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We study the effect of interference on the lepton number violating (LNV) and lepton number conserving
(LNC) three-body meson decays M| — [ [7 zT that arise in a TeV-scale left-right symmetric model (LRSM)
with degenerate or nearly degenerate right-handed (RH) neutrinos. The LRSM contains three RH neutrinos
and a RH gauge boson. The RH neutrinos with masses in the range of My~ (MeV—few GeV) can give
resonant enhancement in the semileptonic LNV and LNC meson decays. In the case where only one RH
neutrino contributes to these decays, the predicted new physics branching ratios of semileptonic LNV and
LNC meson decays M| — [ [z~ and M| — I [;z" are equal. We find that with at least two RH neutrinos
contributing to the process, the LNV and LNC decay rates can differ. Depending on the neutrino mixing
angles and CP-violating phases, the branching ratios of LNV and LNC decay channels mediated by the heavy
neutrinos can be either enhanced or suppressed, and the ratio of these two rates can differ from unity.
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I. INTRODUCTION

The observation of light neutrino masses and mixings
clearly indicates the existence of beyond-the-Standard-
Model (BSM) physics. A number of models exist in the
literature that have been successful in explaining small
neutrino masses and their mixings. One of the most
interesting models among them is the left-right symmetric
model (LRSM) [1], which not only explains the small light
neutrino masses but also addresses parity violation in the
SM. The model contains three right-handed (RH) neutrinos
and two Higgs triplet fields that generate the Majorana mass
terms for light neutrinos via the type-I and type-II seesaw
mechanisms. The RH neutrinos in this model are Majorana
in nature. The Majorana masses violate lepton number, and
hence these neutrinos can directly induce LNV processes.
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The Majorana nature of the light and heavy neutrinos can be
tested via the lepton number violating (LNV) neutrinoless
double beta decay (Ovff) [2—7]. Their LNV nature can also
be probed at the colliders through direct searches [8—13], as
well as through the rare LNV decays of mesons and the tau
lepton [14-25]. The /s = 13 TeV LHC search in the same-
sign dilepton and dijet channel has so far ruled out RH
neutrino masses in the mass range from My ~ 100 GeV up
to afew TeV, and My, < 4.7 TeV [26,27]. The boosted RH
neutrino search for the LRSM also places strong constraints
on the RH gauge boson mass My, > 4.8 TeV [10,28] for
the RH neutrino and a RH gauge boson mass hierarchy of
O(0.1). The nature of couplings of additional charged gauge
bosons with leptons has been studied in Ref. [29]. The effect
of helicity inversion on LNV transition rates at the LHC has
been studied in the context of a type-1 seesaw model in
Ref. [30]. For complementarity between Z’ and W, searches
in the LRSM, see Ref. [31]. While LHC searches are mostly
sensitive to My ~ O(100) GeV—few TeV, and My, up to a
few TeV, the rare LNV and LNC semileptonic meson decays
on the other hand are sensitive to a much smaller RH
neutrino mass range My~ (MeV—few GeV), and to a much
higher value of the Wy gauge boson mass. These searches
are thus complementary to LHC searches. It is well known
that for very light and heavy neutrino masses the rates of
these LNV meson and tau decays are extremely suppressed
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[21,24], well below the sensitivity reach of any future
experiment. This changes dramatically if there exists a
heavy neutrino in the MeV-GeV mass domain, which
can be produced on shell in the parent meson decay. This
can lead to large resonant enhancement of these processes.
Various ongoing experiments—including NA62, LHCb, and
Belle-Il—are searching for the LNV meson decays. The
LHCb experiment looked for the process B~ — u~u ",
and has constrained the light neutrino-heavy neutrino
mixing [15]. Due to the order-of-magnitude increase in
the meson and tau flux and the long detector distance in
experiments such as SHiP, MATHUSLA, and others under
discussion, one expects to achieve better sensitivity for LNV
meson and tau decays in the future. Even nonobservations
can set tight limits on the relevant parameter space, such as
on the heavy neutrino mass M, and RH gauge boson mass
My, [21,32].

In this work, we study the three-body LNV and LNC
meson decays—M " — [ M5 and M| — [ I; M for the
LRSM, in particular focusing on the implications of possible
interference effects that may occur due to degenerate or
nearly degenerate RH neutrino states. With only a single
heavy neutrino, the rates of LNV and LNC meson decays via
RH neutrino mediation are predicted to be the same,
irrespective of any CP-violating phase present in the RH
neutrino mixing matrix. This scenario changes dramatically
if more than one heavy neutrino state contributes in these
processes with a nontrivial RH neutrino mixing matrix. In
this case, the predictions for the LNV and LNC meson decay
rates can differ widely due to the interference among the
contributions of different RH neutrinos. This leads to a
change in the interpretation of data in the LRSM compared
to the case of a single heavy neutrino. For a study of
interference effects in semileptonic meson decays for a pure
sterile neutrino without any additional gauge extension, see
Ref. [25]. The CP violation in semileptonic decays of
charged mesons with nearly degenerate heavy neutrinos
has been extensively studied in Refs. [33-36], and for CP
violation in rare 7+ decays with nearly equal heavy neutrino
masses, see Ref. [37]. A comprehensive study of heavy
neutrino oscillation in rare W decays as well as tau decays
with degenerate heavy neutrinos has been performed in
Refs. [38-40]. The interference effect in the LRSM, relevant
for collider searches, has been discussed in Ref. [41]. The
interference effects have also been studied in type-I and
generalized inverse seesaw models in Ref. [42]. The
enhancement of CP asymmetry at the LHC has been studied
for heavy degenerate neutrinos in Ref. [43] and for degen-
erate scalars in Ref. [44].

To quantify the interference effect in meson decays, we
consider K- and B-meson LNV and LNC semileptonic
three-body decays with a pion in the final state as
illustrative examples. We develop the generic theory
framework with two degenerate or nearly degenerate RH
neutrino states that contribute significantly in the LNV and

LNC semileptonic three-body meson decays. Using this,
we then evaluate the analytic results for the partial decay
widths and branching ratios in the presence of interference
terms in the amplitude. We focus on the final states that
contain electrons and muons. We consider two different
mass ranges of the two RH neutrino states, 0.14 GeV <
My < 0.49 GeV and 0.14 GeV < My < 5 GeV, relevant
for K* = etetn /etuTat and Bt — etetn /et ytaT
meson decays, respectively. These decay modes, including
the flavor-violating LNC modes K™ — eTu~zt and
BT — etu ", are absent in the SM, and hence serve
as a clear indication of new physics.

The paper is organized as follows. In Sec. Il we review
the basic features of the LRSM, and in Sec. III we discuss
in detail the RH neutrino contributions in LNV and LNC
meson decays. In Sec. IV we discuss our results with the
assumption that only two RH neutrinos are contributing
with an effective 2 x2 RH neutrino mixing matrix. In
Sec. V we discuss the interference effects with two RH
neutrinos considering the full 3 x 3 RH neutrino mixing
matrix. Finally, we summarize our most important findings
in the conclusion.

II. LEFT-RIGHT SYMMETRIC MODEL

The LRSM is a simple extension of the SM, where both
the left and right chiral fermions are treated on an equal
footing. The model is based on the gauge group
SU3). ® SU2), @ SUR2)r ® U(1)g_,, where the left
and right chiral fermions are doublets of SU(2), and
SU(2)g, respectively. The model necessarily contains three
RH neutrinos (Ng;), which are part of the three right-
handed lepton doublets. The electric charge generator Q is
related to the third component of weak isospins /5; and I35
as Q = I3 + I3z + (B —L)/2. The scalar sector is also
enlarged because of the extra symmetry. The LRSM
contains one bidoublet ® and two scalar triplets A, and
A; under SU(2), and SU(2),, respectively. The particle
content is given below:

I, = |:VLi:|’ Iy = |:NRi:|’ (1)
€ri €Ri
| UL | Ugi
o= [du]’ Cr = {dRJ’ @
0 4+ AT \/§ ATT
®= ¢i ¢%]’ Apr= Lﬂ;/ +L/R ] (3)
P ALk _AL/R/\/E

