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Recently, the LHCb collaboration reported the observation of the decay mode B−
c → B̄0

sπ
− with the

largest exclusive branching fraction amongst the known decay modes of all the Bmesons. Here we propose
a search for a few lepton-number violating (ΔL ¼ 2) decay modes of Bc which can only be induced by
Majorana neutrinos. Distinguishing between Dirac and Majorana nature of neutrinos is an outstanding
problem and hence, all possible searches for Majorana neutrinos need to be carried out. Since the lepton
number violating modes are expected to be rare, when using meson decay modes for these searches one
expects CKM favored modes to be the preferred ones; Bc → Bs is one such transition. With a resonance
enhancement of the Majorana neutrino mediating the B−

c → B̄0
sl−

1 l
−
2 π

þ modes one can hope to observe
these rare modes, or, even their nonobservation can be used to obtain tight constraints on the mixing angles
of the heavy Majorana singlet with the light flavour neutrinos from upper limits of the branching fractions.
Using these modes we obtain exclusion curves for the mixing angles which are tighter or compatible with
results from earlier studies. However, we find that the relatively suppressed mode B−

c → J=ψl−
1 l

−
2 π

þ can
provide even tighter constraints on jVeN j2, jVμN j2, jVeNVμN j, and in a larger range of the heavy neutrino
mass. Further, exclusion regions for jVeNVτN j, jVμNVτN j can also be obtained for masses larger than those
accessible in tau decays. Upper limits on BðB−

c → πþl−
1 l

−
2 Þ can also result in stringent exclusion curves for

all the mixing elements, including that for jVτN j2 in a mass range where it is unconstrained thus far.

DOI: 10.1103/PhysRevD.94.033001

I. INTRODUCTION

The discovery of neutrino oscillations [1–11] confirming
the existence of at least two nonvanishing neutrino mass-
squared differences necessitates physics beyond the stan-
dard model (SM). In principle, neutrino mass could be
simply generated by addition of right-handed (RH) neu-
trinos through the Higgs mechanism, but to get neutrino
masses less than 1 eV, the neutrino Yukawa coupling has to
be extremely small ∼Oð10−12Þ. Hence alternate mecha-
nisms for neutrino mass have been proposed. Among these
the seesaw mechanism [12–17] provides a natural explan-
ation of the smallness of neutrino mass. The simplest
realization of the seesaw, the so-called type-I seesaw,
requires the existence of a set of heavy electroweak singlet
(sterile) lepton number violating (LNV) Majorana fer-
mions, N. A typical scale for the Majorana mass mN in
grand unified theories (GUTs) [13] is of the order of the
GUT scale, but in general, in various other scenarios, sterile
neutrinos can lie in a wide range of masses. In particular, in
low energy seesaw models [18,19] sterile neutrinos may
have mass between ∼100 MeV to few GeV. Sterile
neutrinos have also been invoked to explain the LSND
[20,21], Miniboone [22–24] and reactor [25–27] anoma-
lies. A viable dark matter candidate is a KeV sterile
neutrino [28–34]. Other astrophysical observations

including supernovae permit sterile neutrinos mixed with
active ones. While cosmological/astrophysical constraints
on sterile neutrinos are strong, they are model dependent
and hence laboratory searches and constraints on sterile
neutrinos, particularly Majorana sterile neutrinos are rather
important. Sterile neutrinos have been searched for in the
laboratory through peak searches in leptonic decays of
pions and kaons [35]. The lepton spectrum would show a
monochromatic line at a lower energy in presence of a
heavy neutrino. These have provided tight constraints on
the mixing angle of the sterile neutrino with the active ones.
Heavy neutrinos have also been looked for through
searches of their visible decay products. Searches for sterile
neutrinos including majorana sterile neutrinos need to be
performed at all possible scales, as their discovery may
provide hints of the new physics responsible for neutrino
mass generation.
One of the promising processes to explore Majorana

neutrinos is through neutrinoless double beta decay which
may be experimentally feasible due to the large samples of
the decaying nuclei, however, on the theoretical side this
involves large uncertainties coming from the nuclear matrix
elements making it harder to extract information on
neutrino properties. The rare LNV meson and tau decays
can be more accurately evaluated [36–38] and although
their decay rates may be extremely small, they may be
accessible with current and future high luminosity
machines. In the last decade or so, many experimental
collaborations, CLEO [39–41], FOCUS [42], BABAR [43],
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BELLE and more recently LHCb [44], have searched for
such LNV processes. On the theoretical and phenomeno-
logical side as well, considerable effort has been made in
proposing possible modes that could probe SM singlet
Majorana neutrinos in various mass ranges and constrain
their mixing parameters. This includes proposals to search
for heavier neutrinos at accelerator and collider experi-
ments such as, eþe− [45–50], eγ [46,51], pp and pp̄
[46,49,50,52–57], e−e− [50,58], as well as in top quark and
W-boson rare decays [59,60].
While various B, Bs and Bc meson decay modes have

already been suggested, here we propose a few additional
Bc decay modes that may perhaps be preferable for
Majorana neutrino searches. The Bc mesons are unique,
in being the only states consisting of two heavy quarks of
different flavours (bc̄ for B−

c ). The weak decay of the b
quark will be Cabibbo suppressed, for both b → c, (λ2

suppressed) and b → u (λ3 suppressed) transitions.
However, for the c → s decay, it will be a Cabibbo
favoured transition. Hence, the mode B−

c → B̄0
sl−

1l
−
2 π

þ

is expected to have a larger branching fraction than the
other rare lepton number violating decay modes of bottom
mesons considered so far. Further, for a heavy neutrino in
the mass range ∼ð0.1 − 0.9Þ GeV, it is kinematically
possible for it to be produced as an intermediate on mass
shell state, resulting in an additional resonance enhance-
ment of the transition rate. Note that below 0.1 GeV tight
constraints already exist on jVeNj2 from pion decay.
The B−

c → B̄0
sπ

− mode has already been observed by
LHCb [61]. Bc decays to other hadronic modes have also
been observed by ATLAS [62] and CMS [63], hence in
addition to LHCb, ATLAS and CMS may also be able to
perform the search for Majorana neutrinos via this Bc decay
mode. In the proton-proton collisions at the Large Hadron
Collider, Bc mesons are expected to be mainly produced
through the gluon-gluon fusion process gg → B−

