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We study the discovery prospect of different three body lepton number violating (LNV) meson decays
M−

1 → l−
1 l

−
2M

þ
2 in the framework of the right-handed (RH) neutrino extended Standard Model. We

consider a number of ongoing experiments, such as NA62 and LHCb at CERN, Belle II at SuperKEK, as
well as at the proposed future experiments, SHiP, MATHUSLA and FCC-ee. The RHMajorana neutrino N
mediating these meson decays provides a resonant enhancement of the rates, if the mass of N lies in the
range (100 MeV–6 GeV). We consider the effect of parent mesons velocity, as well as the effect of finite
detector size. Using the expected upper limits on the number of events for the LNV decay modes, M−

1 →
l−
1 l

−
2 π

þ (M1 ¼ B; Bc;D;Ds and K), we analyze the sensitivity reach of the mixing angles jVeN j2, jVμN j2,
jVτN j2, jVeNVμN j, jVeNVτN j and jVμNVτN j as a function of heavy neutrino mass MN . We show that
inclusion of parent meson velocity can account to a large difference for active-sterile mixing, especially for
D,Ds meson decay at SHiP andK meson decay at NA62. Taking into account the velocity of theDs meson,
the future beam dump experiment SHiP can probe jVeN j2 ∼ 10−9. For RH neutrino mass in between
2–5 GeV, MATHUSLA can provide the best sensitivity reach of active-sterile mixings.

DOI: 10.1103/PhysRevD.100.095022

I. INTRODUCTION

The discovery of neutrino oscillations [1] in a
series of oscillation experiments has confirmed that
neutrinos have nonzero masses and nonzero mixings.
The solar and atmospheric mass splittings are Oð10−5Þ
and Oð10−3Þ eV2, while the three mixings are θ12 ∼ 33°,
θ23 ∼ 45° and θ13 ∼ 9°. These observations indicate at least
two of the three Standard Model (SM) neutrinos have
nonzero masses. The absolute scale of the neutrino masses
is yet unknown. The sum of masses of three active
neutrinos is bounded from cosmological observation asP

i mνi < 0.23 eV [2]. One of the most natural Ansätze to
explain small neutrino masses is the seesaw mechanism,
where the dimension-5 operator [3] with lepton and Higgs

doublets generates Majorana mass of light neutrinos
through electroweak symmetry breaking. This operator
breaks global lepton number symmetry of the SM by
two units. The other possibility is to generate Dirac mass
terms for the SM neutrinos by including gauge singlet
right-handed (RH) neutrinos in the theory. However, to
explain eV mass of the neutrinos, this requires unnatural
fine-tuning of Yukawa coupling to a very small value
Yν ∼Oð10−11Þ. The seesaw mechanism on the other hand
is most appealing, as the tiny Majorana mass of the light
neutrinos is inversely proportional to the cutoff scale of the
theory. This large cutoff scale naturally explains eV mass of
neutrinos. Seesaw can be realized in different beyond
standard model extensions, such as type-I [4–7]/inverse
seesaw [8,9] with gauge singlet Majorana neutrinos, type-II
[10–13] seesaw with Higgs triplets, and type-III seesaw
[14–17] with fermionic triplet. For type-I/inverse seesaw,
RH neutrinos can have Majorana/quasi-Dirac masses,
which can vary in wide ranges, starting from grand unified
theory scale down to GeV. The low scale seesaw models
that inherit lighter RH neutrino states have higher discovery
prospect, as they can be tested in a wide range of
experiments.
Heavy SM gauge singlet RH neutrinos of mass GeV to

TeV can be searched at LHC, via dilepton [18–23], as well
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as trilepton final states [24–29]. The 13 TeV LHC trilepton
search has constrained the mixing of the RH neutrinos with
active neutrinos down to jVlN j2 < 10−5 [28], for the mass
of RH neutrinoMN in between 10 to 50 GeV. The displaced
vertex signature can also give a very tight constraint on
mixing angles jVlN j2 ∼ 10−9 for right-handed neutrinos at
the high luminosity LHC for mass range between 5 GeV <
MN < 30 GeV [30]. For other future colliders, such as
eþe−, FCC-hh, and discussions on a future e−p collider,
such as LHeC, see [31–38]. For the heavy RH neutrino of
mass MN ∼ TeV, the final decay products will be colli-
mated and will produce fat jets [23,34,36,39]. For the
discussion on sub-weak-scale RH neutrino state that can
produce lepton jet, see [40]. The other mass ranges of RH
neutrinos, such as MeV–GeV, are tightly constrained from
the lepton number violating neutrinoless double beta decay
(0νββ-decay) [41–45], while in the GeV–TeV range, the
lepton flavor violating process μ → eγ [46–48] can give
significant constraint. RH neutrinos have also been
searched for in the laboratory experiment through peak
searches in leptonic decays of pions and kaons [49,50].
Another interesting probe for Majorana neutrinos of

hundreds of MeV–few GeV masses and their mixings are
the lepton number violating (LNV) rare meson decay
processes, such as M−

1 → l−
1l

−
2 π

þ [50–66]. For the RH
neutrino search, this process has an advantage as compared
to the LNV 0νββ-decay due to the lesser uncertainties in the
meson decay constant. In the later process, the nuclear
matrix elements uncertainty can make a difference in the
prediction of active-sterile mixing. We consider a number
of three body ΔL ¼ 2 meson decays M−

1 → l−
1l

−
2 π

þ

(M1 ¼ B;Bc;D;Ds and K) and derive the sensitivity reach
of the active-sterile mixing parameter in a number of
ongoing and future experiments, such as NA62, LHCb
at CERN, Belle II, SHiP, MATHUSLA and FCC-ee. Note
that the light neutrino contribution to these meson decays is
extremely suppressed. However, for RH neutrinos in the
mass range of 0.140 GeV < MN < 6 GeV, the intermedi-
ate Majorana neutrinos can be produced on shell. This
results in resonant enhancement of these decay rates. In
addition, a large number of decaying mesons in these
experiments, in particular at SHiP, will facilitate to improve
the sensitivity reach significantly. In deriving these results,
we consider parent meson velocity that affects the proba-
bility of RHneutrino decay inside the detector.We show that
inclusion of parent meson velocity can give 1 or 2 orders of
magnitude shift Oð101–102Þ in the results obtained.
The paper is organized as follows. In Sec. II, we very

briefly review the basic features of the three RH neutrino
framework, following which in Sec. III we discuss in detail
the contributions of the RH neutrino in meson decays. In
Sec. IV, we then compute the total decay width of RH
neutrino N in the mass range 0.140 GeV ≤ MN ≤ 6 GeV.
In Sec. V, we study the effects of parent meson velocity in
the RH neutrino decay probability. In Secs. VI and VII, we

give the formalism to calculate the signal events and give
different inputs for various experiments which we consider.
In Sec. VIII, we derive the limits on the mixing angle
jVlN j2, l ¼ e; μ; τ and jVl1NVl2N j, l1;l2 ¼ e; μ; τ;l1 ≠
l2 that are expected from the upper limits on the number of
signal events of various LNV meson decays that may be
achievable in some of the ongoing and future experiments.
In Sec. IX, we present our combined limit from all the
considered meson decays and give the comparison with
other existing constraints on the mixing angles. Finally in
Sec. X, we provide our conclusions. In the Appendix, we
provide details of the RH neutrino decay width calculations.