The SU(2) doublets /; and I, have the charges (1,2,1,—1)
and (1,1,2,—1), while the Higgs multiplets have
the charges ®~(1,2,2,0), A, ~(1,3,1,42), and
Ag ~(1,1,3,42). The bidoublet being neutral under
B — L, additional Higgs triplets are required to break the
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left-right symmetric gauge group to the SM gauge group
SU(2);, ® U(1)y. The neutral component of Ay takes the
vacuum expectation value (VEV) vy and breaks the gauge
group SU(2)x ® U(1)z_; to U(1)y. In the next step, the
VEV of the bidoublet ® breaks the SM gauge group to
U(1)g. The VEV of the bidoublet is denoted as
(@) = Diag(%,%). Due to the strong constraint on the
p parameter, the VEV of A; should be very small, v; <
5 GeV [45]. Hence, the different VEVs of SU(2) triplets
and the bidoublet follow the hierarchy v; < k;, < vg.
The Yukawa Lagrangian responsible for generating the
lepton masses has the following form:

_‘CY == yiLq)lR + SJL&)ZR + yLl{C_ll.GzALlL
+ yrlkClic? Aglg + H.c., (4)

where C is the charge-conjugation operator, C = iy*y°, and
® = 6’®*¢%. Here y* and o' are the Dirac and Pauli
matrices, and y, y, y;, and yg are the Yukawa couplings,
respectively. After spontaneous symmetry breaking, the
neutral lepton mass matrix is obtained as

(5)

M M
My—[ L D}

MY My

In the above, the Dirac mass matrix M :%(qu—i-
yK2) = ypk,, and M; p are given by M, = \/ivLyL and
My = \2vgyg. The Higgs triplets A and A, generate

Majorana masses of heavy and light neutrinos, respectively.
The parameter «; is the electroweak VEV, and is related to

Ki» as ky, = +\/k} + k5. The light and heavy neutrino
masses can be calculated by using the seesaw approxima-
tion M; < Mp < Mp. This leads to the following light
and heavy neutrino mass matrix:

M, ~ M — MpMg' M}, + O(Mg?)
~\2 _i —1,T 6
vLyL N YpYRr YD (6)
R

and

My ~ Mg+ O(Mg")
~ \/EyRUR‘ (7)

The mass matrix M, in Eq. (5) can be diagonalized by a
unitary transformation,

M, M ¥ 0
VT ; D V: My B , (8)
My Mg 0 Mg

where M, = Diag(m;,m,,m;) and My = Diag(M,,
M,,M3). Up to O(Mg?), the mixing matrix } has the
following form:

UPMNS S f

V= .
T K}

; ©)

where S, T ~ MpM3'. In the above, Ky is the diagonaliza-
tion matrix for the RH neutrino mass matrix M. We will
neglect the effect of S, T in our subsequent discussions, as
S, T ~O(107) for M, ~ O(0.1) eV and My ~ O(1 GeV).

A. Gauge sector

In addition to the SM gauge bosons W; and Z, this
model also has a RH gauge boson Wj and an additional
neutral gauge boson Z'. The left- and right-handed charged
gauge bosons (W, W) will mix and the mixing angle can
be approximated to be

M 2
X102 00 <—W) . (10)

2
V% ki \My,

Due to this small mixing between the charged gauge
bosons, the masses of the gauge bosons can be approxi-
mated as

gK1
MWLZMWIZE’ MWRZMWZﬁg'UR. (11)
Note that throughout our calculation we assume

g = g, = gg, which is justified as we consider parity as
a symmetry in the LRSM. The mass of the neutral gauge
boson Z' for this choice becomes My ~ 1.7My,.

B. Charged- and neutral-current Lagrangian

The charged-current Lagrangian for the quark sector has
the following form:

g _
Ll = %;”iV%KMWzﬂ”PLdj

+ LS B VRCKMy L piprd; 4 He,,  (12)
\/E l,j

where P, =1 (1 —ys) and Px =3 (1 +ys). In our analy-
sis, we consider VR-CKM g pe the same as VEXM, This holds
naturally if parity is realized as a symmetry in the LRSM
together with the phase of the bidoublet Higgs VEV
considered to be zero [46,47]. The charged-current
Lagrangian for the lepton-neutrino sector is given by

095009-3



GODBOLE, MAHARATHY, MANDAL, MITRA, and SINHA

PHYS. REV. D 104, 095009 (2021)

g 7 — + -
Lic = EZZL,»WL”Y”PL(UPMNSUL + S'N¢);

g T
+ = E Ig We, /" Pr(KEN + T*05), + H.c. 13
/2 i R W RLY r(KR 7) (13)

Note that in a few of the decay channels of N;, the neutral
current will also contribute. The neutral current for the
LRSM has the following form [48,49]:

2
g cos“ 0,

Lne =—+ 2,0+ —==2Z/7", ). 14

Ne cosHW< : Z+\/cos26w " Z) (14)

where

J5 = Z]_cﬂ/”(13LPL — Qsin6,,)f;, (15)
Jy = Z]_Ciyﬂ(IBRPR —tan®6,,(Q —I.))fi.  (16)

As emphasized before, for the particular choice of the
neutrino mixing matrix V, we neglect interaction terms
proportional to the mixing matrices S and 7.

Note that the masses of both the RH gauge bosons and RH
neutrinos are proportional to the SU(2), breaking scale vg.
However, since the RH neutrino masses also depend on the
Yukawa couplings of Ay with the heavy neutrinos, one can
choose to have a wide splitting between the two. In this paper
we consider the masses of the heavy neutrino in the MeV—
GeV range, in particular, in between 0.14 GeV < My, <
5 GeV, so that the decay of the mesons can produce on-shell
RH neutrinos. Semileptonic meson decays such as M| —

[ 17 M5 will then be resonantly enhanced due to the on-shell
production of the RH neutrinos.

III. LNV AND LNC MESON DECAYS

Lepton number is broken in the LRSM due to SU(2), X
U(1)g_; symmetry breaking. The heavy neutrinos being
Majorana particles can result in LNV as well as LNC meson
decay processes:

LNV: M (p) = 7 (ki) + 1] (ko) + M3 (ks). (17
LNC: M{ (p) = If (ki) + 17 (ko) + My (ks).  (18)

In the above, M, is a pseudoscalar meson and M, can be
either a pseudoscalar or a vector meson. Here we consider
only the case of a pseudoscalar meson M,. The LNV mode
for all flavors of final-state leptons arises entirely from RH
neutrino mediation. Also, for the LNC mode with different
lepton flavors (such as a e™u~ combination) the contribu-
tion arises solely from RH neutrino mediation. These
processes are absent in the SM, and hence serve as a
distinct signature of new physics. On the other hand, for the

LNC mode with the same lepton flavors (eTe™, utu™),
virtual photon and virtual Z diagrams (one-loop penguin
diagrams) will also contribute in addition to the RH
neutrino contribution with a substantial branching ratio
~1077/1078 for K+ — ete~n~ /utp~n" [50-52]. In our
subsequent discussions, the contribution to such LNC
processes coming from diagrams involving RH neutrino
mediation will be referred to as the new physics (NP)
contribution. In the rest of the paper, we focus mainly on
the RH neutrino contribution to the LNV and LNC meson
decays, as the main focus of this paper is on the interference
effect of RH neutrino states.

For our later discussion on the RH neutrino contribution
in LNV and LNC semileptonic meson decays, which is the
main subject matter of this paper, we assume that there are
at least two RH neutrinos with masses in the range
100 MeV-5 GeV mediating these meson decays. The
Feynman diagrams for the LNV process are shown in
Fig. 1. The different contributions are mediated through
WL_Nk_WL’ WL_Nk_WR’ WR_Nk_WL’ and
Wgr — Ny — Wk, respectively. Note that, while the Wy —
N, — Wpx diagram completely depends on the mixing
matrix in the RH neutrino sector, the other diagrams also
depend on the light-heavy neutrino mixing. Throughout
this work, we consider the contribution from the W —
N — W diagram only, as the light-heavy neutrino mixing
angle that comes from the off-diagonal blocks (S, T') of the
mixing matrix ) is very small. Considering the heavy
neutrinos to be O(MeV), the RH neutrinos can be
produced on shell and the semileptonic meson decay will
be resonantly enhanced. In addition, there can also be
contributions from W; — W mixing in one of the legs,
but these are suppressed due to the small mixing angle .
The contributions from the light-neutrino-mediated proc-
ess will be much smaller due to mass suppression. Hence,
we do not consider all of these other contributions in our
analysis. In Fig. 2 we show the Feynman diagram for the
LNC process.

The contribution from heavy neutrinos N, to the decay
amplitude of the LNV process My (p) — I (ki) (k)
M5 (k3) can be written as

MV = (Mo Mbad, (19)

lep/ij
where

aud_ OF
Mt = SEur, ViRV
x (01gar, 7’ g1 1M (p)) (M3 (k3)|q37,7°|0)
G
=—M %V,‘ V%M V%Mf M,f szyk&/- (20)

V2

In the above, Gy is the Fermi coupling constant, VM
(V%M) are the Cabibbo-Kobayashi-Maskawa (CKM)
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FIG. 1.

