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Lepton number violation can be induced by Majorana neutrinos in four-body decays of the neutral B

meson and the top quark. We study the effects of Majorana neutrinos in these j�Lj ¼ 2 decays in a

scenario where a single heavy neutrino can enhance the amplitude via the resonant mechanism. Using

current bounds on heavy neutrino mixings, the most optimistic branching ratios turn out to be at the level

of 10�6 for �B0 ! Dþe�e��þ and t ! blþlþW� decays. Searches for these lepton number violation

decays at future facilities can provide complementary constraints on masses and mixings of Majorana

neutrinos.
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I. INTRODUCTION

After being established that neutrinos are massive and
mixed particles [1–3], one of the most interesting current
issues in flavor physics is to elucidate if neutrinos are Dirac
or Majorana fermions [4]. If neutrinos turn out to be
Majorana particles, important consequences as lepton
number-violating (LNV) processes [5,6] and further
sources of CP violation become possible [7–10].
Searches for LNV processes (where the lepton number is
violated in two units, �L ¼ 2) in dedicated low energy
experiments as neutrinoless double beta decays, have led to
very strong constraints on the effective mass of light
Majorana neutrinos [11–15] since the rates for these pro-
cesses are driven by the effective mass parameter hmeei
[16]. On the other hand, very restrictive bounds on hmll0 i
can be obtained by combining neutrino oscillation data
[17], cosmological bounds [18–21] and tritium beta decay
[22]. Interestingly, these sub-eV bounds on the scale of
effective Majorana masses are at the sensitivity reaches of
current experimental projects [23–26].

As it has been extensively discussed by many authors,
the existence of very light neutrinos may find a natural
explanation by means of heavy neutrinos via the seesaw
mechanism [27–33]. Heavy neutrinos naturally appears in
some extensions of the standard model and may play an
important role in cosmology and various particle physics
and astrophysical processes [34,35]. The possibility to
observe the effects of heavier neutrinos, accessible in the
kinematical range of current experiments, is very exciting
as they can induce large rates for �L ¼ 2 decays through
the mechanism of resonant enhancement [35]. Indeed, the
appearance of sterile neutrinos with masses in the range of
hundreds of MeV’s to a few GeV’s is possible in scenarios

of dynamical electroweak symmetry breaking as shown for
instance in [36–38]. By means of the resonant mechanism,
neutrinos with these intermediate mass scales can produce
an enhancement in the three-body �L ¼ 2 decays of pseu-
doscalar mesons Mþ

1 ! lþlþM�
2 and the tau lepton �� !

lþM�
1 M

�
2 ; these decay processes have been extensively

studied by many authors [35,39–43] in the cases where
final state hadrons can be pseudoscalar or vector mesons.
So far, some experimental uppers bounds have been re-
ported in Refs. [44–47] in the case of heavy meson decays;
very recently, by using 36 pb�1 of integrated luminosity,
the LHCb Collaboration has reported improved upper lim-
its for LNV charged B meson decays BðBþ !
K�ð��Þ�þ�þÞ< 5:8ð5:4Þ � 10�8 at the 95% C.L. [48].
These studies are expected to be extended by the
LHCb experiment by including the Bþ ! D�

ðsÞ�
þ�þ,

�D0�þ�þ�� decay modes [48], which together with simi-
lar analyses that can be performed at the SuperB Flavor
Factories [49] makes very attractive the studies of LNV B
meson decays. Similarly, like-sign dileptons may be pro-
duced via the resonance enhancement mechanism in four-
body decays of top quarks and W gauge bosons, as it has
been investigated for instance in Refs. [50–52].
In the present paper we consider the four-body decays of

neutral B mesons, �B0 ! Dþl�l��þ with l ¼ e, �, in the
favored scenario of resonant neutrino enhancement. The
dynamics of this four-body decay involves the transition
B ! D form factors and is different from the one driving
the three-body decays of mesons and tau leptons which
involve the meson decay constants. To our knowledge,
these �L ¼ 2 decays of neutral B mesons have not been
investigated before neither from a theoretical nor from an
experimental point of view. In addition, we also consider
and update the analogous four-body t ! blþlþW� decays
(l ¼ e, �, �), which was previously studied in [50], since
one naively expects it can be largely enhanced due to the
resonances in the virtual W boson and heavy neutrino
exchanges.
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II. FOUR-BODY �L¼ 2 DECAYS
OF HEAVY FLAVORS

The Feynman diagrams that describe the LNV decays of
the top quark and neutral Bmeson are shown in Figs. 1 and
2, respectively. Contributions containing the properly anti-
symmetrized contributions due to the exchange of identical
leptons in the final state must be added to these diagrams.

