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In this study, we investigate minimal scalar leptoquark models that dynamically generate neutrino
Majorana masses at the one-loop level and examine their implications for low-energy processes.
We show that these models can produce viable neutrino masses, consistent with neutrino oscil-
lation and cosmological data. By using leptoquark couplings fixed by neutrino data, we predict
additional contributions to neutrinoless double-beta decays (0𝜈𝛽𝛽), which are chirality enhanced
and compete with the standard contributions from the Majorana masses. Our analysis demon-
strates that these effects are sizable for leptoquark masses as large as O(300 TeV), potentially
increasing or decreasing the 0𝜈𝛽𝛽 half-life, and creating an ambiguity between the normal and
inverted mass ordering scenarios. Furthermore, we explore the correlation between 0𝜈𝛽𝛽 and
flavor observables, such as kaon decays and 𝜇 → 𝑒 conversion in nuclei, emphasizing that the
latter is complementary to 0𝜈𝛽𝛽 decays.
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1. Introduction

The experimental observation of neutrino oscillations is a clear evidence of physics beyond
the Standard Model (SM). Nevertheless, the origin of the small neutrino masses is unknown and
there are still several open questions in the neutrino sector. The possibility of having Majorana
neutrinos is very compelling since the tiny masses can be generated by the only 𝑑 = 5 operator
allowed by SM symmetries [1]. Such operator violates lepton number (L), so the observation of
lepton number violating (LNV) processes such as neutrinoless double beta decay (0𝜈𝛽𝛽) would be
a clear indication of Majorana neutrino masses.

In dynamical scenarios that generate neutrino masses at loop-level, typically we generate other
higher-dimensional operators (𝑑 > 5) that also violate L [2]. These higher dimensional operators,
yet suppressed by additional factors 𝑣/Λ, can generate sizable chirality-enhanced contributions to
0𝜈𝛽𝛽 and have huge impacts over the interpretations of future experimental results.

We study the simplest leptoquark (LQ) scenario where neutrino masses can be generated at
one-loop level. We show that contributions to 0𝜈𝛽𝛽 can deviate from the standard one for leptoquark
masses up to around 300 TeV. We also discuss the complementarity between electroweak tests, flavor
bounds, neutrino masses and 0𝜈𝛽𝛽 predictions.

2. Leptoquark models

Lepton Number Violation can arise through the mixing of a pair of leptoquarks carrying
different fermion numbers. With scalar leptoquarks the breaking of L can happen in two different
ways: combining the weak doublet 𝑅2 ∼ (3, 2, 1/6) with either (i) 𝑆1 ∼ (3̄, 1, 1/3), or (ii) 𝑆3 ∼
(3̄, 3, 1/3) [3]. We specify these states with their SM quantum numbers (𝑆𝑈 (3)𝑐, 𝑆𝑈 (2)𝐿 ,𝑈 (1)𝑌 ).

For the 𝑆1 − 𝑅̃2 model we can write the Lagrangian as

L
𝑅2&𝑆1

⊃ (𝐷𝜇𝑅2)† (𝐷𝜇𝑅2) + (𝐷𝜇𝑆1)† (𝐷𝜇𝑆1) − 𝑚2
𝑅2
𝑅
†
2𝑅2 − 𝑚2

𝑆1
𝑆
†
1𝑆1 −

{
𝜆1 𝑅

†
2𝐻𝑆

∗
1 + h.c.

}
,

where 𝜆1 is the coupling between the two scalar leptoquarks. The Yukawa terms are given by

LYuk. = −𝑦𝑖 𝑗2𝐿 𝑑𝑅𝑖𝑅2𝑖𝜏2𝐿 𝑗 + 𝑦𝑖 𝑗1𝐿 𝑄
𝐶
𝑖
𝑖𝜏2𝐿 𝑗 𝑆1 + 𝑦𝑖 𝑗1𝑅 𝑢

𝐶
𝑅𝑖
ℓ𝑅 𝑗 𝑆1 + h.c. , (1)

where 𝑖, 𝑗 are interaction indices and we introduce the interaction couplings 𝑦1𝐿 , 𝑦1𝑅 and 𝑦2𝐿 . In
the following we are going to assume 𝑦1𝑅 to be zero since it does not play a role in neutrino masses.

For the 𝑆3 − 𝑅̃2 model the Lagrangian can be written as

L
𝑅2&𝑆3

⊃ (𝐷𝜇𝑅2)† (𝐷𝜇𝑅2) + (𝐷𝜇𝑆
𝑎
3 )

† (𝐷𝜇𝑆
𝑎
3 ) − 𝑚

2
𝑅2
𝑅
†
2𝑅2 − 𝑚2

𝑆3
𝑆
𝑎 †
3 𝑆𝑎3 −

{
𝜆3 𝑅

†
2 (𝜏

𝑎 𝑆𝑎3 )
†𝐻 + h.c.

