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In models where the Standard Model is extended by Majorana fermions, interference effects due
to the presence of CP violating phases have been shown to play a crucial role in lepton number
violating processes. However, important effects can also arise in lepton number conserving, but
charged lepton flavour violating (cLFV) transitions and decays. Here we show that the presence
of CP violating (Dirac and Majorana) phases can have a striking impact for the predicted rates
of cLFV observables. We explore the interference effects in several cLFV observables, carrying
for the first time a thorough analysis of the different observables and the implications for future
observation. We discuss how the presence of leptonic CP violating phases might lead to a loss
of correlation between observables (typically present in simple SM extensions via heavy sterile
fermions), or even to the suppression of certain channels; these effects can be interpreted as
suggestive of non-vanishing phases.
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1. Motivation

In addition to constituting the first laboratory discovery of New Physics (NP), neutrino oscil-
lations implied that (electrically) neutral leptons are massive and that (neutral) lepton flavours are
not conserved. In turn, this opens the door to new phenomena, forbidden in the Standard Model
(SM), such as charged lepton flavour violation (cLFV) and leptonic CP violation (CPV).

Numerous SM extensions have been proposed to explain neutrino masses and leptonic mixings.
Models in which right-handed neutrinos are added to the SM so that Dirac neutrino masses generated
from the Higgs mechanism successfully accommodate oscillation data; however, these extensions
are plagued by naturality issues (smallness of the Yukawa couplings, 𝑌 a) and are very hard to
test (for example, associated predictions for cLFV processes lying beyond any future experimental
sensitivity). Other (more appealing) possibilities include the different realisations of the seesaw
mechanism. In particular, models calling upon heavy Majorana neutral fermions (sterile states
under the SM gauge group), as is the case of the type I seesaw [1] and its low-scale variants variants
(such as the inverse seesaw [2–4], can be realised at low energies - close to the TeV -, leading to a
very rich phenomenology, which encompasses cLFV and lepton number violation (LNV) processes.

Several LNV processes (including neutrinoless double beta decays, or (semi)leptonic meson
decays) are known to exhibit a strong dependence on leptonic CPV phases [5]. In [6], a thorough
study of the effects of Dirac and Majorana phases on leptonic cLFV transitions and decays was
carried, and in what follows we highlight the most relevant results.

2. The role of phases: first approach

We have considered an effective “3+2 toy model”, in which 2 heavy neutral leptons (HNL)
are added to the SM content. No assumption is made on the actual mechanism of neutrino mass
generation - the spectrum contains 5 massive Majorana states, and leptonic mixings are encoded
in a 5 × 5 matrix, parametrised via 10 mixing angles \𝛼 𝑗 and 10 CPV phases - 6 Dirac 𝛿𝛼 𝑗 and 4
Majorana 𝜑 𝑗 . In the limit of small mixing angles, the active-sterile mixings are given by

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)

ª®¬ , (1)

with 𝑠𝛼𝑖 = sin \𝛼𝑖 Notice that the would-be PMNS matrix is no longer unitary, which leads to
modified charged and neutral lepton currents, and hence to significant contributions to several SM-
forbidden observables. In order to illustrate the role of CPV phases regarding cLFV observables,
consider the case of ` → 𝑒𝛾 decays, mediated by 𝑊 bosons and both light and heavy neutrinos.
The associated branching fraction (see [6] and references therein) is given by

BR(` → 𝑒𝛾) ∝ |𝐺`𝑒
𝛾 |2 ,with 𝐺

`𝑒
𝛾 =

∑︁
𝑖=4,5

U𝑒𝑖 U∗
`𝑖 𝐺𝛾 (𝑚2

𝑁𝑖
/𝑀2

𝑊 ) , (2)

