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Abstract In extensions of the standard model by Majorana
fermions, the presence of additional CP violating phases has
been shown to play a crucial role in lepton number violat-
ing processes. In this work we show that (Dirac and Majo-
rana) CP violating phases can also lead to important effects
in charged lepton flavour violating (cLFV) transitions and
decays, in some cases with a significant impact for the pre-
dicted rates of cLFV observables. We conduct a thorough
exploration of these effects in several cLFV observables, and
discuss the implications for future observation. We empha-
sise how the presence of leptonic CP violating phases might
lead to modified cLFV rates, and to a possible loss of corre-
lation between cLFV observables.

1 Introduction

Neutrino oscillations signal the presence of physics beyond
the Standard Model (SM). Moreover, leptonic mixings and
massive neutrinos open the door to the violation of charged
lepton flavour. Present in several New Physics (NP) models,
heavy neutral Majorana fermions (such as right-handed neu-
trinos) are among the most appealing extensions of the SM,
often in association with a neutrino mass generation mecha-
nism, as for example in the case of a fermionic seesaw [1–5].
Such sterile states (singlets under the SM gauge group) can
also be present in more complete NP frameworks as SO(10)

and its extensions. Depending on their mass scale and interac-
tions with the SM fields, these new neutral fermions can offer
a minimal framework to address the SM observational prob-
lems: account for neutrino oscillation data, offer an expla-
nation to the baryon asymmetry of the Universe via lepto-
genesis, and possibly contribute to explain the dark matter
problem.

a e-mail: jonathan.kriewald@clermont.in2p3.fr (corresponding author)

Heavy neutral leptons (HNL), with masses ranging from
the GeV to the tens of TeV, are among the most interesting
minimal extensions of the SM, as they can be at the source
of significant contributions to numerous observables, both
at high-intensities and at colliders. Interestingly, the most
minimal tree-level mechanism for neutrino mass generation –
the type-I seesaw – calls upon the introduction of at least two
such states to account for oscillation data. The type-I seesaw
[1–5] and its low-scale variants, such as the Inverse Seesaw
(ISS) [6–8], the Linear Seesaw (LSS) [9,10] and the ν-MSM
[11–13], all call upon extending the SM via additional sterile
fermions, allowing for Dirac and Majorana mass terms for
the neutral lepton sector. Irrespective of the actual mechanism
of neutrino mass generation under consideration, the mixings
of the new states with the active left-handed neutrinos will
lead to modifications in both leptonic charged and neutral
currents, with a deep phenomenological impact. To study
and numerically assess the impact of the heavy states, it is
often convenient to consider simplified “ad-hoc” models, in
which one adds ns sterile fermions to the SM field content.
Such an approach allows to identify the most relevant effects
and the consequences for the observables under scrutiny, and
paves the way to a subsequent thorough study of complete
models of neutrino mass generation via sterile fermions.

The role of heavy neutral leptons in what concerns charged
lepton flavour violation (cLFV) (see for instance [7,14–30])
and lepton number violation (LNV) – see for instance [31–
42] - has been extensively explored in recent years, be it in
the context of mechanisms of neutrino mass generation, or
then in the framework of the above mentioned minimal ad-
hoc extensions by one or more heavy states. Several of these
studies revealed a promising potential of SM extensions via
HNL in what concerns cLFV: depending on the mass regime
and mixings with the active states, one could expect signif-
icant contributions to several observables, well within the
future experimental sensitivity (with particularly interesting
prospects in the μ − e sector). Moreover, in given scenar-
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ios, distinctive patterns and correlations of observables were
identified, which in turn could be explored to probe and test
these SM extensions, see for example [43,44].

In addition to the masses of the new states and their mix-
ings to the active neutrinos, constructions relying on heavy
sterile states also open the door to new sources of CP viola-
tion: other than new Dirac CP violating (CPV) phases, should
the massive states be of Majorana nature, further phases can
be present. The role of these new CPV phases has been
explored in analyses dedicated to CP violating observables,
as is the case of electric dipole moments (EDM) of charged
leptons [45–48]. New CPV phases have been also recently
shown to play a crucial role in what concerns interference
effects in LNV (and cLFV) semileptonic meson and tau
decays [49], when more than one HNL is involved. Notice-
ably, while branching fractions of semileptonic meson or
tau decays into same-sign and opposite-sign dileptons are
expected to be of the same order in the case of SM exten-
sions by a single heavy Majorana fermion, this is no longer
the case when the SM is extended by at least two HNLs, due
to the possible interferences that might arise in the presence
of multiple states. Depending on the CPV phases, one can
have a modification (enhancement/suppression) of the rates
of LNV modes and of the lepton number conserving ones. As
a consequence, the non-observation of a given mode need not
be interpreted in terms of reduced active-sterile couplings,
but it could be instead understood in terms of interference
effects due to the presence of several sterile states. (This
effect is particularly amplified for processes with different
charged leptons in the final state.) Likewise, an experimen-
tal signal of a lepton number conserving process and the
non-observation of the corresponding lepton number violat-
ing one do not necessarily rule out that the mediators are
Majorana fermions [49].

Similar studies have explored the role of a second heavy
neutrino concerning the possibility of resonant CP violation
[50], the effect of CP violation in high-scale seesaw scenarios
in the context of renormalisation group running and leptoge-
nesis [51,52], the impact for forward-backward asymmetries
at an electron-positron collider [53], while others have com-
pared the expected number of events associated with same-
sign and opposite-sign dileptons at colliders in the framework
of Left-Right symmetric models [53–55].

In this study we focus exclusively on the role of CPV
phases (Dirac and Majorana) concerning an extensive array
of cLFV observables. Although the importance of CPV
phases in flavour observables is known, we provide here
a dedicated thorough analysis, systematically studying the
effects of CPV phases in cLFV observables. We work under
the assumption of a unique source of lepton flavour violation,
a generalised leptonic mixing matrix which now incorporates
the active-sterile mixings. Following an analysis of the differ-
ent observables and the implications for future observation,

our results suggest that the presence of leptonic CP violating
phases can strongly affect the predictions (either suppress-
ing or enhancing the otherwise expected rates), and possibly
lead to a loss of correlation between observables (typically
present in simple SM extensions via heavy sterile fermions).
As we will subsequently argue, the confrontation of unex-
pected cLFV patterns upon observation of certain channels
could be suggestive of the presence of non-vanishing phases.
As an example, one could have sizeable rates for μ → eee,
and comparatively suppressed rates for μ → eγ . As we will
also point out, another important point concerns accidental
cancellations between distinct contributing terms to a given
observable, as in the well-known case of μ − e conversion
in nuclei [19]. The results of our work can be readily gener-
alised for more complete NP models relying on the inclusion
of heavy neutral fermions, provided that all complex degrees
of freedom are systematically included (e.g. in Casas–Ibarra
parametrisation [56]), and predictions for cLFV observables
revisited.

This work is organised as follows: the cLFV observables
addressed in the framework of the SM extension via sterile
fermions are introduced in Sect. 2. In Sect. 3, a first insight
into the role of Dirac and Majorana CPV phases is (analyti-
cally) presented, relying on a subset of representative cLFV
observables. A phenomenological analysis of the impact of
CPV phases on cLFV transitions is conducted in Sect. 4,
including discussions on expected ranges and possible effects
on the correlation patterns. In Sect. 5 we offer a compre-
hensive view of the model’s parameter space, highlighting
numerous points that could arise upon a future observation
of several cLFV decays, followed by a final discussion and
outlook in Sect. 6. Details on the model, expressions for the
decay rates and other relevant amplitudes, as well as further
information on the analysis, are collected in the Appendices.

2 cLFV observables: decays and transitions

In this section we present the cLFV processes in the frame-
work of a “3 + nS” ad-hoc SM extension (see “Appendix A”
for a detailed description), providing the expressions for the
decay rates and other relevant amplitudes. As further dis-
cussed in “Appendix A”, the generalised leptonic mixings
are encoded in a (3 + nS) × (3 + nS) unitary mixing matrix,
U , of which the upper left 3×3 block corresponds to the left-
handed leptonic mixing matrix, the would-be PMNS, ŨPMNS,
which is no longer unitary.

The cLFV observables addressed here receive contribu-
tions at the one-loop level arising from dipoles (γ - and Z -
penguins) and/or from boxes. The vertex diagrams contribut-
ing to the cLFV decays are depicted in Fig. 1 and the box
diagrams (adapted for the μ − e conversion rate for the sake
of illustration) are presented in Fig. 2.
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Fig. 1 Vertex diagrams contributing the cLFV decays. The flavour of the charged leptons is denoted by α, β, ... = e, μ, τ ; in the neutral fermion
internal lines, i, j = 1, ..., 3 + nS denote the neutral fermion mass eigenstates
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Fig. 2 Example of box diagrams (depicted for the box contributions to neutrinoless μ − e conversion). In the quark internal lines, j = 1, ..., 3
runs over the quark families; in the neutral fermion ones, i = 1, ..., 3 + nS

In the following subsections, we provide analytical expres-
sions for the cLFV observables in the general 3 + ns frame-
work (from Sect. 3 onwards the discussion will be focused
on the case ns = 2).

2.1 Leptonic cLFV decays

We first provide the expressions for the branching ratios of
the “pure” leptonic cLFV decays, i.e. the radiative decays
�β → �αγ and the 3-body decays1 �β → �α�γ �′

γ . For the
sake of brevity, we present here the expression for �β → 3�α

decays (the full expression for the most general case can be
found in Ref. [20]). Notice that in our numerical analysis we
have considered all possible decays for �β → �α�γ �′

γ .
In SM extensions via ns heavy sterile fermions, the rates

for the radiative and three-body decays are then given by [19]
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1 In the most general 3-body cLFV decay, �β → �α�γ �′
γ the primed

final state denotes the possibility of having equal or opposite charges
for both �γ and �
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γ .
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Here, MW is the W boson mass, αw = g2
w/4π denotes the

weak coupling, sw the sine of the weak mixing angle, andmβ

(	β ) the mass (total width) of the decaying charged lepton
of flavour β. The form factors present in the above equations
are given by [19,20]

Gβα
γ =

3+ns∑

i=1

Uαi U∗
βi Gγ (xi ), (3)

Fβα
γ =

3+ns∑

i=1

Uαi U∗
βi Fγ (xi ), (4)

Fβα
Z =

3+ns∑

i, j=1

Uαi U∗
β j

[

δi j FZ (x j )

+Ci j GZ (xi , x j ) + C∗
i j HZ (xi , x j )

]

, (5)

Fβ3α
box =

3+ns∑

i, j=1

Uαi U∗
β j

[

Uαi U∗
α j Gbox(xi , x j )

− 2U∗
αi Uα j FXbox(xi , x j )

]

, (6)

in which the sums run over the neutral mass eigenstates
(i, j = 1, ..., 3 + nS). The loop functions are given in
“Appendix B”, with the corresponding arguments defined
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as xi = m2
i /M

2
W . Furthermore, U is the (3 + ns) × (3 + ns)

lepton mixing matrix (unitary) and Ci j is defined as

Ci j =
3
∑

ρ=1

U†
iρ Uρ j . (7)

2.2 Neutrinoless μ − e conversion in nuclei

The coherent conversion rate2 in the presence of a nuclei (N)
can be cast as [19]

CR(μ − e, N) = 2G2
F α2

w m5
μ

(4π)2 	capt.

∣
∣
∣
∣
4V (p) (2F̃μe
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)

+4V (n)
(
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d

)+ s2
w

Gμe
γ D

2e

∣
∣
∣
∣

2

.

(8)

In the above expression, 	capt. denotes the capture rate for
the nucleus N; D, V (p) and V (n) correspond to nuclear form
factors whose values are given in [59], with e being the unit
electric charge. The form factors present in the above equa-
tions are given by [19,20]

F̃μe
d = −1

3
s2
wFμe

γ − Fμe
Z

(
1

4
− 1

3
s2
w

)

+ 1

4
Fμedd

box , (9)
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u = 2

3
s2
wFμe

γ + Fμe
Z

(
1

4
− 2

3
s2
w

)

+ 1

4
Fμeuu

box . (10)

In addition to the form factors previously defined in Eqs. (3–
6), F̃μe

u,d call upon the following box contributions,

Fμeuu
box =

3+ns∑

i=1

∑

qd=d,s,b

Uei U∗
μi Vuqd V

∗
uqd Fbox(xi , xqd ) , (11)

Fμedd
box =

3+ns∑

i=1

∑

qu=u,c,t

Uei U∗
μi Vqud V

∗
qud FXbox(xi , xqu ) ,

(12)

in which xq = m2
q/M

2
W and V is the Cabibbo-Kobayashi-

Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the pres-

ence of muonic atoms. This is the case of Muonium oscilla-
tions and decays (Mu−Mu, Mu → ee), and of the Coulomb
enhanced decay μe → ee. The expressions for the cLFV
rates of the latter can be found in “Appendix B”; here we only
emphasise that all depend on combinations of μe form factors
already introduced for the radiative and 3-body decays (cor-
responding to Z - and photon-penguins, and box diagrams).

2 In the present discussion we only consider the coherent conversion;
for a general discussion of spin-dependent contributions to the process,
we refer to Refs. [57,58].

