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We consider the lepton-number-violating processes in Λb=Λc decays mediated by on-shell GeV-scale
sterile neutrino. We calculate the branching ratio for the following processes: Λ0

b → Bþμ−μ−πþ, where Bþ

is Λþ
c or proton, and Λþ

c → Λμþμþπ− as function of the mass of the sterile neutrinomN and the heavy-light
mixing coefficient of the extended Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix jUμN j2. The effect
of finite detector size is included in our calculation. After comparing the theoretical effective branching
ratio with the expected experimental ability of LHCb, we give the sensitivity upper bounds on jUμN j2 on the
(jUμN j2 −mN) plane. These channels give comparable results with the bounds given by different search
strategies (e.g., at Belle, NuTeV, DELPHI, and BEBC) in the mass region mN ≃ 0.25 GeV–4.5 GeV, and
the limits are stronger in the mass range 2 GeV < mN < 4.5 GeV.
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I. INTRODUCTION

There have been clues for the existence of right-handed
heavy neutrinos from both particle physics and cosmology.
By introducing a right-handed heavy neutrino with
Majorana mass, the seesaw mechanism [1–4] offers a
well-known explanation for the tininess of normal neutrino
mass supported by the observation of neutrino oscillation.
On the cosmological side, heavy neutrinos can generate the
observed baryon asymmetry of the universe through lepto-
genesis, which, in turn, requires the mass of neutrinos to be
larger than a few MeV [5], and such heavy neutrinos can
also serve as natural candidates for dark matter [6–9].
It is still unclear whether neutrino is a Majorana particle;

i.e., its antiparticle is identical to itself or not. The most
appealing way to establish the Majorana nature of a
neutrino is to look for the lepton-number-violating process
where the conservation of the total number of lepton is
violated by 2 units (ΔL ¼ 2). Up to now, neutrinoless
double beta (0νββ) decay is the most promising ΔL ¼ 2
channel. The nonobservation of the process can set strong
limits on the upper bounds of the effective neutrino mass
mee (mee is defined as

P
i¼1;2;3U

2
eimi, where mi are the

individual neutrino masses, and Uei are the νi − e mixing
matrix elements) [10]. However, the experimental potential
of 0νββ decay is limited by the accuracy of the theoretical
calculation of the nuclear matrix elements, of which, the
divergence from different approximation methods is still
unignorable (for recent reviews on 0νββ decay, see
Refs. [10–12]).
As an alternative strategy, lepton-number-violating

(LNV) decaying processes in mesons (K;D;Ds; B; Bc)
[13–31], baryons (Σ−;Ξ−;Λb) [32–35], and τ lepton
[19,36–38], induced by the exchange of the Majorana
neutrino (in this paper, we denote the Majorana neutrino
withN), have been studied extensively in literature. Among
these LNV decays, the simplest ones are three-body
decays of the form, M1 → M2ll, where M1 is a meson
(K;D;Ds; B; Bc), M2 is usually π or K meson, and l’s are
leptons. The Feynman diagrams for these processes
are shown in Fig. 1. As is shown by lots of studies, if
the neutrino mass is very small (< 1 eV) or very large
(≫ 1 GeV), the branching ratios for these LNV decays are
very small, and they can hardly be observed with current
experimental ability [13–16,22]. However, Ref. [18] shows
that, if the mass of the Majorana neutrino lies within the
range 245 MeV–389 MeV, i.e., the resonant domain, the
branching ratio for the process Kþ → μþμþπ− can be
increased dramatically due to the resonant enhancement
of the s-channel (the first diagram of Fig. 1) contribution.
The idea was applied to other mesons including K;D;Ds;
B; Bc by Refs. [20–22] and τ lepton by Refs. [37,38].
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The contribution of the t channel, however, is much smaller
compared with s channel, and its interference with the latter
can be overlooked.1 Thus, narrow width approximation can
be applied here due to the on shellness of the Majorana
neutrino, and the whole process of M1 → M2ll can be
factorized into two subprocesses: the leptonic decay of M1

into Nl and the decay of N into lM2:

ΓðM1 → M2llÞ ¼ ΓðM1 → lNÞΓðN → lM2Þ
ΓN

; ð1Þ

where ΓN is the total decay width ofN. As extensions of the
idea, the first subprocess on the right of Eq. (1) can be
replaced with the semileptonic decays of M1, i.e.,
M1 → M3lN, where M3 represents another meson, and
the second subprocess there can be replaced with leptonic
decay of N into l1l2νl2 (Ref. [23] gives comprehensive
analysis on all possible four-body or five-body LNV decays
in B mesons). The resulting processes are four-body or
five-body decays, including B− → D0=D�l−l−πþ [23–25],
B− → D0=D�l−l−lþ1 νl1 [23], B̄0 → Dþπþl−l− [31], B−

c →
J=ψ l−l−πþ [26], B0

s → D−
s =K−π−lþlþ [27], Dþ

s →
ϕ=ημþμþπ− [25], and D0 → Kþ=πþπþl−l− [28]. The
theoretical branching ratios can be compared to current
experimental bounds, and stringent limits are set upon the
mixing coefficients between the sterile neutrino and normal
ones in the resonant mass region. Aside from mesons and τ
leptons, LNV processes in baryons, including three-body
decays, Σ− → Σþ=pl−l− [32–34], Ξ− → Σþ=pl−l− [33],
Σ−
c → Σþ=pl−l− [39], and four-body decays, Λb →

Λþ
c =pπþl−l− [35], are also closely studied in literature.
In this work, we examine the four-body decaying

processes of Λb and Λc: Λ0
b → Bþμ−μ−πþ, where Bþ is

Λþ
c or proton, and Λþ

c → Λμþμþπ− (in this paper, we
represent the three processes with BA → BBπμμ). We
choose Λb and Λc because they are the most produced
bottom or charmed baryons in LHCb. The illustrative

Feynman diagram for these processes is shown in
Fig. 2. The analysis is performed in the scenario where
there is only one kind of heavy sterile neutrino. The mass
for the exchanged neutrino is within the resonant domain,
namely mμ þmπ < mN < mBA

−mBB
−mμ, so that the

resonant enhancement effect dominates. The masses of
neutrino and the heavy-light coupling parameters are
considered as independent parameters to make a general
argument.
This paper is organized as follows. In Sec. II, we give

our calculation of the branching ratio for BA → BBπμμ.
Taking account of the resonant enhancement effect, we
factorize the whole process into two subprocesses:
BA → BBμN and the subsequent decay of on-shell N.
The effect of the finite detector size is taken into account.
In Sec. III, we estimate the expected branching ratio of
LHCb and give the numerical results by comparing the
theoretical calculation with the experimental ability.
Section IV gives the conclusion.

II. CALCULATION OF THE BRANCHING
RATIO FOR BA → BBπμμ

The lepton-number-violating processes BA → BBπμμ
can occur via the exchange of an on-shell Majorana
neutrino N, which means the mass of N is between
mμ þmπ and mBA

−mBB
−mμ. Thus, the narrow width

approximation can be applied here, and the total decay
width can be factorized as [23]

FIG. 1. s-channel and t-channel Feynman diagrams forM1 → M2ll.M1 is a meson (K;D;Ds; B; Bc),M2 is usually K or π, and l’s are
leptons. q and Q̄ are constituent quarks of M1, while q1 and q̄2 are those of M2. N is the Majorana neutrino.

FIG. 2. Illustrative Feynman diagram for BA → BBπμμ. N is the
intermediate on-shell Majorana neutrino. If BA is Λ0

b, then BB is
Λþ
c /proton, the μ’s are double μ−, and the meson is πþ, while if BA

is Λþ
c , then BB is Λ, the μ’s are double μþ, and the meson is π−.

The crossed diagram with the leptons exchanged must be included.

