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ABSTRACT: Observation of lepton number violation would represent a groundbreaking dis-
covery with profound consequences for fundamental physics and as such, it has motivated an
extensive experimental program searching for neutrinoless double beta decay. However, the
violation of lepton number can be also tested by a variety of other observables. We focus on
the possibilities of probing this fundamental symmetry within the framework of the Standard
Model Effective Field Theory (SMEFT) beyond the minimal dimension-5. Specifically, we
study the bounds on AL = 2 dimension-7 effective operators beyond the electron flavor
imposed by all relevant low-energy observables and confront them with derived high-energy
collider limits. We also discuss how the synergy of the analyzed multi-frontier observables
can play a crucial role in distinguishing among different dimension-7 SMEFT operators.
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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.



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 x SU(2)r x 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)¢ X U(1)gym. 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 AL = 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-1 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 AL = 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 AL = 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 AL = 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 AL = 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 AL = 2 SMEFT operators exists. In light of the above, a
comprehensive and dedicated analysis of the complete set of the independent dimension-7
AL = 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.



In the present manuscript, we provide a first dedicated global comparison of all the
independent dimension-7 AL = 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 AL = 2 SMEFT operators from ref. [13, 14], and provide all the relevant
matching relations of the Wilson coefficients of dimension-7 AL = 2 SMEFT operators with
the Wilson coefficients of dimension-6 AL = 2 LEFT operators. We also include other
relevant matching to dimension-7 and -9 AL = 2 LEFT operators. The salient aspects
covered in this work are the following:

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

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

o We review and update (where applicable to the latest available experimental results)
existing constraints on the dimension-7 AL = 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 AL = 2 SMEFT operators.

e 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 AL = 2 SMEFT operators.

We note that a comprehensive analysis of various possible ultraviolet complete realizations
of dimension-7 AL = 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 work! [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

'Some partial results of such an analysis can be found for example in refs. [21-30].
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Table 1. List of independent dimension 7 AL = 2 SMEFT operators following the basis of ref. [13, 14],
where D, y" denotes (D))" for 1 € {L;, H}, and where W!** and B*” are the SU(2);, 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 yPT are denoted by small “0” and the corresponding Wilson coefficients by C.

2 The framework for dimension-7 AL = 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)p_r. Breaking this symmetry at a certain high-energy scale A allows
neutrinos to acquire non-zero and naturally small Majorana masses. All the renormalizable
SM interactions respect U(1)p_ symmetry. Under the assumption that all the new physics
responsible for a possible U(1)p_1 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 A. 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 AL =2 and AB =0
are particularly relevant in this context.

The AL =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=Lsu+C505+> Cr0L+ Y Ci04 + ... (2.1)

Here, Lgqy\ is the renormalizable SM Lagrangian, Oy stands for the unique dimension-5
Weinberg operator [4] and the SMEFT operators of higher dimensions are denoted as 0,
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Table 2. List of all independent dimension-6 AL = 2 LEFT operators following the basis of ref. [33]
and their matching relations with the Wilson coefficients of dimension-7 AL = 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 4G r/v/2.

with d representing their canonical mass dimension. Each operator comes with its respective
Wilson coefficient CY which scales as A*~? to keep the Lagrangian dimension four.

In this work, we will focus mainly on dimension-7 AL = 2 SMEFT operators. The
complete set of dimension-7 AL = 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 AL = 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 AL = 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 AL = 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



Theory (WET). The LEFT does not respect the whole SM gauge group but is SU(3). x U(1)gm
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 AL = 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 — mvv, additional matching onto Chiral EFT (yEFT) at the chiral symmetry
breaking scale A, ~ 2 GeV is also employed. The complete basis of dimension-6 AL = 2 LEFT
operators relevant for our discussion and the matching relations between the dimension-6
AL =2 LEFT Wilson coefficients to the Wilson coefficients of dimension-7 AL =2 SMEFT
operators are presented in table 2.