FIG. 2. Feynman diagram for LNC meson decay, mediated via
the RH neutrino.

matrix elements at the decay (production) vertex of the
meson M (M), and fy , fu, are the decay constants of
M, M,. The relevant leptonic matrix element for the
(AL = 2) LNV process is given by the following product of
two charged currents:

Mg, o (Ny*Prl)(Ny* Prl)

= (No(KR) i7" Prli) (No(KR) 7" Prl))
= (EK;{?aiyﬂpLNa)(N_aK;k?aj}/DPle)? (21)
where we have used the fact that massive neutrinos are

Majorana type (N5 = N,). We can now write the leptonic
part of the amplitude as

y M,
(Mlllep)?j = 2\/Ec;F M4 - <K?€)ai(K;2)aj
Wg

(ki) pisPro(ky)
N, q2 _ M12va + il—xNaMNa 5

(22)

where g = p — k. The 1/ M‘V‘VR term appears due to the two
Wx gauge boson propagators in the bottom most panel of

Feynman diagrams for LNV meson decays. See text for details.

Fig. 1. Finally, we can write the individual contributions
from heavy neutrinos N, to the amplitude as

M%].NV’“ = 2G%V%,II]<MV§,II§MfM1fM2 <1VIWL> (KR>ai(KR)aj
R

(ki) pisPro(ky)
q2 - M12Va + iFNaMNa ’

XMy, (23)

where Iy is the decay width of heavy neutrinos N,
obtained by summing over all accessible final states.
Adding the contributions from all heavy neutrinos, we
can write the full amplitude as

3
MLNV — Z(M?JNV,LI + M;NV.a)’ (24)

a=1

where the second contribution comes from the exchange of
two leptons. Finally, the total amplitude squared |M™V|?
can be written as

3
|MLNV|2 _ Z (|MbNVa 2 + |M}4iNV,a|2
a,b=1;b>a

+ 2Re[(MbNV,a)T(M£_}NV.b)]
+ 2Re[(MG V)T (M) (25)

The explicit forms of these squared matrix elements are
provided in the Appendix A.

A. Decay widths of RH neutrino

The RH neutrino state N; of mass MeV to few GeV
can decay to various final states, such as [*VT, [*PT,
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FIG. 3.

10°}
= 10%}
(]
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< 1000 ¢
D)
=)
'; 100 | ---Tn,(My,=0.38 GeV)
o —Tp,(My,=0.38 GeV)
[ 10} ---Tn,(My,=2 GeV)
In,(My,=2 GeV)
o ————
0 /8 /4 3m/8 /2

6

Left: variation of the decay widths of the RH neutrino states N , with the masses of RH neutrinos for different values of 6 and

RH gauge boson mass My,. Right: variation of the decay widths of N, with 6. For My, , = 0.38(2) GeV, we consider

My, = 22(5) TeV, respectively.

v, VO, y,P°, where V, P are the vector and pseudoscalar
mesons, respectively. The choice of K plays a crucial role
in determining the different possible decay modes of the RH
neutrino. Following the parametrization given in Eq. (32),
which depends on only one angle and one phase, we show
the decay width of the RH neutrino state N , in Fig. 3. The
left panel represents the variation of the decay widths of N ,
with the masses of the RH neutrinos, and the right panel
represents the variation with respect to the mixing angle 6,
where 0 parametrizes the mixing between N; and N, in the
two-generation case. For a detailed discussion, see Eq. (32).
We find that for smaller values of My , the dependency of
the decay width on mixing angles is more prominent,
whereas for higher values of My , the 6 dependency is
negligible. This is clearly evident in the right panel, where
for My = 2 GeV both of the decay widths Iy , coincide. In
the left panel, which represents decay widths for various 6,
the decay widths of N, show some difference for smaller

|

masses and for 6 # /4, while for larger masses My, , >
1.5 GeV both of the decay widths are same. This will have
an impact on the estimated branching ratios for K and B
mesons, which we will discuss in the subsequent sections.
From Fig. 3, it is clear that the decay width of the RH
neutrino is indeed very small for our chosen mass range.
Hence, we can safely use the narrow-width approximation,

1
MV o
! ((p = k1)? = M, )? + T3 M3,

T
= 5((p—ky)?—M3).

(26)

We have verified that for the parametrization given in
Eq. (52) the narrow-width approximation is valid too.

Note that we are neglecting terms like (MI-LJNV’“)TMJL-INV’I’ as

(M%jNV,a)TM?lNV,b x

Hence, contributions from these terms will not be reso-
nantly enhanced and can be safely neglected compared to
other terms; see Ref. [24]. Finally, the LNV decay rate can
be written as

6\ 1
TNV — (1_71>%’MLNV|2d3(PS;p—>k1k2k3), (28)

where ds(PS; p — k kyk3) is the three-body phase space
which can be written in terms of the product of two two-
body phase spaces as follows:

1
((p—k1)* - Mzzvn —ily My )((p— ka)* — Mzzvb +ily,My,)
My ) (27)
d;(PS; p — kikyks)
= dr(PS; p — k1‘1)d6]2d2(PS§q — kyks). (29)

The full analytical expressions for the LNV decay width
and three-body phase space are given in Appendix A.
Similarly, the LNC process can also be mediated by the
heavy neutrinos and the relevant leptonic part of the matrix
element:
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Mg, o (Iy* PpN) (Ny* Pyl)

= (ZiY”PR(Kﬁ)iaNu)(Na(K}kQ)ajnyle)' (30)

The amplitude coming from individual contributions of
heavy neutrinos N, is given by

a MW *
ME.NC* =26V f, (M—L)4<KR)ai(KR)aj

Wr
w(ky) paisPro(ky)
q2 — M12Va —+ iFN{,MNa )

(31)

Following the same approach as in the LNV case, one can
also derive the partial decay width for the LNC process.
The details are given in Appendix A. In the subsequent
sections, we will consider a simplified scenario where both
RH neutrino states N, can give resonantly enhanced
contributions in the LNV and LNC processes, and we will
quantify the effect of the interference.

Before presenting our analysis on the interference effect,
we make a few remarks about the bound appearing on such
RH neutrino states from cosmology. Note that RH neu-
trinos with masses in the range MeV-O(GeV) can also be
constrained from cosmological considerations. A RH
neutrino with a mixing angle 6 with the active neutrino
can decay to leptonic and hadronic final states. If the decay
happens around the time of big bang nucleosynthesis
(BBN) 7 > 1 sec, this can alter the prediction for the light
element abundance in the Universe. Constraints from BBN
on the MeV-scale RH neutrino have been discussed in
detail in Ref. [53], with the assumption of a pure sterile
neutrino. See also Refs. [54,55] for a generic discussion on
BBN constraints for a late-decaying massive state X.
Similar constraints would also be applicable for the
LRSM, where the RH neutrino decays via off-shell Wy
gauge bosons and leads to semileptonic final states. We
estimate the lifetime of the RH neutrino states for 380 MeV
and 2 GeV, and the RH gauge boson masses as 22 TeV and
5 TeV, respectively. We find that the RH neutrino lifetime
varies between 107°—1 sec. For these RH neutrino masses,
a Wy gauge boson heavier than 22 TeV will be tightly
constrained from BBN. Note that the decay width/lifetime
of the RH neutrino states can be made larger/smaller if
additional channels for RH neutrino decay open up. For
example, with a sizable active-sterile mixing S, 7 in
Eq. (13), the decay lifetime can be made sufficiently
smaller, and hence BBN constraints can be avoided. In
that scenario, additional diagrams L — R, L — L shown in
Fig. 1 will also contribute in three-body LNV and LNC
meson decays. A detailed evaluation of these processes is
beyond the scope of this paper, and will be pursued
elsewhere.

IV. ANALYSIS FOR THE CASE OF TWO
GENERATIONS

We consider the case where two of the heavy neutrino
states are degenerate or nearly degenerate, i.e., My, ~ My,
and My, is very heavy. The two degenerate states mediate
the LNV and LNC meson decays of K and B mesons, and
give resonance enhancement in the branching ratios, being
in the MeV-GeV mass domain. The choice of the RH
neutrino masses can be justified, as the free parameters y,
and yp in the Lagrangian (4) that can be adjusted to get eV
light neutrino mass, along with two nearly degenerate RH
neutrinos. The matrix Ky is in general a 3 x 3 unitary
matrix with few angles and phases. However, to present the
effect of interference in a more simplified way, we choose
the following parametrization of Kp:

cos @ —sind 0
Kgp=|e™sing e ?cosd O0]. (32)
0 0 1

The above matrix Ky is just the product of an orthogonal
matrix with angle 8 and a diagonal phase matrix. By
choosing such a parametrization, we are interested only in
mixing between the two flavors (N;, N,) which are
assumed to have degenerate or nearly degenerate masses.
The parametrization of the mixing matrix Ky enables the
three-body decay of the meson into e and y lepton flavors,
and suppresses any final state with a tau. In Secs. IV A and
IV B we explicitly demonstrate the impact of this angle and
phase on LNV and LNC meson decay rates.

