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1 Introduction

The discovery of neutrino oscillations, implying small but non-vanishing neutrino masses, has
been the first result of a laboratory experiment contradicting the predictions of the Standard
Model (SM). While the non-vanishing masses of neutrinos strongly suggest the existence of
new physics fields beyond the SM particle content, our current understanding of the nature of
neutrino masses, including the underlying mechanism of neutrino mass generation, is far from
complete. One of the central questions is whether neutrinos are Dirac or Majorana fermions.
If the latter is the case then they are their own antiparticles, a consequence of which is that
the lepton number ceases to be well-defined and can no longer be considered a symmetry of
nature. New physics beyond the SM responsible for lepton number violation can potentially
be probed at various low- and high-energy experiments. However, the existing literature
offers hundreds of theoretically well-motivated models generating neutrino masses with an
infinite set of possibilities to mix and match. That begs the question of how to probe and
distinguish different scenarios using current and upcoming experiments. One of the avenues
of approaching this problem systematically is to take a bottom-up approach and employ
the techniques of effective field theory, which allow for a model-independent description of
deviations from the SM due to new heavy states in an organized and comprehensive way.
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In an effective field theory approach the heavy new physics degrees of freedom are
integrated out to construct a low-energy theory consisting of operators involving only light
degrees of freedom with the corresponding Wilson coefficient encoding all the effects of the
heavy degrees of freedom. The resultant higher dimensional operators involving only light
fields are suppressed by powers of the associated heavy new physics scale in the Wilson
coefficient. If these new interactions are composed of the light SM fields and respect the full
SM gauge symmetry SU(3)C × SU(2)L ×U(1)Y , then the corresponding set of operators is
referred to as Standard Model Effective Field Theory (SMEFT). The accidental symmetries in
the SM such as lepton and baryon number conservation generally need no longer be preserved
by the higher-dimensional operators. When studying the physical effects of such operators at
experiments operating at energy scales well below the electroweak symmetry breaking, it is
appropriate to use an effective field theory composed of the lighter SM fields respecting the
broken SM phase SU(3)C×U(1)EM. Such an effective theory is often referred to as Low-Energy
Effective Field Theory (LEFT). It is then necessary to run the SMEFT operators down to
the electroweak symmetry breaking scale employing the renormalization group equations
(RGEs) and match them onto the LEFT operator basis, which can then be in turn run down
to the scale at which the matrix elements relevant for a given observable are evaluated.

Lepton number violating (LNV) effective interactions have been a subject of extensive
studies, mainly in connection to their potential role in understanding the nature and mass
mechanism of neutrinos; see e.g. [1–3] for some surveys of effective LNV interactions up
to dimension eleven. Typically, the literature discusses the lowest-dimensional ∆L = 2
effective interaction, which is the unique dimension-5 Weinberg operator [4] of the form
LLHH, where L denotes the lepton doublet and H is the Higgs doublet. The conventional
type-I seesaw mechanism [5–11] is then a natural tree-level UV completion of this operator.
Interestingly, SMEFT operators of higher dimensions (d > 5) could provide the dominant
source of Majorana neutrino masses independent of ∆L = 2 dimension-5 Weinberg operator
or via the Weinberg operator generated at the loop level. Therefore, to probe also these
possibilities for neutrino mass generation it is important to take the SMEFT operators of
dimensions greater than five into account and study the potential sensitivities of high- and
low-energy experiments to these exotic interactions. The ∆L = 2 SMEFT operators are
always of odd dimension, as shown in ref. [12]. Therefore, the lowest dimension beyond the
dimension-5 Weinberg operator at which LNV operators appear in SMEFT is dimension 7.
A complete set of independent dimension-7 ∆L = 2 SMEFT operators was first presented in
ref. [13], which was reduced by identifying one redundant operator in ref. [14]. A number of
works address some aspects related to ∆L = 2 dimension-7 SMEFT operators. For instance,
in ref. [2, 15, 16], they were studied in the context of neutrinoless double beta decay. In
ref. [17, 18], they were discussed in connection to rare Kaon decays, and in ref. [19] in the
context of B-meson decays. The possibility of probing the dimension-5 SMEFT at high energy
collider was explored in ref. [20]. To the best of our knowledge, no dedicated comprehensive
collider study of dimension-7 ∆L = 2 SMEFT operators exists. In light of the above, a
comprehensive and dedicated analysis of the complete set of the independent dimension-7
∆L = 2 SMEFT operators in the context of various low- and high-energy experimental probes
is desirable and timely and that is the subject of this work.
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In the present manuscript, we provide a first dedicated global comparison of all the
independent dimension-7 ∆L = 2 SMEFT operators in the context of different relevant low-
and high-energy experiments. We also single out the most interesting operators that can
be probed in the near future using the synergy of low- and high-energy experimental tests.
To make our approach consistent and comprehensive, we adopt the basis of independent
dimension-7 ∆L = 2 SMEFT operators from ref. [13, 14], and provide all the relevant
matching relations of the Wilson coefficients of dimension-7 ∆L = 2 SMEFT operators with
the Wilson coefficients of dimension-6 ∆L = 2 LEFT operators. We also include other
relevant matching to dimension-7 and -9 ∆L = 2 LEFT operators. The salient aspects
covered in this work are the following:

• The results from a systematic analysis of the complete set of dimension-7 ∆L = 2
SMEFT operators in the context of the LHC and the upcoming collider experiments
presented in this work are completely new.

• We extend upon the existing constraints from non-standard interaction-mediated long
baseline neutrino oscillation on the dimension-7 ∆L = 2 SMEFT operators.

• We review and update (where applicable to the latest available experimental results)
existing constraints on the dimension-7 ∆L = 2 SMEFT operators from neutrinoless
double beta decay, rare meson decays, charged lepton flavor violating lepton decays,
neutrino magnetic moment, etc., to provide a comprehensive state of the art analysis of
dimension-7 ∆L = 2 SMEFT operators.

• One of the goals of our study is also to provide guidance to both experimental searches
and model building by discussing the possibilities of probing and distinguishing among
various dimension-7 ∆L = 2 SMEFT operators.

We note that a comprehensive analysis of various possible ultraviolet complete realizations
of dimension-7 ∆L = 2 SMEFT operators and their comparison in the context of various
low- and high-energy experimental probes are beyond the scope of this work and will be
the subject of a separate dedicated work1 [31].

This paper is structured as follows. In section 2 we describe the LEFT and SMEFT bases
that we use to parametrize the new physics interactions as well as provide their matching. In
section 3 we derive constraints on the LNV dimension-7 SMEFT operators from the current
and future collider experiments. We also discuss the validity and caveats of the underlying
EFT approach. In section 3.2 we discuss the low-energy observables relevant for constraining
the LNV dimension-7 SMEFT operators. In section 5 we provide a global view of all the
constraints on the LNV dimension-7 SMEFT operators. We also discuss how the interplay
and synergy of various observables can lead to the possibilities for distinguishing between the
different LNV dimension-7 SMEFT operators. Finally, we conclude in section 6.

For facile accessibility of the results presented in this work, at this point, we want to
highlight that throughout the manuscript we employ the following notation for the effective
operators: the SMEFT operators are denoted by “O” and their corresponding Wilson

1Some partial results of such an analysis can be found for example in refs. [21–30].
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Type O Operator
Ψ2H4 Opr

LH ϵijϵmn

(
Lc

p
iLm

r

)
HjHn

(
H†H

)
Ψ2H3D Opr

LeHD ϵijϵmn

(
Lc

p
iγµer

)
Hj
(
HmiDµHn

)
Ψ2H2D2 Opr

LHD1 ϵijϵmn

(
Lc

p
iDµL

j
r

)(
HmDµHn

)
Opr

LHD2 ϵimϵjn

(
Lc

p
iDµL

j
r

)(
HmDµHn

)
Ψ2H2X

Opr
LHB gϵijϵmn

(
Lc

p
iσµνL

m
r

)
HjHnBµν

Opr
LHW g′ϵij

(
ϵτ I
)

mn

(
Lc

p
iσµνL

m
r

)
HjHnW Iµν

Ψ4D Oprst

d̄uLLD
ϵij
(
dpγµur

)(
Lc

s
iiDµLj

t

)

Ψ4H

Oprst
ēLLLH ϵijϵmn

(
epL

i
r

)(
Lc

s
jLm

t

)
Hn

Oprst

d̄LueH
ϵij
(
dpL

i
r

)(
uc

set

)
Hj

Oprst

d̄LQLH1 ϵijϵmn

(
dpL

i
r

)(
Qc

s
jLm

t

)
Hn

Oprst

d̄LQLH2 ϵimϵjn

(
dpL

i
r

)(
Qc

s
jLm

t

)
Hn

Oprst

Q̄uLLH
ϵij
(
Qpur

)(
Lc

sL
i
t

)
Hj

Table 1. List of independent dimension 7 ∆L = 2 SMEFT operators following the basis of ref. [13, 14],
where Dµψ

n denotes (Dµψ)n for ψ ∈ {Li, H}, and where W Iµν and Bµν are the SU(2)L and U(1)Y

field strength tensors, respectively.

coefficients by capital “C”, while for LEFT operators we use “O” and small “c”. The effective
operators in χPT are denoted by small “o” and the corresponding Wilson coefficients by C.

2 The framework for dimension-7 ∆L = 2 SMEFT operators

The fact that neutrinos, the only electrically neutral fundamental fermions in the SM, acquire
tiny masses can be very suggestively put in connection with the only non-anomalous global
symmetry of the SM, U(1)B−L. Breaking this symmetry at a certain high-energy scale Λ allows
neutrinos to acquire non-zero and naturally small Majorana masses. All the renormalizable
SM interactions respect U(1)B−L symmetry. Under the assumption that all the new physics
responsible for a possible U(1)B−L symmetry breaking lies high above the electroweak scale,
all the manifestations of this symmetry breaking at lower energies can then be parametrized
in terms of operators of dimension d ≥ 4 invariant under the SM gauge group. Consequently,
the neutrino masses are suppressed by powers of the associated scale Λ. Therefore, all
high-energy models beyond the SM leading to small Majorana neutrino masses would induce
SMEFT operators breaking the B − L number. The operators with ∆L = 2 and ∆B = 0
are particularly relevant in this context.

The ∆L = 2 SMEFT operators are always of odd dimension, as was explicitly shown in
ref. [12]. The Lagrangian summarizing all the relevant interactions can be expressed in the form

L = LSM + C5O5 +
∑

i

Ci
7Oi

7 +
∑

i

Ci
9Oi

9 + . . . . (2.1)

Here, LSM is the renormalizable SM Lagrangian, O5 stands for the unique dimension-5
Weinberg operator [4] and the SMEFT operators of higher dimensions are denoted as Oi

d
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O Operator Matching
OS,prst

eν;LL

(
eRpeLr

)(
νc

sνt

) 4GF√
2 c

S,prst
eν;LL = −

√
2v
8
(
2Cprst

ēLLLH + Cpsrt
ēLLLH + s↔ t

)
OS,prst

eν;RL (eLpeRr)(νc
sνt) 4GF√

2 c
S,prst
eν;RL = −

√
2v
2
(
Csr

LeHDδ
tp + Ctr

LeHDδ
sp
)

OT,prst
eν;LL (eRpσµνeLr)(νc

sσ
µννt) 4GF√

2 c
T,prst
eν;LL = +

√
2v

32
(
Cpsrt

ēLLLH − Cptrs
ēLLLH

)
OS,prst

dν;LL (dRpdLr)(νc
sνt) 4GF√

2 c
S,prst
dν;LL = −

√
2v
8 Vxr

(
Cptxs

d̄LQLH1 + Cpsxt

d̄LQLH1

)
OT,prst

dν;LL (dRpσµνdLr)(νc
sσ

µννt) 4GF√
2 c

T,prst
dν;LL = −

√
2v

32 Vxr

(
Cptxs

d̄LQLH1 − Cpsxt

d̄LQLH1

)
OS,prst

uν;RL (uLpuRr)(νc
sνt) 4GF√

2 c
S,prst
uν;RL = +

√
2v
4
(
Cprst

Q̄uLLH
+ Cprts

Q̄uLLH

)
OS,prst

duνe;LL (dRpuLr)(νc
seLt) 4GF√

2 c
S,prst
duνe;LL = +

√
2v
8
(
2Cptrs

d̄LQLH1 + Cptrs

d̄LQLH2 − Cpsrt

d̄LQLH2

)
OS,prst

duνe;RL (dLpuRr)(νc
seLt) 4GF√

2 c
S,prst
duνe;RL = +

√
2v
2 V ∗

xpC
xrts
Q̄uLLH

OT,prst
duνe;LL (dRpσµνuLr)(νc

sσ
µνeLt) 4GF√

2 c
T,prst
duνe;LL = +

√
2v

32
(
2Cptrs

d̄LQLH1 + Cptrs

d̄LQLH2 + Cpsrt

d̄LQLH2

)
OV,prst

duνe;LR (dLpγµuLr)(νc
sγ

µeRt) 4GF√
2 c

V,prst
duνe;LR = +

√
2v
2 V ∗

rpC
st
LeHD

OV,prst
duνe;RR (dRpγµuRr)(νc

sγ
µeRt) 4GF√

2 c
V,prst
duνe;RR = +

√
2v
4 Cpsrt

d̄LueH

OS,prst
dν;RL (dLpdRr)(νc

sνt)
OS,prst

uν;LL (uRpuLr)(νc
sνt) Not induced by d = 7 ∆L = 2 SMEFT operators

OT,prst
uν;LL (uRpσµνuLr)(νc

sσ
µννt)

Table 2. List of all independent dimension-6 ∆L = 2 LEFT operators following the basis of ref. [33]
and their matching relations with the Wilson coefficients of dimension-7 ∆L = 2 SMEFT operators.
Note that here we follow the convention that the CKM matrix needs to be multiplied with the
left-handed down-type quark to diagonalize the SM charged current interactions. We also point out
that in our convention the LEFT Wilson coefficients are dimensionless with the Lagrangian being
normalized by an overall factor 4GF /

√
2.

with d representing their canonical mass dimension. Each operator comes with its respective
Wilson coefficient Ci

d which scales as Λ4−d to keep the Lagrangian dimension four.
In this work, we will focus mainly on dimension-7 ∆L = 2 SMEFT operators. The

complete set of dimension-7 ∆L = 2 SMEFT operators was first listed in ref. [13], which was
further improved by reducing one redundant operator and the relevant one-loop anomalous
dimension matrix was computed in ref. [14]. We note that in ref. [32] another new basis
for dimension-7 ∆L = 2 SMEFT operators was proposed, which has some of the operators
common with ref. [14]. In this work, we follow the basis of refs. [13, 14], and summarize
the complete basis of 12 independent dimension-7 ∆L = 2 SMEFT operators in table 1.
Since we follow the basis of ref. [14], we provide the complete matching for this basis to all
independent dimension 6 ∆L = 2 LEFT operators following the basis of ref. [33]. While
some of the matching relations are the same as ref. [32], some of them are new and different
due to the difference in basis between ref. [32] and ref. [14]. To derive and compare the
relevant phenomenological constraints from the plethora of low- and high-energy observables,
we will often further assume only a single SMEFT operator to be present at a time on
top of the SM Lagrangian.