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to con-
tributions at the origin of several cLFV leptonic decays and
transitions (Z -penguins), we thus also include Z → �α�̄β

decays in our study.3 For convenience, we summarise here
the analytical expressions needed for the LFV Z -decays in
the Feynman–t’Hooft gauge, given in Refs. [16,27,63,64],
in the convention of LoopTools [65]. The decay width (for
α �= β) is given by

	(Z → �α�̄β) = α3
w

192π2c2
w

MZ

∣
∣
∣Fβα

Z

∣
∣
∣

2
, (13)

in which the form factorFβα
Z = ∑10

i=1 F (i)
Z ,βα receives contri-

butions from ten different diagrams, as given in [16,63,64],
and MZ is the mass of the Z -boson. The contributions of the
different diagrams (neglecting the charged lepton masses)
are given by

F (1)
Z ,βα = 1

2
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]

, (15)

where C0,1,2,12,00 ≡ C0,1,2,12,00(0, M2
Z , 0, M2

W ,m2
νi

,m2
ν j

)

are the Passarino-Veltman functions [66] in LoopTools
[65] notation. We further have
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w
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×
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]
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Z ,βα = −(1 − 2s2
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Uαi U∗
βi xiC00 , (18)

with C0,1,2,12,00 ≡ C0,1,2,12,00(0, M2
Z , 0,m2

νi
, M2

W , M2
W ),

and

F (7)
Z ,βα + F (8)

Z ,βα + F (9)
Z ,βα + F (10)

Z ,βα

= 1

2
(1 − 2c2

w)

3+ns∑

i=1

Uαi U∗
βi [(2 + xi )B1 + 1] , (19)

3 In view of the very distinct topological contributions, we do not
include cLFV Higgs decays in the present work (for a recent discussion
see [30,60–62]).
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Table 1 Current experimental bounds and future sensitivities on cLFV observables considered in this work. All limits are given at 90%C.L., and
the Belle II sensitivities correspond to an integrated luminosity of 50ab−1

Observable Current bound Future sensitivity

BR(μ → eγ ) < 4.2 × 10−13 (MEG [67]) 6 × 10−14 (MEG II [68])

BR(τ → eγ ) < 3.3 × 10−8 (BaBar [69]) 3 × 10−9 (Belle II [70])

BR(τ → μγ ) < 4.4 × 10−8 (BaBar [69]) 10−9 (Belle II [70])

BR(μ → 3e) < 1.0 × 10−12 (SINDRUM [71]) 10−15(−16) (Mu3e [72])

BR(τ → 3e) < 2.7 × 10−8 (Belle [73]) 5 × 10−10 (Belle II [70])

BR(τ → 3μ) < 3.3 × 10−8 (Belle [73]) 5 × 10−10 (Belle II [70])

5 × 10−11 (FCC-ee [74])

BR(τ− → e−μ+μ−) < 2.7 × 10−8 (Belle [73]) 5 × 10−10 (Belle II [70])

BR(τ− → μ−e+e−) < 1.8 × 10−8 (Belle [73]) 5 × 10−10 (Belle II [70])

BR(τ− → e−μ+e−) < 1.5 × 10−8 (Belle [73]) 3 × 10−10 (Belle II [70])

BR(τ− → μ−e+μ−) < 1.7 × 10−8 (Belle [73]) 4 × 10−10 (Belle II [70])

CR(μ − e, N) < 7 × 10−13 (Au, SINDRUM [75]) 10−14 (SiC, DeeMe [76])

2.6 × 10−17 (Al, COMET [77,78])

8 × 10−17 (Al, Mu2e [79])

BR(Z → e±μ∓) < 4.2 × 10−7 (ATLAS [80]) O(10−10) (FCC-ee [74]

BR(Z → e±τ∓) < 5.2 × 10−6 (OPAL [81]) O(10−10) (FCC-ee [74]

BR(Z → μ±τ∓) < 5.4 × 10−6 (OPAL [81]) O(10−10) (FCC-ee [74]

in which we have B1 ≡ B1(0,m2
νi

, M2
W ). We evaluate all

Passarino–Veltman functions with the public Fortran code
LoopTools [65] wrapped into our dedicated python code.

Since current searches do not distinguish the charges of
the final state leptons, in our numerical analysis we consider
the CP averaged decay rate, that is

	
(

Z → �±
α �∓

β

)

= 1

2

[

	(Z → �+
α �−

β ) + 	(Z → �−
α �+

β )
]

.

(20)

2.4 cLFV searches: current status and future prospects

As extensively argued, the observation of one (or several)
cLFV processes would be a clear signal of physics beyond
the SM. Currently, there is a vast world-wide array of ded-
icated experiments and searches, at different energy scales,
aiming at discovering such transitions. In Table 1 we list
current experimental bounds and future sensitivities4 for the
observables considered in this work.

4 Note that for the Mu3e experiment [72] we display a second more
optimistic future sensitivity, reflecting the potential of having a very
high intensity muon beam available; in our analysis we use the latter
(optimal) sensitivity.

3 Phases do matter

In what follows we offer a first insight into the role of
CP violating phases regarding a subset of (representative)
observables. All other observables considered in the full phe-
nomenological analysis of Sect. 4 can be understood from a
generalisation of the discussion here carried. We work under
the hypothesis of having ns = 2 massive sterile states; the
neutral spectrum thus comprises five states, with masses
mi (with i = 1, ..., 5), including the three light (mostly
active) neutrinos and two heavier states, with masses m4,5.
The leptonic mixings (whose precise origin is not specified)
are parametrised by a 5 × 5 unitary mixing matrix, U . As
described in “Appendix A”, the full mixing matrix U can be
cast in terms5 of 10 real mixing angles θi j , 6 Dirac phases
δi j and 4 Majorana phases, ϕi .

The study carried in this section is accompanied by a brief
analytical discussion, relying on a simplified approach to this
“3+2 toy model”. In particular, and for the purpose of deriving
clear (and compact) analytical expressions, in this section we
work under the following assumptions: firstly, the mixings
between the active and the sterile states (i.e., θαi with α =
e, μ, τ and i = 4, 5) are assumed to be sufficiently small so
that cos θαi ≈ 1 to a very good approximation. The 3 × 2
rectangular matrix encoding the active-sterile mixings can

5 For concreteness, we have chosen the six Dirac CP phases δα4 and
δα5 to be non-vanishing.
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then be parametrised as

Uα(4,5) ≈
⎛

⎝

s14e−i(δ14−ϕ4) s15e−i(δ15−ϕ5)

s24e−i(δ24−ϕ4) s25e−i(δ25−ϕ5)

s34e−i(δ34−ϕ4) s35e−i(δ35−ϕ5)

⎞

⎠ , (21)

with sαi = sin θαi , and where δαi (ϕi ) denote Dirac (Majo-
rana) phases. We further assume θα4 ≈ θα5, and take the
heavy states to be nearly mass-degenerate,6 m4 ≈ m5 

�EW (typically of the order of a few TeV).

We emphasise that all numerical results (displayed in
the present section and throughout the full manuscript) are
obtained without relying on any approximation, taking into
account all the contributions present in the most general
setup.

As this first discussion is dedicated to understanding and
rendering visible the role of phases, no experimental con-
straints will be applied (certain observables might thus reach
values already in disagreement with current experimental
bounds).

3.1 cLFV decay rates: sensitivity to CPV phases

In what follows, we focus on μ − e sector flavour violation,
and consider the following subset of observables: BR(μ →
eγ ), BR(μ → 3e) and BR(Z → eμ). We then devote a brief
dedicated discussion to μ − e conversion in nuclei.

The role of Dirac phases In Fig. 3 we display the depen-
dence of the above mentioned cLFV rates (and their form
factors) on the Dirac phases. We set as an illustrative (bench-
mark) choice the following values for the mixing angles,
θ14 = θ15 = 10−3, θ24 = θ25 = 0.01 and θ34 = θ35 = 0.
Moreover, all phases are set to zero except the Dirac phase
δ14. We also consider three representative values of the heavy
fermion masses m4 = m5 = 1, 5, 10 TeV (associated with
solid, dashed and dotted lines).

As can be seen in the left panel, all considered observables
have a clear dependence on δ14 (the only non-vanishing phase
considered), with the associated rates exhibiting a strong can-
cellation (typically amounting to around four orders of mag-
nitude) for δ14 = π , for all considered masses of the heavy
sterile states. This behaviour can be understood by consid-
ering the pattern shown by the form factors contributing to
cLFV radiative and 3-body muon decays, all displaying an
(analogous) suppression for δ14 = π .

Working in the limits above referred to, in “Appendix C”
we present analytical expressions for the form factors con-
tributing to the purely leptonic decays, including the full
dependence on all phases. Regarding the dipole contribu-

6 This offers the advantage of further simplifying the expressions,
allowing to factor out the loop functions from the sums over the heavy
states.

tions, and in the case in which only δ14 �= 0, one has

Gμe
γ ≈ s14s24e

− i
2 (δ14)2 cos

(
δ14

2

)

Gγ (x4,5) , (22)

thus implying that in the simplest case of μ → eγ decays,
the corresponding branching fraction for the radiative decays
is given by

BR(μ → eγ ) ∝ |Gμe
γ |2 ≈ 4s2

14s
2
24 cos2

(
δ14

2

)

G2
γ (x4,5) ,

(23)

with x4,5 = m2
4/M

2
W = m2

5/M
2
W , thus indeed approximately

vanishing for δ14 = π . Similar results can be obtained for
the photon penguin form factor Fμe

γ , as well as for one of the

terms in the form factor Fμe
Z (i.e. F (1)

Z , see “Appendix C”), all

contributing to the rate of μ → 3e. For F (2)
Z , after carrying

the sum over ρ = e, μ, τ , one finds7

F (2)
Z ≈ 4 s14s24e

− i
2 (δ14)

(

s2
14 + s2

24

)

cos

(
δ14

2

)

G̃ Z (x4,5) ,

(24)

also exhibiting a suppression for δ14 = π . In the above equa-
tion we introduced G̃ Z (x4,5) ≡ GZ (x4,5, x4,5), which we
also use in the following for loop functions that depend
on 2 parameters, in the limit of degenerate masses (cf.
“Appendix B”). Finally, the remaining contributing term can
be approximately given by

F (3)
Z ≈ 4 s14s24e

− i
2 (δ14) cos

(
δ14

2

)

×
[

s2
14 cos(δ14) + s2

24

]

H̃Z (x4,5) , (25)

again revealing the same behaviour,8 which is also present
in the box diagram contributions to μ → 3e. The latter lead
to

F (1)
box ≈ 4 s3

14s24 cos(δ14) cos

(
δ14

2

)

G̃box(x4,5) ,

F (2)
box ≈ −8 s3

14s24 cos

(
δ14

2

)

F̃Xbox(x4,5) . (26)

This brief discussion explains the behaviour of the different
form factors, as depicted in the right panel of Fig. 3. Albeit

7 While one can in general neglect the contribution of the light (mostly
active) neutrinos to the form factors here considered, that is not the case
for F (2)

Z , since the associated loop function GZ (x, y) does not vanish in
the limit x ∼ 0, y 
 1. As can be seen in “Appendix C”, despite being
more complex, the term corresponding to the “light-heavy” contribution
exhibits a similar dependence on the Dirac phases; here we only consider
the dominant “heavy-heavy” contribution.
8 Due to the contributions associated with the combination Ci j (sum
over all flavours), mixings involving the tau sector also contribute; tak-
ing them into account would lead to a similar dependence on cos δ14/2.
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Fig. 3 Dependence of cLFV observables and several form factors (contributing to the different cLFV decay rates) on the CP violating Dirac phase
δ14 (all other phases set to zero). On the left panel we present BR(μ → eγ ) (blue), BR(μ → 3e) (orange) and BR(Z → eμ) (green); on the right
one finds |Gβα

γ | (blue), |Fβα
Z | (orange) and |Fβ3α

box | (green), choosing for illustrative purposes α = e and β = μ. In both panels, solid, dashed and
dotted lines respectively correspond to the following heavy fermion masses: m4 = m5 = 1, 5, 10 TeV
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Fig. 4 cLFV observables (left panel) and choice of contributing form factors to the different rates (right panel), as a function of the degenerate
heavy sterile mass, m4 = m5 (in GeV), for vanishing CPV phases. On the left panel we present BR(μ → eγ ) (blue), BR(μ → 3e) (orange) and
BR(Z → eμ) (green); on the right, one finds the contributions of the γ -penguin form factors Fβα

γ and Gβα
γ (blue), the Z -penguin form factor Fβα

Z

(orange) and the box form factor Fβ3α
box (green) to the total branching ratio of decays of the form �β → 3�α (red), choosing for illustrative purposes

α = e and β = μ

carried in a limiting case (degenerate heavy states, identical
mixings, etc.), this discussion is helpful in understanding
the more complex behaviours which will emerge upon the
numerical analysis presented in Sect. 4.

Concerning cLFV Z decays, we do not explicitly discuss
their phase dependence here; let us just notice that the form
factors parameterising Z decays (cf. Sect. 2.3) can be under-
stood as Z -penguins at non-vanishing momentum transfer,
i.e. q2 = M2

Z , and are therefore expected to have a very
similar behaviour in what concerns the impact of the CPV
phases. This can be quantitatively confirmed in Fig. 3 upon
comparison of the dependence of the Z -penguin form factor
Fμe
Z and the branching fraction of the Z → eμ decay on δ14.
For completeness, and before moving to the possible

impact of the Majorana phases, notice that the individual
form factors – and hence the full rates – depend on the mass

of the new fermions (already manifest from the behaviour
shown in Fig. 3), as shown in both panels of Fig. 4 (which
were obtained considering vanishing values of all phases).

