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Several beyond the Standard Model scenarios introduce new heavy neutrinos, whose Dirac or Ma-
jorana nature could be tested by comparing the rates of lepton number violating and lepton number
conserving processes: a Dirac fermion induces only the latter, while a Majorana one predicts the
same rate for both of them. Nevertheless, in the presence of more than one Majorana fermion,
this picture may change drastically due to interference effects. We focus on lepton number vio-
lating and lepton flavour violating semileptonic meson decays induced by two heavy Majorana
fermions, exploring the necessary conditions to have sizeable interference effects and discussing
their implications for current experimental constraints and possible future observations. In par-
ticular, we show how the CP violating phases may lead to an enhancement of the lepton number

violating modes and suppression of the lepton number conserving ones, and vice-versa.
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1. Introduction

In many extensions of the Standard Model (SM) new neutral leptons are introduced in order
to explain the observed oscillation phenomena. These new states would not be charged under
the SM gauge group, motivating the name of sterile neutrinos, and making their discovery a very
challenging task. An interesting experimental signature to probe the hypothesis of the existence
of these particles is that of lepton number violating (LNV) processes, since these would not only
reveal the existence of New Physics, but also the Majorana nature of the exchanged fermions.

We focus on the LNV meson semileptonic and tau three-body decays, as well as their lepton
number conserving (LNC) counterparts. A particular example could be the semileptonic kaon
decays K — m/¢’' that are being currently searched for in NA62 [1]. These processes can be induced
by the exchange of a sterile neutrino, whose contribution could be resonantly enhanced if the
neutrino could be produced on-shell. Here, we extend previous studies to the case with two sterile
neutrinos and explore the importance of the interference effects between their contributions.

In the presence of a single sterile neutrino, the same branching ratios are predicted for both
LNV and LNC decays if the neutrino is of Majorana nature, whereas only LNC processes can take
place when dealing with a Dirac neutrino. As we will see, in the case with two Majorana neutrinos,
the interference between them may play an important role, leading to strong interferences in either
the LNV or the LNC processes. We will also discuss how the complementarity between different
LNV and LNC channels may help disentangle the single-neutrino hypothesis from the interfering-
neutrinos one. For further discussion and details on the study, we refer to our main work [2].

2. Semileptonic meson decays from resonant sterile neutrinos

We consider the framework of simplified SM extensions via the addition of N = 2 extra sterile
neutrinos, which interact with the SM particles only via their mixings Uy, to the light active neu-
trinos. Together with the heavy neutrino masses m;, these mixings are the relevant parameters for
the forthcoming analysis. We find it useful to denote them in terms of the modulus and phases,

Ugi =€ 9|Ug|, o =e,u,7,andi=4,5. @2.1)

Due to their mixings, the sterile neutrinos may induce LNC semileptonic processes M — M’ E?;Eg
and the corresponding LNV ones M — M’ Ei% M and M’ being pseudoscalar mesons. Assuming
that the dominant contributions are those from the sterile neutrinos, the corresponding squared
amplitudes depend on the neutrino parameters as
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where we have defined the relative phases Yy = @q, — @a4, the average mass M and the mass
splitting AM of the two sterile neutrinos. The functions f and g are the integrals one obtains
when computing the decay amplitudes for LNV and LNC semileptonic decays of mesons (details
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can be found for instance in [3]). The complex quantities k and x’ reflect the relative size of the
contributions of the two sterile fermions to the processes

_ |UasUgs| f(ms) , |UasUgs] g(ms)

" |UaaUpga] f(ms)’ mg(’"‘*)'
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From these simple equations we can already see that the LNC and LNV amplitudes have
orthogonal dependencies with respect to the relative phases, i.e., they depend on Yy — yp and
Yo + Wp, respectively. This shows the complementarity between the two channels, which is im-
portant when exploring possible interference effects, as we will discuss later. Moreover, these
combinations of relative phases reveal the origin of each of the CP phases, as any Majorana phase
should cancel in the Yy — Y5 combination of the LNC process [2].

In order to discuss the impact of the interference on the LNV and LNC decay amplitudes, we
consider the quantities Rgagﬁ and ﬁga lg> defined as

LNV LNC _ LNV
MﬁM’@Z; ~ MHM’@ZE M%M/(%(ZE 1 —Rgagﬁ
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The second ratio, ﬁga tg> is related to the usually considered Ry, lg5 nevertheless it will be useful to
understand the interference effects in a more general situation, as it is well-defined even if there is
a strong suppression in the LNC channel.

3. Interference effects from two Majorana neutrinos

The contributions from the sterile neutrinos to the semileptonic meson decays become domi-
nant in the mass range where the neutrinos can be produced on-shell, in which case one can have a
resonant enhancement. Assuming the narrow-width approximation where the sterile neutrino width
I'y, is much smaller than its mass m;, this resonant enhancement can be understood as an increase
of &(m;/T'y,) in the decay rates.

In the case of the SM extended by only one heavy Majorana neutrino in this resonant regime,
the predictions for the LNV and LNC decay widths are equal, implying that Ry, = 1 and thus
ﬁgagﬁ = 0. Nevertheless, in the presence of two (or more) Majorana neutrinos in the resonant
regime, the interference effects may change the predictions for Ry,¢, and ﬁgagﬁ. In particular,
this will happen when the mass splitting of the heavy Majorana states is very small, AM < I'y,
since the overlap between their contributions may lead to destructive or constructive interferences.
Moreover, in order to have sizeable interference effects, the relative size of the contributions of the
two neutrinos to each amplitude should be of the same order, implying that they should mix with
similar strength to the relevant active flavours.