1Though Ref. [17] shows that while the contribution of t
channel may be comparable with that of s channel in a wide range
of neutrino mass, it does not affect the magnitude estimate for the
decay width while the neutrino mass lies within the resonant
domain.
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ΓðBA → BBπμμÞ ¼ ΓðBA → BBμNÞΓðN → μπÞ
ΓN

; ð2Þ

where ΓN is the total decay width of N. The second factor
of the right-hand side is well known (see, e.g.,
Refs. [20,23]):

ΓðN → μπÞ ¼ G2
F

16π
jVCKM

ud j2jUμN j2f2πmNλ
1=2ðm2

N;m
2
μ; m2

πÞ

×

��
1 −

m2
μ

m2
N

�
2

−
m2

π

m2
N

�
1þ m2

μ

m2
N

��
; ð3Þ

where GF ¼ 1.1664 × 10−5 GeV−2 is the Fermi coupling
constant, VCKM

ud ¼ 0.97418 is the up-down Cabibbo-
Kobayashi-Maskawa (CKM) matrix element, and fπ ¼
0.1304 GeV is the pion decay constant [40]. The function
λðx; y; zÞ is the kinematic Källen function, λðx; y; zÞ ¼
x2 þ y2 þ z2 − 2xy − 2yz − 2xz. UμN is the heavy-light
mixing coefficient of the extended Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. For simplicity, we
assume that there is only one kind of heavy neutrino; in
other words, the light neutrino flavor eigenstate νl (with
flavor l ¼ e, μ, τ) is

νl ¼
X3
k¼1

Ulνkνk þ UlNN; ð4Þ

where νk (k ¼ 1, 2, 3) are the mass eigenstates of light
neutrino, and N is that of heavy neutrino.
The decay width of the sterile neutrino ΓN can be derived

by summing over all of its possible decaying channels,
including l−Pþ, νlP0, l−Vþ, νlV0, l−1 l

þ
2 νl2 , l−1 l

þ
1 νl2 and

νl1νν̄, where Pþ=0=Vþ=0 is the pesudoscalar or vector
meson, l ¼ e, μ, τ, and νl is the corresponding neutrino
[18,20,21]. As a result, the decay width is expressed as a
function of heavy-light coupling constants, and the mass
of N [41],

ΓN ¼ K̃
G2

Fm
5
N

96π3
; ð5Þ

where the jUlN j dependent factor K̃ is

K̃ ¼ N eNjUeNj2 þN μN jUμN j2 þN τN jUτN j2: ð6Þ

The values for the coefficients N lNðl ¼ e; μ; τÞ range from
1 ∼ 20 depending on mN . The specific form of N lN and
details for the derivation can be found in Ref. [41]. In our
work, due to its relatively tiny influence on the final result,
we set N lN ≈ 10 for simplicity, namely,

ΓN ≈ 10
X

l¼e;μ;τ

jUlN j2
G2

Fm
5
N

96π3
: ð7Þ

A. Decay width of BA → BBNμ

The decay width of the process BA → BBμN is

ΓðBA → BBμNÞ ¼ 1

2mBA

Z
dΦ3jMðBA → BBμNÞj2; ð8Þ

where M is the amplitude for the process, and dΦ3 is the
differential three-body phase space,

dΦ3 ¼ ð2πÞ4δ4ðpΛc
− pΛ − pN − plÞ

×
d3p⃗Λ

ð2πÞ32EΛ

d3p⃗N

ð2πÞ32EN

d3p⃗μ

ð2πÞ32Eμ
: ð9Þ

In the l − N rest frame (W� frame), it can be simplified as

dΦ3 ¼
1

ð2πÞ5
1

16m2
BA

jp⃗BB
jjp⃗�

μjdΩ�
1dΩ2d

ffiffi
t

p
; ð10Þ

where t ¼ ðpN þ pμÞ2, dΩ�
1 ¼ d cos θ1dϕ1 is the solid

angle of μ in the μ − N frame (W� frame), and dΩ2 ¼
d cos θ2dϕ2 is that of BB in the BA rest frame. p⃗BB

is the

momentum of BB in BA, frame and p⃗�
μ is that of μ in μ − N

frame,

jp⃗BB
j ¼ 1

2mBA

λ1=2ðm2
BB
; m2

BA
; tÞ;

