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In this work, we study the lepton number violating Bc meson decays via one intermediate on-shell heavy
neutrino N. The specific studied process is Bþ

c → μþN → μþμþτ−ν which could allow distinguishing the
nature of the heavy neutrino nature (Dirac or Majorana) by studying the tau lepton energy spectrum in
the LHCb experiment. The result suggests that this signature could be observed in the collected data during
the HL-LHCb lifetime.
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I. INTRODUCTION

The standardmodel (SM) of physics is a highly successful
theoretical framework that encompasses the fundamental
particles and forces of nature, encompassing quarks, lep-
tons, and bosons. However, there are various phenomena in
the universe that the standard model fails to explain. These
include the baryonic asymmetry of the universe (BAU), dark
matter (DM), and neutrino oscillations (NOs). Over the
past few decades, experiments on NOs have demonstrated
that active neutrinos (ν) are massive particles setting limits
on the squared mass difference Δm2 ¼ 10−10 eV2 (from
solar neutrino experiments), Δm2 ¼ 10−2 − 10−3 eV2

(from short baseline reactor experiments), Δm2 ¼ 10−4 −
10−5 eV2 (from long baseline reactor experiments),Δm2 >
0.1 eV2 (from short baseline accelerator experiments) and
Δm2 ¼ 10−2 − 10−3 eV2 (from long baseline accelerator
experiments), see Ref. [1] for more details. Consequently, it
is evident that the standard model is not a final theory and
necessitates expansion. Among the extensions to the stan-
dardmodel, which provide an explanation for the minuscule
masses of active neutrinos, are those rooted in the seesaw
mechanism (SSM) [2,3]. This mechanism introduces a
heavy Majorana neutral lepton, commonly referred to as
the heavy neutrino (HN), which is a singlet under the

SUð2ÞL symmetry group. The presence of theHNultimately
leads to the existence of a very light active Majorana
neutrino. These hypothetical HN’s have strongly suppressed
interaction with the SM particles (Z;W� bosons and e, μ, τ
leptons), doing a very tough task their detection. However,
despite this suppression, the existence of HN’s can be
explored via rare meson decays [4–17], colliders [18–38],
and tau factories [39–41].
Awell-motivated extension of the Standard Model (SM)

known as the neutrino-minimal-Standard-Model (νMSM)
[42,43] has been proposed. The νMSM is based on the
seesaw mechanism (SSM) and introduces three heavy
neutrinos. Among these, two HN’s have nearly identical
masses of around 1 GeV (denoted as mN1 and mN2), while
the third one has a mass of approximately keV and is
considered a candidate for dark matter. In addition to
explaining the smallness of neutrino masses and neutrino
oscillations, the νMSM has cosmological implications
for the early universe. It can generate a slight imbalance
betweenmatter and antimatter through a phenomenon called
heavy neutrino oscillations (HNOs), which is also known as
the Akhmedov-Rubakov-Smirnov (ARS) mechanism [44].
In a previous publication [45], we provided an explan-

ation of the impacts arising from HNOs in the rare decays
of pseudoscalar B mesons, specifically those violating
lepton number (LNV) and lepton flavor (LFV). These
decays involve two nearly indistinguishable heavy
Majorana neutrinos (mNi

∼ 1 GeV), which can undergo
oscillations among themselves. The objective of this article
is to introduce a technique that facilitates the identification
of the heavy neutrino at HL-LHCb by utilizing the
remarkable detector resolution [46,47], thereby enabling
the potential observation of HNOs.
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The work is arranged as follows: In Sec. II, we described
the production of heavy neutrinos mechanism in Bc meson
decays. In Sec. III, we discuss the simulations of the HN
production at LHCb. In Sec. IV, we present the summary
and shows the conclusions.

