
Unraveling the Lepton 
Number Violation

Lukáš Gráf
UC Berkeley & UC San Diego

BNL, July 2023



Lepton Number
• non-perturbative SM dynamics: B + L number violated by sphalerons

• B – L number is conserved ↔ non-anomalous global symmetry of the SM
→ accidental? may be a relict! → violation at low energies subtle ↔ corresponding 
to B – L preserving gauge symmetry broken at certain high-energy scale

• the manifestation at experimentally accessible scales suppressed by powers of the new-
physics scale

• tightly related to the puzzle of neutrino masses and baryon asymmetry of the Universe
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● neutrinos – le*-handed, neutral and massive fermions

→ two ways to de.ne neutrino mass

● Dirac mass – as other fermions, but /ny (              ) couplings to Higgs

● Majorana mass – only le*-handed neutrino → lepton number viola/on

Dirac vs Majorana



How to Probe the ν Physics?
• plethora of models for Majorana neutrino mass generation

  What strategy to adopt to probe all the different scenarios?
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High-scale Low-scale

• new particles decoupled

• theoretically natural neutrino Yukawa

• vanilla scenario of the high-scale 

leptogenesis

• new particles within reach of experiments

• small neutrino Yukawa, loop suppression, 

approximate LNC

• resonant leptogenesis, via oscillations …

robust, model independent approach
Effective Field Theory

limitations: e. g. resonant production simplified models



LNV in Effective Field Theory
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Double Beta Decays
• two-neutrino double beta decay

• neutrinoless double beta decay
→ LNV, mediated by Majorana neutrinos

• experiments:

• a variety of isotopes: 76Ge, 136Xe, …

• variants:
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KamLAND-Zen, LEGEND, CUORE, NEMO-3, CUPID, (n)EXO, ...



Exotic (2ν)ββ Decay
• double beta decay in presence of right-handed currents? 

→ Lagrangian:

with

• contributions:

• total rate:

• angular correlation: →  bound:

• using existing NEMO-3 data, insensitive to the overall rate, largely insensitive to the 
nuclear matrix elements
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Neutrinoless Double Beta Decay
• standard mechanism with

light neutrino exchange:

• half-life limit → bound on 
effective neutrino mass:
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• plethora of New Physics scenarios may be responsible for 0νββ

• left-right symmetric models

• leptoquarks (scalar, vector)

• R-parity violating SUSY, Majorons, Extra Dimensions ...

New Physics & 0νββ
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F. F. Deppisch, M. Hirsch, H. Päs: J. Phys. G 39 (2012), 124007
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Figure 16. Feynman diagrams of the vector (V ) and scalar (S) leptoquark interactions contributing
to 0⌫��.

These LQ-Higgs interactions are essential when considering contributions to 0⌫�� decay
because they result in non-zero correlation functions for, e.g.,
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where N is the mixing matrix which diagonalizes the mass matrix N
T
M

2
N = M

2
diag and

Ĩ = N
T
I are the mass eigenstate fields. This particular example results in contributions

captured by the right diagram in Figure 16.
After integrating out the heavy LQ degrees of freedom and rearranging the resulting

EFT operators via Fierz transformations one arrives at the effective low-energy four-fermion
interactions. The parts of the low-energy Lagrangian relevant for 0⌫�� decay are then given
by [108]
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with the low-energy Wilson coefficients

✏I = 2�⌘I
h
�
L
I1�

R
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Here, “common mass scales” MS and MV have been inserted for convenience. It should be
noted that the exact choice of MS,V does not matter as they drop out. However, the exact
LQ masses do enter into the calculation such that for leptoquark masses which are about the
same order of magnitude one can choose MS,V to represent the suppression factors. Looking
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• effectively, a variety of different mechanisms beyond the standard scenario may 
contribute to 0νββ (e.g. 0303205, 1208.0727, 1708.09390, 1806.02780, 1806.06058, 
2009.10119, …), long-range (with neutrino propagator) and short-range mechanisms

• 0νββ half-life limit sets constraints on effective couplings – accurate calculation of 
nuclear matrix elements and phase-space factors is crucial for estimating these limits

• generally:

and
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The matching of dimension-6 LEFT operators with dimension-7 SMEFT is already given
in Table 2. The relevant dimension-7 and dimension-9 LEFT Wilson coefficients can be
matched onto the dimension-7 SMEFT Wilson coefficients as follows [15, 33]
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Generally, the inverse half-life corresponding to a long-range 0⌫�� decay contribution
induced by a single higher-dimensional operator is given by

T�1
1/2 = |C|

2G0⌫ |M0⌫ |
2, (4.8)

where M0⌫ is the nuclear matrix element, G0⌫ denotes the phase space factor arising from
the lepton current and C stands for the SMEFT Wilson coefficient associated with the given
operator. This coupling can be constrained employing the experimental bound on 0⌫��

decay half-life. The currently best limit on the 0⌫�� decay half-life T exp

1/2 = 2.3 ⇥ 1026 y is
provided by the KamLAND-Zen collaboration [71] using the 136Xe isotope.

Employing the matching relations between our basis of �L = 2 SMEFT operators and
the LEFT operators discussed above and using the experimental limit on 0⌫�� decay half-
life one can readily derive the constraints on the SMEFT Wilson coefficients. Limits from
0⌫�� decay on the dimension-7 Wilson coefficients were presented in Ref. [15] and also an-
alyzed in terms of the renormalization group running in Ref. [72]. The limits corresponding
to 136Xe were based on the experimental constraints T old, exp

1/2 = 1.07 ⇥ 1026 y [73]. Using
the same framework we calculate the current limits ⇤i for operators Oi considering the
most recent experimental constraint T exp

1/2 = 2.3 ⇥ 1026 [71]. For the different dimension-7
SMEFT operators, the obtained bounds are given in Tab. 5. We discuss only tree-level
contributions of the studied operators, omitting any loops, including higher-order contribu-
tions to Weinberg operator, which were detailed e.g. in [2]. Further, the presented limits
are derived with the assumption of only a single operator added to the SM Lagrangian at a
time. In our calculation we employ the nuclear matrix elements computed using IBM-2 nu-
clear structure model [69]. As for the phase space factors, we use the values from Ref. [74].
From Tab. 5 we see that the largest contribution to the 0⌫�� decay rate is triggered by the
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FIG. 1. Contributions to 0⌫�� decay from e↵ective LNV operators: (a) Standard light neutrino

exchange via 5-dim operator; (b) Long–range contribution via 7-dim operator; (c) Short–range

contribution via 9-dim operator. Adapted from [14].

