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We study the four-body heavy baryon decay, including two leptons in the final state, of the form
BA → BBPlαlβ, which can be either a lepton number conserving (LNC) or a lepton number violating
(LNV) process (where B, P, and l are baryons, pseudoscalar mesons, and leptons, respectively), including
all kinematic allowed lepton pair possibilities. We work beyond the simplified assumption of a single heavy
Majorana neutrino mixing with the active sector, considering potential interference effects when including
two nearly degenerate heavy Majorana neutrinos. Particularly, we provide a first estimate of the decay
channels involving different flavors for the external leptons (e.g., muon-tau) and elaborate on the
interference pattern due to leptons exchange. We show that the results for the two heavy almost degenerate
neutrinos can be recast into a single Majorana neutrino and exhibit the features for both the LNC and LNV
scenarios. We determine the potential exclusion region for the mass and heavy-light mixing parameters, of
the neutrinos driving the decay, including finite size detector effects, and compare them with those from
direct searches and τ and meson decays. We also obtain the branching ratio as a function of the heavy
neutrino mass for the current upper limit of the heavy-light mixings.

DOI: 10.1103/lrx5-ck8k

I. INTRODUCTION

Heavy neutral lepton states are a key ingredient in the
understanding of light neutrino masses. The existence of
such states would trigger new phenomena, such as lepton
flavor violating (LFV) and lepton number violating (LNV)
processes, which must be searched for to validate it.
Perhaps, the simplest description of LNV processes (with
the lepton number, L, changing in two units) includes only
a single new neutral state, necessarily a neutrino of
Majorana nature [1–3]. On the other hand, lepton number

conserving (LNC) processes can be driven by heavy
neutrinos, which can be either Dirac or Majorana particles.
This motivates the search not only for direct signals of these
heavy neutral leptons [4] but also for their properties, trying
to distinguish between the two possible neutrino natures in
various complementary processes (see, e.g., [5]). The
approach with a single heavy neutral state provides a
general description of the main features of LNC or LNV
processes [1,6–13]. However, more realistic models (moti-
vated to accommodate the mass generation mechanism
[14,15]) invoke two almost degenerate Majorana neutrinos,
with masses in the GeV region. A recast of the single
Majorana fermion results allows one to leverage previous
calculations to determine the corresponding bounds for this
case. Moreover, this extension incorporates relative phases
that can greatly modify the results of a single neutrino,
opening the door to explore also new phenomena, such as
CP violation [14,16–22].
This idea of having two almost degenerate neutrinos has

been explored recently, in three-body [18,23–25] and four-
body decays [17,20,26], mainly for processes with same-

*Contact author: fabyfortuna@fisica.unam.mx
†Contact author: toledo@fisica.unam.mx
‡Contact author: gerardo.hernandez@uaeh.edu.mx
§Contact author: diego.portillo@cinvestav.mx

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 112, 015010 (2025)

2470-0010=2025=112(1)=015010(11) 015010-1 Published by the American Physical Society

https://orcid.org/0000-0002-8938-7613
https://orcid.org/0000-0003-4824-9983
https://ror.org/01tmp8f25
https://ror.org/01tmp8f25
https://orcid.org/0000-0003-0193-3489
https://ror.org/031f8kt38
https://orcid.org/0000-0002-3354-6355
https://ror.org/009eqmr18
https://ror.org/009eqmr18
https://crossmark.crossref.org/dialog/?doi=10.1103/lrx5-ck8k&domain=pdf&date_stamp=2025-07-09
https://doi.org/10.1103/lrx5-ck8k
https://doi.org/10.1103/lrx5-ck8k
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


flavor charged leptons produced at final state. On the other
hand, the case of different flavors requires careful handling,
associated with the leptons exchange. A prescription to deal
with different leptons, in three-body decays, was presented
in [1,3]. Such a procedure has the advantage of allowing a
clean description of the individual channels interference,
upon the leptons interchange. In a recent work, the
integration method for four-body decays was presented
[7], extending the case three-body decay and allowing us to
study processes as the ones considered here.
Currently, the light charged leptons sector has the most

restrictive bounds, for both the heavy-light mixing param-
eters and the region of the heavy neutrino mass. In contrast,
for heavy-light mixing with tau flavor, the current bounds
are less stringent than those in the light sector and arise,
mainly, from the semileptonic tau decays [3,18]. In this
direction, the heavy baryon sector naturally allows the
study of semileptonic processes, where the tau can be
produced in combination with a light lepton. Thus, they
may offer an opportunity to improve or complement the
current constraints obtained from other sorts of processes.
In this work, we compute the four-body LNV decays of

heavy baryons Bf0;∓g
A → Bf�;0g

B P�l∓
α l

∓
β , and the LNC

decays Bf0;∓g
A → Bf�;0g

B P∓l∓
α l�

β , where B, P, and l
are baryons, pseudoscalar mesons and leptons, respectively.
We follow the description of two almost degenerate
heavyMajorana neutrinos as done by Ref. [14], considering
a set of form factors parametrizing the hadronic
transition provided in the literature [27–29]. The systems
we consider are generically associated to the following
states: Λb → ðΛc; pÞðK; πÞlαlβ, Σb → ΣcðK; πÞlαlβ,
Ξb → ðΣ;Ξc;ΛÞðK; πÞlαlβ, and Ωb → ðΞ;ΩÞðK; πÞlαlβ,
where lα;lβ ¼ e, μ, τ.
The remainder of the manuscript is structured as follows:

Sec. II sets the notation and describes the formalism for the
weak interaction of the heavy neutrinos [14]. In Sec. III, we
outline the LNC and LNV processes, obtaining the corre-
sponding amplitudes. We also describe the relation between

the single-heavy neutrino and the two almost degenerate
neutrinos, the so-called recast function. We include the
detector effects in Sec. IV. In Sec. V, we present the results
and discussion. Finally, in Sec. VI, we draw our
conclusions.