II. PRODUCTION OF HEAVY NEUTRINOS

As we stated in the introduction, we are interested in
studying the lepton number violating (LNV) and the lepton
number conserving (LNC) in rare Bc meson decay proc-
esses, the same signature could be studied in B meson
decays, however, the suppression due to CKM elements is
stronger, leading to the Bc decays be a better option (see
Ref. [8] for a deeper discussion). The LNV process can be
intermediated only by Majorana HN, while the LNC by

Majorana and Dirac HN (see Fig. 1). The decay width for
the studied processes, in terms of 4-body invariant phase
space d4ðBþ

c → μþμþτ−ν̄Þ in terms of the squared ampli-
tude jAþ

Xj2, and for the HN kinematically allowed mass
range ðmτ þmμÞ ≤ mN ≤ ðmBc

−mμÞ is

ΓXðBþ
c → μþμþτ−ν̄Þ

¼ 1

2mBc
ð2πÞ8

Z
d4ðBþ

c → μþμþτ−ν̄ÞjAþ
Xj2; ð1Þ

where X ¼ LNC or X ¼ LNV. The squared amplitudes
in terms of particles 4-momenta and the propagators are
given by

jAþ
LNVj2 ¼ 256G4

FjVcbj2f2Bcb
jTLNVj2ðp2 · pνÞ½2ðp1 · pBc

Þðpτ · pBc
Þ −m2

Bc
ðp1 · pτÞ�

jAþ
LNCj2 ¼ 256G4

FjVcbj2f2Bcb
jTLNCj2ðpτ · pνÞð2m2

1ðp2 · pBc
Þ½m2

Bc
− ðp1 · pBc

Þ� ð2Þ

× ðp1 · p2Þ½m4
Bc

−m2
Bc
m2

1 þ 4ðp1 · pBc
Þ2 − 4m2

Bc
ðp1 · pBc

Þ�Þ; ð3Þ

where the propagators are

TLNC¼
BτNB�

μN

P2
N−m2

Nþ iΓη
NmN

; TLNV¼
mNB�

μNB
�
μN

P2
N−m2

Nþ iΓη
NmN

:

ð4Þ

The factors fBcb
¼ 0.322 GeV [48] andVcb ¼ 0.041 [49]

correspond to the decay constant and the CKM matrix
element for Bc meson, respectively. In Eq. (4), the factor Γη

N
is the total heavy neutrino decay width, which in principle,
can be different for Dirac (η ¼ Dir) andMajorana (η ¼ Maj)
heavy neutrinos

Γη
N ≡ ΓηðmNÞ ≈KηG

2
Fm

5
N

96π3
; ð5Þ

here GF ≈ 1.166 × 10−5 GeV−2 [50] is the Fermi coupling
constant. The factor Kη is given by

Kη ¼ N η
ejBeNj2 þN η

μjBμN j2 þN η
τ jBτN j2; ð6Þ

where the factorsBlN are the heavy-lightmixing elements of
the Pontecorvo-Maki-Nakagawa-Sakata matrix1 which in
this work are set to jBeNj2 ¼ 1 × 10−8, jBμN j2 ¼ 5 × 10−7

and jBτN j2 ¼ 5 × 10−6 all of these widely allowed2 by
current limits [51,52], the factors N η

l are the effective
mixing coefficients which account for all possible decay

FIG. 1. The rare Bþ
c meson decay, intermediated by a heavy neutrino. Left: Feynman diagrams for the LNV process Bþ

c → lþ
1 l

þ
2 τ

−ν̄.
Right: Feynman diagrams for the LNC process Bþ

c → lþ
1 τ

−lþ
2 ν. In this study, we will focus on a scenario where l1 ¼ l2 ¼ μ.

1In this work we define the light neutrino flavor state
as νl ¼ P

3
i¼1 Uliνi þ BlNN. Nevertheless, other literature

uses UlN or VlN as the heavy-light mixings elements
(i.e., BlN≡UlN≡VlN).

