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1. Introduction

Lepton number is the charge of an accidental symmetry of the Standard Model (SM) which is
anomalously broken at the quantum mechanical level [1]. This breaking, which occurs via sphaleron
transitions, allows for an asymmetry in the lepton sector to be translated into a baryon asymmetry
of the Universe (BAU). Such a mechanism could be one of the possibilities to generate the observed
BAU [2]. Furthermore, the discovery of neutrino masses provides evidence of the need for New
Physics (NP) beyond the SM (BSM), but the nature by which neutrinos acquire their mass remains
unknown. If they, like the other fermions of the SM, receive their masses via a coupling to the
Higgs boson, the value of the corresponding Yukawa coupling would be of the order 10~!2. This
would be significantly smaller than any Yukawa coupling in the SM, out of which the smallest is
that of the electron at y, =~ 2.9 X 107° [3]. Another way in which neutrino masses could be realized
is through the extension of the SM Lagrangian by a Majorana mass term for the neutrino, and in
this way, the symmetry which conserves lepton number is explicitly broken, possibly providing a
link between the mass generation mechanism of the neutrino and the BAU. Majorana mass terms
can be achieved in different ways [4], possibly through higher order processes involving additional
leptons or quarks. In the latter case, it is possible that the corresponding NP degrees of freedom
could be most stringently experimentally constrained in the LNV rare kaon decays K — wvv [5].

2. Lepton number violation in rare kaon decays

We investigate the effects of lepton number violating (LNV) interactions in the rare decays

K* — 1t +vv/vv and K; — 7°

+ v¥/vv in a model independent way using SM effective field
theory (SMEFT). In this way, we extend the SM Lagrangian by effective operators with odd mass
dimension D > 5 that violate lepton number by two units. Effects from high energy degrees of
freedom are encoded in an EFT scale A, which, with a power 4 — D, acts as coeflicients to the EFT
operators in the Lagrangian. Operators with a low mass dimension will have an associated EFT
scale with a smaller exponent as compared to operators with a high mass dimension. The lowest
mass dimension at which the rare kaon decays can be mediated at short range is mass dimension 7,
via the operator

O3y = L*LPQPd°H €4pepor (1)

Here L%, Q% and H® are the SU(2), doublet lepton, quark and Higgs fields, and d€ is the down-
type quark singlet. By short range, we mean that there are no vertices external to the operator that
are needed in order to complete the diagram. This operator contributes to the Majorana mass m,,

of the neutrino via [5]
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where y, is the Yukawa coupling of a down-type quark, v is the Higgs vacuum expectation value
(vev), and A3y, is the NP scale corresponding to operator OQ3;. Due to the observed neutrino mass
being very small, Eq. (2) puts tight constraints on the scale of operator O3;,. For amass m,, = 0.1 €V,
the corresponding limit on the scale is Azp > 5.2 X 10* TeV [5]. However, this limit, obtained from
an EFT operator, can have non-trivial corrections coming from a UV-completion, and should at

most be taken as an estimate.
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Due to the LNV nature of the operator Osp, it will contribute to a washout effect in a given
leptogenesis scenario. Assuming an asymmetry to have been generated in the lepton sector at a high
scale T, such as for example 7 > 10° GeV as in a typical Type-I see-saw leptogenesis scenario [6],
any LNV washout process that is active at a lower scale will act to reduce the generated asymmetry.
If the scale of a LNV operator is found to be low relative to a possible scale of asymmetry generation,
the washout coming from the operator will be strong over a long range in temperature, effectively
removing any asymmetry, and therefore reducing the attractiveness of such a leptogenesis model.
For this reason, if an observation of a LNV process is made at a low scale, it may lead to falsification
of high scale leptogenesis scenarios [5, 7-9]. In order to connect the scale of LNV NP to a washout
scale, we use a simplified Boltzmann equation [5, 7, 8]

5
dnar _ _naL ﬂ( r ) (3)

dz ~ z PAy \As

where nar is the difference in number density between the SU(2); lepton doublet L® and the
anti-lepton doublet L%, normalized to the photon number density. Furthermore, Apj is the Planck
scale, T is the temperature of the Universe, z o T-! is a time evolution variable and ¢ ’D = 20V1%

T 5675V107°
By solving Eq. (3) for a given NP scale A3, we obtain a temperature at which the washout stops

being effective. Taking this scale as the lower limit of the washout, and the scale Az as the upper
limit, a temperature range is obtained for which the washout is effective.

From the operator O3, in Eq. (1), we obtain the squared matrix element for the LNV rare kaon
decay K(p1) — n(p2)v(ki)v(ksz), where p; and k; are the four-momenta of the particles, as

2 m

2
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, 2 2
V(s
IM(s)nv]? =

— K —
Agb ms —nmgq

Here my and m are the masses of K*/K; and 7*/n° respectively for the charged/neutral decay
mode, m; and my are the masses of the strange and down quarks, s = (p; — p2)? is the square of
the difference in energy between the kaon and the pion (which will also be referred to as "missing
energy"), and fOK (s) is a form factor which is given by [10]

S
6 =150 (1205 . )
mﬂ
where 1o = 13.38 x 1073 and
K 0)=0.9778, KL (0) = 0.9544. (6)

In the lepton number conserving (LNC) decay, we get the following squared matrix element [5]
6
IM(s, H)sml* = e [m%( (t - mi) —t (s +1— mi)] 1K ()2 @)
SM
Here t = (p2 +k2)?, Asy is the effective scale of the process in the SM, and fX () is a form factor,