jp⃗�
μj ¼

1

2
ffiffi
t

p λ1=2ðm2
μ; m2

N; tÞ: ð11Þ

Putting Eq. (11) into Eq. (10) and changing the variable
from

ffiffi
t

p
to t, we write dΦ3 as

FIG. 3. Feynman diagram for BA → BBNμ, where N is the
on-shell Majorana neutrino. If BA is Λ0

b, then BB is Λþ
c /proton

and the μ lepton is μ−, while if BA is Λþ
c , BB is Λ, and the μ

lepton is μþ.
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dΦ3 ¼
1

ð2πÞ5
1

128mBA
t2
λ1=2ðm2

BA
; m2

BB
; tÞλ1=2ðm2

μ; m2
N; tÞdΩ�

1dΩ2dt: ð12Þ

The Feynman diagram for the process is shown in Fig. 3. The amplitude can be expressed as

MðBA → BBμNÞ ¼ GFffiffiffi
2

p VCKM
QAQB

UμNhBBðpBB
ÞjQ̄Bγαð1 − γ5ÞQAjBAðpBA

Þi½ūðpμÞγαð1 − γ5ÞvðpNÞ�; ð13Þ

where QA and Q̄B are the flavor transformed quarks in the process, and VCKM
QAQB

is the corresponding CKM matrix element.
The hadronic matrix element for BA → BB can be parametrized with six transition form factors (fV1 ; f

V
2 ; f

V
3 ) and (f

A
1 ; f

A
2 ; f

A
3 )

as [42]

hBBðpBB
ÞjQ̄BγαQAjBAðpBA

Þi ¼ ¯uBB
ðpBB

Þ
�
γαfV1 ðtÞ − iσαβqβ

fV2 ðtÞ
mΛc

þ qα
fV3
mΛc

�
uBA

ðpBA
Þ;

hBBðpBB
ÞjQ̄Bγαγ5QAjBAðpBA

Þi ¼ ¯uBB
ðpBB

Þ
�
γαfA1 ðtÞ − iσαβqβ

fA2 ðtÞ
mΛc

þ qα
fA3
mΛc

�
γ5uBA

ðpBA
Þ; ð14Þ

where q ¼ pBA
− pBB

, and t ¼ q2. ūBB
and uBA

are the spinors of the baryons.
After squaring the amplitude and integrating over the solid angle dΩ2 and dϕ1 (which simply gives a factor of 8π2), we

get the following expression for the decay width:

ΓðBA →BBμNÞ ¼ G2
F

210π3m3
BA

jVCKM
QAQB

j2jUμN j2
Z

1

−1
dcosθ1

Z ðmBA
−mBB

Þ2

ðmμþmNÞ2
dt

× ½jfV1 ðtÞj2cþ1 ðt;θ1Þþ jfV2 ðtÞj2cþ2 ðt;θ1Þþ jfV3 ðtÞj2cþ3 ðt;θ1ÞþfV1 ðtÞfV2 ðtÞcþ12ðt;θ1ÞþfV1 ðtÞfV3 ðtÞcþ13ðt;θ1Þ
þfV2 ðtÞfV3 ðtÞcþ23ðt;θ1Þþ jfA1 ðtÞj2c−1 ðt;θ1Þþ jfA2 ðtÞj2c−2 ðt;θ1Þþ jfA3 ðtÞj2c−3 ðt;θ1Þþ fA1 ðtÞfA2 ðtÞc−12ðt;θ1Þ
þfA1 ðtÞfA3 ðtÞc−13ðt;θ1Þþ fA2 ðtÞfA3 ðtÞc−23ðt;θ1ÞþfV1 ðtÞfA1 ðtÞc×11ðt;θ1ÞþfV1 ðtÞfA2 ðtÞðtÞc×12ðt;θ1Þ
þfV2 ðtÞfA1 ðtÞc×21ðt;θ1Þþ fV2 ðtÞfA2 ðtÞc×22ðt;θ1Þ�; ð15Þ

