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In this work we study the short-range contributions that induce effective lepton number violating 
(LNV) interactions. We obtain a full set of constraints on the effective short-range couplings from a 
large variety of low-energy |�L| = 2 processes of pseudoscalar mesons K , D, Ds, B , and τ -lepton. These 
constraints provide complementary and additional information to the one obtained from the neutrinoless 
double-β (0νββ) decay. As expected, the bounds on electron–electron short-range couplings are the only 
ones that are strongly constrained by the 0νββ decay. Although weaker, LNV effective couplings with 
different flavors are not accessible to 0νββ decay and these can be probe by the |�L| = 2 processes in 
consideration.

© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The observation of phenomena where the total lepton number 
L is not conserved (|�L| = 2) remains as the best way to dis-
tinguish if neutrinos are Majorana fermions [1]. The experimental 
signal of such a lepton-number-violating (LNV) processes typically 
implies the production of same-sign di-lepton in the final state. 
Being forbidden within the Standard Model (SM), they would also 
be a clear indication of physics beyond the SM.

The neutrinoless double-β (0νββ) decay has been regarded as 
the most appealing and sensitive test of such a LNV processes [2,4,
5,3,6]. Observation of this nuclear decay would establish the exis-
tence of LNV processes, thus implying that neutrinos are Majorana 
particles [7–10]. Up to now, the 0νββ decay seems to be a rather 
elusive process and has not yet been observed experimentally. 
Currently, the best limits on their half-lives have been obtained 
from the nuclei 76Ge [11] and 136Xe [13,12]. In the case when 
the exchange of a light massive Majorana neutrino (the so-called 
standard mechanism or mass mechanism [2,4,5,3]) is the dominant 
contribution to the 0νββ decay, the non-observation of these pro-
cesses allow us to set constraints on the effective Majorana mass 
at the sub-eV level (∼ 10−1 eV) [2,4,5,3].
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Although the standard mechanism is considered as the most 
common interpretation, different new physics scenarios that gen-
erates LNV interactions can take place and therefore contribute to 
0νββ decay. These are generically classified as the long-range [14,
15] and short-range [16,17] mechanisms. The standard interpreta-
tion belongs to the long-range one, while scenarios associated with 
heavy particle exchange are referred as non-standard mechanisms
[2,5,18–20] and they can be realized either through the long-range 
or short-range mechanisms [2,5,18–20]. Similarly to the case of the 
standard mechanism, the non-observation of 0νββ allows us to set 
model independent bounds on LNV effective couplings [14–17,5,18,
19,21].

Alternative |�L| = 2 processes to 0νββ have been proposed 
both at low and high energies as complementary evidence to prove 
the Majorana nature of neutrinos (for a detailed list, see [22,2]), i.e. 
complementary test of the lepton number non-conservation [10]. 
Among all these possibilities, the low energy studies of rare pro-
cesses in |�L| = 2 decays of pseudoscalar mesons and τ -lepton 
have attracted a lot of attention [22–35,40,37,32,33,38,39,36,41], 
especially since these are accessible to different high-intensity fron-
tier experiments. According to their final state topology, they can 
be classified as:

• three-body channels [22–34]
– M− → M ′+�−

α �−
β ,

– τ− → �+
α M ′−M ′′− ,

• four-body channels [35,40,37,32,33,38,39,36,41]
– M̄0 → M ′′+M ′+�−

α �− ,
β
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– M− → M ′′0M ′+�−
α �−

β ,

– τ− → M ′+ντ �−
α �−

β ,

where M ∈ {K , D, Ds, B, Bc} represents the decaying meson, α, β ∈
{e, μ, τ } are the leptonic flavors, and M ′ and M ′′ represent final 
hadronic states that are allowed by kinematics.