Furthermore, in order to be able to identify and quantitatively assess manifestations of
these operators at energies below the electroweak symmetry breaking it is often useful to
employ the Low-Energy Effective Theory (LEFT), often also referred to also as Weak Effective
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Theory (WET). The LEFT does not respect the whole SM gauge group but is SU(3)c×U(1)EM
invariant. In such cases, we use the bottom-up EFT approach for constraining the LNV
SMEFT operators. Given the experimental limits on an observable from the non-observation
of lepton number violation, first, we derive constraints on the LEFT operators corresponding
to the low energy observable. Next assuming that a single ∆L = 2 LEFT operator dominantly
contributes to the observable we use the matching between LEFT and SMEFT operators
to constrain the relevant SMEFT operators. If multiple SMEFT operators match into a
single LEFT operator then to disentangle the different SMEFT operators we again use the
assumption of single SMEFT operator dominance. Therefore, our limits in such scenarios
represent the most stringent possible constraints on the LNV SMEFT operators. In the
case where multiple SMEFT operators are generated simultaneously by a UV completion,
these limits can be weaker in the presence of cancellations. For certain observables, e.g. the
rare decay K → πνν, additional matching onto Chiral EFT (χEFT) at the chiral symmetry
breaking scale Λχ ∼ 2GeV is also employed. The complete basis of dimension-6 ∆L = 2 LEFT
operators relevant for our discussion and the matching relations between the dimension-6
∆L = 2 LEFT Wilson coefficients to the Wilson coefficients of dimension-7 ∆L = 2 SMEFT
operators are presented in table 2.

3 Probing ∆L = 2 dimension-7 SMEFT operators at colliders

At proton-proton colliders, LNV can potentially be probed by searching for processes with
final state charged leptons and no missing energy, where the latter condition is needed in
order to rule out final state neutrinos which also carry a non-zero lepton number. The number
of positively charged leptons must also be different from the number of negatively charged
ones. Here we focus on processes that violate the lepton number by two units, ∆L = 2, as
these are most directly relevant for Majorana neutrino masses. In an EFT analysis using the
dimension-5 operator, such processes [20] have previously been shown to have the possibility
of being constrained to Λ < 8.3TeV, assuming an integrated luminosity of 300 fb−1 at the
LHC. Here we will focus on the dimension-7 ∆L = 2 SMEFT operators.

3.1 Same-sign dilepton plus dijet production at the LHC

LNV can be studied at colliders through same-sign dilepton plus dijet final states with no
missing energy. At the LHC, this corresponds to the process2

pp→ ℓ±ℓ±jj, (3.1)

2The LHC signal of like-sign dileptons in the context of one of the most minimal model realisation involving
Majorana fields was studied in [34]. On the other hand, in Left-Right Symmetric Models [35–38] with a
massive Majorana fermion N and heavy WR bosons, this interaction can be mediated via the Keung-Senjanović
process [39], where a heavy WR produced in a proton-proton collision decays to two leptons and two jets via
intermediate N and WR. For a review on the topic see for instance [40]. A similar topology can also arise in
models with Majorana fermions and additional heavy scalars. In such scenarios, care must be taken not to
let the same scalar have both quark-quark and quark-lepton couplings, as this could lead to proton decay at
rates that have been excluded by Super-Kamiokande [41]. See also refs. [42–45] for baryon number violating
phenomenology involving diquark and leptoquark couplings.
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where ℓ ∈ {e, µ, τ}. Collider signatures for some UV-completions of the dimension-7 operators
OLH and OLeHD are discussed in ref. [21] and ref. [46], respectively. From a model-independent
perspective, LNV effective operators can be constrained by LHC searches using the non-
observation of same-sign dilepton events.3 In ref. [53, 54] collider signals of the dimension-5
operator ℓ±ℓ′±W∓W∓ were discussed in the context of LNV and neutrino masses. From a
SMEFT perspective, such an operator can arise from the dimension-7 SMEFT operator of type
Ψ2H2D2, cf. table 1. In refs. [20] collider signatures of the dimension-5 Weinberg operator
O(5)

LH = ϵijϵmn
(
LciLm

)
HjHn, as well as the type-I seesaw UV-completion, were studied in

the muon channel within a range of parameters for which the EFT description is valid.
In what follows, we proceed to derive new limits on the LNV scale of all relevant dimension-

7 ∆L = 2 SMEFT operators based on collider searches. We obtain the constraints based on
the non-observation of same-sign dilepton plus dijet signals at the ATLAS experiment for
LHC Run 2 [55]. We implement the LNV operators using FeynRules [56] and calculate
the LO cross sections with MadGraph5_aMC@NLO [57] using the basic generator level
cuts provided by MadGraph5_aMC@NLO (with the inclusion of the cuts HT > 100GeV,
mµ1µ2 > 100GeV, and mj1j2 > 25.6GeV). The object selection cuts and the signal region
cuts used in this work for event selection are presented in table 3. We have also made sure
that all of our selected events are consistent with the track-to-vertex association requirements
quantified in terms of the longitudinal and transverse impact parameters |z0 sin θ < 5| mm
and |d0 < 1| µm, respectively. In the latter requirement we take the conservative benchmark
σ(d0) ∼ 0.2 µm following refs. [58, 59]. The cuts for the

√
s = 13TeV case are identical to

those used by the ATLAS collaboration in ref. [55],4 and the PDF set NNPDF30 provided by
LHAPDF6 [60] is used. Hadronization is handled by Pythia8 [61] and detector simulation
is handled by Delphes3 [62].

The cross sections for all 7-dimensional ∆L = 2 LNV operators that give rise to signal
events for the process pp → µ±µ±jj are presented in table 4 for both the LHC with√
s = 13TeV and FCC-hh with

√
s = 100TeV. We focus on the muon channel for two

reasons: the background is expected to be smaller than that of final state electrons, and
the constraints on electron-flavour LNV operators are severely constrained by 0νββ decay
experiments, while those of the muon flavor structure are not. The cross-sections in table 4
are shown for C1/3 = Λ−1 = 1TeV−1, where C is the Wilson coefficient of a dimension-7
LNV operator, and Λ is the corresponding LNV scale. The scaling with respect to increasing
or decreasing Λ is found to be described by

σ(pp→ µ±µ±jj) = σ0 ×
(100 TeV

Λ

)1/6
(3.2)

for all operators, as can be seen in figure 1, where σ0 is the cross section for Λ = 100TeV. We
use the massless approximation for the first and second-generation SM fermions and consider

3This can also be used to falsify high-scale leptogenesis given a potential signal at colliders [47]. See also
refs. [47–52] for some relevant discussions in the instance of a Left-Right Symmetric Model.

4We note that we solely focus on the resolved channel of ref. [55], since the boosted channel case is
particularly relevant in the particular scenario where a large hierarchy in the mass in the decay chain of the
initial heavy state is present e.g. in the case of Keung-Senjanović process, a large mass difference between the
right-handed W -boson WR and the right-handed neutrino NR.
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Cuts for pp→ µ±µ±jj at
√
s = 13TeV

Object selection cuts

pµ1(2)

T > 25GeV pj1(2)

T > 20GeV
|ηµ1(2) | < 2.5 |ηj1(2) | < 2.5

Track-to-vertex association cuts

|z0 sin θ| < 5 mm |d0| < 1 µm

Signal region cuts

pµleading

T > 40GeV pj1(2)

T > 100GeV
HT > 400GeV ∆Rµµ < 3.9GeV
mµ1µ2 > 400GeV mj1j2 > 110GeV

Cuts for
√
s = 100TeV

pµ1(2)

T > 30GeV pj1(2)

T > 100GeV
HT > 400GeV ∑

i p
µi
T > 400GeV

|ηj1(2) | < 2.0 |ηµ1(2) | < 2.5
|ηµ1(2) | < 4.5 |ηj1(2) | < 4.0
mµ1µ2 > 700GeV mj1j2 > 200GeV

Table 3. Cuts used for the evaluation of σ(pp→ jjµ±µ±). The cuts are taken from ref. [55] in order
to constrain the LNV scale using the data therein. The cuts for FCC-hh are based on the analysis of
ref. [63], where the cuts on the rapidities and invariant masses are scaled up in order to account for
the increased center-of-mass energy.

jets to not include bottom quarks. Subsequently, we find exclusion limits corresponding to
the different operators using the asymptotic formula

Z0 =
√
2
(
s− b ln

(
s+ b

b

))
, (3.3)

where b is the number of background events, and s = L × σ(pp→ µ±µ±jj) is the number of
expected signal events for a given luminosity L, and Z0 is the statistical significance. The
ATLAS collaboration reports an expected number of background events b = 10 [55] for an
integrated luminosity of L0 = 139 fb−1 using the same cuts as presented in table 3. Note that
in ref. [55] a ∼15% relative uncertainty is reported for the signal region that is relevant for
our study. We find that, when applied to the number of background events, this uncertainty
has a ∼1% level effect on the corresponding value of the new physics scale Λ. The reason
for this small effect is the large power of Λ in the expression for the signal cross section
σ(pp→ µ±µ±jj) ∝ Λ−6. Only a small change in Λ is needed to compensate for the change
in the number of background events. Furthermore, we expect possible additional background
channels generated by the operator we introduce to be insignificant due to suppression by the
LNV scale as well as being largely rejected by the phase space cuts, and we therefore neglect

– 8 –



J
H
E
P
0
5
(
2
0
2
4
)
1
5
4

Figure 1. Cross sections for the process pp→ jjµ±µ± at the LHC (top) and FCC-hh (bottom) using
the cuts in table 3.

them. Following ref. [55] we therefore use b = 10×L/(139fb−1) for a final state muon-flavour
same-sign dilepton plus dijet. Solving eq. (3.3) for Z0 = 1.96 we then find the 95% C.L.
likelihood limits on ΛLNV for the different operators, which we show in table 4.

For the projection of the constraints from FCC-hh [64], we base our analysis on the search
from ref. [63]. We assume a simple rescaling of the background events, use the increased
lumminosity, and employ the cuts presented in table 3. We show the projected future 95%
C.L. limits for pp → µ±µ±jj at an integrated luminosity 30 ab−1 in FCC-hh.

In table 4, the operators of type Ψ4H (i.e. those with four fermion legs) all have similar
cross sections, as expected.5 The difference between them comes from a number of effects.
Given the SU(2)L structure of an operator there is a different number of pp → jjµ±ℓ±

5Note that in figure 2 the vev insertion could in principle be replaced by a final state physical Higgs boson
h production. However, due to the large mass of h, this mode is severely suppressed.
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p j

ℓ±

ℓ±

p j

W±

ν

p ℓ±

j

j

p ℓ±

ν∗ W∓

p ℓ±

j

j

p ℓ±

W∓

Figure 2. Left: diagram for same-sign dilepton plus dijet production at colliders for LNV dimension-7
operators containing four fermions with an incoming neutrino. Center: same but with an outgoing
neutrino. Right: same-sign dilepton plus dijet production at colliders for operator Od̄uLLD.

diagrams that can be drawn, leading to different total cross sections. For instance, the
operator Od̄LQLH2 has more diagrams than Od̄LQLH1, since the SU(2)L indices of the lepton
doublets are contracted with each other rather than the quark- and Higgs doublets. This
leads to twice as many possibilities to generate diagrams of the topology shown in figure 2
(left). However, these SU(2)L contractions come with different signs due to the Levi-Civita
tensor that contracts them, effectively reducing the cross section for Od̄LQLH2 in diagrams
where both leptons are in the final state, i.e. diagrams with the topology shown in figure 2
(center). Such diagrams become relatively more dominant at FCC-hh than at the LHC,
due to the increased range of energy available to produce an off-shell neutrino ν∗, leading
to the fact that the Od̄LQLH1 and Od̄LQLH2 cross sections compare differently in the two
experiments. Another factor that affects the cross-section in four-fermion operators is the
number of possible up-type quarks it contains. Since the prevalence of up-type quarks in a
proton is greater than that of down-type quarks, generally speaking, more up-type quarks
lead to a higher cross-section, as can be seen for operator OQ̄uLLH .

Note that some of the LNV limits given in table 4 fall below or very close to the limit
of the validity of the EFT for all perturbative values of the coupling constants, and should
therefore be taken only as indicative rather than strict limits. We have marked these limits
with an asterisk. The other LNV limits listed in table 4 fall within the region of validity for
the EFT for at least some values of the couplings, as can also be seen in figure 3.