Impact of Majorana phases on cLFV decay rates In what
follows, we set the mixing angles to the same values as
before, and choose the same three values of the heavy fermion
masses. All phases are set to zero except ϕ4. The results for
the observables (the same as studied concerning the Dirac
phase) and the contributing form factors are displayed in
Fig. 5, as a function of the Majorana phase ϕ4.

As expected, there is no dependence of the radiative
decays on the Majorana phase (cf. the full expression for
BR(�β → �αγ ) given in “Appendix C”). This is also true
for all dipole and dipole-like contributions. In contrast, the
three-body decays (and the cLFV Z decays) do exhibit a
non-negligible dependence on the Majorana phase, as can
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Fig. 5 Dependence of cLFV observables and several contributing form factors on the CP violating Majorana phase ϕ4 (with all other phases set
to zero). On the left panel we present BR(μ → eγ ) (blue), BR(μ → 3e) (orange) and BR(Z → eμ) (green); on the right, one has |Gμe

γ | (blue),

|Fμe
Z | (orange) and |Fμ3e

box | (green). In both panels, solid, dashed and dotted lines respectively correspond to m4 = m5 = 1, 5, 10 TeV

be verified from both panels of Fig. 5. This is especially
true for heavier mass regimes, in which the relative contri-
bution of the form factors sensitive to ϕ4 (Z -penguins and
to a lesser extent box-contributions) become more important
(cf. right-handed panel of Fig. 4). Indeed, in the simplified
limits of the form factors (see “Appendix C”), one verifies
that only two contributions in the form factors depend on the
Majorana phase, F (3)

Z and F (1)
box. In the presence of a single

non-vanishing Majorana phase, their expressions are:

F (3)
Z ≈ 4s14s24

(

s2
14 + s2

24

)

cos2(ϕ4)H̃Z (x4,5) ,

F (1)
box ≈ 4s3

14s24 cos2(ϕ4)G̃box(x4,5) . (27)

The impact of the Majorana phase on the cLFV Z decays
can be also understood in analogy from the dependence of
the corresponding Z penguin form factor. This is readily vis-
ible from inspection of Fig. 5, which reveals a very similar
dependence on ϕ4.

Joint Dirac-Majorana phase effects A first view of the
joint effect of Majorana and Dirac phases can be obtained by
setting one to a fixed non-vanishing value, while the other
is varied over its full range (i.e. ∈ [0, 2π ]). This is shown
in Fig. 6, where we re-evaluate the dependence of the cLFV
rates, and of a subset of form factors, on the Majorana phase
ϕ4 (similar to what was presented in Fig. 5), but now taking
δ14 = π .

The effects arising from the presence of both phases are
clearly manifest, especially when compared with the plots of
Figs. 3 and 5. Recall that δ14 = π was found to lead to a strong
cancellation of the form factors (see discussion of Fig. 3);
thus, the non-vanishing contributions to the observables (3-
body and Z decays) are associated with the form factors
exhibiting a non-trivial dependence on ϕ4 – as mentioned
before. Relying again on the simple analytical estimates (see

“Appendix C”), one now verifies that taking δ14 = π leads
to the following modification of the form factors sensitive to
the Majorana phases (and hence of the observables):

F (3)
Z ∝ s14s24

(

s2
14 − s2

24

)

sin(2ϕ4) H̃Z (x4,5) ,

F (1)
box ∝ s3

14s24 sin(2ϕ4) G̃box(x4,5) , (28)

explaining the modified pattern (shift of π/2 and dependence
on 2ϕ4) visible in Fig. 6.

3.2 Neutrinoless μ − e conversion in nuclei and CP
violating phases

We begin by illustrating how the predictions for the conver-
sion rate (in particular the dependence on the heavy fermion
mass) reflect the nature of the muonic atom, i.e. the chosen
target nucleus (see Eq. (8)). This is shown on the left panel
of Fig. 7, where we display CR(μ − e, N) as a function of
the (degenerate) heavy masses, for Aluminium, Titanium,
Gold and Lead nuclei, which have been chosen for past and
future experimental searches. We fix the active-sterile mix-
ing angles as before (θ14 = θ15 = 10−3, θ24 = θ25 = 0.01
and θ34 = θ35 = 0), and set all phases to zero. We recover
the behaviour originally pointed out in [19], with the distinct
rates all exhibiting a sharp cancellation for a given value of
the heavy fermion mass - which we denote mc

4,5 (the actual
value of mc

4,5, and the “depth” observed in the conversion
rate, both depend on the considered nucleus).

Until now, and for simplicity, we have not considered
mixings of the sterile states to the third generation of lep-
tons; however, and even though we are studying cLFV in the
μ − e sector, certain observables are sensitive to tau mix-
ings through the Ci j coupling (sum over all flavours) which
arises from the Z -penguin contribution, cf. Eq. (5). On the
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(green), while on the right one finds |Gμe
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Fig. 7 Neutrinoless μ−e conversion in nuclei as a function of the degenerate heavy sterile mass,m4 = m5 (in GeV). On the left, we set θ1 j = 10−3,
θ2 j = 0.01 and θ3 j = 0 ( j = 4, 5), and consider different muonic atoms: Aluminium (blue), Titanium (orange), Gold (green) and Lead (red). On
the right, CR(μ − e, Al) for different values of the tau-sterile mixing angles: θ3 j = 0 (blue), θ3 j = 0.01 (orange) and θ3 j = 0.1 (green), again with
θ1 j = 10−3, θ2 j = 0.01 (with j = 4, 5)

right panel of Fig. 7, we consider Aluminium nuclei, and
again depict CR(μ − e, Al) vs. the heavy sterile masses, for
different choices of θ3 j ( j = 4, 5), keeping the other mix-
ing angles and phases as before. As expected, and despite
seemingly indirect, the impact is significant, both to the rate
itself, and in what concerns the value of mc

4,5 associated with
the cancellation in the conversion rate. This is all the most
important when θ3 j 
 θ1 j , θ2 j ( j = 4, 5), as can be inferred
from the green line.

The impact of the CPV phases on the conversion rate
is studied in both panels of Fig. 8: for three choices of
θ3 j = 0, 0.01 and 0.1, we consider the impact of Dirac and
Majorana phases on CR(μ − e, Al), displayed as a function
of the masses of the heavy states. For the case of vanishing
ϕ4, the choice of Dirac phases leads to effects which could
already be expected from the discussion of the previous sub-

section.9 In particular, and as can be seen on the left panel
of Fig. 8, notice the very important suppression for δ14 = π ;
for the latter case, and for sizeable θ3 j one also observes a
significant displacement of mc

4,5, lighter by almost an order
of magnitude. This is the result of a cancellation of (numer-
ically) very small terms.

The effect of the Majorana phases (for vanishing Dirac
phases) is more interesting: while having already a visible
effect on the overall scale of CR(μ − e, Al) – a reduction by
a factor ∼ 100 between ϕ4 = 0 and ϕ4 = π/2 -, they also

9 We notice that although the full expression is considerably more
involved, the form factors contributing to the conversion rate include
those already presented for the radiative and 3-body cLFV decays. Addi-
tional ones (i.e. boxes with an internal quark line) only depend on a
single combination of Uei U∗

μi , and exhibit a behaviour similar to the
dipole contributions, being only sensitive to Dirac phases.
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Fig. 8 Neutrinoless μ − e conversion in Aluminium as a function of the degenerate heavy sterile mass, m4 = m5 (in GeV). We set θ1 j = 10−3,
θ2 j = 0.01, for different values of the tau-sterile mixing angles: θ3 j = 0 (blue), θ3 j = 0.01 (orange) and θ3 j = 0.1 (green), with j = 4, 5. On
the left, we set all Majorana phases to zero and consider three choices of the Dirac phase, δ14 = 0, π/2 and π , respectively corresponding to
solid, dashed and dotted lines. Conversely, on the right panel all Dirac phases are set to zero, and we consider three choices of the Majorana phase,
ϕ4 = 0, π/4 and π/2, corresponding to solid, dashed and dotted lines

modify the value of mc
4,5 (mc

4,5(ϕ4 = 0) ≈ 850 GeV while
mc

4,5(ϕ4 = π/2) ≈ 1.5 TeV).
Finally, we consider for illustrative purposes the simulta-

neous effects of two phases (Dirac, or combined Dirac and
Majorana). This is shown in the contour plots of Fig. 9,
for which we again consider m4 = m5 = 1 TeV, and fix
the active-sterile mixings to θ1 j = 10−3, θ2 j = 0.01 and
θ3 j = 0.1 ( j = 4, 5).

The different plots in Fig. 9 summarise (and generalise)
the previous findings of Figs. 7 and 8: for fixed values of
the “standard” input parameters (i.e. the mass of the heavy
states and the active-sterile mixing angles), a variation of the
phases – individually or as a joint effect – can lead to signif-
icant changes in the predictions for the conversion rate. This
is seen in the panels of Fig. 9, with the rates ranging from
as low as 10−18 (dark blue), to values above 10−14 (bright
yellow), or even beyond 10−13 (white). Here, one can also
observe regions of constructive interference, which are of
different origin. For example, in the upper left plot of Fig. 9
we show the conversion rate as a function of δ14 and δ24; if
both phases are close to π , the suppression vanishes (as it
depends on cos((δ14 −δ24)/2)), while the complex exponen-
tial multiplying the contributions depends on (δ14 + δ24)/2,
thus leading to a “sign-flip” for values of δ14 � δ24 � π

(cf. “Appendix C”). This affects the signs of the individual
contributions to the different form factors, and can lead to
an overall constructive interference, as visible in the plots.
In the remaining panels in which one observes an enhance-
ment of the rate with respect to vanishing CPV phases (con-
version rate as a function of δ14 and δ34, and δ34 and ϕ4

respectively), the source of constructive interference solely
lies in the Z -penguin form factor. In this case, the interference
occurs between terms that depend on the tau-sterile mixing

angles θ3 j , j = 4, 5 and the remaining terms, in conjunction
with the effects of other phases.

3.3 Muonium anti-Muonium oscillations

Other cLFV observables rely on combinations of the already
discussed form factors, so we will not address them individ-
ually. However, a few remarks concerning Muonium oscil-
lations10 are in order, as Mu − Mu is unique in the sense
that it only receives contributions from box diagrams, and
thus offers a direct access to this topology (and associated
form factors). Notice that the oscillation probability is pro-
portional to a single effective four-fermion coupling GMM
[82,83]. Moreover, as can be seen from the corresponding
expressions for GMM (see Eq. (55) in “Appendix B”), this
observable is only sensitive to μ − e flavour violation.

In Fig. 10, we present contour plots for the effective cou-
pling GMM , spanned by varying pairs of Dirac CP violating
phases (δ14 and δ24 on the left panel), and Dirac-Majorana
CPV phases (δ14 and ϕ4) on the right panel). As previously
done, we setm4 = m5 = 1 TeV, and θ1 j = 10−3, θ2 j = 0.01
( j = 4, 5). (Recall that Mu−Mu oscillations are not sensitive
to θ3 j .)

3.4 cLFV and CP violating phases in the τ − �τ − �τ − � sectors

Leptonic cLFV tau decays (i.e. τ → �αγ or τ → 3�α with
α = e, μ) receive contributions from form factors whose
structure is analogous to that of the corresponding muon
decays (allowing for the different flavour composition of the

10 The cLFV Muonium decays are also expected to be impacted in the
same way, as can be understood from the corresponding form factors
collected in “Appendix C”.
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Fig. 9 Contour plots for cLFV μ − e conversion in Aluminium, for fixed values of the degenerate heavy sterile mass, m4 = m5 = 1 TeV, for
θ1 j = 10−3, θ2 j = 0.01 and θ3 j = 0.1 ( j = 4, 5) and varying CPV phases: on the top row, spanned by pairs of Dirac phases, (δ14 − δ24) and
(δ14 − δ34), respectively left and right panels; bottom row, spanned by Dirac-Majorana phases, (δ14 −ϕ4) and (δ34 −ϕ4), respectively left and right
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denote CR(μ − e, Al)> 10−13)
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final state leptons); likewise, tau leptons can be present as
final states of cLFV Z decays. Since the dependence of the
observables on the CPV phases is in all similar to what has
been discussed for the μ − e sector, we refrain from a dedi-
cated analytical study (these observables will be included in
the numerical study of Sect. 4). Notice that due to the large
tau mass, one can also have semileptonic cLFV tau decays,
with the final state composed of a light lepton and (light)
mesons. However, we will not address them in the present
study.