Note that in addition to the mixing angle and phase, the
contributions of Ny and N, states in LNV and LNC decays
also depend on the mass difference of the RH neutrino
states Ny, along with their decay widths I'y ,. For
degenerate or nearly degenerate masses of RH neutrinos,
the states N , will both be resonantly produced in the K, B
meson decays. Depending on the angle and phases of the
mixing matrix, the contributions of the N,, states can
interfere either constructively or destructively. For a very
large mass difference between the N, , states, the interfer-
ence effect will fade away. Therefore, for a large mass
splitting between the RH neutrinos, the LNV and LNC
meson decays are similar to the one-generation case, which
has been studied in detail in Refs. [14,19,21,24]. To
demonstrate the effect of the mass splitting SM and the

decay width I" = m on the interference effect, in Fig. 4
we show the ratio of LNV and LNC branching ratios for
different values of the M /T", where we consider the K™ —
eTe*nT channel as an illustrative example. The left panel
shows the new physics contribution, mediated via RH
neutrinos (referred to as NP in the plot). In the right panel
we show a conservative estimate of the LNV and LNC ratio.
The ratio of the mass difference between the two states N ,
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FIG. 4. Variation of the ratio of LNV and LNC branching ratios of K* — e*e® 2T with the mixing angle €. The red solid, blue dash-
double-dotted, green dash-dotted, and black dashed lines represent four different SM /T ratios (0, 0.5, 1, 10). The RH neutrino mass has
been set at My ~ 0.38 GeV. The left panel represents only the RH-neutrino-mediated contribution. In the right panel we present a
conservative estimate by including the “polluting” SM contribution maximally.

and the decay width I" has a large impact on the interference
effect. Without any interference effect, the LNV and LNC
decay branching ratios would be the same, leading the ratio
to be identity. For a very small value of 6M /T, the ratio
deviates significantly from unity. As is evident from the
figure, by increasing the SM/T" ratio the interference
between N;, state tends to become less prominent, but
still has a visible effect for M ~ I'. For much larger values,
such as 6M/T" = 10, the interference effect and the oscil-
latory behavior fade away, causing the LNV and LNC
branching ratios to be equal. While we present the
discussion on the ee final state, it is to be noted that this
is not the most optimal channel due to large SM contri-
butions in the LNC process. However, the left panel of
Fig. 4 can be used to demonstrate the dependency of the
interference effect on 6M/I"y. We have verified that this
feature is present in the pup and eu channels (for non-
degenerate RH neutrino masses) with the Kz matrix given
in Eq. (32), and also in the ey channel for the para-
metrization of K discussed in Sec. V.

A. LNV

We give the complete list of decay channels of N; for a
general light-heavy mixing matrix in Appendix C. We list
only the channels that are kinematically allowed for RH
neutrino masses in the range 0.14 GeV < My <5 GeV.
Note that for our chosen mass range of RH neutrino states
and with the off-diagonal mixing elements S,7 ~ 0,
decay modes such as N — [*PF [FV* y,PY and v,V°
will only be allowed. With the mixing matrix Ky given in
Eq. (32), the RH neutrino decay width will also depend
on the mixing angle 8. One can write down a generic
expression for the total decay width of degenerate RH
neutrinos as

Ty (A(My) + B(My) cos 26), (33)

1 M‘“/VR

1

T,
R

(A(My) — B(My)cos26).  (34)

Note that the above expressions can be obtained by
substituting Ky into the expressions of the decay widths
given in Appendix C, where we consider S, T ~ 0. For the
choice of My, ~ My, ~ My = 0.38 GeV, which we con-
sider for K* meson decay, the RH neutrinos will only
have decay modes with a charged pion in the final state,
i.e., N; - I + nF. The expressions of the two functions
A(My) and B(My) have a simpler form, and are given in
Appendix C [see Eqgs. (C10) and (C11)]. We note that for
a relatively larger mass My > 1.5 GeV of the RH
neutrino states, the decay widths are nearly independent
of the mixing angle 6 (Fig. 3). This can be understood
easily as follows. We can neglect the final-state lepton
masses in evaluating the decay widths for RH neutrinos
with masses My~ few GeV. The unitarity relation for the
mixing matrix K makes the total decay widths of N,
nearly independent of 6. In this case, one can write down
the expression for the total decay width as

1 1
Ly, NWA(MN]>7 [y, NWA(MNZ)' (35)
R R

Here A(My) is a function of the mass My and can
be derived from different decay modes, given in
Appendix C. Therefore, for degenerate masses
(My, = My, = My), the above two decay widths will
be nearly the same.

Using the general form of the heavy N decay width given
in Egs. (33) and (34), one can write down the LNV decay
rate of the parent meson M, in terms of same-flavor final-
state leptons, which leads to a rather complicated expres-
sion. The explicit expressions for the ee and uu cases are as
follows:
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cos*0

sin*0

e — a5

(My) + B(My)c0s20  A(My) = B(My) cos 26

1
+cos 2¢sin26 {

I — 2y (

1
+cos 2¢sin26 {

The partial decay width for different-flavor final-state leptons is given by

I — 2y (

1
— 4 cos 2¢sin>26 [

8

where = gt GHVSIMVER2 A £ and we
consider My = My, = My. The functions f*, f*, and
[ can be identified from Eq. (A11). The first two terms
are due to the individual N, contributions in the decay
amplitude. The term in the partial decay width expressions
proportional to cos 2¢ sin® 26 is due to the interference of
the N, contributions.

These complicated expressions simplify for RH neutri-
nos with a mass My~ few GeV range, where the mass of
the final-state leptons can be ignored in evaluating the total
decay width of RH neutrinos. Using Eq. (35), and
Egs. (36), (37), and (38), we find that for RH neutrinos
with masses ~ few GeV, the LNV partial width of the
parent meson M (such as a B meson) has the following
simplified dependencies on the mixing angle and phase:

2.0 LNV, BR
o
b
S 15
‘; s
—
K
-
S0
-—
A
1
E. 0.5
i
[
0.0 0 8 /4 37/8 /2
(Z]

FIG. 5.

1 1 ee
A(My) + B(My) cos 20 * A(My) — B(My) cos 29] )f (My), (36)
sin*6 cos*o
A(My) + B(My) cos 20 + A(My) — B(My) cos 20
1 1
A(My) + B(My)cos20  A(My) — B(My) cos 29] )f””(MN)- (37)
sin22€ Sil’l229
2(A(My) + B(My)cos26)  4(A(My) — B(My) cos 26)
1 1 )
A(My) + B(My)cos20  A(My) — B(My) cos 29] >f “(My). (38)
F{-‘jNV N { (1.— sin2'295in2¢), for l = ].', (39)
(sin?20sin%¢), for i # j.

In the above equation i, j can be either e or u. Similar
expressions for the //jj production cross section at the LHC
were obtained in Ref. [41].

The branching ratios of the different LNV modes of the
parent meson M, are then given by

LNV
Br(M{ — [fIfM7) = rl] :
My

(40)

where I' M is the total decay width of the parent meson. In
Fig. 5 we show the branching ratios of the LNV meson

LNV BR

25 —¢=0
ﬁl —¢=m/4
) _¢=mi3
% 20 _ =2
—
S5
= --.;S-:-: '''''''' <" ":;'c""'
A 10 SIS 5 1
- S e
E. \\ q DTVt S @,
o 05 SO PRagRs
o \\ S - ,,

\~\~ —"’
00 1 LS - 1
7t/8 /4 37/8 7t/2
6

Branching ratio of LNV meson decay to same-flavor (e™, ™) and different-flavor (e™, 4™) final states along with a pion (z™).

