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We study lepton number violating and lepton number conserving semileptonic decays of heavy baryons
Λ0
b to three charged leptons and a neutrino. The decays occur through two intermediate quasidegenerate

GeV-scale sterile neutrinos of either Majorana or Dirac type that can be on-shell. Interference between the
intermediate heavy neutrinos leads to CP violation in the final states. Effect of neutrino oscillations
between the heavy states are also considered in observables of interests, i.e., branching ratio, and the
CP-asymmetry. Given the present constraints on the heavy-to-light mixing elements jVeN j and jVμN j,
CP-averaged branching ratio of Λ0

b → ðΛc; pÞμμeν with intermediate Majorana neutrinos is almost two
orders of magnitude larger than for the samewith Dirac neutrinos, whereas, CP-averaged branching ratio of
Λ0
b → ðΛc; pÞeeμν is of the same order of magnitude for both Majorana and Dirac neutrino induced decays.

CP-violation is found to be appreciable when the neutrino mass difference is comparable with the average
decay widths.

DOI: 10.1103/PhysRevD.105.013009

I. INTRODUCTION

It is now confirmed from neutrino oscillation experi-
ments that active light neutrinos have mass [1–3], albeit
very tiny. The reason for the smallness is yet unknown, but
the very existence of neutrino mass may indicate the
existence of a right-handed gauge-singlet (sterile) counter-
part NR. Whether the NR is of the Dirac or Majorana type is
a crucial question and is intricately related to the question
of the origin of neutrino mass itself. If NR is a Dirac type
then, tree-level Dirac neutrino mass terms are allowed, but
it leads to an unnaturally small Yukawa coupling for
neutrinos. If the NR is a Majorana, then both Dirac type
mass termmDðν̄LNR þ H:c:Þ and Majorana termmNNRNR
are allowed by the SM. Then, small light neutrino mass
mν ∼m2

D=mN , where mD is at the electroweak scale or
lower, arise through “seesaw”mechanism [4–10]. There are
several versions of the mechanism. In type-I seesaw, the
masses of NR are of the order of a few TeV which leads to
mν ≲ 1 eV. Recently, low energy seesaw mechanism has
been proposed where NR have a mass of the order few
hundreds of MeV to a few GeV [11–18]. These GeV-scale

seesaw mechanisms can be experimentally accessed at the
intensity and the energy frontier.
Majorana neutrinos distinguish themselves from Dirac

through jΔLj ¼ 2 lepton number violating (LNV) proc-
esses. Neutrinoless double beta decay (0νββ) process is
highly sensitive probe of LNV process for light Majorana
exchange [19–22] but enhancement due to GeV-scale
Majorana has recently been shown [23,24]. Due to the
lack of any 0νββ processes so far, and due to its limitations
to probe LNV in the first neutrino family only, alternative
processes are highly desirable. Majorana neutrino-medi-
ated rare decays of mesons and baryons are useful in this
regard. Interestingly, if Majorana neutrinos exist in nature,
then it will lead to both LNV as well as lepton-number-
conserving (LNC) decays of hadrons. The LNC decays are
not unique to Majorana neutrinos and occur through Dirac
neutrino exchange as well. The aim of this paper is to study
LNV and LNC in Λ0

b baryonic decays. Usually, for a too
light or a too heavy sterile neutrino, decay rates are too
suppressed to be observed in the current experiments. But,
if the sterile neutrino masses are within a few hundreds of
MeV to a few GeV, then they can go on-shell resulting in
appreciable decay rates [25,26]. A number of searches of
Majorana neutrino mediated LNV decays are underway at
the LHC and Belle-II which has renewed its interests in the
theoretical aspects including in hadronic decays [25–59],
τ-lepton decays [60–65], and different scattering processes
[66–76]. Experimentally, the B−→ πþμ−μ− decay has been
searched by the LHCb [77] and the K− → πþμ−μ− decay
has been searched by the NA48=2 Collaborations [78]
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and these measurements give the stringent constraints
on the heavy-to-light mixing elements. With large
integrated luminosity expected at the future Belle-II as
well as at the LHC in the future upgrade, the sensitivity
of sterile neutrinos to hadronic decays is expected to
increase.
In this paper we study the rare decay processes Λ0

b →
ðΛþ

c ; pþÞl−
1l

−
2l

þ
3 ν and their conjugate modes where l1,

l2, l3 can in general be of different flavors. The decays are
induced by sterile neutrinos that can be either of Majorana
or Dirac types. Two sterile neutrinos Nj (j ¼ 1, 2) with
massesmN1

andmN2
in the range of a few hundreds of MeV

to a few GeV are considered. In these mass ranges, the
neutrinos can go on-shell, i.e., decay widths ΓNj

≪ mNj
.

We are interested in scenarios where the two neutrinos are
almost degenerate, i.e., ΔMN ≡mN1

−mN2
≪ mN1

; mN2
.

Models with quasidegenerate Majorana neutrinos with
mass in this range have been proposed in Ref. [79]. If the
sterile neutrinos are Majorana then both LNV and LNC
final states will result. If the sterile neutrinos are Dirac,
only LNC final state will result. Irrespective of the nature
of the neutrinos involved, CP violation is expected for
both types of neutrinos. In this paper, we present the
expression for the branching ratios for both the LNV and
the LNC cases. We note that LNV decays of hyperons are
of experimental interest and have been searched by
several experimental collaborations in Ξ;Λc and Σ decays
[80–82]. We are not aware of such searches in Λ0

b decays.
Theoretically, only Majorana neutrino induced LNV
decays in Λ0

b → ðΛþ
c ; pþÞπþμ−μ− decays were studied

in Refs. [38,59] where neutrinos oscillation effects
were neglected. In this paper, we also include the effect
of neutrinos oscillation in the expressions of the branch-
ing ratios.
We present CP-averaged branching ratios for ΔMN∼ΓN,

where ΓN ¼ ðΓN1
þ ΓN2

Þ=2 is the average decay width.
Due to CKM suppression, Λ0

b → pl1l2l3ν has a smaller
branching ratio than Λ0

b → Λcl1l2l3ν. When the decays
occur through intermediate Majorana neutrinos, branching
ratio of Λ0

b → ðΛc; pÞeeμν is at least two orders of
magnitude suppressed compared to Λ0

b → ðΛc; pÞμμeν
due to present experimental upper bounds on the heavy
to light mixing elements jVμN j2 < 10−5, jVeNj2 < 10−7.
On the other hand, when the decays occur through
intermediate Dirac neutrinos, the CP average branching
ratios of Λ0

b → ðΛc; pÞμμeν and Λ0
b → ðΛc; pÞeeμν are of

the same order of magnitude. Comparing Majorana and
Dirac neutrino induced decays, we find that for Λ0

b →
ðΛc; pÞμμeν the branching ratio with intermediate
Majorana is almost two orders of magnitude larger than
that with intermediate Dirac. But for the Λ0

b →
ðΛc; pÞeeμν the branching ratios are of the same order
of magnitude for Majorana and Dirac cases. The CP-
asymmetry is sensitive to the heavy neutrino displaced

vertex length L, and maximum CP-violation is obtained
in the region where the CP-odd phase is π=2, ΔMN ∼ ΓN ,
and L ∼ Losc, where Losc is the heavy neutrino oscilla-
tion length. For large values of L, the CP-violation is
suppressed.
The paper is organized as follows. In Sec. II we give a

generic formalism including neutrino oscillation for the
case of B1 → B2l−

1l
−
2 l

þ
3 ν and its CP conjugate mode

B̄1 → B̄2l
þ
1 l

þ
2 l

−
3 ν̄ mediated by degenerate on-shell both

Majorana and Dirac neutrinos. In Sec. III we perform the
numerical analysis and the results are summarized in
Sec. IV. Some details of our derivations are given in the
Appendixes.