Experimentally, these |�L| = 2 decays have been pursued for 
many years by different flavor facilities. No evidence has been seen 
so far and upper limits (UL) on their branching ratios have been re-
ported by the Particle Data Group (PDG) and several experiments 
such NA48/2, BABAR, Belle, LHCb, and E791 [42–51]. At CERN, fur-
ther improvements are expected by the NA62 kaon factory [52]
and the LHCb in the Run 2 and future upgrade Run 3 [53]. In ad-
dition, the forthcoming Belle II experiment aims to get ∼ 40 times 
more data than the one accumulated by its predecessor Belle (as 
well as BABAR) [54]. All these efforts will increase the sensitivity 
on |�L| = 2 signals by one or two orders of magnitude.

It is known that if the exchanged Majorana neutrino has a 
mass around ∼ 0.1 GeV to a few GeV, this might be produced 
on its mass shell and strongly enhance the |�L| = 2 decays of 
pseudoscalar mesons and τ -lepton [22,26–35,40,37,32,33,38,39,36,
41]. Although this GeV-scale sterile neutrino scenario is very in-
teresting, it is worth exploring the possibility of other underlying 
short-range mechanism that could induce these LNV decays with-
out involving Majorana neutrinos directly, just as it occurs in 0νββ

decays.1 Since this latter can only probe LNV short-range couplings 
with electron flavor [16,5,18,17], we will provide bounds on the 
effective short-range couplings with the same (α = β) or differ-
ent (α �= β) leptonic flavor from the study of |�L| = 2 decays: 
M− → M ′+�−

α �−
β and τ− → �+

α M−M ′− , which are not accessible 
to 0νββ decay.

This work is organized as follows. In Sec. 2 we briefly re-
view the general aspects of the effective Lagrangian that describes 
short-range mechanisms. In Sec. 3 we study the constraints on the 
effective short-range couplings obtained from |�L| = 2 decays of 
mesons and τ -lepton. In Sec. 4 we discuss the similarities and dif-
ferences of the present work in comparison with previous works. 
Our conclusions are left for Sec. 5.

2. Short-range mechanisms

The short-range mechanisms refer to the effective interactions 
covering all processes mediated by heavy particles, in which no 
light neutrinos are exchanged [16,5,19,18,17]. The degrees of free-
dom of such a heavy particles are integrated out to get an effective 
6-fermion vertex that induces LNV (|�L| = 2) interactions. Adopt-
ing the notation from Ref. [17], the most general 6-fermion inter-
action ūi ū jdkdn�α�β (with arbitrary quark and lepton flavors) is 
described by the short-range effective Lagrangian

L�L=2
eff = G2

F

2�

∑
i,XY

[C XY
i ]αβOXY

i , (1)

with Ci the effective couplings (dimensionless) that generate 
LNV interactions and � represents the mass scale dominant to 
the process in consideration (for instance, the proton mass in 
0νββ decay). According to their Lorentz structure, the associated 
dimension-9 operators are classified as [17]

OXY
1 = 4[ūi P Xdk][ū j P Y dn] j, (2)

OX X
2 = 4[ūiσ

μν P X dk][ū jσμν P Xdn] j, (3)

1 For instance, the effect of a doubly-charged Higgs boson in the Higgs triplet 
model [55,56].
OXY
3 = 4[ūiγ

μ P X dk][ū jγμ P Y dn] j, (4)

OXY
4 = 4[ūiγ

μ P X dk][ū jσμν P Y dn] jν, (5)

OXY
5 = 4[ūiγ

μ P X dk][ū j P Y dn] jμ, (6)

where P X,Y (X, Y = L or R) are the chirality projectors of the 
hadronic currents. The leptonic currents are defined as [17]

j = �̄α(1 ∓ γ5)�
c
β, (7)

jμ = �̄αγ μ(1 ∓ γ5)�
c
β, (8)

with α, β ∈ {e, μ, τ }. As it has been pointed out in [16,5,18,17], Eq. 
(1) represents the most general, model independent, parametriza-
tion that can contributes not only to the 0νββ decay amplitude 
at tree level, but also to |�L| = 2 processes involving any leptonic 
and hadronic state with second and/or third generation of quarks 
and leptons.