The plot in the left panel is for the kaon (K ) decay, and the plot in the right panel is for B-meson (B™) decay. The branching ratio is not
constant; rather, it exhibits constructive and destructive interference effects for different values of € and ¢. The dotted line and solid line
correspond to the e*e* and e*u™ mode, respectively. For K+ decay we consider My ~0.38 GeV and My, = 22 TeV, and for B*-

meson decay we consider My ~2 GeV and My, =5 TeV.
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FIG. 6. Left: variation of the branching ratio of LNV kaon decay K*

. . BR x 107'°
LNV Branching Ratio for e,e *
JT
1.5
7rm/8
3mt/4
571/8
1 ; 1.0
© /2 1
37/8 :
/4
T 0.5
/8
0
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— e utz~ with the variation of the angle and phase (6, ¢). The

final-state leptons have the same charge and different flavors. Right: the same but for final states with same-charge and same-flavor
leptons, K™ — e* e*z~. The masses of the RH neutrino and RH gauge bosons are My ~ My, ~0.38 GeV and My, =22 TeV,

respectively. The maximum values of the branching ratios are O(107'0), consistent with the current experimental bounds.

decays K*/B" — etetn~ and K*/Bt — etutn~ vs
mixing angle # for different values of ¢. The left panel
corresponds to the kaon decay. We consider the mass of
the RH gauge boson as My, = 22 TeV, and the mass of
the heavy neutrino as My ~ 0.38 GeV. In the right panel
we show the LNV decay of the B™ meson. For this case, we
consider the RH gauge boson mass to be My, =5 TeV,
and the mass of the heavy neutrino is My ~2 GeV. This
choice of RH neutrino and RH gauge boson mass, which is
relevant for BT study, is unconstrained from K*-meson
decays. The branching ratios derived for these benchmark
mass points are consistent with the experimental limits
Br(K* = etetn,etutn™) < (2.2,5.0) x 10710 and
Br(B* — etetn,etutn) < (2.3,15.0) x 1078, respec-
tively [56]. The figures confirm the angular dependencies
of the branching ratios of the LNV decay process. The solid
and dashed lines correspond to the etu™ and eTe™
channels. Note that the e"e™ and e"ut channels have
complimentary nature with respect to the angular variables.
This can be further highlighted by a contour plot in the
0 — ¢ plane. Figure 6 shows the variation of the LNV
branching ratios of the K+ — etetn~ and K™ — etutn

|

cos*0

processes for different values of mixing angle € and phase
¢. With two degenerate heavy neutrinos, the branching
ratios of the above processes exhibit constructive and
destructive interference, as is clearly evident from the
figures. The white region in the right panel of Fig. 6
occurs as for 6 = z/4, and ¢ ~ 0, z, the LNV branching
ratio to the eTe™ channel shows a maxima (see left panel of
Fig. 5). A different value of the RH gauge boson mass will
simply give an overall scaling in the branching ratios and
will not change the nature of Fig. 5. For the B™ meson, the
plots are very similar. Hence, we do not show them
explicitly.

B. LNC

The parent meson can decay via LNC processes
MY — [[I;M; . The RH neutrino states N , will mediate
these processes. Considering the general form of the N;
decay width as given in Egs. (33) and (34), the LNC decay
rate can be calculated. For the ee and uu channels the N-
mediated decay rate is given by

in*0 1
bl = sin220

p
rixe

"My (A(MN) T B(My)cos20  A(My) — B(My)cos20 4

: [A(MN) T B(My)cos20 ' A(My) — B(My)cos 2‘9} > he¢(My), (41)
o ﬂ sin*0 costo 1
P = ﬂM—N (A(MN) + B(My) cos 20 +A(MN) —B(My) cos 20 + ZSln229
- [A(MN) + B(My) cos 20 +A(MN) —B(My)cos 29})/7””(1‘41\/)’ (42)
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FIG. 7. Left: branching ratios of K* — eTpu"z~ and et u~z" vs angle 6 for nondegenerate RH neutrino masses conmdermg ~10.
Right: variation of the ratio of the two branching ratios vs mixing angle 6. The results for Bt decays are similar, and hence we "do not
show them explicitly.

and for the eu channel, the decay rate has the following form:

[LNC B sin20 N sin’20 1 200
=T ——si
=Ty \4(A(My) + B(My)cos26) ' 4(A(My) — B(My)cos20) 4
1 1
heH(My). 43
x {A(MN) T B(My)cos20  A(My) —B(MN)cos20D (My) (43)

I
The functions A%, h*#, and h* can be identified from 1. Effect of interference for RH neutrino and RH gauge
Eq. (A15). Note that the functions A" in the above boson masses
expressions are related to f i/ of the previous section as In Fig. 8, we represent the effect of interference in the
MY f"7 = h'. We use the same values for the RH neutrino M, — My, mass plane, considering LNV modes. We
and RH gauge boson masses that we considered for LNV consider two different decay modes: K* /BT — etputn~
processes. Using Eq. (43), and after simplification, the  and K*/B* — e*e* 7. The solid red line in the left panel
LNC partial decay width for different lepton flavor ey has been derived by assuming only one generation RH
becomes zero for degenerate RH neutrino masses  neutrino state N,. This corresponds to the present exper-

My, = My,. This however becomes nonzero if we con-  imental limit of the branching ratio K* — e*u*z~, which
sider nondegenerate masses of RH neutrinos. In the left  is Br(K* — eTutz) <5 x 10710 [56]. The blue dashed
panel of Fig. 7, we show the branching ratios of K* —  and blue solid lines correspond to the two-generation RH
etptn, et pnt for 22 ~ 10. In the right panel of Fig. 7, neutrino scenario where both N, , can be produced on shell

we show the ratio of the two branching ratios for the ey~ from parent meson decay. The subsequent decays of N,
channel. As can be seen, due to the interference between  lead to the same final state ey 7z~ with the same value of
the two RH neutrino states the ratio of the LNV and LNC  the branching ratio. We have set the mixing angle and phase
branching ratios differs from unity. Using Egs. (41) and ~ as 6 = x/4,¢ = x/2+ 0.1 for the blue dashed line. The
(42), the partial width for same-flavor leptons turns out to ~ S0lid blue line corresponds to the two-generation scenario,
be large, and is almost independent of the mixing angle §. ~ With 0 =7/4,¢=0.1, and again corresp?nds to the
We find that the contributions of RH-neutrino-mediated ~ €Xperimental limit on the branching ratio.” The black
diagrams in the branching ratio of the same-flavor LNC dashed line and black solid line correspond to a value of
decay mode of K* (Kt —etent) and B 10712 for the branching ratios of K+ — e*u*z~ and
(B* > eTe~x) mesons are O(1071°) and O(107'2), K" — etetn~. In the right panel, we show the result
respectively. As these same-flavor LNC decay modes  for B meson decays BN s etetn [etutn. The two
also contain large SM contributions (BR ~ 10~7/107%) kinks occur as new decay modes of the RH neutrinos into
along with the order-of-magnitude suppressed new phys-

ics contribution, we do not show them here. In Sec. V we 'We have not considered ¢ to be exactly z/2 or O as the

elaborate on the large LNC branching ratio for the ey theoretical branching ratio will be exactly zero, and hence it is not
case, while using a 3 x 3 Ky matrix. possible to derive any kind of bound in the My-My,, plane.
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FIG. 8.

Sensitivity of the RH neutrino mass My and the RH gauge boson mass My, from the LNV processes K™ — ete*zn™,

K™ — eTuTn~ (left panel) and BT — eTu"n~, eTeTx~ (right panel). For the K™ decay mode in the upper panel, the red solid line
corresponds to the one-generation scenario, while the blue dashed line represents the two-generation scenario with constructive interference,
0 =n/4, ¢ ~0,7/2. The blue solid line represents the two-generation scenario with destructive interference. The black solid and dashed
lines represent Br ~ 107!2. The figure in the right panel indicates the future sensitivity of LNV B+ meson decay with Br ~ 1072,

a lepton associated with a p and D meson open up in these
mass ranges. The solid pink line in the right panel has been
again derived by assuming only the one-generation RH
neutrino state N, where as the blue dotted and red dashed
lines stand for the two-generation RH neutrino scenario.
For the B-meson case, we consider the future sensitivity on
the branching ratio to be O(107'2).? Note that the limit on
Wpx can be significantly lowered in the presence of
destructive interference as it leads to a natural suppression
of the LNV branching ratio. Nonobservation of any LNV
signal for the LRSM could signify interference effects due
to more than one generation of RH neutrinos.