2It is important to mention that in the experimental mixing
limits jBlN j2 presented in Refs. [4,51,52] several discovery
channels have been taken into account. Therefore, when
we have set our mixings limits to jBeN j2 ¼ 1 × 10−8, jBμN j2 ¼
5 × 10−7, and jBτN j2 ¼ 5 × 10−6 we are in a conservative
scenario due to our mixings are widely allowed by current limits
which read jBeN j2 < 1 × 10−6, jBμN j2 ¼ 1 × 10−6, and jBτN j2 ¼
1 × 10−5 for 2 ≤ mN ≤ 4 GeV.
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channels of N (see Appendix B in Ref. [8] for a detailed
explanation) and are presented in Fig. 2 for our HN mass of
interest (0 ≤ mN ≤ 7.0 GeV).
Due to the different 4-momenta structure between

jAþ
LNVj2 and jAþ

LNVj2 [see Eq. (3)], it is possible to infer

that the energy spectra of the final tau lepton is an
appropriate variable to distinguish the HN nature (see
Refs. [6,9] for a detailed discussion). The τ lepton energy
spectra, in the heavy neutrino rest frame [CM(N)], for the
LNV process is given by

dBrðLNVÞðBþ
c → lþ

1 l
þ
2 τ

−ν̄Þ
dEτd cos θτ

¼ ZðLNVÞ

ΓðBc → allÞ
½mNðmN − 2EτÞ þm2

τ −m2
2�2

4mN ½mNðmN − 2EτÞ þm2
τ �

×

�
cos θτðm2

N −m2
1Þ
�ðm2

Bc
−m2

NÞ2 − 2m2
1ðm2

Bc
þm2

NÞ þm4
1

�
1=2ðE2

τ −m2
τÞ

þ �
m2

Nðm2
Bc

−m2
NÞ þm2

1ðm2
Bc

þ 2m2
NÞ −m4

1

�
Eτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
τ −m2

τ

q �
þ ðm1 ↔ m2Þ; ð7Þ

where the angle θτ is the angle between p1
�! and pτ

�! (see
Fig. 3), here both quantities Eτ and θτ are in the CM(N)
frame, and the function ZðLNVÞ is defined as

ZðLNVÞ ≡
�
1 −

1

2
δl1;l2

	
G4

Ff
2
Bc
jB�

l1N
B�
l2N

V�
cbj2

×
2

ð2πÞ4
mN

ΓMaj
N m3

Bc

λ1=2ðm2
Bc
; m2

N;m
2
1Þ; ð8Þ

and λ1=2 is the square root of the function

λðx; y; zÞ≡ x2 þ y2 þ z2 − 2xy − 2yz − 2zx: ð9Þ

It is important to remark that the factor ð1 − 1
2
δl1;l2Þ

accounts for the case when l1 ≠ l2, however in our case

l1 ¼ l2 ¼ μ, then ð1 − 1
2
δμ;μ ¼ 1=2Þ. On the other hand,

the term ðm1 ↔ m2Þ accounts for the mass interchange,
when l1 is produced at l2 vertex and vice-versa (crossed
channel). The integration over the angle θτ gives

FIG. 2. The effective mixing coefficientsN η
l. Left:N

Maj
l for Majorana heavy neutrinos. Right:N Dir

l for Dirac heavy neutrinos. Figure
adapted from Ref. [8].

FIG. 3. Scheme of the final 3-momenta in the heavy neutrino
rest frame CM(N). For simplicity, we only have represented the
relevant angle θτ.
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dBrðLNVÞ