II. THE SETUP

To describe the processes in the leptonic part, we use the
same approach as in Ref. [14]. Specifically, we work within
the framework of simplified SM extensions that involve the
addition of N extra neutral Majorana fermions, without
making any assumptions about the mechanism responsible
for neutrino mass generation (i.e., treating neutrino masses
and lepton mixings as independent). In such a case, the
leptonic charged current is modified as follows:

Lc:c ¼ −
gffiffiffi
2

p UαilαγμPLνiW−
μ þ H:c:; ð1Þ

where PL ¼ ð1 − γ5Þ=2 is the left-handed chirality projec-
tor, the subindex i refers to the physical neutrino states (3
light plusN heavy states), and the subindex α represents the
flavor of the charged leptons. For the case N ¼ 2 (after the
addition of two states with masses m4;5), the unitary matrix
U has dimension 5 × 5 encoding the flavor mixing (Uαi) in
charged currents. We employ the conventions presented in
Ref. [14] to denote the matrix elements for the heavy-light
mixings by

Uαi ¼ eiϕαi jUαij; α ¼ e; μ; τ; i ¼ 4; 5; ð2Þ

where ϕαi is the phase of the associated mixing element.

III. AMPLITUDES

The dominant Feynman diagrams for the four-body
semileptonic decays of heavy baryons, mediated by a
hypothetical resonant neutrino state, are shown in Fig. 1.

FIG. 1. Feynman diagrams for the four-body semileptonic decays of heavy baryons mediated by a hypothetical resonant neutrino state.

The diagram (a) stands for the LNC case, namely, Bf0;∓g
A → Bf�;0g

B P∓l∓
α l�

β , whereas the diagram (b) represents the LNV scenario

Bf0;∓g
A → Bf�;0g

B P�l∓
α l

∓
β . In both cases, P is a pion or kaon state.
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The diagram 1(a) stands for the LNC case, whereas the
diagram 1(b) represents the LNV scenario. We proceed to
obtain the corresponding amplitudes.

A. LNC Bf0;∓g
A → Bf�;0g

B P∓l∓
α l�

β decays

Let us start by considering the LNC case [diagram 1(a)].
Within these processes, we will focus on lepton
flavor violating (LFV) decays, i.e., with lα ≠ lβ, to isolate
the sterile neutrino contributions (decays with the same-
flavor lepton final states also receive a SM contribution).
We will obtain the amplitude for the specific decay

mode Bf0;−g
A ðpAÞ → Bfþ;0g

B ðpBÞP−ðpPÞl−
β ðp1Þlþ

α ðp2Þ,
where in parentheses are the corresponding momenta.
An analogous procedure can be followed to obtain the
charge conjugate modes. Using the charged-current
Lagrangian in Eq. (1), the amplitude can be written as
follows:

MLNC ¼ Gpν
P

X
i¼4;5

UβiU�
αil

LNC
μν P1iHμðpB; pAÞ; ð3Þ

where we have defined G≡G2
FVABVPfP, with VP and

VAB the mixing quark elements of the CKM matrix
involved in the hadronic part of the process, and fP the
decay constant of the meson state (for P ¼ π, K they
correspond to VP ¼ Vud; Vus and fP ¼ 90, 120 MeV,
respectively). The leptonic part is given by

lLNC
μν ≡ ūðp1Þγμ=a1γνð1 − γ5Þvðp2Þ; ð4Þ

where a1 ≡ pA − pB − p1 is the momentum carried out by
either of the heavy neutrinos, and we have defined

P1i ≡ 1

a21 −m2
i þ imiΓi

: ð5Þ

The hadronic part is given by the meson production
coming from the W, parametrized by ifPpν

P, already
included in Eq. (3) and the baryons transition matrix
element,

HμðpB; pAÞ≡ hBBðpBÞjJμjBAðpAÞi: ð6Þ

The most general form is parameterized by six form factors,
as follows:

hBBðpBÞjJμjBAðpAÞi

¼ ūðpBÞ
�
f1ðq2Þγμ þ if2ðq2Þ

σμνqν

MA
þ qμf3ðq2Þ

MA

þ g1ðq2Þγμγ5 þ ig2ðq2Þ
σμνqνγ5
MA

þ qμg3ðq2Þγ5
MA

�
uðpAÞ;