in which 𝐺𝛾 (𝑥𝑖), with 𝑥𝑖 = 𝑚2
𝑁𝑖
/𝑚2

𝑊
, is a dimensionless loop function (see [6]). In the limit

𝑚4 ≈ 𝑚5 and for sin \𝛼4 ≈ sin \𝛼5 ≪ 1 the form factor is given by

|𝐺`𝑒
𝛾 |2 ≈ 4𝑠2

14𝑠
2
24 cos2

(
𝛿14 + 𝛿25 − 𝛿15 − 𝛿24

2

)
𝐺2

𝛾 (𝑥4,5) . (3)
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The cLFV rate clearly depends on the Dirac phases, with full cancellation obtained in the case
𝛿14 + 𝛿25 − 𝛿15 − 𝛿24 = 𝜋. Other form factors (for instance 𝑍-penguins and boxes, relevant for
three-body decays and muon-electron conversion, for example) also depend on the phases (both
Dirac and Majorana phases), but have more involved associated expressions. The dependence of
several `− 𝑒 cLFV observables on the Dirac phases is shown on the left plot of Fig. 1, illustrated for
𝛿14; under the simple hypothesis sin \𝛼4 = sin \𝛼5, and for 𝑚4 = 𝑚5 = 1 TeV, one finds the above
identified behaviour (and cancellation, for 𝛿14 = 𝜋), present for ` → 𝑒𝛾, ` → 3𝑒 and 𝑍 → 𝑒`

decays. A similar dependence is found for Majorana phases in the considered observables (except
for radiative decays, to which the Majorana CPV phases do not contribute). This is shown on the
right panel of Fig. 1, for the same set of observables and underlying hypotheses.

0 1 2 3 4 5 6

δ14

10−18

10−17

10−16

10−15

10−14

10−13

BR(µ→ eγ)

BR(µ− → e−e+e−)

BR(Z → e±µ∓)

0 1 2 3 4 5 6

ϕ4

10−14

10−13

BR(µ→ eγ)

BR(µ− → e−e+e−)

BR(Z → e±µ∓)

Figure 1: Dependence of cLFV observables on the CP violating Dirac phase 𝛿14 (on the left) and Majorana
phase 𝜑4 (on the right). Solid, dashed and dotted lines correspond to 𝑚4 = 𝑚5 = 1, 5, 10 TeV. From [6].

Processes relying on different topologies (boxes, 𝑍 and photon-penguins, ...) can exhibit a
significant degree of interference (destructive or constructive) from the distinct contributions, so
that Dirac and Majorana CPV phases can lead to cancellations or enhancements of the associated
rates. It is also important to mention that whenever 𝑍aa vertices are present, all flavours (and hence
all phases) contribute.

3. Towards realistic scenarios

Following the above mentioned first simple approach, we now carry out a realistic study of
the impact of CPV phases on cLFV observables; comprehensive scans of the parameter space are
conducted (both for the mixing angles and all phases), and all available (relevant) constraints are
applied. Concerning the latter, and in addition to the several cLFV constraints, we take into account
experimental results and limits on SM extensions via TeV-scale HNL1.

On the left plot of Fig. 2, we display the effects of the CPV phases on the correlation between
the rates of CR(` − 𝑒, N) and BR(` → 3𝑒). Leading to the results, a random scan was performed
over a semi-constrained parameter space: in particular, one now only imposes \𝛼4 ≈ ±\𝛼5. We
have taken degenerate heavy states (𝑚4 = 𝑚5 = 1 TeV), and for each point the CPV phases 𝛿𝛼4 and

1We consider constraints from electroweak precision observables lepton universality tests, neutrinoless double beta
decays, and finally perturbative unitarity constraints (Γ𝑁4,5/𝑚4,5 ≤ 1/2); for a detailed description, see [6].
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𝜑4 were set to zero (blue points), randomly varied (orange) and further varied on a grid (green), the
latter possibility aiming at ensuring that the special “cancellation” cases were included. Since in
the present HNL mass regime both observables receive dominant contributions from 𝑍-penguins,
one expects that the associated rates be correlated, as is indeed observed - cf. thick blue line of the
CR(` − 𝑒, N) vs. BR(` → 3𝑒) plot. However, and once CPV phases are non-zero, one observes
a loss of correlation, all the most striking for the “special” values of the phases {0, 𝜋

4 ,
𝜋
2 ,

3𝜋
4 , 𝜋}

- corresponding to the green points. In view of this behaviour, it is important to emphasise that
HNL extensions of the SM should not be disfavoured upon observation of a single cLFV signal; for
example, should future collider searches strongly hint for the presence of sterile states with masses
close to 1 TeV, and should BR(` → 3𝑒)≈ 10−15 be measured, one need not expect the observation
of CR(` − 𝑒, Al). While for vanishing CP phases the latter would be ≈ O(10−14), in the presence
of CPV phases, the expected range is now vast, with CR(` − 𝑒, Al) potentially as low as 10−18.
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Figure 2: Correlation of `− 𝑒 cLFV observables, for varying values of the CPV Dirac and Majorana phases:
vanishing values (blue), non-vanishing (orange), “special grid” (green), cf. description in text. From [6].