}
,

where 𝜆3 is the mixing coupling between leptoquarks and 𝜏𝑎 are the Pauli matrices. The Yukawa
interaction term is given by

LYuk. = 𝑦
𝑖 𝑗

3𝐿 𝑄
𝐶
𝑖
𝑖𝜏2(𝜏𝑎 𝑆𝑎3 )𝐿 𝑗 + h.c. , (2)

with 𝑦3𝐿 the coupling between the leptoquark, quarks and leptons.
The relation between the interaction and mass basis is given by

𝑓𝐿 → 𝑈 𝑓𝐿 𝑓𝐿 , 𝑓𝑅 → 𝑈 𝑓𝑅 𝑓𝑅 , (3)
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Figure 1: Leptoquark contributions to the 𝑑 = 5 Weinberg operator [1] via the mixing of 𝑅2 ∼ (3, 2, 1/6)
with 𝑆1 ∼ (3̄, 1, 1/3) or 𝑆3 ∼ (3̄, 3, 1/3).

where 𝑓 = 𝜈, ℓ, 𝑑, 𝑢 represents the SM fermions. These rotations are related to the Cabibbo–Koba-
yashi-Maskawa (CKM) matrix 𝑉 and to the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix
𝑈 by 𝑉 = 𝑈

†
𝑢𝐿𝑈𝑑𝐿

and𝑈 = 𝑈
†
ℓ𝐿
𝑈𝜈𝐿 , respectively.

2.1 Neutrino masses

After the electroweak symmetry breaking the leptoquarks with electric charge 𝑄 = −1/3 mix
and generate light neutrino masses [4] through the loop diagram shown in Fig. 1. In our study, we
assume leptoquarks to have degenerate mass 𝑚

𝑅2
= 𝑚𝑆1(3) = 𝑀 . In the decoupling limit, where

𝑀 ≫ 𝑣, the neutrino mass matrix can be written in the interaction basis as

𝑚𝜈 ≃ − 3𝜆
32𝜋2

𝑣2

𝑀2

(
𝑦𝑇2𝐿 · 𝑦̂𝑑 · 𝑦𝐿 + 𝑦𝑇𝐿 · 𝑦̂𝑑 · 𝑦2𝐿

)
, (4)

where 𝑦̂𝑑 = diag(𝑦𝑑 , 𝑦𝑠, 𝑦𝑏) represents the diagonal matrix with down-quark Yukawas and the
couplings 𝑦𝐿 and 𝜆 need to be replaced by 𝑦1𝐿 (𝑦3𝐿) and 𝜆1(𝜆3), respectively, if we are working
with the 𝑆1− 𝑅̃2 (𝑆3− 𝑅̃2) model. Note that for a choice of couplings 𝑦2𝐿 and 𝑦𝐿 the diagonalization
of 𝑚𝜈 sets the rotation matrix𝑈𝜈𝐿 .

3. Neutrinoless double beta decay

Leptoquark mixing can also induce processes that violate L, such as 0𝜈𝛽𝛽. The contributions
of leptoquarks to this process were computed using the Effective Field Theory (EFT) expression for
the 0𝜈𝛽𝛽 half-life 𝑇0𝜈 (EFT)

1/2 derived in [5] and three-loop QCD running effects. The effects of new
physics on 0𝜈𝛽𝛽 can be synthesized in the effective Majorana mass

𝑚eff
𝛽𝛽 = 𝑚𝑒 𝑔

−2
𝐴 |M (3)

𝜈 |−1𝐺
−1/2
01

(
𝑇

0𝜈 (EFT)
1/2

)−1/2
, (5)

where 𝑔𝐴 is the nucleon axial charge, 𝑚𝑒 is the electron mass, 𝐺01 is a phase space factor and M (3)
𝜈

is a combination of nuclear matrix elements defined in [5]. Using the current experimental limit
𝑇0𝜈

1/2 > 3.8×1026 yr (90 % C.L.) obtained by KamLAND-Zen for 136Xe [6], we derive the following
upper limits for leptoquark couplings
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Figure 2: Leading contributions to 0𝜈𝛽𝛽 from the standard 𝑑 = 5 operator (left panel), which is induced at
one-loop (cf. Fig. 1), and from the 𝑑 = 6 low-energy effective operators (center and right panels).

|𝜆1𝑦
′11
1𝐿 𝑦

′11
2𝐿 |

𝑀4 ≲ (351 TeV)−3 ,
|𝜆3𝑦

′11
3𝐿 𝑦

′11
2𝐿 |

𝑀4 ≲ (364 TeV)−3 ,

where we introduce the primed coefficients 𝑦′
𝑖𝐿

≡ 𝑦𝑖𝐿𝑈ℓ𝐿 , with 𝑖 = 1, 2, 3. The above limits were
derived using QCD running effects from Λ ≃ 100 TeV down to the 0𝜈𝛽𝛽 energy scale 𝜇 = 2 GeV,
which amount to an effect of O(10%).

4. Phenomenology

The mixing between leptoquarks via the coupling 𝜆1(3) induces new contributions to the
electroweak T-parameter. Imposing that we need to be in agreement (2𝜎) with the latest electroweak
fit [7], we find that |𝜆1 |/𝑀 ≲ 1.1 and |𝜆3 |/𝑀 ≲ 0.7.