ð7Þ

with q2 ¼ ðpA − pBÞ2 the squared momentum transferred
in the baryonic transition, whereas uðpAÞ (ūðpBÞ) and
MA (MB) are the spinor and mass of the initial (final)
baryon. The form factors have been computed considering
specific approaches to quark models and/or lattice calcu-
lations [27–32]. To avoid model-dependent effects coming
from different estimations of the form factors, we use those
obtained in the light-front model [27–29], for all baryonic
transitions considered in this work. In the approach used in
those references, the f3 and g3 form factors cannot be
extracted; however, they vanish in the heavy quark limit
[33]. Therefore, we only consider the f1, f2, g1, and g2
form factors, as given in Appendix A. The contribution of
f2 and g2 to the decay width is subdominant, compared to
the vector and axial couplings f1 and g1. However, we
incorporate them in the numerical evaluation for a complete
description of the effective baryon weak transition.
Different parametrizations of the form factors, as those
reported in Ref. [30], have been used to determine their
effect on the observables. No significant changes were
observed in the final results.
The squared amplitude for the LNC case is given by

jMLNCj2 ¼ ðjUα4j2jUβ4j2jP14P�
14 þ jUα5j2jUβ5j2jP15P�

15

þ U�
α4Uβ4Uα5U�

β5P14P�
15

þ Uα4U�
β4U

�
α5Uβ5P�

14P15Þ
G2lLNC

μν pν
Pl

†LNC
τθ pθ

PH
μHτ†; ð8Þ

where the interference terms can be stated in terms of the
relative phases as

U�
α4Uβ4Uα5U�

β5P14P�
15 þ Uα4U�

β4U
�
α5Uβ5P�

14P15

¼ jUα4jjUβ4jjUα5jjUβ5jðeiðψα−ψβÞP14P�
15

þ e−iðψα−ψβÞP�
14P15Þ; ð9Þ

where ψα ≡ ϕα5 − ϕα4. This squared amplitude
can be recast into a single Majorana neutrino process,
provided the masses satisfy m4 ≃m5 ≡mN and
ΔmN ≡m5 −m4 ≳ 0, the decay widths are Γ4 ≃ Γ5 ≡ ΓN ,
the mixing parameters are thus also required to fulfill
jUα4jjUβ4j ¼ jUα5jjUβ5j ¼ jUαN jjUβN j, and the relation
between the P1iP�

1j, is as shown in Appendix B. Thus,
the average square amplitude becomes

jMLNCj2 ¼ G2lLNC
μν pν

Pl
†LNC
τθ pθ

PH
μHτ†jUαN j2jUβN j2

π

2mNΓN
δða21 −m2

NÞR½y;ψ−�; ð10Þ

where y ¼ ΔmN=ΓN and R½y;ψ � is the recast function,
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R½y;ψ∓�≡2f1þκðyÞðcosðψα∓ψβÞ−ysinðψα∓ψβÞÞg;
ð11Þ

with κðyÞ ¼ 1=ð1þ y2Þ. The R½y;ψþ� function corre-
sponds to the LNV case, as we show later. From
Eq. (10), we see that the effect of the extended scenario
with two neutrinos (in the quasidegenerate limit) on the
single neutrino scenario is included in the recast factor R.
Therefore, it is enough to compute the square amplitudes,
for the case of a single resonant neutrino and multiply
it by the recast function to get the full result, in the two
almost degenerate case. However, the presence of this R
factor, can strongly modify the magnitude of the amplitude.
Therefore, it will have a direct impact on the constraints for
the branching fraction and heavy-light mixing, as we
discuss later. For the LNC charge conjugate process, the
argument of the sine and cosine functions changes
from ψα − ψβ → −ðψα − ψβÞ, associated to the modifica-
tion of the heavy-light mixing parameters involved.
Then, the relative sign on the sine function with respect
to the cosine one, in Eq. (11), changes from negative to
positive.
To better understand the role of the recast factor R, in

Fig. 2, we plot it as a function of the phases ψα and ψβ, for
three values of y (rows). Notice that the range in which the
recast function varies depends on the value of the y
parameter. For y ¼ 0, the range is maximum, [0, 4] and
decreases to 2 as y increases. In fact, for large values
of y, the interference effect becomes negligible, as pointed
out in Ref. [23]. On the other hand, we also compare
the behavior of the recast function for LNC (left column)
and LNV (right column) processes. For y ¼ 0, there are
scenarios where the LNV process has a maximum and the
LNC one vanishes, for example, when ψβ ¼ −ψα ¼ π=2.
The opposite scenario, i.e., the LNV process vanishes
while the LNC one is maximum, occurs for
ψβ ¼ ψα ¼ π=2. This last case corresponds to the full
degeneracy limit, where both Majorana fields form a
Dirac singlet, recovering lepton number as an exact
symmetry.