Following previous studies [35,50], we consider a model
with three left-handed SUð2Þ lepton doublets LT

aL ¼
ð�a; laÞL, (a ¼ 1, 2, 3), and n right-handed singlets NbR

(b ¼ 1; 2; � � �n). In the basis of mass eigenstates, the
charged current interactions of leptons are given by [35]:

L ch
l ¼ � g

ffiffiffi

2
p Wþ

�

�

X

�

l¼e

X

3

m¼1

Vlm ��m�
�PLl

þX

�

l¼e

X

n

m¼1

Ulm
�Nc
m�

�PLl

�

þ H:c: (1)

where PL ¼ ð1� �5Þ=2 is the left-handed chirality opera-
tor, g is the SUð2ÞL gauge coupling, c c � C �c T is the
charge conjugated spinor, and Vlm (Ulm) denotes the light
(heavy) neutrino mixings; the subscript m refers to the
mass eigenstate basis entering the diagonalized Majorana
mass term for neutrinos [35]:

L �
m ¼ � 1

2

�

X

3

m¼1

m�
m ��mL�

c
mR þ X

n

m¼4

mN
m
�Nc
mLNmR

�

þ H:c::

(2)

In the phenomenological applications of the present paper,
we will assume that only one heavy neutrino with massmN

and charged current couplings UlN to leptons, dominates
the decay amplitudes via the resonant enhancement
mechanism.

The kinematics of four-body decays can be described in
terms of five independent variables. In our convention of
momenta and masses they are defined as

Pðp;MÞ ! P1ðp1; m1ÞP2ðp2; m2ÞP3ðp3; m3ÞP4ðp4; m4Þ
with p2 ¼ M2 and p2

i ¼ m2
i . We choose the set of inde-

pendent variables as fs12; s34; �1; �3; �g which have the
following geometrical meaning [53] (see Fig. 3):

(i) s12 � ðp1 þ p2Þ2, is the invariant-mass of particles 1
and 2;

(ii) s34 � ðp3 þ p4Þ2, is the invariant-mass of particles
3 and 4;

(iii) �1 (�3), is the angle between the three-momentum
of particle 1 (particle 3) with respect to the direc-
tion of ~p12 � ~p1 þ ~p2 (respectively, ~p34 �
~p3 þ ~p4) defined in the rest frame of the decaying
particle;

FIG. 1. Feynman graph for the t ! blþlþW� decay.

FIG. 2. Feynman graph for the�L ¼ 2 neutral �Bmeson decay.

FIG. 3. Kinematics of four-body decays in the rest frame of the
decaying particle,

P

4
i¼1 ~pi ¼ 0. We have defined ~pij ¼ ~pi þ ~pj,

such that ~p12 þ ~p34 ¼ 0:.
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(iv) � is the angle between the planes defined by par-
ticles (1, 2) and (3, 4) also in the rest frame of the
decaying particle.

With this choice of kinematics, the differential decay
rate in the rest frame of the decaying particle can be written
as:

d� ¼ X�12�34

4ð4�Þ6M3
jMj2 � 1

n!
ds12ds34d cos�1d cos�3d�;

(3)

where �12 (�34) is the velocity of particle 1 (particle 3) in
the center of mass frame of particles 1 and 2 (3 and 4) and

X ¼ 	1=2ðM2; s12; s34Þ=2, with 	ðx; y; zÞ � x2 þ y2 þ
z2 � 2xy� 2xz� 2yz. Finally, jMj2 is the spin-averaged
squared amplitude of the four-body decay. In our case of
two identical leptons in the final state, n ¼ 2.

