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ABSTRACT: In the case where the Standard Model is extended by one heavy Majorana
fermion, the branching fractions of semileptonic meson decays into same-sign and opposite-
sign dileptons are expected to be of the same order. As we discuss here, this need not be
the case in extensions by at least two sterile fermions, due to the possible destructive and
constructive interferences that might arise. Depending on the C'P violating phases, one can
have an enhancement of the lepton number violating modes and suppression of the lepton
number conserving ones (and vice-versa). We explore for the first time the interference
effects in semileptonic decays, and illustrate them for a future observation of kaon decays
at NA62. We also argue that a non-observation of a given mode need not be interpreted in
terms of reduced active-sterile mixings, but that it could instead be understood in terms of
interference effects due to the presence of several sterile states; in particular, for different-
flavour final state charged leptons, observing a lepton number conserving process and not
a lepton number violating one does not rule out that the mediators are Majorana fermions.
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1 Introduction

Several extensions of the Standard Model (SM) aiming at explaining oscillation phenomena
call upon the introduction of right-handed (RH) neutrinos, and the embedding of the seesaw
mechanism onto the SM is one of the most economical mechanisms for the generation of
neutrino masses and lepton mixings. The presence of relatively light RH neutrinos (sterile
fermions from the gauge point of view), which have non-negligible mixings with the active
ones, leads to the modification of the charged and neutral lepton currents, and thus the new
states can give rise to contributions to many observables, ranging from rare transitions and
decays at high-intensities to signals at colliders. Mechanisms of neutrino mass generation
relying on such sterile fermions are thus particularly appealing, as they offer the possibility
of being (albeit indirectly) tested.

The observation of a lepton number violating (LNV) processes signals the existence
of New Physics (NP) and is evidence of the Majorana nature of the exchanged fermions.
Lepton number violating meson and tau semileptonic decays are examples of such observ-
ables; currently, they are the object of extensive world-wide searches, for instance of NA62
(for the light mesons), BES-IIT for charmed mesons, and LHCb and Belle II for B-mesons
and tau leptons.

In this work we address the LNV meson and tau lepton semileptonic three-body decays,
ME - Eiﬁ?M;, and 7F — (T Mi"M3F, as well as their lepton number conserving (LNC)
counterparts, M — EfﬁEFMQi, and 75 — (EMEMF (with the different mesonic states
M, 2 and charged lepton flavours a and § including all kinematically allowed possiblities).
When mediated by sterile fermions, the joint study of the LNC and LNV processes allows
to shed light on the nature (Dirac or Majorana) of the exchanged mediator.

In the presence of Majorana heavy neutral leptons (a right-handed neutrino, or other
sterile fermions), one can have sizeable branching fractions (BRs) for lepton number vio-
lating processes, when the Majorana states are produced on-shell [1-11] — the so-called
“resonant production” regime. In the case in which a single sterile fermion is present,



the branching fractions for the semileptonic decays leading to same-sign and opposite-sign
dileptons are predicted to be of the same order. Notice that due to the existence of a single
heavy fermion, the decay widths are not sensitive to the latter’s C'P Majorana phases — in
particular, one can still have contributions to LNV decays even if all Majorana C'P phases
are set to zero. Interestingly, should more than one heavy Majorana state be present, the
relative size of the LNV and LNC channels may be very different due to interference effects
associated with the Dirac and Majorana phases.

In this work, we consider the SM extended by two sterile fermion states which mix with
the three active neutrinos; we take the neutrino mass eigenvalues and the lepton mixing
matrix to be independent, implying that no assumption is made on the actual mechanism of
neutrino mass generation, other than calling upon the presence of additional heavy singlets.
This set-up is useful to understand the general phenomenology of a broad class of models
where the SM is enlarged only by sterile fermions, such as the type-I seesaw mechanism
and its variants. Other than being in the mass range to be produced “on-shell” in the
semileptonic decays, the two new states are taken to be sufficiently close in mass to allow
for sizeable interference effects (constructive or destructive) in the LNV and LNC decays,
in association with the new C'P-violating phases.