At low energies, the parametrization (1) is motivated from the 
nuclear physics point of view of 0νββ decay, allowing a finite set 
of combinations of six-fermion contact interactions (hadronic and 
leptonic currents) corresponding to a basic set of nuclear matrix 
elements [16,5,18,17]. This approach is not unique and different 
effective operator treatments can be considered [57–59]. For in-
stance, in a effective Lagrangian approach [59], all virtual effects of 
a new physics scale (�′) are proportional to λ(9)

αβO(9)/�′5, where 
λ

(9)
αβ is the coefficient of the corresponding dimension-9 operator 

O(9) [59]. So that, the coefficients of (1) and the effective La-
grangian approach are related by [Ci]αβ ∼ 2λ

(9)
αβ�/�′5 [59].

The 0νββ decay can only probe LNV couplings with α = β = e, 
i.e. involving only the first fermion family [16,5,18,17]. As we will 
present in the next section, alternative low-energy |�L| = 2 decays 
allow us to set bounds on effective short-range couplings with the 
same or different leptonic flavor not accessible to 0νββ decay.

3. |�L| = 2 decays induced by short-range interactions

Short-range interactions previously discussed can induce �L =
2 processes to final or initial states containing leptons with the 
same or different flavor. In this section we consider the |�L| = 2
decays: M− → M ′+�−

α �−
β and τ− → �+

α M−M ′− , induced by short-
range LNV (dimension-9) operators as shown correspondingly in 
Figs. 1(a) and 1(b). The mesons involved are generically denoted 
by M(′) ∈ {π, K , D, Ds, B} and leptonic flavors by α, β ∈ {e, μ}. We 
will not deal with tensor currents, because of the antisymmetry of 
σμν in (3) and (5) the LNV tensor interactions are expected to be 
suppressed (vanishes to first order) [57]. So, we will focus only on 
operators Oi (i = 1, 3, 5).

In order to obtain constraints on the effective short-range cou-
plings [Ci]αβ from the non-observation of these |�L| = 2 decays, 
it is phenomenologically reasonable to assume the dominance of 
only one short-range coupling, while the interference between dif-
ferent contributions is neglected [16,5,19,18,17]. As we will see, 
such a couplings will not depend on the chirality labels X, Y and 
we will omit them since the beginning.

3.1. M− → M ′+�−
α �−

β

By means of the short-range effective Lagrangian (1), the decay 
amplitude associated to M−(q) → M ′+(q′)�−

α (p)�−
β (p′) is obtained 

through the hadronization of the quark level |�L| = 2 transition 
ūidk → u jd̄n�−

α �−
β [Fig. 1(a)], as follows

M(M− → M ′+�−
α �−

β ) = 〈M ′+�−
α �−

β |L�L=2
eff |M−〉,

= G2
F

2mM

∑
[Ci]αβ Ai, (9)
i=1,3,5
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Fig. 1. �L = 2 decays induced by short-range LNV operators: (a) M− → M ′+�−
α �−

β

and (b) τ− → �+
α M−M ′− . (See text for details).

where the mass scale � = mM and the matrix elements Ai are 
written as

A1 = F MM ′ξMξM ′ [ū(p)(1 ∓ γ5)v(p′)], (10)

A3 = F MM ′(q · q′)[ū(p)(1 ∓ γ5)v(p′)], (11)

A5 = F MM ′ξM [ū(p)/q′(1 ∓ γ5)v(p′)], (12)

with F MM′ = V CKM
M V CKM

M′ f M f M′ , where V CKM
M(′) and f M(′) are the 

Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix ele-
ments and decay constants associated to the meson M− = ūidk
(M ′+ = u jd̄n). In the case of identical leptons (α = β), it is nec-
essary to add the antisymmetrized contribution to (9), which is 
obtained from the momentum exchange p � p′ . Let us notice that 
we will take a phenomenological point of view and we will exam-
ine the structure of the LNV interactions in the quark mass basis 
rather than the weak basis, so that the CKM matrix elements ap-
pear explicitly in the above expressions.