3.5 Other possible enhancements

So far, and relying on the simplifying approximation θα4 ≈
θα5, we have mostly addressed effects of destructive inter-
ference leading to a strong suppression of the cLFV observ-
ables (due to a cosine dependence of the corresponding form
factors on the CPV phases, see Eqs. (22–28)). However,
in the most general case different behaviours (in particular
generic enhancements) can be encountered upon relaxation
of θα4 ≈ θα5. For example, by considering a simple sign
difference in one of the flavours (θ14 = −θ15), we are led to
a generic cancellation as in this case, one finds a sinus-like
dependence of the observables on the phases. For instance
the photon dipole form factor is now given by

Gμe
γ ≈ −is14s24e

− i
2 (δ14)2 sin

(
δ14

2

)

Gγ (x4,5) , (29)

to be compared with Eq. (22). Thus, non-vanishing phases
now generically lead to enhancements, which can be quite
important. This is illustrated in Fig. 11, where we show
results analogous to those displayed in Figs. 3 and 5, but
now taking θ14 = −θ15.

It can be seen that the opposite sign of θ14 and θ15 effec-
tively leads to the same behaviour as a shift in δ14 → δ14 +π

(see Figs. 3 and 6).

4 Phenomenological study: interference effects

Following the simple analysis of the previous section, which
allowed a clear view of the effect of the CPV Dirac and Majo-
rana phases, we now proceed to a more complete numerical
study. In what follows, we will survey in a comprehensive
way the simple “3+2 toy model”, carrying a phenomeno-
logical analysis of a larger set of cLFV observables, now
taking into account the available experimental constraints
(see “Appendix A.3”). The latter include limits on the active-
sterile mixings, results of direct and indirect searches for the
heavy states, and EW precision tests, among many others.
Finally, current bounds on searches for cLFV transitions are
taken into account (cf. Table 1).

In order to further explore the effects of the new non-
vanishing CPV phases in a realistic way, we perform a ran-
dom scan of the active-sterile mixing angles11 for m4 =
m5 = 1, 5TeV. Leading to the numerical results displayed
in this section, we first perform a scan with the phases set
to zero and (randomly) select 2000 points consistent with
all experimental data at the 3 σ level (corresponding to the
blue points in the plots presented in this section). For each
of the selected points we then randomly vary the phases δ14,
δ24, δ34, and ϕ4 in the interval (0, 2π), drawing 100 sam-
ples from a uniform distribution (shown in orange). Finally,
we further add to the data set additional points which corre-
spond to having systematically varied the phases on a grid for
the “special” values {0, π

4 , π
2 , 3π

4 , π} (shown in green). This
procedure allows to exhaustively study the impact of having
non-vanishing CPV phases, especially regarding correlations
between observables. Due to computational limitations, in
this section we still do not take into account ϕ5 nor δi5; in
the limit of degenerate masses, and nearly degenerate angles,
non-vanishing values of the latter can be understood as lead-
ing to a phase shift (e.g. ∝ cos(ϕ4 −ϕ5), see “Appendix C”).

4.1 Correlation of μ − eμ − eμ − e observables

We begin by considering cLFV observables in the μ−e sector
which receive contributions from unique topologies (dipole,
Z -penguins and boxes) at one-loop level, and address the
impact of CPV phases on the expected correlations. More
specifically, on Fig. 12, we consider μ → eγ , Z → eμ
decays and the probability of muonium-antimuonium oscil-
lations, ∝ GMM , displaying the results for two heavy mass
regimes, 1 and 5 TeV.

Focusing first on the blue sets of points12 (corresponding
to vanishing CP violating phases), one confirms that there is a
strong correlation between the three considered μ−e flavour
violating observables, as expected. This is particularly mani-
fest in the upper row of Fig. 12, since both BR(μ → eγ ) and
GMM do not depend on θ3 j ; on the other hand, non-vanishing
values for θ3 j do contribute to Z → eμ decays (through the
Ci j term), hence one observes a spread of the points along the
central straight line. This well-known behaviour (correlated
predictions for a given value of the propagator’s mass) has
been explored in the literature as a means to test the under-
lying BSM construction, see e.g. [43,44]. Once CP violat-
ing phases are (randomly) taken into account, the correlation

11 Here we relax the assumption of θα4 = ±θα5 by means of adding
gaussian noise with a relative 1 σ deviation of 10 % to the samples, i.e.
θα5 = ±θα4 ± 10 % .
12 In several plots one observes that in some extreme cases the pre-
dictions of certain observables already lie above the experimental limit;
this merely reflects having taken points which are consistent with cLFV
bounds at the 3 σ level, while the denoted experimental limits corre-
spond to 90% C.L.
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Fig. 11 Dependence of cLFV observables and several form factors (contributing to the different decay rates) on the CPV phases δ14 and ϕ4, as
done in Figs. 3 and 5, but with sin θ15 = − sin θ14

between the observables is strongly affected – if not lost, as
can be seen by the significant spread of the corresponding
orange points. This is especially visible for the plots in the
right (m4 = m5 = 5TeV). The situation becomes even more
degraded once the “special” values of the phases are consid-
ered (those leading to vanishing values of certain contribu-
tions, as discussed in Sect. 3). As expected, the predictions
for the observables are dramatically impacted, as visible from
the green points. Finally, notice that the effect of phases can
lead to either an increase or reduction of the cLFV rates with
respect to the corresponding ones obtained in the vanish-
ing phase limit. In some cases (like for BR(μ → eγ ), with
m4,5 = 5 TeV) the new predictions may even be in conflict
with current experimental bounds.

In Fig. 13 we consider the joint behaviour of general
μ − e flavour violating observables, which now receive
non-vanishing contributions from various types of diagrams
(dipole, penguins and boxes). In particular, on the first row we
present CR(μ−e, Al) vs. BR(μ → eγ ), while on the second
CR(μ−e, Al) vs. BR(μ → 3e), form4 = m5 = 1 and 5TeV
(left and right columns, respectively). Despite the mixings
between ντ and the sterile states also leading to a spread
in the case of vanishing phases (for μ − e conversion and 3-

body decays), one still observes a visible correlation between
the different sets of observables (see blue points).13 As
already verified in Fig. 12, the presence of CP violating
phases – especially for certain values of the latter – leads
to a strong loss of correlation, as visible from the dispersion
of the orange and green points (again more important for
m4 = m5 = 5TeV). On the third and final row of Fig. 13, we
present the prospects for the correlation between μ → 3e
decays and neutrinoless muon-electron conversion, but now
for Gold (Au) nuclei. Notice that there are significant dif-
ferences between Al and Au, which become particularly
manifest for m4 = m5 = 5 TeV. In this case the correla-
tion between the conversion rate in Gold and the three-body
decays is more prominent than for Aluminium nuclei. This is
a consequence of milder cancellations of the type discussed in
Sect. 3.2: as seen from Figs. 7 and 8, in the limit of vanishing
phases (and with θ3 j = 0), the values of the heavy propaga-
tor mass for which the accidental cancellation occurs (mc

4,5)

13 The spread and visible cancellations for vanishing CP-violating
phases are a consequence of accidental cancellations in μ − e con-
version as discussed in Sect. 3.2 and of accidental cancellations due to
opposite-sign mixing angles (e.g. θ14 ≈ −θ15) leading to a suppression
of dipole operators as discussed in Sect. 3.5.
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Fig. 12 Correlation of μ − e flavour violating observables (depending on unique topologies), for varying values of the CPV Dirac and Majorana
phases: blue points correspond to vanishing phases, orange denote random values of δα4 and ϕ4 in the interval (0, 2 π), and green points refer to
δα4, ϕ4 = {0, π

4 , π
2 , 3π

4 , π} (see text). Dotted (dashed) lines denote current bounds (future sensitivity). On the left panels, m4 = m5 = 1TeV, while
on the right we set m4 = m5 = 5TeV

are considerably lower for Gold than Aluminium, and effects
of CP phases and/or non-vanishing θ3 j tend to further shift
mc

4,5 to lower values.
Consequently, the CP violating phases might thus have an

important impact regarding a future interpretation of data: let
us consider a hypothetical scenario in which collider searches
strongly hint for the presence of sterile states with masses
close to 1 TeV. Should BR(μ → 3e)≈ 10−15 be measured
in the future, one could expect an observation of CR(μ − e,

Al) ≈ O(10−14), be it at COMET or Mu2e. However, in
the presence of CP violating phases, the expected range for
the muon-electron conversion is vast, with CR(μ − e, Al)
potentially as low as 10−18.

4.2 Prospects for other observables

In view of the diversity of cLFV observables, and of
the associated (future) experimental prospects, we have so
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Fig. 13 Correlation of general μ − e flavour violating observables, for varying values of the CPV Dirac and Majorana phases. Line and colour
code as in Fig. 12. On the left panels, m4 = m5 = 1TeV, while on the right we set m4 = m5 = 5TeV

far focused our phenomenological discussion on the most
promising μ − e cLFV transitions and decays. Before con-
cluding this section, we address the impact of the CP violating
phases for the μ − τ sector (i.e. for τ → 3μ and Z → μτ

decays), as well as for cLFV Muonium decays.
In Fig. 14 we summarise the results of a study analogous

to those presented in Figs. 12 and 13, displaying the corre-
lated behaviour of high- and low-energy μ − τ sector cLFV
observables for (non-) vanishing Dirac and Majorana CPV

phases, and for two values of the degenerate heavy neutral
leptons’ masses. Although the general prospects for obser-
vation are comparatively less promising, one nevertheless
encounters the same phase-induced distortion of the correla-
tion between observables, which was present in the limit of
vanishing phases.

Being also dominated by penguin transitions, the tau-
lepton decay modes τ− → μ−e+e− and τ− → e−μ+μ−
(i.e. only one flavour violating vertex) do not offer any addi-
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Fig. 12. On the left panel, m4 = m5 = 1TeV, while on the right we set m4 = m5 = 5TeV

tional insight with respect to the τ → 3μ and τ → 3e coun-
terparts, and we find similar predictions for the associated
rates. On the other hand, tau-lepton decays with an addi-
tional flavour violating coupling, that is τ− → e−μ+e− and
τ− → μ−e+μ−, are transitions which are purely mediated
by box diagrams. Thus, these are strongly suppressed when
compared to other modes, with typically very small branch-
ing ratios, BR � 10−17, thus clearly beyond any future sen-
sitivity reach.

In Fig. 15, we display for completeness14 the prospects for
Mu → ee decays, depicting its correlation with CR(μ − e,
Al). In the most optimal scenarios, one can expect BR(Mu →
ee) ∼ O(10−22).

14 Other cLFV observables – such as the Coulomb enhanced decays
μe → ee(see Refs. [26,84–87]), were also studied. Although the asso-
ciated rate for Al typically lies some orders of magnitude below μ − e
conversion, effects due to non-vanishing CPV phases can however lead
to comparable rates, with a maximum of BR(μe → ee, Al) ∼ 10−16.

5 Overall view and further discussion

So far, we have analysed the implications of non-vanishing
CPV phases in “idealised and simplified” scenarios, assum-
ing certain relations between the model’s parameters. We
followed this approach to explore and maximise the effect of
phases on the predictions for the cLFV observables. Clearly,
broader scenarios must be considered, and in the present sec-
tion we relax several of the previous assumptions. This aims
at a more comprehensive overview, and allows a better con-
frontation with (hypothetical) future data.

5.1 Comprehensive overview of the parameter space

We conclude our study by a final comprehensive overview
of this very simple SM extension. The numerical data pre-
sented in this subsection is now obtained as follows: firstly,
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and in what concerns the masses of the two heavy states,15

we no longer take them to be degenerate, but rather assume
their masses to be sufficiently close to allow for interference
effects;16 in practice, and for fixed m4, random values of m5

are obtained from half-normal distributions with the scale set
to a value representative of the width of the sterile states (in
this case ∼ 50 GeV). Concerning the active-sterile mixing
angles, these are now independently varied: more specifi-
cally, we draw samples from log-uniform distributions, fur-
ther randomly varying their signs. Form4 = 1 TeV, the ranges
of the parameters to be here explored are then

m5 − m4 ∈ [0.04, 210] GeV ,

| sin θ14,5| ∈ [2.0 × 10−5, 3 × 10−3] ,

| sin θ24,5| ∈ [2.2 × 10−4, 0.036] ,

| sin θ34,5| ∈ [1.0 × 10−3, 0.13] . (30)

It is worth noticing that these ranges lead to scenarios
complying with experimental bounds (see Sect. 2.4 and
“Appendix A.3”). In our analysis, we thus (randomly) select
104 points consistent with all experimental data. For each
tuple of mixing angles we then vary all CPV phases associ-
ated with the sterile states, i.e. δα4,5, ϕ4,5 ∈ [0, 2π ], drawing
100 values for each of the four from a uniform distribution.
The upper limits on the intervals for the mixing angles are
inferred from requiring agreement with the most constraining
current bounds; clearly no lower limit for the mixing angles
is phenomenologically relevant. However, we have limited
ourselves to regimes that do not lead to cLFV predictions
excessively far away from the corresponding future exper-
imental sensitivity. Thus, it is important to stress that the
resulting predictions for the observables could in principle
be extended to extremely tiny values of the rates, should we
have explored all the allowed ranges for the mixing angles.
In summary, no conclusions concerning lower limits for the
cLFV observables should be drawn from this analysis.

The outcome of this comprehensive analysis is shown in
Fig.16, where we display the predictions for several cLFV
rates (focusing on the μ− e and τ −μ sectors), in particular
in what concerns correlations between same-sector observ-
ables. As before, we present the predictions obtained in the
case in which all CPV phases are set to zero (blue points),
and then those corresponding to a random scan over allDirac
and Majorana phases (orange points).