II. THE MODEL

We extend the SM to include additional RH neutrinos N.
The heavy neutrinos can generate light neutrino masses
through seesaw. For simplicity, we consider only one RH
neutrino and carry out our analysis. The mixing of N with
the active neutrinos is given by the following expression:

νl ¼
X3
m¼1

Ulmνm þ VlNNc
m0 ; ð1Þ

where νm and Nm0 are the mass eigenstates. We denote the
mixing between the standard flavour neutrino νl
(l ¼ e; μ; τ) and the heavy mass eigenstate N by VlN.
Due to the mixing, the charged and neutral currents in the
lepton sector gets modified and can be written as

LCC
l ¼−

gffiffiffi
2

p Wþ
μ

�Xτ

l¼e

X3
m¼1

U�
lmν̄mγ

μPLl

þ
Xτ

l¼e

V�
lNN

c
m0γμPLl

�
þH:c:; ð2Þ

LNC
l ¼ −

g
2 cos θW

Zμ

�Xτ

l¼e

X3
m¼1

U�
lmν̄mγ

μPLνl

þ
Xτ

l¼e

V�
lNN

c
m0γμPLνl

�
þ H:c: ð3Þ

For the purpose of phenomenology, we consider the
mass and mixings of N as free parameters, constrained
only by experimental observations. Note that adding only
one RH neutrino is not enough to correctly reproduce the
neutrino oscillations parameters, namely two mass square
differences and the mixings. In our considered model,
we can add two more RH neutrinos to generate the
neutrino masses and consider two of them to be heavy
enough such that only one RH neutrino lies in the mass
range 0.140 GeV ≤ MN ≤ 6 GeV.

III. PROCESS

The RH neutrino N, if a Majorana state can mediate the
LNV process M−

1 → l−
1l

−
2M

þ
2 . The Feynman diagrams for
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these decays are shown in Figs. 1 and 2. The diagram in
Fig. 2 will give a very small contribution, as this is not a
resonance production diagram. Note that the diagrams with
light neutrino exchange are also present but the contribu-
tions will be negligibly small as they will not be resonantly
enhanced. The decay amplitude for the processesM−

1 ðpÞ →
l−
1 ðk1Þl−

2 ðk2ÞMþ
2 ðk3Þ depicted in Fig. 1 can be expressed as

M¼G2
FV

CKM
M1

VCKM
M2

fM1
fM2

ðVl1NVl2NÞ

×
MN

ðp−k1Þ2−M2
Nþ iMNΓN

ūðk1Þ=p=k3ð1þ γ5Þvðk2Þ;

ð4Þ

where M1 and M2 are both pseudoscalar mesons.
ThoughM2 can also be a vector meson, we have considered
only the case of pseudoscalar meson. In Eq. (4), GF is the
Fermi coupling constant, VljN are the mixing angles
between the neutrino of flavor state νlj and mass eigenstate

N. VCKM
M1

ðVCKM
M2

Þ are the Cabbibo-Kobayashi-Maskawa
(CKM) matrix elements at the annihilation (creation)
vertex of the meson M1 (M2). fM1

and fM2
are the decay

constants of M1 and M2, respectively. We use the values
fD ¼ 0.204 GeV, fDs

¼ 0.258 GeV, fK ¼ 0.156 GeV,
fB ¼ 0.188 GeV and fBc

¼ 0.436 GeV [67]. MN and ΓN

are the mass and decay width of the heavy neutrino N.
Finally, the total decay rate is given by

ΓðM1 → l1l2πÞ ¼
1

n!

X
jMj2d3ðPSÞ: ð5Þ

In Eq. (5), n ¼ 2 for identical final leptons, otherwise n ¼ 1
and d3ðPSÞ is the three body phase space.

IV. TOTAL DECAY WIDTH OF N

Although theRHneutrinoN is a SMsinglet, due tomixing
with active neutrinos it can decay via charged and neutral
current interactions. For the mass range 0.140 GeV ≤
MN ≤ 6 GeV, the RH neutrino can be produced as an
intermediate on mass shell state in the LNV meson decays
being considered here. We consider only tree level diagrams
in the calculation of RH neutrino total decay width. In the
relevantmass range0.140 GeV ≤ MN ≤ 6 GeV, the follow-
ing channels contribute to the total decay width of heavy
neutrino:

(i) N → l−Pþ, where l ¼ e, μ, τ, and Pþ ¼
πþ; Kþ; Dþ; Dþ

s ; Bþ (for l ¼ e; μ).
(ii) N → νlP0, where νl are the flavor eigenstates νe,

νμ, ντ and P0 ¼ π0; η; η0; ηc.
(iii) N → l−Vþ, where l ¼ e, μ, τ, and Vþ ¼

ρþ; K�þ; D�þ; D�þ
s ; B�þ (for l ¼ e, μ).

(iv) N→νlV0, where νl¼νe;νμ;ντ and V0¼ρ0;ω;ϕ;
J=ψ .

(v) N → l−
1 l

þ
2 νl2 , where l1, l2 ¼ e, μ, τ, l1 ≠ l2.

(vi) N → νl1l
−
2l

þ
2 , where l1, l2 ¼ e, μ, τ.

(vii) N → νl1νν̄, where νl1 ¼ νe; νμ; ντ.
Hence, the total decay width is given by

ΓN ¼
X
l;Pþ

2ΓlPþ þ
X
l;P0

ΓνlP0 þ
X
l;Vþ

2ΓlVþ þ
X
l;V0

ΓνlV0

þ
X

l1;l2ðl1≠l2Þ
2Γl1l2νl2 þ

X
l1;l2

Γνl1l2l2 þ
X
νl1

Γνl1νν̄: ð6Þ

As the RH neutrino is Majorana, the charge conjugate
processes are also allowed and the decay rate is the same,
hence the 2 factor is included for some of the channels. We
can parametrize the above decay width as follows:

ΓN ¼ aeðMNÞjVeN j2 þ aμðMNÞjVμN j2 þ aτðMNÞjVτN j2;
ð7Þ

FIG. 1. The Feynman diagrams for the lepton number violating meson decays. These processes can produce resonance enhancement.
See the text for details.

FIG. 2. The t-channel diagram for the lepton number violating
meson decay. See the text for details.
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where, ae, aμ and aτ are functions of the Majorana neutrino
mass and hencewill differ frommode to mode. We show the
total decay width of heavy neutrino N in the left panel of
Fig. 3, for the choice of mixing jVeNj2 ¼ jVμN j2 ¼
jVτN j2 ¼ 1. Even with mixing angle equal to 1, the decay
width lies in the range 10−16 GeV ≤ ΓN ≤ 10−7 GeV for the
MN mass range,0.140 GeV ≤ MN ≤ 6 GeV.Hence,we can
safely use the narrow-width approximation, 1

ðp2
N−M

2
NÞ2þM2

NΓ
2
N
≈

π
MNΓN

δðp2
N−M2

NÞ and ΓðM1 → l1l2M2Þ can be approxi-
mated as ΓðM1 → l1NÞBrðN → l2M2Þ. We also show in
the right panel of Fig. 3 the different coefficientsae,aμ andaτ
as a function of RH neutrino massMN . For the RH neutrino
mass MN up to 0.25 GeV, aμ ≈ aτ and for mass
MN > 0.4 GeV, ae ≈ aμ.