III. B ! Dll� DECAYS

Let us first consider the �B0ðpÞ ! Dþðp1Þl�ðp2Þl�ðp3Þ�
�þðp4Þ decays (see Fig. 2), where pi denote the four-
momenta of final state particles. In the range of neutrino
massesmN where the resonance effects dominate the decay
amplitude, the diagrams of Figs. 2(c) and 2(d) will give
very small contributions. In addition, we note that diagram
2(b) is suppressed with respect to 2(a) due to
smaller Cabibbo-Kobayashi-Maskawa factors (jVubVcd=
ðVcbVudÞj�0:02). Therefore, we keep the diagram shown
in 2(a) as the dominant contribution.

The properly antisymmetrized decay amplitude is given
by:

M ¼ G2
FVcbVudhDðp1Þj �c��bjBðpÞi � �uðp2Þ

� ½PNðp2Þ���� þ PNðp3Þ�����ucðp3Þðif�p�
4Þ
(4)

where Vij denotes the ij entry of the Cabibbo-Kobayashi-

Maskawa quark mixing matrix, GF is the Fermi constant
and f� ¼ 130:4 MeV is the �þ decay constant.

In the above expression we have defined the factor

PNðpiÞ ¼ U2
lNmN

ðQ� piÞ2 �m2
N þ imN�N

; (5)

where Q ¼ p� p1 ¼ p2 þ p3 þ p4 is the momentum
transfer andUlN denotes the heavy neutrino mixing defined
in Sec. II. �N represents the decay width of the heavy
neutrino which depends on the decay channels that can
be opened at the mass mN; it allows to keep finite the
amplitude when ðQ� piÞ2 ¼ m2

N . As it was pointed out
above, in this paper we will assume that only one heavy
neutrinoN falls in the resonance region of the Bmeson and
top quark decays, thus it will give the dominant contribu-
tion to the decay amplitude. The mixings of the heavy
neutrino with the three charged leptons will be taken as
the currently most restrictive bounds as reported in
Ref. [54]

Set I: jUeNj2 < 3� 10�3; jU�Nj2 < 3� 10�3;

jU�Nj2 < 6� 10�3: (6)

The hadronic matrix element in Eq. (4) is given by:

hDþðp1Þj �c��bj �B0ðpÞi

¼
�

ðpþ p1Þ� �m2
B �m2

D

t
Q�

�

F1ðtÞ

þm2
B �m2

D

t
Q�F0ðtÞ; (7)

where t ¼ Q2. For the purposes of a numerical evaluation,
we will use two common parametrizations of the form
factors F1;0ðtÞ, namely, the one provided by the Wirbel-

Stech-Bauer (WSB) model [55]:

FWSB
1 ðtÞ ¼ FWSB

1 ð0Þ
1� t=m2

1�
; FWSB

0 ðtÞ ¼ FWSB
0 ð0Þ

1� t=m2
0þ

; (8)

where FWSB
1 ð0Þ ¼ FWSB

0 ð0Þ ¼ 0:69, m1� ¼ 6:34 GeV and

m0þ ¼ 6:8 GeV [55] and, just for comparison, we will use
also the parametrization provided by the covariant light
front (CLF) model [56]:

FCLF
1 ðtÞ ¼ FCLF

1 ð0Þ
1� a1ðt=m2

BÞ þ b1ðt=m2
BÞ2

;

FCLF
0 ðtÞ ¼ FCLF

0 ð0Þ
1� a0ðt=m2

BÞ þ b0ðt=m2
BÞ2

;

(9)

where FCLF
1 ð0Þ ¼ FCLF

0 ð0Þ ¼ 0:67, a1 ¼ 1:25, b1 ¼ 0:39,
a0 ¼ 0:65 and b0 ¼ 0:0 [56].
The decay width of the intermediate neutrino state is

obtained by adding up the contributions of all the neutrino
decay channels that can be opened at the mass mN [35]:

�N ¼ X

f

�ðN ! fÞ�
�

mN �X

i

mfi

�

; (10)

where mfi in the argument of the step function are the

masses of the final state particles in the neutrino decay
channel f. The dominant decay modes of the neutrino in
the range of masses relevant for resonant B meson decays
are the following: l�P�, �lP