For a fixed scale of the heavy propagators (with the lat-
ter sufficiently close in mass), and as would be expected,
one finds correlated same-sector observables. In addition to

15 In more general scenarios in which the masses of the sterile states
and their mixings with the active neutrinos are a priori unrelated to
each other, effects of the CPV phases are expected to be less striking,
but nevertheless important (and in general driven by the heaviest state).
16 See Ref. [49] for a related discussion regarding the mass splitting
between m4 and m5.

enlarging the range of the predictions for the different observ-
ables (possibly leading to a conflict with current bounds for
certain μ−e observables), non-vanishing CP phases lead to a
visible spread of the predicted rates. Should “special” values
of the phases be imposed on the scan, the cancellation effects
(and associated decrease of the rates) would have been even
more striking.

Throughout the discussion we have focused on the μ − e
and τ − μ sectors, in view of the most promising prospects
(both theoretical and experimental). In general, the asso-
ciated predictions for τ − e cLFV transitions typically lie
beyond future experimental sensitivity. However, and to fully
explore this very minimal SM extension, one would require
a comprehensive probing of the associated cLFV predictions
in all 3 flavour sectors (i.e. μ−e, τ −μ and τ −e transitions).

Profiting from the data collected leading to the results
displayed in Fig. 16, we have tried to infer which would
be the required future sensitivity for the τ − e channels so
that the regimes (mixing angles and CP phases) leading to
predictions for μ → eγ , μ → 3e, μ − e conversion in
Al, τ → 3μ and Z → μτ , all within future experimental
sensitivities, would also be within reach of τ → eγ and
τ → 3e dedicated searches. Requiring that at least 68% of
the previously mentioned subset be within τ −e future reach
would imply the following ideal experimental sensitivities17:

BR(τ → eγ ) ≥ 2 × 10−13 , BR(τ → 3e) ≥ 3 × 10−14 .

(31)

In other words, should a signal of cLFV in μ − e and τ − μ

transitions be observed at the current and near-future facil-
ities, an improvement of circa 4 orders of magnitude in the
τ − e sensitivity is needed in order to obtain competitive
constraints on these SM extensions via heavy neutral leptons
from all flavour sectors.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV
phases can impact the predictions for the cLFV observables,
enhancing or suppressing the distinct rates. To conclude the
discussion, we have identified a small set of representative
(benchmark) points, which reflect not only the effect on the
rates, but also the impact that taking into account the CPV
phases might have on the interpretation of experimental data
(or negative search results).

In Table 2 we present the predictions for several cLFV
observables for three configurations of active-sterile mixing
angles, in the case of vanishing CPV phases (Pi ), and for

17 We have assumed the same ratio between the envisaged τ → eγ and
τ → 3e sensitivities as the one of the future prospects of Belle II [70].
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Fig. 16 General overview of cLFV observables (correlations) in the “3+2 toy model” parameter space. All active-sterile mixing angles, as well
as Dirac and Majorana CP phases, are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with m5 − m4 ∈
[40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote random values of all phases (δαi and ϕi , with α = e, μ, τ

and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in Table 1

non-vanishing values of the phases (P′
i ):

P1 : s14 = 0.0023 , s15 = −0.0024 , s24 = 0.0035 ,

s25 = 0.0037 , s34 = 0.0670 , s35 = −0.0654 ,

P2 : s14 = 0.0006 , s15 = −0.0006 , s24 = 0.008 ,

s25 = 0.008 , s34 = 0.038 , s35 = 0.038 ,

P3 : s14 = 0.003 , s15 = 0.003 , s24 = 0.023 ,

s25 = 0.023 , s34 = 0.068 , s35 = 0.068 . (32)

The variants P′
i have identical mixing angles, but in associa-

tion with the following phase configurations:

P′
1 : δ14 = π

2
, ϕ4 = 3π

4
;

P′
2 : δ24 = 3π

4
, δ34 = π

2
, ϕ4 = π√

8
;

P′
3 : δ14 ≈ π , ϕ4 ≈ π

2
. (33)

We have chosen m4 = m5 = 5 TeV for all three benchmark
points.

The first point (P1) represents a case for which only
two cLFV observables would be within future experimen-

tal reach, μ → 3e and μ − e conversion in Aluminium;
however, in the presence of CP phases (P′

1), the predictions
for the different considered observables are now all within
future sensitivity.

The points P2 and P′
2 correspond to a similar scenario,

but for which only the two considered μ − τ observables lie
within future reach in the case of vanishing phases.

The third and final point (P3) clearly illustrates the impor-
tance of taking into account the possibility of CP violating
phases upon interpretation of experimental data. Negative
search results for the different μ − e flavour violating tran-
sitions would lead to the exclusion of the associated mixing
angles (for heavy masses ∼ 5 TeV); however, and should
CPV phases be present, the considered active-sterile mixing
regime can be readily reconciled with current bounds18 (with
μ → eγ now even lying beyond experimental reach). A sim-
ilar exercise could be carried for other heavy mass regimes,
leading to analogous conclusions.

18 A similar approach was pursued in Ref. [88], albeit for the 3 × 3
PMNS mixing matrix.
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Table 2 Predictions for several cLFV observables in association with three configurations with vanishing CPV phases, Pi (i = 1−3) and associated
variants with non-vanishing CP violating phases, P′

i , see Eqs. (32, 33). We have taken m4 = m5 = 5 TeV. The symbols (�, �, ◦) respectively
denote rates already in conflict with current experimental bounds, predictions within future sensitivity and those beyond future experimental reach

BR(μ → eγ ) BR(μ → 3e) CR(μ − e, Al) BR(τ → 3μ) BR(Z → μτ )

P1 3 × 10−16 ◦ 1 × 10−15 � 9 × 10−15 � 2 × 10−13 ◦ 3 × 10−12 ◦
P′

1 1 × 10−13 � 2 × 10−14 � 1 × 10−16 � 1 × 10−10 � 2 × 10−9 �
P2 2 × 10−23 ◦ 2 × 10−20 ◦ 2 × 10−19 ◦ 1 × 10−10 � 3 × 10−9 �
P′

2 6 × 10−14 � 4 × 10−14 � 9 × 10−14 � 8 × 10−11 � 1 × 10−9 �
P3 2 × 10−11 � 3 × 10−10 � 3 × 10−9 � 2 × 10−8 � 8 × 10−7 �
P′

3 8 × 10−15 ◦ 1 × 10−14 � 6 × 10−14 � 2 × 10−9 � 1 × 10−8 �

This demonstrates the crucial role of CPV phases in eval-
uating the viability of a given scenario in what regards con-
flict/agreement with the associated cLFV bounds.

6 Conclusions

In this work we have thoroughly addressed the impact of lep-
tonic CP violating phases on the predictions of the rates of
several cLFV observables, focusing on minimal SM exten-
sions by heavy Majorana sterile fermions. Despite their min-
imality and simplicity, these extensions can be interpreted as
representative of more complete constructions calling upon
the addition of heavy neutral fermions (as is the case of sev-
eral low-scale seesaw realisations). Via their mixings with the
light (mostly active) states, and as a consequence of a depar-
ture from unitarity of the would-be PMNS mixing matrix,
the new states open the door to contributions to numerous
observables.

Here we have considered a simple case with 2 heavy neu-
tral fermions, taking them close in mass in order to explore
the potential impact of the new CPV phases on cLFV observ-
ables. These states could very well be embedded in a see-
saw, and the latter even incorporated in more complete BSM
frameworks. The conclusions drawn in this work are thus
always valid once one considers that the source of lepton
flavour violation stems from the enlarged leptonic mixing.

Building upon an analytical insight, our numerical study
reveals that the CP violating phases can indeed lead to impor-
tant effects in cLFV transitions and decays, with an impact
for the rates (enhancement or suppression of the predictions
obtained for vanishing phases). Moreover, whenever corre-
lations between observables would be typically expected (in
association with the dominance of a given topology for cer-
tain regimes of the model), one also encounters a potential
loss of correlation. Furthermore, our analysis suggests that
the non-observation of a given observable (usually expected
to be within experimental reach in view of the measurement
of another one) should not be a conclusive reason to disfavour
a given regime.

The conclusions of this work can be generalised for a given
BSM construction, provided that all complex degrees of free-
dom are consistently taken into account, and predictions for
cLFV observables re-evaluated in view of the potential pres-
ence of new CP violating phases.

In the near future, should potentially new (unexpected)
cLFV patterns emerge upon observation of certain processes,
this could be interpreted as possibly hinting towards the pres-
ence of non-vanishing CP violating phases (under the work-
ing hypothesis of SM extensions via heavy neutral fermions).
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A A minimal “3+2 toy model” for cLFV studies and
constraints

Here we collect the most relevant information concerning this
minimal extension of the SM. As mentioned before, we will
consider an effective toy model, in which 2 sterile (Majorana)
states are added to the SM, a so-called “3+2 toy model”.
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The neutral spectrum comprises 5 states, with masses mi

(with i = 1, ..., 5): this includes the 3 light (mostly active)
neutrinos and two heavier states (with masses m4,5).

A.1 Modified interaction Lagrangian

The leptonic mixings are parametrised by a 5 × 5 unitary
mixing matrix, U ; its upper left 3 × 3 block corresponds to
the left-handed leptonic mixing matrix, the would-be PMNS,
ŨPMNS. The ensuing non-unitarity of ŨPMNS will lead to
modified charged and neutral currents, which can be cast in
the physical basis as

LW± = − gw√
2
W−

μ

3
∑

α=1

3+nS∑

j=1

Uα j �̄αγ μPLν j + H.c. ,

Lν
Z0 = − gw

2 cos θw

Zμ

3+nS∑

i, j=1

ν̄iγ
μ
(

PLCi j − PRC
∗
i j

)

ν j ,

L�
Z0 = − gw

4 cos θw

Zμ

3
∑

α=1

�̄αγ μ (CV − CAγ5) �α ,

LH0 = − gw

2MW
H

3+nS∑

i �= j=1

Ci j ν̄i
(

PRmi +PLm j
)

ν j + H.c. ,

LG0 = igw

2MW
G0

3+nS∑

i, j=1

Ci j ν̄i
(

PRm j − PLmi
)

ν j + H.c.,

LG± = − gw√
2MW

G−
3
∑

α=1

3+nS∑

j=1

Uα j �̄α

(

mi PL − m j PR
)

ν j

+ H.c. , (34)

with nS = 2, and in which we recall that

Ci j =
3
∑

ρ=1

U†
iρ Uρ j . (35)

In the above, the indices α, ρ = 1, . . . , 3 denote the flavour
of the charged leptons, while i, j = 1, . . . , 3+nS correspond
to the physical (massive) neutrino states; PL ,R = (1∓γ5)/2,
gw denotes the weak coupling constant, and cos2 θw =
M2

W /M2
Z . The coefficients CV and CA parametrise the SM

vector and axial-vector currents for the interaction of neu-
trinos with charged leptons, respectively given by CV =
1
2 + 2 sin2 θw and CA = 1

2 .

A.2 Parametrisation of the leptonic mixings

Following for instance [45], U can be parametrised through
five subsequent rotations Ri j (with i �= j), and a diagonal
matrix including the four physical Majorana phases, ϕi

U = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12

Table 3 Global fit results obtained by NuFIT 5.0 [90] for neutrino mix-
ing data, not including experimental data from oscillation experiments
measuring atmospheric neutrinos. In our numerical analysis we assume
normal ordering of the light neutrino spectrum and fix the neutrino
mixing parameters to their central values

Normal ordering Inverted ordering

sin2 θ12 0.304+0.013
−0.012 0.304+0.013

−0.012

sin2 θ23 0.570+0.018
−0.024 0.575+0.017

−0.021

sin2 θ13 0.02221+0.00068
−0.00062 0.02240+0.00062

−0.00062

�m2
21/10−5 eV 7.42+0.21

−0.20 7.42+0.21
−0.20

�m2
3�/10−3 eV 2.514+0.028

−0.027 −2.497+0.028
−0.028

×diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5) . (36)

The above rotations are of the form (illustrated by R45):

R45 =

⎛

⎜
⎜
⎜
⎜
⎝

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 cos θ45 sin θ45e−iδ45

0 0 0 − sin θ45eiδ45 cos θ45

⎞

⎟
⎟
⎟
⎟
⎠

. (37)

As already noticed (and clear from the LW± term in
Eq. (34)), the mixing in charged current interactions is
parametrised via a rectangular 3 × (3 + nS) (i.e. 3 × 5) mix-
ing matrix, of which the 3 × 3 sub-block encodes the mixing
between the left-handed leptons, ŨPMNS. The deviations of
ŨPMNS from unitarity [6,7] can be conveniently parametrised
in terms of a matrix η [89]

UPMNS → ŨPMNS = (1 − η)UPMNS . (38)

In our numerical analysis, we fix the mixing parameters of
the mostly active neutrinos to the central values of the NuFIT
5.0 results [90] (without atmospheric data), which we quote
for convenience in Table 3.

The predictions for cLFV transitions are mostly indepen-
dent of the ordering of the spectrum and of the lightest neu-
trino mass. For concreteness (and especially in what regards
constraints from neutrinoless double beta decay) throughout
our numerical analysis we assume the light spectrum to fol-
low a normal ordering, and vary the lightest neutrino mass
in the range m0 ∈ [10−5, 10−3]eV.