II. FORMALISM

Our calculations are based on a model where the left-
handed neutrinos of the SM SUð2Þ doublets are accom-
panied by two right-handed sterile neutrinos N1 and N2.
The relation between the SM flavor eigenstates νliL and the
mass eigenstates νi;L; N1; N2 is

νliL¼
X3
i¼1

Vliνjνj;LþVliN1
N1þVliN2

N2; li¼e−;μ−;τ−:

ð2:1Þ

The heavy to light mixing elements VliN1
and VliN2

are the
free parameters of our model which can be constrained by

(a) (b)

(c) (d)

FIG. 1. Figure (a) and (b) represent the LNV processes for
direct and crossed channel diagram respectively. Figure (c) and
(d) represent the LNC processes for direct and crossed channel
Feynman diagram respectively. Here q is the charm and up quark
for B2 ¼ Λþ

c and proton (pþ) respectively.
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experimental data. The parameters in general can be
complex. We assume a convention that VliNj

is the mixing
between a negatively charged lepton and a sterile neutrino
and define a CP-odd phase ϕliNj

as

VliNj
¼ jVliNj

jeiϕliNj ; j ¼ 1; 2 ð2:2Þ

Under the assumption of CPT conservation, a Majorana
neutrino differs from a Dirac neutrino in the fact that the
former needs only two degrees of freedom (two helicities)
compared to the latter’s four (two helicities each for particle
and antiparticle). Another important difference between the
two lies in how the PMNS mixing matrix is parametrized
for them. For Dirac neutrinos, the PMNS matrix can be
parametrized in terms of three mixing angles and one CP-
violating phase which is called the Dirac phase [83]. For
Majorana neutrinos, two additional CP phases, called
Majorana phases, are needed.

Our interest is to calculate Λ0
b → ðΛþ

c ; pþÞl−
1l

−
2l

þ
3 ν

decays and their conjugate modes. Depending on the
flavor of the neutrinos that are unobserved, the
decays can be either LNV or LNC. For example, Λ0

b →
ðΛþ

c ; pþÞl−
1 l

−
2l

þ
3 ν is LNV if ν is νl3 , but it is LNC if ν is

ν̄l2
. The LNV decays occur due to Majorana neutrinos

whereas LNC decays can happen either due to Majorana or
a Dirac.1 At the LHC, the reconstruction efficiency of tau
leptons are is smaller than muon and electrons. Moreover,
the tau leptons in the final state are also expected to give
severe phase space suppressions. For these reasons, we
neglect tau leptons. To reduce the dominant electromag-
netic backgrounds we also avoid the events where two
leptons of opposite charges are present. Therefore, we will
study only the following combinations of leptons in the
Λ0
b → ðΛþ

c ; pþÞl−
1l

−
2l

þ
3 ν decays. Depending on the flavor

of the unobserved neutrinos the final states can be either
LNV or LNC.

LNV∶ ðiÞ l1 ¼ l2 ¼ μ; l3 ¼ e; ν ¼ νl3 ; ðiiÞ l1 ¼ l2 ¼ e; l3 ¼ μ; ν ¼ νl3

LNC∶ ðiÞ l1 ¼ l2 ¼ μ; l3 ¼ e; ν ¼ ν̄l2 ; ðiiÞ l1 ¼ l2 ¼ e; l3 ¼ μ; ν ¼ ν̄l2

To clarify our convention, when the decay is LNV, the l1,
l2 are assumed attached to the vertexes of the sterile
neutrino and the l3ν pair comes from aW. When the decay
is LNC, the l1, l3 are assumed attached to the vertices of
the sterile neutrino and the l2ν pair comes from a W. The
Feynman diagrams for these relevant processes are shown
in Fig. 1. The dominant contributions come from two
“s-channel” topologies, direct(D), and cross-channel. There
are no “t-channel” diagrams for these processes. The decay
rates are appreciable if the sterile neutrinos have kinemat-
ically allowed masses

ml2 þml3 < mNj
< ðmB1 −mB2 −ml1Þ; and=or

ml1 þml3 < mNj
< ðmB1 −mB2 −ml2Þ: ð2:3Þ

A. B1 → B2l1N → B2l1l2l3ν rates

The five-body decay can be viewed as a two-step
process, production of the heavy neutrino in the semi-
leptonic decay B1 → B2l1N, followed by the decay of the
heavy neutrino N → l2l3ν. With a Majorana neutrino
being exchanged, the process will be LNV and the decay
rates can be written as [59]

ΓLNV
B1

≡ ΓðB1 → B2l−
1 l

−
2l

þ
3 νl3Þ ¼ ð2 − δl1l2

Þ 1
2!
½jVl1N1

j2jVl2N1
j2ðΓ̂ðDD�Þ11 þ Γ̂ðCC�Þ11Þ

þ jVl1N2
j2jVl2N2

j2ðΓ̂ðDD�Þ22 þ Γ̂ðCC�Þ22Þ
þ 2jVl1N1

jjVl2N1
jjVl1N2

jjVl2N2
jfcosðθLNV21 ÞðReΓ̂ðDD�Þ12 þ ReΓ̂ðCC�Þ12Þ

þ sinðθLNV21 ÞðImΓ̂ðDD�Þ12 þ ImΓ̂ðCC�Þ12Þg�; ð2:4Þ

ΓLNV
B̄1

≡ ΓðB̄1 → B̄2l
þ
1 l

þ
2 l

−
3 ν̄l3Þ ¼ ð2 − δl1l2

Þ 1
2!
½jVl1N1

j2jVl2N1
j2ðΓ̂ðDD�Þ11 þ Γ̂ðCC�Þ11Þ

þ jVl1N2
j2jVl2N2

j2ðΓ̂ðDD�Þ22 þ Γ̂ðCC�Þ22Þ
þ 2jVl1N1

jjVl2N1
jjVl1N2

jjVl2N2
jfcosðθLNV21 ÞðReΓ̂ðDD�Þ12 þ ReΓ̂ðCC�Þ12Þ

− sinðθLNV21 ÞðImΓ̂ðDD�Þ12 þ ImΓ̂ðCC�Þ12Þg�: ð2:5Þ

1We neglect contributions of the Standard Model light neutrinos since the decays under consideration can not occur through their on-
shell production and the decay rates are suppressed by the light neutrino masses. This is true irrespective of whether the light neutrinos
are of the Dirac or Majorana type.
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Based on the convention (2.2)

θLNV21 ¼ argðVl1N2
Þ þ argðVl2N2

Þ − argðVl1N1
Þ − argðVl2N1

Þ;
¼ ðϕl1N2

þ ϕl2N2
− ϕl1N1

− ϕl2N1
Þ; : ð2:6Þ

The LNC finals state can result either due to Majorana or Dirac neutrinos. The expression of LNC rates are

ΓLNC
B1

≡ ΓðB1 → B2l−
1l

−
2 l

þ
3 ν̄l2Þ ¼ ð2 − δl1l2Þ

1

2!
½jVl1N1

j2jVl3N1
j2ðΓ̂ðDD�Þ11 þ κ21Γ̂ðCC�Þ11Þ

þ jVl1N2
j2jVl3N2

j2ðΓ̂ðDD�Þ22 þ κ22Γ̂ðCC�Þ22Þ
þ 2jVl1N1

jjVl3N1
jjVl1N2

jjVl3N2
jfcosðθLNC21 ÞðReΓ̂ðDD�Þ12 þ κ1κ2ReΓ̂ðCC�Þ12Þ

þ sinðθLNC21 ÞðImΓ̂ðDD�Þ12 þ κ1κ2ImΓ̂ðCC�Þ12Þg�; ð2:7Þ

ΓLNC
B̄1

≡ ΓðB̄1 → B̄2l
þ
1 l

þ
2 l

−
3 νl2Þ ¼ ð2 − δl1l2Þ

1

2!
½jVl1N1

j2jVl3N1
j2ðΓ̂ðDD�Þ11 þ κ21Γ̂ðCC�Þ11Þ

þ jVl1N2
j2jVl3N2

j2ðΓ̂ðDD�Þ22 þ κ22Γ̂ðCC�Þ22Þ
þ 2jVl1N1

jjVl3N1
jjVl1N2

jjVl3N2
jfcosðθLNC21 ÞðReΓ̂ðDD�Þ12 þ κ1κ2ReΓ̂ðCC�Þ12Þ

− sinðθLNC21 ÞðImΓ̂ðDD�Þ12 þ κ1κ2ImΓ̂ðCC�Þ12Þg�: ð2:8Þ

The expressions of Γ̂ðXX�Þ are different for LNV and LNC rates and have been derived in Appendix A. The factor 1=2!
in the decay rates is the combinatorial factor when to account for the scenario when two charged leptons in the final state are
the same. The CP-odd phase θLNC21 , and κ1;2 are defined as

