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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 = 7T 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 vg with a coupling £ > —y”vg LH to the SM lepton doublet L and
Higgs doublet H. For a coupling constant y* ~ 107!2 the observed neutrino mass scale m,, ~ 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 0 = ¢ €mn L' L™H/H". 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 (OvS8) 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=Lom+Lew, Ler=) ) ClO, ()

d a
and we focus on d = 7. The full list of AL = 2 operators at dimension-7 is given in e.g. in Ref. [7].
Here we will focus on one example operator, namely Og ZZ Lp1 = €ij€mn (d,LL)(QS/L™)H" . 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 ngth LHI 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.
prst

dLOLH1
as well as their potential couplings to SM fields [8]. Note that not all of these couplings are needed

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

in order to generate the operator in question, e.g. the scalar leptoquark S; can couple to a range of
combinations of SM fermions, but only the term ynglQ_ciO'ZL is needed in our context.

The fields in Tab. 1 do not individually lead to operator ngth LHI 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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Field | Rep Coupling to SM fields (+h.c.)
A ] 8(1,3,1) 2Aa (ATA) (HTH) + 34} fape (ATAP) (HTo°H)

+YAAYT Lo %ion LE + ka AT (I:ITO'QH)

¢ | S(1,2,1/2) | A, (¢'H) (H'H) +yS,0'eL + y4p'dQ + yl ¢ ion 0" u
Sy | S(3,1,1/3) ynglQ_CicrzL + yg?SlQ_iach + yg:‘SIaTuC + yg'l‘Sle_Cu
Ry |8(3.,2,1/6) | ygRiionL"d

Sy | §(3,3,1/3) yZSSgQ_"iO'QU'“L + ygjnga“iach
N | F(1,1,0) ANNG'L

T | F(1,3,0) 3AsE9¢ 9L

Qs | F(3,2,-5/6) | 10,05Hd

T, | F(3,3,2/3) | 3AapT¢H Qb

Table 1: A full list of fields that appear in tree-level UV-completions of operator ngth LHI (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). x SU(2)r x U(1)y (center column).

A %2 S 1 Rz S 3 N 2 Q; T2

A I 11 11

|4 O | O

S1 I ) 1

R, I |o|oO II

S3 o1

Table 2: List of UV-completions of operator O?"*  See text for explanation.
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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 OZZLH . 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 ngth LHI 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

prst .
operator O JLOLH! this would lead to

2

d .2
(m )EFT_yka ( kikj )1/3
\ 4

iJ 7 1672 \ dLOLHI
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Figure 2: Neutrino mass as a function of the hierarchy parameter ¢ 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 f] 3.4
and BSM fields @ , as

L= Lom+ Loy + Loy = A0, [1 r®] = o, 3 [1®; — u® D3H 3)

and use this to estimate the neutrino mass given two separate energy scales mgq, and mg, as

: I vulog(é+1)
m,,)wo-seale ( Ao madl + de.ml Al ) ’ 4
( V)l] 1672 maX(mél,méz) o, Maty, DM g, i (@)

max(mq;l ,mcpz)
min(mq)l ,moz)

matrix of the SM down-type quarks.

where & = is the degree of hierarchy between me, and me,, and m, is the mass

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=2Lsv— R;(D + m%z)kz - SO+ mg’l)Sl - /Jlsleléz - g;jfii(le@;dj - gijcifidzfjsl + h.c.

] 5)
where S| € (3,1,1/3) and R, € (3,2, 1/6) are two scalar leptoquarks leading to the coefficient
ngng =—ugi'gy’/ m%zmgl after being integrated out. The corresponding two-scale neutrino

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

3sin (20) y{, vgi¥g;’
3272

model
(m, ij =

(logm? o, —logmiy,) . ©6)

where m%Ql’z =1 (mféz + m%l + \/(mfz,2 - mg)? + ,u2v2) are the two leptoquark mass eigenstates
and 6 is the corresponding mixing angle given by tan(26) = 2uv/ (m?éz - m%l) . The three neutrino
mass relations are shown as functions of & in Fig. 2 for u = 108 GeV (left) and u = m &, (right), with
mg, | fm1 = 10% 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”"'

dLOLH1
we can compare them with constraints from colliders and OvBS 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 ()glig LHI

(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 Ov3 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 OvBf constraint on operator

Og 2; LHI from Ref. [5] based on results from the KamLLAND-Zen experiment [14].

In Fig. 3 we show the parameter space for generic UV-completions of operator ngth LHI that
lead to neutrino mass topology I (left) as well as for the leptoquark model described by Eq. (5)
(right), for u = max(me,, me,) and p = max(ms,, mg,), 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 OvB( 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 Ov8f 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.
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