As we will discuss in detail, depending on the sterile fermion parameter space (i.e.,
their masses, mass difference and mixings to the active neutrinos — including the C'P
violating phases), the interference effects can lead to various scenarios, ranging from an
extreme suppression of the lepton number conserving observables while having large con-
tributions to lepton number violating ones (and this contrary to the usual belief), to the
reverse case. Our findings, relying on a complete numerical analysis, strongly suggest that
effects leading to suppressions in some channels should be taken into account upon the
interpretation of a non-observation of LNV or LNC meson (or tau) semileptonic decays:
reduced BRs might result from the interference of (at least) two sterile states with small
mass difference(s), and should not be necessarily translated into more stringent bounds on
the heavy neutrino couplings to the active ones. More importantly, the observation of a
lepton number conserving process accompanied by negative search results for the corre-
sponding LNV modes (with both predicted to be within experimental sensitivity) does not
necessarily imply that the mediators are of Dirac nature.

Here we present the results of our study, focusing on the semileptonic kaon decays
currently searched for in NA62, that is K+ — fﬁﬁgﬁ decays and the corresponding lepton
number conserving ones, K+ — fi:fgﬂ'i (where «, 8 denote electrons and/or muons). Kaon
decays are used here as an illustrative example, as the results generically hold for all similar
semileptonic decays (including tau decays).

Similar studies have focused on the prospects of LNV searches at colliders, see [12],
and references therein. Some works have explored the role of the second heavy neutrino
concerning the possibility of resonant C'P violation [13], in a forward-backward asymmetry
at electron-positron collider [14], while others have compared the expected number of events
associated with same-sign and opposite-sign dileptons at colliders in the framework of Left-



Right symmetric models! [16]. The latter analysis considered scenarios in which the relative
C P violating phases of active-sterile mixings were identical for the heavy neutrinos. In our
work — aiming at studying rare meson decays at lower energies — we relax this restrictive
hypothesis, which opens the possibility of very distinct behaviours for the LNV and LNC
rates, due to the interference effects.

Although the study is carried for a simplified SM extension (the “3+2” minimal model),
we emphasise that our results generically apply to complete mechanisms of neutrino mass
generation, provided at least two additional states are present, as in the case of low-scale
type I seesaw frameworks (in which at least two RH neutrinos are required to accommodate
oscillation data).

This work is organised as follows: after an analytical discussion in section 2 of semilep-
tonic meson decay LNC and LNV amplitudes (in the presence of two additional sterile
states), we explore in section 3 the interference effects in a generic way, identifying criti-
cal regimes and the potential consequences for the relative size of the BRs. Section 4 is
dedicated to a full numerical analysis, in which the intereference effects are illustrated for
kaon decays. We discuss further points, and summarise our most important findings in
the conclusions.

2 Semileptonic meson decays with two sterile neutrinos

As stated in the Introduction, we work in the framework of simplified SM extensions via the
addition of N extra neutral Majorana fermions, making no assumption on the mechanism
of neutrino mass generation (i.e., considering neutrino masses and lepton mixings to be
independent). In the presence of new sterile states with non-negligible mixings to the
(light) active neutrinos, the leptonic charged current is modified as

— Lo = %UMZQWPL V@'WM_“‘ H.ec., (2.1)
in which 7 denotes the physical neutrino states, from 1 to 3 + N, and « the flavour of
the charged leptons. For the case N = 2 (corresponding to the addition of two states
with masses my 5), the unitary matrix U, which encodes flavour mixing in charged current
interactions, can be parametrised in terms of ten rotation matrices and 4 additional phases
as follows [17, 18]

U = Rus Ras Ros Ris Raq Rog Ris Ros Rz Rip diag (1, €72, /93, /94, ¢'99) (2.2)

In the above, R;; corresponds to the rotation matrix between the i and j states (each
parametrised by a mixing angle 6;; and a CP-violating phase d;;). For instance, the
rotation matrix Rj4 can be explicitly cast as

cos 014 0 0 sinfyqe 14 (

0 10 0 0

Ry = 0 01 0 01, (2.3)
—sinf4e?4 00 cosbs O
0 00 0 1

!See also the recent work [15].



and similarly for the other R;;. We refer to d;; and ; respectively as Dirac and Majorana
phases since, as we will see later, the ¢; phases will only appear in LNV processes, while
the ¢;; will affect both LNV and LNC processes. Notice that for the considered set-up
(adding only SM singlet fermions) not all the mixings and phases are physical and some of
them could be removed [19]; for the forthcoming discussion, only the mixings of the sterile
states to the active sector are relevant and constitute, therefore, our input parameters. We
denote them by

Uni = eii¢“i|Uail, a=eu 7, and i =4,5. (2.4)

Following eq. (2.2), these mixings can be expressed as

Ue4 U€5 8146_i(641_<ﬂ4) Slse—i(551—<p5)
Uu Uy | = 8246—i(542—</74) 5256—1'(652—<P5) , (2.5)
UT4 U7'5 S34€_i(543_904) 5356—i((553—<p5)

where s;; = sinf;; and where we have neglected terms of (’)(sfj), For the rest of the

analysis, we will nevertheless use the generic notation of eq. (2.4).