K (s) = X (0) (1+A’—S +A"—S2) ®)
+ - J+ + 9 + 4|
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Figure 1: Kinematic distributions for different decay modes of charged kaons at the NA62 experiment [11].
Here the normalized differential decay width for a given mode is plotted against the squared missing energy s.
The two rare kaon decay modes K* — n* + v#/vv have been multiplied by a factor 10'? for visibility, all
other decay modes are treated as background processes. The two shaded areas correspond to the two signal
regions of the NA62 experiment.

with 2, = 24.82 x 1073 and 17 = 1.64 x 107>, A comparison between the LNV and SM squared
matrix elements from Eqgs. (4) and (7) respectively can be made though the double differential decay
width [5]

U(K—avivy) 1 1 1

= D% 9
ds dt 1+6ij (271')3 327’]’1;{ |M(S )| ( )

where i, j denote the neutrino flavours. From Eq. (9), a difference between the LNV and SM decay
processes is apparent in the distribution of the decay rate. This difference is shown in Fig. 1 where
the differential decay widths of the LNV and SM rare kaon decays are shown, as well as several
background processes in the NA62 experiment.

In Fig. 1, the normalized differential decay width! (1/T)dI"/ds for different decay modes of
K* at the NA62 experiment, with an incoming K* energy of 75 GeV, is shown as a function of the
squared missing energy s. Green and red solid lines show the distribution in s corresponding to
the LNC SM decay mode K* — n*vy and the LNV BSM mode K* — n*vy respectively. Both of
these rates have been multiplied by a factor 10'? for visibility. In shaded teal areas, the two signal
regions SR1 and SR2 are displayed, which correspond to the range in s for which candidate events
for the NA62 experiment are accepted. These regions are placed such that the greatest part of the
two-pion and three-pion final state modes are avoided. As evident in Fig. 1, the distribution of the
SM LNC decay mode peaks in SR1, and subsequently falls off for higher values of 5. In contrast, for

1This distribution can be obtained by integrating Eq. (9) over ¢.
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Signal region  Vector current Scalar current
NA62 SR 1 6% 0.3%
NA62 SR 2 17% 15%

Table 1: Percentage of the phase space distribution of rare kaon decays proceeding via vector or scalar
currents that falls within the corresponding signal regions of the NA62 experiment.

the distribution corresponding to the LNV mode, SR1 poses a very small event detection prospect,
and instead, higher values of s are more favored, with a peak being present around s =~ 0.08 GeV.
As such, SR2 would be expected to receive a comparable number of events for both modes, while
a signal in SR1 plainly advocates the SM LNC decay.

Tab. 1 shows the percentages of total phase space falling within the different signal regions of
the NA62 experiment for the SM LNC and BSM LNV decay modes both. As can also be inferred
from Fig.1, Tab. 1 shows that events in SR1 are more favorably attributed to the SM decay, and that
a similar preference is given for both modes in SR2. With a large set of data, it is conceivable that
a determination of the LNV/LNC nature of the rare kaon decay may be produced, by accounting
for the difference in number of events in the two signal regions. However, considering the small
branching ratio of the rare kaon decay, such a large data set would be very difficult to construct.

3. Results

By evaluating the decay width for the LNV rare kaon decay K™ — z*vy while taking into
account the difference in signal acceptance to that of the LNC SM decay, the corresponding lower
limit on the EFT scale of operator O3, is calculated. With the current and future experimental limits
on the branching ratio from NA62 being BRNaca, < 1.78 x 10710 [11] and BR}A2 < 1.11 x 10710

respectively, at 90% confidence level, the NP scale limits are obtained as Agﬂrem > 17.2 TeV and

Aglfure > 19.6 TeV [5], respectively. The effect on leptogenesis, as evaluated using Eq.(3), of a LNV
NP scale residing close to these limits, is a washout that is highly effective down to temperatures
of 196 GeV and 213 GeV respectively for the current and future experimental limits [5]. In both
cases, the washout is effective almost all the way down to the electroweak symmetry breaking scale
174 GeV, at which point the sphaleron interaction shuts of, and baryogenesis via leptogenesis is no

longer possible in the conventional form.

4. Summary

Using an EFT framework, we connect the current and future experimental limits on rare kaon
decays to radiative neutrino mass generation, as well as to the washout of lepton asymmetry in high
scale leptogenesis scenarios. We show that if LNV is realized close to current experimental bounds
in rare kaon decays, high-scale leptogenesis would be put under significant pressure, as the washout
of lepton asymmetry would remain strong close to the EW symmetry breaking scale. Furthermore,
we suggest a plausible way to distinguish the LNV decay K* — n*vy from its LNC SM counterpart
K* — n*vv at the NA62 experiment, by acknowledging the difference in phase space distribution
of the final pion between decays mediated by scalar and vector currents, which corresponds to a



Implications of Rare Kaon Decays on Lepton Number Violating Interactions Kaére Fridell

difference in chirality of the two final neutrinos. Searching for LNV in nature is of dire importance
in order to answer several open questions in particle phenomenology, such as the origin of neutrino
masses and the baryon asymmetry of the Universe. Mainly because of its theoretical cleanliness,
the rare kaon decay K — mvv provides an excellent probe of BSM physics, and as such, future
experimental results could decide whether NP is realized at an observable energy scale.
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