One operator that particularly distinguishes itself is Od̄uLLH , which leads to a cross-
section that is significantly higher than in the case of the other operators. This is due to a
unique topology where a W boson is produced in the final state, as shown in figure 2 (right).

Three out of the twelve ∆L = 2 dimension-7 SMEFT operators, namely OēLLLH , OLHB

and OLHW , do not give rise to the process pp → µ±µ±jj at tree-level. For OēLLLH this
process can occur at 1-loop order by closing one lepton doublet L and the singlet e in a
loop, leading to a suppression roughly by a factor ∑i y

i
ℓ × (1/16π2) ≈ 2× 10−4 relative to

the other four-fermion operators, assuming flavor-universal Wilson coefficients, where yi
ℓ is

the SM lepton Yukawa coupling for flavor i. Operators OLHB and OLHW are both flavors
antisymmetric and therefore lead to charged lepton flavor violating processes in addition to
lepton number violation. The final state in searches involving these operators must therefore
involve a same-sign lepton pair ℓ±ℓ′± with ℓ ̸= ℓ′.
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σ
(
pp→ µ±µ±jj

)
(pb) ΛLNV Λfuture

LNVOperator
LHC FCC [TeV] [TeV]

OQ̄uLLH 2.4× 10−4 0.11 1.4 5.4
Od̄LQLH2 1.5× 10−5 4.3× 10−3 0.90 3.1
Od̄LQLH1 6.9× 10−5 0.030 1.1 4.3
Od̄LueH 5.7× 10−5 0.035 1.1 4.5
Od̄uLLD 0.64 210 5.0 19
OLHD2 2.7× 10−12 1.7× 10−10 0.075∗ 0.18
OLHD1 1.9× 10−5 0.061 1.1 4.9
OLeHD 1.2× 10−8 3.1× 10−8 0.21∗ 0.44
OLH 1.5× 10−8 2.0× 10−6 0.35∗ 0.87

Table 4. Cross sections and limits on the LNV scale for muon-flavour same-sign dilepton searches at
the LHC and FCC-hh using the cuts in table 3. In the second and third columns, the cross sections for
the processes pp→ µ±µ±jj are given. Operators OēLLLH , OLHW and OLHB are not included since
they do not lead to the given signals at leading order. The cross sections are calculated using eq. (3.2)
assuming 1/Λ = 1TeV−1. The scales in the last and second-to-last columns are shown in TeV, where
ΛLNV is the scale excluded at 95% C.L. by the ATLAS experiment at the LHC [55], and Λfuture

LNV is the
scale that can potentially be excluded at 95% C.L. at FCC-hh [64] assuming an integrated luminosity
of 30 ab−1. Note that some LNV limits fall below or very close to the limit imposed by the validity of
the EFT, and should therefore be only taken as indicative rather than strict limits. These limits are
marked by asterisks.

3.2 Applicability and caveats of the EFT collider limits

It is well known that for EFT to be a valid description of a given process, the momentum
exchange scales involved must be sufficiently small as compared to the heavy new physics
scale involved. This can simply be seen from the expansion of a heavy new physics mediator
field of mass Mmed, which gets integrated out in the EFT description,

g2

Q2 −M2
med

= − g2

M2
med

(
1 + Q2

M2
med

+O
(

Q4

M4
med

))
, (3.4)

where Q is the exchanged momentum. Note that eq. (3.4) describes an s-channel interaction.
The t or u-channel momentum exchange can always be Fierz rotated into a set of s-channel
momentum exchanges. Therefore similar results should follow in these cases. If the value of
Q is large compared to the mediator mass Mmed, this expansion series does not converge, and
the EFT description becomes invalid. We, therefore, require the condition M2

med > Q2 to hold
in order for the EFT description to be valid. For low-energy observables such as 0νββ decay,
this does not pose a problem as the new physics scales being integrated out in the EFT are
much greater than the energy of the process. However, for high-energy observables such as
the LHC, where Q can be quite large, the validity of an EFT description must be taken into
account to assess the reliability of the relevant constraints [65, 66], as we proceed to discuss.
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Following the prescription in ref. [66], the momentum transfer for the processes of our
interest at the LHC can be roughly estimated by the squared root of the averaged squared
momentum transfer in proton collisions weighted with the parton distribution functions (PDFs).
For the EFT treatment to be valid Mmed must be larger than the estimated momentum
transfer. Since there are many different topologies entering into the LHC constraints there is
no unique way to calculate an average momentum transfer that is applicable to all diagrams.
Therefore, taking the case where momentum transfer should be the highest, we consider
LNV scattering diagrams in which the partons directly enter into the LNV operator, such
that all vertices external to the operator appear to its right, as illustrated in figure 2 (right).
The constraint on the momentum transfer from such diagrams should be the highest out of
all types of topologies and therefore the limits we obtain therefrom can be viewed as the
most conservative limit. Considering the collision of two partons q1 and q̄2 with PDFs fq1

and fq̄2 , the transferred momentum Q is given by

Q = √
x1x2

√
s, (3.5)

where x1 and x2 are the fractions of the proton’s momentum carried by each of the two
colliding partons respectively, and

√
s = 13TeV is the center-of-mass energy. Assuming four

quark flavors, the average squared momentum transfer ⟨Q2⟩ in the type of diagram shown
in figure 2 (right) can then be expressed as6

⟨Q2⟩ =
∑

q1=u,c

∑
q2=d,s

∫
dx1dx2 (fq1(x1)fq̄2(x2) + fq1(x2)fq̄2(x1))Θ(Q−Q0)Q2∑

q1=u,c

∑
q2=d,s

∫
dx1dx2 (fq1(x1)fq̄2(x2) + fq1(x2)fq̄2(x1))Θ(Q−Q0)

, (3.6)

where Θ is the Heaviside function and Q0 is the minimum momentum transfer for the LNV
process, which we take to be the sum of the minimum invariant masses of the lepton and jet
pairs Q0 = 510GeV that we use in the cuts, cf. table 3. We also use Q0 as the renormalization
scale for the PDFs. Using the PDF set NNPDF30 [60] we obtain ⟨Q2⟩1/2 ≈ 900GeV. This
is a result consistent with the literature, see e.g. [66]. However, we would like to point
out that for increasing values of Q0, the value of ⟨Q2⟩1/2 also increases monotonically. For
instance, an invariant mass Q0 ≥ 1TeV leads to ⟨Q2⟩1/2 ∼ O(few)TeV, which would require
Mmed > O(few)TeV for the EFT approach to be valid. Therefore, a constraint derived using
EFT from experimental data Λ < 1TeV is generally only valid provided that the couplings
are relatively large to allow for a relatively large Mmed. We now proceed to discuss this
point in more detail below.

In a decay or scattering with four external fermions the mediator in eq. (3.4) is coupled
to two vertices, for which we denote the coupling constants by λ1 and λ2. Furthermore, our
effective operator being dimension-7, an additional Higgs vacuum expectation value must
be involved to obtain the dilepton plus dijet signal, cf. figure 2 (left) and (center). UV
completions with a single scalar mediator would then involve a trilinear coupling to the SM
Higgs. Assuming for simplicity that this dimensionful coupling is of the order of the new

6In addition to calculating the average value of Q analytically it is possible to obtain it by generating
events in Monte Carlo simulations using MadGraph5_aMC@NLO. We have checked that doing so leads to
the same conclusions as presented in the text.
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mediator mass,7 this gives a relation for the LNV scale as

λ1λ2
M3

med
= 1

(ΛLNV)3
. (3.7)

Taking the perturbative limit8 λ1, λ2 < 4π, the lower limit on the LNV scale for a given
mediator mass scale is given by the constraint Mmed is ΛLNV > Mmed/(4π)2/3 ≈ 0.185×Mmed.
Combined with the momentum constraint ⟨Q2⟩1/2 ≳ 900GeV this leads to the limit on possible
LNV scales for dimension-7 operators being probed at the LHC to be given by ΛLNV ≳ 170GeV.
Note however that this limit only applies to couplings very close to the perturbative limit, for
smaller couplings the limit on the LNV scale would be higher and scale according to eq. (3.7).

In figure 3, the constraints on the different dimension-7 ∆L = 2 LNV operators are
shown as a function of mediator mass Mmed and average coupling

√
λ1λ2. Here it is assumed

for simplicity that a single mediator mass scale is involved, such that the relation in eq. (3.7)
holds. This assumption is valid for tree-level UV completions of the operators where only
a single new physics field is required in the mass basis. Such UV-completions exist for all
dimension-7 ∆L = 2 LNV SMEFT operators. For OLH , OLeHD, and OLDH2 most of the
region in which both the EFT description is valid, and the underlying UV-completion is
perturbative, is excluded. For the other operators there are allowed regions, with varying
upper limits on the mediator mass Mmed, ranging all the way up to Mmed ≲ O(10)TeV
for Od̄uLLD. To investigate the level of agreement between EFTs and simplified models for
same-sign dilepton searches at the LHC, we now consider operator OQ̄uLLH as an example
to derive effective limits on the LNV scale using a generic UV-completion. In the mass
basis, we take a scalar field χ with couplings to both quark-quark and lepton-lepton bilinears,
according to the Lagrangian

L ⊃ λ1d̄LuRχ
∗ + λ2ē

c
LνLχ+ h.c., (3.8)

where dL, uR, eL, and νL are the SM left-handed down-type quark, right-handed up-type
quark, left-handed charged lepton, and neutrino, respectively. The field χ can arise as one
component of the mixture between the fields φ and ∆ with representations φ ∈ (1, 2, 12) and
∆ ∈ (1, 3, 1) under the SM gauge group. Now choosing

λ1λ2
M2

med
= v

(Λeff
LNV)3

, (3.9)

where Λeff
LNV is an effective scale that would correspond to the LNV scale ΛLNV coming from

operator OQ̄uLLH if χ is integrated out, and where Mmed is the mass of χ, we can compare
the LHC signals of the simplified model described by eq. (3.8) and the result on the scale

7Some dimension-7 ∆L = 2 SMEFT operators can only be UV-completed at tree level if at least two heavy
SM-invariant mediator fields are present. However, the diagrams being induced by dimension-7 LNV operators
that are most relevant for same-sign dilepton plus dijet searches at the LHC do involve a single mediator in
the mass basis, even if two new physics fields are needed in the interaction basis. This is because a Higgs field
that is part of the operator can provide mass insertion between the two new physics fields, leading to mixing.
In the mass basis, this mediator is then written as a single field.

8A similar argument can be made using the unitarity of the S-matrix rather than the constraint that the
interaction is perturbative, see e.g. ref. [67].
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Figure 3. Constraints on the scale of dimension-7 ∆L = 2 LNV operators as a function of mediator
mass Mmed and average coupling

√
λ1λ2. In the red-shaded region in the low-Mmed side, the EFT

approach is invalid since the momentum scales involved in the process are typically larger than the
mediator mass Mmed. Therefore, the limits obtained in this section are not valid there. The other
colored regions are excluded at 95% C.L. by same-sign dilepton searches at the LHC. The black dashed
line corresponds to

√
λ1λ2 = 4π, the limit at which the theory becomes non-perturbative.

of the operator OQ̄uLLH given in table 4. In figure 4 we show the 95% C.L. constraints
on the effective scale Λeff

LNV for both the simplified model and EFT approaches. Note that
by effective LNV scale, we emphasize that the limit is dependent on the method used to
derive it, EFT or simplified model, rather than corresponding to a fundamental scale. These
constraints were obtained using MadGraph5_aMC@NLO [57] in the same procedure and
with the same cuts as described in section 3. The red shaded area in the low-Mmed region
is where we assume that the EFT breaks down due to the momentum scales involved in
the process being greater than the mediator mass. The solid blue line corresponds to the
constraint on the effective LNV scale Λeff

LNV obtained from an EFT approach (cf. table 4),
and the dashed and dotted lines correspond to the effective limit on the LNV scale obtained
from the model in eq. (3.8) using the relation in eq. (3.9) using the width Γmed = 1

2Mmed
and Γmed = 1

4πMmed, respectively. The former width is obtained by setting λ1 = 4π and
assuming that vM2

med ≪ (Λeff
LNV)3 such that λ2 ≪ 1, while the latter width is larger, allowing

for the possibility of additional decay modes. Note that λ1 = 4π is at the limit of validity for
perturbative couplings, and is chosen to reflect this limiting case. In figure 4 we see that a
smaller width leads to an increasing Λeff

LNV for a large range of mediator masses, while for
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Figure 4. Effective 95% C.L. limit on the effective scale of LNV Λeff
LNV as a function of mediator

mass Mmed for the operator OQ̄uLLH (solid), and a simplified model UV completion mediator with
width Γmed = 1

2Mmed (dashed) and Γmed = 1
4πMmed (dotted).

a larger width, this effect is smaller. This increase is due to the resonant enhancement of
an s-channel χ mediator, an effect that is not captured by the EFT approach. Therefore,
for mediator masses, O(1)TeV ≲Mmed ≲ O(10)TeV, the EFT approach underestimates the
limit on ΛLNV for small widths, while there is practically no underestimation for large widths.
For small mediator masses, we approach the limit where the EFT approach breaks down.
The limits on Λeff

LNV here obtained from the simplified model are lower due to the kinematic
cuts removing a larger part of the phase space than for larger masses, which leads to the EFT
approach overestimating the limit on the scale of LNV for Mmed ≲ O(1)TeV. For large masses,
Mmed ≳ O(1)TeV, the EFT and simplified model approaches agree quite well, as expected.
The simplified model constraints lie slightly below the EFT line due to the nonzero decay
width, which modifies the impact of s-channel mediators and slightly reduces the cross-section.