θLNC21 ¼ argðVl1N2
Þ − argðVl3N2

Þ − argðVl1N1
Þ þ argðVl3N1

Þ;
¼ ðϕl1N2

− ϕl3N2
− ϕl1N1

þ ϕl3N1
Þ;

κ1 ¼
jVl2N1

j
jVl1N1

j ; κ2 ¼
jVl2N2

j
jVl1N2

j ð2:9Þ

In general, the CP-odd phases θLNV21 and θLNC21 are different
and θLNV21 is not equal to θLNC21 by the replacement l2 → l3.
In the decay rate formulas given above, contributions

coming from D − C channel interference have been
neglected as they are negligibly small. To give some
physical interpretation, up to the heavy-to-light mixing
elements, the diagonal terms Γ̂ðXX�Þij; X ¼ D, C are the
decay rates involving ith neutrino in the X channel and jth
neutrino in the conjugate channel. The on-shell assumption
ΓNj

≪ mNj
is always valid in our case, and the diagonal

elements can be calculated analytically as

Γ̂ðDD�Þjj ¼ Γ̄ðB1 → B2l1NjÞ ×
Γ̄ðNj → l2l3νÞ

ΓNj

;

Γ̂ðCC�Þjj ¼ Γ̂ðDD�Þjjðl1 ↔ l2Þ; ð2:10Þ

where we have adopted the notation ΓðB1 → B2l1NjÞ ¼
jVl1N j2Γ̄ðB1 → B2l1NjÞ and ΓðNj → l2l3νÞ ¼
jVðl2=l3ÞN j2Γ̄ðNj → l2l3νÞ. As the neutrinos are almost
degenerate we can assume that

Γ̄ðB1→B2l1N1Þ¼ Γ̄ðB1 →B2l1N2Þ≡ Γ̄ðB1→B2l1NÞ;
Γ̄ðN1→l2l3νÞ¼ Γ̄ðN2→l2l3νÞ≡ Γ̄ðN→l2l3νÞ:

ð2:11Þ
The differential expressions of the normalized three body
decay width dΓ̄ðB1 → B2l1NÞ are given in Appendix B 2
and related three body decay kinematics for this relevant
process are given in Appendix B 1. The explicit expression
of normalized decay width of heavy sterile neutrino N
without heavy to light mixing element, Γ̄ðN → l2l3νÞ is
taken from [57]. The off-diagonal elementsReΓ̂ðXX�Þ12 and
ImΓ̂ðXX�Þ12 are the ones where the two neutrinos interfere
making them sensitive to the mass difference ΔMN , and
hence, on the assumption ΓNj

≪ ΔMN . This sensitivity can
be parametrized in terms of δðyÞ and ηðyÞ [59]
ReΓ̂ðXX�Þ12
Γ̂ðXX�Þjj

¼2δðyÞ ΓNj

ΓN1
þΓN2

;

ImΓ̂ðXX�Þ12
Γ̂ðXX�Þjj

¼2
ηðyÞ
y

ΓNj

ΓN1
þΓN2

; X¼C;D;j¼1;2 ð2:12Þ
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where y ¼ ΔMN=ΓN , and ΓN ¼ ðΓN1
þ ΓN2

Þ=2 is the aver-
age decay width. Numerically we find

ηðyÞ ¼ y2

y2 þ 1
; δðyÞ ¼ 1

y2 þ 1
; ð2:13Þ

which is in agreement with similar decays in mesons [58].
Physically, δðyÞ and ηðyÞ are correction terms for non-
negligible overlap of the two neutrinos. In Fig. 2 we show η
and δ as a function of y. ReΓ̂ðXX�Þ12 and ImΓ̂ðXX�Þ12 are
also sources of a CP-even phase Δξ ¼ ξ1 − ξ2 where

tan ξ1 ¼
mN1

ΓN1

k2N −m2
N1

; tan ξ2 ¼
mN2

ΓN2

k2N −m2
N2

: ð2:14Þ

where kN is the momentum of the intermediate neutrinos.
The cosine and sine of the angles Δξ come from the
ReΓ̂ðXX�Þ12 and ImΓ̂ðXX�Þ12 parts, respectively [59].
We will use the Eqs. (2.10)–(2.12) in the subsequent

sections to simplify the decay rates.

B. Neutrino oscillation

In the previous expressions of decay widths, two effects
are missing, acceptance factor PN, which is a probability
that the sterile neutrino decays within the detector in its
flight, and the oscillation between N1 and N2 states. The
effect of heavy neutrino oscillation is that the decay rates
depend on the length of flight L of the heavy neutrinos
between production and decay vertex [44]. The acceptance
factors is given by

PNj
¼ 1− exp

�
−

t
τNj

γNj

�
¼ 1− exp

�
−

LΓNj

βNj
γNj

�
; ð2:15Þ

where τNj
is the lifetime of Nj, βNj

is the velocity in the lab

frame, and γNj
¼ ð1 − β2Nj

Þ−1=2. Though in practice PNj

can be different for two neutrinos, they being degenerate in
mass we assume ΓN1

≈ ΓN2
¼ ΓN , βN1

¼ βN2
≡ βN . The

effective decay widths including the acceptance factor are

ΓLNVðLNCÞ;eff
B1=B̄1

¼
�
1 − exp

�
−
LΓM=D

N

βNγN

��
ΓLNVðLNCÞ
B1=B̄1

ð2:16Þ

where the expressions of ΓLNVðLNCÞ
B1=B̄1

are given in the

previous section, and ΓM=D
N indicate decay rates of

Majorana (M) or Dirac (D) neutrinos. For the rest of this
section up to the end, we will show the derivations only for
the LNV mode. For the LNC mode, only the final
expression will be given but the steps of derivations are
similar. The effective differential decay width with respect
to L for LNV mode is given as

dΓLNV;eff
B1=B̄1

dL
¼ ΓM

N

βNγN
exp

�
−
LΓM

N

βNγN

�
Γ̄ðB1 →B2l−

1NÞΓ̄ðN→l−
2l

þ
3 νl3

Þ

×

�jVl1N1
j2jVl2N1

j2
ΓM
N1

þjVl1N2
j2jVl2N2

j2
ΓM
N2

þ4ðjVl1N1
jjVl2N1

jjVl1N2
jjVl2N2

jÞ
ΓM
N1

þΓM
N2

�
δðyÞcosðθLNV21 Þ�ηðyÞ

y
sinðθLNV21 Þ

��
:

ð2:17Þ

To obtain (2.17) from (2.16) we have used (2.10), (2.11), and (2.12).
We now consider a scenario where the neutrinos are degenerate, i.e., ΔMN ≪ mNi;j