c þ b̄þ c
[64]. Hence, the production cross section would be
expected to increase in the 13=14 TeV run substantially.
This, along with the luminosity of the order of few fb−1 in
Run II, leads one to believe that searches for this rare LNV
Bc decay modes may be feasible.
In the next section, we give the formalism for the

extension of the SM to include right-handed singlets. In
Sec. III, the four-body decay rate for B−

c → B̄0
sl−

1l
−
2 π

þ

mode is evaluated and the expected upper limits on
branching ratios for these modes are used to obtain bounds
on the mixings of the heavy neutrino with the light flavored
ones. In Sec. IV, the modes B−

c → J=ψl−
1l

−
2 π

þ and B−
c →

πþl−
1 l

−
2 are discussed. We find that although these modes

are not Cabibbo favored, the ease of reconstruction of the
final states for these modes results in tighter possible upper
limits for the branching fractions and in addition the phase
space enhancement helps in obtaining tighter exclusion
curves for the mixing elements. Finally in Sec. V, we
conclude.

II. FORMALISM FORHEAVY NEUTRINOMIXING

We extend the SM to include n right-handed SM singlets
along with the three generation of left-handed SM SU(2)
doublets [36]:

LaL ¼
�
νa

la

�
L

; NbR;

where a ¼ 1; 2; 3 and b ¼ 1; 2; 3;…; n. In this model,
flavor eigenstates νlL can be written in terms of the mass
eigenstates as,

νlL ¼
X3
m¼1

UlmνmL þ
X3þn

m0¼4

Vlm0Nc
m0L;

with UU† þ VV† ¼ 1: ð1Þ
We take a phenomenological approach regarding the mass
and mixing elements of the heavy singlet neutrino, taking
them to be free parameters, constrained only by exper-
imental observations. We denote by VlN the mixing
coefficient between the standard flavor neutrino
νl(l ¼ e, μ, τ) and the heavy mass eigenstate N. The
charged current and neutral current interactions of the
leptons in the basis of mass eigenstates are given by:

LCC
l ¼ −

gffiffiffi
2

p Wþ
μ

�Xτ

l¼e

X3
m¼1

U�
lmν̄mγ

μPLl

þ
Xτ

l¼e

X3þn

m0¼4

V�
lm0Nc

m0γμPLl
�
þ H:c;

LNC
l ¼ −

g
2cosθW

Zμ

�Xτ

l¼e

X3
m¼1

U�
lmν̄mγ

μPLνl

þ
Xτ

l¼e

X3þn

m0¼4

V�
lm0Nc

m0γμPLνl

�
þ H:c:; ð2Þ

where PL ¼ ð1−γ5Þ
2

, ψc is the charged conjugate, g is the
SUð2ÞL gauge coupling. The diagonalized Majorana mass
terms for the neutrinos can be written as:

Lν
m ¼ −

1

2

�X3
m¼1

mν
mνmLν

c
mR þ

X3þn

m0¼4

mN
m0Nc

m0LNm0R

�
þ H:c;

ð3Þ

III. B−
c → B̄0

sl−
1l

−
2 π

þ DECAYS

A. Evaluation of the four-body decay rate

For the four-body decay B−
c ðpÞ → B̄0

sðk1Þl1ðk2Þl2ðk3Þ×
πþðk4Þ, where l1, l2 ¼ e, μ, only s-channel diagrams
shown in Fig. 1 contribute. Hence, the Majorana neutrino N
that induces this LNV process can appear as an inter-
mediate on mass shell state, leading to an enhancement of
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the decay rate. Note that the second diagram [Fig. 1(b)]
arises from the exchange of the two leptons. We assume
that there is only one Majorana neutrino, that lies in the
range, between ∼ð0.1 − 0.9Þ GeV that kinematically
allows it to be on mass shell. Moreover, being much
heavier than the active light neutrinos, the cosmological
and LEP bounds would imply that such a neutrino would
have to be necessarily an electroweak gauge singlet or
sterile.
The decay amplitude for the processes depicted in Fig. 1

can be expressed as,

iM ¼ ðMlepÞβμðMhadÞβμ; ð4Þ

where we can write the leptonic part as,

ðMlepÞβμ ¼
ffiffiffi
2

p
GFV�

l1N
Vl2NmN

ðp − k1 − k2Þ2 −m2
N þ imNΓN

× ūðk3ÞγβγμPRvðk2Þ þ ðk2 ↔ k3;l1 ↔ l2Þ;
ð5Þ

where GF is the Fermi coupling constant, VliNði ¼ 1; 2Þ
are the mixing elements between the neutrino of flavor state
νli

and mass eigenstate N and ΓN is the total decay width of
the heavy neutrino N, obtained by summing over all
accessible final states. The hadronic tensor is a product
of a transition matrix element of Bc to Bs, and a matrix
element for the production of a pion:

ðMhadÞβμ

¼ GFffiffiffi
2

p VcsVudhB̄0
sðk1Þjs̄γμcjB−

c ðpÞihπþðk4Þjūγβdj0i;

ð6Þ

where Vcs; Vud are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements. The above two hadronic matrix
elements can be written as,

hB̄0
sðk1Þjs̄γμcjB−

c ðpÞi
¼ ðFþðq2Þðpþ k1Þμ þ F−ðq2Þðp − k1ÞμÞ;

hπþðk4Þjūγβdj0i ¼ ifπk
β
4; ð7Þ

where Fþðq2Þ; F−ðq2Þ (q≡ p − k1) are the momentum
transfer squared dependent B−

c to B̄0
s transition form factors

and fπ is the decay constant of pion. In terms of these
form factors and decay constant, we can write the ampli-
tude M as,

M ¼ G2
FVcsVudV�

l1N
Vl2Nfπ

ðp − k1 − k2Þ2 −m2
N þ imNΓN

ðFþðq2Þðpþ k1Þμ

þ F−ðq2Þðp − k1ÞμÞ
ūðk3Þγβγμð1þ γ5Þvðk2Þkβ4 þ ðk2 → k3;l1 ↔ l2Þ: ð8Þ

The form factors for B−
c → B̄0

s have been calculated in
the framework of 3-point QCD sum rule in Ref. [65]. The
q2 dependence takes a simple pole form:

Fþðq2Þ ¼
Fþð0Þ
1 − q2

M2
p

; F−ðq2Þ ¼
F−ð0Þ
1 − q2

M2
p

; ð9Þ

where Fþð0Þ ¼ 1.3 and F−ð0Þ ¼ −5.8, and Mp ¼ 1.7 ÷
1.8 GeV. The accuracy of the sum rules used is determined
by the variation of various parameters. It is claimed in [65]
that these variations result in δF

F ≃ 5%. To avoid this
theoretical uncertainty and model dependence in the form
factors, we recommend that the form factors should be
determined experimentally by measurement of the semi-
leptonic mode, B−

c → B̄0
sμ

−ν̄μ. Alternately, perhaps lattice
estimation of the form factors may also be possible.
Although the heavy sterile neutrino N is a SM singlet, it

can decay via charged current and neutral current inter-
actions, due to its mixing with the active neutrinos as is
evident from the Lagrangian (2). The total decay width ΓN
is given by:

N

W

u

d

l

l

1

2

−

−

+ −

W −

b

c

s
−

−

Bs
0−

Bc
−

+ N

W

u

d

l

l 1

2
−

−

+ −

W −

b

c

s
−

−

Bs
0−

Bc
−

+

(a) (b)

FIG. 1. (a) Feynman diagram for the decay B−
c → B̄0

sl−
1 l

−
2 π

þ, (b) a second diagram that arises from the exchange of the two leptons.
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ΓN ¼
X
l0;P0

Γνl0P
0 þ

X
l0;V0

Γνl0V
0 þ

X
l;P

2Γl−Pþ þ
X
l;V

2Γl−Vþ

þ
X

l̄1;l̄2ðl̄1≠l̄2Þ
2Γl̄1l̄2νl̄2 þ

X
l0;l0

2

Γνl0l
0
2
l0
2 þ

X
l0

Γνl0νν̄:

ð10Þ

In the mass range, which permits the heavy neutrino to be
resonantly produced in the decay mode B−

c → B̄0
sl−

1l
−
2 π

þ

the leptons l; l̄1; l̄2;l0
2 can be e or μ, while l0 can be e, μ

or τ, charged pseudoscalars (Pþ) that can contribute are πþ

and Kþ, while π0 and η are the contributing neutral
pseudoscalars (P0), the charged vector mesons (Vþ) will
include ρþ and K�þ and the neutral vector mesons (V0) that
need to be included are ρ0 and ω.1 The detailed expressions
for the decay rates for each of these channels can be found
in Refs. [36,38].
For the case of B−

c → J=ψl−
1l

−
2 π

þ allowed mass range
of mN is ð0.1 − 3Þ GeV. This will allow the additional
charged pseudoscalar mesons: Dþ, Dþ

s and charged vector
mesons:D�þ,D�þ

s to contribute, provided l is either e or μ;
for l ¼ τ the mesons can only be πþ, Kþ, ρþ, K�þ.
Additional contributing neutral pseudoscalar mesons are: η0
and ηc while, ϕ and J=ψ are the heavier neutral vector
mesons that can also be produced in the decays of N. l̄1 or
l̄2 can now also be a τ.
For the case of B−

c → l−
1 l

−
2 π

þ the allowed mass range in
which N can be resonantly produced is ð0.1 − 6Þ GeV.
Charged pseudoscalar meson Bþ and vector meson B�þ
will also contribute now for l ¼ e, μ. For l ¼ τ, the
additional accompanying mesons will be Dþ, Dþ

s , D�þ,
D�þ

s . Also, l0
2 can also be τ.

We have reevaluated ΓN using the meson masses and
decay constants from Ref. [66], in the relevant mass range
for the Bc decay modes considered here and write it in the
form,

ΓN ¼ aeðmNÞjVeN j2 þ aμðmNÞjVμN j2 þ aτðmNÞjVτN j2;
ð11Þ

where, ae, aμ and aτ are functions of the Majorana neutrino
mass and hence will differ from mode to mode. In Fig. 2,
we plot the decay width ΓN as function of mass mN , for the
mixings jVeN j ¼ jVμN j ¼ jVτN j ¼ 1. The unitarity condi-
tion in Eq. (1) implies the following constraints on the
mixing elements, jVeN j2, jVμN j2 and jVτN j2:

∣Ue1j2 þ jUe2j2 þ jUe3j2 þ jVeNj2 ¼ 1;

∣Uμ1j2 þ jUμ2j2 þ jUμ3j2 þ jVμN j2 ¼ 1;

∣Uτ1j2 þ jUτ2j2 þ jUτ3j2 þ jVτN j2 ¼ 1; ð12Þ

where Uei, Uμi, and Uτi, i ¼ 1; 2; 3 are the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix elements. Using
the 3σ ranges of the PMNS matrix elements obtained from
a global analysis of neutrino oscillation data [67], we
calculate the bounds on jVeN j2; jVμN j2; jVτN j2 to be:

jVeNj2 ≤ 0.075434;

jVμN j2 ≤ 0.377898;

jVτN j2 ≤ 0.376088: ð13Þ

The 3σ ranges of the PMNS matrix elements of Ref. [67]
are consistent with those obtained by a study of unitarity of
the neutrino mixing matrix in [68]. We wish to point out
that these bounds are rather naive and are expected to serve
only as a reasonable guess. Tighter bounds do exist from a
combined analysis of unitarity bounds [69]. For TeV scale
neutrinos constraints from LEP are even tighter [70].
Bounds from Tau, Kaon and other meson decays have
also been obtained [36–38]. Our focus here will be on the
bounds obtainable from some Bc decay modes. A detailed
review on experimental and cosmological constraints on
heavy neutrinos, is given in Ref. [71]. Figure 3 displays the
heavy neutrino decay width without any assumptions, and
using the maximum values for jVlN j2, l ¼ e, μ, τ permitted
by unitarity and global fits to neutrino oscillation data. For
the mass range of our interest, ΓN is very small,
Oð10−17 − 10−8Þ GeV, if the mixing jVeNj2 ¼ jVμN j2 ¼
jVτN j2 ¼ 1 and even smaller for more realistic values of

FIG. 2. Heavy neutrino decay width, ΓN as a function of the
mass mN when the magnitude of all the mixing angles jVlN j ¼ 1
(l ¼ e, μ, τ). A bigger range for mN is chosen than that which
allows a resonant enhancement of the B−

c → B̄0
sl−

1 l
−
2 π

þ decay, so
as to include the larger values of mN that will be permitted by the
other Bc decay modes to be discussed in Sec. IV.