We now address the effect of the new mixings on the LNC semileptonic processes M —
M’ Kﬁﬁg and the corresponding LNV ones M — M’ Kiﬁg:, M and M’ being pseudoscalar
mesons?. Their squared amplitudes (see [11]) are proportional, up to overall constant

parameters, to the following;:

2 2
Aﬁ?jMW;  \UasUpsg(ma) + UasUpsg(ms)|
2
LNC * * 2
AM%M’E;ZE X Ua4UB49(m4)+Ua5UB59(m5)‘ )
2
LNV 2
M—)M’Eif; X UO¢4U,34f(m4) + Ua5Uﬁ5f(m5) )
2
LNV R R 2
AM%M’Z&@E X Ua4U,34f(m4) + Ua5U55f(m5)‘ ’
leading to
2 2
2 2 (o —
Ak}[\EM’ﬁZE o |Uaa|"|Uga| 1g(2) 2 ‘1 + i/ eFilve wﬁ)’ ; (2.6)
2
9 9 A 2
A e | < |Uaal* U 1S QP |1 4+ reFiteren) |7 (27)

where we have defined 1y = ¢o; — ¢aa, and M is the average mass of the two sterile
neutrinos (AM their mass splitting), so that mg = M — AM/2 and ms = M +AM/2. The
functions f and g are the integrals one obtains when computing the decay amplitudes for
LNV and LNC semileptonic decays of mesons (details can be found in for instance [11]).

2Here we present the case of semileptonic meson decays; however, a similar discussion holds for semilep-
’
tonic tau decays 7 — M M'l,, o = e, . Moreover, for simplicity we focus on M+ — M“'éf;é; and

M* — M=eies.



The complex quantities x and x’, which reflect the relative size of the contributions of the
two sterile fermions to the processes, are defined as

_ [UasUgs| f(ms) ., _ [UasUps| g(ms)
[UaaUpal f(ma)’ [UaaUg,| g(ma)

(2.8)

Equations (2.6), (2.7) allow to infer several important points: the LNC decay ampli-
tudes are not sensitive to the C'P violating phases ¢;, as these cancel out in the 1, — 13
combination, therefore revealing their Majorana nature; the LNC decay amplitudes are
sensitive to the ¢;; (Dirac) phases, but only in the case of flavour violating final states, i.e.
a # (B [13]. On the other hand, the LNV decay amplitudes are sensitive to both Dirac and
Majorana C'P phases (since the phase appearing in the decay amplitude is the sum of the
relative C'P phases, 1) + 13), and this even in the case of identical charged leptons in the
final state (o = 3).

In order to discuss the impact of the C'P phases on the LNV and LNC decay ampli-
tudes, as well as possible interference effects, we consider the quantity Ry, defined as

LNV

MM
M—M'l50F
and further introduce the ratio RgagB
]_‘\LNC o FLNV
~ M—M'eEeE M—MieteE 1 — Ry g
Ry0, = . £ = — (2.10)
tats = TLNC T LNV 1+R, . :
MM T MMt bals
R : LNC — 1LNC LNC : : :
with, in both ratios, FM—>M/£$£;F = FM—)M’ZIZE + FM—>M'£;€§’ in the case in which « # 3.

The ratio Ry,¢, is usually considered to compare LNV to LNC processes (a similar
approach to what was done, for instance, in the context of collider searches [16]) and
the second ratio, E@agﬁ, which a priori might seem redundant, will be useful to better
understand interference effects.

3 Exploring the interference effect

As extensively discussed in [1-11], in addition to being of Majorana nature, the sterile
fermions mediating the LNV decays should be produced on-shell, in which case one can
have a resonant enhancement of the decay widths. In the narrow-width approximation, this
“resonant enhancement” can be understood as an increase of O(m;/I'y;) in the decay rates
(I'w, denoting the width of the heavy sterile state IV;). For this reason, we will assume that
the individual widths are very small compared to the sterile neutrino masses, T'y, < m;.