4 Probing d = 7 ∆L = 2 SMEFT operators using low-energy observables

4.1 Neutrinoless double beta decay

A prominent way of probing lepton number violation in nature is the search for a neutrinoless
mode of double beta decay. Although it is typically the light neutrino exchange, suppressed by
the insertion of the light Majorana neutrino mass, that is assumed to trigger this hypothetical
nuclear process, a variety of alternative mechanisms induced by higher-dimensional effective
operators violating lepton number by two units can contribute [2, 3, 15, 16, 68–74]. The
dimension-7 SMEFT operators studied in this work would trigger the so-called long-range
0νββ decay contributions, in which the lepton number is violated in one of the beta-decay
vertices and the neutrino propagates between the two nucleons without the spin-flip. In
this case, the effective operator replaces one of the SM beta-decay vertices with neutrino
propagating between the two decaying nucleons, see figure 5.
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Figure 5. Schematic depiction of a long-range contribution to 0νββ decay.

In this work, we follow the formalism introduced in ref. [15], which was recently automated
in ref. [75]. In LEFT the ∆L = 2 operators matching onto dimension 7 in SMEFT are of
dimensions 6, 7, and 9. Therefore, the relevant Lagrangians are given by

LLEFT(d=6)
∆L=2 = 4GF√

2

[
cV

duνe;LR(dLγµuL)(νcγµeR) + cV
duνe;RR(dRγµuR)(νcγµeR)

+ cS
duνe;LL(dRuL)(νceL) + cS

duνe;RL(dLuR)(νceL)

+ cT
duνe;LL(dRσµνuL)(νcσµνeL)

]
+ h.c.,

(4.1)

LLEFT(d=7)
∆L=2 = 4GF√

2v

[
c
(7)V
duνe;LL

(
dLγ

µuL

) (
νc

L

↔
DµeL

)
+ c

(7)V
duνe;RL

(
dRγ

µuR

) (
νc

L

↔
DµeL

)]
+ h.c..

(4.2)

and

LLEFT(d=9)
∆L=2 = 8G2

F

v
ēL,iCē

T
L,j

{
c
(9);ij
V ;LL ūLγ

µdL ūLγµdL + c
(9);ij
V ;LR ūLγ

µdL ūRγµdR

+ c
(9);ij
V ′;LR ū

α
Lγ

µdβ
L ū

β
Rγµd

α
R

}
+ h.c. .

(4.3)

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, 32]

4GF√
2v
c
(7)V ;udst
duνe;LL = V ∗

du

2 (8Cts
LHW + Cts

LHD1 + Cst
LHD1 + Cts

LHD2) , (4.4)

4GF√
2v
c
(7)V ;dust
duνe;RL = −1

2(C
prts

d̄uLLD
+ Cprst

d̄uLLD
) , (4.5)

8GF√
2v
c
(9);ij
V ;LL = −2V 2

ud(C
ij
LHD1 + 4Cij

LHW )∗ , (4.6)

8GF√
2v
c
(9);ij
V ;LR = −2VudC

duij∗
d̄uLLD

,
8GF√
2v
c
(9);ss
V ′;LR = 0. (4.7)
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LEFT Wilson
Coefficient Value SMEFT Wilson

Coefficient
Value

[TeV−3]
ΛNP
[TeV]

cS
duνe;LL 1.86 · 10−10 Cd̄LQLH1 7.06 · 10−8 242
cS

duνe;RL 1.86 · 10−10 CQ̄uLLH 3.62 · 10−8 302
cV

duνe;LR 8.20 · 10−10 CLeHD 1.55 · 10−7 186
cV

duνe;RR 5.93 · 10−8 Cd̄LueH 1.12 · 10−5 44.7
cT

duνe;LL 4.51 · 10−10 Cd̄LQLH1 6.83 · 10−7 114
Cd̄LQLH2 3.41 · 10−7 143

c
(7)V
duνe;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
duνe;RL 9.87 · 10−6 Cd̄uLLD 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 Cd̄uLLD 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 0νββ decay.

Generally, the inverse half-life corresponding to a long-range 0νββ decay contribution
induced by a single higher-dimensional operator is given by

T−1
1/2 = |C|2G0ν |M0ν |2, (4.8)

where M0ν is the nuclear matrix element, G0ν 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 0νββ
decay half-life. The currently best limit on the 0νββ decay half-life T exp

1/2 = 2.3 × 1026 y is
provided by the KamLAND-Zen collaboration [76] 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 0νββ decay half-life one
can readily derive the constraints on the SMEFT Wilson coefficients. Limits from 0νββ decay
on the dimension-7 Wilson coefficients were presented in ref. [15] and also analyzed in terms of
the renormalization group running in ref. [77]. The limits corresponding to 136Xe were based
on the experimental constraints T old, exp

1/2 = 1.07× 1026 y [78]. Using the same framework we
calculate the current limits Λi for operators Oi considering the most recent experimental
constraint T exp

1/2 = 2.3 × 1026 y [76]. For the different dimension-7 SMEFT operators, the
obtained bounds are given in table 5. We discuss only tree-level contributions of the studied
operators, omitting any loops, including higher-order contributions to the Weinberg operator,
which were detailed e.g. in [2]. Further, the presented limits are derived with the assumption
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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 nuclear structure model [73].
As for the phase space factors, we use the values from ref. [79]. From table 5 we see that
the largest contribution to the 0νββ decay rate is triggered by the scalar operators OS

duνe;LL

and OS
duνe;RL; therefore, the associated Wilson coefficients come with the most stringent

constraints. Only slightly smaller rates are obtained for the tensor operator OT
duνe;LL and the

vector operator cV
duνe;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 ΛNP, which is of the most interest. Somewhat
higher uncertainty is associated with the limit on the dimension-9 operator c(9);ijV ;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 Eν ≲ 50MeV
then the scattering cross section can be enhanced due to coherent scattering of the incoming
neutrino with the protons and neutrons inside the nucleus. This leads to a large enhancement
of the cross-section for a nucleus with a large number of protons (Z) and neutrons (N), with
the differential coherent elastic neutrino-nucleus scattering cross section given by

dσ

dT

∣∣∣∣
spin=0

= σ SM
0
M

(
1− T

Tmax

)
, (4.9)

where σ SM
0 is given by [80]

σ SM
0 ≡ G2

F

[
N − (1− 4s2W )Z

]2
F 2(q2)M2

4π , (4.10)

with GF denoting the Fermi constant, sW = sin θW denoting the weak-interaction Weinberg
angle, and M denoting the mass of the nucleus. T denotes the recoil energy of the nucleus,
which can have a maximal value of Tmax, dictated by the incoming neutrino energy Eν and M

Tmax(Eν) =
2E2

ν

M + 2Eν
. (4.11)

At the low-energies relevant for coherent elastic neutrino-nucleus scattering s2W ≈ 0.238 [81],
giving N − (1− 4s2W )Z ≈ N − 0.045Z. This implies that a large number of neutrons should
lead to an enhanced cross-section for coherent scattering. F (q2) represents the form factor
of the nucleus, with F (q2) → 1 as q2 → 0 [82]. We note that eq. (4.9) is strictly valid if the
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nucleus is spin-0 [80]. For a nucleus with spin-1/2, the relevant expression gets modified as

dσ

dT

∣∣∣∣
spin= 1

2

= dσ

dT

∣∣∣∣
spin=0

+ σ SM
0
M

T 2

2E2
ν

. (4.12)

However, the additional term proportional to T 2/E2
ν is highly suppressed and can therefore

be neglected for a heavy nucleus. In addition to the SM contributions, new interactions can
also contribute to the scattering cross section modifying eq. (4.9) [83, 84]. In the context
of ∆L = 2 dimension-6 LEFT operators involving only left-handed neutrinos the relevant
effective Lagrangian can be expressed as

Lν̄cνff
eff = 4GF√

2

[
cS,prst

dν;LL(dRpdLr)(νc
sνt) + cS,prst

dν;RL(dLpdRr)(νc
sνt) + cT,prst

dν;LL(dRpσµνdLr)(νc
sσ

µννt)

+cS,prst
uν;LL(uRpuLr)(νc

sνt) + cS,prst
uν;RL(uLpuRr)(νc

sνt) + cT,prst
uν;LL(uRpσµνuLr)(νc

sσ
µννt)

]
.

(4.13)

Since we are interested in LNV interactions, we can impose the Majorana nature of the
left-handed neutrinos. As a consequence, the above-mentioned operators satisfy the following
relations under the exchange of s and t

cS,prst
fν;LL = cS,prts

fν;LL

cS,prst
fν;RL = cS,prts

fν;RL

cT,prst
dν;LL = −cT,prts

dν;LL .

(4.14)

Using an alternative basis, frequently employed in the literature for coherent elastic neutrino-
nucleus scattering (see e.g. ref. [85, 86]), the effective Lagrangian in eq. (4.13) can be
parameterized by

Lν̄cνff
eff = −GF√

2
∑

a=S,P,T
f=u,d

(νc
α Γaνβ)

(
fγΓa(ca

αβγδ + da
αβγδiγ

5)fδ

)
, (4.15)

where the three combinations of Dirac matrices are defined as Γa ∈
{
I, iγ5, σµν

}
corresponding

to a = S, P, T and the associated coefficients are denoted by Ca and Da. The coefficients
cfν;XY (X,Y = L,R) are simply linear combinations of the ca and da coefficients

cS,prst
fν;LL = 1

2
(
cS − idS − cP + idP

)
,

cS,prst
fν;RL = 1

2
(
cS + idS + cP + idP

)
,

cT,prst
fν;LL = 1

4
(
cT − idT

)
,

(4.16)

where the relevant up- or down-type quarks are implied. For coherent elastic neutrino-nucleus
scattering the nucleus can be treated as a spin-0 or spin-1/2 particle. Given that at energies
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relevant for coherent scattering the difference between the treatment of spin-0 or spin-1/2
nucleus is negligible, we will follow closely the approaches of [83, 85] which treat the nucleus
as a spin-1/2 particle. In the presence of the dimension-6 LEFT LNV interactions presented
in eq. (4.15), the differential cross section for coherent elastic neutrino-nucleus scattering
in eq. (4.9) is modified by [83]

dσ

dT

∣∣∣∣
d=6 LEFT

= GF
2M

4π

[
ζ2S
MT

2Eν
2 + ζ2T

(
1− T

Tmax
+ MT

4Eν
2

)
− Ξ T

Eν
+O

(
T 2

E2
ν

)]
,(4.17)

with ζS , ζT and Ξ defined as

ζ2S =
(
c′
2
S + d′

2
P

)
,

ζ2T = 8
(
c′
2
T + d′

2
T

)
,

Ξ = 2(c′P c′T − c′Sc
′
T + d′Td

′
P − d′Td

′
S) . (4.18)

To simplify the analysis we will focus on the scenarios where either the scalar or tensor interac-
tions are present at a time and will drop the Ξ term hereafter (which is the interference term
when both scalar and tensor interactions are present simultaneously). The reparameterized
Wilson coefficients are related to the ones defined in eq. (4.15) by

c′S =
∑

q=u,d

cS
(q)

[
N
mn

mq
fn

T qFn(Q2) + Z
mp

mq
fp

T qFp(Q2)
]
,

d′P =
∑

q=u,d

dP
(q)

[
N
mn

mq
fn

T qFn(Q2) + Z
mp

mq
fp

T qFp(Q2)
]
,

c′T = N(δn
uc

T
u + δn

d c
T
d )Fn(Q2) + Z(δp

uc
T
u + δp

dc
T
d )Fp(Q2) , (4.19)

where Fn and Fp are functions dependent on energy transfer Q and correspond to the form
factors of neutron and proton, respectively. We will further neglect d′T since it is related
to the spin-dependent part of the cross-section (which is usually suppressed because of the
cancellation in the effective coupling while summing over spin-up and spin-down nucleons in
heavy nuclei). The factors fn

T q and fp
T q are related to the fraction of nucleon mass due to a

given quark type and calculated in chiral perturbation theory [87]. The factors δn
q and δp

q

correspond to the tensor charges corresponding to neutron and proton, respectively. Using
following values for these parameters [88, 89],

fp
T u = 0.019 , fn

T u = 0.023 ,
fp

T d = 0.041 , fn
T d = 0.034 ,

δp
u = 0.54 , δp

d = −0.23 ,
δn

u = −0.23 , δn
d = 0.54. (4.20)
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the relevant limits derived using the data from the COHERENT experiment (using a CsI
detector) as derived in [90] are given by9

|ζS |/NF (Q2) ≤ 0.620 at 90% CL,
|ζS |/NF (Q2) ≤ 1.065 at 99% CL,
|ζT |/NF (Q2) ≤ 0.591 at 90% CL,
|ζT |/NF (Q2) ≤ 1.072 at 99% CL . (4.21)

The future projections for upcoming reactor neutrino-based coherent elastic neutrino-nucleus
scattering experiments and Germanium target can be found for example in [83]

|ζS |/NF (Q2) ≤ 0.21 at 3σ,
|ζT |/NF (Q2) ≤ 0.25 at 3σ . (4.22)

These limits have been used for example in [85] to constrain dimension-6 SMEFT
operators. Here we will use these limits to constrain the LNV dimension-7 SMEFT operators.
Note that the dipole portal and neutral current operators involving up quarks at LEFT level
give constraints on OLHW ,OLHB and OQ̄uLLH , respectively. Given that these operators are
more tightly constrained by other observables, we will not discuss them at length here. A
comprehensive study in the context of dimension-6 and dimension-7 SMNEFT can be found
for example in [91], which includes the dipole portal, neutral current operators involving up
quarks and sterile neutrino. The relevant dimension-6 LNV LEFT operators of interest are
the ones corresponding to cS,prst

dν;LL, cS,prst
dν;RL and cT,prst

dν;LL. We can use the constraints presented
in eq. (4.21) for the CsI target-based COHERENT experiment by assuming the Helm form
factors for protons and neutron to be equal (Fp(Q2) ≃ Fn(Q2) = F (Q2)). Combining the
relations given in eq. (4.16) and eq. (4.18) with eq. (4.19) leads to