where the coefficients of the form factors are

c�1 ðt; θ1Þ ¼
64

t
½2ðpBB

· pNÞðpBB
· pμÞ þ ðpBB

· pNÞðq · pμÞ þ ðpBB
· pμÞðq · pNÞ ∓ mBA

mBB
ðpN · pμÞ�;

c�2 ðt; θ1Þ ¼
32

tm2
BA

fmBB
½−2ðmBB

�mBA
Þðq · pNÞðq · pμÞ þ tðmBB

∓ mBA
ÞðpN · pμÞ� − 4tðpBB

· pNÞðpBB
· pμÞ

þ ðq · pBB
Þ½4ðpBB

· pNÞðq · pμÞ þ 4ðq · pNÞðpBB
· pμÞ þ 2ðq · pNÞðq · pμÞ þ tðpN · pμÞ�g;

c�3 ðt; θ1Þ ¼
32

tmBB

½q · pBB
�mBB

ðmBB
þmBA

Þ� × ½2ðq · pNÞðq · pμÞ − tðpN · pμÞ�;

c�12ðt; θ1Þ ¼
−64
tmBB

fðq · pNÞ½ðmBB
∓ mBA

ÞðpBB
· pμÞ þ 2mBB

ðq · pμÞ� þ ðmBB
∓ mBA

ðpBB
· pNÞðq · pμÞ

þ ðpN · pμÞ½ðq · pBB
ÞðmBB

∓ mBA
Þ þ tmBB

�g;

c�13ðt; θ1Þ ¼
64

tmBB

fðq · pNÞ½ðmBB
�mBA

ÞðpBB
· pμÞ þ 2mBB

ðq · pμÞ� þ ðmBB
þmBA

ðpBB
· pNÞðq · pμÞ

þ ðpN · pμÞ½−ðq · pBB
ÞðmBB

�mBA
Þ − tmBB

�g;

c�23ðt; θ1Þ ¼
64

tmBB

½−2ðq · pBB
Þðq · pμÞ þ tðpBB

· pNÞðq · pμÞ þ tðpBB
· pμÞðq · pNÞ�;

c×11ðt; θ1Þ ¼
−128
t

½ðpBB
· pNÞðq · pμÞ − ðpBB

· pμÞðq · pNÞ�;
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c×12ðt; θ1Þ ¼
128

mBB

ðmBA
−mBB

Þ½ðpBB
· pNÞðq · pμÞ − ðpBB

· pμÞðq · pNÞ�;

c×21ðt; θ1Þ ¼
−128
mBB

ðmBA
þmBB

Þ½ðpBB
· pNÞðq · pμÞ − ðpBB

· pμÞðq · pNÞ�;

c×22ðt; θ1Þ ¼
128

tm2
BB

½2ðq · pBB
Þ þ t�½ðpBB

· pNÞðq · pμÞ − ðpBB
· pμÞðq · pNÞ�:

Terms depending on angle θ1 here, namely pBB
· pN and pBB

· pμ, are calculated in the W� rest frame, whereas other terms
can be directly written as functions of t:

q · pBB
¼ 1

2
ðm2

BA
−m2

BB
− tÞ; q · pN ¼ 1

2
ðtþm2

N −m2
μÞ; pBB

· pN ¼ EBB
EN þ jp⃗BB

jjp⃗N j cos θ1;

q · pμ ¼
1

2
ðt −m2

N þm2
μÞ; pN · pμ ¼

1

2
ðt −m2

N −m2
μÞ; pBB

· pμ ¼ EBB
Eμ − jp⃗BB

jjp⃗μj cos θ1; ð16Þ

where EBB
, Eμ, and EN are the energy of BB, μ and N in the W� rest frame, and p⃗BB

, p⃗N are the corresponding momenta:

EBB
¼ 1

2
ffiffi
t

p ðm2
BA

−m2
BB

− tÞ; EN ¼ 1

2
ffiffi
t

p ðtþm2
N −m2

μÞ; Eμ ¼
1

2
ffiffi
t

p ðt −m2
N þm2

μÞ;

jp⃗BB
j ¼ 1

2
ffiffi
t

p λ
1
2ðm2

BA
; m2

BB
; tÞ; jp⃗N j ¼

1

2
ffiffi
t

p λ
1
2ðm2

N;m
2
μ; tÞ: ð17Þ

The integration over θ1 is not performed here because, as
shown in the following part, the correction due to the
decaying probability of the on-shell neutrino in the detector
also depends on θ1. As for the form factors, we use the
lattice results for Λb decaying channels from Ref. [43] and
for Λc decaying channels from Ref. [44].

