arising from
B-meson decays.

The SM, in its original formulation, conserves both individual lepton flavours and total lep-
ton number; electric dipole moments (EDMs) arise from the CKM phase (at the 4-loop level) and
are extremely tiny. In the most minimal SM extension allowing to accommodate neutrino oscil-
lation phenomena (via the addition of right-handed Dirac neutrinos), neutral lepton flavours are
violated in charged current interactions, as encoded in the UPMNS mixing matrix. In such a minimal
framework, total lepton number is still conserved and interactions remain lepton flavour universal.
Transitions violating charged lepton flavours are possible, but the associated rates are suppressed
by the smallness of light neutrino masses, thus lying beyond experimental sensitivity; although
contributions to the EDMs now emerge at 2-loop level, these also lie beyond experimental reach.
The observation of any of these processes thus clearly signals the presence of a genuinely NP con-
tribution. Muons are uniquely versatile probes of NP. Due to the advent of very intense beams [1],
they can be produced in copious amounts, and be used to search for deviations from the SM’s
expectations, or for very rare processes - in particular phenomena which are either forbidden or ex-
tremely suppressed in the SM. After a very brief overview of several muon properties and muonic
observables sensitive to NP, we illustrate how these can help constraining and reconstructing the
underlying model of NP.

2. Muon observables and experimental status

In this section we briefly summarise the current status and future experimental prospects in
what concerns several classes of (muon) observables: EDMs, anomalous magnetic lepton moments,
lepton flavour universality violation (LFUV) and charged lepton flavour violation (cLFV).

2.1 Leptonic moments: EDMs and (g−2)`

Electric dipole moments are sensitive probes of new sources of CP violation. For electrons, in-
creasingly stronger bounds have been obtained from paramagnetic atoms (as Tl, Cs) and molecules
(HfF+, ThO, ...). Following the recently obtained bound, |de|/e . 1.1×10−29 cm [2], the ACME
collaboration expects to improve the sensitivity by a factor of 10-20 [3]. The muon EDM is a purely
leptonic observable, offering a direct probe of NP. The current bound |dµ |/e . 1.8×10−19 cm [4]
is expected to be improved by two orders of magnitude at J-PARC and FNAL (in association with
the corresponding (g−2)µ programmes); at PSI, future prospects for a compact storage ring should
allow a sensitivity dµ < 5×10−23 e.cm (single µ mode) [3].

The anomalous magnetic moment of the muon is an example of a longstanding tension be-
tween observation and SM’s prediction (whose most important sources of uncertainty remain as-
sociated with the hadronic vacuum polarisation and hadronic light-by-light contributions). The
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comparison between the BNL experimental measurement [5] and SM prediction lead to deviations
between 3.7σ [6] and 3.3σ [7]. In the near future, the E989 experiment at FNAL is expected to clar-
ify the situation (see [8]). Recent improvements in the SM computation of the anomalous magnetic
moment of the electron, together with a new determination of the fine structure constant α (from
Cs atoms), have led to the emergence of a new tension in association with (g−2)e, currently at the
level of 2.5σ [9]. Curiously, the two tensions on (g−2)e,µ also hint that the NP at their origin is fur-
ther responsible for the violation of LFU: lepton universality suggests that the tensions should scale
as ∆ae/∆aµ ≈m2

e/m2
µ ∼+2.4×10−5, while from observation one has ∆aexp

e /∆aexp
µ ∼−3.3×10−4.

2.2 LFUV in meson decays

Several observables signaling LFUV (between electrons and muons) have been studied, in
particular concerning (semi)leptonic meson decays. In the kaon sector, LFUV can be tested by
the comparison of the helicity suppressed widths through the ratio R`

K = Γ(K→e ν̄)
Γ(K→µ ν̄) , with R`SM

K =

(2.477±0.001)×10−5 [10] and R`exp
K = (2.488±0.009)×10−5 [11]. In the near future, TREK at

J-PARC and NA62 are expected to reduce current errors to 2.5 per mille and sub-per mille level,
respectively [3], thus strongly constraining the small window for NP contributions. Similar studies
have been carried for pion decays. In the B-meson sector, hints for LFUV have emerged in asso-
ciation with the ratios RK(∗) =

BR(B→K(∗)µ+ µ−)
BR(B→K(∗)e+ e−)

and RD(∗) =
BR(B→D(∗) τ−ν̄)

BR(B→D(∗)`−ν̄)
. Current measurements

suggest tensions around O(2.5σ − 3σ), a situation which will be hopefully clarified by coming
experimental runs (Belle II and LHCb).