(i) Long-range transitions via exchange of a light neutrino. This includes the so-called

standard mass mechanism in Fig. 1 (a) which is only possible if the neutrino is identical to
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with the phase space factor (PSF) G⌫ and the nuclear matrix element (NME) M⌫ . The

normalization with respect to the electron mass me yields a small dimensionless parameter

|✏⌫ | = |m��|/me. The current bound in Eq. (1) sets a limit |m��| . 79 � 180 meV at 90%

confidence level (CL) for an unquenched axial coupling gA = 1.27 [9], with the uncertainty

mainly due to the NMEs in di↵erent nuclear models. Future experiments will probe |m��| ⇡

20 meV [15], corresponding to the minimal value for inversely ordered neutrinos.

In BSM scenarios, a neutrino mass insertion is not necessarily required, cf. Fig. 1 (b).

In such cases, the decay rate is estimated as �0⌫��
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⇤O7 of the exotic dim-7 operator. Such long-range mechanisms via the exchange of light

Majorana neutrinos with interactions beyond the SM have received considerable attention

[16–21], as the suppression at dim-7 is still fairly low and 0⌫�� decay is sensitive to high
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ēL,iCēTL,j
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0νββ Mechanisms
• standard mass mechanism

• non-standard long-range mechanisms

• non-standard short-range mechanisms

• due to the intrinsic helicity flip, non-standard long-range mechanisms in typical scenarios 
suppressed indirectly by neutrino mass

• e.g. left-right symmetric models: small Yukawa coupling
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Nuclear Uncertainties
• hadronic currents

• non-relativistic expansion → nuclear matrix elements

• dependence on isotope and operator

• non-relativistic approx. or chiral EFT

• calculation – many-body problem

• different nuclear structure models,
factor of 2-3 difference

• + unknown LECs (or form factors)
lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 12

Figure 9. Comparison of the standard NME M0⌫ = �
1
g2
A
MF +MGT +MT resulting from different

calculation methods. Explicitly, we show NMEs obtained from the interacting shell model (SM) [67]
and subsequent variants like the triaxial projected shell model (tpSM) [68] or realistic shell model
(rSM) [69], the proton-neutron quasiparticle random phase approximation (pnQRPA) [70], the
deformed QRPA (dQRPA) [71, 72], the relativistic energy density functional method (rEDF) or
covariant density functional theory (CDFT) [73, 74], the non-relativistic energy density functional
method (nrEDF) [75], the interacting boson model (IBM2) [43] and recently introduced ab initio
approaches calculating NMEs from basic principles of �PT [76, 77]. The grey bands mark the range
of values covered by the different methods.

effective NME which we label Me↵ ,

T
�1
1/2 = |C|

2
G |Me↵ |

2
. (3.9)

Here, Me↵ is, generally, a weighted sum of combinations of different LECs and NMEs (see
App. B for the explicit half-life equations of each single operator).

If we consider the theoretical uncertainty of the half-life to be dominated by the uncer-
tainty of Me↵ , we can determine the necessary theoretical accuracy of the nuclear physics.
To estimate this, we assume Me↵ to be independent of the choice of the isotope, i.e.,

�Me↵

Me↵
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�Me↵

Me↵
= const.. (3.10)

Then the necessary theoretical accuracy can be determined from the simple condition that
the expected ratios should be distinguishable from unity within the theoretical uncertainty,
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< |Rij � 1| . (3.11)

Hence, the necessary theoretical accuracy for Me↵ reads
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|Rij � 1|

Rij
. (3.12)
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Dis?nguishing 0νββ Mechanisms
• phase-space observables – electron energy spectra, angular correlation

• comparison with other ββ modes → β+β+, ECβ+, ECEC - typically suppressed

• decay rate ratios for different isotopes

• → ratio of half-lives = ratio of NMEs x ratio of PSFs, 
the unknown coupling drops out

• distinguishing 2 specific operators quantified using

• applied to the “master formula” framework of 1806.02780

• PSFs → 4 distinguishable groups of operators

• ratios: in principle 12 distinguishable groups of operators
• main issues: nuclear uncertainties: NMEs + unknown low energy constants

→ solution? hopefully: ab initio + LQCD and/or complementarity
lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 13

V. Cirigliano, W. Dekens, J. de Vries,  M.L. Graesser, E. Mereghetti: JHEP 12 [1806.02780]



• electron energy spectra and angular correlation of the emitted electrons

• e.g. NEMO-3: thin foils of source material surrounded by a separate tracking calorimeter
→ better accuracy – reliable detection of 2 electrons coming from the same spot

Dis?nguishing: Phase Space

lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 14



Distinguishing: Half-life Ratios
• distingushing pairs of operators

• most importantly: exotic contri-
bution beyond mass mechanism?

• variation of the unknown LECs
gives the spread in values

• → look at the central values

lukas.graf@berkeley.edu Unraveling the Lepton Number ViolaBon 15
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Distinguishing: Half-life Ratios
• distingushing pairs of operators

• most importantly: exotic contri-
bution beyond mass mechanism?