V. PARENT MESON VELOCITY AND FINITE
DETECTOR SIZE EFFECT

For the mass range 0.140 GeV ≤ MN ≤ 6 GeV, the RH
neutrinos produced in these LNV meson decays are on
shell. The RH neutrino produced in meson decays
M1 → l1N, propagates and decays after traveling some
distance from the production point. This is the decay length
LN of the RH neutrino N and it depends on the total decay
width of N. If LN is greater than the actual size of the
detector, then N will decay outside the detector and the
signatureM1 → l1l2π cannot be observed. For a particular
experiment the detector size is finite. Hence, when calcu-
lating the signal events, we need to take into account this
finite size detector effect by the probability factor PN of N
to decay within the detector. In general, this probability
factor can be written as

PN ¼ 1 − exp

�
−LDΓN

MN

pN

�
¼ 1 − exp

�
−
LD

LN

�
; ð8Þ

where LN ¼ pN
MNΓN

, LD is the detector length, pN is the three

momentum of N. Defining x ¼ LD
LN
, it is obvious that for a

very large detector length LD and small decay length LN ,

PN ¼ 1 − expð−xÞ ≈ 1. Note that the probability factor
depends on three momentum pN , which in turn depends on
the velocity of decaying meson M1. Hence to incorporate
the probability factor correctly, we need to use the correct
velocity of the parent mesonM1 in each of the experiments.
If the parent mesonM1 decays at rest, three momentum pN

is fixed and is given by p�
N ¼ mM1

2
λ
1
2ð1; m2

l
m2

M1

; M2
N

m2
M1

Þ. For the
case of parent meson M1 produced with fixed boost β⃗, the
energy of N is then given by

EN ¼ E�
N

�
γ þ p�

N

E�
N

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2 − 1

q
cos θ�N

�
;

where E�
N is the energy of N in the rest frame of M1 which

is given as E�
N ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p�2
N þM2

N

p
: γ ¼ EM1

mM1

and θ�N is the

emission angle of particle N in the rest frame of M1,
which is measured from the boost direction β⃗. The energy
EN of the N in the boosted M1 frame lies within the range

EN ∈ ½E−
N; E

þ
N � ¼

��
γE�

N − p�
N

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2 − 1

q �
;

�
γE�

N þ p�
N

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2 − 1

q ��
: ð9Þ

Similarly we can derive the range of pN ∈ ½p−
N; p

þ
N � from

Eq. (9) using the relationp�
N ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
N −M2

N

p
. In this section,

we show how x, LN depends on parent meson velocity and
compare to the case of parent meson decay at rest. For the
case of meson decay at rest, pN ¼ p�

N and for meson decay

with nonzero momentum pM1
, we take pN ¼ p−

Nþpþ
N

2
to

compare. With the assumption of jVeNj2 ¼ jVμN j2 ¼
jVτN j2, we can write the decay length LN and x as

LN ¼ pN

MNΓN
¼ pN

MN jVlN j2ðaeðMNÞ þ aμðMNÞ þ aτðMNÞÞ
ð10Þ

FIG. 3. Left panel: The total decay width of heavy neutrino N with the assumption, jVeN j2 ¼ jVμN j2 ¼ jVτN j2 ¼ 1. Right panel: ae, aμ
and aτ as function of mass MN .
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FIG. 4. Dependence of the decay length LN on parent meson velocity as a function of RH neutrino mass MN . The upper panel is for
Bmeson decay at Belle-II (left) and SHiP (right). The left figure of the lower panel is forDs meson decay at SHiP and the right figure of
the lower panel is for K meson decay at NA62.

FIG. 5. Dependence of parameter x ¼ LD
LN

on parent meson velocity as a function of RH neutrino mass MN . The upper panel is
for Bmeson decay at Belle-II (left) and SHiP (right). The left figure of the lower panel is forDs meson decay at SHiP and the right figure
of the lower panel is for K meson decay at NA62.
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x ¼ LD

LN
¼ LD

pN
MN jVlN j2ðaeðMNÞ þ aμðMNÞ þ aτðMNÞÞ:

ð11Þ

In Figs. 4 and 5, we have shown the variations of LN ×
jVlN j2 and x

jVlN j2 as a function of RH neutrino massMN inB,

Ds and K meson decays. To do the comparison with the
meson decay at rest (pM1

¼ 0), we take pB ¼ 45 GeV
(FCC-ee) [68], 58 GeV (SHiP) [69]; pDs

¼ 58 GeV
(SHiP) and pK ¼ 75 GeV (NA62) [70]. From these two
figures it is clear that decay length increases (hence x
decreases) for fixed mixing angle in the case of meson
decays in flight compared tomeson decay at rest. Hence, the
probability of RH neutrinoPN to decay inside the detector is
smaller in the case of meson decay in flight compared to
meson decay at rest. As a result, compare to meson decay at
rest, in the case ofmeson decay in flight we get a rather loose
bound on mixing angle from the expected signal events.

VI. SIGNAL EVENTS

The sensitivity reach for the LNV decay modes in a
particular experiment depends on the number of the parent
mesons M1’s produced (NM−

1
), their momentum (p⃗M1

) and
the branching ratio for these mesons to the LNV modes.
Assuming the parent mesonM1 decays at rest, the expected
number of signal events is [71]:

Nevent ¼ 2NM−
1
BrðM−

1 → l−
1 l

−
2M

þ
2 ÞPN;

≈ 2NM−
1
BrðM−

1 → l−
1NÞΓðN → l−

2M
þ
2 Þ

ΓN
PN; ð12Þ

the factor 2 is due to inclusion of the charge conjugate
process Mþ

1 → lþ
1 N and PN is the detector probability

which is given by

PN ¼
�
1 − exp

�
−
MNΓNLD

p�
N

��
:

For the case of meson decay in flight the RH neutrino
energy EN lies in range according to Eq. (9) and follows a
flat distribution as

fðENÞ ¼
1

Eþ
N − E−

N
¼ 1

2p�
N

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2 − 1

p :

Hence to calculate the total number of events for M−
1 →

l−
1l

−
2M

þ
2 in the lab frame we need to integrate within the

range of EN as

Nevent ≈ 2NM−
1

Z
Eþ
N

E−
N

dENBrðM−
1 → l−

1NÞ mM1

2p�
N jp⃗M1

j

×
ΓðN → l−

2M
þ
2 Þ

ΓN
P0

N; ð13Þ

where P0
N ¼ ½1 − expð− MNΓNLDffiffiffiffiffiffiffiffiffiffiffiffi

E2
N−M

2
N

p Þ� is the detector proba-

bility after taking into account the parentmesonM1 velocity.
Since the LNV meson decay rates will be extremely

small, the expected number of signal events for these
processes can be assumed to follow a Poisson distribution.
Following Ref. [72] and assuming zero background events,
we derive the average upper limit on the number of events
at 95% C.L., assuming the number of signal events to
be Nevent ¼ 3.09.
Note that the number of events given in Eq. (12) or (13)

are functions of the mass parameters MN and mixing
VlN . Equating the numerical upper limit on the number
of events to the theoretical expressions, we get constraints
on mixing angle VlN , corresponding to specificMN values
for particular experiments. We have assumed jVeN j2 ¼
jVμN j2 ¼ jVτN j2 in ΓN when deriving these bounds using
Eqs. (12) and (13).