A.3 Constraints on SM extensions via sterile fermions

In addition to the cLFV observables, we constrain the mixing
angles θα4,5 using experimental data on various precision
observables that do not depend on the new CPV phases. These
can be divided into low- and high-energy observables. At
high energies, one has lepton flavour universality ratios of W
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decays (see e.g. [91])

R�1�2
W = 	(W → �1ν)

	(W → �2ν)
, (39)

with �1,2 ∈ {e, μ, τ }. Of paramount importance is also the
invisible decay width of the Z boson, 	(Z → inv), which is
typically reduced in scenarios with heavy sterile states that
have sizeable mixings with the mostly active neutrinos.

At low energy, we take into account (semi-)leptonic
decays of the τ -lepton and leptonic decays of light mesons,
out of which various ratios can be constructed; these are sen-
sitive to a modified W�ν vertex, and therefore indirectly sen-
sitive to effects of the sterile states. These are (see for instance
[91,92])

Rτ ≡ 	(τ → μνν)

	(τ → eνν)
(40)

�rP ≡ RP

RSM
P

− 1 (41)

where RP ≡ 	(P+ → eν)

	(P+ → μν)
(P = π, K ) (42)

Re ≡ 	(π+ → eν)

	(K+ → eν)
, Rμ ≡ 	(π+ → μν)

	(K+ → μν)
. (43)

Finally, we take into account the upper bounds on the
entries of η as derived in Ref. [93], indirectly taking into
account further constraints from modifications of the Fermi
constant GF , the weak mixing angle sin2 θw, the mass of the
W -boson among others.

For HNL with masses around the TeV scale (as these here
considered), constraints from direct searches at colliders and
limits from cosmological considerations such as big bang
nucleosynthesis (BBN), are typically not competitive and
therefore not taken into account. However, another important
constraint of theoretical nature can be derived by imposing
that decays of the HNL comply with perturbative unitarity
[94–99], which gives a direct bound on their decay width
	νi
mνi

< 1
2 (i ≥ 4). Since the dominant contribution arises

from a W -boson exchange, one can obtain a bound on the
sterile masses and their couplings to active states which can
be written as

m2
νi
Cii < 2

M2
W

αw

(i ≥ 4) . (44)

Additional sterile states are known to lead to modifica-
tions of the predictions for the effective mass to which the
amplitude of neutrinoless double beta decay is proportional
to, mee. In the presence of nS heavy states, the contributions
to mee can be written as [100,101]

mee �
3+ns∑

i=1

U2
ei p

2 mi

p2 − m2
i

�
3
∑

i=1

U2
ei mi +

3+ns∑

k=4

U2
ek p

2 mk

p2 − m2
k

, (45)

in which p2 corresponds to the virtual momentum, with
p2 � −(100 MeV)2. In our analysis, we take into account
the KamLAND-ZEN [102] upper limit on meff

ee � (61 ÷
165)MeV which is obtained using the isotope 136Xe.

B Additional information on cLFV transitions and
decays

B.1 Loop functions

Below we summarise the loop functions for the cLFV transi-
tions discussed in our study, as well as their relevant limits,19

as taken from Refs. [19,20]. The photon dipole and anapole
functions and relevant asymptotic limits, are given by

Fγ (x) = 7x3 − x2 − 12x

12(1 − x)3 − x4 − 10x3 + 12x2

6(1 − x)4 log x ,

Fγ (x) −−→
x
1

− 7

12
− 1

6
log x ,

Fγ (0) = 0 , (46)

Gγ (x) = − x(2x2 + 5x − 1)

4(1 − x)3 − 3x3

2(1 − x)4 log x ,

Gγ (x) −−→
x
1

1

2
,

Gγ (0) = 0 . (47)

The loop functions of the Z -penguins are given by a two-
point function

FZ (x) = − 5x

2(1 − x)
− 5x2

2(1 − x)2 log x ,

FZ (x) −−→
x
1

5

2
− 5

2
log x ,

FZ (0) = 0 , (48)

and two three-point functions which are symmetric under
interchange of the arguments.

GZ (x, y) = − 1

2(x − y)

[
x2(1 − y)

1 − x
log x− y2(1 − x)

1 − y
log y

]

,

GZ (x, x) = − x

2
− x log x

1 − x
,

GZ (0, x) = − x log x

2(1 − x)
,

19 Note that in Ref. [20] the loop function FXbox is named Fbox and has
an opposite global sign when compared to Ref. [19], which also reflects
in the form factor Fβ3α

box .
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GZ (0, x) −−→
x
1

1

2
log x ,

GZ (0, 0) = 0 , (49)

HZ (x, y) =
√
xy

4(x − y)

[
x2 − 4x

1 − x
log x − y2 − 4y

1 − y
log y

]

,

HZ (x, x) = (3 − x)(1 − x) − 3

4(1 − x)
− x3 − 2x2 + 4x

4(1 − x)2 log x ,

HZ (0, x) = 0 . (50)

The (symmetric) box-loop-functions and their limits are
given by

Fbox(x, y) = 1

x − y

{
(

4 + xy

4

)
[

1

1 − x
+ x2

(1 − x)2 log x

− 1

1 − y
− y2

(1 − y)2 log y

]

−2xy

[
1

1 − x
+ x

(1 − x)2 log x

− 1

1 − y
− y

(1 − y)2 log y

]}

,

Fbox(x, x) = − 1

4(1 − x)3

[

x4 − 16x3 + 31x2 − 16

+2x
(

3x2 + 4x − 16
)

log x
]

,

Fbox(0, x) = 4

1 − x
+ 4x

(1 − x)2 log x ,

Fbox(0, x) −−−→
x
1

0 ,

Fbox(0, 0) = 4 , (51)

FXbox(x, y) = − 1

x − y

{(

1 + xy

4

) [ 1

1 − x

+ x2

(1 − x)2 log x− 1

1 − y
− y2

(1 − y)2 log y

]

−2xy

[
1

1 − x
+ x

(1 − x)2 log x

− 1

1 − y
− y

(1 − y)2 log y

]}

,

FXbox(x, x) = x4 − 16x3 + 19x2 − 4

4(1 − x)3

+3x3 + 4x2 − 4x

2(1 − x)3 log x ,

FXbox(0, x) = − 1

1 − x
− x

(1 − x)2 log x ,

FXbox(0, x) −−−→
x
1

0 ,

FXbox(0, 0) = −1 , (52)

Gbox(x, y) = −
√
xy

x − y

{

(4 + xy)

[
1

1 − x

+ x

(1 − x)2 log x − 1

1 − y
− y

(1 − y)2 log y

]

−2

[

1

1 − x
+ x2

(1 − x)2 log x

− 1

1 − y
− y2

(1 − y)2 log y

]}

,

Gbox(x, x) = 2x4 − 4x3 + 8x2 − 6x

(1 − x)3

− x4 + x3 + 4x

(1 − x)3 log x ,

Gbox(0, x) = 0 . (53)

B.2 Muonic atoms

Several cLFV observables concern processes occurring in
the presence of a (short-lived) muonic atom. These include
muonium oscillations and decay (Mu − Mu, Mu → ee), neu-
trinoless muon-electron conversion in nuclei (μ− e, N), and
the Coulomb enhanced decay μe → ee.

Muonium oscillations and decay Muonium (Mu) is a
hydrogen-like Coulomb bound state formed by an anti-muon
which slows down inside matter and captures an electron,
e−μ+ [103]. The bound state is free of hadronic interactions,
and its electromagnetic binding is well described by the SM
electroweak interactions. The spontaneous conversion of a
Muonium atom to its anti-atom (Mu = e+μ−) [104], as well
as its decay to a pair of electrons, have been identified as
promising cLFV observables.

In the presence of (V − A) × (V − A) interactions, Muo-
nium anti-Muonium oscillations can be described by the
following effective four-fermion interaction, in terms of an
effective coupling GMM ,

LMM
eff = GMM√

2

[

μ γ α(1 − γ5) e
] [

μ γα(1 − γ5) e
]

. (54)

In extensions of the SM with sterile neutrinos Mu-Mu con-
version occurs at the loop level, being exclusively mediated
by a set of 4 independent box diagrams; while a first set
is common to both Dirac and Majorana neutrinos a second
one is only present if neutrinos are Majorana particles, effec-
tively amounting to two Majorana mass insertions (see Refs.
[82,83]). Working in the unitary gauge, the computation of
the different box diagrams allows to write the effective cou-
pling of Eq. (54) as [82,83]:

GMM√
2

= −G2
FM

2
W

16π2

⎡

⎣

3+ns∑

i, j=1

2U∗
μi U∗

μj Uei Uej FXbox(xi , x j )

+ (Uei )
2 (U∗

μj )
2Gbox(xi , x j )

⎤

⎦ , (55)
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where FXbox(xi , x j ) and Gbox(xi , x j ) are the relevant loop

functions20 given in “Appendix B.1”, with xi = m2
νi

M2
W

, i =
1, . . . , 3 + ns (further details can be found in [26]).

In the presence of new physics, Muonium can also undergo
the cLFV decay Mu → e+ e−. In the SM extended by ns
heavy neutral leptons, the cLFV Muonium decay rate is given
by [105]

BR(Mu → e+e−) = α3
em

	μ 32π2

m2
em

2
μ

(me + mμ)3

×
√

1 − 4
m2

e

(me + mμ)2 |Mtot|2 , (56)

in which 	μ = G2
Fm

5
μ/(192π3) denotes the muon decay

width and αem = e2/4π the electromagnetic coupling con-
stant, with |Mtot| the full amplitude (summed (averaged)
over final (initial) spins) [105],

|Mtot|2

= α4
w

16M4
W

{(

me m
3
μ + 2me

2m2
μ + me

3mμ

)

× ∣
∣2Fμe

Z + Fμeee
Box

∣
∣
2

+ 4 sin2 θw

(

2me m
3
μ + 3me

2m2
μ + 3me

3mμ

)

× Re
[

(2Fμe
Z + Fμeee

Box )(Fμe
γ − Fμe

Z )∗
]

+ 12 sin2 θw

(

me m
3
μ + 2me

2m2
μ + me

3mμ

)

× Re
[

(2Fμe
Z + Fμeee

Box )Gμe∗
γ

]

+ 4 sin4 θw

(

7me mμ
3 + 12me

2m2
μ + 9me

3mμ

)

× ∣
∣Fμe

γ − Fμe
Z

∣
∣
2 + 4 sin4 θw

×
(

−2m4
μ + 12me m

3
μ + 36me

2m2
μ + 18me

3mμ

)

× Re
[

(Fμe
γ − Fμe

Z )Gμe∗
γ

]

+ 4 sin4 θw

×
(

m5
μ

me
+ 2m4

μ + 8me mμ
3 + 24me

2m2
μ + 9me

3mμ

)

× ∣
∣Gμe

γ

∣
∣
2
}

, (57)

where the corresponding form factors have been previously
introduced (see Eqs. (3–6), setting β = μ and α = e).

C Phase dependence of cLFV observables: analytical
expressions

In order to analytically study the phase dependence of
the cLFV form factors, we work under the approximation

20 We note a sign difference between the function Fbox in Ref. [83] and
the function FXbox in our convention.

sin θα4 ≈ sin θα5 � 1. Let us further assume that the masses
of the heavy states are close to each other and of the order of
a few TeV, m4 ≈ m5 � �EW.

C.1 Photon penguins

The photon penguin form factors exhibit a similar struc-
ture. From inspection of the relevant loop functions (cf.
“Appendix B.1”), it can be seen that contributions from the
light neutrino mass eigenstates are negligible. Furthermore,
since the heavy states are assumed to be close in mass, the
loop functions are approximately equal and can be thus fac-
tored out of the sum. The form factor is then given by

Gβα
γ =

5
∑

i=1

Uαi U∗
βi Gγ (xi ),

≈ (Uα4 U∗
β4 + Uα5 U∗

β5)Gγ (x4,5) , (58)

and inserting now the entries of the mixing matrix of Eq. (36)
(in the limit in which ϕi = 0) yields

Gβα
γ ≈ e

− i
2

(

�
αβ
4 +�

αβ
5

)
(

sα4sβ4e
− i

2 (�
αβ
4 −�

αβ
5 )

+sα5sβ5e
i
2 (�

αβ
4 −�

αβ
5 )
)

Gγ (x4,5) , (59)

with si j = sin θi j and x4,5 = m2
4/M

2
W = m2

5/M
2
W , and

where we have defined

�
αβ
i = δαi − δβi , (60)

with the properties �
αβ
i = −�

βα
i , �

αρ
i + �

ρβ
i = �

αβ
i and

�αα
i = 0. Further assuming that the mixing between the

active neutrinos and ν4 and ν5 is approximately equal, i.e.
sin θα4 ≈ sin θα5, we can simplify Gβα

γ to

Gβα
γ ≈ sα4sβ4e

− i
2 (�

αβ
4 +�

αβ
5 )2 cos

(

�
αβ
4 −�

αβ

5

2

)

Gγ (x4,5) ,

(61)

such that the branching fraction for the radiative decays is
given by

BR(�β → �αγ ) ∝ |Gβα
γ |2

≈ 4s2
α4s

2
β4 cos2

(

�
αβ
4 − �

αβ

5

2

)

G2
γ (x4,5) . (62)

Similar results can be obtained for Fβα
γ .