2.3 cLFV transitions: the muon channels

Several “muonic channels” offer the possibility to look for cLFV: the processes include radia-
tive decays, three body decays, and several transitions occuring in the presence of muonic bound
states. The current bound on radiative muon decays has been obtained by the MEG Collaboration
at PSI, BR(µ→ eγ)< 4.2×10−13 [12]. In the future, MEG II is expected to improve the sensitivity
to 6×10−14 [13]. The best limit on cLFV three-body muon decays BR(µ→ 3e)< 1.0×10−12[14]
is expected to be significantly improved in the coming years by the Mu3e collaboration at PSI to
around 10−15 [15] (or even down to 10−16, should very high-intensity muon beams become avail-
able). “Muonic atoms” are formed when negatively charged muons are stopped in a target, and
cascade down in energy until forming 1s bound states. A cLFV neutrinoless muon-electron conver-
sion, µ−+(A,Z)→ e−+(A,Z), can then occur. For spin-independent decays (coherent process)1,
the rate generaly grows with increasing atomic number, being maximal for 30≤ Z ≤ 60 [17]. The
best limit has been obtained for Gold targets, CR(µ−e, Au)< 7×10−13 [18]; in the future, several
experiments will be dedicated to looking for muon-electron conversion [3]: DeeMe aims at reach-
ing a sensitivity of 10−14 for SiC targets; working with Aluminium targets, Mu2e at Fermilab ex-
pects to reach 3×10−17, while at JPARC the goal of the COMET experiment is to reach 10−15(−17)

in its Phase I (II). The muonic atom can also decay into a pair of electrons, µ−e−→ e−e− [19, 20],
a process whose decay rate is strongly enhanced by the Coulomb interaction between the muon and
the electron wave functions, scaling with the atomic number as (Z−1)3 (or even more, especially
in the case of very large nuclei). This observable has not yet been experimentally searched for, but

1For a recent discussion of spin-dependent contributions to µ− e conversion, see [16].
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could be included in the physics programmes of COMET and of Mu2e. Muonium (bound states
of positively charged muons and electrons, µ+e−) [21] can also undergo cLFV oscillations and
decays. At present, upper bounds have been established - but only for the conversion probability
P(Mu-Mu)< 8.3×10−11 [22].

2.4 Lepton number violation

The violation of total lepton number (LNV) - in addition to a clear signal of NP - further reveals
the presence of new Majorana states responsible for mediating the transition (or decay). In addition
to neutrinoless double beta decays (0ν2β ), LNV processes are being actively looked for at the high
intensity frontier: these include (semi)leptonic meson and tau decays, as well as very rare muonic
atom decays. The latter process corresponds to µ−+(A,Z)→ e++(A,Z−2)∗, in which the final
state nucleus can also be in an excited state (denoted by an asterisk). The current bound (obtained
by the SINDRUM Collaboration) is CR(µ−+Ti→ e++Ca(∗)). 3.6× 10−11 (1.7× 10−12) [23];
in the future, both COMET and Mu2e could also search for the LNV muonic atom decay.

3. The probing power of muons: (re)shaping New Physics

Numerous extensions of the SM can give rise to contributions to the observables mentioned
in the previous section; the results (be them in the form of new bounds or a signal) will certainly
play a role in constraining several NP models, possibly helping to understand the nature of the new
interactions at work.

3.1 Muon observables: hints on the New Physics source of cLFV

In general, beyond the SM (BSM) scenarios can be at the source of significant cLFV contri-
butions via the introduction of new sources of flavour violation (corrections to SM vertices, or new
flavour violating interactions) and/or new currents. While for radiative decays the dipole opera-
tor at its origin is necessarily realised at loop level, µ → 3e decays and neutrinoless conversion
in matter can stem from both higher order (photon-, Z- or Higgs-mediated diagrams, and boxes)
or even from tree level processes! In order to illustrate the discussion, let us focus on (generic)
NP contributions to µ − e conversion (see also [24]). While the actual size of these contributions
depends upon the properties of a given New Physics model, certain generic features can be infered
by considering the following new terms in the BSM Lagrangian

Lφ = gφ

``′
¯̀′ `φ +gφ

qq′ q̄
′ qφ + g̃φ

f f ′ f̄ ′ f VSM + ... Lψφ = h`ψφ
¯̀ψ φ +hqψφ q̄ψ φ +h`qφ

¯̀qφ + ...