1Note the V0 cannot be K�0 (or any other open flavor neutral
meson), as the νl0V0 arises from a NC interaction, K�0 can then
only be produced via a flavor changing neutral current, which is
not possible at tree level. We differ on this point from
Refs. [36,38].
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these mixing angles. The small width of N will imply that
the heavy neutrino may travel outside the detector before
decaying and the resulting decay products may not be
visible. We will discuss this issue further in Sec. IV. The
narrow decay width of N allows the two propagators for N,
in Eq. (8) to be written as,

1

ðp2
N −m2

NÞ2 þm2
NΓ2

N
≃ π

mNΓN
δðp2

N −m2
NÞ: ð14Þ

Moreover, in the narrow width approximation the two
channels contribute as a sum to the total decay width, as the
interference term is negligible.
Most of the earlier studies of LNV meson and tau decays

have focused on three-body decays. A few more recent
phenomenological studies [60,72–75] of four-body LNV
processes have also been performed, including an exper-
imental search through the mode B− → D0πþμ−μ− by
LHCb [76]. The particular four-body Bc decay mode being
considered here has the advantage of being Cabibbo
favored and hence enhanced.
To calculate the four-body phase space required for

evaluating the decay rate ΓðB−
c ðpÞ → B̄0

sðk1Þl1ðk2Þl2 ×
ðk3Þπþðk4ÞÞ ¼ 1

2m

R
d4ðpsÞjMj2, the final particles can be

partitioned into two subsystems X12 and X34, each of which
subsequently decays into a two-body state. Hence, the four-
body phase space integral is decomposed into a product of
three two-body phase space integrals:

d4ðpsÞ ¼ d2ðpsB−
c → X12X34Þd2ðpsX12 → k1k2Þd2

× ðpsX34 → k3k4ÞdM2
12dM

2
34; ð15Þ

where X12 ¼ ðk1 þ k2Þ, X34 ¼ ðk3 þ k4Þ, X2
12 ¼ M2

12 and
X2
34 ¼ M2

34, p
2 ¼ m2 and k2i ¼ m2

i . The four-body phase
space therefore takes the form,

d4ðpsÞ¼
1

n!
1

ð4πÞ6
1

4
λ
1
2

�
1;
M2

12

m2
;
M2

34

m2

�
λ
1
2

�
1;

m2
1

M2
12

;
m2

2

M2
12

�

×λ
1
2

�
1;

m2
3

M2
34

;
m2

4

M2
34

�
dM2

12dM
2
34dcosθ12dcosθ34dϕ;

ð16Þ

where m, m1, m2, m3, and m4 are the masses of B−
c , B̄0

s , l1,
l2 and πþ respectively, λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy−
2xz − 2yz, and n ¼ 2 for identical leptons in the final state,
otherwise n ¼ 1. θ12(θ34) is the angle in the ~X12( ~X34) rest

frame between the three momentum ~k1( ~k3) and the line of
flight of ~X12( ~X34) in the Bc rest frame. The angle ϕ is the
angle between the normals to the planes defined in the Bc

rest frame by the B̄0
sl1 pair and the l2π

þ pair. This is
depicted in the four-body kinematics diagram, Fig. 12 given
in the Appendix. The four momenta k1, k2 (k3, k4) are first
evaluated in the ~X12( ~X34) rest frame. To finally evaluate the
decay rate in the Bc rest frame, it is assumed that ~X12 moves
in the +ẑ direction and ~X34 in the -ẑ direction and the
resultant boosted explicit form of all the four momenta in
the B−

c rest frame are also given in the Appendix.
Alternately, rather than calculating the full 4-body

kinematics to evaluate the decay rate, the narrow width
approximation can be used to evaluate the decay rate as a
product of a 3-body decay rate and the branching ratio for
decay of N to a 2-body mode, as specified below:

ΓðB−
c → B̄0

sl−
1 l

−
2 π

þÞ ≈ ΓðB−
c → B̄0

sl−
1NÞ · ΓðN → l−

2 π
þÞ

ΓN
:

ð17Þ
In Fig. 4, we show the curves corresponding

to BðB−
c→B̄0

se−e−πþÞ
jVeN j2 = BðB−

c→B̄0
se−e−πþÞ

jVeN j4 and BðB−
c→B̄0

sμ
−μ−πþÞ

jVμN j2 =
BðB−

c→B̄0
sμ

−μ−πþÞ
jVμN j4 , as a function of the heavy neutrino mass,

mN . The regions below the curves are theoretically allowed.
For this calculation, ΓN is evaluated, either under the
assumption that has been frequently used in the literature
[36,38], jVeNj ∼ jVμN j ∼ jVτN j, shown in the left figure
(a) or, using the upper limits of the mixing elements,
obtained in Eq. (13), leading to the maximum value of ΓN
permitted by unitarity and global fits to oscillation data,
displayed in the right figure (b). Note that the few kinks in
the plots in Figs. (2–4) arise from threshold for a new
channel contributing to ΓN at the corresponding mN value
(e.g. around 0.135 GeVand 0.245 GeV the visible kinks are
from the threshold for νπ0 and πþμ− respectively).