VII. INPUT FOR DIFFERENT EXPERIMENTS

A. LHCb

The LHCb detector is a forward spectrometer at the
Large Hadron Collider (LHC) at CERN. A search for heavy
Majorana neutrinos in B → μμπ decay mode had been
performed by the LHCb collaboration using 7 TeV data
[73] and bound on the mixing angle jVμN j2 is provided in
the mass range 0.25 GeV ≤ MN ≤ 5 GeV.1 The cross
section for producing B, D and Ds mesons at

ffiffiffi
s

p ¼
13 TeV within the LHCb acceptance (2 < η < 5) is 86.6,
834 and 353 μb, respectively [75,76]. Hence, in LHCb
upgrade with 300 fb−1 luminosity, the expected number of
B, D and Ds mesons is NBþ ¼ 2.6 × 1013, NDþ ¼ 2.5 ×
1014 and NDþ

s
¼ 1.05 × 1014. LHCb will also produce a

large number of Bc mesons. A crude estimate [77] using the
measured [78] ratio of production cross section times
branching fractions between the Bc → J=ψπþ and Bþ →
J=ψKþ decays at

ffiffiffi
s

p ¼ 8 TeV indicatesOð1011ÞBc events
with 300 fb−1 luminosity at 14 TeV. Though the number of
Bc mesons at LHCb are smaller than the number of B
mesons, this mode being less suppressed with respect to
Bþ → lþ

1 l
þ
2 π

− gives tighter constraints on the mixing
angles. The produced mesons will decay in flight, carrying
a momentum of the order of 100 GeV in the forward
direction [79]. We take the detector length LD ≈ 20 m.

1This bound has been recently revised in Ref. [74] by taking
into account the correct lifetime calculation of N.
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B. NA62

NA62 is an ongoing experiment at CERN that will
produce a large number of Kþ mesons [70]. The primary
SPS 400 GeV proton beam aims on a target and produces a
secondary high intensity hadron beam with an optimum
content of Kþð≈6%Þ. The expected number of Kþ decays
in the fiducial volume is 4.5 × 1012 per year. Assuming
three years of running, NKþ ¼ 1.35 × 1013. The detector
length LD ≈ 65 m and the produced Kþ mesons will decay
in flight, carrying a momentum of 75 GeV.

C. SHiP

The SHiP experiment is a newly proposed general
purpose fixed target facility at the CERN SPS accelerator
[80]. A 400 GeV proton beam will be dumped on a heavy
target for the duration of five years. One of the primary
goals of the experiment is to use decays of charmed mesons
to search for heavy sterile neutrinos using the decay mode
Dþ

s =Dþ → lþlþπ−. One can easily estimate the number
of charmed meson pairs that are expected to be produced in
this experiment as [81]

Nmeson ¼ Xcc̄ × NPOT ×R;

where Xcc̄ is the cc̄ production rate, NPOT ¼ 2 × 1020 is the
number of proton-target interaction. The relative abundan-
ces R of charmed mesons, such as D and Ds, are 30% and
8%, respectively. Hence, the expected number of D and Ds

mesons are NDþ ¼ 1.02 × 1017 and NDþ
s
¼ 2.72 × 1016,

respectively. This very high intensity of the charmed
mesons will permit to set tight constraints on mixing angle
at SHiP. There will also be a large number of B and Bc
meson productions at SHiP. Following [82], we can
estimate the number of B and Bc meson as NBþ ¼ 1013

and NBc
¼ 1011, respectively. The detector length is taken

to be LD ¼ 60 m. For the 400 GeV CERN Neutrinos to
Gran Sasso proton beam on target, the expected momentum
of the produced mesons is ∼58 GeV [69].

D. MATHUSLA

MATHUSLA [83] is a newly proposed detector near
ATLAS or CMS. Its main goal is to search for neutral long-
lived particles produced in HL-LHC collisions by recon-
structing displaced vertices. The detector is designed to
have an area of 200 m × 200 m and a height of 20 m for the
decay volume, which is displaced from ATLAS or CMS by
100 m both horizontally and vertically. RH neutrino search
is one of the primary goal of MATHUSLA and is most
sensitive to the parameter space which yields a decay length
∼200 m. RH neutrinos which are coming from the meson
decays or W and Z boson decays has very large decay
length and this has been already studied in [83]. For the
meson decay case, they have considered the decay modes
B → DlN, B → lN andD → KlN and after including the

probability of RH neutrinos to decay visibly within the
MATHUSLA detector, they derived the constraints on
mixing angles. In this study, we have considered the meson
decays B → l1l2π and D → l1l2π for MATHUSLA. For
the number of B and D meson productions we followed
Ref. [84]. The result of their detailed simulation suggests
that numbers of B and D meson production within the
geometric acceptance of the MATHUSLA detector are
5.7 × 1014 and 5.4 × 1013, respectively. Their simulation
also gives the average γ factor of the B and D mesons as
hγBi ¼ 2.3 and hγDi ¼ 2.6 from which we can derive the
average momentum of the mesons. The detector length is
taken to be 38 m.

E. Belle II

The asymmetric SuperKEKB facility is designed to
collide electron and positron beams such that the center
of mass energy is in the region of the ϒ resonances. An
upgrade of Belle, the newly completed Belle II detector is
expected to collect data samples corresponding to an
integrated luminosity of 50 ab−1 by the end of 2024 [85].
The expected number of charged BB̄ pairs to be produced is
5.5 × 1010 [86,87]. In addition, a large sample of charged
D;Ds mesons will also be accessible, with NDþ ¼ 3.4 ×
1010 and NDþ

s
¼ 1010 [87]. A direct search for heavy

Majorana neutrinos in B-meson decays was performed by
the Belle collaboration using a data sample that contained
772 × 106 BB̄ pairs (at 711 fb−1) [88]. At KEKB as well as
SuperKEKB, the energies of the eþ, e− beams are suffi-
ciently low so that themomentum of the producedBmesons
as well as that for the charmed mesons will not be
appreciable and the suppression from high momentum of
the decaying mesons in the number of events will be absent.

F. FCC-ee

The Future Circular Collider (FCC-ee) [68] will collect
multi-ab−1 integrated luminosities for eþe− collisions
at c.m. energy

ffiffiffi
s

p
≈ 91 GeV. The expected number of

Z-bosons is 1012–1013. The number of charged B mesons
from Z decays can be estimated as

NBþ ¼ NZ × BrðZ → bb̄Þ × fu;

where NZ ∼ 1013, BrðZ → bb̄Þ ¼ 0.1512 [89], fu ¼ 0.410
[90] is the fraction of Bþ from b̄ quark in Z decay. The B
mesons produced at FCC-ee will have an energy distribu-
tion peaked at EBþ ¼ MZ

2
. Hence we can calculate the

number of signal events using Eq. (13), where the detector
length is taken to be LD ¼ 2 m.