B. LNV Bf0;∓g
A → Bf�;0g

B P�l∓
α l

∓
β decays

Regarding the LNV case, depicted in Fig. 1(b), we must
include an additional diagram associated with the inter-
change of the final charged leptons, regardless of their
flavor. We will obtain the amplitude for the specific decay

mode Bf0;þg
A ðpAÞ → Bf−;0g

B ðpBÞP−ðpPÞlþ
α ðp1Þlþ

β ðp2Þ.
The amplitude is given by

MLNV ¼ Gpν
P

X
i

U�
αiU

�
βimiHμðpB; pAÞ

ðlLNV
μν ðp1; p2ÞP1i þ lLNV

νμ ðp1; p2ÞP2iÞ; ð12Þ

where the leptonic part in this case is written as

lLNV
μν ðp1; p2Þ≡ ūðp1Þγμγνð1þ γ5Þvðp2Þ; ð13Þ

and P2i is similar to Eq. (5) with a1 → a2,
a2 ¼ pA − pB − p2. The Fermi quantum statistics proper-
ties for identical leptons in the final state yield the
antisymmetrization of the second amplitude in Eq. (12);
meanwhile, in the case of different flavors the minus sign
appears after the anticommutation relations of the fermion
fields, i.e., an odd permutation in the order of the spinors at
the amplitude level, as is well explained in Ref. [34]. Then,
in Eq. (12) we have a plus sign between the leptonic parts,
since lLNV

μν ðp2; p1Þ ¼ −lLNV
νμ ðp1; p2Þ, obtained by apply-

ing charge-conjugation relations.
The hadronic part is given by Eq. (7), presented in the

LNC case, with the same considerations. The square
amplitude is given by

FIG. 2. Recast function behavior, Eq. (11), for LNC and LNV
processes as a function of the ψα and ψβ phases and using
different values of y ¼ ΔmN=ΓN .
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jMLNVj2 ¼ G2pν
Pp

θ
PH

μHτ†
��X

i¼4;5

m2
i jUαij2jUβij2P1iP�

1i þ 2m4m5ReðU�
α4U

�
β4Uα5Uβ5P14P�

15Þ
�
lLNV
μν l†LNV

τθ

þ
�X
i¼4;5

m2
i jUαij2jUβij2P2iP�

2i þ 2m4m5ReðU�
α4U

�
β4Uα5Uβ5P24P�

25Þ
�
lLNV
νμ l†LNV

θτ

þ
�X
i¼4;5

m2
i jUαij2jUβij2P1iP�

2i þ
X

ði≠jÞ¼4;5

mimjU�
αiU

�
βiUαjUβjP1iP�

2j

�
lLNV
μν l†LNV

θτ

þ
�X
i¼4;5

m2
i jUαij2jUβij2P2iP�

1i þ
X

ði≠jÞ¼4;5

mimjU�
αiU

�
βiUαjUβjP2iP�

1j

�
lLNV
νμ l†LNV

τθ

�
: ð14Þ

Some observations are in order for the four-body decay:
to set the squared amplitude in the recast form, we make use
of the general results as presented in Appendix B. From
Eq. (14), we can notice that the individual channels
contribution (first and second row) are similar to the
LNC squared amplitude,

→ G2pν
Pp

θ
PH

μHτ† πmN

2ΓN
jUαN j2jUβN j2R½y;ψþ�

flLNV
μν l†LNV

τθ δða21 −m2
NÞ þ lLNV

νμ l†LNV
θτ δða22 −m2

NÞg:
ð15Þ

Therefore, the recast function takes the same form as
Eq. (11) with ψα − ψβ → ψα þ ψβ. This result is valid
regardless of the flavor of the leptons. The remaining part,
the channels interference must be computed using the
relations as given in Appendix B. If the leptons are of
different flavor, they have different kinematical regions for
the neutrino mass value; if such individual kinematical
regions do not overlap, the interference is null. The only
case under consideration where the kinematical regions
overlap is in the Λb → pðπ; KÞμ−τ− decay. We computed
the interference contribution and find it very small com-
pared to the individual channels.

IV. DETECTOR LENGTH CONSIDERATIONS

An important effect to be taken into account in the
calculation is the probability of the on shell neutrino
decaying inside the detector; otherwise, the signal event
will correspond only to the first subprocess without any
meaningful information about the resonant state. As a
consequence, the detector consideration will directly affect
the constraint on the branching fraction (and consequently,
to the heavy-light mixings), mainly for neutrinos with
masses smaller than ∼500 MeV (due to the large values of
their lifetimes), as we will discuss later. From the exper-
imental point of view, the neutrino lifetime range would
correspond with a decay distance from the collision point,
within the detector’s sensitivity range [35]. Considering the
LHC experimental setup, as a reference for a detector, a
constant lifetime of the order 1–1000 ps has been used [11].