B. Bounds on mixing angles using upper limits on the
branching ratios for B−

c → B̄0
sl−

1l
−
2 π

þ decays

Using the matrix element in Eq. (8) and the narrow width
approximation, Eq. (14) the LNV branching ratios can be
written as:

FIG. 3. Heavy neutrino decay width as a function of the mass
mN with the maximum values of the mixing angles, jVlN j2,
l ¼ e, μ, τ allowed by unitarity and the global fits to oscillation
data.
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BðB−
c → B̄0

se−e−πþÞ ¼ GeeðmNÞ
jVeN j4
ΓN

;

BðB−
c → B̄0

sμ
−μ−πþÞ ¼ GμμðmNÞ

jVμN j4
ΓN

; ð18Þ

where,Gee andGμμ are functions of the Majorana mass and
depend on the explicit matrix element and phase space for
each of the processes. When both the like sign dileptons in
Fig. 1 are not of the same flavor, then the process is not only
lepton number violating but also lepton flavor violating. If
the two vertices of N production and decay can be separated,
then the two processes, B−

c → B̄0
se−N followed by N →

μ−πþ and B−
c → B̄0

sμ
−N followed by N → e−πþ can be

distinguished. Assuming this separation, we may write:

BðB−
c → B̄0

se−μ−πþÞ ¼ GeμðmNÞ
jVeNj2jVμN j2

ΓN
;

BðB−
c → B̄0

sμ
−e−πþÞ ¼ GμeðmNÞ

jVeNj2jVμN j2
ΓN

; ð19Þ

where, we use the notation that the first lepton is produced
along with theN, while the second lepton is produced in the
decay of N; Geμ (Gμe) are again functions of the Majorana
mass and vary with the explicit matrix element and phase
space for each of the processes. Now, defining,

Fee ≡ BexpðB−
c → B̄0

se−e−πþÞ
GeeðmNÞ

;

Fμμ ≡ BexpðB−
c → B̄0

sμ
−μ−πþÞ

GμμðmNÞ
;

Feμ ≡ BexpðB−
c → B̄0

se−μ−πþÞ
GeμðmNÞ

;

Fμe ≡ BexpðB−
c → B̄0

sμ
−e−πþÞ

GμeðmNÞ
; ð20Þ

whereBexp are the expected experimental upper limits of the
branching ratios, we can obtain the constraints:

jVeNj4
ΓN

< Fee;
jVμN j4
ΓN

< Fμμ;

jVeNj2jVμN j2
ΓN

< Feμ=Fμe: ð21Þ

The upper limits on the Bexp in Eq. (21) can be very simply
translated into the upper limits on, jVeNj2, jVμN j2, jVeNVμN j
under the assumption, jVeNj ∼ jVμN j ∼ jVτN j in ΓN . This
leads Eq. (21) to result in the constraints,

∣VeNj2 < Feeðae þ aμ þ aτÞ;
jVμN j2 < Fμμðae þ aμ þ aτÞ;

∣VeNVμN j < Feμ=Fμeðae þ aμ þ aτÞ: ð22Þ
According to Ref. [77] at the LHC with

ffiffiffi
s

p ¼ 14 TeV, the
beam luminosity and production cross section will be high
enough that the rate of producingBc events can be 108 − 109

per year. A crude estimate [78] using themeasured [79] ratio
of production cross section times branching fractions
between the Bþ

c → J=Ψπþ and Bþ → J=ΨKþ decays atffiffiffi
s

p ¼ 8 TeV, indicates ∼Oð109 − 1010ÞBc events with
10 fb−1 luminosity at 13=14 TeV. Ultimately, the produc-
tion cross section will be directly measured by LHCb atffiffiffi
s

p ¼ 13=14 TeV and will be knownmore precisely. In any
case the large number ofBc events will make a search for the
proposed rare LNV Bc decays feasible. Even if these decay
modes are not seen, one may naively estimate that it may be
possible to set upper limits on the branching ratios of
∼Oð10−7 − 10−9Þ. However, since the finalBs meson needs
to be reconstructed via its prominent decay modes,
either Bs → J=ψðμμÞϕðKKÞ or Bs → DsðKKπÞπ, with
BðBs → J=ψϕÞ×BðJ=ψ → μμÞ×Bðϕ→KKÞ∼Oð10−5Þ;
BðBs → Dsπ × BðDs → KKπÞ ∼Oð10−4Þ, upper limits on
BðB−

c → B̄0
sl−

1l
−
2 π

þÞ of only ∼Oð10−5 − 10−4Þ may be
feasible. These limits are just indicative, exact realistic
limits will only be determined by the experimental collabo-
ration, after incorporating the detection, reconstruction

(a) (b)

FIG. 4. (a) BðB−
c→B̄0

sl−l−πþÞ
jVlN j2 , where, l ¼ e, μ. The theoretical calculation uses ΓN obtained with the assumption jVeN j ∼ jVμN j ∼ jVτN j.

(b) BðB−
c→B̄0

sl−l−πþÞ
jVlN j4 , l ¼ e, μ. ΓN is obtained using the upper limits of the mixing elements allowed by unitarity and global fits to

oscillation data.
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efficiencies of all the final particles. Of course, tighter limits
would be possible at future colliders.
In the left panels of the Figs. 5, 6 and 7, we show the

exclusion curves corresponding to the constraints on the
mixing angles jVeN j2, jVμN j2, jVeNVμN j given in Eq. (22),
for possible upper limits on the Bexp ðB−

c → B̄0
sl−

1 l
−
2 π

þÞ, of
10−4 and 10−5. Rather loose constraints are obtained if no
assumptions regarding the mixing elements jVlN j2, l ¼ e,
μ, τ are made and if the maximum values of these mixing
elements permitted by unitarity and global fits to oscillation
data [obtained in Eq. (13)] are used in ΓN evaluation. This
results in the upper limits on the mixing elements displayed
in the right panels of the Figs. 5, 6 and 7, again if upper
limits on the Bexp ðB−

c → B̄0
sl−

1 l
−
2 π

þÞ of 10−4, 10−5 are
experimentally attained.
For the lepton flavor violating case, l1 ≠ l2, the mass

difference of e and μ results in a slight difference in the
mass range allowed for N (for its resonant production) for
the two cases: when the electron is produced along with the
Majorana neutrino N, while muon arises from the decay of
N, or vice versa. Hence, in Fig. 7 we present the exclusion
curves for these two cases separately. If the separation of

the vertices is not easily feasible, one can just add the
results of the two cases in the overlapping kinematic range.
Using the upper limit on the branching fractions, Bexp