3 Probing AL = 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, AL = 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 A < 8.3 TeV, assuming an integrated luminosity of 300fb~! at the
LHC. Here we will focus on the dimension-7 AL = 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 process?

pp — (E0Ejj, (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 Wgr bosons, this interaction can be mediated via the Keung-Senjanovié¢
process [39], where a heavy Wg produced in a proton-proton collision decays to two leptons and two jets via
intermediate N and Wg. 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.



where ¢ € {e, u, 7}. Collider signatures for some UV-completions of the dimension-7 operators
Orm and Or.pp 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.® In ref. [53, 54] collider signals of the dimension-5
operator (EV'FWFWT 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
U2H2D?, cf. table 1. In refs. [20] collider signatures of the dimension-5 Weinberg operator
(925[){ = €;j€mn (L' L™)HIH™, as well as the type-1 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 AL = 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 MADGRAPHS _AMC@NLO [57] using the basic generator level
cuts provided by MADGRAPH5__ AMC@NLO (with the inclusion of the cuts Hp > 100 GeV,
my1,2 > 100 GeV, and mji;2 > 25.6 GeV). 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 |zpsinf < 5| mm
and |dp < 1| pm, respectively. In the latter requirement we take the conservative benchmark
o(dp) ~ 0.2 pm following refs. [58, 59]. The cuts for the /s = 13 TeV case are identical to
those used by the ATLAS collaboration in ref. [55],* and the PDF set NNPDF30 provided by
LHAPDFG6 [60] is used. Hadronization is handled by PYTHIA8 [61] and detector simulation
is handled by DELPHES3 [62].

The cross sections for all 7-dimensional AL = 2 LNV operators that give rise to signal
events for the process pp — p*utjj are presented in table 4 for both the LHC with
/s = 13TeV and FCC-hh with /s = 100 TeV. 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 Ovg83 decay
experiments, while those of the muon flavor structure are not. The cross-sections in table 4
are shown for C*/3 = A=1 = 1 TeV~!, where C is the Wilson coefficient of a dimension-7
LNV operator, and A is the corresponding LNV scale. The scaling with respect to increasing
or decreasing A is found to be described by

100 TeV\ /6
00 eV> (32)

o(pp — pFpFjj) = og x <A

for all operators, as can be seen in figure 1, where gq is the cross section for A = 100 TeV. 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.

“We 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-Senjanovié process, a large mass difference between the
right-handed W-boson Wg and the right-handed neutrino Ng.



Cuts for pp — pTp*jj at /s = 13TeV

Object selection cuts

my1,2 > 400 GeV

(2) i1(2)

Y > 25 Gev P > 20 Gev
¥ < 2.5 ' <25
Track-to-vertex association cuts
|20 sin 0| < 5 mm |do| < 1 pm
Signal region cuts

Mleading j1(2)
P > 40 GeV pr > 100GeV
Hp > 400 GeV AR, < 3.9GeV

mjle > 110 GGV

Cuts for /s = 100 TeV

e)

pr > 30GeV
Hp > 400 GeV
¥ < 2.0
@) < 4.5
my,2 > 700 GeV

j1(2)
o > 100 Gev

"< 25
| < 4.0
m 142 > 200 GeV

|t

Table 3. Cuts used for the evaluation of o(pp — jju*u®). 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

- o (5).

where b is the number of background events, and s = £ x o(pp — pFp*jj) is the number of

(3.3)

expected signal events for a given luminosity £, and Zj is the statistical significance. The
ATLAS collaboration reports an expected number of background events b = 10 [55] for an
integrated luminosity of £y = 139fb~! 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 A. The reason
for this small effect is the large power of A in the expression for the signal cross section
o(pp — puTptjj) o< A=5. Only a small change in A 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
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Figure 1. Cross sections for the process pp — jju*p® at the LHC (top) and FCC-hh (bottom) using
the cuts in table 3.

them. Following ref. [55] we therefore use b = 10 x £/(139fb~1) for a final state muon-flavour
same-sign dilepton plus dijet. Solving eq. (3.3) for Zy = 1.96 we then find the 95% C.L.
likelihood limits on ANy 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 — p*ptjj at an integrated luminosity 30 ab~! in FCC-hh.