In the case of the SM extended by only one heavy Majorana neutrino, we have verified
that the predictions for the LNV and LNC decay widths are of the same order, implying

3Notice that this assumption is well justified, as this is usually the case in seesaw-like models where the
sterile neutrinos are lighter than the typical meson masses [20].



that Ry,¢, =1 and thus E@a ¢5 = 0. In the presence of two (or more) sterile fermions with
(clearly) non-degenerate masses, interference effects are negligible and one recovers the
previous predictions for R and R. However, when the mass splitting of the heavy Majorana
states is very small, one can have an overlap between their contributions, possibly leading
to destructive or constructive interferences. The effect of the overlap will be maximal
should the mass splitting be even smaller than the Majorana neutrino decay widths. In
turn, this will lead to different predictions for the LNV and LNC decay widths, changing
the values R and R. In summary, interference effects are expected to be relevant if both
the following conditions are realised:

AM <M and AM <Ty, (3.1)

in which, for simplicity, we have assumed the widths to be the same I'y, = I'n, = I'n.
With these conditions, and in terms of the C'P-violating phases, the ratio Ry, is given

as follows
(1= [])? + ]| cos? (25 t0))
Ry v, = - , (3.2)
L WD+ A cos? (P2
where we have set k() = |m(/)]ei5(/), and with the &+ referring to the electric charge of the
lepton .

Moreover, the coefficients k and «’ of eq. (2.8) can be expanded as follows

|Lo¢5bg5| AM
~ / f—
|/£|_|/£]—| ” E4|<1+O< N>> . (3.3)

In order to have sizeable interference effects, in addition to having a small mass splitting,
the relative size of the contributions of the two neutrinos to each amplitude should be
of the same order, and not very different from 1, |x| ~ || & 1 (as can be seen from
egs. (2.6), (2.7)), implying that the two neutrinos should mix with similar strength to the
relevant active flavours.

Under the hypotheses of eq. (3.1), and in the limit |x| ~ || ~ 1, one can derive the
ratios Ry, and Eea ¢5 in terms of the C'P-violating phases as

cos® [5(va + ¥p)]
cos? [5(tha = vp)]
sin 1, sin Yg

Ry, = : 3.5
tals cos Yo cos Pz + 1 (3.5)

Rgagﬁ = (3.4)

where (for simplicity) we have assumed in the last equations that § = &' = 0. One can
immediately notice from eq. (3.4) that, for o # 3, the ratio Ry, ¢, can deviate from 1 (larger
or smaller) due to the presence of both relative C'P violating phases, ¥, and 3.

The effect of the interference between the two sterile fermion contributions can already
be seen in the simple limiting case in which the relative C'P-violating phases are identical
Yo = 1 (the same limit was also used in [16] regarding collider searches). This situation
can be realised if, for example, one sets all the Dirac C'P phases to zero so that the ratio
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Figure 1. The ratio Ry, as generically arising from the comparison of the LNC and LNV widths
of any given semileptonic meson decay; Ry, ¢, is depicted as a function of a common CP violating
phase, o = 1g. Several regimes of AM /Ty illustrate how the conditions of eq. (3.1) are crucial
to observe maximal interference effects.

Ry, depends only on the Majorana C'P phases. It is important to notice that in such
cases (i.e., for 1, = 13) no interference effects (destructive or constructive) occur for the
LNC case.

In this limiting case, the ratio Ry, is illustrated in figure 1 as a function of the

common relative C'P phase (1o = 1) for different values of AM /T . The lines of figure 1
were obtained via a full numerical* evaluation of eq. (2.9), and for the example of K — ey
LNV and LNC decays; here we have set M = 350 MeV, and taken an identical strength
for the active-sterile mixings, |Un4| = |Uas| = 107° (a = e, 1)°; the sterile neutrino total
decay widths are computed following [4, 11, 20].
Similar analyses were carried for other meson decays and different flavour content of the
final lepton states (when kinematically allowed); we have confirmed that in all cases the
corresponding Ry, ¢, exhibit an analogous behaviour to that of figure 1. In addition, such
behaviour is periodic in the phases (mod ).

One can also see from figure 1 that the “naive” limit, Ry, ¢, = 1, is indeed recovered for
the case of vanishing values of the relative phase v, as expected from eq. (3.4). With the
exception of regimes leading to AM/I'y > 1 — for which there is no visible interference
effect and one recovers the expectations of the SM extended by one sterile state (i.e.,
Rgagﬁ ~ 1) — the lines of figure 1 illustrate both constructive and destructive interference
effects in the LNV amplitude, clearly signalling the presence of at least two additional
sterile states.