, but ΔMN ≫ ΓN . In this case y ≫ 1
and hence the functions δðyÞ and ηðyÞ=y are negligibly small. Physically, this corresponds to a scenario where the overlap
between the two neutrinos is negligibly small. In the y ≫ 1 limit the effective differential decay rates for LNV modes with
respect to L are

dΓLNV;eff
B1=B̄1

dL
¼ ΓM

N

βNγN
exp

�
−
LΓM

N

βNγN

�
Γ̄ðB1 → B2l−

1NÞΓ̄ðN → l−
2l

þ
3 νl3Þ ×

�jVl1N1
j2jVl2N1

j2
ΓM
N1

þ jVl1N2
j2jVl2N2

j2
ΓM
N2

�
: ð2:18Þ

FIG. 2. Variation of overlapping function ηðyÞ, ηðyÞ=y, and
δðyÞ with y ¼ ΔMN

ΓN
.
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To introduce effects of N1 − N2 oscillation we note that
while a neutrino travels from the production vertex to the
decay vertex, it picks up a phase expð−ipNj

· zÞ where pNj

is the four momentum of Nj, z ¼ ðt; 0; 0; LÞ is the space-
time separation between the two vertices, and L ≈ βNt is
the length traveled by the neutrinos between production
and decay vertex [84]. This amplitudes is

ALNV
osc ðB1 →B2l−

1l
−
2l

þ
3 νl3 ;LÞ

∼Vl1N1
Vl2N1

expð−ipN1
· zÞþVl1N2

Vl2N2
expð−ipN2

· zÞ:
ð2:19Þ

The expressions for ALNV
osc ðB̄1 → B̄2l

þ
1 l

þ
2 l

−
3 ν̄l3 ;LÞ is

obtained by taking complex conjugate of the VlN elements
in the above formulas. The differential with respect
to L of the decay rates that include oscillation effect is

proportional to the modulus squared of the amplitudes and
we can write

d
dL

ΓLNV
osc ðB1 →B2l−

1l
−
2l

þ
3 νl3 ;LÞ

∼ jALNV
osc ðB1→B2l−

1 l
−
2 l

þ
3 νl3 ;LÞj2

∼
X2
i¼1

jVl1Ni
j2jVl2Ni

j2

þ2ReðVl1N1
Vl2N1

V�
l1N2

V�
l2N2

exp½iðpN2
−pN1

Þ:z�Þ
ð2:20Þ

The superscript “osc” indicates that the oscillation
effect is included in the effective differential decay width.
Comparing with the differential decay widths (2.18) and
(2.20) we get the differential expressions of decay rates that
includes oscillation as

dΓLNV;osc
B1=B̄1

dL
¼ ΓM

N

βNγN
exp

�
−
LΓM

N

βNγN

�
Γ̄ðB1 → B2l−

1NÞΓ̄ðN → l−
2l

þ
3 νl3Þ

×

�jVl1N1
j2jVl2N1

j2
ΓM
N1

þ jVl1N2
j2jVl2N2

j2
ΓM
N2

þ 4jVl1N1
jjVl2N1

jjVl1N2
jjVl2N2

j
ΓM
N1

þ ΓM
N2

cos

�
2πL
Losc

∓ θLNV21

��
: ð2:21Þ

To simplify the above equations we have used ðpN2
− pN1

Þ:z ¼ 2πL=Losc, and Losc ¼ 2πβNγN=ΔMN ¼ 2πβNγN=ðyΓNÞ.
Combining (2.17) and (2.21) we get the complete expression of differential decay width that includes both the acceptance
factor and the oscillation effects

dΓLNV;osc
B1=B̄1

dL
¼ ΓM

N

βNγN
exp

�
−
LΓM

N

βNγN

�
Γ̄ðB1 →B2l−

1NÞΓ̄ðN→l−
2l

þ
3 νl3

Þ

×

�jVl1N1
j2jVl2N1

j2
ΓM
N1

þjVl1N2
j2jVl2N2

j2
ΓM
N2

þ4ðjVl1N1
jjVl2N1

jjVl1N2
jjVl2N2

jÞ
ΓM
N1

þΓM
N2

�
δðyÞcosðθLNV21 Þ�ηðyÞ

y
sinðθLNV21 Þ

�

þ 4

ΓM
N1

þΓM
N2

jVl1N1
jjVl2N1

jjVl1N2
jjVl2N2

jcos
�
2πL
Losc

∓ θLNV21

��
; ð2:22Þ

where we have used the Eqs. (2.10)–(2.12). Integrating the above equations with respect to L we obtain

ΓLNV;osc
B1=B̄1

≡ ΓðB1 → B2l−
1l

−
2l

þ
3 νl3Þ ¼ Γ̄ðB1 → B2l−

1NÞΓ̄ðN → l−
2l

þ
3 νl3

Þ
��jVl1N1

j2jVl2N1
j2

ΓM
N1

þ jVl1N2
j2jVl2N2

j2
ΓM
N2

þ 4

ΓM
N1

þ ΓM
N2

jVl1N1
jjVl2N1

jjVl1N2
jjVl2N2

j
�
δðyÞ cosðθLNV21 Þ � ηðyÞ

y
sinðθLNV21 Þ

��
ð1 − e

−LΓM
N

βN γN Þ

þ 4

ΓM
N1

þ ΓM
N2

1

1þ y2
jVl1N1

jjVl2N1
jjVl1N2

jjVl2N2
j
�
e
−LΓM

N
βN γN

�
y sin

�
2πL
Losc

∓ θLNV21

�
− cos

�
2πL
Losc

∓ θLNV21

��

þ ½cosðθLNV21 Þ � y sinðθLNV21 Þ�
��

ð2:23Þ

Following similar steps, we give the final expression for LNC decay
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ΓF;LNC;osc
B1=B1

≡ ΓðB1 → B2l−
1 l

−
2l

þ
3 ν̄l2Þ ¼ Γ̄ðB1 → B2l−

1NÞΓ̄ðN → l−
2l

þ
3 ν̄l2Þ

��jVl1N1
j2jVl3N1

j2
ΓF
N1

þ jVl1N2
j2jVl3N2

j2
ΓF
N2

þ 4

ΓF
N1

þ ΓF
N2

jVl1N1
jjVl3N1

jjVl1N2
jjVl3N2

j
�
δðyÞ cosðθLNC21 Þ � ηðyÞ

y
sinðθLNC21 Þ

��
ð1 − e

−LΓF
N

βN γN Þ

þ 4

ΓF
N1

þ ΓF
N2

1

1þ y2
jVl1N1

jjVl3N1
jjVl1N2

jjVl3N2
j
�
e
−LΓF

N
βN γN

�
y sin

�
2πL
Losc

∓ θLNC21

�
− cos

�
2πL
Losc

∓ θLNC21

��

þ ½cosðθLNC21 Þ � y sinðθLNC21 Þ�
��

; ð2:24Þ

where F ¼ M (Majorana) or D (Dirac).