• variation of the unknown LECs
gives the spread in values

• → look at the central values
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→ best central values:

LG, M. Lindner, O. Scholer: PRD 106 (2022)



Maximizing Half-life Ratios
• largest ratios – central values 

vs. worst-case scenario

• the pair of isotopes producing
the largest ratio identified

• shading ↔ distinguishable 
based on the phase space

• uncertainties crucial, most
likely correlated → worst case
rather pessimistic
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Figure 8. The maximal ratios R
max
ij

for all operator combinations i, j. The exact values and the
corresponding isotopes are displayed in each tile. Additionally, operator combinations that result
in different phase-space observables are marked by dashed-line shading. In the upper right half of
the plot we show the ratios considering the central values from the variation of the LECs. In the
lower left half we show the worst-case scenario considering the values of ratios Rij that are closest
to 1 within the range obtained by the variation of the LECs.

contributions from C
(6)
V L, C

(9)
V and C̃

(9)
V could be identified only based on measurements of

the angular correlation and the scalar short-range operators, C
(9)
S1 , would be completely

indistinguishable from the standard mechanism. In Appendix C we show for completeness
the same results employing the full set of isotopes, for which there exist numerical values
of NMEs computed using IBM2.

To be able to pinpoint the specific non-standard operator group Oj contributing to
0⌫�� decay one needs to consider half-life ratios Rij for all different isotopes. Considering
the central values, the best candidate to be clearly identified turns out to be the right-
handed vector current C

(6)
V R for which all the ratios R

max
iC

(6)
V R

are large i.e. & 7.6.

3.2.3 The impact of nuclear uncertainties

The uncertainty induced by the nuclear part of the decay rate calculation i.e. the NMEs and
LECs highly impacts and limits the above approach of distinguishing among different 0⌫��
mechanisms. The approach of comparing theoretically predicted ratios with experimentally
measured ratios raises the question how well these theoretical uncertainties must be under
control.

To study the impact of nuclear uncertainties, we can use the general formula for the
half-life parameterized in terms of a Wilson coefficient C, the phase-space factor G and an

– 18 –
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Models: mLRSM
• UV scenario: minimal 

left-right symmetric model

• minor variations for 
inverted ordering (IO)

• assuming normal ordering 
(NO) can result in ratios
altered more significantly
for small minimal neutrino
mass

• small ratios ↔ dominance 
of short-range contributions 
at χEFT level
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Figure 11. Half-life ratios resulting from different mLRSM settings (different neutrino mass hier-
archy and different minimal neutrino mass) when taking 76Ge as the reference isotope. The ratios
are compared to the standard mass mechanism. We vary both the unknown LECs as well as the
unknown phases of the mLRSM model.

parameters studied here which results in the scalar short-range contributions dominating
over the long-range contributions. Hence, the phase-space is almost indistinguishable from
the standard mechanism.

The resulting half-life ratios normalized to the standard mass mechanism are depicted
in Figure 11. Here, additionally to varying the unknown LECs we also marginalized over
the unknown phases. We can see that assuming inverted mass ordering there are only minor
variations from the standard mechanism. In the case of normal ordering, the non-standard
contributions alter the ratios notably only for small mmin  10�3 eV. In this region, as
shown before in Figure 5, the central values of the variation differ significantly from the
benchmark scenario. A similar behavior is manifested in Figure 12 displaying the half-life
in dependence on the minimal neutrino mass mmin for both orderings and in comparison
with the standard mechanism on its own. One can see that in the case of inverted ordering
the half-life is almost unaltered from the standard mechanism while for normal ordering the
non-standard contributions start to play a substantial role below ⇠ 10�2 eV decreasing the
expected half-life by about one order of magnitude compared to the standard scenario. In
the same range of mmin the uncertainties induced by the unknown LECs start to significantly
influence the predicted half-life. On the other hand, the central values of the decay rate
ratios alter for mmin . 10�3 eV at most by a factor of R

max
im��

⇠ 2.2 with 76Ge as the
reference isotope. The reason for this behaviour can be traced back to the dominance of
the short-range contributions which (see Section 3) result in relatively small Rim�� despite
the appearance of C(6)

V R. This ratio would translate to a necessary accuracy on the nuclear
part of the amplitude of �Me↵

Me↵
. 14%.

4.2 Gluino- and Neutralino-exchange in ��Rp - SUSY

Supersymmetric theories contain supermultiplets of fermions and bosons which, under su-
persymmetry, transform into each other. The most simple constructions are chiral super-
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Figure 12. Here we present the half-life of 76Ge in the mLRSM model in dependency on the
minimal neutrino mass mmin for both normal (NO) and inverted ordering (IO). The blue and
red areas represent the scenario marginalized over the unknown phases with the LECs fixed to
their order of magniture estimate while the scattered points show the additional variation of the
relevant LECs. The area inside the black borders represents the usual mass-mechanism without
any additional contributions.

multiplets
�
 L,R,�

 
L,R

�
(4.19)

which relate two component chiral spinors ( L,R) and a corresponding complex scalar �L,R.
To construct a supersymmetric version of the Standard Model, one also needs to consider
gauge supermultiplets

�
A

a
µ, 

a
�

(4.20)

which relate the Standard Model’s gauge bosons Aa
µ to their superpartner fermions  a. One

should note that since gauge bosons have 2 degrees of freedom (d.o.f.) and since this kind
of transformation obviously cannot change the number of d.o.f., their superpartners  a also
have 2 degrees of freedom. Therefore, they are Majorana fermions. As particles within a
supermultiplet must share the same mass, quantum numbers (except spin), interactions and
couplings, SUSY must be broken at low energies to reproduce the experimentally confirmed
SM predictions. Typically, after SUSY breaking there remains a discrete symmetry called
R-parity (Rp) which can be assigned to every field, such that we have Rp = +1 for Standard
Model fields and Rp = �1 for the superpartner fields. One can define R-parity as [96]