To get expressions (10), (11) and (12), we have used the 
hadronic parametrizations

〈0|d̄kγ
μγ5ui|M〉 = i f Mqμ, (13)

〈M ′|ū jγ
μγ5dn|0〉 = −i f M ′q′μ, (14)

for axial-vector current and

〈0|d̄kγ5ui|M〉 = −i f MξM , (15)

〈M ′|ū jγ5dn|0〉 = i f M ′ξM ′ , (16)

for the pseudoscalar one, with

ξM = m2
M

(mui + mdk )
, (17)

ξM ′ = m2
M ′

(mu j + mdn )
. (18)

From the above parametrizations, it is straightforward to see that 
effective short-range couplings [Ci]αβ will not depend on the chi-
rality labels X, Y .

The decay width is given by

�(M− → M ′+�−
α �−

β )

=
(

1 − 1

2
δαβ

) G4
F

128(2π)3m5

M

Table 1
Constraints on effective short-range interactions |Ci |αβ (with α, β = e or μ and 
i = 1, 3, 5) obtained from experimental UL on M− → M ′+�−

α �−
β [42–49].

Channel Exp. UL |C1|ee |C3|ee |C5|ee

K − → π+e−e− 6.4 × 10−10 3.3 × 101 2.3 × 103 2.9 × 103

D− → π+e−e− 1.9 × 10−6 4.3 × 104 3.2 × 105 1.2 × 105

D− → K +e−e− 0.9 × 10−6 1.8 × 105 8.9 × 105 3.8 × 105

D−
s → π+e−e− 4.1 × 10−6 1.7 × 104 1.2 × 105 4.5 × 104

D−
s → K +e−e− 5.2 × 10−6 1.1 × 105 5.3 × 105 2.3 × 105

B− → π+e−e− 2.3 × 10−8 6.0 × 104 1.4 × 105 6.2 × 104

B− → K +e−e− 3.0 × 10−8 3.0 × 105 6.0 × 105 2.6 × 105

B− → D+e−e− 2.6 × 10−6 3.6 × 106 5.2 × 106 2.8 × 106

Channel Exp. UL |C1|μμ |C3|μμ |C5|μμ

K − → π+μ−μ− 8.6 × 10−11 3.4 × 100 2.7 × 102 2.5 × 102

D− → π+μ−μ− 2.2 × 10−8 4.7 × 103 3.5 × 104 1.3 × 104

D− → K +μ−μ− 1.0 × 10−5 6.0 × 105 3.1 × 106 1.3 × 106

D−
s → π+μ−μ− 1.2 × 10−7 2.9 × 103 2.0 × 104 7.7 × 103

D−
s → K +μ−μ− 1.3 × 10−5 1.7 × 105 8.6 × 105 3.6 × 105

B− → π+μ−μ− 1.3 × 10−8 4.5 × 104 1.1 × 105 4.8 × 104

B− → K +μ−μ− 5.4 × 10−8 4.0 × 105 8.0 × 105 3.6 × 105

B− → D+μ−μ− 6.9 × 10−7 1.8 × 106 2.7 × 106 1.4 × 106

B− → D+
s μ−μ− 5.8 × 10−7 3.4 × 105 5.1 × 105 2.7 × 105

Channel Exp. UL |C1|eμ |C3|eμ |C5|eμ
K − → π+e−μ− 5.5 × 10−10 2.8 × 101 2.0 × 104 2.1 × 103

D− → π+e−μ− 2.0 × 10−6 3.2 × 104 2.3 × 105 8.8 × 104

D− → K +e−μ− 1.9 × 10−6 1.8 × 105 9.3 × 105 3.9 × 105

D−
s → π+e−μ− 8.4 × 10−6 1.7 × 104 1.2 × 105 4.6 × 104

D−
s → K +e−μ− 6.1 × 10−6 8.5 × 104 4.1 × 105 1.7 × 105

B− → π+e−μ− 1.3 × 10−6 3.2 × 105 7.6 × 105 3.3 × 105

B− → K +e−μ− 2.0 × 10−6 1.7 × 106 3.4 × 106 1.5 × 106

B− → D+e−μ− 1.1 × 10−6 1.6 × 106 2.4 × 106 1.3 × 106

×
[ ∑

i=1,3,5

|Ci |2αβ

s+∫

s−
ds

t+∫

t−
dt

∣∣Ai
∣∣2

]
, (19)