VIII. RESULTS

In Fig. 6, we show how the velocity of the parent
mesons affects the sensitivity reach of the mixing angles.
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We consider a number of ongoing and future experi-
ments, such as FCC-ee, SHiP to explore B → eeπ, SHiP
for Ds → eeπ, NA62 for K → eeπ, and LHCb, SHiP for
Bc → ττπ meson decays. To derive the bounds/sensitivity
on the mixing angle as a function of RH neutrino mass
MN , we use Eqs. (12) and (13), for meson decay at rest
and in flight, respectively. For all of the above decays,
the obtained bounds/future sensitivity on the mixing
angles are rather loose in the case of meson decays in
flight compared to meson decays at rest. As an example,
for the case of B (FCC-ee, SHiP) and Ds (SHiP) meson
decays, there is approximately 1 order of magnitude
difference between the two results. The result for K
meson decay at NA62 differs by 2 orders of magnitude.
Hence, the inclusion of parent meson velocity is indeed

very important when calculating the bounds on the
mixing angles.
In Figs. 7–10, we show the final bounds and future

sensitivity on various mixing angles such as jVlN j2, l ¼ e,
μ, τ and jVl1NVl2N j, l1, l2 ¼ e, μ, τ, l1 ≠ l2 as a function
of RH neutrino mass MN . When calculating the limits on
these mixing angles, we are using Eq. (12) for Belle-II and
Eq. (13) for the other experiments. The latter properly takes
into account parent meson velocity effect in the RH
neutrino decay probability inside the detector. Due to the
huge number of charmed meson productions, the future
experiment SHiP will be able to probe jVeNj2, jVμN j2 ∼
Oð10−9Þ and jVeNVμN j ∼Oð10−9Þ in the mass range
0.14 GeV < MN < 1.9 GeV. Figure 6 shows that without

FIG. 6. Future sensitivity reach and present limits on the mixing angles as a function of RH neutrino massMN . The black and red lines
stand for meson decay at rest and meson decay with finite momentum, respectively. The upper panel corresponds to the B meson decay
at FCC-ee (left) and SHiP (right). The left figure of the middle panel is for Ds meson decay at SHiP and the right figure of the middle
panel is for K meson decay at NA62. The lower panel represents Bc meson decay at LHCb (left) and SHiP (right).
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considering the K meson velocity, tightest bounds on
mixing angles jVeN j2 (0.14 GeV < MN < 0.49 GeV),
jVμN j2 (0.24 GeV < MN < 0.38 GeV) and jVeNVμN j
(0.14 GeV < MN < 0.49 GeV) are obtained from the
meson decays K → eeπ, K → μμπ and K → eμπ,
respectively. Taking into account parent meson velocity,
the tightest bound in the above mass ranges can instead
be obtained from the Ds meson decays at SHiP. For
relatively higher mass range 2 GeV < MN < 5 GeV, the
tightest bound on mixing angles jVeNj2, jVμN j2 ∼
Oð10−7Þ and jVeNVμN j ∼Oð10−7Þ can be obtained from
B meson decays at MATHUSLA. Finally for the mass
range 5 GeV < MN < 6 GeV, the tightest limit on

mixing angles jVeN j2, jVμN j2 ∼Oð10−7Þ and jVeNVμN j ∼
Oð10−7Þ will be provided by the Bc meson decay
at LHCb.
Furthermore, the large mass gap between BðBcÞ and π

meson allows one or both final leptons to be tau. Hence,
we have included in our study additional final states like
B, Bc → eτπ, μτπ and ττπ. The highest sensitivity reach
on jVeNVτN j ∼Oð10−7Þ and jVμNVτN j ∼Oð10−7Þ can be
provided from the B → eðμÞτπ (0.2 GeV < MN <
5 GeV) at MATHUSLA and Bc→eðμÞτπ (5GeV<MN<
6GeV) at LHCb, respectively. Additionally, the tightest
bound on jVτN j2 ∼Oð2 × 10−7Þ can also be provided
by B → ττπ decay mode (2 GeV < MN < 3.4 GeV)

FIG. 7. Variation of the future sensitivity reach and present limits on the mixing angle jVeN j2 with respect to the massMN . We consider
meson decay channelM1 → eeπ. The left figure in the upper panel is for K meson decay at NA62. The right figure in the upper panel is
for B meson decay at SHiP (black), MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The left figure in the
middle panel is for Bc meson decay at SHiP (black) and LHCb (red). The right figure of the middle panel is for D meson decay at SHiP
(black), MATHUSLA (magenta), LHCb (red) and Belle-II (green). The last figure is for Ds meson decay at SHiP (black), LHCb (red)
and Belle-II (green).
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at MATHUSLA and Bc → ττπ decay mode
(3.4 GeV < MN < 4.5 GeV) at LHCb, respectively.
Note that B, Bc → ττπ meson decays constrain the
mixing angle jVτN j2 in the mass range, where it has
so far been unconstrained by any of the τ or other
meson decays. In spite of the larger number of D
production, compared to Ds meson at SHiP, the sup-
pression from the weak annihilation vertex in the case of
Ds meson Vcs is less compared to D meson Vcd. As a
result of this, tightest limits on the mixing angles will be
provided by the Ds meson decays in the relatively lower
mass range.
Note that, if both of the like sign dileptons are not of

the same flavor (l1 ≠ l2), then the process is not only
lepton number violating, but also lepton flavor violating.
Further, if the distance between N production and decay
points is large enough, then the two processes, M1 →
l1N followed by N → l2π, will be separated. Assuming

this separation, the two processes M1 → l1l2π and
M1 → l2l1π can be distinguished. While deriving the
bounds on the mixing angles for the case of l1 ≠ l2, we
are assuming this separation in our study. This is justified
as the decay width ΓN is very small (hence the lifetime is
very large) in the mass range of interest. The allowed
mass range of N for the decay modes M1 → l1l2π and
M1 → l2l1π are ml2 þmπ < MN < mM1

−ml1 and
ml1 þmπ < MN < mM1

−ml2 , respectively. We consider
both of the channels M1 → l1l2π and M1 → l2l1π to
derive the bound on the mixing angle jVl1NVl2N j.
One important point to note is that we have considered

an idealized detector with 100% detection, reconstruction
efficiencies etc. to derive the constraints on the mixing
angles. The realistic constraints are expected to be weaker
and will only be feasible through searches by the exper-
imental collaborations, incorporating the detection,
reconstruction efficiencies in the actual experiment.