Rp = (�1)2s+3(B�L) (4.21)
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Figure 10. Feynman diagrams arising in the mLRSM that contribute to 0⌫��. Here, ⌫i and Ni

represent the light and heavy neutrino mass eigenstates. It should be noted that, due to mixing of
both left- and right-handed neutrinos and gauge bosons, each diagram (except the triplet-exchange
diagram) comes with all possible combinations of the outgoing particle’s chiralities. However, some
diagrams are highly suppressed compared to others.

while the scalar fields transform as

� �! UL�U
†

R, �L �! UL�LU
†

L, �R �! UR�RU
†

R. (4.4)

There are two discrete symmetries that one can impose onto a LR symmetric theory which
can relate left- and right-handed fermions. These are parity P and charge conjugation
C [93]. Thus, one can define two different discrete symmetry transformations

P :  L ()  R, �() �†
, �L,R () �R,L (4.5)

C :  L () ( R)
c
, �() �T

, �L,R () �⇤

R,L. (4.6)

Requiring either P or C invariance results in different constraints on the scalar potential
as well as the Yukawa coupling matrices [93].3

The lepton number violation at low energy stems from the leptonic Yukawa interactions
given by

Ly =
X

ij

⇢
Y

l
ijLLi�LR,j + Ỹ

l
ijLLi�̃LR,j + Y

L
ij L

T
L,iCi⌧2�LLL,j + Y

R
ij

†
L
T
R,iCi⌧2�RLR,j

�
+ h.c.

(4.7)

3Note that a combination of both does not fit observational constraints [93].
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Models: Leptoquarks
• considered scenarios give

distinguishable spectra
• central values match the case

with order-of-magnitude 
estimates of the LECs

• spread for the full model, SL, VL
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Figure 16. Feynman diagrams of the vector (V ) and scalar (S) leptoquark interactions contributing
to 0⌫��.

These LQ-Higgs interactions are essential when considering contributions to 0⌫�� decay
because they result in non-zero correlation functions for, e.g.,

D
S
i
0S̃1/2

E
/

X

Ĩ

NSi
0Ĩ
NS̃1/2Ĩ

, (4.33)

where N is the mixing matrix which diagonalizes the mass matrix N
T
M

2
N = M

2
diag and

Ĩ = N
T
I are the mass eigenstate fields. This particular example results in contributions

captured by the right diagram in Figure 16.
After integrating out the heavy LQ degrees of freedom and rearranging the resulting

EFT operators via Fierz transformations one arrives at the effective low-energy four-fermion
interactions. The parts of the low-energy Lagrangian relevant for 0⌫�� decay are then given
by [108]

LLQ = [ePL⌫
c]

⇢
✏S

M2
S

[uPRd] +
✏V

M2
V

[uPLd]

�

� [e�µPL⌫
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✓
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�
+ h.c.,

(4.34)

with the low-energy Wilson coefficients
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↵
L
I =

2

3 + ⌘I
�
L
I1/2

�
L
I1 ✓̃

I
24

�
Q

2
I

�
, ↵

R
I =

2

r + ⌘I
�
R
I0�

R
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where

✓̃
I
ij =

X

k

NikNjk
M

2
I

M2
Ik

. (4.37)

Here, “common mass scales” MS and MV have been inserted for convenience. It should be
noted that the exact choice of MS,V does not matter as they drop out. However, the exact
LQ masses do enter into the calculation such that for leptoquark masses which are about the
same order of magnitude one can choose MS,V to represent the suppression factors. Looking
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Figure 17. Angular correlations (upper right) and single electron energy spectra (lower left)
resulting from the different LQ contributions as well as the standard mass mechanism in 136Xe.
The unknown LECs are set to their order-of-magnitude estimates. The specific choice of the isotope
does slightly influence the shape of the angular correlation.

at Eq. (4.35) and Eq. (4.36), there is a priori no reason from, e.g., naturalness arguments
why any of the low energy coefficients ↵I and ✏I should be suppressed or enhanced compared
to the others. However, if the LQ interactions arise from a more complete model or if simply
not all possible LQ interactions are realized in nature, hierarchical structures might appear.
We will therefore study different settings in which some couplings dominate over the others.
From Eq. (4.34) we can match the Wilson coefficients in Eq. (4.35) and Eq. (4.36) onto the
LEFT basis arriving at

C
(6)
SL =

v
2

M2
V

✏V , C
(6)
SR =

v
2

M2
S

✏S

C
(6)
V L =

p
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✓
↵
L
S

M2
S

+
↵
L
V

M2
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◆
, C

(6)
V R = �v

2

✓
↵
R
S

M2
S

+
↵
R
V

M2
V

◆
.

(4.38)

We study the following 7 different settings of LQ contributions to 0⌫�� decay:

1. Full LQ Model: ✏S = ✏V = ↵
L
S = ↵

R
S = ↵

L
V = ↵

R
V = 1

2. Scalar LQs (S): ✏S = ↵
L
S = ↵

R
S = 1
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Figure 18. Half-life ratios resulting from different leptoquark settings when taking 76Ge as the
reference isotope. The ratios are compared to the standard mass mechanism.

3. Scalar LQs coupling to LH fermions (SL): ↵
L
S = 1

4. Scalar LQs coupling to RH fermions (SR): ↵
R
S = 1

5. Vector LQs (V): ✏V = ↵
L
V = ↵

R
V = 1

6. Vector LQs coupling to LH fermions (VL): ↵
L
V = 1

7. Vector LQs coupling to RH fermions (VR): ↵
R
V = 1

The left-handed scalar (SL) and left-handed vector (VL) models result in the same
low-energy physics because they match onto the same LEFT operator. The same is true
for SR and VR. In Figure 17 we show the corresponding single electron energy spectra
and angular correlations corresponding to each of the above models and compare them
with the standard mechanism scenario. When setting the unknown LECs to their order-
of-magnitude estimates we find that except for the vector (V) scenario all other models
give shapes distinguishable from the standard mass mechanism for at least one phase-space
observable. The resulting half-life ratios normalized to the neutrino mass mechanism for
each of the above scenarios are shown in Figure 18. Except for the SR and VR cases,
for which the central values suggest somewhat weaker distinguishability, we find that the
central values match fairly well the chosen benchmark scenario. Nonetheless, the spread in
Rim�� is still significant for the full model as well as the SL and VL models. Considering
the central values, the highest ratio when taking 76Ge as the reference isotope is realized
in the vector model with R

max
im��

⇠ 4.5. Again, assuming that the calculated central values
of the half-life ratios represent a reasonable estimate, this would correspond to a necessary
theoretical accuracy on the nuclear part of the amplitude to satisfy �Me↵

Me↵
. 19%.