where 
∣∣Ai

∣∣2
are the squared matrix elements (spin-averaged), and 

s ≡ m2(�−
α �−

β ) = (p + p′)2 and t ≡ m2(�−
β M ′+) = (p′ +q′)2 are kine-

matical (invariant masses) variables. Identical leptons in the final 
state are taken into account through the factor (1 − δαβ/2). The in-
tegration limits are given by s− = (mα + mβ)2, s+ = (mM − mM′ )2

and

t± = m2
M + m2

α − 1

2s

[
(s + m2

M − m2
M ′)(s + m2

α − m2
β)

∓ λ(s,m2
α,m2

β)1/2λ(s,m2
M ,m2

M ′)1/2
]
, (20)

with λ(x, y, z) = x2 + y2 + z2 − 2(xy − xz − yz) the usual kinematic 
function.

The non-observation of these |�L| = 2 meson decays can be 
turned out into constraints on effective short-range interactions 
|Ci |ee,μμ,eμ (with i = 1, 3, 5) as is shown in Table 1. The CKM ma-
trix elements, masses and decay constants of pseudoscalar mesons 
used in our calculations are listed in Table 2. As expected, in 
the case of the ee couplings of short-range interactions, the ex-
perimental limits on 0νββ searches in 76Ge and 136Xe provide 
stronger bounds, typically of the order (|C1|ee, |C3|ee, |C5|ee) ∼
(10−7, 10−8, 10−7)2 [16,18,5], than those obtained from di-electron 
channels M− → M ′+e−e− . In the best case, this imply nearly eight 

2 The coefficients |Ci |ee are equivalent to those usually denoted as |εi | [16,18,5].
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Table 2
Numerical inputs: masses, CKM matrix elements, and decay constants.

Meson masses (MeV) [60] Quark masses (GeV) [42]

mπ± = 0.1396 mu = 2.3 MeV

mK ± = 0.4937 md = 4.8 MeV

mD± = 1.8694 ms = 95 MeV

mD±
s

= 1.9685 mc = 1.275 GeV

mB± = 5.279 mb = 4.16 GeV

f P (MeV) [60] CKM elements [42]

fπ = 130.2 |V ud| = 0.97425

f K = 155.6 |V us| = 0.2252

f D = 211.9 |V cd| = 0.224

f Ds = 249.1 |V cs| = 0.966

f B = 187.0 |V ub | = 3.67 × 10−3

(or higher) orders of magnitude above the sensitivity of 0νββ de-
cays.

On the other hand, as it was previously mentioned, 0νββ de-
cays do not allow us to put bounds on μμ and eμ3 couplings of 
effective short-range interactions, since this can only probe the ee
ones. This is not the situation for the |�L| = 2 channels M− →
M ′+μ−μ−(e−μ−) that provide information on their correspond-
ing short-range coefficients (see Table 1). We observe that bounds 
are dictated by kinematics and CKM matrix elements involved. 
The most restrictive ones come from K − → π+μ−μ−(e−μ−). Al-
though these bounds are too weak compared with those from 
0νββ decay, in general, there is no fundamental theoretical rea-
son for them to be of the same order since these test a different 
leptonic sector.

It is worth mentioning that UL on the branching ratios of 
four-body decays B− → D0π+μ−μ− [46] and D0 → (π−π−,

K −π−)μ+μ+ [51] can also be turned out into constraints on ef-
fective short-range interactions, which are expected to be similar 
to those reported in Table 1 and we have not included by simplic-
ity.