(3.1)
The first terms in Lφ schematically denote the new cLFV couplings of fermions to an extended
gauge and/or scalar sector (with VSM denoting a SM gauge boson); these can induce loop-level
contributions to µ−e conversion or even tree level exchanges. The t-channel exchanges can be me-
diated by a new Z′ boson, with flavour violating couplings to charged leptons, via scalar fermions
- as is the case of sneutrinos in R-parity violating supersymmetric (SUSY) models -, or finally,
modified couplings of leptons to a SM Z boson, due to the presence of an enlarged Higgs sector
(an example being a type III seesaw mechanism).
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Model µ → eee µN→ eN BR(µ→eee)
BR(µ→eγ)

CR(µN→eN)
BR(µ→eγ)

MSSM Loop Loop ≈ 6×10−3 10−3−10−2

Type-I seesaw Loop Loop 3×10−3−0.3 0.1−10
Type-II seesaw Tree Loop (0.1−3)×103 O(10−2)

Type-III seesaw Tree Tree ≈ 103 O(103)

LFV Higgs Loop Loop ≈ 10−2 O(0.1)
Composite Higgs Loop Loop 0.05−0.5 2−20

Table 1: Pattern of the relative predictions for µ → e processes as predicted in several models. Adapted
from [25], to which we refer for further details.

The second set of terms in Eq. (3.1), Lψφ , corresponds to having cLFV couplings to new
fermions and scalars which necessarily carry lepton number. For example, the new states can cor-
respond to sleptons and electroweak gauginos in SUSY models (flavour violating extensions, or
SUSY realisations of the seesaw mechanism), heavy right-handed neutrinos and vector bosons in
Left-Right models, among many others; the contributions arise in general via higher-order (loop)
processes. However, one can also have new tree level (s-channel) contributions, for instance medi-
ated by scalar leptoquarks carrying both lepton and baryon number.

By itself, and other than clearly signaling a NP discovery, the observation of a neutrinoless
muon-electron conversion in matter does not offer clear information regarding the nature of the
BSM model at work: a vast array of new interactions and fields can be at the source of the transition.
In the absence of a direct discovery at colliders (and in all cases, to single out the nature of the
new propagators), it is mandatory to study in depth the interplay of different cLFV observables.
The synergy of identical transitions between different flavours (e.g. the comparison of τ → µγ

with µ → eγ decays, or then τ → 3µ with µ → 3e) offers insight on the structure of a common
cLFV interaction; on the other hand, the comparison of different processes requiring similar flavour
violation (µ→ eγ , µ→ 3e and µ−e conversion) could shed light on the nature of the new mediator.
To illustrate this, let us carry a comparative discussion of the three seesaw realisations, and then
their supersymmetrised versions (SUSY seesaws). The seesaw can be realised via the addition of
new fields to the SM content: singlet fermions (type I), scalar triplets (type II) and finally fermion
triplets (type III). In the first case, all cLFV transitions (radiative, 3-body decays and muon-electron
conversion) are loop processes. For a type II seesaw, 3-body decays can already occur at tree level,
while for type III only radiative decays remain a higher order transition. Clearly, each realisation
will be associated with peculiar patterns for the observables. For instance, depending on the mass
of the heavy neutrinos, in a type I seesaw one can have the ratio of BRs, BR(µ→ 3e)/BR(µ→ eγ)
between O(3×10−3−0.3); for a type II seesaw, and again depending on the mass of the mediators,
the ratio of rates will differ significantly, in the range (0.1−3)×103. Finally, for type III, almost
independently of the mass of the fermion triplets, one finds BR(µ → 3e)/BR(µ → eγ)∼ O(103).
The comparison of the neutrinoless muon-electron conversion rate to that of the radiative muon
decay also contributes to further disentangle the scenarios (especially type II vs. type III): one finds
O(0.1−10), O(10−2) and O(103), respectively for type I, II and III seesaws. This is summarised
on Table 3.1 (adapted from [25]).

For the supersymmetrisation of the type I seesaw, all cLFV processes discussed above remain

4



P
o
S
(
N
u
F
a
c
t
2
0
1
9
)
0
1
6

Muon physics Ana M. Teixeira

higher order transitions. Radiative decays correspond to slepton-gaugino mediated loops, while
3-body decays and muon-electron conversion can be mediated by penguins or boxes, the first being
in general dominant. The flavour conserving interaction with two final state leptons or quarks in
the nuclei can be mediated via photon, Z or Higgs exchanges. Should photonic penguins dominate,
one expects a correlation between BR(µ → eγ), BR(µ → 3e) and CR(µ − e, N): in general, one
has CR(µ− e, N)≈ 5×10−3 BR(µ → eγ), and BR(µ → 3e)≈ 6×10−3 BR(µ → eγ). In the case
in which the Higgs-penguin provides the dominant contributions to muon-electron conversion, the
first relation is significantly affected, CR(µ−e, N)≈ 0.08−0.15 BR(µ→ eγ). (See also Table 3.1).