In table 4, the operators of type W*H (i.e. those with four fermion legs) all have similar
cross sections, as expected.® The difference between them comes from a number of effects.
Given the SU(2); structure of an operator there is a different number of pp — jjute*

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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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 Oz, ;; p-

diagrams that can be drawn, leading to different total cross sections. For instance, the
operator Oy o o has more diagrams than Ogyo; gy, since the SU(2)r, 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)[, contractions come with different signs due to the Levi-Civita
tensor that contracts them, effectively reducing the cross section for OJLQ Lo 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 v*, leading
to the fact that the Oy oy and Ogpgppo 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 Og,1q-

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 Og,; ; ;7, 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 AL = 2 dimension-7 SMEFT operators, namely Ozrrrm, OrgB
and Opgw, do not give rise to the process pp — uiuijj at tree-level. For Oz 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 3=, yi x (1/167%) ~ 2 x 10~ relative to
the other four-fermion operators, assuming flavor-universal Wilson coefficients, where yé is
the SM lepton Yukawa coupling for flavor ¢. Operators Oryp and Opgw 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 (*¢'* with ¢ # .
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Operator o(pp — p=p*jj) (pb) Apny | Aluture
LHC FCC [TeV] | [TeV]
OGurru | 2.4x1074 0.11 1.4 5.4
Oirormz | 1.5x107° 4.3 x 1073 0.90 3.1
Oirormi | 6.9 x107° 0.030 1.1 4.3
Odtuerr | 5.7x 1075 0.035 1.1 4.5
OdurLp 0.64 210 5.0 19
OLHD2 2.7x10712 | 1.7x10719 | 0.075* 0.18
Orup1 1.9 x107° 0.061 1.1 4.9
OLenp 1.2 x1078 3.1x10°8 0.21* 0.44
Orn 1.5 x 1078 2.0 x 1076 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 — ,uiuijj are given. Operators Oz, Orgw and Opyp 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/A = 1 TeV~!. The scales in the last and second-to-last columns are shown in TeV, where
Arnv is the scale excluded at 95% C.L. by the ATLAS experiment at the LHC [55], and Afj&‘{}fe is the
scale that can potentially be excluded at 95% C.L. at FCC-hh [64] assuming an integrated luminosity
of 30 ab=!. 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 My,eq, which gets integrated out in the EFT description,

2 2 2 4
g9 g Q Q
QQ — 1 jr%ed ] 43’16(1 ( ] jr%led ] 4§16d

where @ is the exchanged momentum. Note that eq. (3.4) describes an s-channel interaction.
The ¢ 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 M4, this expansion series does not converge, and
the EFT description becomes invalid. We, therefore, require the condition Mﬁled > @Q? to hold
in order for the EFT description to be valid. For low-energy observables such as OvG3 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 @) 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 My,q 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 ¢; and g2 with PDFs fg,
and fz,, the transferred momentum @ is given by

Q = VETV5, (3.5)

where x1 and xo are the fractions of the proton’s momentum carried by each of the two
colliding partons respectively, and /s = 13 TeV 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 as®

Y gimue Soged,s | dr1da (fg, (1) g (22) + fo, (22) fa, (21)) ©(Q — Qo) Q?

2\ __
) = o S s T drrday (o (01) fp (22) + fon (@2) i (@0)) O(Q — Qo)

(3.6)

where O is the Heaviside function and () 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 Qg = 510 GeV that we use in the cuts, cf. table 3. We also use @)y as the renormalization
scale for the PDFs. Using the PDF set NNPDF30 [60] we obtain (Q%)'/? ~ 900 GeV. This
is a result consistent with the literature, see e.g. [66]. However, we would like to point

1/2 also increases monotonically. For

out that for increasing values of Qo, the value of (Q?)
instance, an invariant mass Qg > 1TeV leads to <Q2)1/ 2 ~ O(few) TeV, which would require
Miyea > O(few) TeV for the EFT approach to be valid. Therefore, a constraint derived using
EFT from experimental data A < 1TeV is generally only valid provided that the couplings
are relatively large to allow for a relatively large Meq. 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 A; and Ae. 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

%In addition to calculating the average value of Q analytically it is possible to obtain it by generating
events in Monte Carlo simulations using MADGRAPHS5__AMC@NLO. We have checked that doing so leads to
the same conclusions as presented in the text.
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mediator mass,” this gives a relation for the LNV scale as

A1 Ag 1
= . 3.7
M3, (Ainy)? (38.7)