However, we adopt a different strategy, that allows for a
more accurate evaluation of ΓN , considering it as a function
of the heavy-light mixings and the mass of the heavy state.1

Therefore, following Ref. [3], for the scenario with just one
heavy neutrino state, the detector effect is encompassed in
the following probability weight:

Pν ¼ 1 − Exp

�
−LdetΓN

mN

jpN j
�
; ð16Þ

where Ldet is the detector length, ΓN the total decay width
of the heavy neutrino and pN its three-momentum in the
laboratory frame of the decaying baryon.2 Therefore, the
differential decay rate can be written as

dΓ ¼ PνjMj2dPS; ð17Þ

being dPS the corresponding phase space integral according
to the transition. In a three-body LNV decay (such as
M−

1 → l−
1N → Mþ

2 l
−
1l

−
2 ) after applying the narrow width

approximation, the probability Pν becomes a constant given
that the first subprocess (M−

1 → l−
1N) corresponds to a two-

body decay with a monochromatic spectrum [(where the
momentum jpN j ¼ λ1=2ðm2

M1
; m2

N;m
2
l1
Þ=ð2mM1

Þ3 is fixed
by energy-momentum conservation]. Therefore, the decay
rate is computed straightforwardly,

Γ ¼ Pν

Z
jMj2dPS: ð18Þ

On the contrary, for a four-body decay (for instance,
B0
A → B�

Bl
∓
1 N → B�

Bl
∓
1 l

∓
2 P

�), the momentum jpN j is a
function of the invariant mass of theBB − l1 system andwill

1We take the sum over exclusive decay channels of the heavy
state, i.e., ΓN ¼ P

i Γ
p:w
i θðmN −

P
j mjÞ, where θ is the Heav-

iside function and mj stand for the masses of all the final states
particles involved in the partial width Γp:w

i .
2For simplicity, we take the scenario where the initial baryon is

produced at rest; however, this can be generalized to the case
where the decaying particle is boosted, as done in Ref. [18].

3With λða; b; cÞ≡ a2 þ b2 þ c2 − 2ðabþ acþ bcÞ.
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depend on the phase space variables even after the narrow-
width approximation. In this sense, it is convenient to write
the total decay width as

Γ ¼ Γ0 − Expð−2LdetΓNmNÞ

×
Z

Exp

�
mA

λ1=2ðm2
A; sBi; m

2
NÞ
�
fPSidPSi; ð19Þ

where the sum over i ¼ 1, 2 is implicit. sBi ≡ ðpB þ piÞ2
and Γ0 is the decay width of an infinite detector length, that
is, Pν ¼ 1. The fPSi functions are defined as follows [see
Eq. (2.9) in Ref. [7] ]:

fPSi ¼
jMij2

jM1j2 þ jM2j2
jMj2; ð20Þ

beingM1 the amplitude of the diagram in Fig. 1(b), andM2

the one for the diagram with exchanged leptons. The
definition of the phase space PSi is given in Appendix A
of Ref. [7], where dPS1 ¼ dPS2ðp1 ↔ p2Þ. On the other
hand, for the LNC processes under consideration, the
absence of the diagram with exchanged leptons in the final

state yields to i ¼ 1 and, therefore, fPS1 ¼ jMj2.
It is important to note that the above explanation is valid

only in the case of a single heavy neutrino state (otherwise,
we have to sum over each resonant neutrino state).
However, the generalization to the quasidegenerate limit
of two Majorana neutrinos is straightforward, following the
expressions in Eqs. (10) and (15) and the proper incorpo-
ration of the recast factor.

V. RESULTS AND DISCUSSION

To fully compute the decay processes, we consider the
form factors for each case as given in Appendix A. The
neutrino decay width is taken as dependent on the heavy
neutrinos mass, the heavy-light mixing parameters, and
the corresponding open channels. We follow Refs. [1,3] to
compute the total decay width as the sum over exclusive
channels. In Table I, we list the generic processes
considered in this work, for either the K or the π meson
in the final state and the LNV or LNC lepton pair (where
the transitions with two electrons in the final state are
omitted, due to the strong constrains on the heavy-light
mixing parameter), and the CKM element, VAB, involved
for each one.
For the sake of clarity, in the following, we present the

results for the LNV case with a single resonant neutrino. At
this stage, the same results are obtained for the LNC case.
Thus, the effect of having introduced two quasidegenerate
neutrinos is driven by the recast function, as discussed
before. This is strictly true in the quasidegenerate limit and
narrow with approximation.

In order to simplify the numerical evaluation, we take the
universal coupling assumption; i.e., we consider
jUeN j ¼ jUμN j ¼ jUτN j. In Fig. 3, we exhibit the exclusion
region of the heavy-light mixings as a function of the heavy
neutrinomass for the LNV four-bodyΛb decays under study,
shown with solid lines. These regions are obtained under the
assumption of an upper limit for the branching fraction of the
four-body Λb decays to be BR ≤ Oð10−8Þ, motivated by the
expected sensitivity to the process Λb → ΛcðpÞπμμ at CMS
and LHCb experiments, analyzed in Ref. [11]. Moreover, we
incorporated the effect of a finite detector length
(Ldet ¼ 10 m), according to Eq. (19), represented with
dashed lines in the same Fig. 3. There, we notice a clear
underestimation of the exclusion regions for neutrinos with
masses below ∼500 MeV, compared with the case where no
finite detector effects are included. For comparison purposes,
we also plot the corresponding curves for LNV τ� →
M�

AM
�
Bl

∓ as well as analogue exclusion regions coming
from LNV meson M�

A → M∓
B l

�
α l�

β decays, taken from
Ref. [3]. Shaded regions correspond to the limits from direct
searches at colliders, taken from [3,14], considering an
extensive experimental information (see references
in [3]). We observe that the processes here considered may
be as competitive as those from τ and meson decays. It is
important to note that, for direct searches, the limits on a
given UlN mixing element were obtained by setting
the other mixings with the heavy state to zero; for
instance, the constraints on jUμN j2 are inferred assuming
UeN ¼ UτN ¼ 0. On the other hand, we work under the
universal coupling assumption, as previously mentioned,
meaning that the comparison between our results and the
bounds from direct searches, in Fig. 3, must be taken with
care, since they are not obtained under identical assumptions.
Considering the same scenario as in direct searches, our
bounds become in general more restrictive (by less than 1
order of magnitude), making them more competitive.
We also observe that, for a given process, the decay mode
including the pion in the final state gives more restrictive
bounds than the case including the Kaon, which is expected
due to the values of the CKM elements and phase space
suppression.