C. Asymmetries in LNV and LNC processes

The nontrivial phase ¢, along with the interference effect
between N, contributions result in asymmetries in LNV
|

and LNC processes. Before discussing the different asym-
metries and the effect of interference, we first quantify the
effect of a small mass splitting on the LNV and LNC meson
decays. The obtained expressions will be used in deriving
the expressions of CP asymmetries. We represent the
average mass of the two RH neutrinos as My and the
mass splitting as 6M. Therefore, we follow the convention
My =My -2 and My, =My + 2. We assume the
following conditions are realized:

oM <« MN and oM < FNI’FNZ' (44)

With the above set of approximations, the LNV and LNC
meson decay rates for a nontrivial mixing matrix Ky can be
written as follows:

oM

b (M — M) M
FiLjNV’++: 1-—)np |(KR>1i|2‘(KR)1j|2#fij My ——
2 Ly, 2
(MN—i—%M)f” Mo+ M +(MN_5TM)(MN+6TM)
Ty AR My
1—4igh 1 —4idM

) +2N§%j>>}f’i"(MN) U ‘i’i))- (43)

+ |[(Kr)2ilP1(Kg)a;*

2

x Re {(KR)li(KR)lj(KR)zi(KR);j(

1
SM?
Ty, (1443

The charge-conjugate process M| — f{f}ﬂ* can be obtained by replacing Ky with K% in Eq. (45):

OV =N (K > Kp).

(46)

*The current bounds for the B-meson LNV semileptonic decays are BR(B™ — etetz7) <23 x 1078 and BR(Bt — etutn™) <
1.5 x 1077 [56].
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For LNC, this takes the following form:

1 oM
LNC _ 2 2
e = | (K PI(K) | Whij<MN_

2

) 1K) PI(K )

1 —4ioM
I"N1

;h <M +M>
Ty, (My + %5 N

+ MLNRC [(KR)T,-(KR)IJ(KR)Z"(KR);"(

The interference between the two RH neutrino N, and N,
contributions along with a nonzero CP phase ¢ can lead to
a difference between the LNV process M| — ¢ ¢z~ and
the charge-conjugate process M| — f;f;n*. This can be
quantified by the following definition:

LNV ++ _ F,»LJNV'"

A i
CP ™ LNV ++ LNV, ——

(i.j=ep). (48)

Using Eqgs. (45), (46), and (32) and the nearly degenerate
limit of the masses and decay widths, My ~ My, = MN,3

Iy, ~Ty, =Ty, AiCjP takes the following simple forms:

4xsin2¢sin®260
(1+4x?)(2cos* O+ 2sin* @) +cos2¢sin’2¢’
with i=e,u, (49)

Al

Aij ~ —4x sin 2¢
P+ 4x? —cos2¢)’

where i # j.  (50)

In the above, x = ‘;’—g. For a fixed 0 and x, the above
equations lead to a maximum value of Acp if ¢ =%. In
Fig. 9, we show the variation of the LNV-CP asymmetry
as a function of rSFA: for the channels ete™’, pTu™, and
etu™, where we fix 0 =1 and ¢ = 7. We see from this
figure that A, " and A%, have complementary behavior
as a function of (;_AA/,I' In order to discuss the impact of the
CP phase and mixing angle on the LNV width, we further
define one more asymmetry R as

LNV _ LNV

~ K=t ¢ n K*=t/ ¢ n h . . 1

R = [NV TN ,  where i # j. (51)
K*—nf);rffﬂ‘ K*—»z,”;rf;rn_

Figure 10 shows the variation of Reﬂ for different values
of mixing angle € and phase ¢. It is evident from this
figure that R,, varies between [—1:1]. Note that |R,,|
have complimentary nature with respect to the angular
variables and their analytical expressions can be found in

*The mass difference M # 0; however, M < My.

i )|, (47)

|
Appendix B. Similar results can also be obtained for B
decays. This implies that the two asymmetries A-p and
Reﬂ do not contain any SM contribution, and hence serve
as a clear indication of new physics.

1.0

——eeor py
——ey

O=r1/4, p=11/4
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\\ ’f’
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FIG.9. Variation of Acp as a function of %’/’, for@ =%and ¢ =14.
The red solid line represents the e™e™ or u"u* channel, whereas
the black dashed line represents the ey ™ channel. For this figure,
we consider K™ as the parent meson. For the B™ meson the figure
is similar, and hence we do not show this explicitly.
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FIG. 10. Variation of Reﬂ with the variation of angle and phase

(0,). R varies between [—1:1].
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FIG. 11. Left: variation of the branching ratio of the K™ — u*u™ 7z~ decay mode with the variation of the CP-violating phase §. The

Majorana phases a; are varied in the denoted range. The shaded region is disallowed from the recent results from T2K. Note that the
excluded region from T2K for & is given with the convention [—7:z], which we have translated into the range [0:27] to be consistent
with our convention. See text for more details. Right: variation of the branching ratio of the K™ — eTe®z~ decay mode with the
variation of the Majorana phase a;. The red solid, blue dash-double-dotted, green dash-dotted, and black dashed lines represent four

different % ratios (0, 0.5, 1, 10).

V. RESULT FOR TWO GENERATION WITH THE
FULL 3 x 3 MIXING MATRIX Kp

In the previous section, we considered a simple form of
the Ky matrix, which contains only one angle and one
phase. In general, the mixing matrix K is a 3 x 3 unitary
matrix, with more number of parameters. We consider a
special scenario where the K, matrix is identical to the
|

PMNS mixing matrix in the light neutrino sector. The
additional CP phases can give sizable contributions to both
the LNV and LNC meson decays; in particular, they can
give a different result in the LNC eu mode as compared to
the previous scenario where we considered a simple form
for K. We consider the following parametrization of Kp:

—i5 —i5
C12€13 —C23812 — € (125138523 —e77C1203813 + S12523
Kp=|e™cpsy, e ™eppen — e_i(a‘+5)512813523 —e_i(a]+6)023512313 — e Meysy; |, (52)
e—ia2s13 e—i(a2+5)cl3s23 €_i(02+5)013623

where s1,, §13, $23 refer to siné,, sin 0,3, sin 6,3, respec-
tively, and (a;, @) € (0,7), 6 € (0, 2x). Considering such
a 3 x 3 matrix, the number of parameters increases and the
result is much more complicated as compared to the former
scenario.

Note that from Eq. (52), one would obtain Eq. (32) by
considering 03, 8,3 = 0, @; = 6, and @, = 0. In Fig. 11 we
show the variation of the LNV branching ratio K+ —
uTutn~ with the variation of the Dirac CP phase 5. We
have checked that the RH neutrino contribution in the LNC
branching ratio K™ — utu~z™" is independent of the Dirac
phase 8, and hence we do not show it explicitly. We consider
best-fit values of the mixing angles 6,, 63, 6,3 for an
inverted mass hierarchy [57], and vary the Majorana phases
a; in between 0 and z. As an illustrative example, we
consider the mass splitting 6M = 0 and M, = 0.38 GeV.
We also show the regions of § disallowed by the T2K
neutrino oscillation experiment for an inverted mass hier-
archy. The red region represents the LNV branching ratio,

I
which clearly shows a nontrivial variation with respect to a;
and 6. This is true that LNC mode should be independent of
any Majorana phase.* We further find that the decay mode
K* — eTeTn~ depends only on the Majorana phase a;, and
not on the Dirac phase §. The LNC mode with the same
lepton flavor is also independent of the Dirac CP phase,
which happens due to the chosen form of K in Eq. (52).
This can be verified by substituting the explicit form of the
K matrix [Eq. (52)] into Eq. (45). In the right panel of
Fig. 11 we show the variation of the LNV branching ratio
K™ — etetn™ with respect to the Majorana phase «; for
different ‘% ratios. The RH neutrino contribution in the LNC

*Note that although the LNC decay modes do not depend on
the Majorana phases, they can in principle depend on the Dirac
phase 6. We have verified that with our chosen K matrix there is
no dependency of K* — u*u~z" on the Dirac CP phase, for
oM = 0.
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FIG. 12. Left: variation of the branching ratio of the K™ — eTu*z~ and K™ — eTu~n" decay modes with the variation of the
Majorana phase a; and for different Dirac phases 6 = 7 (solid red), 5 (blue dash-double-dotted), and %” (green dash-dotted). Right: the

ratio of the LNV and LNC branching ratios in the ey mode.

branching ratio K™ — ete™z" is independent of the
Majorana phase, and hence we do not show it explicitly.