B. Decaying probability of the on-shell neutrino
in the detector

In our analysis, the intermediate neutrino is close to its
mass shell. Before decaying into μ and π, it propagates as a
real particle for certain distance, i.e., decaying length. Since
the detector only has a finite size, it is possible that only a
fraction of the produced neutrinos N decay inside the
detector. On such an occasion, only a part of the de-
caying products of the neutrinos can be detected, and the
observed total branching ratio is suppressed. This effect
has been discussed by a number of authors (see, e.g.,
Refs. [23,24,29,30,45,46]). The effective branching ratio is
the original one multiplied by the decaying probability of
the neutrino inside the detector,

Breff ¼ PN × Br; ð18Þ

where

PN ¼ 1 − exp

�
−

L
τNγNβN

�
: ð19Þ

Here, L is the length of the detector, τN is the lifetime
of N, βN is the its speed, which is usually 1, and

γN ¼ ð1 − β2NÞ−1=2 is the Lorentz time dilation factor. In
order to give an estimate of the magnitude of the value, we
assume that L ¼ 1 m and γNβN ∼ 1. As for τN ¼ ℏ=ΓN, we
need an estimate of the magnitude of jUlNj2. Quite a lot of
experiments have excluded the region above 10−6 at mN ¼
1 GeV (see, e.g., Refs. [47,48]). Thus, τN is longer than
1.44 × 10−7 s, which corresponds to a decay length longer
than 52 m, so the decaying probability is smaller than 0.02.
This value can be even smaller at a lighter neutrino mass
and smaller heavy-light coupling, so its influence on the
final result is not negligible.
Taking this into account, in order to give a comprehen-

sive calculation of the effective branching ratio, we need to
know the exact form of the decaying probability, or simply,
the Lorentz factor γNβN ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEN=mNÞ2 − 1

p
of N in the lab

frame. The energy of the on-shell neutrino depends on the
energy of mother particle Λb=Λc, the transferred momen-
tum square t, as well as the solid angles dΩ�

1 and dΩ2. We
use the result of Ref. [24], where EN is expressed as
function of kinematic variables of the decaying process,

ENðt;θ2;θ1;ϕ1Þ ¼ γBA
fγWðtÞðENðtÞ− βWðtÞjp⃗NðtÞj cosθ1Þ

× βBA
½γWðtÞð−jp⃗NðtÞj cosθ1

þ βWðtÞENðtÞÞ cosθ2
− jp⃗NðtÞj sinθ1 cosϕ1 sinθ2�g: ð20Þ

Here, βBA
and γBA

are Lorentz factors of the mother particle
BA in the Lab frame depending on the energy of the
produced Λb=Λc. jp⃗NðtÞj ¼ ð ffiffi

t
p

=2Þλ1=2ð1; m2
N=t;m

2
μ=tÞ
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and EN ¼ ðtþm2
N −m2

l Þ=ð2
ffiffi
t

p Þ are the three-momentum
and energy of N in the W� rest frame, respectively. The
meaning of the angles θ1;ϕ1; θ2 can be found in Sec. II A.
βW and γW are Lorentz factors between W boson and BA,
namely,

γWðtÞ ¼
�
1þ jq⃗0j2

t

�1=2

; βWðtÞ ¼
�

t

jq⃗0j2
þ 1

�
−1=2

;