In Figure 19 we show the expected half-lives for the simultaneous realization of the full
LQ model and the standard mass mechanism. We assumed the suppression factors to be
MS = MV = 107 GeV. One can see that in this setting the inverted mass ordering case
is not altered significantly while the half-life in the normal ordering case is decreased such
that the gap between the two mass orderings is closed.
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Figure 19. Here we show the expected half-lives for the full LQ model with the parameters fixed
to ✏S = ✏V = ↵

L

S
= ↵

R

S
= ↵

L

V
= ↵

R

V
= 1 and the suppression scales MS = MV = 107 GeV

5 Summary and Conclusions

Neutrinoless double beta decay is the best laboratory probe of lepton number violation and
as such can naturally shed light on the generation of neutrino masses as well as associated
UV physics. The implications of observation of this hypothetical nuclear process would
largely depend on the mechanism responsible for the dominant contribution. In this paper
we have performed a detailed analysis discussing the possibilities of experimental discrim-
ination among the 32 different LEFT LNV operators of dimension  9 triggering 0⌫��

decay at low energy.
The main aim of our study is to understand the differences in various 0⌫�� decay mech-

anisms and to investigate the possibilities of identifying the potential exotic contribution in
experiments. Assuming only one operator at a time, we found that the 32 different LEFT
operators can be split into 12 groups which are distinguishable from each other by com-
parison of ratios of half-lives in different double-beta-decaying isotopes. We calculated the
half-life ratios normalized to the standard mass mechanism Rim�� for each of the operator
groups discussing the potential for their identification by experimental observations. Vary-
ing the currently unknown low-energy constants (LECs) around their order-of-magnitude
estimates obtained using NDA we observed that their impact on the expected half-life ra-
tios can be significant for most operator groups. To quantify this impact and temporarily
eliminate it in our conclusions we focused on two different scenarios; namely, we identified
the central values of the ratio ranges as well as the worst-case scenario considering the value

– 37 –

d

u

e
�

e
�

d u

⌫

V (S)

W

d e
�

u

e
�

d u

V (S)

W

Figure 16. Feynman diagrams of the vector (V ) and scalar (S) leptoquark interactions contributing
to 0⌫��.

These LQ-Higgs interactions are essential when considering contributions to 0⌫�� decay
because they result in non-zero correlation functions for, e.g.,
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where N is the mixing matrix which diagonalizes the mass matrix N
T
M

2
N = M

2
diag and

Ĩ = N
T
I are the mass eigenstate fields. This particular example results in contributions

captured by the right diagram in Figure 16.
After integrating out the heavy LQ degrees of freedom and rearranging the resulting

EFT operators via Fierz transformations one arrives at the effective low-energy four-fermion
interactions. The parts of the low-energy Lagrangian relevant for 0⌫�� decay are then given
by [108]
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with the low-energy Wilson coefficients
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where
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Here, “common mass scales” MS and MV have been inserted for convenience. It should be
noted that the exact choice of MS,V does not matter as they drop out. However, the exact
LQ masses do enter into the calculation such that for leptoquark masses which are about the
same order of magnitude one can choose MS,V to represent the suppression factors. Looking
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νDoBe: A Python Tool for 0νββ
• user inputs:

• scale + selection of operators
• isotope(s), type of NMEs

• data inputs:
• nuclear matrix elements
• phase-space factors
• low-energy constants

• outputs:
• half-life formula for the given case
• limits on selected couplings
• mββ vs. mν plots, etc.
• chosen contour plots showing 

correlations of different parameters, ...
lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 20

download: https://github.com/OScholer/nudobe
online tool: https://oscholer-nudobe-streamlit-4foz22.streamlit.app/

O. Scholer, J. de Vries, LG: 2304.05415

https://github.com/OScholer/nudobe
https://oscholer-nudobe-streamlit-4foz22.streamlit.app/


Unraveling the signal: other probes of LNV?
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LNV at Dimension 7 in SMEFT

• let’s consider the basis of the 12 
dimension-7 ΔL = 2 SMEFT operators

• Lehman PRD (2014) →  20 
independent operators (13 conserving 
B but ∆L = 2 and 7 violating both by 
one unit, ∆B = −∆L = −1)

• further reduced in Liao, Ma JHEP 
(2017) to 18 = 12 + 6 (independent 
structures)
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LNV at Dimension 7 in SMEFT
• bottom-up approach:

• caveat: simplified, could be
correlations/cancellations

lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 24

Experimental observable

Constraints on LEFT
(single operator dominance)

Constraints on SMEFT
(using matching relations)

UV theory



LNV at Dimension 7 in SMEFT
• clearly, neutrinoless double beta 

decay is the best probe

• but: sensitive to LNV only in 
the electron flavour

• if observed, not enough info to
distinguish the dominant 
mechanism and therefore, 
the underlying new physics 
(also nuclear uncertainties …)

→ complementary probes vital
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LEFT Wilson
Coefficient Value SMEFT Wilson