TABLE I. Particular processes considered in this work. For the
leptonic pair, we include lαlβ ¼ μe, μμ, τe, and τμ.

Process VAB

Λb → ΛcðK; πÞlαlβ Vcb

Λb → pðK; πÞlαlβ Vub

Σb → ΣcðK; πÞlαlβ Vcb

Ξb → ΞcðK; πÞlαlβ Vcb

Ξb → ΣðK; πÞlαlβ Vub

Ξb → ΛðK; πÞlαlβ Vub

Ωb → ΞðK; πÞlαlβ Vub

Ωb → ΩcðK; πÞlαlβ Vcb
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We have explored the modifications on the upper limits,
after extending to the scenario with two quasidegenerate
Majorana neutrinos. This is modulated by the recast

function defined in Eq. (11). In Fig. 4, we illustrate such
an effect in the heavy-light mixing couplings for the
Λ0
b → Λþ

c ðp−Þπ−τþμþ LNV processes, considering a set

FIG. 3. Exclusion region of the heavy-light mixing, as a function of the heavy neutrino mass, for the LNV four-body Λb decays.
Considering the effect of a finite detector length (Ldet ¼ 10 m) yields the dashed lines. The exclusion regions for LNV τ� → M�

AM
�
Bl

∓
and meson M�

A → M∓
B l

�
α l�

β decays, taken from Ref. [3], are also exhibited. Shaded regions correspond to the limits from direct
searches at colliders (obtained under different assumptions, see text for details) taken from [3,14].

FIG. 4. Impact on the upper limits for the heavy-light mixings for the Λ0
b → Λ−

c ðp−Þπ−τþμþ processes, after extending to the scenario
with two quasidegenerate Majorana neutrinos. For a set of values of y and ψμ þ ψτ. The black line (1N) corresponds to the case with
only one heavy neutrino state, as reference.
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of values for the degeneracy parameter y and the phase
ψ ¼ ψα þ ψβ. In order to compare the results in the
extended scenario, we take the case with only one heavy
neutrino state as a reference (denoted by 1N in the same
figure). The behavior, for the different values of y and the
phase, can be understood using the recast function dis-
played in Fig. 2. That is, the phase and y can combine to
make the impact on the upper limits either larger or less
restrictive. For instance, they can induce an extra suppres-
sion in the branching fraction of the process, making the
exclusion regions for the heavy-light mixing smaller
(which is the case for the green line in Fig. 4).

In addition, we have computed the branching fraction of
the LNV (ΔL ¼ 2) four-body baryon decays under study,
as a function of the intermediate heavy neutrino mass. We
use the current upper limits for the heavy-light mixing
parameters from Ref. [36], which are consistent, or of the
same order, with those from Ref. [14],

jUeNj≤0.005; jUμN j≤0.021; jUτN j≤0.075; ð21Þ

where we have taken these parameters as constants for the
numerical evaluation. This approach gives a generic esti-
mate of the branching ratio. A refined analysis of particular

FIG. 5. Branching fraction of the ΔL ¼ 2 four-body baryon decays under study as a function of the mass of the intermediate heavy
neutrino, taking into account the current upper limits for the heavy-light mixings. The dashed lines are obtained by including the finite
detector effect, as discussed in the text.
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cases would require the incorporation of the specific mass
or process dependence, considered for the extraction of the
bounds. The results are shown in Fig. 5, where the solid
lines are the branching ratios without including the detector
effect, and the dashed lines are the corresponding ones
when it is included.
The other baryon transitions are less optimistic than the

Λb decay. However, some of the expected branching
fractions are ofOð10−7Þ, which is not far from the expected
sensitivities at the HL-LHC experiment. Thus, these
transitions may be potential complementary sources for
constraining the parameter space of mass and mixing, for
neutrino masses around 1–3 GeV.