ð21Þ

where jq⃗0j ¼ ðmBA
=2Þλ1=2ð1; m2

BB
=m2

BA
; t=m2

BA
Þ is the

three-momentum of W� in the BA rest frame. The details
for the derivation of this expression can be found in the
Appendix B in Ref. [24]. We choose pseudorapidty η ¼ 3
and transverse momentum pT ¼ 10 GeV for the Λb=Λc
produced within the acceptance of LHCb, and the corre-
sponding energy for the mother particles is ∼100 GeV. It
can be checked that the influence of the energy deviation
from this value within the LHCb acceptance (2 < η < 5
and 4 GeV < pT < 25 GeV [49]) on the final result is
negligible.
As a result, the total effective branching ratio is written as

the integration over t, θ1, ϕ1, and θ2 [24]:

Breff ¼
Z

2π

0

dϕ1

Z
1

−1
d cos θ1

Z
1

−1
d cos θ2

×
Z ðmBA

−mBB
Þ2

ðmμþmNÞ2
dt

dΓðBA → BBμNÞ
d cos θ1dt

ΓðN → μπÞðtÞ
ΓBA

ΓNðtÞ
× PNðt; θ1;ϕ1; θ2Þ: ð22Þ

III. SENSITIVITY UPPER BOUNDS ON jUμNj2
The expected number of Λb produced in the next LHCb

upgrade is calculated as L × σbb̄ × fðb → ΛbÞ, where L ≃
40 fb−1 is the expected luminosity the next LHCb upgrade,
σbb̄ ≃ 144 μb is the bb̄ cross section within the LHCb
covered η range (2 < η < 5) [50], and fðb → ΛbÞ ≃ 0.09 is
the hardronization factor of b quark to Λb, which is
calculated from Ref. [49].2 So, the expected number of
Λb is around 40 fb−1 × 144 μb × 0.09 ≃ 5.2 × 1012. The
number of D0 mesons produced is L × σpp→D0 , where
σpp→D0 ¼ 2072μb is the production cross section of D0

from pp collision within the LHCb acceptance [51]. The

ratio between Λc and D0 meson is around 0.3 [52,53],
so the expected number of Λc is 40 fb−1 × 2072 μb × 0.3≃
2.5 × 1013.
We do a Monte-Carlo simulation to give an estimation

of the total detection efficiency of the three decaying
channels at LHCb. We generate 10000 samples of the
mother particles according to their pT and y distribution at
LHCb, where pT and y refer to the transverse momentum
and rapidity [54,55].3 Then, we get the four-momenta of
the final state particles with randomly chosen phase
space variables and calculate the possibility that these
particles are within the detection ability of LHCb, namely,
2 < η < 5 and pT > 0.5 GeV. We also take into consid-
eration that Λc is reconstructed from pK−πþ, while Λ is
reconstructed from pπ− in their detection. We also include
the requirement that Λc and Λ decay before the upstream
silicon-strip detector, which means the decay length of
them is less than 2.5 m [56]. Multiplying the tracking
efficiency of LHCb 0.96 [56], the final results for
Λb → pπμμ, Λb → Λcπμμ, and Λc → Λπμμ are around
21%, 0.4%, and 0.1%, respectively. Since a more detailed
analysis on the detection efficiency requires more knowl-
edge about the LHCb detectors, which is out of the range of
this paper, for now, we assume that the estimation based
on kinematics of the processes is a good approximation to
the real reconstruction efficiency.4 The sensitivity upper
bound on the heavy-light mixing jUμN j at the 95% con-
fidence is obtained by requiring that Nevents ¼ 3.09 [57].5

Thus, assuming that the background is very small (∼1), the
expected branching ratios for Λb → pπμμ, Λb → Λcπμμ,
and Λc → Λπμμ are 3.09=ð21% × 5.2 × 1012), 3.09=
ð0.4% × 5.2 × 1012Þ, and 3.09=ð0.1% × 2.5 × 1013Þ,
respectively.
The total decay width of the mother particles is

ΓΛb
¼ 1.383 × 10−12 GeV and ΓΛc

¼ 3.291 × 10−12 GeV
[40]. The length of the detector L is set to be 2.3 m, which is
the approximate length of the detector of LHCb [25].
By requiring that the effective branching ratio is smaller

than the expected value of LHCb, we get the limits on the
coupling constant jUμN j2 at certain mass of N. This is done
by solving Eq. (22) numerically with the input of neutrino
mass mN . Following the common practice (see e.g.,
Refs. [21,26]), we assume that the three heavy-light mixing
coefficients are of the same order, namely jUeNj ∼ jUμN j ∼
jUτN j in the decay width of N.