C.2 Z penguins

The form factor generated by Z penguin diagrams can be split
into three different parts. It consists of bubble diagrams and
triangle diagrams with or without Majorana mass insertions,
and is given in the “3 + 2 toy model” by
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Fβα
Z = F (1)

Z + F (2)
Z + F (3)

Z (63)

=
5
∑

i, j=1

Uαi U∗
β j

×
[

δi j FZ (x j )+Ci j GZ (xi , x j )+C∗
i j HZ (xi , x j )

]

.

(64)

The first term which is proportional to the function FZ can
be rewritten in the same way as the photon penguins, and is
thus given by

F (1)
Z =

5
∑

i=1

Uαi U∗
βi FZ (xi )

≈ (Uα4 U∗
β4 + Uα5 U∗

β5)F̃Z (x4,5)

≈ 2sα4sβ4 e
− i

2 (�
αβ
4 +�

αβ
5 ) cos

(

�
αβ
4 −�

αβ

5

2

)

FZ (x4,5) ,

(65)

in analogy to Gβα
γ , see Eq. (59). The second and the third

terms are more involved due the presence of Ci j . The second
term can be written as

F (2)
Z ≈

∑

ρ∈{e,μ,τ }

[

(Uα4U
∗
ρ4 + Uα5 U∗

ρ5)

× (U∗
β4 Uρ4 + U∗

β5 Uρ5)
]

G̃ Z (x4,5)

=
∑

ρ∈{e,μ,τ }

[(

sα4sρ4e
−i�αρ

4 + sα5sρ5e
−i�αρ

5

)

×
(

sβ4sρ4e
i�βρ

4 + sβ5sρ5e
i�βρ

5

)]

G̃ Z

≈
∑

ρ∈{e,μ,τ }
4sα4sβ4s

2
ρ4 e

− i
2 (�

αβ
4 +�

αβ
5 )

× cos

(

�
αρ
4 − �

αρ
5

2

)

cos

(

�
βρ
4 − �

βρ

5

2

)

G̃ Z ,

(66)

where we introduced G̃ Z = G̃ Z (x4,5) ≡ GZ (x4,5, x4,5),
which is also used in the following for loop functions that
depend on 2 parameters, in the limit of degenerate masses (cf.
“Appendix B.1”). Due to the appearance of C∗

i j , in the third
term of Eq. (64), the Majorana phases will also be present.
This corresponds to a Majorana mass insertion in the corre-
sponding triangle diagram. The last term can be cast as

F (3)
Z ≈

∑

ρ∈{e,μ,τ }

[

(Uα4 Uρ4 + Uα5 Uρ5)

×
(

U∗
β4 U∗

ρ4 + U∗
β5 U∗

ρ5

)]

H̃Z (x4,5)

= e− i
2 (�

αβ
4 +�

αβ
5 )

×
∑

ρ∈{e,μ,τ }

[(

sα4sρ4e
− i

2 (�45
α +�45

ρ −2(ϕ4−ϕ5))

+sα5sρ5e
i
2 (�45

α +�45
ρ −2(ϕ4−ϕ5))

)

×
(

sβ4sρ4e
i
2 (�45

β +�45
ρ −2(ϕ4−ϕ5))

+sβ5sρ5e
− i

2 (�45
β +�45

ρ −2(ϕ4−ϕ5))
)]

H̃Z

≈ 4e− i
2 (�

αβ
4 +�

αβ
5 ) H̃Z sα4sβ4 ×

×
∑

ρ∈{e,μ,τ }

[

s2
ρ4 cos

(

�45
α + �45

ρ

2
− (ϕ4 − ϕ5)

)

× cos

(

�45
β + �45

ρ

2
− (ϕ4 − ϕ5)

)]

. (67)

In the case of vanishing Dirac phases this can be further
simplified to

F (3)
Z ≈ 4sα4sβ4 H̃Z (x4,5, x4,5)

∑

ρ

[

s2
ρ4 cos2(ϕ4 − ϕ5)

]

.

(68)

Moreover, and unique to the Z -penguin, there are non-
negligible contributions to the form factor stemming from
light and heavy virtual neutrinos in the loop. We write the cor-
responding limit of the loop function as GZ (0, x4,5) = GZ .
As usual, using the above approximations, the corresponding
part of the form factor can be cast as

F (2)
Z (0, x4,5)

≈
⎡

⎣

3
∑

i=1

∑

j=4,5

∑

ρ=e,μ,τ

Uαi U∗
β j U∗

ρi Uρ j

+
∑

i=4,5

3
∑

j=1

∑

ρ=e,μ,τ

Uαi U∗
β j U∗

ρi Uρ j

⎤

⎦GZ

=
∑

ρ

[(

Uα1 U∗
ρ1 + Uα2 U∗

ρ2 + Uα3 U∗
ρ3

)

×
(

U∗
β4 Uρ4 + U∗

β5 Uρ5

)

+
(

Uα4 U∗
ρ4 + Uα5 U∗

ρ5

)

×
(

U∗
β1 Uρ1 + U∗

β2 Uρ2 + U∗
β3 Uρ3

)]

GZ . (69)

Making use of the unitarity of the full 5 × 5 mixing matrix,
i.e.

5
∑

i=1

Uαi U∗
ρi = δαρ ⇒

3
∑

i=1

Uαi U∗
ρi = δαρ

−Uα4 U∗
ρ4 − Uα5 U∗

ρ5 , (70)

one finally has
F (2)
Z (0, x4,5)

≈
∑

ρ

[(

δαρ − Uα4 U∗
ρ4 − Uα5 U∗

ρ5

) (

U∗
β4 Uρ4 + U∗

β5 Uρ5

)

+
(

Uα4 U∗
ρ4 + Uα5 U∗

ρ5

) (

δβρ − U∗
β4 Uρ4 − U∗

β5 Uρ5

)]

GZ
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= 2 GZ

∑

ρ

[

δαρsβ4sρ4e
− i

2 (�
ρβ
4 +�

ρβ
5 ) cos

(

�
ρβ
4 − �

ρβ

5

2

)

+δβρsα4sρ4e
− i

2 (�
αρ
4 +�

αρ
5 ) cos

(

�
αρ
4 − �

αρ
5

2

)

−4sα4sβ4s
2
ρ4e

− i
2

(

�
αβ
4 +�

αβ
5

)

× cos

(

�
αρ
4 − �

αρ
5

2

)

cos

(

�
βρ
4 − �

βρ

5

2

)]

. (71)

C.3 Box diagrams

The form factor generated by box diagrams is given by

Fβ3α
box = F (1)

box + F (2)
box

=
3+k
∑

i, j=1

Uαi U∗
β j

[

Uαi U∗
α j Gbox(xi , x j )

− 2U∗
αi Uα j FXbox(xi , x j )

]

, (72)

where the first term corresponds to a diagram with a possible
Majorana mass insertion, thus depending on the Majorana
phases. The first term F (1)

box can then be written as

F (1)
box ≈ (U2

α4 + U2
α5)(U∗

β4 U∗
α4+U∗

β5 U∗
α5) G̃box(x4,5)

=
(

s2
α4e

−2i(δα4−ϕ4) + s2
α5e

−2i(δα5−ϕ5)
)

×
(

sα4sβ4e
i(δα4+δβ4−2ϕ4)+sα5sβ5e

i(δα5+δβ5−2ϕ5)
)

G̃box

= e− i
2 (�

αβ
4 +�

αβ
5 )
(

s2
α4e

−i(�45
α −(ϕ4−ϕ5))

+s2
α5e

i(�45
α −(ϕ4−ϕ5)

) (

sα4sβ4e
i
2 (�45

α +�45
β −2(ϕ4−ϕ5))

+sα5sβ5e
− i

2 (�45
α +�45

β −2(ϕ4−ϕ5))
)

G̃box

≈ 4e− i
2 (�

αβ
4 +�

αβ
5 )s3

α4sβ4 cos
(

�45
α − (ϕ4 − ϕ5)

)

× cos

(

�45
α + �45

β

2
− (ϕ4 − ϕ5)

)

G̃box , (73)

which again can be further simplified in the case of vanishing
Dirac phases to

F (1)
box ≈ 4s3

α4sβ4 cos2(ϕ4 − ϕ5) G̃box . (74)

The second term is independent of the Majorana phases and
can be written as

F(2)
box ≈ −2(|Uα4|2 + |U2

α5|)(U∗
β4 Uα4 + U∗

β5 Uα5) F̃Xbox(x4,5)

= −2(s2
α4 + s2

α5)
(

sα4sβ4e
−i(δα4−δβ4)

+sα5sβ5e
−i(δα5−δβ5)

)

F̃Xbox

= −2(s2
α4 + s2

α5)e− i
2 (�

αβ
4 +�

αβ
5 )

(

sα4sβ4e
− i

2 (�
αβ
4 −�

αβ
5 )

+sα5sβ5e
i
2 (�

αβ
4 −�

αβ
5 )

)

F̃Xbox

≈ −8e− i
2 (�

αβ
4 +�

αβ
5 )s3

α4sβ4 cos

(

�
αβ
4 − �

αβ
5

2

)

F̃Xbox .

(75)

The box diagrams contributing to neutrinoless muon-
electron conversion show a similar behaviour as that of
photon- and Z -penguin diagrams with one neutrino in the
loop.
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27. A. Abada, D. Bečirević, M. Lucente, O. Sumensari, Phys. Rev. D
91(11), 113013 (2015). arXiv:1503.04159 [hep-ph]

28. A. Abada, V. De Romeri, J. Orloff, A.M. Teixeira, Eur. Phys. J. C
77(5), 304 (2017). arXiv:1612.05548 [hep-ph]

29. A. Abada, A.M. Teixeira, Front. Phys. 6, 142 (2018).
arXiv:1812.08062 [hep-ph]

30. E. Arganda, M.J. Herrero, X. Marcano, C. Weiland, Phys. Rev. D
91(1), 015001 (2015). arXiv:1405.4300 [hep-ph]

31. A. Ali, A.V. Borisov, N.B. Zamorin, Eur. Phys. J. C 21, 123–132
(2001). arXiv:hep-ph/0104123

32. A. Atre, V. Barger, T. Han, Phys. Rev. D 71, 113014 (2005).
arXiv:hep-ph/0502163

33. A. Atre, T. Han, S. Pascoli, B. Zhang, JHEP 05, 030 (2009).
arXiv:0901.3589 [hep-ph]

34. M. Chrzaszcz, Searches for LFV and LNV Decays at LHCb
(2013). arXiv:1301.2088 [hep-ex]

35. F.F. Deppisch, P.S. Bhupal Dev, A. Pilaftsis, New J. Phys. 17(7),
075019 (2015). arXiv:1502.06541 [hep-ph]

36. Y. Cai, T. Han, T. Li, R. Ruiz, Front. Phys. 6, 40 (2018).
arXiv:1711.02180 [hep-ph]

37. A. Abada, V. De Romeri, M. Lucente, A.M. Teixeira, T. Toma,
JHEP 02, 169 (2018). arXiv:1712.03984 [hep-ph]

38. M. Drewes, J. Klarić, P. Klose, JHEP 11, 032 (2019).
arXiv:1907.13034 [hep-ph]

39. A. Maiezza, M. Nemevšek, F. Nesti, Phys. Rev. Lett. 115, 081802
(2015). arXiv:1503.06834 [hep-ph]

40. J.C. Helo, M. Hirsch, S.G. Kovalenko, H. Pas, Phys. Rev. D 88(1),
011901 (2013). arXiv:1303.0899 [hep-ph]

41. C. Blaksley, M. Blennow, F. Bonnet, P. Coloma, E. Fernandez-
Martinez, Nucl. Phys. B 852, 353–365 (2011). arXiv:1105.0308
[hep-ph]

42. A. Ibarra, E. Molinaro, S.T. Petcov, J. Phys. Conf. Ser. 335,
012048 (2011). arXiv:1101.5778 [hep-ph]

43. T. Hambye, Nucl. Phys. B Proc. Suppl. 248–250, 13–19 (2014).
arXiv:1312.5214 [hep-ph]

44. L. Calibbi, G. Signorelli, Riv. Nuovo Cim. 41(2), 71–174 (2018).
arXiv:1709.00294 [hep-ph]

45. A. Abada, T. Toma, JHEP 02, 174 (2016). arXiv:1511.03265 [hep-
ph]

46. A. Abada, T. Toma, JHEP 08, 079 (2016). arXiv:1605.07643 [hep-
ph]

47. H. Novales-Sánchez, M. Salinas, J.J. Toscano, O.
Vázquez-Hernández, Phys. Rev. D 95(5), 055016 (2017).
arXiv:1610.06649 [hep-ph]