VI. CONCLUSIONS

We have studied the four-body decay of heavy baryons
with two charged leptons in the final state, focusing on both
LNC and LNV processes, mediated by hypothetical new
heavy neutrino states. Our analysis extends beyond the
simplified assumption of a single heavy neutrino mixing
with the active sector, by including two nearly degenerate
heavy neutrinos. We profit from the so-called recast
function, to illustrate the effect of the two-almost degen-
erate heavy neutrinos, as compared to the single case, on
the exclusion region for the heavy-light mixings, for
different degeneracy levels and relative phases.
A large set of heavy hadron transitions was considered,

incorporating the relevant hadronic form factors, and all the
kinematically allowed lepton pair possibilities (except for the
electron pair production, due to the strong constraints in the
associated heavy-light mixing). We determined the potential
exclusion region for the mass and heavy-light mixing
parameters of the neutrinos driving the decay. A comparison
with the bounds obtained from tau and meson decays was
performed, whenever possible, exhibiting that these kind of
hadronic decays may be useful to provide complementary
information. The same observation is made when comparing
with bounds fromdirect searches. The corresponding branch-
ing ratios were computed for the current upper limit of the
heavy-lightmixings as a function of the heavy neutrinomass.
We exhibited the finite-size detector effects, which became
relevant in the low mass region of the heavy neutrino.
Particular attention has been paid to LNV channels with

different-flavor leptons, as they may provide a distinctive
opportunity to probe interference patterns, arising from lepton
exchange. However, such interference turned out to be
negligible, and we found that similar observations have been
made in three and four body meson decays [26,37]. Our
results complement previous works, providing possible new
constraints on the parameters of the new heavy states
responsible for these transitions. We remark on the role of
the heavy baryon sector as part of the current search for new
heavy resonant neutrino effects, especially in processes
involving tau leptons, where experimental constraints remain
less restrictive compared to the electron and muon sectors.
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APPENDIX A: WEAK TRANSITIONS FORM
FACTORS

Here, we summarize the form factors used in the
calculation of the baryon decays, considering the light-
front quark model. The form factors f3 and g3 are not
obtained, due to the method used, and set to zero, which is
valid in the heavy quark limit.

1. Ξb → Ξc

For this transition, we rely on Ref. [28]. The form factors
fi and gi in Eq. (7) are written as

fi ¼ cos2θfsi þ sin2θfvi ;

gi ¼ cos2θgsi þ sin2θgvi ; ðA1Þ

where the superscripts s and v refer to transitions between
particles with isospin 0 and 1, respectively. The mixing
angle was fitted to be about 16.27°� 2.30° or 85.54°�
2.30° (they use 16.27° throughout their paper). The energy
dependence of fsi ; g

s
i ; f

v
i , and gvi (i ¼ 1, 2) form factors are

parametrized, in a polynomial form, by

Fðq2Þ ¼ Fð0Þ
�
1þ a

�
q2

M2
Bi

�
þ b

�
q2

M2
Bi

�
2
�
; ðA2Þ

where Fð0Þ is the form factor at q2 ¼ 0, a and b are two
parameters to be fitted from numerical results, and MBi

is
the mass of the initial baryon. The numerical values of the
parameters Fð0Þ, a and b are given in Table II.

2. Σb → Σc and Λb → Λc

For these transitions, we rely on Ref. [27]. A pole form
was employed to parametrize the energy dependence of the
form factors fi and gi in Eq. (7),

Fðq2Þ ¼ Fð0Þ	
1 − q2

M2
Bi


h
1 − a

	
q2

M2
Bi



þ b

	
q2

M2
Bi



2
i ; ðA3Þ
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where MBi
is the mass of the initial baryon. The numerical

values of Fð0Þ, a and b are given in Tables III and IV for the
Σb → Σc and Λb → Λc, respectively.

3. Remaining weak transitions

For the following transitions, we rely on Ref. [29]:

Λ0
bðbudÞ → pðuudÞ;

Ξ0
bðbusÞ → ΣþðuusÞ;

Ξ−
b ðbdsÞ → Σ0ðudsÞ=ΛðudsÞ;

Ω−
b ðbssÞ → Ξ0ðussÞ=Ω0

cðcssÞ:
The following parametrization was used to describe the q2

distributions of the form factors in Eq. (7):

Fðq2Þ ¼ Fð0Þ
1 − q2

m2
fit
þ δ

	
q2

m2
fit



2
; ðA4Þ

where Fð0Þ is the form factor at q2 ¼ 0. mfit and δ are two
parameters to be fitted from numerical results. In

Table V, the numerical values for the parameters are
collected.
The physical transition form factors should be multiplied

by the corresponding overlap factor (overlap of wave
functions in the initial and final states) given in Table VI.

APPENDIX B: INTERFERENCES

The computation of the different LNC and LNV proc-
esses can be carried out in the standard form, by squaring
the corresponding amplitudes. Here, we present the rela-
tions between the different P1j (or P2j) terms, Eq. (5), to
recast them, as discussed in the body of this manuscript, in
the narrow width approximation,

(i) Same channel and same heavy neutrino,

P1jP�
1j ¼

π

mNΓN
δða21 −m2

NÞ; ðB1Þ

where ΓN ¼ Γ1 ≈ Γ2.
(ii) Interference of same channel but different heavy

neutrino,

P14P�
15 ¼ κðyÞð1þ iyÞ π

mNΓN
δða21 −m2

NÞ; ðB2Þ

TABLE III. Parameters of the Σb → Σc form factors [Eq. (A3)].
Taken from Ref. [27].

F F(0) a b

f1 0.494 1.73 1.40
f2 0.407 1.03 0.830
g1 −0.156 1.03 0.355
g2 −0.0529 1.58 2.74

TABLE IV. Parameters of theΛb → Λc form factors [Eq. (A3)].
Taken from Ref. [27].