0, l�V�, �lV
0, l�1 l�2 �l2 ,

�l1 l
�
2 l

þ
2 , and �l1� ��, where l, l1, l2 ¼ e, �, �, and P (V)

denotes a pseudoscalar (vector) meson state. The expres-
sions for the partial decay rates of these channels can be
found in Appendix C of Ref. [35]. We have re-evaluated
the decay width of the neutrino which is plotted in Fig. 4
for neutrino massesmN in the range where it can produce a
resonant enhancement of the B meson decay amplitude.
The decay width �N is so tiny that the narrow width
approximation (NWA) of Eq. (5),

lim
�N!0

PNðpiÞ ¼ �i�mNU
2
lN
ððQ� piÞ2 �m2

NÞ (11)
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is required to perform the numerical integrations to com-
pute the decay rates from Eq. (3).

In Fig. 5 we plot the branching ratios of �B0 !
Dþl�l��þ decays for the electron (dashed line) and
muon (solid line) channels as a function of the neutrino
mass mN . These plots were obtained by using the WSB
model [55] for the form factors F1;0ðtÞ. The branching

fractions reach their maximum values for neutrino masses

that are close to the threshold for the ml þm� production
and they decrease for increasing values of mN .
In Table I we show the largest possible values of the

branching ratios of �B0 ! Dþl�l��þ decays (l ¼ e, �),
which correspond to the lower range of neutrino masses.
We have evaluated these results for the two different form
factor models mentioned in Eqs. (8) and (9). Although the
predictions for the form factors in the two models exhibit
large differences in the full range of the momentum trans-
fer t, the integrated rates differ only at the level of 30% for
almost all values of neutrino masses, both in the electronic
and muonic decay channels. The largest possible values of
the branching fractions shown in Table I are of the same
order as the ones corresponding branching ratios reported
for the Bþ ! P�lþlþ decays [44] and their study can be
useful to get further constraints on the heavy neutrino
mixings.

IV. LNV TOP QUARK DECAY

LNV transitions with �L ¼ 2 has been studied also at
higher energies. The t ! blþi lþj W� decay (and its crossed

Wþ ! lþi lþj þ 2 jets channel) has been considered previ-

ously in Ref. [50]; similar top quark decays that also
include the final W gauge boson decay into two jets were
studied in [51]. The top decay can be resonantly enhanced
if the heavy neutrino mass lies in the range mW þml 	
mN 	 mt �mb �ml. In addition (see Fig. 1) we can ex-
pect an enhancement of the top quark decay amplitude due
to the virtual W boson emitted from the top quark vertex
which can be produced also in a resonant way. As it was
emphasized in Ref. [50], the final state W boson in this
�L ¼ 2 top quark decay has the ‘‘wrong’’ charge signature
when compared to the dominant t ! bWþ decay. In this
section we provide an update for this same-sign dilepton
decay channel in top quark decay by using the neutrino
mixings provided in Eq. (6); furthermore, our results for
this decay channel provide a test for the particular kine-
matics that we use in our calculations and that was de-
scribed in Sec. II.
For the purposes of comparison with previous results on

�L ¼ 2 top quark decays [50], we will evaluate our results
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FIG. 4. Neutrino decay width for neutrino masses relevant to
produce resonant enhancement in �B0 ! Dþl�l��þ decays.
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FIG. 5. Branching ratio of �B0 ! Dþl�l��þ decay as a func-
tion of mN . The dashed (solid) line corresponds to the electronic
(muonic) channel.

TABLE I. Branching ratios for �B0 ! Dþ‘�‘��þ decays using the set I of the heavy neutrino
mixings. WSB [55] and CLF [56] refer to the form factor models for the B ! D transition.

