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Lepton number violation is present in models of leptogenesis and Majorana neutrino masses, but
has so far not been observed experimentally. Beyond the conventional seesaw mechanisms, lepton
number violation may be induced at a higher mass dimension, e.g. from effective operators at mass
dimension 7. Just like the seesaw mechanisms generate the dimension-5 Weinberg operator, these
dimension-7 operators have a finite number of possible tree-level UV-completions. In this work
we explore the phenomenology of the full range of such dimension-7 UV-completions, including
the generation of Majorana neutrino masses in 1-loop diagrams. We find that there are several
regions of parameter space close to the discovery reach of both colliders and neutrinoless double
beta decay experiments that can lead to the observed value of neutrino masses.
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Simplified models of 𝑑 = 7 lepton number violation

Introduction.– In the Standard Model (SM) neutrinos are predicted to be massless, yet their
flavour oscillation indicate that they have small but non-zero masses. To explain this we require
physics beyond the SM (BSM). In the arguably simplest scenario, the SM can be extended by a right-
handed singlet singlet neutrino 𝜈𝑅 with a coupling L ⊃ −𝑦𝜈𝜈𝑅𝐿𝐻 to the SM lepton doublet 𝐿 and
Higgs doublet 𝐻. For a coupling constant 𝑦𝜈 ∼ 10−12 the observed neutrino mass scale𝑚𝜈 ∼ 0.1 eV
is reproduced, in which case neutrinos would be Dirac particles. A second alternative is for neutrinos
to be Majorana particles, in which case their mass term breaks lepton number symmetry. Majorana
neutrino masses are generally generated via effective field theory (EFT) operators such as the
dimension-5 Weinberg operator O (5) = 𝜖𝑖 𝑗𝜖𝑚𝑛𝐿

𝑐𝑖𝐿𝑚𝐻 𝑗𝐻𝑛. The Majorana scenario is interesting
for several reasons, e.g. its potential connection to leptogenesis or the fact that it does not rely on
extremely small couplings. At tree-level the Weinberg operator has only three UV-completions,
i.e. the three seesaw models. Another alternative is for Majorana neutrino masses to be generated
via higher-dimensional SM-invariant operators e.g. at dimension-7 (see e.g. Refs. [1–5]), which
constitutes the second-lowest dimension possible after the dimension-5 Weinberg operator. One
advantage of such operators is that the number of viable tree-level UV-completions is dramatically
increased.

In this work we perform a systematic analysis of how neutrino masses are generated in tree-
level UV-completions of dimension-7 lepton-number-violating (LNV) operators. Our results show
that the degree of hierarchy between the two internal degrees of freedom plays a significant role
in determining whether these neutrino mass mechanisms can be probed in observables such as
neutrinoless double beta (0𝜈𝛽𝛽) decay [6] or colliders [5].

Simplified models of 𝑑 = 7 lepton number violation.– We extend the SM Lagrangian by a
series of effective operators

L = LSM + Leff , Leff =
∑︁
𝑑

∑︁
𝑎

𝐶
(𝑑)
𝑎 O (𝑑)

𝑎 , (1)

and we focus on 𝑑 = 7. The full list of Δ𝐿 = 2 operators at dimension-7 is given in e.g. in Ref. [7].
Here we will focus on one example operator, namely O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 = 𝜖𝑖 𝑗𝜖𝑚𝑛

(
𝑑𝑝𝐿

𝑖
𝑟

) (
𝑄𝑐

𝑠
𝑗𝐿𝑚

𝑡

)
𝐻𝑛 . The

complete list of UV-completions for this operator can be found by evaluating the full range of
combinations in which the different fields can be connected, by implicitly Fierz transforming the
SM fields as necessary. Note that there exists a similar operator with indices 𝑚 ↔ 𝑗 swapped [7],
which is related to O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 via the Shouten identity but leads to a different set of UV-completions
using the method described above. Both operators can be generated when constructing them from
a bottom-up approach in a given model by simply applying this identity. In this work we treat these
two operators as completely independent and derive the UV-completions only from combinatorics.