The constructive interference effects are typically more important for values of 1 ~ 7;
for the curves corresponding to very small AM/I'y < 1, the constructive interference is
still present (provided AM # 0), although not visible due to the resolution of the plot.

4The numerical analysis was done following the full computation of [11], adapted to the case of two
additional sterile states.

®Such a choice is inspired by the study of [11], since it leads to contributions to the LNV (and LNC)
BRs within future experimental sensitivity, some modes being already in conflict with curent data.



The most remarkable effect in figure 1 is the destructive interference in the LNV ampli-
tude due to the presence of two sterile neutrinos, which coherently interfere: suppressions
of order 90% or above can occur when AM/T'y — 0. In this situation the interpretation
of negative LNV searches does not preclude the observation of a signal for the correspond-
ing LNC channel; especially in the framework of models containing additional Majorana
fermions, this might only suggest the presence of at least two states, with non-negligible
relative C'P violating phases.

Notice that in the case ¥, = 13, our analysis of semileptonic decays — carried in a very
generic extension of the SM by two heavy neutral leptons — leads to patterns similar to
those of ref. [16] (in which the quantity Ry denoted the ratio of same-sign to opposite-sign
dilepton number of events in hadron colliders).

The constructive/destructive interference effects illustrated in figure 1 are a general
feature of semileptonic meson and tau decays. These effects can become even more pro-
nounced if one steps away from the special case where the two relative C'P phases are
equal (which preserved LNC processes from interferences). In the more general case where
Yo # g, interferences can occur in both LNV and LNC decay amplitudes, leading to
enhanced values of Ry, ¢, — or more strikingly, to the suppression of the LNC amplitudes.
However, we stress that for LNC processes, interference effects can only occur for different
flavour final state charged leptons, i.e. £, # 3.

Although we do not discuss them here, LNC and LNV four-body semileptonic meson
decays (leading to two mesons and two charged leptons in the final state) could also be
used to illustrate the interference effects due to the presence of at least two sterile states.
We expect that the results for (a generalized definition of) Ry, ¢, would also hold.

4 Illustrative case: semileptonic kaon decays

The suppression/enhancement of the LNV and LNC decay amplitudes discussed in the
previous section can occur in all meson (and tau) decays for the different (kinematically
allowed) final state charged leptons.

An important goal of this study, previously highlighted is the (re-)interpretation of
possible deviations of the Ry,¢, ratio from 1, under the working hypothesis of the SM
extended by at least two sterile fermions. In order to do so, one must be able to single
out the heavy Majorana neutrino contributions to both LNV and LNC decays; while LNV
transitions are forbidden in the SM, the latter is the source of the dominant contributions
concerning LNC semileptonic decays into same-flavoured lepton final states. From here on,
we thus focus on LNC different flavour final states (¢, # ¢3), to isolate the sterile neutrino
contributions.® Moreover, it is clear that any discussion of Ry, ¢5 would ideally require an
observation of the branching ratios of both LNV and LNC transitions.

Analyses of (lepton number violating and conserving) semileptonic meson decays and
tau-lepton decays have been conducted in the framework of the SM extended by one sterile
fermion [1-11], and have allowed to constrain the sterile fermion parameter space. The

50One could also consider the flavour diagonal channels, and subtract the SM contributions.



recent study of [11], taking into account all available experimental limits, updated the
existing bounds for the active-sterile mixings (|Upy| and sterile fermion mass); the results
of this update suggest that in certain cases, in particular for semileptonic kaon decays, the
BRs of the LNV modes K+ — E;;EPBEWJF (v, B = e, ) and of the SM forbidden LNC mode,
K* — eT ¥t can both be within the future experimental sensitivity of NA62. For the
above reasons, we thus focus on the example of kaon semileptonic LNV and LNC decays to
discuss the interference effects. We extend the study of [11] (in particular, concerning the
resonant production and the narrow width approximation for the Majorana mediator), and
now consider the SM extended by 2 Majorana fermions with masses m; € [140,493] MeV,
in the conditions of eq. (3.1). Our goal is to fully explore the impact of the relative C'P
violating phases as a source of constructive or destructive interference, leading to deviations
of the LNC and LNV decay BRs from what is expected in the most minimal SM extension
(via only one sterile state).