FIG. 8. Same as Fig. 7 except now the limits are on the mixing angle jVμN j2 from the meson decays M1 → μμπ.
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IX. COMBINED SENSITIVITY REACH FROM
MESON DECAYS AND COMPARISON WITH

EXISTING CONSTRAINTS

In this section, we discuss the future sensitivity
reach from LNV three body meson decays. The combined
limits represent the strongest limits obtained in different
mass ranges of N. In Fig. 11, we show the combined
sensitivity reach for jVeNj2 by the dark blue solid line.
This corresponds to the tightest constraints that can be
obtained from Ds → eeπ mode (by SHiP) in the lower
mass range 0.14 GeV < MN < 2 GeV, and from B → eeπ
(by MATHUSLA), Bc → eeπ (by LHCb) in the higher
mass range 2 GeV < MN < 6 GeV. Note that, for the
lower mass range, SHiP can probe jVeN j2 ∼ 10−9, while
for higher mass range, MATHUSLA and LHCb can
probe jVeN j2 ∼ 10−7. In particular, the very near future

accumulation of data (L ¼ 300 fb−1) in LHCb can
probe jVeNj2 ∼ 10−7, around MN ∼ 5 GeV. The sensitivity
reach of jVμN j2, as shown in Fig. 12, is very similar.
The combined limit represents the constraint from
Ds → μμπ, B → μμπ and Bc → μμπ decay modes that
can again be probed in SHiP, MATHUSLA and LHCb.
For jVτN j2, the best sensitivity reach jVτN j2 ∼ 10−7 can be
provided by MATHUSLA in B → ττπ mode, while SHiP
and LHCb can give similar sensitivity reach with the mode
Bc → ττπ. The combined sensitivity reach has been shown
in Fig. 13.
The future sensitivity of jVeNVμN j, jVμNVτN j and

jVeNVτN j are shown in Figs. 14, 15 and 16, respectively.
For jVeNVμN j mode, the lower mass range up to MN ∼
2 GeV can be probed by the channel Ds → eμπ (by SHiP)
where sensitivity down to jVeNVμN j ∼ 10−9 can be

FIG. 9. Same as Fig. 7. The plots in different panels show the sensitivity reach of the mixing angle jVeNVμN j from the meson decays
M1 → eμπ.
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obtained. The RH neutrino of higher mass MN ∼ 5 GeV
and MN ∼ 6 GeV can be probed by B → eμπ mode (by
MATHUSLA) and Bc → eμπ mode (by LHCb), with
sensitivity reach jVeNVμN j ∼ 10−7. For jVeNVτN j and
jVμNVτN j mixings, the sensitivity for the active-sterile
mixing angles are similar, as depicted in Figs. 15 and
16. These can be probed in LHCb, MATHUSLA and
SHiP. We note that the future limits from LNV meson
decays will be most sensitive in between 0.5 GeV <
MN < 2 GeV for jVeNj2, jVμN j2, jVeNVμN j. For other
mixing angles that involve τ in the final state, the best
limit can be obtained in relatively higher mass range
MN ∼ 5 GeV. We stress that LHCb and future experiments

SHiP, MATHUSLA can probe mixing angle of the τ sector
in a region that is very loosely constrained.
A number of other constraints on the active-sterile

mixing have been obtained from peak searches, pion
decays, collider searches, etc. A variety of choices of the
heavy neutrino mass have been made in different articles
[29,31,33,38,91–105], which discussed the limits on
the heavy neutrino mass and mixing. We summarize the
existing limits from these articles. We only show the
constraints for the heavy neutrinos lighter than 10 GeV.
See Fig. 11 for the two electron, Fig. 12 for two muon, and
Fig. 13 for two tau final states, which constrain
jVeNj2; jVμN j2 and jVτN j2. These bounds in the mass vs

FIG. 10. Future sensitivity reach and present limits on the mixing angles jVeNVτN j, jVμNVτN j and jVτN j2 with respect to the massMN
from meson decays B; Bc → eτπ, B; Bc → μτπ and B;Bc → ττπ, respectively at various experiments. The upper panel is for B meson
decay at SHiP (black), MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The middle panel is for Bc meson
decay at SHiP (black) and LHCb (red). The left figure of the lower panel is for the bound on jVτN j2 from B → ττπ decay at SHiP (black),
MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The right figure of the lower panel is for the bound on jVτN j2
from Bc → ττπ decay at SHiP (black) and LHCb (red).
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mixing plane of Figs. 11 to 13 represent the theory
constraint from the seesaw (Seesaw) [106–108], big bang
nucleosynthesis (BBN) [69,109,110], experimental con-
straint from CHARM [111–113], and DELPHI [114]. We
also show the future sensitivity reach of FCC-ee [115,116]
and DUNE (LBNE) [117]. The PS191 [118] limits for the
electron and muon flavors are shown in Figs. 11 and 12,
respectively. The JNIR [119] limit is represented by the
black dashed line for the electron flavor in Fig. 11. The
regions excluded by the present constraints are shaded in
gray. The limits from GERDA [120] on the mass mixing
plane in search of Majorana neutrinos from the neutrinoless
double beta decay are represented by the dark cyan line in
Fig. 11. Majorana heavy neutrino searches from the meson
decay in E949 [121] and NuTeV [122] can produce strong
bounds on the heavy neutrino mass-mixing plane. Lepton-
jet theoretical searches [123] for the Majorana neutrinos
with muon flavor can also put strong bounds. These bounds
are shown in Fig. 12 for the muon flavors. For the tau
lepton, the bound in the corresponding mass region from

EWPD [124–126] has been shown in Fig. 13. The decay of
tau lepton into heavy Majorana neutrino and meson can
also put bounds on the mass-mixing plane and can have
prospective limits marked as B-factory [92,95].2 The
NA62 [128–130] projection lines from the electron, muon
and tau are shown in Figs. 11, 12, and 13, respectively.
Such an experiment can be performed in the kaon mode and
beam dump mode [131]. This search is sensitive to the
heavy neutrinos that are produced in weak decays

FIG. 11. Combined bounds (thick-blue solid) on mixing angle
jVeN j2 as a function of mass MN from all the meson decays. The
strongest lower limits from the Seesaw (green dashed) and BBN
(brown dashed) on jVeN j2 are shown in this plot. The strongest
upper bounds on jVeN j2 are obtained from PS191 (magenta
dashed), JNIR (black dashed), CHARM (red dashed), DELPHI
(orange dashed) and leptogenesis (black dotted) are shown in this
plot. The shaded region is ruled out by these results. The
projected upper limits from the NA62 (blue dashed), GERDA
(dark-cyan dashed), FCC-ee (magenta dashed) and DUNE (pink
dashed) on jVeN j2 are shown. Prospective bounds from the
FASER with detector radius R ¼ 20 cm is shown by FASER20
(green dotted) whereas the limits from the R ¼ 1 m are shown by
FASER1 (green-dot dashed). Prospective upper limits from the
MATHUSLA at the FCC-hh for the W=Z boson decays at the
FCC-hh for MATHUSLA standard benchmark surface version
are represented by M-WZ-FCC-hh(S) (magenta-dot dashed) and
forward version M-WZ-FCC-hh(F) (magenta dotted). Prospec-
tive limits for the heavy neutrinos produced from theW=Z decays
are represented by M-HL-LHC-WZ (magenta-dot dashed) and
B=Dmeson decays are represented by M-HL-LHC-BD (magenta
dotted) at the HL-LHC.