48. A. de Gouvea, S. Gopalakrishna, Phys. Rev. D 72, 093008 (2005).
arXiv:hep-ph/0508148

49. A. Abada, C. Hati, X. Marcano, A.M. Teixeira, JHEP 09, 017
(2019). arXiv:1904.05367 [hep-ph]

50. S. Bray, J.S. Lee, A. Pilaftsis, Nucl. Phys. B 786, 95–118 (2007).
arXiv:hep-ph/0702294

51. S.T. Petcov, T. Shindou, Y. Takanishi, Nucl. Phys. B 738, 219
(2006). arXiv:hep-ph/0508243

52. S.T. Petcov, T. Shindou, Phys. Rev. D 74, 073006 (2006).
arXiv:hep-ph/0605151]

53. P.S. Bhupal Dev, R.N. Mohapatra, Y. Zhang, JHEP 11, 137 (2019).
arXiv:1904.04787 [hep-ph]

54. G. Anamiati, M. Hirsch, E. Nardi, JHEP 10, 010 (2016).
arXiv:1607.05641 [hep-ph]

55. A. Das, P.S.B. Dev, R.N. Mohapatra, Phys. Rev. D 97(1), 015018
(2018). arXiv:1709.06553 [hep-ph]

56. J.A. Casas, A. Ibarra, Nucl. Phys. B 618, 171–204 (2001).
arXiv:hep-ph/0103065

57. V. Cirigliano, S. Davidson, Y. Kuno, Phys. Lett. B 771, 242–246
(2017). arXiv:1703.02057 [hep-ph]

58. S. Davidson, Y. Kuno, A. Saporta, Eur. Phys. J. C 78(2), 109
(2018). arXiv:1710.06787 [hep-ph]

59. R. Kitano, M. Koike, Y. Okada, Phys. Rev. D 66, 096002
(2002). arXiv:hep-ph/0203110 [hep-ph] [erratum: Phys. Rev. D
76 (2007), 059902]

60. E. Arganda, M.J. Herrero, X. Marcano, C. Weiland, Phys. Rev. D
93(5), 055010 (2016). arXiv:1508.04623 [hep-ph]

61. E. Arganda, M.J. Herrero, R. Morales, A. Szynkman, JHEP 03,
055 (2016). arXiv:1510.04685 [hep-ph]

62. E. Arganda, M.J. Herrero, X. Marcano, R. Morales, A. Szynkman,
Phys. Rev. D 95(9), 095029 (2017). arXiv:1612.09290 [hep-ph]

63. V. De Romeri, M.J. Herrero, X. Marcano, F. Scarcella, Phys. Rev.
D 95(7), 075028 (2017). arXiv:1607.05257 [hep-ph]

64. A. Abada, V. De Romeri, S. Monteil, J. Orloff, A.M. Teixeira,
JHEP 04, 051 (2015). arXiv:1412.6322 [hep-ph]

65. T. Hahn, M. Perez-Victoria, Comput. Phys. Commun. 118, 153–
165 (1999). arXiv:hep-ph/9807565

66. G. Passarino, M.J.G. Veltman, Nucl. Phys. B 160, 151–207 (1979)
67. A.M. Baldini et al., MEG. Eur. Phys. J. C 76(8), 434 (2016).

arXiv:1605.05081 [hep-ex]
68. A.M. Baldini et al. (MEG II), Eur. Phys. J. C 78(5), 380 (2018).

arXiv:1801.04688 [physics.ins-det]
69. B. Aubert et al., BaBar. Phys. Rev. Lett. 104, 021802 (2010).

arXiv:0908.2381 [hep-ex]
70. E. Kou et al. (Belle-II), PTEP 2019(12), 123C01 (2019).

arXiv:1808.10567 [hep-ex] [erratum: PTEP 2020 (2020) no.2,
029201]

71. U. Bellgardt et al., SINDRUM. Nucl. Phys. B 299, 1–6 (1988)
72. A. Blondel, A. Bravar, M. Pohl, S. Bachmann, N. Berger, M.

Kiehn, A. Schoning, D. Wiedner, B. Windelband and P. Eckert
et al., (2013). arXiv:1301.6113 [physics.ins-det]

73. K. Hayasaka, K. Inami, Y. Miyazaki, K. Arinstein, V. Aulchenko,
T. Aushev, A.M. Bakich, A. Bay, K. Belous, V. Bhardwaj et al.,
Phys. Lett. B 687, 139–143 (2010). arXiv:1001.3221 [hep-ex]

74. A. Abada et al., FCC. Eur. Phys. J. C 79(6), 474 (2019)
75. W.H. Bertl et al., SINDRUM II. Eur. Phys. J. C47, 337–346 (2006)
76. T.M. Nguyen (DeeMe), PoS FPCP2015, 060 (2015)
77. B.E. Krikler (COMET), An Overview of the COMET Experiment

and its Recent Progress (2015). arXiv:1512.08564 [physics.ins-
det]

78. R. Abramishvili et al. (COMET), PTEP 2020(3), 033C01 (2020).
arXiv:1812.09018 [physics.ins-det]

79. L. Bartoszek et al. (Mu2e), Mu2e Technical Design Report (2014).
arXiv:1501.05241 [physics.ins-det]

80. G. Aad et al., ATLAS. Phys. Rev. D 90(7), 072010 (2014).
arXiv:1408.5774 [hep-ex]

81. R. Akers et al., OPAL. Z. Phys. C 67, 555–564 (1995)
82. T.E. Clark, S.T. Love, Mod. Phys. Lett. A 19, 297–306 (2004).

arXiv:hep-ph/0307264
83. G. Cvetic, C.O. Dib, C.S. Kim, J.D. Kim, Phys. Rev. D 71, 113013

(2005). arXiv:hep-ph/0504126
84. M. Koike, Y. Kuno, J. Sato, M. Yamanaka, Phys. Rev. Lett. 105,

121601 (2010). arXiv:1003.1578 [hep-ph]
85. Y. Uesaka, Y. Kuno, J. Sato, T. Sato, M. Yamanaka, Phys. Rev. D

93(7), 076006 (2016). arXiv:1603.01522 [hep-ph]
86. Y. Uesaka, Y. Kuno, J. Sato, T. Sato, M. Yamanaka, Phys. Rev. D

97(1), 015017 (2018). arXiv:1711.08979 [hep-ph]
87. Y. Kuno, J. Sato, T. Sato, Y. Uesaka, M. Yamanaka, Phys. Rev. D

100(7), 075012 (2019). https://doi.org/10.1103/PhysRevD.100.
075012. arXiv:1908.11653 [hep-ph]

88. J. Heeck, D. Teresi, JHEP 12, 103 (2018). arXiv:1808.07492 [hep-
ph]

89. E. Fernandez-Martinez, M.B. Gavela, J. Lopez-Pavon, O. Yasuda,
Phys. Lett. B 649, 427–435 (2007). arXiv:hep-ph/0703098

123

http://arxiv.org/abs/1408.0138
http://arxiv.org/abs/1510.06657
http://arxiv.org/abs/1503.04159
http://arxiv.org/abs/1612.05548
http://arxiv.org/abs/1812.08062
http://arxiv.org/abs/1405.4300
http://arxiv.org/abs/hep-ph/0104123
http://arxiv.org/abs/hep-ph/0502163
http://arxiv.org/abs/0901.3589
http://arxiv.org/abs/1301.2088
http://arxiv.org/abs/1502.06541
http://arxiv.org/abs/1711.02180
http://arxiv.org/abs/1712.03984
http://arxiv.org/abs/1907.13034
http://arxiv.org/abs/1503.06834
http://arxiv.org/abs/1303.0899
http://arxiv.org/abs/1105.0308
http://arxiv.org/abs/1101.5778
http://arxiv.org/abs/1312.5214
http://arxiv.org/abs/1709.00294
http://arxiv.org/abs/1511.03265
http://arxiv.org/abs/1605.07643
http://arxiv.org/abs/1610.06649
http://arxiv.org/abs/hep-ph/0508148
http://arxiv.org/abs/1904.05367
http://arxiv.org/abs/hep-ph/0702294
http://arxiv.org/abs/hep-ph/0508243
http://arxiv.org/abs/hep-ph/0605151
http://arxiv.org/abs/1904.04787
http://arxiv.org/abs/1607.05641
http://arxiv.org/abs/1709.06553
http://arxiv.org/abs/hep-ph/0103065
http://arxiv.org/abs/1703.02057
http://arxiv.org/abs/1710.06787
http://arxiv.org/abs/hep-ph/0203110
http://arxiv.org/abs/1508.04623
http://arxiv.org/abs/1510.04685
http://arxiv.org/abs/1612.09290
http://arxiv.org/abs/1607.05257
http://arxiv.org/abs/1412.6322
http://arxiv.org/abs/hep-ph/9807565
http://arxiv.org/abs/1605.05081
http://arxiv.org/abs/1801.04688
http://arxiv.org/abs/0908.2381
http://arxiv.org/abs/1808.10567
http://arxiv.org/abs/1301.6113
http://arxiv.org/abs/1001.3221
http://arxiv.org/abs/1512.08564
http://arxiv.org/abs/1812.09018
http://arxiv.org/abs/1501.05241
http://arxiv.org/abs/1408.5774
http://arxiv.org/abs/hep-ph/0307264
http://arxiv.org/abs/hep-ph/0504126
http://arxiv.org/abs/1003.1578
http://arxiv.org/abs/1603.01522
http://arxiv.org/abs/1711.08979
https://doi.org/10.1103/PhysRevD.100.075012
https://doi.org/10.1103/PhysRevD.100.075012
http://arxiv.org/abs/1908.11653
http://arxiv.org/abs/1808.07492
http://arxiv.org/abs/hep-ph/0703098


Eur. Phys. J. C (2021) 81 :1016 Page 27 of 27 1016

90. I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, A.
Zhou, JHEP 09, 178 (2020). arXiv:2007.14792 [hep-ph]

91. A. Abada, A.M. Teixeira, A. Vicente, C. Weiland, JHEP 02, 091
(2014). arXiv:1311.2830 [hep-ph]

92. A. Abada, D. Das, A.M. Teixeira, A. Vicente, C. Weiland, JHEP
02, 048 (2013). arXiv:1211.3052 [hep-ph]

93. E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon,
JHEP 08, 033 (2016). arXiv:1605.08774 [hep-ph]

94. M.S. Chanowitz, M.A. Furman, I. Hinchliffe, Nucl. Phys. B 153,
402–430 (1979)

95. L. Durand, J.M. Johnson, J.L. Lopez, Phys. Rev. Lett. 64, 1215
(1990)

96. J.G. Korner, A. Pilaftsis, K. Schilcher, Phys. Lett. B 300, 381–386
(1993). arXiv:hep-ph/9301290

97. J. Bernabeu, J.G. Korner, A. Pilaftsis, K. Schilcher, Phys. Rev.
Lett. 71, 2695–2698 (1993). arXiv:hep-ph/9307295

98. S. Fajfer, A. Ilakovac, Phys. Rev. D 57, 4219–4235 (1998)
99. A. Ilakovac, Phys. Rev. D 62, 036010 (2000).

arXiv:hep-ph/9910213

100. M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon, J. Menen-
dez, JHEP 07, 096 (2010). arXiv:1005.3240 [hep-ph]

101. A. Abada, V. De Romeri, A.M. Teixeira, JHEP 09, 074 (2014).
arXiv:1406.6978 [hep-ph]

102. A. Gando et al., KamLAND-Zen. Phys. Rev. Lett. 117(8), 082503
(2016). arXiv:1605.02889 [hep-ex]

103. B. Pontecorvo, Sov. Phys. JETP 6, 429 (1957)
104. G. Feinberg, S. Weinberg, Phys. Rev. 123, 1439–1443 (1961)
105. G. Cvetic, C.O. Dib, C.S. Kim, J. Kim, Phys. Rev. D 74, 093011

(2006). arXiv:hep-ph/0608203

123

http://arxiv.org/abs/2007.14792
http://arxiv.org/abs/1311.2830
http://arxiv.org/abs/1211.3052
http://arxiv.org/abs/1605.08774
http://arxiv.org/abs/hep-ph/9301290
http://arxiv.org/abs/hep-ph/9307295
http://arxiv.org/abs/hep-ph/9910213
http://arxiv.org/abs/1005.3240
http://arxiv.org/abs/1406.6978
http://arxiv.org/abs/1605.02889
http://arxiv.org/abs/hep-ph/0608203

	On the role of leptonic CPV phases in cLFV observables
	Abstract 
	1 Introduction
	2 cLFV observables: decays and transitions
	2.1 Leptonic cLFV decays
	2.2 Neutrinoless µ-e conversion in nuclei
	2.3 cLFV Z decays
	2.4 cLFV searches: current status and future prospects
	3 Phases do matter
	3.1 cLFV decay rates: sensitivity to CPV phases
	3.2 Neutrinoless µ-e conversion in nuclei and CP violating phases
	3.3 Muonium anti-Muonium oscillations
	3.4 cLFV and CP violating phases in the τ-ell-.4 sectors
	3.5 Other possible enhancements
	4 Phenomenological study: interference effects
	4.1 Correlation of µ-e-.4 observables
	4.2 Prospects for other observables

	5 Overall view and further discussion
	5.1 Comprehensive overview of the parameter space
	5.2 Reconciling cLFV predictions with future observations

	6 Conclusions

	Acknowledgements

	A A minimal ``3+2 toy model'' for cLFV studies and constraints
	A.1 Modified interaction Lagrangian
	A.2 Parametrisation of the leptonic mixings
	A.3 Constraints on SM extensions via sterile fermions

	B Additional information on cLFV transitions and decays
	B.1 Loop functions
	B.2 Muonic atoms
	C Phase dependence of cLFV observables: analytical expressions
	C.1 Photon penguins
	C.2 Z penguins
	C.3 Box diagrams
	References