The current bounds for the kaon LNV and LNC semileptonic decays are (see, e.g. [21]),

BR(KT — nte ') <1.3x 1071, BR(KT - ntetp™) <52x10719;  (4.1)
BR(KT - n etet) <6.4x 10710, BR(KT — n putu®) <86 x 1071, (4.2)
BR(KT — n etut) <5.0x 10719,

while the future NA62 sensitivity for the processes here discussed is expected to be [22]

BR(KT — ntetpT) < 0.7 x 10712, BR(K' = 7 etu®) <0.7x10712,  (4.4)
BR(KT = n7efet) <2 x 10712, BR(KT — 7 putu®) <04 x 10712, (4.5)

We begin by displaying in figure 2 the predictions for each of the observables,
BR(Kt — m~etpt) and BR(K* — nte®1uT), on the parameter space spanned by the two
relative phases, 1. and 1,. (We recall that 1o = das — a5, With ¢q; defined in eq. (2.4)).
The coloured isosurfaces denote regimes of the corresponding BRs, going from O(10710)
(cyan) to nearly 0 (black); the orange lines denote the corresponding curent bounds, see
egs. (4.1), (4.3). Notice that on the right panel, we choose to display only the most conser-
vative of the bounds in eq. (4.1) (to avoid overloading the plot). For the sake of illustration,
leading to the numerical results of figure 2, we have taken, M = 350 MeV with AM ~ 0
and |Uy| = O(107%) (o = e,pu and i = 4,5). The associated ratios, R, and ﬁzw (see
egs. (2.9), (2.10)) are displayed in figure 3, in which the coulored isosurfaces reflect regimes
of éeu (Rey) ranging from —1 to 1 (oo to 0). For completeness, let us notice that the
prediction obtained in the case in which the SM is extended by only one sterile fermion
(ie. N =1, with my = 350 MeV and |Ues| = |Ups| ~ 107°), is BR = 1.8 x 1071 for both
LNC and LNV modes, leading to R, = 1.

Both panels of figure 2 recover and generalize the limiting case 1), = 13 considered
in figure 1, now for the specific case of K — mweu decays. They also clearly show how
the presence of (at least) two sterile states can lead to strong deviations from the minimal
extension by a single heavy fermion: for identical values of sterile masses and mixing angles,
the variation of the relative phases 1., 1, can lead to very different predictions for the BRs.
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Figure 2. Branching ratios of the LNV K+ — 7~e*ut decay (left) and of the LNC K+ — 7tetpu™
decay (right), represented via coloured isosurfaces on the . — 1, plane. In each panel, the orange
lines denote the corresponding current experimental bounds (cf. egs. (4.1), (4.3)). The different
superimposed symbols correspond to the illustrative points used in the discussion.

For the left panel, the impact on BR(K ' — 7~ e™ ™) is particularly evident along the
direction defined by 1. = 1),,, as one can go from BRs already in conflict with experimental
bounds for ¢ = ¢, = 0 to a situation of BR(K™ — n etpu™)~ 0, due to a maximal
destructive interference of the heavy fermion contributions occurring for instance for ¢, =
Yy, = £7/2.

Along the 1, = 1), direction, no effect is manifest for the LNC modes; as seen from
eq. (2.6), these depend on the combination v, — 1)g, in which the Majorana phases ¢4 5
cancel out. This can be verified for the LNC K+t — 7te®*uT decays, displayed on the
right panel of figure 2, in which isosurfaces of constant BR are “parallel” to the ¢, = 1,
direction. However, any departure from the latter opens the door to interference effects,
which are all the more visible for ¢, = —,,, the direction along which the interference
effects due to both Majorana and Dirac phases are maximal for the LNC decays. As
occurred for the LNV case (left panel), it is visible on the right panel that one goes from
BR(Kt — ntetuT) already excluded by curent data to cases of maximal destructive
interference.

Due to the “orthogonal” dependence on the relative phases (1) % ,,, respectively for
the LNV and LNC decays), the cancellation leading to the extreme case of vanishing LNC
amplitudes corresponds in some cases to maximal values for the LNV ones (and vice-versa):
specific examples are (1., ,) = (7/2,7/2) and (Ye, ) = (7/2, —7/2), depicted in figure 2
by B and *.