ζ2S
N2F 2(Q2) =

∑
i=Cs,I

1
N2

i

(
(cS

d )2 + (dP
d )2

) [
Ni
mn

md
fn

T d + Zi
mp

md
fp

T d

]2

= 4
∣∣∣cS,11st

dν;LL(RL)

∣∣∣2 ∑
i=Cs,I

1
N2

i

[
Ni
mn

md
fn

T d + Zi
mp

md
fp

T d

]2
, (4.23)

and

ζ2T
N2F 2(Q2) =

∑
i=Cs,I

8(cd
T )2

(
δn

d + Zi

Ni
δp

d

)2

= 128
∣∣∣cT,11st

dν;LL

∣∣∣2 ∑
i=Cs,I

(
δn

d + Zi

Ni
δp

d

)2
. (4.24)

Using N = 77.9, Z = 55 for Caesium nuclei, and N = 73.9, Z = 53 for Iodine nuclei,
the current constraints from the COHERENT experiment listed in eq. (4.21) combined with

9The limits derived in [90] are for lepton number conserving modes. However, the underlying amplitude for
the lepton number violating and conserving operators are the same and therefore these limits hold identically.
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Current Bound
LEFT Wilson

Coefficient Value Cd̄LQLH1
[TeV−3]

ΛNP
[TeV] Experiment

cS,11µµ
dν;LL(LR) 0.030 11.3 0.4 COHERENT
cT,11st

dν;LL 0.178 540.2 0.1 COHERENT

Future Sensitivity

cS,11αα
dν;LL(LR) 0.008 3.0 0.7 Ge
cT,11st

dν;LL 0.062 186.9 0.2 Ge

Table 6. Most restrictive current bounds, future sensitivity, and the corresponding new-physics
scale for the relevant Wilson coefficients under the assumption of single LEFT operator dominance to
coherent elastic neutrino-nucleus scattering. Note that “Value” referes to the dimensionless LEFT
Wilson coefficients.

eq. (4.23) and eq. (4.24) lead to the constraints∣∣∣cS,11st
dν;LL(LR)

∣∣∣ ≤ 0.017 at 90% CL,∣∣∣cS,11st
dν;LL(LR)

∣∣∣ ≤ 0.030 at 99% CL,∣∣∣cT,11st
dν;LL

∣∣∣ ≤ 0.098 at 90% CL,∣∣∣cT,11st
dν;LL

∣∣∣ ≤ 0.178 at 99% CL . (4.25)

Using the future projections listed in eq. (4.22) and taking N = 40.6, Z = 32 for Germanium
(and replacing CsI by Ge in eq. (4.23) and eq. (4.24)) we find the projected constraints to be∣∣∣cS,11st

dν;LL(LR)

∣∣∣ ≤ 0.008 at 3σ,∣∣∣cT,11st
dν;LL

∣∣∣ ≤ 0.062 at 3σ . (4.26)

In table 6 we summarise the current best limits and future projections for the sensitivity of
the coherent elastic neutrino-nucleus scattering to ∆L = 2 dimension-7 SMEFT operators
and the relevant new physics scales.10

4.3 Neutrino oscillations and charged current lepton number violation

Although most of the literature studying BSM physics in neutrino oscillation experiments
assumes only lepton number conserving non-standard neutrino interactions (NSI), using
oscillations to probe lepton number violation has been also proposed, see e.g. ref. [92]. The
idea suggested therein is to consider a charge-current LNV NSI rather than the heavily
suppressed standard Majorana neutrino helicity flip. Indeed, the LNV transition “να → νβ”

10In passing we note that long-range potential induced by light neutrino exchange can also constrain the
neutral current LNV interactions, see e.g. [86]. However, since the relevant constraints are much weaker, we
do not discuss them here.
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would introduce the usual helicity suppression factor (mν/Eν)2, which for typical neutrino
energies at large oscillation experiments (Eν ∼ 5MeV − 2GeV) and mν ∼ 0.1 eV leads to
suppression of the magnitude in the range ∼ 10−21 − 10−16. If, however, the interaction
vertex at production or detection violates lepton number, the chiralities of the respective
lepton currents are opposite and the helicity reversal is not required (similarly as in the case
of the non-standard long-range 0νββ decay mechanisms).

Oscillation experiments usually are not sensitive to the charge of the outgoing lepton
produced at the far detector that would allow distinguishing between incoming neutrino
and antineutrino. However, as pointed out in ref. [92] there exist such data from the long-
baseline (LBL) oscillation experiment MINOS and the LBL reactor (and solar) oscillation
experiment KamLAND. These measurements can be therefore used for constraining the LNV
NSIs. Ref. [92] focuses on LNV vector currents; specifically, they employ the experimental
data to derive bounds on Wilson coefficients of dimension-6 LEFT operators with (V +A)
Lorentz structure in the leptonic current. Here we generalize their treatment to scalar and
tensor currents also for dimension-6 LEFT operators. Finally, based on these limits on LNV
dimension-6 LEFT operators and assuming a single LEFT operator dominance at a time
we derive new constraints on the LNV dimension-7 SMEFT operators and the relevant new
physics scale in a comprehensive manner.

Considering an LBL oscillation experiment blind to the charge of the lepton ℓ±α at the
production process, but sensitive to the charge of the outgoing lepton ℓ±β , the ratio

Rαβ ≡
Nℓ+

β

Nℓ−
β

=
Γνα→ν̄β

+ Γν̄α→ν̄β

Γνα→νβ
+ Γν̄α→νβ

can be used to constrain new LNV physics. Following the MINOS analysis [93], the above
ratio consists of a signal part Sµµ corresponding to the νµ → ν̄µ process and a background
part Bµµ describing the standard oscillation process νµ → νµ. After removing the background
from the measured ratio Rµµ, ref. [93] constrains the signal part. Hence, assuming the new
physics induced oscillation rate is factorizable, one can write [92]

Sµµ ≈

∫
dEq

∑
ρ,σ

dΓνµ

dEq
· P (ρ,σ)

νµ→ν̄µ
· σν̄µ∫

dEq
∑
ρ,σ

dΓνµ

dEq
· P (ρ,σ)

νµ→νµ · σνµ

≲ 0.026, (4.27)

where the (ρ, σ) run over all the possible Dirac structures. Since, the oscillation probability
P

(ρ,σ)
νµ→ν̄µ

entering the above expression depends on the new-physics coupling εµλ with λ ∈ e, µ, τ ,
the corresponding bound on these effective couplings can be derived, for detail see ref. [92].
Therein, the focus is on operators with vector currents, specifically,

Ld=6
LEFT ⊃ 4GF√

2

[
cV,prst

duνe;LR(dLpγµuLr)(νc
sγ

µeRt) + cV,prst
duνe;RR(dRpγµuRr)(νc

sγ
µeRt)

]
. (4.28)
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LEFT Wilson
Coefficient Value SMEFT Wilson

Coefficient
Value

[TeV−3]
ΛNP
[TeV] Experiment

c
V,11ee(eµ)
duνe;LR 0.017 C

ee(eµ)
LeHD 3.2 0.7 KamLAND

c
V,11ee(eµ)
duνe;RR 0.017 C

1e1e(1e1µ)
d̄LueH

6.4 0.5 KamLAND
cV,11eτ

duνe;LR 0.015 C
ee(eτ)
LeHD 2.8 0.7 KamLAND

cV,11eτ
duνe;RR 0.015 C1e1τ

d̄LueH
5.7 0.6 KamLAND

cV,11µe
duνe;LR 0.22− 3.47 Cµe

LeHD 41.7-658.1 0.1-0.3 MINOS
cV,11µe

duνe;RR 0.22− 3.47 C1µ1e

d̄LueH
83.4-1316.2 0.1-0.2 MINOS

cV,11µµ
duνe;LR 0.16− 0.63 Cµµ

LeHD 30.3-119.5 0.2-0.3 MINOS
cV,11µµ

duνe;RR 0.16− 0.63 C1µ1µ

d̄LueH
60.7-239.0 0.2-0.3 MINOS

cV,11µτ
duνe;LR 0.16− 0.71 Cµτ

LeHD 30.3-134.7 0.2-0.3 MINOS
cV,11µτ

duνe;RR 0.16− 0.71 C1µ1τ

d̄LueH
60.7-269.31 0.2-0.3 MINOS

Table 7. Current bounds, future sensitivity and the corresponding new-physics scale for the LNV
dimension-7 SMEFT Wilson coefficients under the assumption of single vector LEFT operator
dominance to LNV LBL oscillations. The limits obtained from the MINOS experiment have a form of
a range, which reflects their dependence on Majorana phases.

Following ref. [94] the cross sections entering eq. (4.27) can be assumed to be equal in
the quasi-elastic scattering limit, i.e.,

σν̄µp→ℓ+
β

n(Eq) ⋍ σνµn→ℓ−
β

p(Eq) ⋍
G2

F |Vud|2

π

(
g2V + 3g2A

)
E2

q. (4.29)

The strategy is similar in the case of the KamLAND experiment, which can constrain
the LNV NSI process νµ,τp → e+n at detection using the measured limit on the signal
ratio See given by

See ≈

∫
dEq

∑
β

dΓνe
dEq

· P eff
νe→νβ

· ε2eβ · σν̄β∫
dEq

dΓνe
dEq

· P eff
νe→νe

· σνe

≲ 2.8× 10−4, (4.30)

where the non-standard oscillation probability was approximated by the effective standard
probability, taking into account the fact that solar neutrinos make up an incoherent mixture of
flavour eigenstates by the time they reach Earth, which effectively smears out any dependence
on the Majorana phases. Employing the above equation and experimental limit ref. [92]
sets bounds on the effective couplings εeλ with λ ∈ e, µ, τ employing the 8B flux from the
solar model in ref. [95].

To make the constraints of ref. [92] compatible with our analysis we need to relate the
effective couplings εL/R

αβ to the Wilson coefficients of operators in our LEFT basis, which can
be subsequently used to constrain the SMEFT Wilson coefficients employing the matching
conditions given in table 2.
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LEFT Wilson
Coefficient Value SMEFT Wilson

Coefficient
Value

[TeV−3]
ΛNP
[TeV] Experiment

cS,11ee
duνe;LL 0.040 C1e1e

d̄LQLH1 15.2 0.4 KamLAND

cS,11ee
duνe;RL 0.040 C11ee

Q̄uLLH
7.5 0.5 KamLAND

cS,11eµ
duνe;LL 0.040 C1µ1e

d̄LQLH1 15.2 0.4 KamLAND

C
1µ1e(1e1µ)
d̄LQLH2 30.3 0.3 KamLAND

cS,11eµ
duνe;RL 0.040 C11µe

Q̄uLLH
7.6 0.5 KamLAND

cS,11eτ
duνe;LL 0.036 C1τ1e

d̄LQLH1 13.7 0.4 KamLAND

C
1τ1e(1e1τ)
d̄LQLH2 27.3 0.3 KamLAND

cS,11eτ
duνe;RL 0.036 C11τe

Q̄uLLH
6.8 0.5 KamLAND

cS,11µe
duνe;LL 0.52− 3.47 C1e1µ

d̄LQLH1 197.2-1316.2 0.1-0.2 MINOS

C
1e1µ(1µ1e)
d̄LQLH2 394.5-2631.4 0.1 MINOS

cS,11µe
duνe;RL 0.52− 3.47 C11eµ

Q̄uLLH
98.6-658.1 0.1-0.2 MINOS

cS,11µµ
duνe;LL 0.38− 1.49 C1µ1µ

d̄LQLH1 144.1-565.2 0.1-0.2 MINOS

cS,11µµ
duνe;RL 0.38− 1.49 C11µµ

Q̄uLLH
72.1-282.6 0.1-0.2 MINOS

cS,11µτ
duνe;LL 0.38− 1.68 C1τ1µ

d̄LQLH1 144.1-637.2 0.1-0.2 MINOS

C
1τ1µ(1µ1τ)
d̄LQLH2 288.3-1274.5 0.1-0.2 MINOS

cS,11µτ
duνe;RL 0.38− 1.68 C11τµ

Q̄uLLH
72.1-318.6 0.1-0.2 MINOS

cT,11ee
duνe;LL 0.041 C1e1e

d̄LQLH1(2) 62.2 0.3 KamLAND

cT,11eµ
duνe;LL 0.041 C1µ1e

d̄LQLH1 62.2 0.3 KamLAND

C
1µ1e(1e1µ)
d̄LQLH2 124.4 0.2 KamLAND

cT,11eτ
duνe;LL 0.036 C1τ1e

d̄LQLH1 54.6 0.3 KamLAND

C
1τ1e(1e1τ)
d̄LQLH2 109.2 0.3 KamLAND

cT,11µe
duνe;LL 0.53− 8.38 C1e1µ

d̄LQLH1 804.1-12714.5 0.0-0.1 MINOS

C
1e1µ(1µ1e)
d̄LQLH2 1608.3-25429.0 0.0-0.1 MINOS

cT,11µµ
duνe;LL 0.39− 1.52 C1µ1µ

d̄LQLH1(2) 591.7-2306.2 0.1 MINOS

cT,11µτ
duνe;LL 0.39− 1.71 C1τ1µ

d̄LQLH1 591.7-2594.5 0.1 MINOS

C
1τ1µ(1µ1τ)
d̄LQLH2 1183.5-5189.0 0.1 MINOS

Table 8. Current bounds, future sensitivity and the corresponding new-physics scale for the LNV
dimension-7 SMEFT Wilson coefficients under the assumption of single scalar and tensor LEFT
operator dominance to LNV LBL oscillations.
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In analogy with the above-discussed vector currents, one can put constraints also on
other effective operators with different Lorentz structures, namely scalar and tensor currents

Ld=6
LEFT = 4GF√

2

[
cS,prst

duνe;LL(dRpuLr)(νc
seLt) + cS,prst

duνe;RL(dLpuRr)(νc
seLt)

+ cT,prst
duνe;LL(dRpσµνuLr)(νc

sσ
µνeLt)

]
.