Finally, the results of a general overview of the “3+2 toy model” parameter space are displayed
on the right panel of Fig. 2, in which we present CR(` − 𝑒, N) vs. BR(` → 𝑒𝛾). The results stem
from a comprehensive scan of the mixing parameters (all angles \𝛼4 and \𝛼5 independently varied)
with all Dirac and Majorana phases randomly varied2. Again, one observes a dramatic loss of
correlation (which would be otherwise present) for non-vanishing CPV phases; moreover, one can
now have sizeable rates just for one of the observables. The experimental observation of ` → 𝑒𝛾

need not be accompanied by the observation of ` − 𝑒 conversion in Aluminium (and vice-versa).

4. Summary and conclusions

The possible presence of the leptonic phases (Dirac and/or Majorana) - which are a generic
feature of mechanisms of neutrino mass generation - can have a strong impact on the rates of cLFV
observables, leading to a suppression or enhancement of the latter, and should be taken into account
upon interpretation of future data. CPV phases play a crucial role in the assessment of viability
of (regimes of) SM extensions via HNL. Several examples are provided in Table 1, in which we
summarise the predictions of benchmark points P𝑖 (for distinct choices for the active-sterile mixing

2The heavy states are no longer degenerate, but their masses are taken sufficiently close to allow for sizeable
interference effects (𝑚4 = 1 TeV, with 𝑚5 − 𝑚4 ∼ Γ𝑁4,5 ∈ [40 Mev, 210 GeV]).
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angles) regarding cLFV observables, as well as the predictions associated with 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 . (4)

The variants P′
𝑖
have identical mixing angles, but in association with different 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
. (5)

We have chosen 𝑚4 = 𝑚5 = 5 TeV for all benchmark points. As an example, notice that the regime
of large mixing angles associated with P3 would be excluded due to conflict with current limits;
however, the presence of CPV phases allows to reconcile the predictions with observation (P′

3),
rendering viable the mixing regime. In summary, the presence of leptonic CPV phases (both Dirac
and Majorana) should be consistently included in phenomenological analysis of the prospects of
HNL extensions of the SM in what concerns cLFV.
Table 1: Predictions for cLFV observables in association with P𝑖 , and variants with non-vanishing CP
violating phases, P′

𝑖
. The symbols (×, ✓, ◦) denote rates in conflict with current experimental bounds,

predictions within future sensitivity and those beyond future reach.

BR(` → 𝑒𝛾) BR(` → 3𝑒) CR(` − 𝑒, Al) BR(𝜏 → 3`) BR(𝑍 → `𝜏)
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 ✓

References

[1] P. Minkowski, Phys. Lett. B 67 (1977) 421; M. Gell-Mann, P. Ramond and R. Slansky, in
Complex Spinors and Unified Theories eds. P. Van. Nieuwenhuizen and D. Z. Freedman, Su-
pergravity (North-Holland, Amsterdam, 1979), p.315 [Print-80-0576 (CERN)]; T. Yanagida,
in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe,
eds. O. Sawada and A. Sugamoto (KEK, Tsukuba, 1979), p.95; S. L. Glashow, in Quarks and
Leptons, eds. M. Lévy et al. (Plenum Press, New York, 1980), p.687; R. N. Mohapatra and
G. Senjanović, Phys. Rev. Lett. 44 (1980) 912.

[2] J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980), 2227.

[3] M. Gronau, C. N. Leung and J. L. Rosner, Phys. Rev. D 29 (1984), 2539.

[4] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34 (1986), 1642.

[5] A. Abada, C. Hati, X. Marcano and A. M. Teixeira, JHEP 09 (2019), 017.

[6] A. Abada, J. Kriewald and A. M. Teixeira, Eur. Phys. J. C 81 (2021) no.11, 1016.

5


	Motivation
	The role of phases: first approach
	Towards realistic scenarios
	Summary and conclusions