Coefficient
Value

[TeV�3]
⇤NP

[TeV]

cS
du⌫e;LL 1.86 · 10�10 C

d̄LQLH1 7.06 · 10�8 242
cS
du⌫e;RL

1.86 · 10�10 C
Q̄uLLH

3.62 · 10�8 302
cV
du⌫e;LR 8.20 · 10�10 CLeHD 1.55 · 10�7 186
cV
du⌫e;RR

5.93 · 10�8 C
d̄LueH

1.12 · 10�5 44.7
cT
du⌫e;LL 4.51 · 10�10 C

d̄LQLH1 6.83 · 10�7 114
C
d̄LQLH2 3.41 · 10�7 143

c(7)V
du⌫e;LL 9.87 · 10�6 CLHD1 1.36 · 10�3 9.03

CLHD2 2.71 · 10�3 7.17
CLHW 3.39 · 10�4 14.3

c(7)V
du⌫e;RL

9.87 · 10�6 C
d̄uLLD

1.32 · 10�3 9.11

c(9);ij
V ;LL 1.40 · 10�5 CLHD1 9.91 · 10�4 10.0

CLHW 2.48 · 10�4 15.9

c(9);ij
V ;LR 2.66 · 10�8 C

d̄uLLD
1.83 · 10�6 81.7

Table 5: Current bounds and the corresponding new-physics scale for the relevant Wilson
coefficients under the assumption of single operator dominance in contribution to 0⌫��
decay.

derived with the assumption of only a single operator added to the SM Lagrangian at a
time. In our calculation, we employ the nuclear matrix elements computed using IBM-2 nu-
clear structure model [69]. As for the phase space factors, we use the values from Ref. [75].
From Tab. 5 we see that the largest contribution to the 0⌫�� decay rate is triggered by the
scalar operators OS

du⌫e;LL and OS

du⌫e;RL
; therefore, the associated Wilson coefficients come

with the most stringent constraints. Only slightly smaller rates are obtained for the tensor
operator OT

du⌫e;LL and the vector operator cV
du⌫e;LR, which are enhanced by large isovector

magnetic moment [15].
It is important to note that since the limits depend on the nuclear structure input, the

numerical values of the Wilson coefficients may vary in dependence on the employed model
and as such comes with an unspecified uncertainty, which however should not change the
order of magnitude of the result. This is also because any potential deviation is further
suppressed in the calculated scale of new physics ⇤NP, which is of the most interest. Some-
what higher uncertainty is associated with the limit on the dimension-9 operator c(9);ij

V ;LL,
whose contribution depends on the unknown low-energy constants (LECs) and we set them
to zero in our calculation.

4.2 Coherent elastic neutrino-nucleus scattering and neutral current lepton

number violation

The SM neutral current interaction can lead to Neutrino-Nucleus Scattering and if the
incoming neutrino is low energy as compared to the inverse size of the nucleus E⌫ . 50

MeV then the scattering cross section can be enhanced due to coherent scattering of the
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Complementary Probes
• neutral current LNV NSI @CEνNS experiments

• first observation

• neutrino scatters 
elastically off the entire nucleus

• charged current LNV NSI @LBL oscillation exp.

• production charge blind

• detection sensitive to outgoing lepton
charge
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Bolton, Deppisch: PRD 99 (2019)

Changed Current LNV NSI 
@LBL Oscillation experiments

Neutral Current LNV 
@CE NS experimentsν

Production charge blind
Detection sensitive to outgoing lepton charge

recoilν

ν̄Akimov et al. Science‘17First observation:

Neutrino scatters elastically
from entire nucleus 

    Eν ≲ hc
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Akimov er al.: Science (2017)
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Complementary Probes
• LNV dim-7 SMEFT can be probed with rare meson decays and rare tau decays

• very weak constraints from

• well discussed in literature in the context 
of dim-7 SMEFT

• charged Kaon decays @NA62 provide the best limits

• dipole type of contributions can be present, but are
suppressed
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Deppisch, Fridell, Harz: JHEP 12 (2020)
Felkl, Li, Schmidt: JHEP 12 (2021) Li, Ma, Schmidt: PRD 101 (2020)

4.4.2 Lepton number violating K+
! ⇡�`+`+ decays

The short-distance contributions to LNV K+
! ⇡�`+`+ decays can be induced at the

leading order from �L = 2 dimension-7 SMEFT operators. The EFT approach for the
short-distance contributions to K+

! ⇡�`+`+ in the context of dimension 7 SMEFT oper-
ators has been discussed in detail for instance in Ref. [113], where the �L = 2 dimension-7
SMEFT operators are matched onto dimension-9 LEFT operators, which are suppressed
by v

3

⇤3 . As a consequence, the currently available measurements can only constrain the new
physics energy scale rather loosely ⇤ > O(10) GeV, which is in fact far too low for the
validity of the SMEFT approach.

On the other hand, the long-distance contributions to K+
! ⇡�`+`+ can arise from

the LNV dimension-5 and dimension-7 SMEFT operators. Ref. [114] finds that the long-
range contributions can be overwhelmingly dominant over the short-distance ones by orders
of magnitude in the branching ratios for the decay. Relating the branching ratios for
K+

! ⇡�`+`+ to the leading LNV SMEFT dimension-7 operators using a LEFT and
subsequently �PT, in Ref. [114] it is found that the current experimental upper bounds
on the branching ratios are too weak to set a useful constraint on the new physics scale
of LNV SMEFT dimension 7 operators. Adopting their results, we find that for ⇤ ⇠ 1

TeV the branching fractions for K+
! ⇡�`+`+ lie seven orders of magnitude below the

current experimental upper bounds. It is interesting to note, however, that in the presence
of sterile neutrinos in addition to the SM neutrinos (e.g. in the framework of ⌫SMEFT)
it is possible to have resonant enhancements which can lead to sizeable contributions to
K+

! ⇡�`+`+ [115]. However, such scenarios are beyond the scope of this work and will
be addressed elsewhere.