F F(0) a b

f1 0.488 1.04 0.38
f2 −0.180 1.71 0.58
g1 0.470 0.953 0.361
g2 −0.0479 2.06 0.89

TABLE II. Parameters on the form factor Eq. (A2), for the
transition Ξb → Ξc. Taken from Ref. [28].

F F(0) a b

fs1 0.467 2.19 2.09
fs2 −0.185 2.70 3.01
gs1 0.448 2.09 1.92
gs2 −0.052 3.32 4.54
fv1 0.471 2.57 2.40
fv2 0.378 2.56 2.81
gv1 −0.149 2.07 2.00
gv2 −0.006 2.95 2.98

TABLE V. Parameters of the form factors for bottom baryon
decays in Eq. (A4). Taken from Ref. [29].

F F(0) mfit δ F F(0) mfit δ

f
Λ0
b→p

1
0.282 4.66 0.30 f

Λ0
b→p

2
−0.084 3.94 0.37

g
Λ0
b→p

1
0.273 4.81 0.32 g

Λ0
b→p

2
−0.012 3.67 0.37

f
Ξ0
b→Σþ

1
0.260 4.46 0.34 f

Ξ0
b→Σþ

2
−0.086 3.84 0.40

g
Ξ0
b→Σþ

1
0.251 4.60 0.36 g

Ξ0
b→Σþ

2
−0.012 3.56 0.41

f
Ξ−
b→Σ0

1
0.260 4.46 0.34 f

Ξ−
b→Σ0

2
−0.086 3.84 0.40

g
Ξ−
b→Σ0

1
0.251 4.60 0.36 g

Ξ−
b→Σ0

2
−0.012 3.56 0.41

f
Ξ−
b→Λ

1
0.260 4.46 0.34 f

Ξ−
b→Λ

2
−0.086 3.84 0.40

g
Ξ−
b→Λ

1
0.251 4.60 0.36 g

Ξ−
b→Λ

2
−0.012 3.56 0.41

f
Ω−

b→Ξ0

1
0.169 3.30 0.64 f

Ω−
b→Ξ0

2
0.193 3.45 0.49

g
Ω−

b→Ξ0

1
−0.033 4.38 0.20 g

Ω−
b→Ξ0

2
−0.041 4.32 0.65

f
Ω−

b→Ω0
c

1
0.566 3.92 0.49 f

Ω−
b→Ω0

c

2
0.531 4.08 0.41

g
Ω−

b→Ω0
c

1
−0.170 4.80 0.23 g

Ω−
b→Ω0

c

2
−0.031 9.02 5.05

TABLE VI. Overlap factors for the baryon transitions.

Transition Overlap factors

Λ0
bðbudÞ → pðuudÞ 1ffiffi

2
p

Ξ0
bðbusÞ → ΣþðuusÞ 1ffiffi

2
p

Ξ−
b ðbdsÞ → Σ0ðudsÞ;ΛðudsÞ 1

2
;− 1

2
ffiffi
3

p

Ω−
b ðbssÞ → Ξ0ðussÞ;Ω0

cðcssÞ − 1ffiffi
3

p ; 1
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where y≡ ΔmN=ΓN and κðyÞ ¼ 1=ð1þ y2Þ. Thus,
these two equations are not other but the known
results for a single channel [14,18].

In the case of LNV, there are two diagrams associated
with the leptons interchange, introducing a P2j term. The
square amplitudes follow the same structure as given
above, with the corresponding a21 and a22 momenta in
the delta function. The remaining relations are
(iii) Interference of different channels but the same

neutrino,

ReðP1jP�
2jÞ ¼

π

mNΓN
δða21 −m2

NÞδða22 − a21Þ: ðB3Þ

ImðP1jP�
2jÞ¼π

�
δða21−m2

NÞ
a22−m2

N
þδða22−m2

NÞ
a21−m2

N

�
: ðB4Þ

This equation is valid for a21 ≠ a22 and null other-
wise. We recover the single channel result, Eq. (B1),
for a21 ¼ a22.

(iv) Interference of different channels and different
neutrino,

P1iP�
2j ¼

iπ
2
κðyÞð1þ iyÞðδða22 −m2

NÞP1N

− δða21 −m2
NÞP�

2NÞ: ðB5Þ

They have similar expressions as in the single
channel, but with the correction from the second
channel contribution. Notice that they recover the
single channel result, when a1 and a2 are the same.

[1] A. Atre, T. Han, S. Pascoli, and B. Zhang, J. High Energy
Phys. 05 (2009) 030.

[2] E. Akhmedov, arXiv:1412.3320.
[3] A. Abada, V. De Romeri, M. Lucente, A. M. Teixeira, and T.

Toma, J. High Energy Phys. 02 (2018) 169.
[4] J. L. Feng, A. Hewitt, F. Kling, and D. La Rocco, Phys. Rev.

D 110, 035029 (2024).
[5] J. M. Márquez, P. Roig, and M. Salinas, J. High Energy

Phys. 05 (2024) 227.
[6] V. Gribanov, S. Kovalenko, and I. Schmidt, Nucl. Phys.

B607, 355 (2001).
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