2Reference [49] shows that the ratio between the production
fraction of Λb hardrons and the sum of the fraction of B− and B̄0

is around 0.259 (averaged between 4 GeV < pT < 25 GeV and
2 < η < 5), while that between B̄0

s and the sum of B− and B̄0 is
0.122. Since B�, B0=B̄0, B̄0

s=B0
s , and Λ0

b=Λ̄0
b make the majority of

bb̄ products (private discussion with Yanxi Zhang), the fraction
fðbb̄ → ΛbÞ is estimated as 0.259=ð1þ 0.259þ 0.122Þ × 0.5 ∼
0.09.

3We use the pT and y distributions of B� and D0, which are
close to the distributions of Λb and Λc, respectively.

4Private discussion with the LHCb member Yanxi Zhang.
5The conclusion is only valid under the situation when there is

no background or the background is very small. Since the
knowledge about the background of the process should be found
in experiments, and we lack reliable method for estimating the
background theoretically, we have to make the assumption that
the background is very small here.
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It should be noted that, though the channels Λb →
p=Λcπμμ are analyzed in similar ways in Ref. [35], our
work differs from the latter in the following aspects: (i) We
include refined calculation on the decay probability of the
N in the detector, which turns out to be quite small; (ii) Our
work relies on the so-called lepton universality assumption,
i.e., jUeNj ∼ jUμN j ∼ jUτN j. It can be checked that even if
we take the more conservative assumption that jUeN j and
jUτN j are of the size of their current upper limit given by
other experiments, the result of our work does not change
significantly; (iii) We calculate the experimental sensitivity
of LHCb upgrade with a different method, and the
sensitivity we obtained is 1 to 3 magnitudes higher than
the ones used in Ref. [35].
Our result is shown in Fig. 4. We compare our results

with the constraints given by previous experiments, includ-
ing NuTeV [47], BEBC [48], Belle [58], and Delphi [59]. It
is shown that in the mass region 2 GeV < mN < 4.5 GeV,
the Λb decaying channels give stronger constraints with
1–2 magnitudes lower compared with the current limit,
mainly due to the relatively large mass of theΛb baryon and
the low expected branching ratio of LHCb. The constraints
given by the Λc decaying channel, however, do not
transcend previous limits because of the relatively narrow
mass range it gives, during which, previous experiments
have better results. The narrow mass range is mainly due to
the small mass difference between Λc and Λ.

IV. CONCLUSION

In this work, we examine the lepton-number-violating
processes in Λb=Λc decays mediated by on-shell GeV-
scale Majorana neutrino: Λ0

b → Λc=pπþμ−μ− and Λþ
c →

Λπ−μþμþ. We do this in a scenario where there is only one
kind of sterile neutrino, and its mass mN and heavy-light
mixing jUμN j2 are independent parameters. The mass of
the Majorana neutrino is set between mμ þmπ and
mBA

−mBB
−mμ so that the resonance enhancement effect

is brought in. The branching ratios for these processes are
calculated as functions of mN and jUμN j2. The effect of the
decaying probability of the intermediate neutrino in the
detector is included with a detailed calculation. By com-
paring the theoretical result with the expected detection
ability of the future LHCb upgrade, we give the sensitivity
upper bounds on jUμN j2 with respect to mN . It turns out
that, if these decays were not detected in the future LHCb
upgrade, the constraints on the mixing parameters jUμN j2 in
the mass range 2 GeV < mN < 4.5 GeV can be signifi-
cantly improved.
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FIG. 4. Sensitivity upper bounds on jUμN j2 by comparing theoretical results with the expected experimental ability of LHCb. The gray
areas are excluded by previous experiments, including NuTeV [47], BEBC [48], Belle [58], and Delphi [59]. The colored bold lines are
the results we get.
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