�B0 ! Dþe�e��þ �B0 ! Dþ�����þ

mN (MeV) WSB CLF mN (MeV) WSB CLF

170 2:6� 10�6 3:4� 10�6 250 3:0� 10�7 3:9� 10�7

190 2:8� 10�6 3:6� 10�6 270 4:1� 10�7 5:4� 10�7

200 2:6� 10�6 3:4� 10�6 300 3:4� 10�7 4:3� 10�7

220 1:5� 10�6 2:0� 10�6 400 1:4� 10�7 1:9� 10�7

250 7:3� 10�7 9:7� 10�7 500 7:0� 10�8 1:0� 10�7

300 2:5� 10�7 3:3� 10�7 600 4:0� 10�8 6:0� 10�8
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using, in addition to the set I of values given in Eq. (6), the
following set of neutrino couplings [57]

Set II: jUeNj2 < 12� 10�3; jU�Nj2 < 9:6� 10�3;

jU�Nj2 < 16� 10�3: (12)

The decay amplitude for tðpÞ ! bðp1Þlþðp2Þlþðp3Þ�
W�ðp4Þ corresponding to the diagram of Fig. 1 is given by:

M ¼ i
GFm

2
W

ffiffiffi

2
p

�

g
ffiffiffi

2
p

�

Vtb �uðp1Þ��ð1� �5Þ

� uðpÞ �D��
W ðQÞ �uðp2Þ½PNðp2Þ����

þ PNðp3Þ�����ucðp3Þ � ��ðp4Þ; (13)

where D
��
W ðQÞ ¼ ið�g�� þQ�Q�=m2

WÞ=ðQ2 �m2
W þ

imW�WÞ, with Q ¼ p� p1, denotes the resonant W boson
propagator in the unitary gauge, ��ðp4Þ is the polarization four-
vector of theW� boson and PNðpiÞ was defined in Eq. (5).

The total decay width of the neutrino for the range of
neutrino masses giving rise to the resonance enhancement,
is determined from the following set of two-body final
states: N ! l�W�, �lZ

0 and �lH. The expressions for
the total width by neglecting the charged lepton masses
is given by [35,50]:

�N ¼ GF

P

ljUlNj2
8

ffiffiffi

2
p

�m3
N

½2ðm2
N þ 2m2

WÞXW

þ ðm2
N þ 2m2

ZÞXZ þm2
NXH�; (14)

where Xi ¼ ðm2
N �m2

i Þ2�ðmN �miÞ for i ¼ W�, Z and H
bosons. As long as the neutrino mass increases, the total
decay width �N also grows because of the neutrino mass
dependence and also because new decay channels are
opened. For neutrino masses relevant for top quark decays,
�N is several orders of magnitude larger than for B meson
decays and a straightforward evaluation of the five-
dimensional integration of Eq. (3) can be done without
numerical complications; at the same time, the neutrino
width is small enough that it allows also the use of the
NWA approximation, Eq. (11), to integrate the phase space.

In Fig. 6 we plot the branching fraction (normalized to
jUlNj4) of t ! blþlþW� decays as a function of mN . The
phase space and the squared amplitudes are almost insen-
sitive to the masses of different leptonic channels in the
final state. We use as inputs: mt ¼ 172:0 GeV, mH ¼
120 GeV, the leptons and gauge bosons masses given in
Ref. [44], and the neutrino mixings given in Eq. (6). The
solid line represents the branching ratio that is obtained
from the five-dimensional integration of Eq. (3). The
dashed line is the result obtained by using the NWA
method. Clearly, the results obtained by using these two
methods are almost identical except for very small differ-
ences appearing at the upper values of neutrino masses that
can produce the resonant enhancement. As it was pointed
out above, the results shown in Fig. 6 were obtained by

using the set I of neutrino mixings given in Eq. (6). Results
for a new set of neutrino mixings can be obtained
by multiplying the results shown in Fig. 6 by
P

ljUSet I
lN j2=ðPljUnew

lN j2Þ.
In Table II we show the branching ratios of t !

blþlþW� (l ¼ e,�, �) decays for a few values of neutrino
masses such that the rates have their largest values. For this
specific range of neutrino masses, the branching ratios turn
out to be of order 10�6 � 10�7. For a given set of neutrino
mixings, the results for different leptonic channels differ
basically by the rescaling of their fourth power ofUlN, as it
should be. Just for comparison, we have computed the
branching ratios by using the set II of neutrino mixing
parameters; our results are compared with those in
Ref. [50] (shown within parenthesis in Table II). Our
results and those of Ref. [50] have similar values for the
electronic and muonic channels, but they differ in the ��
channel by about 30%. Finally, let us comment that we
have evaluated the branching ratios of t ! blþlþW� for a
wider range of the heavy neutrino mass. The normalized
branching ratio Bðt ! bllWÞ=jUlNj4 plotted in Fig. 6 drops
from 1:7� 10�8 to 8:3� 10�11 when the neutrino mass
spans from 200 GeV to 2 TeV.