Other NP realisations, such as cLFV Higgs sectors, or composite Higgs scenarios, also lead
to peculiar imprints regarding the relations between the different cLFV observables, as can be seen
from the two last lines of Table 3.1.

3.2 Further examples: cLFV, LNV, LFUV and models of NP

In what follows we provide a few examples of how significant contributions to the different
observables discussed in Section 2 arise from BSM constructions. An important point to emphasise
is that the NP model responsible for cLFV, etc. need not be the one responsible for neutrino mass
generation.

Simplified “toy” models of sterile neutrinos A useful first approach to study muon-related ob-
servables in the presence of massive neutrinos is to consider simple, “toy”-model like adhoc con-
structions in which the SM is minimally extended by at least one massive sterile fermion2. For
the case of a single additional Majorana sterile state, neutrino mixings are thus encoded into a
4×4 matrix, parametrised by 6 mixing angles and 6 CP violating phases. The left-handed leptonic
mixings correspond to a non-unitary 3×3 sub-block, and the ensuing modification of charged and
neutral lepton currents opens the door to many NP observables in the lepton sector including cLFV,
LNV and LFUV. If the (Majorana) sterile state has a mass allowing it to be produced on-shell
from meson and tau decays, then one can also have a resonant enhancement of the rates for LNV
semileptonic meson and tau decays [26, 27].

Figure 1 illustrates the prospects for both cLFV and LNV of such a minimal SM extension.
On the left, we display a comparison of two cLFV muonic observables, neutrinoless muon-electron
conversion in nuclei (on the left axis) and the muon decay into 3 electrons (on the right axis),
both as a function of the mass of the heavy sterile state, m4 [28]. As is manifest, the addition
of a single sterile state can be at the source of very large cLFV contributions (especially for ster-
ile masses above the electroweak scale), lying within the sensitivity of future dedicated facilities
(Mu2e/COMET and Mu3e). On the right panel we display the rates for the LNV semileptonic
kaon decays, BR(K+→ `+α `

+
β

π−), again as a function of the mass of the mediating Majorana ster-
ile state. As can be seen, several modes can have large branching fractions, some even already in
conflict with experimental bounds [27].

Inverse seesaw: from cLFV to LFUV in the kaon sector The Inverse Seesaw (ISS) is a phe-
nomenologically and theoretically appealing low-scale model for neutrino mass generation. Three

2These models can be interpreted as a simple phenomenological bottom-up approach, without making any formal
assumption on the underlying mechanism of neutrino mass generation, or equivalently that there is no relation between
neutrino masses and leptonic mixings.
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Figure 1: On the left, CR(µ − e) and BR(µ → 3e) as a function of m4, respectively in dark blue (left
axis) and cyan (right axis). Thick (thin) solid horizontal lines denotes the current experimental bounds, and
dashed lines correspond to future sensitivities to the conversion rate (from [28]). On the right panel, LNV
BR(K+ → `+α `

+
β

π−), with (`α , `β ) = (ee,eµ,µµ), as a function of the sterile state mass, m4. Coloured
curves (surfaces) denote the maximal (allowed) values of the corresponding BRs. From [27].

sets of right-handed neutrinos and extra sterile fermions are added to the SM content in the so-
called (3,3) ISS realisation; the new states do not decouple, leading to modified leptonic currents
and extensive contributions to many observables. In Fig. 2, we illustrate the prospects for cLFV
and LFUV (in leptonic kaon decays). As can be seen from the left panel, in which we display the
contributions to the Coloumb-enhanced muonic atom decay and neutrinoless conversion in Nuclei,
the contributions in both cases are also within experimental reach [28]. On the right panel we il-
lustrate the ISS contributions to R`

K,π . Interestingly, the ISS is one of the few NP models capable
of saturating the still sizeable deviation between the SM prediction and observation, ∆rK,π , while
complying with the stringent bounds from EW data and unitarity violation [29].