III. NUMERICAL ANALYSIS

For numerical analysis, Λ0
b → Λþ

c and Λ0
b → pþ form

factors are taken from the lattice QCD calculations
presented in [85]. We leave the decay widths of the
sterile neutrinos as phenomenological parameters that can
be measured in the experiment. Since the sterile neutrinos
are almost degenerate, we will assume their lifetimes to be
approximately equal, τN1

≈ τN2
¼ τN .We present our analy-

sis for τN ¼ ½100; 1000� ps [59]. For nearly degenerate
neutrinos, it is also natural to assume jVlN1

j ∼ jVlN2
j≡

jVlN j. Present experimental bounds on the heavy-to-light
mixing are jVeNj2 ≤ 10−7 and jVμN j2 ≤ 10−5 [36,86]. The
neutrinos are expected to travel nearly at the speed of light
and we assume that the velocity βN ≥ 0.9 corresponds
to βNγN ≥ 2.
The observables of interest are the CP-averaged branch-

ing ratio and the CP-asymmetry. If sterile neutrinos
involved are of Majorana types then the final states will
include both LNV and LNC states and the CP-averaged
branching ratio is

BrM ≈
1

2
ðBrM;LNC;osc

B1
þ BrM;LNV;osc

B1

þ BrM;LNC;osc
B̄1

þ BrM;LNV;osc
B̄1

Þ: ð3:1Þ
The branching ratios are obtained from decay rates by
dividing with the total decay rates of B1 baryons. For
simplicity, we have assumed that B1 and B̄1 have the same
decay rates and that is why we have used ≈ in the above
equation. The CP-asymmetry observable for Majorana
induced decay is

AM
CP ¼

ðΓM;LNC;osc
B1

þΓM;LNV;osc
B1

Þ− ðΓM;LNC;osc
B̄1

þΓM;LNV;osc
B̄1

Þ
ðΓM;LNC;osc

B1
þΓM;LNV;osc

B1
ÞþðΓM;LNC;osc

B̄1
þΓM;LNV;osc

B̄1
Þ :

ð3:2Þ
When Dirac neutrino is involved then there are only LNC
final states and CP-averaged branching ratio and the
CP-asymmetry are defined as

BrD ≈
1

2
ðBrD;LNC;oscB1

þ BrD;LNC;osc
B̄1

Þ;

AD
CP ¼

ðΓD;LNC;osc
B1

− ΓD;LNC;osc
B̄1

Þ
ðΓD;LNC;osc

B1
þ ΓD;LNC;osc

B̄1
Þ : ð3:3Þ

We first consider decays occurring through a Majorana
neutrino in the intermediate state so that there are both LNV
and LNC final states. In Fig. 3 we show the CP-averaged
branching ratios for Λ0

b → ðΛ; pÞμμeν as a function of
neutrino mass mN1

. For simplicity we chose θLNV21 ¼ θLNC21

though in general the CP-odd pases can be different. The
plots are obtained for neutrino displaced vertex length
L ¼ 100 cm, γNβN ¼ 2, τN ¼ 100 ps, and the mass differ-
ence is ΔMN ¼ 5 × 10−14 GeV. Maximum branching
ratios are obtained at mN1

¼ 2 GeV for Λ0
b → Λcμμeν

and at mN1
¼ 3.2 GeV for Λ0

b → pμμeν modes. In
Fig. 4, for τN ¼ 100, 1000 ps we show the CP-averaged
branching ratios for Λ0

b → ðΛc; pÞμμeν for different values
of γNβN and for fixed values of θLNV21 and θLNC21 . From the
figures we find the CP-averaged branching ratios of Λ0

b →
Λcμμeν lie between 10−10–10−9, whereas branching ratios
forΛ0

b → pμμeν lie between 10−11–10−10. The one order of
magnitude suppression in the Λ0

b → pμμeν mode with
respect to the Λ0

b → Λμμeν is attributed to Cabibbo-
Kobayashi-Maskawa matrix elements. We find that the
branching ratios for Λ0

b → ðΛc; pÞeeμν are one orders of
magnitude suppressed compared to Λ0

b → ðΛc; pÞμμeν but
the qualitative features are same as seen in Figs. 3 and 4.
Though LNVand LNC both are present in case of Majorana
induced decay, LNV modes dominate over the LNC modes
in the case of Λ0

b → ðΛc; pÞμμeν but for the decay mode
Λ0
b → ðΛc; pÞeeμν, LNC decays dominate over LNV. This

can be explained as follows: In Λ0
b → ðΛc; pÞμμeν decays

the LNV modes are proportional to jVμN j4 ∼ 10−10 where
as the LNC branching ratios are proportional to
jVμN j2jVeNj2∼10−12. In Λ0

b→ðΛc;pÞeeμν decays the LNV
modes are proportional to jVeN j4 ∼ 10−14 and the LNC
modes are proportional to jVμN j2jVeN j2 ∼ 10−12.
To compare branching ratios mediated by Dirac neu-

trinos, in Fig. 5 we show the CP averaged branching ratios
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for Λ0
b → ðΛ; pÞμμeν as a function of mN1

. The plots are
shown for τN ¼ 100 ps where as the rest of the parameter
choices are same as in Fig. 4. Similar plots are obtained for
BrðΛ0

b → ðΛ; pÞeeμνÞ modes. Qualitatively, the plots are
similar to what we obtained for these modes with Majorana
neutrinos. For the Dirac case, we get the similar plot like
Fig. 3 but there are two order suppression of magnitude.

Quantitatively, BrDðΛ0
b → ðΛc; pÞμμeνÞ is two orders of

magnitude smaller than BrMðΛ0
b → ðΛc; pÞμμeνÞ where as

BrMðΛ0
b → ðΛc; pÞeeμνÞ and BrDðΛ0

b → ðΛc; pÞeeμνÞ are
of the same order of magnitude.
In Fig. 6 we show the CP-averaged branching ratios as a

function of maximal displaced vertex length L for decays
involving Majorana neutrinos. The Majorana neutrino mass

FIG. 4. Branching ratios BrMðΛ0
b → ðΛc; pÞμμeνÞ as a function of mN1

for the values of heavy light mixing elements
jVμN1

j2 ¼ jVμN2
j2 ¼ 10−5, jVeN1

j2 ¼ jVeN2
j2 ¼ 10−7 and ΔMN ¼ 5 × 10−14 GeV, weak phase angles θLNV21 ¼ θLNC21 ¼ π=3, neutrino

flight length L ¼ 100 cm and τN1
¼ τN2

¼ ½100; 1000� ps for different values of Lorentz factors βNγN .

FIG. 3. Branching ratios BrMðΛ0
b → ΛcμμeνÞ and BrMðΛ0

b → pμμeνÞ as a function of mN1
for jVμN1

j2 ¼ jVμN2
j2 ¼ 10−5,

jVeN1
j2 ¼ jVeN2

j2 ¼ 10−7, ΔMN ¼ 5×10−14 GeV, βNγN ¼ 20, maximal displaced vertex length L ¼ 100 cm, τN1
¼ τN2

¼ 100 ps,
and for different values of weak phase angles θLNV21 and θLNC21 .
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mN1
¼ 2 GeV for Λ0

b → Λcμμeν and mN1
¼ 3.2 GeV for

Λ0
b → pμμeν and the values of the rest of the parameters are

shown in the legends of the plots. The troughs and crests
are modulations resulting from the oscillation effect that is
clearly visible from these plots. These plots indicate that for
sufficiently small detector length Ldet < L, a significant
fraction of neutrinos will decay outside the detector leading
to a small branching ratio. For Ldet > L, most neutrinos

decay inside, and therefore the branching ratio saturates.
From the Fig. 6, we also observe that saturation in L can
happen early for a small value of γNβN . As we notice from
the Eq. (2.15), the acceptance factor is larger for the lower
value of γNβN .
In the left panel of Fig. 7 we show CP-asymmetry

observable ACP for Λ0
b → Λcμμeν as a function of y for

different values of θLNV21 and θLNC21 and L ¼ 100 cm. This

FIG. 5. CP average branching ratios BrDðΛ0
b → ðΛc; pÞμμeνÞ mediated by Dirac neutrinos as a function of mN1

for the values of
heavy light mixing elements jVμN1

j2 ¼ jVμN2
j2 ¼ 10−5, jVeN1

j2 ¼ jVeN2
j2 ¼ 10−7 and ΔMN ¼ 5 × 10−14 GeV, weak phase angles

θLNC21 ¼ π=3, neutrino flight length L ¼ 100 cm and τN1
¼ τN2

¼ 100 ps for different values of Lorentz factors βNγN .