The corresponding cross sections in the quasi-elastic limit are similar to eq. (4.29). For
both right-handed and left-handed scalar currents, the cross-section reads

σν̄µp→ℓ+
β

n(Eq) ⋍ σνµn→ℓ−
β

p(Eq) ⋍
G2

F |Vud|2

π

(
g2S
)
E2

q, (4.31)

with gS = 1.02 [96] denoting the scalar form factor. For tensor currents, one gets the
following expression

σν̄µp→ℓ+
β

n(Eq) ⋍ σνµn→ℓ−
β

p(Eq) ⋍
G2

F |Vud|2

π

(
12g2T

)
E2

q, (4.32)

where gT = 1 [97] stands for the tensor form factor.
Employing the above cross sections we can constrain the Wilson coefficients of dimension-

6 LEFT operators with the corresponding Lorentz structures and consequently constraint
also the respective dimension-7 SMEFT operators. We collect the relevant current bounds
on Wilson coefficients of dimension-6 LEFT, dimension-7 SMEFT operators, and the new
physics scale in tables 7 and 8.

4.4 Rare meson decays

Lepton number violating rare meson decays are among some of the best probes for probing
lepton number violation complementary to neutrinoless double beta decay. In this section,
we discuss various lepton number violating rare meson and charged lepton decays which
can probe the LNV dimension-7 SMEFT operators and provide the relevant constraints
where they are relevant.

4.4.1 Lepton number violating K → (π)νν decays

∆L = 2 dimension-7 SMEFT operators can induce long-distance contributions11 to LNV
K → (π)νν at tree level. Such a contribution from SMEFT corresponds to the sole dimension-
5 LEFT operator that contributes to the neutrino magnetic moment and is given by

LLEF T (d=5)
∆L=2 ⊃ c5γ

ννFO
5γ
ννF ≡ µ eO5γ

ννF , (4.33)

11The interaction between free quarks and leptons producing an effective local four-fermion coupling
corresponds to the short-distance contribution, while the interaction involving hadronic (instead of free quark)
degrees of freedom in intermediate states are referred to as long-distance contributions.
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where µ represents the magnetic dipole moment of neutrino and e corresponds to the electric
charge. The operator O5γ

ννF is defined as

O5γ
ννF = (νCiσµνν)Fµν + h.c. . (4.34)

Here Fµν is the electromagnetic field strength tensor and ν = PLν denotes left-handed active
SM neutrinos. The Wilson coefficients of ∆L = 2 dimension-7 SMEFT operators can be
matched onto the Wilson coefficient for the dimension-5 LEFT operator as follows [15]

c5γ
ννF /e ≡ µij = 1

2v

(
v3Cij

LHB − v3
Cij

LHW − Cji
LHW

2

)
, (4.35)

where µ and CLHB are anti-symmetric in flavor indices. We note that the magnetic moment is
subject to constraints from neutrino-electron scattering (in solar and reactor experiments [98–
100]), from astrophysical limits due to globular clusters [101] and from Coherent Elastic
Neutrino Nucleus Scattering (CEνNS) [84, 102], etc. In fact the relevant constraints are rather
strong |cννF | ≤ 4×10−9 GeV−1 [100]. The long-distance contribution to the K → πνν process
proceeds through the s → dγ transition operator s̄σµνPL/RdF

µν , with the corresponding
coefficient estimated to be csdF ∼ 10−9 GeV−1 in the SM [103]. However, given the strong
constraints on cννF such long-distance contributions to K → πνν decay are negligible.

The LEFT LNV |∆L| = 2 dimension-6 operators relevant for K → πνν decay are given by

OS
dν;LL = (dRdL)(νCν) + h.c. , (4.36)

OS
dν;RL = (dLdR)(νCν) + h.c. , (4.37)

OT
dν;LL = (dRσ

µνdL)(νCσµνν) + h.c. . (4.38)

We note that for the tensor operator νC
α σ

µννβ to be non-vanishing one must have α ̸= β.
The ∆L = 2 dimension-7 SMEFT operators can induce the dimension-6 LEFT operator
O

S(T )
dν;LL. We also note that the OS

dν;RL operator cannot be induced at tree-level from the
LNV dimension-7 SMEFT operators as can be easily verified from table 2; see also the
discussion in ref. [18]. The leading contributions to both O

S(T )
dν;LL are induced by the SMEFT

operator Od̄LQLH1, with the relevant matching between the Wilson coefficient of LEFT and
SMEFT given in table 2. The LNV operator OS

dν;LL can contribute to the leading order
chiral Lagrangian, while the tensor operator OT

dν;LL can only contribute at the next-to-leading
order in the expansion momentum O(p4) in the chiral Lagrangian and is therefore suppressed
by a factor p2/Λ2

χ. Therefore, in the rest of this subsection, we will focus on the scalar
operator OS

dν;LL to constrain the SMEFT operator Od̄LQLH1. To simplify the analysis we
will further impose the assumption that contributions from the lepton number conserving
dimension-6 LEFT operators are negligible, i.e. the SM contribution dominantly dictates
the lepton number conserving decay mode branching fractions. It is then possible to use the
experimental measurements of (semi)-invisible Kaon decays to constrain the LNV contribution
due to the OS

dν;LL arising from dimension-7 SMEFT operator Od̄LQLH1.
Firstly, let us consider the invisible Kaon decays KL(S) → νν. The effective Lagrangian

at the leading order for KL → νν decay can be expressed in terms of the Wilson coefficient
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associated with OS
dν;LL as [17]

LKL→νν = i4GFBF0

2
√
2

[
(cS,sdαβ

dν;LL + cS,dsαβ
dν;LL )(νc

ανβ)− (cS,dsαβ∗
dν;LL + cS,sdαβ∗

dν;LL )(ναν
c
β)
]
KL ,

(4.39)

and that for KS → νν decay as

LKS→νν = i4GFBF0

2
√
2

[
(cS,sdαβ

dν;LL − cS,dsαβ
dν;LL )(νc

ανβ)− (cS,dsαβ∗
dν;LL − cS,sdαβ∗

dν;LL )(ναν
c
β)
]
KS ,

(4.40)

where B and F0 are constants related by the quark condensate B = −⟨q̄q⟩0/(3F 2
0 ), with their

numerical values given by F0 = 87MeV [104] and B ≃ 2.8GeV [15]. We note that for the
pseudoscalar Kaon to decay invisibly a helicity flip is necessary for one of the neutrinos, which
makes the potential contribution from lepton number conserving dimension-6 LEFT LNC
dim-6 operators to these modes helicity-suppressed by light neutrino masses. The one-loop
QCD running effects from the electroweak scale (ΛEW ≈ mW ) to the chiral symmetry breaking
scale (Λχ ≈ 2 GeV) leads to an order one effect [17]

cS
dν;LL(Λχ) = 1.656 cS

dν;LL(ΛEW). (4.41)

Now at the electroweak scale under the simplifying assumption

C1α2β

d̄LQLH1(ΛEW) = C1β2α

d̄LQLH1(ΛEW) = C2α1β

d̄LQLH1(ΛEW) = C2β1α

d̄LQLH1(ΛEW) ≡ Cd̄LQLH1,

(4.42)

and further using α = β, the KL branching ratio of invisible decay simplifies to be given by [17]

BKL→νν = 0.014 mKL

ΓExp
KL

∣∣∣∣ BF0√
GF

Cd̄LQLH1

∣∣∣∣2 . (4.43)

The relevant bound for the KL invisible decay (by subtracting all the known visible modes
from Particle Data Group [105]) is given by [106]

BKL→invisible < 6.3× 10−4 (95% C.L.) . (4.44)

The effective Lagrangians for K0 → π0νν and K+ → π+νν at the leading order in χPT
relevant for our analysis are given by [17]

LK0→π0νν = GFB
[
cS,sdαβ

dν;LL (νc
ανβ) + cS,dsαβ∗

dν;LL (ναν
c
β)
]
K0π0 , (4.45)

LK+→π+νν = −
√
2GFB

[
cS,sdαβ

dν;LL (νc
ανβ) + cS,dsαβ∗

dν;LL (ναν
c
β)
]
K+π− , (4.46)
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which follow the isospin relation

⟨π0|LK0→π0νν |K0⟩
⟨π−|LK+→π+νν |K+⟩

= − 1√
2
. (4.47)

By neglecting the small CP violation in K0−K̄0 system, and given the absence of interference
between the SM contribution and the LNV contribution, the branching ratios for the decays
KL → π0νν and K+ → π+νν can be expressed as

BKL→π0νν = JKL
1

∑
α≤β

(
1− 1

2δαβ

)(4GF√
2

)2 ∣∣∣cS,dsαβ
dν;LL + cS,sdαβ

dν;LL

∣∣∣2 + BSM
KL→π0νν̄ , (4.48)

BK+→π+νν = JK+
1

∑
α≤β

(
1− 1

2δαβ

)(4GF√
2

)2 (∣∣∣cS,dsαβ
dν;LL

∣∣∣2 + ∣∣∣cS,sdαβ
dν;LL

∣∣∣2)+ BSM
K+→π+νν̄ ,

(4.49)

where the three-body decay kinematics are parameterized by

JKL
1 = 1

ΓExp
KL

B2

29π3m3
KL

∫
ds s

(
(m2

KL
+m2

π0 − s)2 − 4m2
KL
m2

π0

)1/2
, (4.50)

JK+
1 = 1

ΓExp
K+

B2

28π3m3
K+

∫
ds s

(
(m2

K+ +m2
π+ − s)2 − 4m2

K+m2
π+

)1/2
, (4.51)

with mKL
(mK+) denoting the physical mass of KL(K+), and ΓExp

KL
(ΓExp

K+ ) denoting the decay
width of KL(K+), respectively. Here mπ0(mπ+) denotes the mass of π0(π+), and s denotes
the invariant mass squared for the neutrino pair. Again using the simplification as eq. (4.42)
and α = β, the branching ratios for the decay modes KL → π0νν and K+ → π+νν can
be simplified to

BKL→π0νν = 58.8
G3

F

∣∣∣Cd̄LQLH1

∣∣∣2 + BSM
KL→π0νν̄ , (4.52)

BK+→π+νν = 13.0
G3

F

∣∣∣Cd̄LQLH1

∣∣∣2 + BSM
K+→π+νν̄ . (4.53)

The SM GIM suppressed rates for these flavor changing neutral current (FCNC) processes are
BSM

KL→π0νν̄ = (3.4± 0.6)× 10−11 and BSM
K+→π+νν̄ = (8.4± 1.0)× 10−11, respectively [107–109].

The current best experimental limits on these processes are due to the KOTO experiment at
J-PARC [110] and the NA62 experiment at CERN [111], with the relevant limits being

BKOTO
KL→π0νν̄ = 2.1+4.1

−1.7 × 10−9, (4.54)

at 95% confidence level (CL) and

BNA62
K+→π+νν̄ < 1.7× 10−10, (4.55)

at 90% confidence level (CL). The NA62 experiment is expected to reach a sensitivity of
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Current Bound
LEFT Wilson

Coefficient Value Cd̄LQLH1
[TeV−3]

ΛNP
[TeV] Observable

cS,dsγγ
dν;LL 1.3× 10−6 4.8× 10−4 12.8 KL → νν

cS,dsγγ
dν;LL 2.5× 10−7 9.6× 10−5 21.8 K+ → π+νν

cS,dsγγ
dν;LL 2.6× 10−7 9.9× 10−5 21.6 K0 → π0νν

Future Sensitivity

cS,dsγγ
dν;LL 8.4× 10−8 3.2× 10−5 31.5 K+ → π+νν

cS,dsγγ
dν;LL 1.4× 10−7 5.2× 10−5 26.8 K0 → π0νν

Table 9. Most restrictive current bounds, future sensitivity, and the corresponding new-physics
scale for the relevant Wilson coefficients under the assumption of single LEFT operator dominance to
K → (π)νν decays.

±10% in the branching ratio for K+ → π+νν̄ [112, 113], while the KOTO experiment should
improve over the final results from E391a experiment by a factor 100, providing a sensitivity
∼ 10−10 to explore the interesting region below the Grossman-Nir upper limit [114] for
KL → π0νν̄ branching fraction [115–117].

4.4.2 Lepton number violating K+ → π−ℓ+ℓ+ decays

The short-distance contributions to LNV K+ → π−ℓ+ℓ+ 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+ → π−ℓ+ℓ+ in the context of dimension 7 SMEFT operators has been
discussed in detail for instance in ref. [118], where the ∆L = 2 dimension-7 SMEFT operators
are matched onto dimension-9 LEFT operators, which are suppressed by v3

Λ3 . As a consequence,
the currently available measurements can only constrain the new physics energy scale rather
loosely Λ > 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+ → π−ℓ+ℓ+ can arise from
the LNV dimension-5 and dimension-7 SMEFT operators. Ref. [119] 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+ → π−ℓ+ℓ+ to the leading LNV SMEFT dimension-7 operators using a LEFT and
subsequently χPT, in ref. [119] 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 Λ ∼ 1TeV
the branching fractions for K+ → π−ℓ+ℓ+ 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 νSMEFT) it is possible to
have resonant enhancements which can lead to sizeable contributions to K+ → π−ℓ+ℓ+ [120].
However, such scenarios are beyond the scope of this work and will be addressed elsewhere.
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4.4.3 Lepton number violating B → K(∗)νν decays

The ∆L = 2 dimension-7 SMEFT operators can induce LNV b→ sνν transition leading to
B → K(∗)νν decays. Such contributions correspond to the dimension-6 LEFT Lagrangian [19,
33, 121]

L = 4GF√
2

(
cS

dν;LLO
S
dν;LL + cT

dν;LLO
T
dν;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 νc

Lσ
µννLFµν , since it

can only appear together with the down quark dipole operator dLσ
µνdRFµν . The contribution

of such operators is subject to double loop suppression as well as stringent constraints
from searches for magnetic dipole moments of neutrinos [122, 123]. Since experimentally
the B → K(∗)νν 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

LLNC = 4GF√
2
cV ;SM

dν;XL(dLγ
µdL)(νγµν) , (4.57)

where the relevant SM Wilson coefficient corresponding to the left-chiral vector interaction
is given by [108]

cV,sbαα,SM
dν;LL = − α

2πV
∗

tsVtb

(
X

sin2 θW

)
. (4.58)

Here the function X parametrises the electroweak corrections induced by the top quark given
by [19, 124] X = 6.402 sin2 θW . We note that the LNV scalar operator OS

dν;LL is symmetric
in the neutrino flavors, while the tensor operator OT

dν;LL is antisymmetric in the neutrino
flavors. The dominant RG running effects for the relevant scalar and tensor operators are
due to QCD. Numerically, the Wilson coefficients at the hadronic scale ΛH = 4.8GeV can be
expressed in terms of the Wilson coefficients at the electroweak scale ΛEW [19]

CS
dν;LL(4.8GeV) = 1.4CS

dν;LL(ΛEW) , CT
dν;LL(4.8GeV) = 0.9CT

dν;LL(ΛEW) . (4.59)

Searches for B → K(∗)νν have been performed by BaBar and Belle experiments using
hadronic and semileptonic tagging with the relevant upper limits being a factor two to five
above the SM predictions. Belle II is expected to improve the predictions to about 10% of
the SM predictions with 50ab−1 data [125]. In table 10 we have collected the SM predictions,
current upper limits, and future sensitivities of Belle II.