4.4.3 Lepton number violating B ! K(⇤)⌫⌫ decays

The �L = 2 dimension-7 SMEFT operators can induce LNV b ! s⌫⌫ transition lead-
ing to B ! K(⇤)⌫⌫ decays. Such contributions correspond to the dimension-6 LEFT
Lagrangian [19, 34, 116]

L =
4GF
p
2

�
cS
d⌫;LLO

S

d⌫;LL + cT
d⌫;LLO

T

d⌫;LL + h.c. ,
�

(4.56)

the relevant effective operators and the matching of the Wilson coefficients corresponding
to dimension-7 SMEFT operators and dimension-6 LEFT operators are defined in Table 2.
Note that we neglect the dimension-5 neutrino dipole interaction of the form ⌫c

L
�µ⌫⌫LFµ⌫ ,

since it can only appear together with the down quark dipole operator dL�µ⌫dRFµ⌫ . The
contribution of such operators is subject to double loop suppression as well as stringent
constraints from searches for magnetic dipole moments of neutrinos [117, 118]. Since ex-
perimentally the B ! K(⇤)⌫⌫ mesonic decay cannot be distinguished for lepton number
violating vs. conserving modes based on the neutrino nature, the relevant lepton number
conserving SM contribution can be written as

L
LNC =

4GF
p
2
cV ;SM

d⌫;XL
(dL�

µdL)(⌫�µ⌫) , (4.57)

– 31 –

Current Bound
LEFT Wilson

Coefficient Value C
d̄LQLH1

[TeV�3]
⇤NP

[TeV] Observable

cS,sb��
d⌫;LL 3.6⇥ 10�4 0.14 1.9 B ! K(⇤)⌫⌫

cS,sb��
d⌫;LL 2.7⇥ 10�4 0.21 1.7 B ! K(⇤)⌫⌫

cT,sb��
d⌫;LL 0.6⇥ 10�4 0.18 1.75 B ! K⇤⌫⌫

Future Sensitivity (50 ab�1)

cS,sb��
d⌫;LL 0.6⇥ 10�4 0.02 3.5 B ! K⌫⌫

cS,sb��
d⌫;LL 0.6⇥ 10�4 0.05 2.8 B ! K⌫⌫

cT,sb��
d⌫;LL 0.3⇥ 10�4 0.08 2.3 B ! K⇤⌫⌫

Table 11: Most restrictive current bounds, future sensitivity of the LNV dimension-7
SMEFT operator O

d̄LQLH1 and the corresponding new-physics scale for the relevant Wilson
coefficients under the assumption of single LEFT operator dominance to exclusive B !

K(⇤)⌫⌫ decays and for massless neutrinos.

4.5 Charged Lepton Flavor violating lepton decays

Charged lepton flavor violating lepton decays provides yet another alternative for probing
lepton number violation. In particular, these observables are very exciting because they
give access to lepton number violation in the second and third generation of charged leptons
in contrast to the neutrinoless double beta decay which is sensitive to the first-generation
leptons. In this subsection, we discuss the various relevant charged lepton flavor violating
decays which can be relevant for probing �L = 2 dimension-7 SMEFT operators.

4.5.1 Lepton number violating ⌧ decays

The three-body semileptonic ⌧ lepton decays such as ⌧± ! `⌥↵P
±
i
P±
j

, with P±
i,j

= ⇡±, K±

can potentially constrain LNV dimension-7 SMEFT operators. These processes can be of
particular interest since the relevant SMEFT Wilson coefficients involve first and second-
generation quarks in combination with different generations of leptons. However, the bot-
tleneck of using these modes to derive useful constraints is the suppression of amplitude
due to the light left-handed neutrino mass. The current best upper limits on the branching
ratios of these decays are due to the Belle experiment [126]

B(⌧� ! e+⇡�⇡�) < 2.0⇥ 10�8, B(⌧� ! µ+⇡�⇡�) < 3.9⇥ 10�8, (4.60)
B(⌧� ! e+K�K�) < 3.3⇥ 10�8, B(⌧� ! µ+K�K�) < 4.7⇥ 10�8, (4.61)
B(⌧� ! e+K�⇡�) < 3.2⇥ 10�8, B(⌧� ! µ+K�⇡�) < 4.8⇥ 10�8. (4.62)

The above limits are expected to be improved by orders of magnitude by the Belle II
experiment [120, 127], with the projected sensitivities at 50 ab�1 being

B(⌧� ! e+⇡�⇡�) < 3⇥ 10�10, B(⌧� ! µ+⇡�⇡�) < 7⇥ 10�10, (4.63)
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Complementary Probes
• non-standard muon decay – eLLLH does not contribute at tree level to 0vbb

• at LEFT level:

• only the highlighted terms can mediate the experimentally probed

• CC process
was used to identify electron
antineutrino
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B. Armbruster et al.: PRL 90 (2003)

!ēLLLH and leptonic μ+ decay

 doesn’t contribute to  decay at tree level !ēLLLH 0νββ

After the EW symmetry breaking
 at the LEFT level:

Only  can mediate the experimentally searched cS(T),μeeμ
eν;LL μ+ → e+ν̄eν̄μ

CC process  was used to identify p ν̄e → e+n ν̄e B. Armbruster et al  RRL ‘03

B(⌧� ! e+K�K�) < 6⇥ 10�10, B(⌧� ! µ+K�K�) < 9⇥ 10�10, (4.64)
B(⌧� ! e+K�⇡�) < 6⇥ 10�10, B(⌧� ! µ+K�⇡�) < 9⇥ 10�10. (4.65)

In spite of the expected significant improvements in the experimental sensitivities, even if
the new physics scale is as low as 100 GeV in the SMEFT Wilson coefficients the relevant
branching fractions induced by the �L = 2 dimension-7 SMEFT operators are well below
the BELLE II sensitivities (by at least three orders of magnitude) [128]. Therefore, we do
not include the constraints from these processes in our analysis. However, it is worth noting
that in the presence of additional heavy neutral leptons in addition to the SM neutrinos
(e.g. in the context of ⌫SMEFT) these processes can potentially give useful constraints
complimentary to 0⌫�� and LNV kaon decays [129–132].