FIG. 12. Combined bounds (thick-blue solid) on mixing angle
jVμN j2 as a function of mass MN from all the meson decays.
Strongest lower limits from the seesaw (green dashed) and BBN
(brown dashed) and strongest upper limits from PS191 (yellow
dashed), E949 (magenta dashed), NuTeV (blue dashed),
CHARM (black dashed), Belle (red dashed) and DELPHI
(orange dashed) are shown in this plot. The shaded region is
ruled out by these results. The projected upper limits from the
NA62 (brown dotted), leptogenesis (black dotted), FCC-ee
(magenta dashed) and DUNE (cyan dashed) and FASER with
detector radius R ¼ 20 cm is shown by FASER20 (green-dot
dashed) whereas the limits from the R ¼ 1 m are shown by
FASER1 (green dotted). Prospective upper limits from the
MATHUSLA at the FCC-hh for the W=Z boson decays at the
FCC-hh for MATHUSLA standard benchmark surface version
are represented by M-WZ-FCC-hh(S) (magenta-dot dashed) and
forward version M-WZ-FCC-hh(F) (magenta dotted). Prospec-
tive limits for the heavy neutrinos produced from theW=Z decays
are represented by M-HL-LHC-WZ (magenta-dot dashed) and
B=Dmeson decays are represented by M-HL-LHC-BD (magenta
dotted) at the HL-LHC. Experimental bounds from the ATLAS
displaced vertex searches of the Majorana heavy neutrino for the
lepton number violating (LNV) channel are represented by
ATLAS-displaced (LNV) (light-blue dotted) and the limits
obtained from the lepton number conserving (LNC) channel
are represented by ATLAS-displaced (LNC) (sea-blue dotted).
Theoretical limits from lepton-jet search for 1 GeV ≤ MN ≤
10 GeV has been represented by lepton jet (13 TeV) (black
dashed). Corresponding limits for MN ≥ 5 GeV for the 13 TeV
LHC and 100 TeV are shown by LJ, 13 TeV (magenta-dot
dashed) and LJ, 100 TeV (magenta dotted) respectively.

2Recently, Ref [127] also put bound on jVτN j2 using large
samples of eþe− → τþτ− collected at B-factory experiments.
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[132,133] of mesons or tau leptons [69]. The upper limit on
the mass mixing plane from the leptogenesis [134] for the
minimal scenario with two right-handed neutrinos are
shown in Figs. 11 and 12, respectively for the electrons
and muons assuming the normal hierarchy of the light
neutrinomasses. The upper limit on the mixing angle jVμN j2
from Belle [88] are shown in Fig. 12. Projected sensitivities
(for the four events) of the MATHUSLA [83] detector in the
mass-mixing plane for the heavy neutrinos produced from
the W=Z decays at the FCC-hh for MATHUSLA standard
benchmark surface version (M-WZ-FCC-hh(S)) and for-
ward version (M-WZ-FCC-hh(F)) for the electron, muon
and tau are shown in Figs. 11, 12 and 13, respectively for
MN > 2 GeV. We have shown the projected sensitivities in
the mass-mixing plane for the heavy neutrinos produced
from the W=Z decays (M-HL-LHC-WZ) and B=D meson
decays (M-HL-LHC-BD) for electron, muon and tau lepton

FIG. 13. Combined bounds (thick-blue solid) on mixing angle
jVτN j2 as a function of mass MN from all the meson decays.
Strongest lower limits from the Seesaw (green dashed) and BBN
(brown dashed) on jVτN j2 are shown in this plot. The strongest
upper bounds on jVτN j2 are obtained from CHARM (purple
dashed), EWPD (orange dashed), leptogenesis (black dotted),
DELPHI (magenta dashed) are shown in this plot. The shaded
region is ruled out by these results. The projected upper limits
from the NA62 (cyan solid), FCC-ee (darker-blue solid) and
DUNE (light-blue solid) on jVτN j2 are shown. Prospective
bounds from the FASER with detector radius R ¼ 20 cm is
shown by FASER20 (black dashed) whereas the limits from the
R ¼ 1 m is shown by FASER1 (black dotted). Prospective upper
limits from the MATHUSLA at the FCC-hh for the W=Z boson
decays at the FCC-hh for MATHUSLA standard benchmark
surface version are represented by M-WZ-FCC-hh(S) (magenta-
dot dashed) and forward version M-WZ-FCC-hh(F) (magenta
dotted). Prospective limits for the heavy neutrinos produced from
the W=Z decays are represented by M-HL-LHC-WZ (magenta-
dot dashed) and B=D meson decays are represented by M-HL-
LHC-BD (magenta dotted) at the HL-LHC. The prospective
limits from the B-factory (red dashed and red solid) and IceCube
(darker-cyan dashed) are also shown in this figure.

FIG. 14. Combined bounds on mixing angle jVeNVμN j as a
function of mass MN from all the meson decays. The other
strongest bounds on jVeNVμN j from BBN (magenta dashed),
PS191 (black dashed), NuTeV, CHARM (blue dashed), DELPHI
(orange dashed) are also shown in this figure. Prospective bounds
on jVeNVμN j from the μ → e (Ti) (green dashed) and μ → e (Al)
(red dashed) are also shown for MN ≤ 10 GeV.

FIG. 15. Combined bounds (thick-blue solid) on mixing angle
jVeNVτN j as a function of mass MN from all the meson decays.
Upper limits from τ → eππ (magenta dashed) and τ → e−πþπþ
(black dashed) are also shown for MN ≤ 10 GeV.

FIG. 16. Combined bounds (thick-blue solid) on mixing angle
jVμNVτN j as a function of mass MN from all the meson decays.
Upper limits from τ → μππ (magenta dashed) and τ → μ−πþπþ
(black dashed) are also shown for MN ≤ 10 GeV.
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at the HL-LHC in Figs. 11, 12 and 13, respectively. The
bounds on the mass-mixing plane from the FASER [135]
with detector radius R ¼ 20 cm have been represented by
FASER20 and R ¼ 1 m has been represented by FASER1,
respectively for the electron, muon and tau leptons in
Figs. 11, 12 and 13, respectively. ATLAS displaced vertex
bounds on the jVμN j2 for the lepton number violating (LNV)
and lepton number conserving (LNC) searches are given in
12 [136]. The prospective upper bounds in the mass-mixing
plane for the tau lepton from the IceCube [137–140] for
MN < 10 GeV are shown in Fig. 13. The projected sensi-
tivity (theoretical) on jVμN j2 for the lepton-jet search for the
for 1 GeV ≤ MN ≤ 10 GeV at the 13 TeV are shown in
Fig. 12, by the black dashed line, and the line labeled by
Lepton-Jet (13 TeV).The corresponding limits (theoretical)
on jVμN j2 from another lepton-jet search [123] for MN ≥
5 GeV at 13 TeV (LJ, 13 TeV) and 100 TeV (LJ, 100 TeV)
are also shown in Fig. 12.
We briefly summarize the current strongest experimental

bounds on the mixing angles such as jVeNVμN j, jVeNVτN j,
and jVμNVτN j for the Majorana heavy neutrinos in
Figs. 14, 15 and 16, respectively for MN < 10 GeV.
Strongest bounds from the BBN [69,109,110], PS191
[118], NuTeV [122], CHARM [111–113], and DELPHI
[114] are obtained from the Majorana heavy neutrino
search for MN ≤ 10 GeV. The shaded region is excluded
by the results obtained from these experiments. The
prospective bounds from the μ → e (Ti) and μ → e (Al)
are shown in Fig. 14 from [141]. The limits on the mixings
from the τ decay into hadrons in association with electron
and muon are shown in Figs. 15 and 16, respectively
from BABAR [142]. The limits from the τ → eππ and
τ → e−πþπþ are shown in Fig. 15 and those obtained from
τ → μππ and τ → μ−πþπþ are shown in Fig. 16, respec-
tively [143].
We stress that, in the relatively lower mass range, among

the experimental constraints, the tightest constraint on the
mixing angles jVeNj2 and jVμN j2 can be obtained from
LNV meson decays. These are however still 1 order of
magnitude weaker than the theory constraints from BBN
and Seesaw. For relatively higher mass range, our com-
bined bounds on the mixing angles jVeNVμN j, jVeNVτN j
and jVμNVτN j are the tightest bounds. As we have discussed
before, the LNV meson decays can probe the product of the
mixings jVμNVτN j, jVeNVτN j in higher mass ranges
MN ∼ 5 GeV, which are so far unconstrained.