Taking the perturbative limit® A;, Ao < 47, the lower limit on the LNV scale for a given
mediator mass scale is given by the constraint Myeq is ALNy > Mimed/ (47r)2/ 3~ 0.185 X Myped.
Combined with the momentum constraint (Q?)*/? > 900 GeV this leads to the limit on possible
LNV scales for dimension-7 operators being probed at the LHC to be given by Ajny = 170 GeV.
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 AL = 2 LNV operators are
shown as a function of mediator mass Myeq and average coupling v/AiAa. 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 AL = 2 LNV SMEFT operators. For Opy, Oregp, and Oppge 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 Mp,eq, ranging all the way up to Mpeq S O(10) TeV
for Og,;.p- To investigate the level of agreement between EFTs and simplified models for
same-sign dilepton searches at the LHC, we now consider operator Og,, ;. ; s an example
to derive effective limits on the LNV scale using a generic UV-completion. In the mass
basis, we take a scalar field x with couplings to both quark-quark and lepton-lepton bilinears,
according to the Lagrangian

LD /\1JLURX* + )\QéiVLX + h.c., (38)

where dr,, up, e, and vy, are the SM left-handed down-type quark, right-handed up-type
quark, left-handed charged lepton, and neutrino, respectively. The field x can arise as one
component of the mixture between the fields ¢ and A with representations ¢ € (1,2, %) and
A € (1,3,1) under the SM gauge group. Now choosing

)\1)\2 v

- (3.9)
Mr%ed (ALflf\IV)3

where Aiﬁf\w is an effective scale that would correspond to the LNV scale Arny coming from
operator (9@“ g if x is integrated out, and where My,eq is the mass of x, we can compare
the LHC signals of the simplified model described by eq. (3.8) and the result on the scale

"Some dimension-7 AL = 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 AL = 2 LNV operators as a function of mediator
mass Mpyeq and average coupling /A1 Az. In the red-shaded region in the low-My,q side, the EFT
approach is invalid since the momentum scales involved in the process are typically larger than the
mediator mass M,.q. 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 v/ A1 Ay = 4, the limit at which the theory becomes non-perturbative.

of the operator Og, gy given in table 4. In figure 4 we show the 95% C.L. constraints
on the effective scale iﬁf\w 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-My,q 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 A$L., 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 I'ineq = 3 Mmed
and I'yeq = ﬁMmed, respectively. The former width is obtained by setting A; = 47 and
assuming that vM?2_; < (A§L,,)? such that A2 < 1, while the latter width is larger, allowing
for the possibility of additional decay modes. Note that A\ = 47 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 Aiflf\w 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 Aiflf\w as a function of mediator
mass Mpyea for the operator Op,, ;g (solid), and a simplified model UV completion mediator with

width Tjpeq = %Mmed (dashed) and I'yeq = ﬁMmed (dotted).

a larger width, this effect is smaller. This increase is due to the resonant enhancement of
an s-channel y mediator, an effect that is not captured by the EFT approach. Therefore,
for mediator masses, O(1) TeV < Myeq S O(10) TeV, the EFT approach underestimates the
limit on Apnvy 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 Aiﬁf\w 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 Meq < O(1) TeV. For large masses,
Mieq 2 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 AL = 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
OvpBp 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 Ov33 decay.

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

LEFT(d=6) 4GF — _ _ o
‘CAL:Q( ) = \/§ [C(‘i/uue;LR(dL’yuuL)(VC’YHGR) + c}i/uue;RR(dR’YNuR)(Vny'ueR)

+ Cguve;LL(@uL)(FeL) + Cguye;RL(@uR)(FeL) (41)
+ Cguue;LL(@JuuuL)(FU“VGL) +h.c.,

_ 4G _ _ . &
LD = ZF [Cgl?u‘;LL (dytur) (V5 Dper) + chome py (drry™ur) (Vi Dyer) | + hic..

AL=2 \/§U
(4.2)
and
LEFT(d=9) 80%7 _T 9 = g = %) ~ g =
Lar= = — ~eriCer ey Uy de upyude + cypp uryde uryudr
(4.3)

+ cgf,);sz ﬂ%’y“dg ﬂ%’yud%} +he..

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]

4G (T)Viudst V;u

NGT Cduve:LL = "o (8CTaw + Clup1 + Ciupi + Crupa) » (4.4)
4GF (7)V;dust 1 prts prst
\/i'l) Cduue;RL = _§<CJULLD + CJuLLD) ’ (45>
8GF (9 . g .
ﬂvcgf)ﬁ = =2V (Chupy +4C aw)* (4.6)
8GF (9):i duij* 8GF (9,
EJV};@ = 2V, O EC(VZ o = 0. (4.7)
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LEFT Wilson Value SMEFT Wilson Vahi% Anp
Coefficient Coefficient [TeV™°]  [TeV]
CuvesLL 1.86- 10710 Cirorm 7.06-107% 242
Chuve: R 1.86- 1071 Courru 3.62-107% 302
CluvesLR 8.20 - 10710 CLeHD 1.55-10"7 186
Cluve:RR 5.93-10°8 Ct el 1.12-1075  44.7
cgwe; LL 4.51-10710 Cirorm 6.83-1077 114