Leptoquarks, the B-meson decay anomalies and cLFV In recent years, SM extensions via
leptoquarks (scalar or vector fields) have been receiving increasing attention, especially in view of
their intrinsic potential to address the LFUV B-meson decay anomalies. In addition to providing
the (required) source of lepton flavour universality violation, these models in general lead to flavour
violation. In particular, certain processes - such as the case of meson decays, or neutrinoless muon-
electron conversion, can occur at tree-level. The latter muonic observable thus emerges as one of
the most severe constraints for this class of BSM constructions. As an illustrative example, we have
considered a SM extension via a single vector leptoquark, and 3 generations of vector-like heavy
leptons. Similar to the case of additional sterile neutrinos, which leads to non-unitary left-handed
leptonic mixings, the mixings of the charged leptons with the heavy vector-like fermions lead to
a departure from unitarity, and hence to modified leptoquark-quark-lepton interactions, which in
turn successfully allows to address both RK(∗) and RD(∗) [30]. The model is severely constrained
by electroweak precision observables and from cLFV bounds (in particular from K → eµ decays
and µ − e conversion in Nuclei - both occurring at the tree level). Realisations via isosinglet
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Figure 2: On the left, BR(µe→ ee) and CR(µ− e) as a function of an average sterile mass, respectively in
cyan (left axis) and blue (right axis). Dotted lines correspond to future sensitivities (from [28]). On the right
ISS contributions to ∆rK,π . From [29].

heavy leptons are displayed on the left panel of Fig. 3: constraints from Z decays isolate a small
region in which only RD(∗) can be accounted for; however these regimes are already excluded by
both K → eµ and µ − e conversion current bounds. Isodoublet heavy leptons do successfully
explain both anomalies; interestingly, the regions complying with current cLFV bounds are within
sensitivity of future µ− e conversion experiments, so that the model can be effectively probed by
both Mu2e and COMET.

10�22 10�19 10�16 10�13 10�10 10�7 10�4 10�1

CR(µ� e, Au)

10�20

10�17

10�14

10�11

10�8

10�5

10�2

B
R

(K
L
!

µ
±
e⌥

)

10−25 10−22 10−19 10−16 10−13 10−10 10−7 10−4 10−1

CR(µ− e,Au)

10−25

10−22

10−19

10−16

10−13

10−10

10−7

10−4

10−1

B
R

(K
L
→

e±
µ
∓

)

RD(∗) &RK(∗)

RD(∗) &RK(∗) & LFV

Figure 3: On the left, realisation with isosinglet heavy leptons: blue points comply with RD(∗) , while orange
ones satisfy EW precision data. On the right, extensions via isodoublet heavy leptons: blue points comply
with both RK(∗) and RD(∗) , while orange points now denote regions complying with all other bounds. In both
cases, dashed lines denote current bounds, and dotted ones a future benchmark sensitivity for CR(µ − e,
Al)∼ 10−17. From [30].

The probing power of muons (be it in the form of cLFV decays, EDMs, (g− 2)µ , or other
observables) can be studied for numerous models of NP (some discussed in [31]): further examples,
beyond those here mentioned, include low scale type I seesaw (and variants), scotogenic models,
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SM extensions via vector-like leptons and extra scalars, SUSY seesaw, extra-dimensional Randal-
Sundrum models, among many others.

4. Overview and discussion

Following the discovery of neutrino oscillations, a number of tensions between experimental
data and SM expectations has emerged in recent years. Interestingly, all these tensions are nested
in lepton related-observables.

Due to their properties, muons are excellent probes of New Physics; moreover, the experi-
mental prospects to have them produced with unprecedented intensity lend hope to confirming the
presence of NP in very rare processes, or then via tiny deviations from SM expectations. The future
experimental programme offers the possibility to fully explore the probing power of these particles.
The synergy of lepton observables can provide information on the the underlying NP model, al-
lowing to falsify it and/or to probe NP scales which are otherwise unreachable. A quanlitative view
can be inferred from the so-called SM-effective theory approach: assuming that the new states are
sufficiently heavy, their impact can be encoded in higher order, non-renormalisable effective op-
erators, constructed from the SM fields as L eff = L SM + ∑n≥5

1
Λn−4 C nOn. For instance, cLFV

processes probe combinations C 6/Λ2. Assuming for simplicity C 6 ∼ O(1), an estimation of the
NP scales Λ probed by a given experiment can be obtained by comparing the expected sensitivity
with the observable cast in terms of the effective couplings and new physics scale. As is manifest
from Fig. 4 (from [3]), the next generation of lepton (flavour and CPV) experiments is expected to
probe significantly higher effective NP scales, as high as O(105−107) TeV.

The experimental prospects for the coming facilities, especially those dedicated to study lepton
observables, is unmatched; hopefully NP will be manifest via one of the many signals (cLFV, LNV,
CPV, ...) being actively searched for.
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Figure 4: Reach in new physics scale of present and future facilities, from generic dimension six operators,
regarding mesons (green), leptons (blue), EDMs (yellow), Higgs flavoured couplings (red) and top quark
(purple). The reach of (flavour-blind) direct searches and EW precision measurements is denoted via grey
columns. From [3], to which we refer for a full description of the underlying analysis and approximations.
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