X. CONCLUSION

We analyze the discovery prospect of a heavy Majorana
neutrino via lepton number violating meson decays M−

1 →
l−
1l

−
2 π

þ at various ongoing and future experiments, such as
NA62, LHCb, FCC-ee, Belle-II, SHiP and MATHUSLA.
The large number of decaying mesons in these experiments
may possibly result in an observation of the different rare

lepton number violating decays. Even their nonobservation
can be used to set constraints on the mixing coefficients
between the standard flavor neutrinos and the heavy mass
eigenstates. We explore in detail the effect of parent
meson’s velocity on the sensitivity reach of the active-
sterile mixing angles in the ongoing and future experi-
ments. We compare the resulting constraints on the mixing
angles for the case of meson decay at rest with that of
meson decaying in flight, with the former being much
tighter. We stress that significant difference in the mixing
angles can occur for experiments NA62, LHCb, and the
future experiment SHiP. Due to nonzero velocity of the
parent meson, the probability of the generated RH neutrino
to decay inside the detector changes. This alters the
sensitivity reach by more than an order of magnitude for
the above-mentioned experiments.
We explore a number of channels, B=D=Ds → μμπ,

B=D=Ds → eeπ, Bc=Ds → eμπ, B → ττπ, B=Bc → eτπ,
B=Bc → μτπ, and few others. We find that, for the mass
range MN ∼ 1 GeV, future experiment SHiP can probe
jVeNj2 ∼ 10−9, while for mass range MN ∼ 5 GeV, future
experiment MATHUSLA, and LHCb with 300 fb−1 inte-
grated luminosity can probe jVeN j2 ∼ 10−7. The sensitivity
reach of jVμN j2 is very similar to jVeN j2. For jVτN j2, the best
sensitivity reach jVτN j2 ∼ 10−7 can be provided by
MATHUSLA in the mass range 2GeV<MN<3.4GeV,
while in the mass range 3.4 GeV < MN < 4.4 GeV,
SHiP and LHCb give similar sensitivity reach. For
jVeNVμN j, mass range up to MN ∼ 2 GeV can be probed
at SHiP with the sensitivity reach jVeNVμN j ∼ 10−9, while
highermassMN ∼ 5 GeV andMN ∼ 6 GeV can be probed at
MATHUSLA and LHCb with sensitivity reach jVeNVμN j∼
10−7. The highest sensitivity reach on jVeNVτN j, jVμNVτN j∼
10−7 can be provided by MATHUSLA and LHCb. The
combined sensitivity of the mixing angles jVeNVμN j,
jVeNVτN j and jVμNVτN j from meson decays is tighter than
the other constraints available in a large range of heavy
neutrino mass.
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APPENDIX

The different partial decay widths of the RH neutrinos
Ni are

ΓðNj → l−PþÞ ¼
G2

FM
3
Nj

16π
f2pjVCKM

qq̄0 j2jVl1Nj
j2FPðxl; xPÞ;

ðA1Þ
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ΓðNj →l−VþÞ¼
G2

FM
3
Nj

16π
f2V jVCKM

qq̄0 j2jVl1Nj
j2FVðxl;xVÞ; ðA2Þ

ΓðNj→νlP0Þ¼
G2

FM
3
Nj

4π
f2P

X
i

jUlij2jVl1Nj
j2K2

PFPðxνl ;xPÞ; ðA3Þ

ΓðNj → νlV0Þ ¼
G2

FM
3
Nj

4π
f2V

X
i

jUlij2jVl1Nj
j2K2

VFVðxνl ; xPÞ; ðA4Þ

ΓðNj → l−
1l

þ
2 νl2Þ ¼

G2
FM

5
Nj

16π3
jVl1Nj

j2
X
i

jUl2ij2I1ðxl1 ; xνl2 ; xl2Þ; ðA5Þ

ΓðNj → νl2l
−
2l

þ
2 Þ ¼

G2
FM

5
Nj

16π3
jVl2Nj

j2
X
i

jUl2ij2½I1ðxνl2 ; xl2 ; xl2Þ þ 2ððglVÞ2 þ ðglAÞ2Þ

× I1ðxνl2 ; xl2 ; xl2Þ þ 2ððglVÞ2 − ðglAÞ2ÞI2ðxνl2 ; xl2 ; xl2Þ� ðA6Þ

ΓðNj → νl1l
−
2l

þ
2 Þ¼

G2
FM

5
Nj

8π3
jVl1Nj

j2
X
i

jUl1ij2½ððglVÞ2þðglAÞ2ÞI1ðxνl1 ;xl2
;xl2ÞþððglVÞ2− ðglAÞ2ÞI2ðxνl1 ;xl2 ;xl2Þ� ðA7Þ

In the above decay mode l1 ≠ l2:

ΓðNj → νlνν̄Þ ¼
G2

FM
5
Nj

192π3
jVlNj

j2
X
i

jUlij2;

where xi ¼ mi
MN

with mi ¼ ml; mP0 ; mV0 ; mPþ ; mþ
V . The kinematical functions are given by

I1ðx; y; zÞ ¼
Z ð1−zÞ2

ðxþyÞ2
ds
s
ðs − x2 − y2Þð1þ z2 − sÞλ1

2ðs; x2; y2Þλ1
2ð1; s; z2Þ;

I2ðx; y; zÞ ¼ yz
Z ð1−xÞ2

ðyþzÞ2
ds
s
ð1þ x2 − sÞλ1

2ðs; y2; z2Þλ1
2ð1; s; x2Þ;

FPðx; yÞ ¼ ðð1þ x2Þð1þ x2 − y2Þ − 4x2Þλ1
2ð1; x2; y2Þ;

FVðx; yÞ ¼ ðð1 − x2Þ2 þ ð1þ x2Þy2 − 2y4Þλ1
2ð1; x2; y2Þ:

Neutral current couplings of leptons are given by

glV ¼ −
1

4
þ sin2θw; glA ¼ 1

4
: ðA8Þ

Neutral current coupling of pseudoscalar and vector mesons is given by

Kπ0 ¼ −
1

2
ffiffiffi
2

p ; Kη ¼ −
1

2
ffiffiffi
6

p ; Kη0 ¼
1

4
ffiffiffi
3

p ; Kηc ¼ −
1

4
; Kρ0 ¼

1ffiffiffi
2

p
�
1

2
− sin2θw

�
;

Kω ¼ −
1

3
ffiffiffi
2

p sin2θw; Kϕ ¼
�
−
1

4
þ 1

3
sin2θw

�
; KJ=ψ ¼

�
1

4
−
2

3
sin2θw

�
:
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