CiroLms 3.41-1077 143

L 9.87-107 Crupt 1.36-107%  9.03
CrLD2 2.71-107%  7.17

Craw 3.39-107%  14.3

CSZBIZ;RL 9.87-107° CaqurLp 1.32-107%  9.11
C(vg;)iif 1.40-107° Crup1 9.91-107*  10.0
Cruw 2.48-107*%  15.9

AP 2.66 - 10~% Carin 1.83-10"6 817

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 OvgS decay.

Generally, the inverse half-life corresponding to a long-range Ov5 decay contribution

induced by a single higher-dimensional operator is given by
Ty 5 = |C1*Gou | Moy |, (4.8)

where My, is the nuclear matrix element, GGy, 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 OvS5g3
decay half-life. The currently best limit on the 0v33 decay half-life T’ f;g’ =23x10%yis
provided by the KamLAND-Zen collaboration [76] using the '36Xe isotope.

Employing the matching relations between our basis of AL = 2 SMEFT operators and the
LEFT operators discussed above and using the experimental limit on Ov53 decay half-life one
can readily derive the constraints on the SMEFT Wilson coefficients. Limits from Ov35 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 36Xe were based
on the experimental constraints Tf}g’ P —1.07 x 10?6y [78]. Using the same framework we
calculate the current limits A; for operators O; considering the most recent experimental
constraint Tf}‘; = 2.3 x 10%%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 OvS3 decay rate is triggered by the scalar operators Oguue; L
and nge; rp; therefore, the associated Wilson coefficients come with the most stringent
constraints. Only slightly smaller rates are obtained for the tensor operator nge; 17, and the
vector operator c}{w e:Lr» Which are enhanced by large isovector magnetic moment [15].

It is important to note that since the limits depend on the nuclear structure input, the
numerical values of the Wilson coefficients may vary in dependence on the employed model
and as such comes with an unspecified uncertainty, which however should not change the
order of magnitude of the result. This is also because any potential deviation is further
suppressed in the calculated scale of new physics Axp, which is of the most interest. Somewhat
higher uncertainty is associated with the limit on the dimension-9 operator c&?)fi, whose
contribution depends on the unknown low-energy constants (LECs) and we set them to

zero in our calculation.

4.2 Coherent elastic neutrino-nucleus scattering and neutral current lepton
number violation

The SM neutral current interaction can lead to Neutrino-Nucleus Scattering and if the
incoming neutrino is low energy as compared to the inverse size of the nucleus E, < 50 MeV
then the scattering cross section can be enhanced due to coherent scattering of the 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

d SM T
@ =20 (1 - ) : (4.9)
T | gymeo M T

where oM is given by [80]

2
o G [N = (1= 4532 P
47 ’

(4.10)

with G denoting the Fermi constant, sy = sin yy 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 Ti,a, dictated by the incoming neutrino energy E), and M

2172

B T T
v

(4.11)
At the low-energies relevant for coherent elastic neutrino-nucleus scattering s¥, ~ 0.238 [81],
giving N — (1 —4s¥,)Z ~ N — 0.045Z. This implies that a large number of neutrons should
lead to an enhanced cross-section for coherent scattering. F(q?) represents the form factor
of the nucleus, with F(¢g?) — 1 as ¢ — 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

do
dT

_do
1 dT

spin=3

SM 2
og T

+ 20— (4.12)
spin=0 M QEE

However, the additional term proportional to T2/E? 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 AL = 2 dimension-6 LEFT operators involving only left-handed neutrinos the relevant
effective Lagrangian can be expressed as

e 4GF — —_— -
Lt = Nl ol (drpdre) W) + eyl it (dipdre) W) + eyl (drpoywdiy) (Ve 1)

_— - —_ T S _—
e (TRpuLy) (V) + oot (Wpune) (VEve) + o) (TEpo sy ) (VS0 )

(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 ¢

S,prst o S,prts
fu LL — fl/ LL
S,prst __ S/prts
CurL = CuRL (4.14)
Typrst _  Tprts
Cav;LL = ~Cav;LL -