4.5.2 Non-standard muon decay

Non-standard muon decays can be induced by OēLLLH at the tree level. It is interesting
to note that this particular operator does not contribute to 0⌫�� decay at the tree level.
Therefore, non-standard muon decays can provide crucial constraints on CēLLLH . After
electroweak symmetry breaking, the �L = 2 Lagrangian relevant for the non-standard
muon decay can be written as [15]

L = �
4GF
p
2

(
cS,µeeµ
e⌫;LL (µReL) (⌫̄ce⌫µ) + cS,eµeµ

e⌫;LL (eRµL) (⌫̄ce⌫µ)

+cT,µeeµ
e⌫;LL (µR�µ⌫eL) (⌫̄ce�

µ⌫⌫µ) + cT,eµeµ
e⌫;LL (eR�µ⌫µL) (⌫̄ce�

µ⌫⌫µ)

)
+ h.c. , (4.66)

where only cS(T ),µeeµ
e⌫;LL can mediate the �L = 2 decays µ+

! e+⌫̄e⌫̄µ, which was searched
for experimentally. The experiment [133] used the charged current processes p ⌫̄e ! e+n

and 12C ⌫̄e ! e+ n 11B following the decay of the muon to identify ⌫̄e in the decay products
of a µ+ at rest. The muonic neutrino on the other hand is not identified. The hermitian
conjugate operators cS(T ),µeeµ⇤

e⌫;LL mediate the �L = 2 decays µ�
! e�⌫e⌫µ and cS(T ),eµeµ

e⌫;LL

(and cS(T ),eµeµ⇤
e⌫;LL ) can induce µ�

! e�⌫̄e⌫̄µ (and µ+
! e+⌫e⌫µ). The relevant coefficients

cS,µeeµ
e⌫;LL and cT,µeeµ

e⌫;LL are related to the SMEFT dimension 7 Wilson coefficient CēLLLH by

cS,µeeµ
e⌫;LL = �

3v3

8
p
2

�
C
µeµe

ēLLLH
+ C

µe eµ

ēLLLH

�
,

cT,µeeµ
e⌫;LL = �

v3

32
p
2

�
C
µµ ee

ēLLLH
� C

µe eµ

ēLLLH

�
. (4.67)

as can be verified from Table 2. Under the assumption that there are no �L = 0 lepton-
flavor violating operators contributing to µ+

! e+⌫̄e⌫µ, the experimental limits on the
branching ratio can be used to constrain cµ e

S,T. The relevant branching ratio can then be
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!ēLLLH and leptonic μ+ decay

 doesn’t contribute to  decay at tree level !ēLLLH 0νββ
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ēLLLH

�
. (4.67)

as can be verified from Table 2. Under the assumption that there are no �L = 0 lepton-
flavor violating operators contributing to µ+

! e+⌫̄e⌫µ, the experimental limits on the
branching ratio can be used to constrain cµ e

S,T. The relevant branching ratio can then be

– 34 –



Best limits:  SINDRUM II ; Future: Mu2e and COMET P-I

For   TeV  Λ ∼ 1 Rμ−e+ ∼ 10−24 Small contributions for 
dim-7 SMEFT

Solar: Borexino

Reactor: GEMMA, TEXONO, CONUS

Accelerator: LSND, DUNE

  TeV Λ > 10 Competitive with 0νββ

Neutrino magnetic momentLNV  conversion(μ− − e+)

Berryman, de Gouvêa et al PRD ‘16

Complementary Probes
• μ- to e+ conversion

• best limits: SINDRUM II, upcoming Mu2e, COMET

• small contributions from dim-7 SMEFT,
for 𝛬 ~ 1 TeV: R ~ 10-24

• neutrino magnetic moment

• solar: Borexino; reactor: GEMMA, TEXONO, CONUS; accelerator: LSND, DUNE

• 𝛬 > 10 TeV, competitive with 0vbb
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SMEFT Dim-7 LNV at Colliders
• main mode of interest:

• recasting of the search for the
Keung-Senjanović process by ATLAS

• study along the lines
of the analysis for
Weinberg operator

• caveats: resonant production, validity of EFT
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Conclusion & Outlook
• 0νββ – complex process, access to new physics – a variety of different mechanisms besides the 

standard light neutrino exchange can contribute to 0νββ → effective description

• to unravel the underlying new physics – necessary to distinguish the dominant LNV interaction

• using only 0νββ – challenging task: other modes, energy spectrum, angular correlation, isotope 
ratios – main issue: unknown LECs + uncertain NMEs

• hard to pin down a specific operator, but at least distinguish any exotic contribution

• combining various contributions → involved, tedious calculations with a variety of inputs 
→ νDoBe tool developed and available online

• complementarity could help with unraveling the LNV physics → other low-energy experiments, 
but also high-energy data useful

• LNV at colliders: same-sign dileptons, stringent limits for muon flavour 

• next: from EFT to simplified models, νSMEFT
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Thank you!

• 0νββ – complex process, access to new physics – a variety of different mechanisms besides the 
standard light neutrino exchange can contribute to 0νββ → effective description

• to unravel the underlying new physics – necessary to distinguish the dominant LNV interaction

• using only 0νββ – challenging task: other modes, energy spectrum, angular correlation, isotope 
ratios – main issue: unknown LECs + uncertain NMEs

• hard to pin down a specific operator, but at least distinguish any exotic contribution

• combining various contributions → involved, tedious calculations with a variety of inputs 
→ νDoBe tool developed and available online

• complementarity could help with unraveling the LNV physics → other low-energy experiments, 
but also high-energy data useful

• LNV at colliders: same-sign dileptons, stringent limits for muon flavour 

• next: from EFT to simplified models, νSMEFT