3.2. τ− → �+
α M−M ′−

Following a similar procedure as the previous section 3.1, 
the decay amplitude of τ−(p) → �+

α (p′)M−(q)M ′−(q′) is obtained 
through the hadronization of the quark level |�L| = 2 transition 
τ− → �+

α ūdi ūd j (Fig. 1(b)) and it is written as

M(τ− → �+
α M−M ′−) = 〈�+

α M−M ′−|L�L=2
eff |τ−〉,

= G2
F

2mτ

∑
i=1,3,5

[Ci]ατTi, (21)

where the mass scale � = mτ and the matrix elements Ti are de-
fined by

T1 = F MM ′ξMξM ′ [u(p)(1 − γ5)v̄(p′)], (22)

T3 = F MM ′(q · q′)[u(p)(1 − γ5)v̄(p′)], (23)

T5 = F MM ′ξM [u(p)/q′(1 − γ5)v̄(p′)]. (24)

For the case of identical mesons it is necessary to add the sym-
metrized contribution (interchanging q � q′) to (21). We have used 
Eqs. (13) and (15) to get the previous expressions.

3 This off-diagonal |�L| = 2 transitions (α �= β) not only induced LNV processes 
but also induced lepton flavor violating (LFV) ones by one unit.
Table 3
Constraints on effective short-range interactions |Ci |ατ (with α = e, μ and i =
1, 3, 5) obtained from experimental UL on τ− → �+

α M−M ′− [50].

Channel Exp. UL |C1|eτ |C3|eτ |C5|eτ
τ− → e+π−π− 2.0 × 10−8 3.4 × 103 5.0 × 104 8.8 × 103

τ− → e+π− K − 3.2 × 10−8 1.6 × 104 2.0 × 105 3.3 × 104

τ− → e+ K − K − 3.3 × 10−8 1.4 × 105 1.5 × 106 3.6 × 105

Channel Exp. UL |C1|μτ |C3|μτ |C5|μτ

τ− → μ+π−π− 3.9 × 10−8 4.6 × 103 6.8 × 104 1.2 × 104

τ− → μ+π− K − 4.8 × 10−8 2.0 × 104 2.5 × 105 4.1 × 104

τ− → μ+ K − K − 4.7 × 10−8 1.7 × 105 1.8 × 106 4.5 × 105

Written in terms of kinematical variables s̃ = m2(M−M ′−) =
(q + q′)2 and t̃ = m2(�+

α M ′−) = (p′ + q′)2, the decay rate is then 
given by

�(τ− → �+M−M ′−)

=
(

1 − 1

2
δMM ′

) G4
F

256(2π)3m5
τ

×
[ ∑

i=1,3,5

|Ci |2ατ

s̃+∫

s̃−

ds̃

t̃+∫

t̃−

dt̃
∣∣Ti

∣∣2
]
, (25)

with 
∣∣Ti

∣∣2
the squared matrix elements (spin-averaged). The factor 

(1 − δMM′/2) accounts for identical mesons in the final state. In 
this case the integration limits are given by s̃− = (mM + mM′ )2, 
s̃+ = (mτ − mα)2, and

t̃± = m2
τ + m2

M − 1

2s̃

[
(s̃ + m2

τ − m2
α)(s̃ + m2

M − m2
M ′)

∓ λ(s̃,m2
τ ,m2

α)1/2λ(s̃,m2
M ,m2

M ′)1/2
]
. (26)

Using the numerical inputs listed in Table 2, in Table 3 we show 
the constraints that can be set on effective short-range interactions 
|Ci |eτ ,μτ (i = 1, 3, 5), from the experimental UL on |�L| = 2 de-
cays of τ -lepton. These off-diagonal short-range interactions also 
induce LFV interactions. In general, these bounds are of the same 
order to those obtained from M− → M ′+�−

α �−
β (see Table 1) and 

too mild compared with those get from 0νββ decay. But, again, 
from the theoretical point of view it is not a priori clear that they 
have to be of the same order of the latter. In order to cover all 
the lepton flavors, it is important to point out that ττ coefficients 
(as well as eτ , μτ ) might be explored in heavy meson decays 
B−