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

- .
vt \f S T0) (BT (s + dirsin ™)) (4.15)
S,PT
af:u,d
where the three combinations of Dirac matrices are defined as I'* € {I, iy, ot } corresponding
to a = S, P,T and the associated coefficients are denoted by C® and D®. The coefficients
crvxy (X, Y = L, R) are simply linear combinations of the ¢* and d* coefficients

1
st = (CS —idS — P+ idp) ,

1
S, . .
CriRL = 3 (cS +id® + P +id? ) : (4.16)
1
e =5 (¢ —id")

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]

do _ GF’M T  MT T T2
N T s ) TE R —]|.4.1
Tla=g Lerr - Am [CS 2E,? e ( T 4EV2> B, ¢ <E2>] i

with (g, {(r and = defined as

g = (5+d%),
2
G = 8(CT+d,T)7
E = 2(cpdp — sy + dipdp — dipdy) . (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 = 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

CfS« = Z Czs;]) [Njn%;f%an(Q2) +ZZli)f§qFP<Q2)] )

q=u,d
Mn .y m
q=u,d

¢r = N(8cqy + 5d0d) Fo(Q%) + Z(5pc +8heg ) Fp(Q%), (4.19)

where F}, and F), are functions dependent on energy transfer ) and correspond to the form
factors of neutron and proton, respectively. We will further neglect d’. 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 [, and f;'iq are related to the fraction of nucleon mass due to a
given quark type and calculated in chiral perturbation theory [87]. The factors dq and 0F
correspond to the tensor charges corresponding to neutron and proton, respectively. Using
following values for these parameters [88, 89],

/B, =0.019, fik, = 0.023,
fP,=0.041, fiky = 0.034,
87 =0.54, o =—-0.23,
o = —0.23, % = 0.54. (4.20)
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the relevant limits derived using the data from the COHERENT experiment (using a Csl
detector) as derived in [90] are given by”

ICs|/NF(Q?) < 0.620 at 90% CL,
ICs|/NF(Q?) < 1.065 at 99% CL,
ICr|/NF(Q?) < 0.591  at 90% CL,
Cr|/NF(Q?) < 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]

ICs|/NF(Q*) < 0.21  at 30,
Cr|/NF(Q?) < 0.25 at 30. (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 Opgw,Orgp and OQu i » 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 cd’p ZSLt, cg;jp TRsi and ¢ T.p ZSLt We can use the constraints presented
in eq. (4.21) for the Csl target-based COHERENT experiment by assuming the Helm form
factors for protons and neutron to be equal (F,(Q?) ~ F,(Q?) = F(Q?)). Combining the

relations given in eq. (4.16) and eq. (4.18) with eq. (4.19) leads to

(3 1 My m 2
Ws(Qz) = > Nz(( )2+ (dy) )[ ing Td+Zime$d]

i=Cs,I

S,11st
4lcq, LL(RL)
= Cs

and
<TQ’ d\2 n Z; 2
N = 2 S (5+ 5%)

1=Cs,1
Zi \?
> <5g+]vf5§> : (4.24)
i=Cs,I v

2
T, 11st
128 ‘cdu;LL

Using N = 77.9, Z = 55 for Caesium nuclei, and N = 73.9, Z = 53 for lodine 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 CdLQLH 1 Ane Experiment
[TeV™ ] [TeV]
Coltiir 0030 113 0.4 COHERENT
Dollst
ety 0178 5402 0.1 COHERENT
Future Sensitivity
Sl
oyt 0008 3.0 0.7 Ge
Cantt 0.062 1869 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

o] <0017 at 90% CL,

et Ly | <0030 at 99% CL,

‘ T 11st

ettt <0.008  at 90% CL,

] ot <0178 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 Csl by Ge in eq. (4.23) and eq. (4.24)) we find the projected constraints to be

ot ry| < 0.008  at 30,

‘ T,11st

cor] <0.062 at 30 (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 AL = 2 dimension-7 SMEFT operators
and the relevant new physics scales.!?