All these conditions for maximal interference effects can be summarized in terms of the k(")
factors and the ratio Ry, lg- The former can be expanded as follows,

!K\:\K’!:m(wﬁ(fg)), 3.1)
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Figure 1: The ratio Ry, (gasa function of a common relative CP violating phase. Several regimes of AM /Ty
illustrate how the conditions discussed in the text are crucial to observe maximal interference effects.

while for the ratio Rgagﬁ we have,
2 2 ( 6£(vatvp)
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where we have set k(") = |K(’ ) ]e’ﬁ(/), and with the + referring to the electric charge of the lepton
o. If the mass splitting is very large or one neutrino contributes dominantly, i.e. very small or
very large ]K(’ ) |, the interference between the two neutrinos is not relevant and the single Majorana
neutrino prediction, Ry, = 1, is recovered. On the other hand, if |k| ~ |k’| ~ 1, the interference
becomes relevant and Ry, ¢, may deviate from unity.

We illustrate in Fig. 1 the behaviour of the ratio Ry, in the simplified case Yo = yp, as
a function of this common relative CP phase, and for different values of AM /T'y. The lines of
Fig. 1 were obtained via a full numerical evaluation [2], although we see that they follow the
above qualitative discussion. Notice that in this simplified case only the LNV is sensitive to the
relative phase, and that it suffers both constructive and destructive interference effects, clearly
signaling the presence of at least two additional sterile states. This is most prominent in the case of
AM /Ty — 0, where very large suppressions happen if the sterile neutrinos have opposite phases.
Indeed, this is the case in models where lepton number conservation is imposed. On the other hand,
the prediction of a single Majorana neutrino hypothesis, Ry, ¢, = 1, is recovered for vanishing values
of the relative phase, when the interference is constructive for both LNC and LNV channels, or in
the case of AM /T’y > 1, since the interference effects become negligible and the contribution of
the two sterile neutrinos can be added incoherently.

The interference effects illustrated in Fig. 1 are a general feature of semileptonic meson and tau
decays. Moreover, the same interference pattern is obtained for the ratio of same-sign to opposite-
sign dilepton number of events in hadron colliders [4]. Nevertheless, in a more general case where
Vo # Wp, destructive interferences can occur in both LNV and LNC decay amplitudes, leading
in the latter case to enhanced values of Riyip- We stress, however, that this kind of suppression
can only occur in the LNC processes if the final state charged leptons have different flavour, as the
relative CP phases cancel out in the same flavour case.
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Figure 2: Ratios R, and ﬁeﬂ of the LNV and LNC decays K — met. Details on the neutrino parameters
can be found in [2]. Symbols are benchmark points for the discussion, see Table 1.

We display in Fig. 2 the ratios R, and ﬁeu on the parameter space spanned by the two relative
phases, Y, and y,;. As before, the numerical computation has been done for a particular bench-
mark point (with ¥ = k¥’ = 1 to maximize the interference), and for the decay channel K — mepl.
Nevertheless similar results are obtained for other semileptonic meson and tau decays, provided
that the neutrinos are in the resonant regime and that the leptons have different flavour.

Due to the above discussed orthogonal dependence on the relative phases for the LNV and
LNC decays, the cancellation leading to the extreme case of vanishing LNC amplitudes corre-
sponds in some cases to maximal values for the LNV, and vice-versa. This leads to the bright
regions in Fig. 2 where the LNV channel is suppressed, R.;, < 1, and to the dark regions with a
suppressed LNC decay, R, > 1.

These results clearly illustrate the role of the interferences 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 correspond-
ing (flavour violating) LNC mode. Even if a combination of phases leads to an experimentally
“blind spot” in which the LNV ratio lies beyond sensitivity due to destructive interference effects,
the same interference might be constructive for the corresponding LNC mode (and vice-versa).

This discussion can be extended to include also the LNV decay modes leading to same-
flavoured final state leptons, which are also sensitive to the relative CP violating phases as can
be seen in Eq. (2.3). By studying all these channels and comparing their relative size with respect
to what we could expect in the single sterile neutrino hypothesis, we could infer the presence of at
least two interfering neutrinos.

We schematically illustrate this idea in Table 1, where we qualitatively sketch the interference
it et and ¥ pb),
and for the benchmark points marked with purple symbols in Fig. 2. The first row corresponds to a

behaviour for four complementary decay channels (with final state e*e™, u

case of two degenerate sterile neutrinos with the same CP phases, so they interfere constructively
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Table 1: Qualitative representation of the interference effects in M — M’¢1¢,. The symbol &) reflects a
constructive interference, ¥ a destructive one, and €3/2 means an intermediate case. The symbols in the
first column correspond to the benchmark points in Fig. 2.

in all channels. Under this hypothesis, the predictions in terms of ratios such R, are the same as
those in the single neutrino hypothesis, and consequently we cannot disentangle between having
only one Majorana neutrino or more. In the second row, the phases are such that all LNV processes
are suppressed, R, < 0, as it happens in low scale seesaw models imposing a lepton number
symmetry. Notice however that this experimental signature would be that of a single Dirac neutrino.
On the other hand, the other rows show scenarios that could not be obtained with a single sterile
neutrino, Dirac or Majorana. Consequently, if one of these latter patterns is to be observed, it would
point towards the existence of two, or more, interfering sterile Majorana neutrinos.

4. Conclusions

We have studied the impact of constructive and destructive interference effects on the contri-
butions of sterile Majorana fermions to the decay rates of lepton number conserving and lepton
number violating semileptonic decays. Provided that some of these semileptonic decays would be
experimentally observed, we have highlighted that the study of the different LNC and LNV chan-
nels would help disentangling the single neutrino hypothesis from the one with several interfering
neutrinos. On the other hand, given the current negative results in the searches for these processes,
we remark that the interference effects discussed here should be taken into account for a proper
re-interpretation of the results in terms of more than one sterile neutrino.
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