Finally, we elaborate on the LNC eu channel, which we
found to be vanishing for a simple form of K [shown in
Eq. (32)] and for degenerate RH neutrino masses. With the
approximation M = 0 and 'y, =Ty, =Ty, Eq. (47) can
be simplified and the LNC decay rate I';NC is proportional
to the following expression:

Lo = 1K) PI(KR) 1ol + (K)o P1(KR) 2ol

+ 2Re[(KRg)1i (KR)12(KR)21 (Kg)3)- (53)

This means that for the preceding scenario, our choice of a
2 ® 2 subblock of the Kp matrix (32) as a unitary matrix
leads to f“eﬂ = 0. This occurs due to the unitary properties
of Kg. Hence, for this simplified scenario the ratio
LNV /TLUNC s ill defined. However, this changes if one
considers the full 3 ® 3 matrix, as in this case the 2 ® 2
subblock itself is not unitary. We find that for the 3 x 3 case
and using Eq. (52), for degenerate RH neutrinos,
[, = c};s3;53;. This certainly is nonzero for the best-fit
values of the PMNS mixing angles. We stress that in this
case it is possible to define the ratio I't)Y /TENC and the
ratio can be large as the best-fit value of 55 is small. In the
right panel of Fig. 12 we show the variation of the LNV and
LNC branching ratios K™ — eTutn~ and Kt - etp~n™
with respect to the Majorana phase «a; for different choices
of the Dirac CP phase d. In the right panel we also show the
ratio of the LNV and LNC modes. We see that the LNV
mode KT — e*utn~ depends on both the Majorana and
Dirac phases even for 6M = 0. For degenerate RH neu-
trinos, the LNC ey mode is independent of the Dirac phase
(left panel). Contrary to the results obtained in Sec. IV B,
the LNC eu mode in this scenario has a large branching
ratio ~107!", The ratio of the LNV and LNC modes in this
case is order of magnitude large (~40-60) compared to the

earlier scenario, due to the relative suppression of the LNC
rate for a small 6,5.

VI. CONCLUSION

The LRSM is one of the most appealing models that
accommodates the embedding of RH neutrinos in a natural
way. The model contains RH neutrinos, RH gauge bosons,
and other BSM states that can offer distinctive experimental
signatures. In this work, we explored the LNV and LNC
semileptonic meson decays, mediated by the RH neutrinos
and RH gauge bosons, and quantified the effect of interfer-
ence in these decays due to the presence of at least two
degenerate/quasidegenerate RH neutrino states. The RH
neutrinos with masses in the range of MeV- few GeV can
provide a resonance enhancement to these rates. We consid-
ered a few specific decay modes of the K™ and B™ mesons,
K*/B" - etetn and K" /Bt - etutn~, ety z", and
analyzed the effect of interference in detail. We considered
two RH neutrinos to be degenerate/nearly degenerate in mass
with their masses in the ranges My, ~ My, ~ 380 MeV and
My, ~My, ~2 GeV, relevant for the LNV and LNC K-
and B*-meson decays. In the case of a single generation
of RH neutrinos, the LNV and LNC decay contributions are
the same, leading to the ratio of these two to be unity. We
found that in the presence of interference between the two
RH neutrino contributions in the amplitude, the contributions
of the RH neutrinos in the LNV and LNC decay rates can
differ widely, which leads to the ratio to be different
than unity.

We first considered a simplistic scenario where two RH
neutrinos contribute to meson decay, with a simple RH
neutrino mixing matrix consisting of one angle 6 and one
phase ¢. We showed that the LNV branching ratio—in
particular, the interference term—depends on both the
angle and phase. The RH neutrino contribution to the
LNC mode only depends on the angle, however, and is
insensitive to the phase. A few comments are in order:
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(1) The channels Kt — etetn™ and Kt — eTutn™
offer a complimentary nature in their predicted
branching ratios. This holds true for other meson
decays as well.

(2) We found that, overall, the LNV branching ratios
K*/B* — etetn~ have a large variation with
respect to the variation in @ and ¢. The decay rates
are highly suppressed due to destructive interference
at ¢ ~ /2 and 6 ~ n/4. For both the processes, the
predicted branching ratios can reach maximum
O(10719), 0(107'2) range with a RH gauge boson
mass 22 TeV and 5 TeV, respectively.

(3) For the different lepton flavor in the final states,
K* — eTu 7" mode, the LNC branching ratio is
Br~ 10~!"" for nondegenerate RH neutrinos with

‘IZ—MN 10. The branching ratio for the LNV decay
N

mode K* — e*uTz~ can be as high as O(10719).

We also explored a scenario where the mixing matrix in
the RH neutrino sector has the same form as the PMNS
mixing matrix in the neutrino sector. We considered the
best-fit values of the neutrino mixing parameters and varied
the phases. We found that the Majorana and Dirac phases in
this case have a large impact on the branching ratio for the
LNV channel K™ — ytutn~, as well as KT — etutn.
The same LNV decay mode but with e*e™ in the final state
is independent of the Dirac phase, and depends only on the
Majorana phase. For the LNC modes there is no depend-
ency on the Majorana CP phase. Choosing degenerate RH
neutrino masses, we found that the e™y~ mode is also
|

independent of the Dirac CP phase. We further found that
in this case the branching ratio of K™ — e"u~z" can be
sizable, even for RH neutrinos with degenerate masses. The
ratio between LNV and LNC decays now takes values over
a wider range. Any future measurement of the ratio
different than unity will indicate possible interference
effects. Furthermore, observations of the LNV signature
K" — eTutz~ together with the LNC signature K+ —
etu~n~ will indicate a nontrivial form of the K matrix.
Hence, the LNV mode as well as the LNC mode with
different lepton flavors can serve as a smoking gun signal
for underlying new physics.
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APPENDIX A: DETAILS OF LNV AND LNC
CALCULATIONS

1. LNV

Amplitude from the N, contribution:

(k) pis Pro(ky)

Mo \4
LNV,a __ ~~2 y;CKMy/CKM w * «
M = 2GS fr, (G ) ()R, (A1)
Amplitude for the leptonic exchange diagram:
My, \4 i(ky) pisPro(ky)
LNV.a _ 5 ~2 yyCKMy/CKM W % * 2)PF37 RV
M = 2GS fr, (G ) (K)o i, g P (42)
Tr[(Ky — my) ks PP (K1 + my) s PR
M%NVJ 2= KM2 Ky )ai K )a‘ K )ai(K )a‘ ’ A3
’ j Na( R ( R j( R RJaj (q2_M12vu)2+1"]2vaMl2va ( )
Tr[(§1 — m) (s PP (Ko + my) s PR
MGV P = kM3, (KR)aj (KR ai (KR) aj (K R)ai : (A4)
J N\ R/ aj\™MR R)aj\"*R (‘Iz—MzzvaV*FzzvaMzzvu
where k = 4GL(VEEM)A(VEEM2 13, fin, (Z—Zi)g The interference terms are
(ME'NV'Q)TMBNV’b = kMy My, (Kr) 1i(Kr) aj(Kz)pi(KR)p;
Tr[(fo — my)fsPPL(§ + my) Pl Prl (AS)

(¢* - Mlz\la —ily My, )(q* - MIZV,, +ily,My,)’
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LNV, LNV.b s« *
(Mji a)TMji =KkMy My, (KR)aj(KR)ai(KR)hj(KR)hi

—my ) [ PP (f + my) pis Pg]

Tr(#)
(q* = M3, -
The traces are
Try = Tr[(fy — mo) s pPL(J1 + my) pYs Pg]
= 2k1k2k3k3pp - 4k1pk2pk3k3
— 4k1k3k2k3pp + Sk] .pkz.k:;k:;.p, (A7)
Triy = Tr[(fy — m) s pPL(Jo + my) pis Py
= 2k1k2k3k3pp - 4k1pk2pk3k3
- 4k1k3k2k3])[) + 8k1k3k2pk3p (Ag)

As the RH neutrinos are produced on shell and
'y, <My, , in our decay width calculation we can use
the narrow-width approximation,

1 T

N S(A—M2). (A9
(@ VB A T30, Ty iy, O ~Mi)- (A9)
|
0::\ 1 K @mrm
AariNV = (%) LK AT s
< 2 ) 2m (2n)5 24"

§ <22: rrma

a=1 a

+ zMyRe |:KR1iKR1jKy;€2iKy;€2j (

2

% 172 m2 M_2 (M
"m?’ m? M2

N

2. LNC

Following a similar procedure, the decay width for
opposite-sign leptons can be calculated as

M
MENCE — 2GR ySKMyCKMp, 6 (MZL> (KR)ai(Kk)aj
(ki) paksPro(ky)
7= My + T M,

M = k(K ) ai (KR)aj (K r)ai (K i)

o Tr[(§, - m2)k3dﬂPR<kl + ml)ﬂqk%PR]
( M2 )2+F2 M2

R

(A12)

(A13)

iFNaMNa)(qz - MIZV;, + iFNbMN[,) '