dEτ
ðBc

þ → lþ
1 l

þ
2 τ

−νÞ ¼ ZðLNVÞ

ΓðBc → allÞ
1

2mN

�
m2

Bc
ðm2

N þm2
1Þ − ðm2

N −m2
1Þ2

�

× El

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
τ −m2

τ

q ðm2
N − 2mNEτ þm2

τ −m2
2Þ2

ðm2
N − 2mNEτ þm2

τÞ
þ ðm1 ↔ m2Þ; ð10Þ

for the lepton number conserving (LNC) processes we have

dBrðLNCÞ

dEτd cosθτ
¼ ZðLNCÞ

ΓðBc → allÞ
ð−1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
τ −m2

τ

p
½−m2

2 þm2
τ þmNðmN − 2EτÞ�2

24mN ½m2
τ þmNðmN − 2EτÞ�3

×

�
cosθτðm2

1 −m2
NÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
τ −m2

τ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððmBc

þm1Þ2 −m2
NÞððmBc

−m1Þ2 −m2
NÞ

q

×
h

3m2

τ þmNðmN − 4EτÞ
�

m2

τ þmNðmN − 2EτÞ
�þm2

2



3m2

τ −mNðmN þ 2EτÞ
�i

þ
h

m4

1 −m2
Nðm2

Bc
−m2

NÞ−m2
1ðm2

Bc
þ 2m2

NÞ
�

8E3

τm2
N − 2m2

τmNð2m2
2 þm2

τ þm2
NÞ

þ 2E2
τmNðm2

2 þ 5m2
τ þ 5m2

NÞ þEτ



3m2

2m
2
τ þ 3m2

2m
2
N þ ð3m2

τ þm2
NÞðm2

τ þ 3m2
NÞÞ

�i�þ ðm1 ↔m2Þ; ð11Þ

where ZðLNCÞ is defined as

ZðLNCÞ ≡G4
Ff

2
Bc
jB�

l1N
BτNV�

cbj2
�
1 −

1

2
δl1;l2

	
2

ð2πÞ4
mN

ΓDir
N m3

Bc

λ1=2ðm2
Bc
; m2

N;m
2
1Þ: ð12Þ

The integration over θτ gives

dBrðLNCÞ

dEτ
ðBc

þ → lþ
1 l

þ
2 τ

−νÞ ¼ ZðLNCÞ

ΓðBc → allÞ
1

96m2
N

1

½m2
τ þmNð−2Eτ þmNÞ�3

×

�
8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

τ −m2
τÞ

q
mN

�
m2

2 −m2
τ þ ð2Eτ −mNÞmN

�
2

×
�
−m4

1 þm2
Bc
m2

N −m4
N þm2

1ðm2
Bc

þ 2m2
NÞ
��
8E3

τm2
N − 2m2

τmNð2m2
2 þm2

τ þm2
NÞ

− 2E2
τmN



m2

2 þ 5ðm2
τ þm2

NÞ
�þ Eτ



3m4

τ þ 10m2
τm2

N þ 3m4
N þ 3m2

2ðm2
τ þm2

NÞ
���

þ ðm1 ↔ m2Þ; ð13Þ

An important suppression effect acting on the
decay width comes from the finite detector length (LD),
this effect is named acceptance factor (AFη) and can be
written as

AFη ¼ 1 − e
LDΓη

N
γNβN ; ð14Þ

where η ¼ Dir;Maj, the factor γN stands for the HN
Lorentz factor, and βN for the HN velocity, in our analysis,
we will use γNβN ¼ 2 (see the Appendix for more details)
and jBeNj2 ¼ 5 × 10−7 and jBτN j2 ¼ 5 × 10−6, which are
not excluded for current limits [51,52]. Therefore, the
effective (real) branching ratio can be written as follow

BrMaj
eff ¼ ϵ ×

�
1 − e

LDΓMaj
N

γN βN

	
×
BrLNCeff þ BrLNVeff

ΓMaj
N

≡ ϵ × AFMaj ×

�
BrLNCeff þ BrLNVeff

ΓMaj
N

	
; ð15aÞ

BrDireff ¼ ϵ ×

�
1 − e

LDΓDir
N

γNβN

	
×
BrLNCeff

ΓDir
N

≡ ϵ × AFDir ×
BrLNCeff

ΓDir
N

:

ð15bÞ

Another important factor to take into account total
detection efficiency factor ϵ which includes the estima-
tion for tau detection. For simplicity of the detection
signature, one could take only the hadronic decay channel
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τ → 3πν with a BR ∼ 9% [1] and leave the other leptons
to be reconstructed in the muon system, however, other
hadronic decay channels must be included in order to
improve the efficiency, see Refs. [53,54] for more details.
We remark while for Majorana HN both channels (LNC
and LNV) contribute, for Dirac ones only the LNC
channel does.