A detailed discussion on the formalism to compute the exclusive decay B → K(∗)νν

can be found for instance in ref. [19]. We note that the scalar and tensor operators do not
interfere with the vector operators due to the different chiralities of the neutrinos. Therefore,
in the absence of interference with the SM contributions the scalar and tensor operators are
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Observable SM prediction current constraint Belle II [125]
LQCD+LCSR 50 ab−1

Br(B0 → K0νν) (4.1± 0.5)× 10−6 < 2.6× 10−5 [126]
Br(B+ → K+νν) (4.4± 0.7)× 10−6 < 1.6× 10−5 [127] 11%
Br(B0 → K∗0νν) (11.6± 1.1)× 10−6 < 1.8× 10−5 [126] 9.6%
Br(B+ → K∗+νν) (12.4± 1.2)× 10−6 < 4.0× 10−5 [128] 9.3%

Table 10. The SM predictions for exclusive b→ sνν decays (based on light-cone sum rules (LCSR)
and lattice QCD [19, 129, 130]), current constraints, and future Belle-II sensitivities (with respect to
the SM predictions) [125].

Current Bound
LEFT Wilson

Coefficient Value Cd̄LQLH1
[TeV−3]

ΛNP
[TeV] Observable

cS,sbγγ
dν;LL 3.6× 10−4 0.14 1.9 B → K(∗)νν

cS,sbγδ
dν;LL 2.7× 10−4 0.21 1.7 B → K(∗)νν

cT,sbγδ
dν;LL 0.6× 10−4 0.18 1.75 B → K∗νν

Future Sensitivity (50 ab−1)

cS,sbγγ
dν;LL 0.6× 10−4 0.02 3.5 B → Kνν

cS,sbγδ
dν;LL 0.6× 10−4 0.05 2.8 B → Kνν

cT,sbγδ
dν;LL 0.3× 10−4 0.08 2.3 B → K∗νν

Table 11. Most restrictive current bounds, future sensitivity of the LNV dimension-7 SMEFT
operator Od̄LQLH1 and the corresponding new-physics scale for the relevant Wilson coefficients under
the assumption of single LEFT operator dominance to exclusive B → K(∗)νν decays and for massless
neutrinos.

subject to strong constraints from B → K(∗)νν decays.12 In table 11 we summarise the limits
on the LNV dimension-7 SMEFT operator Cd̄LQLH1 using the limits on the LEFT operators
presented in ref. [19] and then using our matching relations between SMEFT and LEFT
operators in table 2. We note that these limits are valid under the assumption that only one
of the LEFT operators contributes dominantly at a time and the neutrinos are massless.

12After the submission of this paper to arXiv, the Belle II collaboration reported an excess in the measurement
of B → Kνν decays [131]. For a scalar current dimension-6 LEFT operator with massless neutrinos this excess
corresponds to a new physics scale of about Λdim-6 ∼ 4.1 TeV [132]. Matching onto the dimension-7 SMEFT
basis operator Od̄LQLH1 this corresponds to a SMEFT new physics scale Λd̄LQLH1 ∼ 0.8 TeV. Note however
that Od̄LQLH1 is constrained by kaon decays at a much greater scale, as shown in section 4.4.1, in the absence
of any special quark flavor dependent coupling structure of new physics. As we wait for the confirmation of
the anomaly, we use the limit for B → Kνν based on ref. [127].
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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 τ decays

The three-body semileptonic τ lepton decays such as τ± → ℓ∓αP
±
i P

±
j , with P±

i,j = π±, 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 bottleneck 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 [133]

B(τ− → e+π−π−) < 2.0× 10−8, B(τ− → µ+π−π−) < 3.9× 10−8, (4.60)
B(τ− → e+K−K−) < 3.3× 10−8, B(τ− → µ+K−K−) < 4.7× 10−8, (4.61)
B(τ− → e+K−π−) < 3.2× 10−8, B(τ− → µ+K−π−) < 4.8× 10−8. (4.62)

The above limits are expected to be improved by orders of magnitude by the Belle II
experiment [125, 134], with the projected sensitivities at 50 ab−1 being

B(τ− → e+π−π−) < 3× 10−10, B(τ− → µ+π−π−) < 7× 10−10, (4.63)
B(τ− → e+K−K−) < 6× 10−10, B(τ− → µ+K−K−) < 9× 10−10, (4.64)
B(τ− → e+K−π−) < 6× 10−10, B(τ− → µ+K−π−) < 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) [135]. 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 νSMEFT) these processes can potentially give useful constraints complimentary
to 0νββ and LNV kaon decays [136–139].

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 0νββ 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
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decay can be written as [15]

L = −4GF√
2

{
cS,µeeµ

eν;LL (µReL) (ν̄c
eνµ) + cS,eµeµ

eν;LL (eRµL) (ν̄c
eνµ)

+cT,µeeµ
eν;LL (µRσµνeL) (ν̄c

eσ
µννµ) + cT,eµeµ

eν;LL (eRσµνµL) (ν̄c
eσ

µννµ)
}
+ h.c. , (4.66)

where only c
S(T ),µeeµ
eν;LL can mediate the ∆L = 2 decays µ+ → e+ν̄eν̄µ, which was searched

for experimentally. The experiment [140] used the charged current processes p ν̄e → e+n

and 12C ν̄e → e+ n 11B following the decay of the muon to identify ν̄e 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∗

eν;LL mediate the ∆L = 2 decays µ− → e−νeνµ and cS(T ),eµeµ
eν;LL (and

c
S(T ),eµeµ∗
eν;LL ) can induce µ− → e−ν̄eν̄µ (and µ+ → e+νeνµ). The relevant coefficients cS,µeeµ

eν;LL

and cT,µeeµ
eν;LL are related to the SMEFT dimension 7 Wilson coefficient CēLLLH by

cS,µeeµ
eν;LL = − 3v3

8
√
2
(Cµe µe

ēLLLH + Cµe eµ
ēLLLH) ,

cT,µeeµ
eν;LL = − v3

32
√
2
(Cµµ ee

ēLLLH − Cµe 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+ν̄eνµ, the experimental limits on the branching
ratio can be used to constrain cµ e

S,T. The relevant branching ratio can then be expressed
in terms of cµe

S,T to be [15]

BR
(
µ+ → e+ν̄eν̄µ

)
= Γ

(
µ+ → e+ν̄eν̄µ

)
Γ (µ+ → e+νeν̄µ)

= 1
4
∣∣∣cS,µeeµ

eν;LL

∣∣∣2 + 3
4
∣∣∣cT,µeeµ

eν;LL

∣∣∣2 . (4.68)

The 90% C.L. limits on the branching ratio using the experimental limit from [140]

BR
(
µ+ → e+ν̄eν̄µ, ρ̃ = 0.75

)
< 0.9 · 10−3, BR

(
µ+ → e+ν̄eν̄µ, ρ̃ = 0.25

)
< 1.3 · 10−3,

(4.69)
implies [15] |cS,µeeµ

eν;LL | < 0.06 and |cT,µeeµ
eν;LL | < 0.04. Here ρ̃ is the Michel parameter determining

the dependence of the decay rate on the ν̄e energy. The relevant limits on the SMEFT Wilson
coefficient and the new physics scales are tabulated in table 12.

4.5.3 µ− to e+ conversion
The experiments searching for the lepton flavor violating neutrinoless µ− → e− conversion in
nuclei can potentially also be sensitive to the LNV mode µ− → e+ conversion in nuclei [141,
142]. The current best limit for the LNV mode is due to the SINDRUM II collaboration
which used titanium [143]

RTi
µ−e+ ≡ Γ(µ− + Ti → e+ + Ca)

Γ(µ− + Ti → νµ + Sc) <

 1.7× 10−12 ( 90% CL) ,

3.6× 10−11 ( 90% CL) ,
(4.70)
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Current Bound
LEFT Wilson

Coefficient Value CēLLLH

[TeV−3]
ΛNP
[TeV] Observable

cS,µeeµ
eν;LL 0.06 15.2 0.4 µ+ → e+ν̄eν̄µ, ρ̃ = 0.75
cT,µeeµ

eν;LL 0.04 121.6 0.2 µ+ → e+ν̄eν̄µ, ρ̃ = 0.25

Table 12. Current bounds and the corresponding new-physics scale for the relevant Wilson coefficients
under the assumption of single LEFT operator dominance to µ+ → e+ν̄eν̄µ.

uL

uL

dL

dL

µ−
L

e+L

W−

ν

ν

W−

eL

ec

Figure 6. Leading order contribution to LNV µ− → e+ conversion due to OēLLLH .

where the top and bottom limits correspond to the coherent scattering to ground state calcium
and transition to giant dipole resonance states, respectively. There are several upcoming
experiments planned for µ− → e− conversion which promises a significant enhancement in the
future sensitivities e.g., Mu2e [141], DeeMe [144], COMET [145] and its upgrade PRISM [146])

DeeMe: RSiC
µ−e− > 5× 10−14 (90% CL),

Mu2e: RAl
µ−e− > 6.6× 10−17 (90% CL),

COMET Phase-I: RAl
µ−e− > 7.2× 10−15 (90% CL),

COMET Phase-II: RAl
µ−e− > 6× 10−17 (90% CL),

PRISM: RAl
µ−e− > 5× 10−19 (90% CL).

Among these experiments, Mu2e and COMET Phase-I can determine if the final state lepton
is an electron or a positron. Therefore these are sensitive to the LNV mode µ− → e+

conversion in nuclei. A detailed discussion regarding a simplified effective operator approach
in the context of LNV dimension-5, -7, and -9 SMEFT operators (in the absence of any
covariant derivatives and field strength tensors) can be found in [147]. Unfortunately, the
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current constraints from SINDRUM II are too weak to provide any useful constraint on
the LNV dimension-7 SMEFT operators. In spite of the future sensitivity increasing by
5-6 orders of magnitude, for an O(TeV) new physics mass scale and O(1) couplings the
projected conversion ratios are still beyond the reach of the upcoming experiments.13 To
discuss the sensitivity of neutrinoless µ− → e− conversion to LNV dimension-7 SMEFT
operators let us consider the operator OēLLLH and use the prescription of [147]. The leading
contribution from this operator to LNV µ− → e+ conversion occurs at the one-loop level
as shown in figure 6. The amplitude for such an operator should scale with 1

Λ3 and the
loop should contribute as

∫ d4p
(2π)4p2 ∼ Λ2

16π2 , where p is the loop momentum. Each W boson
propagator along with gauge interaction vertices should contribute GF /

√
2 and the nearly

massless neutrino propagators should scale with the inverse of the momentum q. Therefore
the conversion rate should scale as

Rµ−e+ ≡ Γ(µ− + N → e+ + N′)
Γ(µ− + N → νµ + N′′)

=
|geµ|2

(
GF√
2

)4 ( 1
q2

)2 (yτ vΛ2

16π2

)2
v2
(

1
Λ3

)2
Q8 |ψ100(0)|2(

GF√
2

)2
Q2 |ψ100(0)|2

= |geµ|2
(
GF√
2

)2 ( 1
q2

)2
(
yτv

2

16π2

)2(
Q6

Λ2

)
. (4.71)

where ψ100(0) is the wave function of the incoming muon in the 1s ground state of the atom
and from a mass dimension scaling |ψ100(0)|2 should scale as [M ]3. Q is a mass dimension
one quantity that parametrizes the dependence on phase space, nuclear matrix elements, etc.
We note that the above estimation mainly tries to capture the new physics scaling behavior
and ignores most of the technicalities involved in a careful estimation of the actual rates.
Nevertheless, for our purpose, the above-mentioned estimate shows that for a new physics
scale Λ ∼ 1TeV the conversion rate is O(10−24), which is well beyond the expected sensitivity
of Mu2e. Given the order of magnitude estimate as well as the largely unsettled uncertainties
due to the lack of nuclear matrix elements, we do not include LNV µ− → e+ conversion
in nuclei in our final parameter space analysis.14

4.6 Constraints from neutrino magnetic moment

In addition to the low-energy observables discussed above, the LNV dimension-7 LNV
operators OLHB and OLHW can induce a neutrino magnetic moment, which is subject to very
stringent constraints from neutrino-electron scattering in solar and reactor experiments [98–
100, 149, 150],15 as well as from other astrophysical probes [101]. We remind the readers

13Furthermore, ab-initio computations for the relevant nuclear matrix elements are also not abundant in
literature and need more attention.