FIG. 6. Branching ratios BrMðΛ0
b → ðΛc; pÞμμeνÞ as a function of the neutrino flight length L in cm for different values of weak phase

angles θLNV21 , θLNC21 and for the values of heavy light mixing jVμN1
j2 ¼ jVμN2

j2 ¼ 10−5, jVeN1
j2 ¼ jVeN2

j2 ¼ 10−7 and mass difference
ΔMN ¼ 5 × 10−14 GeV, Lorentz factors βNγN ¼ ½2; 20�, Majorana mass MN1

¼ 2 GeV and 3.2 GeV for Λc and proton receptively,
τN1

¼ τN2
¼ 100 ps.

STERILE NEUTRINOS IN Λ0
b → ðΛþ

c ; pþÞl−
1l

−
2 l

þ
3 ν … PHYS. REV. D 105, 013009 (2022)

013009-9



plot demonstrates that the maximum value of CP-asymmetry
is obtained when the CP-odd phases are π=2. From the
left panel of Fig. 7, it is also seen that ACP gradually
decreases with increasing y because the overlap between
the two neutrinos decreases. In the right panel of Fig. 7 we
show ACP with respect to y for different values of maximal
neutrino displaced vertex length L, CP-odd phases
θLNV21 ¼ θLNC21 ¼ π=2, τN ¼ 100 ps, and γNβN ¼ 20. We
observe that the maximum value of ACP is obtained for
y < 8. A strong dependence of ACP on maximum displaced
vertex length L is also observed. For large values of L the
modulation is suppressed as can be seen from (2.23) and
(2.24). In Fig. 8, for the different values of y, we show the
variation of ACP with respect to L. The left and the right
panels are for γNβN ¼ 20 and γNβN ¼ 50, respectively. This
means that oscillations length is lower in the left plot. It
is again observed that the maximum value of ACP is
observed when maximal displaced vertex L is comparable
to Losc. For large L, the modulations are suppressed by the
exponential term as can be seen from Eqs. (2.23) and (2.24).

Similar plots are also obtained for Majorana neutrino
mediated Λ0

b → pμμeν and Λ0
b → ðΛc; pÞeeμν decays.

We reach similar conclusions when decays are due to
Dirac neutrinos.
Even if the decay modes are not observed, upper limits

on the branching ratios can be translated to constraints on
the heavy-to-light mixing elements. For example, if upper
limits on branching ratios BrMðΛ0

b→ΛcμμeνÞ<10−7;10−8

and BrMðΛ0
b → pμμeνÞ < 10−8; 10−9 is reported, then it

can be translated to constraints on the ðmN1
; jVμN j2Þ plane

as shown in Fig. 9. To obtain this plot, we have neglected
the LNC contributions for simplicity as it is two orders of
magnitude suppressed. The light and dark shaded regions
represent the exclusion regions correspond for τN1

¼ τN2
¼

100 ps and 1000 ps respectively. To compare our bounds
with experimental results, we have superimposed in Fig. 9,
the exclusion limits coming from different experiments like
LHCb [33,77], Belle [87], L3 [88], Delphi [89], NA3 [90],
CHARM [91], NuTeV [92] and NA48 [78]. In Fig. 10 we

FIG. 7. The CP asymmetry observable ACP for Λ0
b → Λcμμeν as a function of y ¼ ΔMN

ΓN
for different values of phases (left panel) and

maximal decay vertex (right panel) and for the values of jVμN1
j2 ¼ jVμN2

j2 ¼ 10−5, jVeN1
j2 ¼ jVeN2

j2 ¼ 10−7 and τN ¼ 100 ps. Similar
plots are obtained for Λ0

b → pμμeν and Λ0
b → ðΛc; pÞeeμν.

FIG. 8. The CP asymmetry observableACP as a function of displaced vertex length L for the decay mode Λ0
b → Λcμμeν for different

values of y ¼ ΔMN
ΓN

and for the values of jVμN1
j2 ¼ jVμN2

j2 ¼ 10−5, jVeN1
j2 ¼ jVeN2

j2 ¼ 10−7, MN1 ¼ 2 GeV, θLNV21 ¼ θLNC21 ¼ π=2,

βNγN ¼ 20, τN1
¼ τN2

¼ 100 ps. An identical plots are obtained for Λ0
b → pμμeν and Λ0

b → ðΛc; pÞeeμν.
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FIG. 9. Exclusion regions on the (jVμN j2; mN1
) parameter space for the case of LNV decays mediated by Majorana neutrinos for

BrMðΛ0
b → pμμeνÞ < 10−8; 10−9 and BrMðΛ0

b → ΛcμμeνÞ < 10−7; 10−8 for the values of τN1
¼ τN2

¼ ½100; 1000� ps, θLNV21 ¼ π=3,
ΔMN ¼ 5 × 10−14 GeV, βNγN ¼ 20 and L ¼ 100 cm.

FIG. 10. Exclusion regions on the (jVeN j2; jVμN j2) parameter space for the case of LNC decays mediated by Dirac neutrinos for
BrDðΛ0

b → pμμeνÞ < 10−10; 10−11 and BrDðΛ0
b → ΛcμμeνÞ < 10−9; 10−10 for the fixed values of τN1

¼ τN2
¼ ½100; 1000� ps,

θLNV21 ¼ π=3, ΔMN ¼ 5 × 10−14 GeV, βNγN ¼ 20, L ¼ 100 cm, and mN1
¼ 2 GeV and 3.2 GeV for Λc and proton respectively.

Vertical and horizontal lines correspond to the present upper bounds on heavy-to-light mixing elements.
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show the constraints on the ðjVeN j2; jVμN j2Þ parameter
space for BrDðΛ0

b →ΛcμμeνÞ< 10−9;10−10 and BrDðΛ0
b →

pμμeνÞ < 10−10; 10−11. Here the mass of the Dirac neu-
trino mN1

¼ 2 GeV and 3.2 GeV for Λc and p respectively
and the mass difference ΔMN ¼ 5 × 10−14 GeV for both
cases. The rest of the parameters are mentioned in the
caption of the plots. The vertical and horizontal lines
correspond to the present upper bounds on the heavy to
light mixing elements.
At the LHC, about 5% of total b-hadrons formed are Λ0

b.
The LHCb is already capable of studying rare decays of Λ0

b
and has already observed Λ0

b → Λμþμ− [93,94]. The decay
modes discussed in this paper may be within the reach of
future LHCb. Even if the modes are not seen, the upper
limits can still be translated to complementary bounds on
the heavy-to-light mixing elements jVlN j2.

IV. SUMMARY

In this paper we have studied Λ0
b → ðΛþ

c ; pþÞl−
1l

−
2l

þ
3 ν

and its conjugate decays mediated by two quasi-degenerate
GeV-scale sterile neutrinos. Both Majorana and Dirac
neutrinos have been considered and we have focused on
kinematical regions where the neutrinos can be on-shell.
The heavy neutrino acceptance factor and effects of
oscillations are included in the decay rates. We find that
the CP-averaged branching ratio for Λ0

b → pl1l2l3ν is
one orders of magnitude suppressed compared to Λ0

b →
Λcl1l2l3ν due to Cabbibo-Kobayashi-Maskawa suppres-
sion. For the Λ0

b → ðΛc; pÞμμeν mode, the Majorana
induced transition is two orders of magnitude larger than
the Dirac induced transition. For the Λ0

b → ðΛc; pÞeeμν
mode, the branching ratios for Majorana and Dirac
induced transitions are of the same order of magnitude.
Numerically, we have explored the possibility of CP-
violation and find that it is appreciable when the neutrino
mass difference is of the order of their average decay
widths.
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APPENDIX A: FIVE-BODY DECAYS OF
B1ðpÞð→ B2ðkÞl1ðp1Þl−

2 ðp2Þl+
3 ðp3ÞνðpνÞ)

The decays proceeds in two steps, B1ðbÞ →
B2ðc=uÞl−

1Nj followed by the decay of the neutrinos
Nj → l−

2 l
þ
3 ν. The direct (D) or a crossed (C) channel as

shown in Fig. 1. For jth neutrino in the intermediate state,
we can write the matrix elements for D and C channels as