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

2

suppressed standard Majorana neutrino helicity flip. Indeed, the LNV transition “v, — v

10Tn 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 (m, /E,)?, which for typical neutrino
energies at large oscillation experiments (F, ~ 5MeV — 2GeV) and m, ~ 0.1eV leads to
suppression of the magnitude in the range ~ 1072! — 1076, 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 Ov3/ 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 2 at the
production process, but sensitive to the charge of the outgoing lepton (%, the ratio

N,
Rug = 23 _ | P
Ng; Fl/a—ﬂ/B + Fl_/a—ﬂlg

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

dr, 0,0)
S de Z H ’ l/‘u,*ﬂ/y‘ "0p, - ( )
0.026 4.27
MM dar, O') ~ )
de Z H : Vu_“’u ’ GVu

where the (p, o) run over all the possible Dirac structures. Since, the oscillation probability
Py(f ;)l, entering the above expression depends on the new-physics coupling €,,, with A € e, 1, 7
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,

AGpt v _
LiEer D 2 [Cd&ires;zR(de’Yuqu)(Vc’Y €Rt) +Cd&iesi%R(dRp’YuuRr)(VsCV“@Rt)} - (4.28)
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LEFT Wilson Value SMEFT Wilson Vahl% Anp Experiment
Coefficient Coefficient [TeV 7] [TeV]
Chmn) 0.017 ceeler) 3.2 0.7 KamLAND
Copiett) 0.017 tete(leln) 6.4 0.5  KamLAND
iR 0.015 ceeler) 2.8 0.7  KamLAND
e e 0.015 ol 5.7 0.6  KamLAND
i n 0.22 — 3.47 chen 41.7-658.1  0.1-0.3  MINOS
ol 0.22—3.47 ce 83.4-1316.2 0.1-0.2  MINOS
ot s 0.16 — 0.63 cht 30.3-119.5  0.2-0.3  MINOS
oty 0.16—0.63 cor 60.7-239.0 0.2-0.3  MINOS
Comcin  016—0.71 i 30.3-1347 02-03  MINOS
Cott e 0.16—0.71 ol 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.,

GZ|V,|?
= F|7T(g%/ +393) B2 (4.29)

Uﬂupﬁégn(Eq) = Uuunafgp(ECI) -

The strategy is similar in the case of the KamLAND experiment, which can constrain
the LNV NSI process v, .p — e'n at detection using the measured limit on the signal
ratio Se. given by

dr

deq % dE,'j: : Pl?f;)l/g : Egﬁ : 0.175
See & . <28 %1074, (4.30)
f qu dé:: ' Pﬁf‘)lle Oy,

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 €., with A € e, u, 7 employing the ®B 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 si//f“ 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 Value SMEFT Wﬂson Vahle?) Anp Experiment
Coefficient Coefficient [TeV 7] [TeV]
Hmars 0.040 Clele 15.2 04  KamLAND
e RL 0.040 chiee 75 0.5  KamLAND
e 0.040 o 15.2 04  KamLAND
Cty 30.3 0.3  KamLAND
ot 0.040 o 7.6 0.5  KamLAND
el 0.036 cile 13.7 04  KamLAND
o 27.3 0.3  KamLAND
L 0.036 cure 6.8 0.5  KamLAND
ke, 0.52—3.47 Cororm 197.2-1316.2  0.1-0.2  MINOS
o 394.5-2631.4 0.1 MINOS
coite, 052347 Cot 98.6-658.1  0.1-0.2  MINOS
ol 0.38—1.49 Clonm 144.1-565.2  0.1-0.2  MINOS
o, 0.38 — 1.49 Ea 72.1-282.6  0.1-0.2  MINOS
bl 0.38—1.68 Cronn 144.1-637.2  0.1-0.2  MINOS
Clromma™ 288312745 0102  MINOS
b, 0.38—168 Cort 72.1-3186  0.1-02  MINOS
Cmeis 0.041 O ) 62.2 0.3  KamLAND
Cauwer L 0.041 Ct 62.2 0.3  KamLAND
Coiey 124.4 0.2  KamLAND
Comerr 0.036 Chrs i 54.6 0.3  KamLAND
o 109.2 0.3  KamLAND
Comet, 053838 Clrorm 804.1-12714.5  0.0-0.1  MINOS
Clrotie  1608.3-25429.0 0.0-0.1  MINOS
ity 030-152  Civ 591.7-2306.2 0.1 MINOS
Chmiin  039—171  Cye 591.7-2594.5 0.1 MINOS
Clronma”  11835-5180.0 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

_ 4G — _ — _
LiEer = T; [Cg;;}:’;zL(dRpqu)(VgeLt) + et (dipury) (Veers)

T — _
+ Cd&igs;tLL(dRpgwqu)(V§U“V6Lt)} .