In Tab. 1 we show the different fields that appear in the UV-completions of operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1
as well as their potential couplings to SM fields [8]. Note that not all of these couplings are needed
in order to generate the operator in question, e.g. the scalar leptoquark 𝑆1 can couple to a range of
combinations of SM fermions, but only the term 𝑦

𝑞𝑙

𝑆1
𝑆1𝑄̄

𝑐𝑖𝜎2𝐿 is needed in our context.

The fields in Tab. 1 do not individually lead to operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1. Instead, we always require
two fields per UV-completion, where only specific pairings generate the operator. We show these
combinations in Tab. 2, where each entry signifies that the field in the top row of the same column
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Simplified models of 𝑑 = 7 lepton number violation

Field Rep Coupling to SM fields (+h.c.)
Δ 𝑆(1, 3, 1) 1

4𝜆Δ
(
Δ†Δ

) (
𝐻†𝐻

)
+ 1

4𝜆
′
Δ
𝑓𝑎𝑏𝑐

(
Δ𝑎†Δ𝑏

) (
𝐻†𝜎𝑐𝐻

)
+𝑦ΔΔ𝑎† 𝐿̄𝜎𝑎𝑖𝜎2𝐿

𝑐 + 𝜅ΔΔ
𝑎† (𝐻̃†𝜎𝑎𝐻

)
𝜑 𝑆(1, 2, 1/2) 𝜆𝜑

(
𝜑†𝐻

) (
𝐻†𝐻

)
+ 𝑦𝑒𝜑𝜑

†𝑒𝐿 + 𝑦𝑑𝜑𝜑
†𝑑𝑄 + 𝑦𝑢𝜑𝜑

†𝑖𝜎2𝑄̄
𝑇 𝑢

𝑆1 𝑆(3̄, 1, 1/3) 𝑦
𝑞𝑙

𝑆1
𝑆1𝑄̄

𝑐𝑖𝜎2𝐿 + 𝑦
𝑞𝑞

𝑆1
𝑆1𝑄̄𝑖𝜎2𝑄

𝑐 + 𝑦𝑑𝑢
𝑆1
𝑆1𝑑𝑢

𝑐 + 𝑦𝑒𝑢
𝑆1
𝑆1𝑒

𝑐𝑢

𝑅̃2 𝑆(3, 2, 1/6) 𝑦𝑅̃2
𝑅̃
†
2𝑖𝜎2 𝐿̄

𝑇 𝑑

𝑆3 𝑆(3̄, 3, 1/3) 𝑦
𝑞𝑙

𝑆3
𝑆𝑎3 𝑄̄

𝑐𝑖𝜎2𝜎
𝑎𝐿 + 𝑦

𝑞𝑞

𝑆3
𝑆𝑎3 𝑄̄𝜎𝑎𝑖𝜎2𝑄

𝑐

𝑁 𝐹 (1, 1, 0) 𝜆𝑁 𝑁̄𝜙†𝐿
Σ 𝐹 (1, 3, 0) 1

2𝜆ΣΣ̄
𝑎𝜙†𝜎𝑎𝐿

𝑄5 𝐹 (3, 2,−5/6) 𝜆𝑄5𝑄̄5𝐻̃𝑑

𝑇2 𝐹 (3, 3, 2/3) 1
2𝜆𝑇2𝑇

𝑎
2 𝐻̃

†𝜎𝑎𝑄𝑏

Table 1: A full list of fields that appear in tree-level UV-completions of operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 (left column), as
well as their Lorentz structure (where 𝑆 and 𝐹 refer to scalar and fermion, respectively) and representation
under the SM gauge group 𝑆𝑈 (3)𝑐 × 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 (center column).

Δ 𝜑 𝑆1 𝑅̃2 𝑆3 𝑁 Σ 𝑄
†
5 𝑇2

Δ I II II
𝜑 # #
𝑆1 I # II
𝑅̃2 I # # II
𝑆3 # II

Table 2: List of UV-completions of operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1. See text for explanation.