MLNV�
Dj

¼ ðG2
FV

ð�Þ
bq mNj

ÞðvLNV;�Xi
ÞPLNV

Dj
H�

ν Lνα�
LNV;Dl

LNV�
X;α

MLNV�
Cj

¼ ðG2
FV

ð�Þ
bq mNj

ÞðvLNV;�Xi
ÞPLNV

Cj
H�

ν Lαν�
LNV;Cl

LNV�
X;α

MLNC�
Dj

¼ ðG2
FV

ð�Þ
bq mNj

ÞðvLNC;�Di
ÞPLNC

Dj
H�

ν Lνα�
LNC;Dl

LNC�
D;α

MLNC�
Cj

¼ ðG2
FV

ð�Þ
bq mNj

ÞðvLNC;�Ci
ÞPLNC

Cj
H�

ν Lαν�
LNC;Cl

LNC�
C;α

ðA1Þ

Here the superscripts “þ” and “−” are for B1ðbÞ →
B2ðqÞl−

1l
−
2l

þ
3 ν and its CP-conjugate mode B̄1ðb̄Þ →

B̄2ðq̄Þlþ
1 l

þ
2 l

−
3 ν̄ respectively. The heavy to light mixing

elements vZ;�Xi
(Z ¼ LNVor LNC) are given in following.

vLNC;þDi
¼ Vl1Ni

ðVl3Ni
Þ�; vLNC;þCi

¼ Vl2Ni
ðVl3Ni

Þ�;
vLNC;−Xi

¼ ðvLNC;þXi
Þ�

vLNV;þDi
¼ vLNV;þCi

¼ vLNV;þXi
¼ Vl1Ni

Vl2Ni
;

vLNV;−Xi
¼ ðvLNV;þXi

Þ�; X ¼ C;D ðA2Þ

The leptonic part of the amplitudes are

Lναþ
LNV;D ¼ ūl1ðp1Þγνγαð1þ γ5Þvl2ðp2Þ; Lνα−

LNV;D ¼ v̄l2ðp2Þγαγνð1 − γ5Þul1ðp1Þ
Lανþ
LNV;C ¼ ūl1ðp1Þγαγνð1þ γ5Þvl2ðp2Þ; Lαν−

LNV;C ¼ v̄l2ðp2Þγνγαð1 − γ5Þul1ðp1Þ
Lναþ
LNC;D ¼ ūl1ðp1Þγν=kNγαð1 − γ5Þvl3ðp3Þ; Lνα−

LNC;D ¼ v̄l3ðp3Þγα=kNγνð1 − γ5Þul1ðp1Þ
Lανþ
LNC;C ¼ ūl1ðp2Þγν=kNγαð1 − γ5Þvl3ðp3Þ; Lαν−

LNC;C ¼ v̄l3ðp3Þγα=kNγνð1 − γ5Þul1ðp2Þ: ðA3Þ

Using the lattice QCD parametrizations of the form factors given in [85] we get the expression of the hadronic amplitude as

Hμ ¼ hB2ðk; skÞjc̄γμð1 − γ5ÞbjB1ðp; spÞi
¼ ūðk; skÞðA1qμ þ A2kμ þ A3γ

μ þ γ5fA4qμ þ A5kμ þ A6γ
μgÞuðp; spÞ: ðA4Þ

where we have used p ¼ qþ k we can even write where the q2 dependent functions are given as
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A1 ¼ fVt
mB1 −mB2

q2
þ fV0

mB1 þmB2

sþ

�
1 −

m2
B1

−m2
B2

q2

�
− fV⊥

2mB2

sþ
;

A2 ¼ 2fV0
mB1 þmB2

sþ
− fV⊥

�
2mB2

sþ
þ 2mB1

sþ

�
;

A3 ¼ fV⊥;

A4 ¼ fAt
mB1 þmB2

q2
þ fA0

mB1 −mB2

s−

�
1 −

m2
B1

−m2
B2

q2

�
þ fA⊥

2mB2

s−
;

A5 ¼ 2fA0
mB1 −mB2

s−
þ fA⊥

�
2mB2

s−
−
2mB1

s−

�
;

A6 ¼ fA⊥: ðA5Þ

With reference to Fig. 1 the decay of the Wþ and W− for LNV and LNC processes respectively proceeds through the
following currents

lLNVþX;α ¼ ūνl3 γαð1 − γ5Þvl3 ; lLNV−X;α ¼ ūl3
γαð1 − γ5Þvν̄l3 ¼ ðlLNV;þX;α Þ†

lLNCþD;α ¼ ūl2γαð1 − γ5Þvν̄l2 ; lLNC−D;α ¼ ūνl2 γαð1 − γ5Þvl2 ¼ ðlLNC;þD;α Þ†

lLNCþC;α ¼ ūl1γαð1 − γ5Þvν̄l1 ; lLNC−C;α ¼ ūνl1 γαð1 − γ5Þvl1 ¼ ðlLNC;þC;α Þ†: ðA6Þ

and the functions PDðCÞj can be written as

PLNV
Dj

¼ 1

ðk2N −m2
Nj
Þ þ iΓNj

mNj

; PLNV
Cj

¼ 1

ðk02N −m2
Nj
Þ þ iΓNj

mNj

; ðA7Þ

PLNC
Dj

¼ 1

mNj

PLNV
Dj

; PLNC
Cj

¼ 1

mNj

PLNV
Cj

: ðA8Þ

where kN ¼ q − p1 and k0N ¼ q − p2 and q ¼ p − k.
The matrix element mod-squared of the total amplitude, averaged over the initial spin and summed over the final spin is

given by

jM̄Z;�
tot j2¼

1

2

X
spins

jMZ;�
tot j2 ¼

1

2

X
spins

j
X2
j¼1

ðMZ;�
Dj

þMZ;�
Cj

Þj2;

¼ 1

2

X
spins

�X2
i;j¼1

MZ;�
Di

ðMZ;�
Dj

Þ� þ
X2
i;j¼1

MZ;�
Ci

ðMZ;�
Cj

Þ� þ
X2
i;j¼1

MZ;�
Di

ðMZ;�
Cj

Þ� þ
X2
i;j¼1

MZ;�
Ci

ðMZ;�
Dj

Þ�
�
;

¼N

�X2
i;j¼1

vZ�Di
ðvZ�Dj

Þ�mNi
mNj

PZ
Di
ðPZ

Dj
Þ�T�

Z ðDD�Þþ
X2
i;j¼1

vZ�Di
ðvZ�Cj

Þ�mNi
mNj

PZ
Di
ðPZ

Cj
Þ�T�

Z ðDC�ÞþðD↔CÞ
�
;

ðA9Þ

where the sum over spins refers to the sum over spins of all external particles. The normalization constant is

N ¼ 1

2
G4

FjVbqj2; ðA10Þ

and TZ;�ðDD�Þ�, TZ;�ðCC�Þ, TZ;�ðDC�Þ, TZ;�ðD�CÞ are given in following

T�
Z ðDD�Þ ¼

X
spins

½H�
ν ðH�

ρ Þ��
X
spins

½Lνα�
Z;D ðLρβ�

Z;D Þ��
X
spins

½lZ;�D;α ðlZ;�D;β Þ�� ðA11Þ
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T�
Z ðCC�Þ ¼

X
spins

½H�
ν ðH�

ρ Þ��
X
spins

½Lαν�
Z;C ðLβρ�

Z;C Þ��
X
spins

½lZ;�C;α ðlZ;�C;β Þ�� ðA12Þ

T�
Z ðDC�Þ ¼

X
spins

½H�
ν ðH�

ρ Þ��
X
spins

½Lνα�
Z;D ðLβρ�

Z;C Þ��
X
spins

½lZ;�D;α ðlZ;�C;β Þ�� ðA13Þ

T�
Z ðD�CÞ ¼

X
spins

½ðH�
ν Þ�H�

ρ �
X
spins

½ðLνα�
Z;D Þ�Lβρ�

Z;C �
X
spins

½ðlZ;�D;α Þ�lZ;�C;β � ðA14Þ

From these above equations we get the following equality.