The results of figure 2 clearly illustrate the role of the constructive/destructive inter-
ferences regarding the potential observation of each transition, and strongly suggest that
any conclusion regarding the contribution of sterile fermions to LNV semileptonic meson
decays must be accompanied by the study of the corresponding (flavour violating) LNC
mode. Even if a combination of phases leads to an experimentally “blind spot” in which
the LNV BR lies beyond sensitivity due to destructive interference effects, the same in-
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Figure 3. Ratios R., and ﬁe“ as defined in egs. (2.9), (2.10) of the LNV and LNC processes
K — mep. The coloured isosurfaces on the 1. — 1, plane denote regimes for R., and R.,. Symbols
as in figure 2.

terference might be constructive for the corresponding LNC mode, which could then be
associated with a large BR (and vice-versa).

The LNV decay modes leading to same-flavoured final state” leptons (i.e. u*u® and
eTet) are also sensitive to the relative C'P violating phases. The interference for the
same flavour final states is maximally constructive (destructive) along the ¢y = 0 (£7/2)
directions (as can be seen from eq. (2.7)). For instance, some of the regions around
(Ye, ) = (0,£7/2) and (£7/2,0), that are associated with maximal/minimal values of
BR(K*T — metet (uTu™)), could lead to BRs for the different-flavour final states (both
LNV and LNC) well beyond experimental sensitivity (and conversely).

The above discussion and the inferred conclusions become even more straightforward
when cast in terms of the ratios R, and Ee”, as shown in figure 3. Let us then consider sev-
eral possible experimental scenarios, for instance in association with a future measurement
of the LNV and/or LNC kaon decays by NA62 (see eqs. (4.4) for the future experimen-
tal sensitivity).

If (within experimental precision) both measurements are approximately compatible
with R, ~ 1, then interpreting an observation in terms of processes mediated by an on-
shell sterile neutrino either calls upon scenarios with a single state, or then extensions via
several states, either with sizeable mass differences, or then close in mass but with very
specific configurations of the C'P phases (all cases leading to R, = 1 and consequently
to éeu =0).

If the NA62 results translate into a ratio R., < 1, then an interpretation in terms of
a SM extension via sterile states would imply that one is in the presence of at least two
additional fermions, both with masses within the region allowing for on-shell production

"We do not show the numerical results for these channels, although we have verified that they also follow
eq. (2.7).
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(approximately between ~ 0.1 GeV and 0.5GeV); more importantly it clearly suggests
that the sterile fermions are on the regime leading to significant interference effects (see
eq. (3.1)). Both measurements, i.e. K™ — netpu® and KT — 7te ™ could then be
translated into corresponding regions in the 1, — 1, plane. It is worth emphasising that,
as can be inferred from eqgs. (4.1)—(4.4), measurements can in principle lead to R, as small
as ~ 1072, As already suggested from the general discussion of section 3 (cf. figure 1,
in which the limiting case 1. = 1, had been considered), such sizeable deviations from
R., ~ 1 strongly point towards a scenario of AM/I'y < 1, and to very strong destructive
interference effects in the LNV amplitude. This corresponds to 1. ~ 1, ~ £m/2, as can
be verified in figure 3.

A possible measurement of the LNV same-flavoured lepton final state BRs would then
be highly complementary, and would allow to put our working hypothesis to the test (i.e.
the presence of at least two Majorana fermions, with very close masses and non-vanishing
relative C'P phases). If the two additional observations® are found to be compatible with the
model’s predictions (for the hinted regimes of the phases), this would naturally strenghten
the underlying assumptions. The symbols A and <« respectively corresponding to (¢e, 1) ~
(0,7/2) and (e, 1,) ~ (—m/2,0), illustrate this: partial destructive interferences in K+ —
rTetu® would lead to R, ~ 1, potentially observable K+ — m~etet(utu'), but a
maximal destructive interference in K+ — 7~ pu*ut(ete™) — which would then likely lie
beyond experimental reach.

If neither LNC and LNV modes are observed, the role of the LNV decays into same-
flavoured final state leptons is also very important: a possible measurement at NA62 could
still point towards a SM extension via at least two sterile neutrinos, whose relative phases
account for a full destructive interference in the different-flavour final states, and for a
constructive one in the same-flavoured LNV decay modes. For instance, this could occur
for (1e,1,) =~ (0,7), denoted by ¥ on figures 2 and 3.

Likewise, following the same reasoning as above, one can also have R., > 1, which
would be a consequence of an important destructive interference on the LNC modes.