να νβ να νβ

Figure 1: Neutrino mass topology I (left) and II (right).

can be combined with the field in the leftmost column of the same row to generate the operator.
A roman number I or II indicates that this UV-completion leads to a radiative neutrino mass with
topology I or II, shown in Fig. 1. An empty circle indicates that this UV-completion, apart from
generating operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1, also inevitably lead to the dimension-5 Weinberg operator. In this
case we expect that the dominant contribution to the neutrino mass comes from the dimension-
5 operator via the type-i or -iii seesaw mechanism, rather than from the dimension-7 operator.
Conventional methods to estimate the neutrino mass generated by a 4-fermion dimension-7 LNV
operator such as O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 involve drawing a radiative diagram by connecting two of the external
fermion legs and setting the cut-off scale for the loop momentum equal to the EFT scale. For
operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 this would lead to

(𝑚𝜈)EFT
𝑖 𝑗 =

𝑦𝑑
𝑘𝑘
𝑣2

16𝜋2

(
𝐶

𝑘𝑖𝑘 𝑗

𝑑𝐿𝑄𝐿𝐻1

)1/3
. (2)
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Simplified models of 𝑑 = 7 lepton number violation

Figure 2: Neutrino mass as a function of the hierarchy parameter 𝜉 for three different methods of calculation.

However, we can get a more accurate estimate using the fact that we know the topologies. We can
generically describe the Lagrangian leading to neutrino mass topology I for SM fermions 𝑓1,2,3,4
and BSM fields Φ1,2 as

LI = LSM + Lkin
Φ1

+ Lkin
Φ2

− 𝜆Φ1 𝑓1 𝑓2Φ
∗
1 − 𝜆Φ2 𝑓3 𝑓4Φ

∗
2 − 𝜇Φ∗

1Φ
∗
2𝐻 , (3)

and use this to estimate the neutrino mass given two separate energy scales 𝑚Φ1 and 𝑚Φ2 as

(𝑚𝜈)two-scale
𝑖 𝑗 ≈ 1

16𝜋2
𝑣𝜇 log(𝜉 + 1)

max(𝑚2
Φ1
, 𝑚2

Φ2
)

(
𝜆Φ1𝑚𝑑𝜆

𝑇
Φ2

+ 𝜆Φ2𝑚
𝑇
𝑑𝜆

𝑇
Φ1

)
𝑖 𝑗

, (4)

where 𝜉 ≡ max(𝑚Φ1 ,𝑚Φ2)
min(𝑚Φ1 ,𝑚Φ2)

is the degree of hierarchy between 𝑚Φ1 and 𝑚Φ2 , and 𝑚𝑑 is the mass
matrix of the SM down-type quarks.

To show the effectiveness of the estimate for the neutrino mass in Eq. (4) we here compare it
with a scalar leptoquark model described by the Lagrangian (see also Refs. [9–11])

L = LSM − 𝑅̃
†
2 (2 + 𝑚2

𝑅̃2
) 𝑅̃2 − 𝑆∗1(2 + 𝑚2

𝑆1
)𝑆1 − 𝜇1𝑆1𝐻

†𝑅̃2 − 𝑔
𝑖 𝑗

2 ℓ̄𝑖𝑖𝜎2𝑅̃
†
2𝑑 𝑗 − 𝑔

𝑖 𝑗

1 𝑞𝑐𝑖 𝑖𝜎2ℓ 𝑗𝑆1 + h.c.
(5)

where 𝑆1 ∈ (3̄, 1, 1/3) and 𝑅̃2 ∈ (3, 2, 1/6) are two scalar leptoquarks leading to the coefficient
𝐶

𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 = −𝜇𝑔𝑠𝑡1 𝑔
𝑟 𝑝

2 /𝑚2
𝑅̃2
𝑚2

𝑆1
after being integrated out. The corresponding two-scale neutrino

mass from Eq. (4) can be compared to the one found in the full model

(𝑚𝜈)model
𝑖 𝑗 =

3 sin (2𝜃) 𝑦𝑑
𝑘𝑘
𝑣𝑔𝑖𝑘1 𝑔

𝑘 𝑗

2
32𝜋2

(
log𝑚2

LQ1
− log𝑚2

LQ2

)
, (6)

where 𝑚2
LQ1,2

= 1
2

(
𝑚2

𝑅̃2
+ 𝑚2

𝑆1
±
√︃
(𝑚2

𝑅̃2
− 𝑚2

𝑆1
)2 + 𝜇2𝑣2

)
are the two leptoquark mass eigenstates

and 𝜃 is the corresponding mixing angle given by tan(2𝜃) = 2𝜇𝑣/(𝑚2
𝑅̃2

− 𝑚2
𝑆1
) . The three neutrino

mass relations are shown as functions of 𝜉 in Fig. 2 for 𝜇 = 108 GeV (left) and 𝜇 = 𝑚𝑅̃2
(right), with

𝑚𝑅̃2

��
𝜉=1 = 108 GeV. We see that our simplified expression agrees well with the model example.
Having found expressions for the neutrino mass in the leptoquark model given in Eq. (5) as well

as a generic simplified expression for neutrino mass topology I corresponding to operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1
we can compare them with constraints from colliders and 0𝜈𝛽𝛽 decay. For this analysis we treat
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Figure 3: Parameter space for a general model leading to neutrino mass topology I in operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1
(left) as well as the leptoquark model described in the text (right). Here red, green, and orange correspond to
constraints from neutrino mass, global fits of LHC results, and 0𝜈𝛽𝛽 decay, respectively, where the striped
red region leads to the observed neutrino mass (see text for details).

all flavour components equally. We take the collider constraints from global fits of dimension-6
operators that was performed in Refs. [12] and [13]. We take the 0𝜈𝛽𝛽 constraint on operator
O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 from Ref. [5] based on results from the KamLAND-Zen experiment [14].

In Fig. 3 we show the parameter space for generic UV-completions of operator O 𝑝𝑟𝑠𝑡

𝑑𝐿𝑄𝐿𝐻1 that
lead to neutrino mass topology I (left) as well as for the leptoquark model described by Eq. (5)
(right), for 𝜇 = max(𝑚Φ1 , 𝑚Φ2) and 𝜇 = max(𝑚𝑆1 , 𝑚𝑅̃2

), respectively. Here the red region is
excluded by overproduction of the neutrino mass in normal ordering [15, 16]. The striped red
region leads to the observed neutrino mass spectrum. The green regions correspond to the global fit
LHC limits and the orange region is excluded by searches for 0𝜈𝛽𝛽 decay. We see in Fig. 3 that the
parameter space leading to the observed neutrino mass spectrum is most stringently constrained by
LHC searches in both scenarios, rather than by 0𝜈𝛽𝛽 decay. We furthermore see good agreement
between the general two-scale UV-completion approach and the leptoquark model example.

Conclusion.– Neutrino Majorana masses can be generated in a range of models that lead to
dimension-7 LNV operators. In one such example we have shown how a generalized approach that
takes into account the neutrino mass topologies generated by the underlying models can be used
to accurately estimate the corresponding neutrino mass. This method also captures the effect of a
varying hierarchy between the two internal degrees of freedom, which is absent in the most simple
approximation, but leads to significant phenomenological consequences.