TZðDD�Þ≡ Tþ
Z ðDD�Þ ¼ T−

ZðDD�Þ; TZðCC�Þ≡ Tþ
Z ðCC�Þ ¼ T−

ZðCC�Þ ðA15Þ

The total decay rates are given in Eqs. (2.4), (2.5), (2.7), and (2.8). With reference to the equations, the expressions of
Γ̂�
Z ðXY�Þij are given as

Γ̂ZðXX�Þij ¼
N

2mB1

Z
mNi

mNj
PZ
Xi
ðPZ

Xj
Þ�TZðXX�ÞdΦ5; X ¼ C;D: ðA16Þ

Γ̂�
Z ðXY�Þij ¼

N
2mB1

Z
mNi

mNj
PZ
Xi
ðPZ

Yj
Þ�T�

Z ðXY�ÞdΦ5; X ≠ Y ¼ C;D: ðA17Þ

The five body phase space dΦ5 can be written as

dΦ5 ≡ dΦ5ðB1 → B2l1l2l3νÞ ¼ dΦ3ðB1 → B2l1NÞ dp
2
N

2π
dΦ3ðN → l2l3νÞ: ðA18Þ

APPENDIX B: THREE BODY DECAY
OF B1ðpÞð→ B2ðkÞl1ðp1ÞNðpNÞÞ

With reference to the formula (2.10) the kinematics
and the decay rate of B1 → B2l−

1N in the following
subsections.

1. Kinematics for B1ðpÞ → B2ðkÞl1ðp1ÞNðpNÞ
We do the kinematics in the B1ðbÞ rest frame (RF). In the

B1-RF the B2ðc=uÞ and the first W− boson with four
momentum q fly in opposite direction. We say that the B2

travels in the þẑ-direction so that the four momentum of
the B2 and W− are

kB1−RF ≡ ðmB1
− EB1−RF

q ; 0; 0;kB1−RFÞ; ðB1Þ

qB1−RF ≡ ðEB1−RF
q ; 0; 0;−kB1−RFÞ; ðB2Þ

where the q0 and the kB1−RF are

EB1−RF
q ¼ m2

B1
þ q2 −m2

B2

2mB1
;

jkB1−RFj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

B1
; m2

B2
; q2Þ

q
2mB1

: ðB3Þ

In the first W−-RF the l1ðp1Þ and the NðpNÞ will decay
back to back. We introduce an angle θ1 made by l1 with
respect to the B2, i.e., the þẑ direction. Hence the four
moment of the l1 and the N in the W− − RF are

pW−−RF
1 ¼ ðEW−−RF

1 ; jpW−−RF
1 j sin θ1; 0; jpW−−RF

1 j cos θ1Þ;
ðB4Þ

pW−−RF
N ¼

� ffiffiffiffiffi
q2

q
− EW−−RF

1 ;−jpW−−RF
1 j sin θ1; 0;

− jpW−−RF
1 j cos θ1

�
; ðB5Þ

where EW−−RF
1 and pW−−RF

1 are given as

EW−−RF
1 ¼ q2þm2

1−p2
N

2
ffiffiffiffiffi
q2

p ; jpW−−RF
1 j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðq2;m2

1;p
2
NÞ

p
2

ffiffiffiffiffi
q2

p :

ðB6Þ

We will now boost back these two momentum
from W− − RF to B1 − RF using the following Lorentz
boost matrix

DIGANTA DAS and JAYDEB DAS PHYS. REV. D 105, 013009 (2022)

013009-14



ΛW−→B1
¼

0
BBBBBBBB@

γ1 −γ1β1x −γ1β1y −γ1β1z

−γ1β1x 1þ ðγ1 − 1Þ β21x
β⃗21

ðγ1 − 1Þ β1xβ1y
β⃗21

ðγ1 − 1Þ β1xβ1z
β⃗21

−γ1β1y ðγ1 − 1Þ β1xβ1y
β⃗21

1þ ðγ1 − 1Þ β
2
1y

β⃗21
ðγ1 − 1Þ β1yβ1z

β⃗21

−γ1β1z ðγ1 − 1Þ β1xβ1z
β⃗21

ðγ1 − 1Þ β1yβ1z
β⃗21

1þ ðγ1 − 1Þ β21z
β⃗21

1
CCCCCCCCA

ðB7Þ

where the velocity β⃗1 is the velocity of the W−ðqÞ as seen in the B1-RF

γ1 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β⃗21

q ; β1x ¼ 0; β1y ¼ 0; β1z ¼
jkB1−RFj
EB1−RF
q

: ðB8Þ

The function λða; b; cÞ is defined by, λða; b; cÞ≡
a2 þ b2 þ c2 − 2ab − 2ac − 2bc.

2. Matrix element and phase space
for B1ðpÞ → B2ðkÞl1ðp1ÞNðpNÞ

Matrix element of B1ðbÞ → Bðc=uÞ2l−
1N is written as

MðB1 → B2l−
1NÞ

¼ GFffiffiffi
2

p VbqVl1Nūl1ðp1Þγμð1 − γ5ÞvNðpNÞHμ: ðB9Þ

Therefore the matrix mod square with average over initial
baryon spin is given as

jM̄j2 ¼ 1

2

X
spins

MM� ¼ 1

2

G2
F

2
jVbqj2jVl1N j2HνρLνρ: ðB10Þ

Where hadronic tensor current Hνρ and leptonic tensor
current Lνρ are given by

Hνρ ¼
X
spins

HνH�
ρ; Lνρ ¼ 2tr½=p1γν=pNγρð1− γ5Þ�: ðB11Þ

Where the form of hadronic amplitude Hμ is given in A.
The differential decay width for B1 → B2l−

1N is given by

dΓðB1 → B2l−
1NÞ ¼ 1

2mB1
dΦ3ðB1 → B2l1NÞjM̄j2:

ðB12Þ

Where the three-body phase space is given by

dΦ3ðB1 → B2l1NÞ ¼ d3k
2EB2

ðp⃗B2
Þð2πÞ3

d3p1

2E1ðp⃗1Þð2πÞ3
d3pN

2ENðp⃗NÞð2πÞ3
ð2πÞ4δ4ðp − k − p1 − pNÞ

¼ dΦ2ðB1ðpÞ → B2ðkÞW−ðqÞÞ dq
2

2π
d2ðW−ðqÞ → l1ðp1ÞNðpNÞÞ: ðB13Þ

Two particles phase space are given as follows.

dΦ2ðB1ðpÞ → B2ðkÞW−ðqÞÞ ¼ 1

32π2
λ1=2

�
1;
mB

2
2

mB
2
1

;
q2

mB
2
1

�
dΩq̂ ðB14Þ

dΦ2ðW−ðqÞ → l1ðp1ÞNðpNÞÞ ¼
1

32π2
λ1=2

�
1;
m2

1

q2
;
m2

N

q2

�
dΩp̂1

ðB15Þ

Where q̂ is the unit vector along the direction of q⃗ in the Λ0
b rest frame and p̂1 is the unit vector along the direction

of p⃗1 in the W− rest frame. It is straightforward to show that dΩq̂ ¼ 4π and dΩp̂1
¼ 2πd cos θ1, and θ1 is defined in the

Appendix B 1. Here we get the following identities in the three body decay width between particle and antiparticle modes.

ΓðB1 → B2l−
1NÞ ¼ ΓðB̄1 → B̄2l

þ
1 N̄Þ;ΓðN → l−

2l
þ
3 νÞ ¼ ΓðN̄ → lþ

2 l
−
3 νÞ ðB16Þ
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