 (GeV)Nm
90 100 110 120 130 140 150 160 170

 4 lN
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B
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FIG. 6. Normalized branching ratio of t ! blþlþW� decay as
a function of mN . The solid line is obtained by a straightforward
integration of Eq. (3), and the dashed line corresponds to the
NWA for the neutrino width.

TABLE II. Branching ratios (in 10�6 units) for t ! b‘þ‘þW�
decays. Results of Ref. [50] corresponding to the set II of
neutrino mixings are shown within parenthesis.

Set I

mN (GeV) ee �� ��

90 0.29 0.29 1.12

100 0.12 0.12 0.47

110 0.05 0.05 0.19

Set II

mN (GeV) ee �� ��

90 1.48 (1.4) 0.95 (1.1) 2.55 (1.9)

100 0.62 (0.6) 0.40 (0.5) 1.08 (0.8)
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We close this section with an estimate of the expected
sensitivities to the signals of our �L ¼ 2 decays. Using as
a reference the �450� 106 B �B pairs accumulated by the
BABAR Collaboration at the �ð4SÞ, we can provide an
estimate of the sensitivity to the branching ratio of �B0 !
Dþl�l��þ decay at the B factories by using theK��þ�þ
mode to reconstruct the charged D meson. By assuming a
70% efficiency for the identification and reconstruction of
each of the six charged tracks in the final state one can
reach a sensitivity of �2:0� 10�7 which can test some
range of our upper limits for the dileptonic channels. Of
course, this optimistic estimate does not include the com-
binatorial background for this detection channel, although
it can motivate a more detailed study of backgrounds and
efficiencies (note also that, under similar assumptions,
slightly better sensitivities can be reached using Belle
data which is about the double of B meson pairs produced
by BABAR). Improved sensitivities can be obtained at the
Super Flavor Factories [49] which are expected to accu-
mulate a larger data set by a factor of 50 to 75 with respect
to B factories. Also, as it was mentioned in the
Introduction, there are good perspectives at the LHCb
Experiment which can provide sensitive improvements
on these LNV decays in the dimuon channel based on
the analysis already done in the case of LNV searches in
Bþ meson decays [48]. Regarding the top quark �L ¼ 2
decays, the sensitivities that can be reached at the Large
Hadron Collider (LHC) are not sufficient to test our pre-
dictions, as it has been discussed in Ref. [50]. Only in the
eventual case of an upgraded Super-LHC Experiment,
which should increase the LHC luminosity by a factor of
10 [58], one can expect that branching ratios of 10�6 for
t ! blþlþW� decays could be accessible.

V. CONCLUSIONS

The existence of lepton number-violating transitions
with �L ¼ 2, is considered to be the cleanest manifesta-
tion of neutrinos as Majorana particles. Direct searches of
these decays in neutrinoless double beta nuclear decays
indicate that masses for very light Majorana neutrinos lie at
the sub-eV scale. Similarly, in the framework where only
three light neutrinos exist, the Majorana masses of all
neutrinos are strongly constrained from current oscillation,
cosmological bounds and tritium beta decay.
In the present paper we have studied the potential of

heavy flavor four-body �L ¼ 2 decays to shed some light
on themasses and couplings of heavierMajorana neutrinos.
If the masses of such neutrinos produce a resonance en-
hancement of these heavy flavor decays, the corresponding
branching ratios turns out to be, in themost optimistic cases,
at the level of 10�6 for neutral B meson and top quarks
decays if the most restrictive current bounds on neutrino
mixings (set I) are used. These branching fractions of four-
body neutral B meson decays are at the level of the upper
bounds obtained in experimental studies of B� three-body
decays. Thus, their searches at current and future experi-
mental facilities can be helpful to provide complementary
constrains to the ones derived from three-body decays of �
leptons and charged B and D mesons.
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