III. RESULTS

In this section, we will present the results obtained
through numerical solution of Eq. (15) and simulations to
obtain the factor γNβN which are explained in detail in the
Appendix. We emphasize that γNβN ¼ 2 has been used in
all the results. Furthermore, we will focus on masses

FIG. 4. Branching ratio distribution dBrðXÞ=dEτd cos θτ. Left: X ¼ Dirac and Right: X ¼ Majorana. Here mN ¼ 4.0 GeV, ϵ ¼ 1.0,
jBμN j2 ¼ 5 × 10−7, and jBτN j2 ¼ 5 × 10−6.

FIG. 5. Branching ratio distribution dBr=dEτ. Top left: mN ¼ 3.5 GeV and Top right: mN ¼ 4.0 GeV. The left and right bottom
panels show a zoom of pictures left and right in the top panels, respectively. Here ϵ ¼ 1.0, jBμN j2 ¼ 5 × 10−7, and jBτN j2 ¼ 5 × 10−6.
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mN ¼ 3.5, 4.0 GeV due to these values the HN mixings
jBμN j2 are less constrained from the experimental
results [4,51,52].
The Fig. 4 left panel (Dirac HN) shows that the branching

ratio distribution ismaximum 2.1× 10−7 ≤ dBrðDirÞ
dEτd cosθτ

≤ 2.4×

10−7 GeV−1 for 2.386 ≤ Eτ ≤ 2.388 GeV and −0.38 ≤
cosðθτÞ ≤ 0.38. In the case of Fig. 4 right panel (Majorana
HN) the branching ratio distribution is maximum
1.4 × 10−7 ≤ dBrðDirÞ

dEτd cos θτ
≤ 1.6 × 10−7 GeV−1 for 2.389 ≤

Eτ ≤ 2.391 GeV and −0.33 ≤ cosðθτÞ ≤ 0.33.
In Fig. 5 two mass cases are presented to illustrate the

behavior of the branching ratio distribution dBreff=dEτ. In
the left panel (mN ¼ 3.5 GeV) is possible to observe that in
the range 1.77 ≤ Eτ ≤ 2.15 GeV of the energy the
Majorana case dominates over Dirac. On the contrary in
the 2.15 ≤ Eτ ≤ 2.19 GeV range the Dirac dominates over
Majorana. Similarly, for Neutrino masses of 4.0 GeV (right
panel), the Majarona dominates in the 1.77 ≤ Eτ ≤
2.33 GeV HN mass range and Dirac on the 2.33 ≤ Eτ ≤
2.39 GeV range, however, the difference in the slope
between Majorana and Dirac is more evident.
In order to estimate a realistic number of HN that

can be produced at the HL-LHCb, we will consider the
detector efficiency ϵ ¼ 0.8, which is under a conservative
approach [55]. Therefore, in Fig. 6 we present the values of
effective branching ratios [Eq. (15)] over our range of
interest for heavy neutrino masses (3≲mN ≲ 6 GeV) for
the above mentioned efficiency. On the other hand, con-
sidering a luminosity of about L ¼ 1034 cm−2 sec−1, one
could expect the total amount of Bc mesons produced of the
order of NBc

∼ 5 × 1010 per year [56]. In Table I we show
the expected number of HN NX

N (X ¼ Dir=Maj) for the two

HN studied masses (mN ¼ 3.5, 4.0), and for the two HN
nature (Dirac and Majorana).