All the discussion here held in terms of R, can also be translated in terms of ]TZEM
(defined in eq. (2.10)), which has the advantage of lying in the range [—1,1], depending
on the effect of the interferences. Figure 3 summarises the information conveyed by both
panels of figure 2, and suggests how an experimental observation of the LNV and/or LNC
channels, if interpreted under the current hypothesis, could help determining the relative
CP phases of the sterile fermions.

Although figure 3 corresponds to an analysis of the kaon sector, given that interference
effects on any meson semileptonic LNV and LNC decay lead to the same behaviour in
terms of the ratios Eag or Ryp (for a # f3), it is important to notice that figure 3 in fact
illustrates in a generic way the impact of the C'P phases that might be present in extensions
of the SM by at least two sterile fermions.

Finally, we emphasise that a crucial outcome of our analysis is that a non-observation
of the LNV (or LNC) mode should not be directly translated into more stringent bounds

8The observation of the K+ — 7~ pu™u™, if interpreted under the current hypotheses, would further
constrain the masses of the sterile neutrinos, m; €~ [250, 390] MeV, see [11].
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for the sterile mixing angles; it could instead suggest that more than one sterile fermion is
present, and interference effects could lead to deviations from the case of a single state. A
particularly important consequence concerns finals states with different flavoured charged
leptons: if only an LNC mode is observed (even if the associated LNV rate is expected
to be within experimental reach), this does not imply that the heavy mediator is a Dirac
particle; on the contrary, the processes can be mediated by two Majorana states whose
relative phases are at the origin of a maximally destructive interference in the LNV modes
(we refer to the case illustrated by B on figures 2 and 3. (An extreme case would correspond
to having two nearly degenerate Majorana states combining to form a pseudo-Dirac fermion
leading to cancellation of all LNV channels, and thus to R,3 = 0, as occurs in low scale
seesaw mechanisms with approximate lepton number conservation.)

5 Conclusions

In this work we have studied for the first time the impact of constructive and destruc-
tive interference effects on the contributions of sterile Majorana fermions (such as RH
neutrinos) to the decay rates of lepton number conserving and lepton number violating
semileptonic decays.

Previous studies of LNV meson decays have focused on the resonant enhancement
of the corresponding widths due to the presence of an on-shell Majorana fermion; the
additional sterile state can also mediate LNC semileptonic decays; the decay rates into
same-sign and opposite-sign dileptons are expected to be of the same order (i.e., the ratio
Ry als = 1).

We have extended these studies, now taking into account the presence of at least
two sterile neutrinos (with masses allowing for on-shell production), and associated C'P
violating Dirac and Majorana phases. Provided the mass difference of the new states
is small enough (AM/I'y < 1), we have shown that the C'P violating phases can lead to
constructive/destructive interference effects in the BRs of the decays, reflected in deviations
from R,3 = 1. We also highlighted that a non-observation of the LNV (or LNC) mode
should not be directly translated into more stringent bounds for the sterile mixing angles;
it could instead suggest that more than one state is present. Furthermore, observing only
lepton number conserving modes (and no LNV transitions) does not rule out that the
mediators are indeed of Majorana nature.

Our analysis strongly motivates a re-interpreation of the curent negative search results
for LNV and LNC semileptonic meson decays in terms of more than one sterile neutrino;
this calls upon a thorough study in terms of an enlarged parameter space. This is the
object of an ongoing work [23].

We have illustrated the interference effects for several semileptonic kaon decays: the
LNV K+ — EgﬁécﬂjF (o, B = e and/or p), and the corresponding lepton number conserving
processes, K+ — Ki:@crri (o # ), all presently searched for in NA62. We have discussed
the possible R, scenarios arising from a future observation of the corresponding decays,
and emphasised the relevance of taking into account all four decay modes. Not only this
allows to refine the information on the relative phases, but offers independent means to
probe the underlying SM extension via sterile fermions.
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A future observation of such processes — if interpreted under the proposed paradigm
of at least two sterile fermions — opens a unique window onto the heavy sector parameter
space: firstly their average sterile mass is constrained to lie on the resonant production
interval; secondly, one can identify ranges of variation for the different couplings (in the
case of kaon decays, |Ue;| and |Uy;|); finally, information can also be inferred on the relative
C'P violating phases (even if not disentangling the Dirac from the Majorana ones). This
information can be ultimately used to probe if the heavy Majorana fermions responsible
for the observed LNV and LNC transitions are an integral part of a given mechanism of
neutrino mass generation.
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