ðB−
c → B̄0

sl−
1l

−
2 π

þÞ ∼ 10−5, the bounds on the mixing
angles obtained for ∼ð0.1 < mN < 0.9Þ GeV, are slightly
tighter than those from other heavy meson decays consid-
ered in [36,38]. Only the constraints from K meson visible
3-body decays are tighter, but for the mass range of
∼0.35 < mN < 0.90 GeV, our exclusion limits are either
tighter or compatible with the earlier constraints. A
comparison of our exclusion plots against that shown in
a recent analysis on global constraints on a heavy neutrino
[80], again shows that these bounds could provide very
tight constraints in a small range of mN , beyond that
excluded only by peak searches in K meson decays, which
is otherwise so far unconstrained.2

The reasons for this improved sensitivity are that the
meson decay modes considered in the literature so far have

(a) (b)

FIG. 5. Exclusion curves for the mixing element jVeN j2 corresponding to the different expected upper limits for branching ratio of the
decay mode B−

c → B̄0
se−e−πþ. In ΓN , the left figure(a) uses the assumption, jVeN j ∼ jVμN j ∼ jVτN j, while the right figure(b) uses the

maximum allowed magnitude of the mixing elements VeN , VμN , VτN from unitarity and the global fits to oscillation data.

(a) (b)

FIG. 6. Exclusion curves for the mixing element jVμN j2 from the expected upper limits for the branching fraction of the decay mode
B−
c → B̄0

sμ
−μ−πþ. Both the left figure (a) and the right figure (b) use the same assumption/constraints for the magnitude of the mixing

elements as those in Fig. 5.

2We wish to point out that our constraints cannot be directly
compared with that in Ref. [80], as their conservative constraints
are independent of the heavy neutrino decay products.
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been mostly 3-body decay modes involving the annihila-
tion of the initial meson and the weak annihilation vertex of
all heavy mesons (except Ds) suffers from Cabibbo
suppression. This reduces the coefficient of the mixing
elements in the decay rates, resulting in looser constraints.
Hence, in spite of the mild phase space suppression this
4-body mode can result in improved exclusion limits for the
mixing angles of the heavy Majorana neutrino with the
light flavor neutrinos. With a larger sample of Bc events,
possible at future high energy colliders, much stronger
upper limits on the branching ratios would be possible,
which would result in more stringent constraints on the
mixing elements.

IV. OTHER Bc DECAY MODES

Although the modes B−
c → B̄0

sl−
1 l

−
2 π

þ, are expected to
have a larger branching ratios due to the Cabibbo enhance-
ment, however, as pointed out in the last section, the
reconstruction of the B̄0

s results in a penalty of ∼Oð10−4Þ,
implying that with the limited number Bc events at LHCb
even in the 13=14 TeV run, upper limits on the branching
ratios for these modes, smaller than 10−5 may not be
feasible. In fact, for the modes B−

c → J=ψl−
1l

−
2 π

þ which
are Cabibbo suppressed, but where the reconstruction of

J=ψ only results in a suppression factor of ∼Oð10−2Þ,
tighter upper limits on the branching fraction ∼Oð10−7Þ
may be achievable, provided the final leptons are electrons
or muons. If one of the final leptons is a tau, the upper limit
may be less tighter ∼Oð10−6Þ. Also, while LHCb has
already searched for Majorana neutrinos via the mode
B− → πþμ−μ−, perhaps a search through the mode B−

c →
πþμ−μ− may provide tighter constraints on the mixing
angles.

A. B−
c → J=ψl−

1l
−
2 π

þ

The diagrams contributing to this decay mode are shown
in Fig. 8. The leptonic tensor in the amplitude will have the
same form as that in Eq. (5), while the hadronic tensor can
be written as:

ðMhadÞβμ ¼
GFffiffiffi
2

p VcbVudhJ=ψðk1Þjb̄γμð1 − γ5ÞcjB−
c ðpÞi

× hπþðk4Þjūγβdj0i; ð23Þ

Here, the hadronic matrix element of the weak current in
the B−

c → J=ψ transition in terms of the vector and axial-
vector form factors is given by,

(a) (b)

(c) (d)

FIG. 7. Exclusion curves for the mixing element jVl1NVl2N j from the possible upper limits for the branching fraction of the decay
mode B−

c → B̄0
sl−

1 l
−
2 π

þ, (a) is for l1 ¼ e and l2 ¼ μ and uses the assumption of equal magnitudes of all the mixing elements for ΓN, (b)
is also for l1 ¼ e and l2 ¼ μ, but for ΓN uses the maximum values of the mixing elements permissible by the unitarity constraints and
global fits to oscillation data, (c) and (d) are for l1 ¼ μ and l2 ¼ e and for ΓN use the same assumptions as that used in figures (a) and
(b) respectively.
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hJ=ψðk1ÞjJ μjB−
c ðpÞi

¼ ð−FVϵ
μναβϵ�νQαqβ þ iFA

0 ϵ
�μ

þ iFAþðϵ�:pÞQμ þ iFA
−ðϵ�:pÞqμÞ; ð24Þ

where, Q ¼ pþ k1, q ¼ p − k1, and ϵ is the polarization
vector of the J=ψ meson. The form factors,
FV; FA

0 ; F
Aþ and FA

− have been estimated using QCD
sum rules in Ref. [65], with the values from zero recoil
evolved with the pole dependence:

Fiðq2Þ ¼
Fið0Þ

1 − q2

M2
i;pole

; ð25Þ

with the numerical values: FVð0Þ ¼ 0.11 GeV−1, FA
0 ¼

5.9 GeV, FAþ ¼ −0.074 GeV−1 and FA
− ¼ 0.12 GeV−1;

while the pole mass used in each of the vector/axial-vector
form factors for Bc → c̄c is 4.5 GeV. We evaluate the four-
body decay rate for this mode using the procedure
analogous to that followed for the B−

c → B̄0
sl−

1 l
−
2 π

þ decay
mode, i.e., using the narrow width approximation forN and
the phase space given in Eq. (16). Of course, due to the
presence of larger number of form factors, the matrix
element mod-squared appears more complicated. The
bounds on the mixing elements are also derived in a
similar fashion, using constraints similar to that given in
Eq. (22), with the corresponding parameters appropriately
defined in terms of the theoretical branching fractions and
the experimental upper limits for the B−

c → J=ψl−
1l

−
2 π

þ

mode. Note however, that the mass difference between that
of Bc and J=ψ will allow neutrino masses up to over 3 GeV
to be on shell. This not only allows us to constrain jVeN j2,
jVμN j2 and jVeNVμN j over a bigger mass range, but
exclusion curves for jVeNVτN j, jVμNVτN j can also be
provided for heavy neutrino masses beyond the region
probed via tau decays.