Also, leptoquarks can contribute significantly to 𝜇 → 𝑒 conversion in nuclei through a tree-
level diagram. We use the most stringent limit B (Au)

𝜇𝑒 < 7 × 10−13 (90 % CL) [8] to derive bounds
on the first-generation quark couplings

|𝑦′ 12
1𝐿 𝑦′ 11∗

1𝐿 |
𝑀2 < (470 TeV)−2 ,

|𝑦′ 12
3𝐿 𝑦′ 11∗

3𝐿 |
𝑀2 < (830 TeV)−2 ,

|𝑦′ 12
2𝐿 𝑦′ 11∗

2𝐿 |
𝑀2 < (500 TeV)−2 . (6)

Other stringent bounds considered in our analysis come from the lepton flavor violating (LFV)
kaon decays 𝐾𝐿 → 𝜇±𝑒∓, 𝐾+ → 𝜋+𝜇+𝑒− and 𝐾+ → 𝜋+𝜈𝜈̄.

5. Numerical results

We analyze the correlation between neutrino masses and 0𝜈𝛽𝛽 contributions in the leptoquark
models introduced in the previous sections. We set the mixing coupling 𝜆1(3) equal to 𝑀/2, in
agreement with electroweak constraints. Leptoquark Yukawas are assumed to be real and varied
within the perturbativity range (≲

√
4𝜋). We ask that they correctly reproduce the difference of

neutrino squared massesΔ𝑚2
𝑖 𝑗
≡ 𝑚2

𝜈𝑖
−𝑚2

𝜈 𝑗
within the 3𝜎 range [9]. The viable Yukawas are used to

find the neutrino rotation matrix𝑈𝜈𝐿 , which is used to define the left-handed charged lepton unitary

4
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transformation 𝑈ℓ𝐿 = 𝑈𝜈𝐿𝑈
† up to unknown Majorana phases. We also consider the conservative

upper limit from cosmology over the sum of neutrino masses
∑

𝑖 𝑚𝜈𝑖 ≲ 0.12 eV [10].
We choose 𝑀 = 100 TeV for the leptoquark masses. Our results are presented as correlations

between the 0𝜈𝛽𝛽 effective Majorana mass (𝑚eff
𝛽𝛽

) defined in Eq. (5) and the sum of neutrino masses
(
∑

𝑖 𝑚𝜈𝑖 ) for the normal ordering (NO) and inverted ordering (IO) scenarios in the 𝑆3 − 𝑅̃2 model
(see Fig. 3). The results for 𝑆1 − 𝑅̃2 are similar, so we do not present them here. These plots show
that the leptoquark contributions can interfere constructively or destructively with the standard
contribution depending on the sign of the Yukawa couplings. In fact, for both ordering the value
of 𝑚eff

𝛽𝛽
can be considerably decreased or increased with respect to the standard 𝑚𝛽𝛽 , while still in

agreement with other constraints.
When comparing both orderings we notice a very important distinction between the case with

leptoquark contributions and the one with only the Majorana neutrino mass term. When considering
the 𝑑 = 5 contribution, if neutrinos follow IO there is a minimal value for 𝑚𝛽𝛽 ≳ 20 meV, while
if neutrinos respect NO the value of 𝑚𝛽𝛽 may be smaller than 20 meV for the whole

∑
𝑖 𝑚𝜈𝑖 range,

or even zero for a small range of 𝑚𝜈1 values. This clear distinction between ordering vanishes
when we include leptoquark contributions, so further information from neutrino experiments is
required in order to extract information about neutrino ordering. Future experiments searching for
flavor processes such as 𝜇 → 𝑒 conversion in nuclei [11] will also be very useful in providing
complementary probes to 0𝜈𝛽𝛽 searches.

6. Conclusions

We performed an analysis of 0𝜈𝛽𝛽 while reproducing neutrino masses with one-loop diagrams
in scalar leptoquark models. The 𝑑 = 7 contributions to 0𝜈𝛽𝛽 from tree-level diagrams are
chirality-enhanced when compared to the standard contribution from Majorana neutrino masses so,
despite being higher-dimension operators, they lead to observable effects for leptoquark masses up
to O(300 TeV). As a consequence, 𝑚eff

𝛽𝛽
can be deviate significantly from the 𝑑 = 5 contribution,

what can lead to ambiguities while trying to extract neutrino ordering information from 0𝜈𝛽𝛽
future results. We also highlighted that is very important to explore the complementarity between
flavor physics and 0𝜈𝛽𝛽, particularly in the 𝜇 → 𝑒 conversion in nuclei channel, due to significant
experimental improvements expected in the near future.
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Figure 3: Predictions for 𝑚eff
𝛽𝛽

vs. the sum of neutrino masses in the 𝑆3 − 𝑅2 leptoquark model for the NO
(left column) and IO (right column) scenarios. The points in gray (light-blue) are currently excluded by (in
the reach of future data on) flavor physics observables. The dashed lines delimit the region allowed if only
the 𝑑 = 5 Weinberg operator is present. The current bounds from KamLAND-Zen [6] and cosmology [10]
are depicted in red. We also show, as a reference, the expected reach of LEGEND-1000.
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