(c) → π+τ−τ− [25,22,28,33].
We close this section by mentioning that the experimental non-

observation of the |�L| = 2 processes under study in this section 
(and previous one) can also be translated into lower limits on 
the scale of new physics responsible for the LNV interactions. By 
taking representative values for effective couplings of the order 
O(1), one can roughly estimate that LNV scale is of the order of 
O(5–50) GeV. This imply, in principle, that such a low new physics 
scale would have already been seen at LEP, for instance, from rare 
Z -boson decays. However, if the search strategies were not suffi-
ciently adequate, they could have escaped to the detection. If true, 
this open the possibility that they could still be there in this low 
energy scale and in that case, this will require a more dedicated 
search within reach of the high-intensity frontier experiments such 
a NA62, LHCb, Belle II and beam-dump (SHiP), rather than energy 
frontier.
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4. Comparison with similar works

In the literature, most of the works attempting to establish con-
straints on the coefficients of the dimension-9 effective operators 
have been dedicated to the 0νββ decay [28,57–59], while there are 
only few works that have considered the bounds obtained from the 
|�L| = 2 processes under study [28,57]. In this section, we stress 
the similarities and differences of the present work compared with 
[28,57].

In Ref. [57] all effective LNV operators from dimension-5 to 
dimension-11 has been studied. Based on dimensional arguments, 
these operators are analyzed in terms of an effective parameter 
meff

αβ (with α, β leptonic flavors), which is defined from the dif-
ferent classes of diagrams that contribute to the |�L| = 2 decays 
in question. In the case of light Majorana neutrino exchange, this 
parameter is simply the effective Majorana neutrino mass. Within 
that treatment, the scale at which new physics appears can be es-
timated [57]. In contrast, in this work we have paid attention to 
the dimension-9 LNV operator, particularly to the bounds on the 
respective effective couplings that can be set. In that sense, this 
work can be regarded as complementary to [57].

On the other hand, concerning the Ref. [28], the authors con-
sidered different LNV sources that incorporate short-range inter-
actions, namely left–right symmetric model (LRSM) and super-
symmetry with R-parity violation (RPV) interactions, in |�L| = 2
decays of mesons. For example, within LRSM the short-distance 
contributions arise from the exchange of heavy right-handed Ma-
jorana neutrinos and doubly-charged Higgs boson [28]. In both 
cases, one can identify that these contributions are generated by 
the dimension-9 effective operator O3, and the model indepen-
dent bounds on the effective coefficients |C3|αβ can be translated 
to bounds into the corresponding parameters of the LRSM. This 
also applies to the effect of a doubly-charged Higgs boson within 
the context of a Higgs triplet model [55,56].

5. Conclusions

We have studied LNV (|�L| = 2) interactions focusing on short-
range contributions. In particular, we have set constraints on the 
effective short-range couplings |Ci |αβ (with the same α = β or dif-
ferent α �= β leptonic flavor) from a large variety of low-energy 
|�L| = 2 processes of mesons M− → M ′+�−

α �−
β and τ -lepton 

τ− → �+
α M−M ′− , which provide complementary and additional in-

formation to the one obtained from the 0νββ decay. The resulting 
bounds are summarized in Table 1 and 3. In the case of the cou-
pling |Ci |ee (i = 1, 3, 5), the experimental limits on 0νββ decays of 
nuclei 76Ge and 136Xe can provide stronger constraints than those 
obtained from di-electron channels M− → M ′+e−e− , nearly eight 
orders of magnitude above in the best case. While for the case 
of short-range couplings αβ = eμ, μμ, eτ , μτ (not accessible to 
0νββ decay), we get that the most restrictive bounds are of the 
order |Ci |αβ ∼O(1 − 102), which are still too weak compared with 
those get from 0νββ decay, showing that the electron couplings 
are the only ones that are strongly constrained. The significant 
progress that is expected by different high-intensity frontier exper-
iments (NA62, LHCb, Belle II) will improve by one or two orders of 
magnitude these bounds.

The obtained bounds on short-range couplings |Ci |eμ,μμ are 
generic and independent of models that incorporate LNV interac-
tions. Those can be translated into particular realizations of non-
standard mechanism [2,5,18], that leads to same-sign signals e−μ−
and μ−μ− .
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