14Note that a recent study in ref. [148] discuss the charged lepton flavour violating muonium-antimuonium
oscillations in the context of LEFT operators. However, as such a process does not violate total lepton number,
it does not provide constraints for the LNV dimension-7 SMEFT operators.

15In the presence of additional sterile states the coherent elastic nucleus-neutrino scattering also becomes a
very relevant probe for neutrino magnetic moment [151–153] and can even lead to the possibility to distinguish
the Dirac vs. Majorana nature of neutrinos [84].
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that the LNV dimension-7 LNV operators OLHB and OLHW are related to the neutrino
magnetic moment via the relation (cf. eq. (4.35))

c5γ
ννF /e ≡ µij = 1

2v

(
v3Cij

LHB − v3
Cij

LHW − Cji
LHW

2

)
, (4.72)

where for Majorana neutrinos the magnetic moment has the form

LM ⊃ 1
2

(
ν1 ν2 ν3

)
σµν


0 µ12 µ13

−µ12 0 µ23

−µ13 −µ23 0



ν1

ν2

ν3

Fµν + h.c., (4.73)

with ν1,2,3 denoting the three mass eigenstates of neutrinos. Solar neutrino experiments
such as Borexino use the incoherent admixture of solar neutrino mass eigenstates scattering
off of electrons to derive limits on neutrino magnetic moments. Such an experiment is
sensitive to the combination

|µ|2solar = P1|µeff1 |2 + P2|µeff2 |2 + P3|µeff3 |2 , (4.74)

where the incoming flux of solar neutrino is a mixture of the neutrino mass eigenstate νi

with probability Pi, with i = 1, 2, 3. On the other hand, reactor-based experiments such
as GEMMA, TEXONO, CONUS, etc. employ a reactor-based electron antineutrino flux,
while accelerator-based experiments such as LSND, DUNE, etc. have access to a mixture
of electron and muon neutrinos produced from pion and muon decays. A recent detailed
analysis of the same can be found for example in [150], which provides the combined limits
|µ12| < 0.64×10−11µB , |µ13| < 0.75×10−11µB and |µ13| < 1.1×10−11µB . The relevant limits
on the flavor eigenstate basis are subject to the PMNS mixing matrix. For our purposes, we
will follow the approach of [15] and use the following conservative estimate in the flavor basis

|Cij
LHB − Cij

LHW |i ̸=j ≲
10−11

4mev2
(4.75)

which under the assumption of single SMEFT operator dominance leads to an order of
magnitude limit Λ > 11TeV.

5 A global view and implications of the current and projected future
constraints

As we have discussed in previous sections, the new physics scale of LNV dimension-7 SMEFT
operators is constrained by a number of different experiments at various energy scales with
several of those constraints expected to be improved significantly in the near future. In this
section, we will discuss a global view of all relevant constraints and discuss their implications.
Figure 7 summarises all the current and future sensitivities from various ongoing and future
experiments considered in this work for the new physics scale of different LNV dimension-7
SMEFT operators. Each observable that we consider is represented by a given color indicated
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Figure 7. A summary of the current and projected future constraints on the new physics scales
corresponding to the 12 independent LNV dimension-7 SMEFT operators from various current and
future experiments considered in this work. Different observables that we consider are represented
by the given colors indicated in the plot legend. The new physics reach of different observables
increases from left to right. The relevant lepton flavor structure for the operators constrained by a
given observable is also indicated in the legend in the parenthesis after the observable. Some of the
abbreviations used are flavor off-diagonal (FOD) and flavor universal (FU). We indicate in the plot
also the limits on some of the operators from a naive neutrino mass correction argument using #
symbols. The operator OLH is constrained from 0νββ decay Λ > 1.9× 1012 TeV (not shown in the
plot explicitly to keep the other constraints clearly visible).

in the plot legend, with the new physics reach increasing from left to right. However, most of
the constraints are particularly applicable to the given flavor structure for the operators as
indicated in the plot legend. If a color is missing from a bar, the operator does not trigger
the corresponding observable at tree level with the exception of OLH , with the constraint
from 0νββ decay being Λ > 1.9× 1012 TeV (induced trivially via the neutrino mass term with
two additional electroweak vacuum expectation value insertions as compared to dimension-5
Weinberg operator). We have omitted this bound from figure 7 in favor of making the
other constraints more clearly visible. The lepton flavor structures for the SMEFT operator
constrained by a given observable are indicated next to the observable in the legend.

In addition to various experimental constraints, we also indicate in the plot the limits
on some of the operators from a naive neutrino mass naturalness argument using floating
# symbols, which of course is indicative and applicable only in the absence of fine-tuning
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Operator Collider 0νββ LBL Osc. µν µ+-decay CEνNS Meson decay

OLH ✓ ✓ - - - - -
OLeHD ✓ ✓ ✓ - - - -
OLHD1 ✓ ✓ - - - - -
OLHD2 ✓ ✓ - - - - -
OLHB - - - ✓ - ✓ -
OLHW - ✓ - ✓ - ✓ -
Od̄uLLD ✓ ✓ - - - - -
OēLLLH - - - - ✓ - -
Od̄LueH ✓ ✓ ✓ - - - -
Od̄LQLH1 ✓ ✓ ✓ - - ✓ ✓

Od̄LQLH2 ✓ ✓ ✓ - - - -
OQ̄uLLH ✓ ✓ ✓ - - ✓ -

Table 13. Table showing complementarity of various observables in probing the twelve independent
LNV dimension-7 SMEFT operators. Cf. figure 7 for the quantitative constraints and specification of
flavor sensitivities of the various observables.

or some additional symmetry. These naturalness limits are an artifact of the fact that
the operator OLH can induce a correction to the neutrino mass at tree level through VEV
insertion δmij

ν = −v/2(v3Cij
LH) and the operators OLHD1, OLHD2, OLeHD and OLHW can

induce CLH through RG running-induced operator mixing effects between the new physics
scale and the electroweak symmetry breaking scale [15]. The limits indicated in our plot
are derived under the assumption that |δmij

ν | < 1 eV.
As expected, 0νββ decay provides the most stringent experimental constraints for the

electron-flavored charged leptons (ee) for most of the LNV dimension-7 SMEFT operators,
with the exception of OLHB and OēLLLH , which do not induce 0νββ decay at the leading
order. However, if the LNV interactions dominantly occur in heavier (mixed) charged
lepton flavors then we can identify several other observables which can constrain the LNV
dimension-7 SMEFT operators. Among them is the measurement of K+ → π+νν by the
NA62 experiment which currently provides an impressive limit of Λ > 21.8TeV for the LNV
dimension-7 SMEFT operator Od̄LQLH1 under the assumption of flavor universality and same
flavor of the two leptons. In the future, NA62 will improve the sensitivity to about 31.5TeV.
Given that the measured mode involves light neutrinos in the final states of K+ → π+νν,
this is one of the unique probes sensitive to all three flavors of leptons. A similar line of
argument is also true for B → K(∗)νν decay, which has already been searched for by the
BaBar and Belle experiments. The sensitivity for this observable will further be improved
by the Belle II experiment in the near future. However, the limits from B → K(∗)νν decay
are about an order of magnitude weaker than those from the K+ → π+νν measurement.
The collider searches can also provide very competitive limits for LNV dimension-7 SMEFT
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operators with the possibility of improving sensitivities by an order of magnitude in future
generation experiments. The current limit from LHC applicable for the µµ flavor of leptons
is most stringent for the SMEFT operator Od̄uLLD, providing a bound of 4 TeV. This limit
is expected to be improved to 19 TeV at FCC-hh. On the other hand, the LHC currently
provides O(TeV) bounds for Od̄LueH , Od̄LQLH1, and OQ̄uLLH . While for Od̄LQLH2 and OLHD1
the current limits are order half a TeV. With the exception of OLH , OLeHD, OLHD1, OLHB ,
OLHW and OēLLLH , all the other LNV dimension-7 SMEFT operators can be probed at
FCC-hh to O(several TeV) new physics scales.

Another observable which can constrain five of the LNV dimension-7 SMEFT operators
is the search for charged current LNV non-standard interactions at LBL neutrino oscillation
experiments. Currently they provide constraints of O(sub TeV) in ee, eµ, eτ flavors for OLeHD,
Od̄LueH , Od̄LQLH1, Od̄LQLH2 and OQ̄uLLH . While for the µµ and µτ flavors, the constraints
from LBL neutrino oscillation experiments are a factor half weaker than the electron flavor.
On the other hand, the scattering of solar, reactor, and accelerator neutrinos with electrons
can provide some of the most stringent constraints on the neutrino magnetic moment which
can be induced by the LNV dimension-7 SMEFT operators OLHB and OLHW . In fact, the
operator OLHB is dominantly constrained by the constraint on neutrino magnetic moment.
It is worth noting that due to the Majorana nature of the neutrinos, the constraints from
the neutrino magnetic moment are only applicable when the flavors of the lepton pair in the
relevant LNV dimension-7 SMEFT operators are different from each other. A probe sensitive
to the operator Od̄LQLH1 is also provided by the coherent elastic neutrino-nucleus scattering
(CEνNS) which currently provides a bound Λ > 0.4TeV from the COHERENT experiment
(where the neutrino flux is dominantly of muon flavor). CEνNS can also provide subdominant
constraints on OLHW ,OLHB and OQ̄uLLH [91]. This limit is expected to be improved by a
factor of two in future generation experiments using a Germanium detector and using electron
anti-neutrino flux from nuclear reactors. Finally, the operator OēLLLH , which does not involve
any quarks, is mainly constrained by the muon decay mode µ+ → e+ν̄eνµ to Λ > 0.4TeV.

Given the discussion above it is apparent that the synergy of different observables can
potentially distinguish between the different LNV dimension-7 SMEFT operators and further
can shed light on the flavor structure of the LNV interactions. If the underlying LNV new
physics is flavor universal then for most operators we would expect to see the first sign of
lepton number violation at 0νββ decay experiments. However, for instance, if an LNV signal
is instead seen at µ+-decay experiments, without a corresponding signal of 0νββ decay, then,
assuming that a dimension-7 ∆L = 2 operator is responsible for such signal, one can deduce
that the signal is caused by OēLLLH . Similarly, if neutrinos are found to have a magnetic
moment, we could deduce that OLHB is realized in case we do not see a 0νββ signal, while
OLHW could be realized in nature if we do. Indeed, for LNV new physics violating lepton
flavor non-universality, it may be the case that an LNV signal is first observed in a different
observable than the 0νββ decay. For example, if LNV is dominantly mediated in the muon
flavor, an LNV signal may first appear at the LHC, meson decay experiments, or neutrino
oscillation experiments, rather than via 0νββ decay. On the other hand, positive signals at
multiple experiments can be crucial in disentangling the flavor information. For instance, if
both a signal at 0νββ decay and neutrino magnetic moment is detected then that (assuming
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a dimension-7 ∆L = 2 operator is responsible for such a signal) would imply that LNV is
not only prevalent only for ee flavors but also for eµ, eτ or µτ flavors. Table 13 provides
a simplified overview of the complementarity of various observables in probing the LNV
dimension-7 SMEFT operators. Given positive signal(s) for LNV at a single experiment or
multiple experiments, the complementarity of various observables discussed in this work can
give valuable hints towards understanding the flavor and effective operator structure of the
underlying LNV new physics, which can then provide guidance for identifying potential UV
completions for LNV interactions realized by nature.

6 Conclusions

In this work, we have performed a state-of-the-art global comparison of all the independent
dimension-7 ∆L = 2 SMEFT operators to identify the prospects of probing them at various
low- and high-energy experiments. Unsurprisingly, 0νββ decay provides some of the best
current experimental constraints for most of the LNV dimension-7 SMEFT operators in the
electron flavor. However, we have explored in detail also other relevant observables that can
test the conservation of lepton number in other flavors, such as rare meson decays, charged
lepton flavor violating leptonic processes, coherent elastic neutrino-nucleus scattering, non-
standard interaction mediated long baseline neutrino oscillation, neutrino-electron scattering,
etc. Studying these probes in the context of dimension-7 ∆L = 2 SMEFT operators, we
identified the most promising ways of testing lepton number non-conservation triggered by
operators not constrained by 0νββ decay or providing valuable information about lepton
number violation in flavors other than the electron one. In particular, the muon decay
mode µ+ → e+ν̄eνµ and constraints on neutrino magnetic moment from neutrino-electron
scattering provide bounds on two of the operators not constrained by 0νββ decay. Further,
observables like rare meson decay, non-standard interactions at LBL neutrino oscillation,
or coherent elastic neutrino-nucleus scattering, give complementary limits on dimension-7
∆L = 2 SMEFT operators for different combinations of charged lepton flavors.

Besides that, we have also presented a comprehensive and systematic analysis of the
complete set of dimension-7 ∆L = 2 SMEFT operators in the context of the LHC and the
proposed collider accelerator FCC, putting them in comparison with the low-energy probes.
The current limit from the LHC applicable for the muon flavor of leptons is most stringent
for the SMEFT operator Od̄uLLD with the associated new-physics scale reaching about 5 TeV.
For the other studied operators, Od̄LueH , Od̄LQLH1, Od̄LQLH2, OQ̄uLLH , and OLHD1 the LHC
currently sets order TeV bounds. All of these limits are expected to be improved by an
order of magnitude at FCC-hh in the future.

If a signal or even multiple signals of lepton number violation are revealed by future
experiments, we have also discussed how the synergy of the analyzed multi-frontier observables
can play a crucial role in distinguishing among different LNV dimension-7 SMEFT operators,
and therefore, further, shed light on the flavor structure of the new interactions. This can in
turn provide valuable guidance for identifying the potential UV completions triggering the
observed manifestation(s) of LNV. We conclude that the future generation of multi-frontier
experimental efforts seems to offer a promising and exciting pathway toward probing lepton
number violation in different flavors beyond dimension 5.
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