IV. SUMMARY AND CONCLUSIONS

In this work, we have studied the production of HN’s via
the rareBcmeson decayBþ

c → μþN → μþμþτ−ν in theHL-
LHCb experiment. We have shown that for mixings ele-
ments jBμN j2 ¼ 5 × 10−7 and jBτN j2 ¼ 5 × 10−6 and for
HN masses mN ¼ 3.5 and mN ¼ 4.0 GeV would
be possible to probe the existence of HN during the
LHC-LHCb lifetime. It is worth mentioning, that we focus
on a scenario with conservative values for HN mixing
elements jBlN j, however, there are scenarios where the
HN mixings elements are less tighten jBμN j2 ∼ 10−6 and
jBτN j2 ∼ 10−5 which allows producing up to 3000 HN
events for Majorana case [45]. Furthermore, we emphasize
that due to the different energy distributions of the final tau
lepton (Fig. 5), it could be possible to reveal theHN’s nature.
In addition, the angular distribution (Fig. 4) between final
leptons might be the key to improving the signature of the
events and unveiling the Dirac and Majorana cases.
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APPENDIX

An appropriate evaluation of Eq. (15) requires a realistic
value of γNβN , which can be obtained from the γBþ

c

distribution by means of Lorentz transformation. The γBþ
c

distribution is presented in Fig. 7 and was obtained carrying
out simulations of Bþ

c mesons production via charged
current Drell-Yan process, using MadGraph5_aMC@NLO [57],
PYTHIA8 [58], and DELPHES [59], for the LHCb
conditions at

ffiffiffi
s

p ¼ 13 TeV. The Bþ
c meson velocity

(≡βBþ
c
) can be obtained from γBþ

c
using βBþ

c
¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 1=γ2Bþ
c

q
. The Fig. 7 show the γBþ

c
distribution.

FIG. 6. Heavy neutrino effective branching ratios. The red solid
line stands for the Majorana case, and the dashed blue line for the
Dirac case. Here we have used ϵ ¼ 0.8, jBeN j2 ¼ 5 × 10−7

and jBτN j2 ¼ 5 × 10−6.

TABLE I. Expected number of HN at HL-LHCb with an overall
detector efficiency of 0.8. Here we have used jBμN j2 ¼ 5 × 10−7

and jBτN j2 ¼ 5 × 10−6.

mN (GeV)
Operation
time (years) BrDir NDir

N BrMaj NMaj
N

3.5 5 1.34 × 10−11 ≈3 2.47 × 10−11 ≈6
3.5 10 1.34 × 10−11 ≈7 2.47 × 10−11 ≈12
3.5 15 1.34 × 10−11 ≈11 2.47 × 10−11 ≈19
4.0 5 2.55 × 10−11 ≈6 4.27 × 10−11 ≈11
4.0 10 2.55 × 10−11 ≈13 4.27 × 10−11 ≈21
4.0 15 2.55 × 10−11 ≈19 4.27 × 10−11 ≈32
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It is worth mentioning, that, in general, Bþ
c is moving

when it decays intoN and l1, therefore, the product γNβN is
not always fixed and can be written in the CM(N) frame as

βNγN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðENðp̂0

NÞ=mNÞ2 − 1

q
; ðA1Þ

where EN is the heavy neutrino energy in the CM(N) frame,
and p̂0

N is the direction of the heavy neutrino in the Bþ
c -rest

frame (Σ0).

The relation among EN , p0!
N and the angle θN is given by

the Lorentz energy transformation (see Fig. 8)

EN ¼ γBþ
c
ðE0

N þ cos θNβBþ
c
jp⃗0

N jÞ; ðA2Þ

where the corresponding factors in the Bþ
c -rest frame (Σ0)

are given by

E0
N ¼m2

Bcþm2
N−m2

l1

2mBc
; jp0!

N j¼
1

2
mBcλ

1=2

�
1;
m2

l1

m2
Bc
;
m2

N

m2
Bc

	
;

ðA3Þ

we remarks that βBc is the velocity of Bþ
c in the lab frame,

and λðx; y; zÞ is

λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2xz − 2yz: ðA4Þ

It is worthwhile to notice that the γNβN values can
range between the values presented in Table II. Therefore,
to perform the calculation in a simple way, during the
development of this work we have considered γNβN ¼ 2.0,
however, we stress that the result does not change signifi-
cantly in the range 1.01 ≤ γNβN ≤ 3.12.
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