B. B−
c → πþl−

1l
−
2

While the number of Bc events at LHCb are expected to
be smaller than the number of B� events, still this mode
being less suppressed with respect to B− → πþl−

1l
−
2 could

possibly result in tighter constraints on the mixing angles.
The diagrams contributing to this process are shown in
Figs. 9. Apart from the s-channel diagram (a), there is also a
t-channel diagram, where the off-shell heavy neutrino
contributes. However, since this diagram is highly sup-
pressed due to CKM suppression, as well as due to absence
of resonant enhancement, we only include the dominant
contribution of Fig. 9(a) (including that for the two leptons
exchanged). The large mass difference between that of Bc
and π meson allows both final leptons to be taus also. With
only pion and electrons/muons as the final state particles,
this mode should be easy to reconstruct, however, for the
case of one or both of the leptons being a tau, the
reconstruction will involve accounting for the tau branch-
ing fraction to the final state through which it is seen. The
even wider range allowed for the heavy neutrino mass, also
allows upper limit on jVτN j2, which is unconstrained by any
of the τ or other meson decays.

N

W

u

d

l

l

−

−

+
−

W−

Bc
−

+

b

c

c c− −

J/

1

2

N

W

u

d

l

l 1

2
−

−

+
−

W−

Bc
−

+

b

c

c c− −

J/

(a) (b)

FIG. 8. (a) Feynman diagram for the decay B−
c → J=ψl−

1 l
−
2 π

þ, (b) diagram with the two leptons exchanged.

N

W

u

d

l

l

−

−

+

−

W −

+
b

c−
1

2

N

W

u

d

l

l

−

−

−W −

b

c−

1

2−

(a) (b)

FIG. 9. (a) The s-channel feynman diagram for the decay B−
c → J=ψl−

1 l
−
2 π

þ. (b) The t-channel diagram for the same process.
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In Fig. 10(a)–10(c) we show the exclusion curves for
jVeNj2, jVμN j2 and jVeNVμN j respectively, obtained from
the expected upper limits of BðB−

c → J=ψl−
1l

−
2 π

þÞ ∼ 10−7

and BðB−
c → πþl−

1l
−
2 Þ ∼ 10−9 (l1;l2 ¼ e or μ), at

LHCb with ∼1010 Bc events. If one or both of the leptons
is a tau, then its reconstruction would lead to looser upper
limits on the branching fraction. Figure 11(a) shows the
exclusion curves for jVeNVτN j, while that for jVμNVτN j are
displayed in Fig. 11(b), corresponding to the upper limits:
BðB−

c → J=ψl−
1l

−
2 π

þÞ ∼ 10−6 and BðB−
c → l−

1l
−
2 π

þÞ ∼
10−8 when, l−

1 or l−
2 is a τ−. Figure 11(c) shows the

exclusion curve for jVτN j2 corresponding to an upper limit
of BðB−

c → πþτ−τ−Þ ∼ 10−7

Note that jVτN j2 is very loosely constrained, with some
limits from CHARM [81,82], NOMAD [83] and DELPHI
[84] collaborations, but with the mass range of ∼ð0.3 −
5.0Þ GeV almost unconstrained.3 The B−

c → πþτ−τ− mode
partially fills up this gap in providing exclusion limits in
part of this range.

In each of the above studies the Majorana sterile neutrino
produced in the Bc decay is assumed to propagate as a real
particle and then decay after a certain distance from the
production point. In the exclusion limits obtained on the
mixing elements above, we assumed an idealized detector,
where this distance lies within the detector length and
hence the probability of this production and decay of the
heavy neutrino within the detector is unity. In practice one
may need to introduce a more realistic probability factor,
which could possibly weaken the constraints on the mixing
elements. Estimation of this effect will depend on the
specific experimental set up, the momenta carried by the
heavy neutrino which would depend on that of the decaying
Bc meson etc. Hence this can be properly incorporated only
by the respective experimental collaborations in their data
analysis. In fact, LHCb has indeed accounted for this in
their analysis of a few LNV B decay modes, for a Majorana
neutrino of mass of 2–3 GeV [76]. However, for the case of
Bc decaying at rest, in order to obtain a decay length of the
heavy neutrino of about 10m (expected detector length),
corresponding to the bounds obtained on the mixing
element, jVeNj2 of ∼Oð10−4; 10−5; 10−6Þ for the modes
B−
c → B̄0

sl−
1 l

−
2 π

þ, B−
c → J=ψl−

1 l
−
2 π

þ and B−
c → πþl−

1l
−
2

respectively, the mass of N should be above 0.6, 1.4
and 2.2 GeV.

(a) (b)

(c)

FIG. 10. Exclusion curves for the mixing element jVl1NVl2N j from upper limits for the branching fraction BðB−
c →

J=ψl−
1 l

−
2 π

þÞ ∼ 10−7 and BðB−
c → πþl−

1 l
−
2 Þ ∼ 10−9. Notation regarding the ordering of the leptons is the same as that described

in Sec. III. In figure (a), l1 ¼ l2 ¼ e, in (b) l1 ¼ l2 ¼ μ while in (c) l1 ¼ e; l2 ¼ μ

3Reference [85] suggests that the large data sets of the B
factories may be able to place stringent limits for 100 MeV ≤
MN ≤ 1.2 GeV.
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V. CONCLUSIONS