(A6)

I
Using the narrow-width approximation, the product of the
propagators in the interference term can be written as

1
[(¢* - Mzzvl)2 — iy, My,][(¢* - M12v2)2 + Ty, My,]
i(MY, — M5, )né(q* — M§,))
(M3, — MY,)* + T3, M3,
i(My, — M§,)nd(q* — M5, )
(M3, = M3,)? + 5, MY,
F1\/11V[N1ﬂ5(q2 - M12\/2>
2((M5, — M5,)? + T, M5, ]
FAIZIVIN/T&(Q2 - M12v1>
2((MY, - M3,)? + T3, M5, |

+ (A10)

Finally, we can write the decay width as

2 M3 m? 2
m; My, m
‘|2|KRaj|2T721/11/2<1,—2 =" )/11/2<1,—21 = )]
m- m MNH MNa

1—4ipt 1—4i21
- = )} |
Iy, (1 +4‘Wz) )

+
Ty, (1 +4%

(Al1)

where

T rLNC

Tr[(fa — ma)fad PPR(Ky + my) Pk Pr]
= 4ky.qky.qks.ksp.p — 8ki.qk,.ksks.qp.p
— 8ky.pky.qgky.kyp.q + 16k, .pky.k3ks.qp.q
+ 4ky.pky.pks.k3q.qg — 8k1.pky.k3ks.pq.q
+ 4k .kzsky.k3p.pg.q — 2k, . koks. k3 p.pq.q.
(A14)
We can write the LNC decay width as
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1 « =znn
LNC _ _~ ~d 0
2m (272445

2
) ; [FNaMN

a

m? MIZV m?  m2
(2 (L)

T
+ M7R6 [KfniKleKRzinezj(
N

2
x A1/2 lm_iz M_12V 1/2 ﬂ 3
‘m? m? "M3 M*

N My

1—411‘2M 1—41
I Ty )]T LNC
FN](1+4‘SM) )

). (A15)

APPENDIX B: R,, AND R,,

sin? 20 sin a; (sina; — 4x cos a; )

Ree =

= (1+4x?)(1 4+ 3cos46) + 6sin* 20(cos 2a + 4x sin 2a)

(1 + 4x?)(2cos* 0 + 2 sin* 0) + sin? 20(cos® a; + 2xsina;)’

(14 4x2)(5 = cos 40)

APPENDIX C: TOTAL DECAY WIDTH OF
HEAVY MAJORANA NEUTRINO N;

Here we present the analytic expression of the total
decay width of N; for our chosen mass range
0.14 GeV < My, <6 GeV. In addition to the SM gauge
bosons W; and Z, the gauge bosons Wy and Z’ will also
contribute in the decays of RH neutrinos via charged-
current and neutral-current interactions. The analytical
expressions for different two- and three-body partial
decay widths of the RH neutrinos N, are given as follows.

1. Two-body decays of N

2 3

I'(N; = ¢, P%) = l6n If2|qu |2(|Sij|2FP(xf,-vxP)

+ |KRij|2§?FP(xfi’xP)
+ 4Re[SinR’_J§2Xf XP/IZ(l xf s x%))
(1)

where ¢, = e,¢, = pu,¢3s =1,and P* = 77, K+, D", D}.

— 25sin®20(cos 2a + 4xsin2a)

2 3

Gy
F(Nj - I/ﬂi_V+) = 167 Ifz |qu| (|Stj|2FV(xf xV)

+ |K g, |?E1F v (x¢,, xv)
- 12Re[SinRij]§%xflx%//1%(l, X7, x7)),

(C2)
where ¢, =e, 6, =pu.t3=1, and V' =p" K*",
D, D+,
GAM3,
C(N; = v, PY) = ij%’Z‘UijlzwijP
x (K} + K?& — 2K pKp&)Fp(x,,. xp), (C3)

where v, are the flavor eigenstates v,, v,, v, and
PO =01 1.

L(N; = v, V) =

F
ZIUUI |57

x (KY + K& — 2Ky Ky ) Fy (x,,. xp). (C4)

where v, = v,,v,, v, and VO = p° @, ¢, J /y. In the above,

M M ;
=5k, b= s =
mp+, mv. The kinematical functions required for two-body
decay are given by

with m; = m,, mpo, myo,
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Fp(x,y) = ((1 +x*)(1 + x> — y?) — 4x?) ,1%( 1,x%,y?), The neutral-current couplings of vector mesons are given
232 24,2 4y 54 2 .2 by
Fy(x,y) = ((1=x7)" + (1 +x%)y” = 2y")22(1,x%, y7).
The neutral-current couplings of pseudoscalar mesons are 1 /1
given by K= 7 (— — sin? 9W>,
K ! sin” @
1 0= T = wr
N =m0, K’o——<——sm9) 3v2
2V2 mV2\2 11
1 1 K(p: <———|——Sll’1 9W>,
=== K%-—(——sm@) 43
2V6 V6 \2 2
1 1 1 ) K = (— — —sin® 9W>. (C5)
) = , — sin~ 6
To4v3 V3 ( )
1 1 1
K, =—- ! = |~ —=sin’é
Me 4’ e (4 2 )
|
2. Three-body decays of N
FMy,
C(N; = ¢7¢(ve,) = W (|Sij|ZZ|UkK|211(xfﬁxw,(’xf/{) + K, [?

 SOITuPEi e ) = 8RS v,*,ZUkKTkK) Ghieon, x)).(C6)
where ;,¢; = e, u, 7, €; £ ;.

b _OFMR, (s )
L(Nj v 67t) = Tfﬁl (|Sij\ Z|Uik| (11 (xy,  X¢, Xg,)
+2((g0)* + (9 (%, xe, x0) +2((90)7 = (94)*) o (s, Xr, Xeg,)
+2((g9) + () a1 (x,  xp, x,) +2((65) = (9D E (%, s Xp, X2,
—485((9v gy + ghg) (x,  xexe) + (9090 = G4 ) (%, Xr,s xz))]
+ |Vij|ZZ|Tik| EHL( xy/[v-xf,-’xf) 8Re| ST]V,*,ZUlszk &1 (xz,. x v, xz,)
%
+2Re[|Sij|ZZ|Uik|2H§%(gf_d‘f)ll(xu/[»xfpr) G(d5 + g0 (x,,  xp xz)
T
- (94— 9)h (X, . Xp,, Xp,) + (dh + gé)lz(xuf,,»xf,»xf,-)]

1
— 8RelS; VUZUszTk { Vv = 9& ! (xvf,’xfi’ X))+ 9 +95)&

2

1
X Iy(xp, Xz, %,) + (95 = ) I3(%,, X x7) + Z(g’g’} + gj:)l4(xf[,xf[,x,,fi)] ) (C7)
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where &; = e, u, ©

GAM
_ GrMy,
Iﬂ<]\,j _)Vf;l’ﬂkl’ﬂ—ki_) 8 |Sl]|2Z|UlK| ( )z)ll(xufi’xfk7xfk)

+((90)* = (9, xp x0,) + (09)? + (90)) S0 (%, Xp X2,

+((90) = (@& (x,  xe, xe,) = 28[(9097 + 949501 (%,  Xp, Xr,)

+ (9090 = 929 (%, xe xe, )]l (C8)
where ¢;,¢; = e, u, tand ¢; # ;.

GyMy,
D(N; = vy v0) = o 152> U2 (1 = sin?6,,83)2. (C9)
3

The kinematical functions required for three-body decay are given by

ney.a) = [ "D (s o)1 4 2 - )52 (L5, 2),
(x+y)?

(1-x)* d
Iz(x,y,z)—yz/ s(1+x — 5)22 (s, y2, 22) (1, 5, x2),
(v

y+z)2 S
(1-2)* ds
I3(x,y,2) Ixyz/ = 25(s, %%, y2) (1,5, 2%),
(cty)? S

D’ d
—Sllé(s X2,y (1,5, 22).
s

Iy(x,y,2) = z/
(x+y)?

The neutral-current couplings of leptons are given by
¢ L.
gV:—Z—f—sm 0, gy =
¢ LR ¢ 1 02
j‘,:—z—i—sm 0., gs :—Z—i——sm 0,.

The functions A(My) and B(My), relevant for the N — Iz decay mode, are given by

G2M Fp(x,,x;) +Fp(x,,x
AMy) = =12V 54{ p(xe: ) 5 (% ”)], (C10)
GaM3, Fp(xe,x;) — Fp(x,,x,)
B(M 2 g4 ez LAMUZA Cl1
) = T vz et . 1)
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