Acknowledgements.– K. F. acknowledges support from the Japan Society for the Promotion
of Science (JSPS) Grant-in-Aid for Scientific Research B (No. 21H01086 and 23K20847). L. G.
acknowledges support from the Dutch Research Council (NWO) project VI.Veni.222.318, from
the National Science Foundation, Grant PHY-1630782, and the Heising-Simons Foundation, Grant
2017-228. J. H. acknowledges support by the Cluster of Excellence “Precision Physics, Fundamental
Interactions, and Structure of Matter” (PRISMA+ EXC 2118/1) DFG Project No. 390831469. C.
H. acknowledges support from the Generalitat Valenciana under Plan Gen-T via CDEIGENT
grant No. CIDEIG/2022/16 and partial support from the Spanish grants PID2020- 113775GBI00
(AEI/10.13039/501100011033), and Prometeo CIPROM/2021/054 (Generalitat Valenciana).

5



P
o
S
(
I
C
H
E
P
2
0
2
4
)
1
8
7

Simplified models of 𝑑 = 7 lepton number violation

References

[1] F. Bonnet, D. Hernandez, T. Ota and W. Winter, JHEP 10 (2009), 076 doi:10.1088/1126-
6708/2009/10/076 [arXiv:0907.3143 [hep-ph]].

[2] R. Cepedello, M. Hirsch and J. C. Helo, JHEP 07 (2017), 079 doi:10.1007/JHEP07(2017)079
[arXiv:1705.01489 [hep-ph]].

[3] R. Cepedello, M. Hirsch and J. C. Helo, JHEP 01 (2018), 009 doi:10.1007/JHEP01(2018)009
[arXiv:1709.03397 [hep-ph]].

[4] J. Herrero-García and M. A. Schmidt, Eur. Phys. J. C 79 (2019) no.11, 938
doi:10.1140/epjc/s10052-019-7465-1 [arXiv:1903.10552 [hep-ph]].

[5] K. Fridell, L. Gráf, J. Harz and C. Hati, JHEP 05 (2024), 154 doi:10.1007/JHEP05(2024)154

[6] V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser and E. Mereghetti, JHEP 12 (2017), 082
doi:10.1007/JHEP12(2017)082 [arXiv:1708.09390 [hep-ph]].

[7] L. Lehman, Phys. Rev. D 90 (2014) no.12, 125023 doi:10.1103/PhysRevD.90.125023
[arXiv:1410.4193 [hep-ph]].

[8] J. de Blas, J. C. Criado, M. Perez-Victoria and J. Santiago, JHEP 03 (2018), 109
doi:10.1007/JHEP03(2018)109 [arXiv:1711.10391 [hep-ph]].

[9] I. Doršner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Košnik, Phys. Rept. 641 (2016), 1-68
doi:10.1016/j.physrep.2016.06.001 [arXiv:1603.04993 [hep-ph]].

[10] I. Doršner, S. Fajfer and N. Košnik, Eur. Phys. J. C 77 (2017) no.6, 417
doi:10.1140/epjc/s10052-017-4987-2 [arXiv:1701.08322 [hep-ph]].

[11] D. Aristizabal Sierra, M. Hirsch and S. G. Kovalenko, Phys. Rev. D 77 (2008), 055011
doi:10.1103/PhysRevD.77.055011 [arXiv:0710.5699 [hep-ph]].

[12] J. Ellis, M. Madigan, K. Mimasu, V. Sanz and T. You, JHEP 04 (2021), 279
doi:10.1007/JHEP04(2021)279 [arXiv:2012.02779 [hep-ph]].

[13] A. Crivellin, M. Hoferichter, M. Kirk, C. A. Manzari and L. Schnell, JHEP 10 (2021), 221
doi:10.1007/JHEP10(2021)221 [arXiv:2107.13569 [hep-ph]].

[14] S. Abe et al. [KamLAND-Zen], Phys. Rev. Lett. 130 (2023) no.5, 051801
doi:10.1103/PhysRevLett.130.051801 [arXiv:2203.02139 [hep-ex]].

[15] M. Aker et al. [KATRIN], Nature Phys. 18 (2022) no.2, 160-166 doi:10.1038/s41567-021-
01463-1 [arXiv:2105.08533 [hep-ex]].

[16] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, Universe 7 (2021) no.12, 459
doi:10.3390/universe7120459 [arXiv:2111.03086 [hep-ph]].

6