We propose several Bc decay modes for Majorana
neutrino searches. The Bc meson is unique in being the
only meson with two heavy quarks of different flavor,
allowing weak decays not only of the b quark but also the
c quark. The b quark decays are always Cabibbo sup-
pressed, with λ2 or λ3 suppression for b → c or b → u
transitions respectively. The charm quark decay on the
other hand can be Cabibbo favored. Hence the amplitude
for B−

c → B̄0
sl−

1 l
−
2 π

þ, (l1, l2 ¼ e, μ) decays can be
enhanced. These four-body decay modes involve transi-
tion form factors rather than decay constants that appear in
case of annihilation of the decaying meson, as is the case
for the 3-body meson decays extensively studied for
Majorana neutrino searches in the literature. To avoid
model dependence and theoretical uncertainties, we sug-
gest that these form factors be measured using the semi-
leptonic mode, B−

c → B̄0
sμ

−ν̄. For a Majorana neutrino that
lies in the mass range that allows it to be on the mass shell,
there is also a resonant enhancement of the process. A
search for Majorana neutrinos via these rare modes which
are expected to have larger branching fractions, appears
more feasible. Even a nonobservation can result in

exclusion curves for the mixing angles of the heavy
Majorana singlet with the flavor eigenstates, correspond-
ing to possible upper limits for the branching fractions.
These constraints are mostly tighter than those obtained
from other heavy meson decay modes in earlier studies
and the mass range probed lies beyond the range with
stringent constraints from experimental bounds on three-
body Kaon LNV decays.
In spite of the Cabibbo enhancement for the B−

c →
B̄0
sl−

1 l
−
2 π

þ modes, the reconstruction of the Bs leads one to
expect less stringent upper limits for these modes compared
to that for B−

c → J=ψl−
1l

−
2 π

þ modes where the J=ψ can be
reconstructed more easily via the μþμ− mode. Similarly the
reconstruction of the B−

c → πþl−
1 l

−
2 mode would be less

demanding. This along with the phase space enhancement
of the latter two modes may result in much tighter (by
almost an order of magnitude) exclusion curves for the
mixing elements, jVeNj2, jVμN j2, jVeNVμN j. Further, for
jVeNVτN j, jVμNVτN j, on which bounds exist only from tau
decays, exclusion curves for masses up to about 6 GeV can
be provided. Also, upper limits for jVτN j2 can be obtained
in the mass range ð0.3 − 5.0Þ GeV, where it is so far
unconstrained.

(a) (b)

(c)

FIG. 11. Exclusion curves for the mixing element jVl1NVl2N j. For (a), one of the leptons is an electron while the second one is a tau;
the upper limits used are: BðB−

c → J=ψl−
1 l

−
2 π

þÞ ∼ 10−6, BðB−
c → πþl−

1 l
−
2 Þ ∼ 10−8, (b) corresponds to the case of one muon and one

tau, again using the upper limits: BðB−
c → J=ψl−

1 l
−
2 π

þÞ ∼ 10−6, BðB−
c → πþl−

1 l
−
2 Þ ∼ 10−8 and for (c), both final leptons are taus and

the expected upper limit for BðB−
c → πþl−

1 l
−
2 Þ ∼ 10−7.
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APPENDIX: FOUR-BODY KINEMATICS

To describe the kinematics of four-body decays, five
independent variables are required. We choose the inde-
pendent variables to be, M2

12, M
2
34, θ12, θ34 and ϕ, which

for the processes, B−
c ðpÞ → B̄0

sðk1Þl−
1 ðk2Þl−

2 ðk3Þπþðk4Þ or
B−
c ðpÞ → J=ψðk1Þl−

1 ðk2Þl−
2 ðk3Þπþðk4Þ are defined as:

M2
12 ¼ ðk1 þ k2Þ2; M2

34 ¼ ðk3 þ k4Þ2;

cos θ12 ¼
v̂:~k1
j~k1j

; cos θ34 ¼
−v̂:~k3
j~k3j

; ðA1Þ

ϕ is the angle between the normals to the planes defined in
the Bc rest frame by the B̄0

sðJ=ψÞl1 pair and the l2π
þ pair.

The ranges of the angular variables are 0 ≤ θ12 ≤ π,
0 ≤ θ34 ≤ π, and −π ≤ ϕ ≤ π.

To evaluate the decay rate for the 4-body LNV B−
c →

B̄0
sl−

1 l
−
2 π

þ mode, the mod squared of the matrix element
specified in Eq. (8) is expressed in terms of the dot products
of the momenta of the final state particles as:

X
jMj2 ¼ G4

Fm
2
N jVcsj2jVudj2jVl1NVl2N j2f2π

π

mNΓN
δðp2

N −m2
NÞ

× ð8ðF2þ þ 2FþF− þ F2
−Þðm2

4m
2ðk2:k3Þ − 2m2ðk2:k4Þðk3:k4Þ þ 4ðk2:pÞðk3:k4Þðk4:pÞ

− 2m2
4ðk2:pÞðk3:pÞÞ þ 8ðF2þ − 2FþF− þ F2

−Þðm2
4m

2
1ðk2:k3Þ − 2m2

1ðk2:k4Þðk3:k4Þ
þ 4ðk1:k2Þðk3:k4Þðk4:k1Þ − 2m2

4ðk1:k2Þðk1:k3ÞÞ þ 16ðF2þ − F2
−Þðm2

4ðk2:k3Þðp:k1Þ
− 2ðk2:k4Þðk3:k4Þðp:k1Þ þ 2ðp:k2Þðk3:k4Þðk1:k4Þ −m2

4ðp:k2Þðk1:k3Þ þ 2ðk1:k2Þðk3:k4Þ
ðp:k4Þ −m2

4ðk1:k2Þðp:k3ÞÞÞ þ ðk2 ↔ k3; m2 ↔ m3Þ: ðA2Þ

Following are the explicit form of the four momenta of the final state particles B̄0
sðk1Þ, l−

1 ðk2Þ, l−
2 ðk3Þ and πþðk4Þ in the Bc

rest frame,

p ¼ ½m; 0; 0; 0�;

kμ1 ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
12 þ X2

p
2M2

12

ðM2
12 þm2

1 −m2
2Þ þ

X
2
cosðθ12Þλ1

2

�
1;

m2
1

M2
12

;
m2

2

M2
12

�
;
1

2
M12λ

1
2

�
1;

m2
1

M2
12

;
m2

2

M2
1

�
sinðθ12Þ; 0;

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

1 þ X2

q
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−
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þ are obtained in an analogous way, although they are a
bit more complicated due to the additional form factors involved in the pseudoscalar to vector meson transition.
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