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

- G%‘Vud‘Q
™

O-Eup—%gn(Eq) = Uu”n—wgp(Eq) — (g%)Eé, (431)

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

- G%”VudP
U

2 2
TppmtinFa) 20, 5 (EBq) 2 (12¢3) E2, (4.32)

where g7 = 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 — (w)vv decays

AL = 2 dimension-7 SMEFT operators can induce long-distance contributions'' to LNV
K — (m)vv 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

LEFT(d=5 5y A5y 5
‘CAL:Z( ' O = 1eO,) (4.33)

"The 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 p represents the magnetic dipole moment of neutrino and e corresponds to the electric
charge. The operator OSZF is defined as

OiZF = (VCiUuVV)FuV + h.c.. (434)

Here F),, is the electromagnetic field strength tensor and v = Prv denotes left-handed active
SM neutrinos. The Wilson coefficients of AL = 2 dimension-7 SMEFT operators can be
matched onto the Wilson coefficient for the dimension-5 LEFT operator as follows [15]

5y = _ 1 3(vij 3cﬂLjHW — CfHW
c  ple= ij = % (v Ciyg—v 5 > , (4.35)
where u and Cy g 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 (CEvNS) [84, 102], etc. In fact the relevant constraints are rather
strong |, r| < 4x1072 GeV~! [100]. The long-distance contribution to the K — v process
proceeds through the s — dvy transition operator so,, Pr/rdF'"", with the corresponding
coefficient estimated to be cggp ~ 1077 GeV~! in the SM [103]. However, given the strong
constraints on c,,r such long-distance contributions to K — mvv decay are negligible.

The LEFT LNV |AL| = 2 dimension-6 operators relevant for K’ — 7vv decay are given by

03,11, = (drd) (V) + h.c. | (4.36)
Ojirr, = (drdr)(vCv) + hec. (4.37)
Odrr = (dro*dr)(vCov) + hec. . (4.38)

We note that for the tensor operator Ea“l’ vz to be non-vanishing one must have o # f.
The AL = 2 dimension-7 SMEFT operators can induce the dimension-6 LEFT operator
OdSIE?BL. We also note that the (951,; rr, 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 OZE?BL are induced by the SMEFT
operator OJLQ i1 With the relevant matching between the Wilson coefficient of LEFT and
SMEFT given in table 2. The LNV operator Ogy; 17, can contribute to the leading order
chiral Lagrangian, while the tensor operator Ogy; 1, can only contribute at the next-to-leading
order in the expansion momentum O(p?) in the chiral Lagrangian and is therefore suppressed
by a factor p? /Ai Therefore, in the rest of this subsection, we will focus on the scalar
operator Ogy; 11, to constrain the SMEFT operator OJLQ i1 Yo 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 Ogy; 1z, arising from dimension-7 SMEFT operator Oy -

Firstly, let us consider the invisible Kaon decays Ky gy — vv. The effective Lagrangian
at the leading order for K; — vv decay can be expressed in terms of the Wilson coefficient
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associated with Ogy;LL as [17]
4GrBEy [, 5.5 SdsaBy — S,d S,sdafr (——
Liiyow = —5 (et + cohs”) (VEvs) — (caumss™ + s ) (wav) | K

(4.39)
and that for K¢ — vv decay as

4GrBFy [, §.sd S.d — S,d S,sd _
LKgsvw = EEN [(CdLS;LCZB - Cd;;iiﬁ)(v&%) - (Cd{/;ioiﬁ* - CdLS;LOiB*)(VaVE)}KS 5

(4.40)

where B and Fy are constants related by the quark condensate B = —{(qq)o/(3F%), with their
numerical values given by Fy = 87 MeV [104] and B ~ 2.8 GeV [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 (Agw = myy) to the chiral symmetry breaking
scale (Ay ~ 2 GeV) leads to an order one effect [17]

CgV;LL(AX) = 1.656 ch;LL(AEW)‘ (441)

Now at the electroweak scale under the simplifying assumption

la2s _ ~132a _ ~2alp _ ~2fla oy
CJLQLH1(AEW) - CJLQLHl(AEW) - CJLQLHl(AEW) - CJLQLHl(AEW) = Cirqrui:
(4.42)

and further using o = 3, the K, branching ratio of invisible decay simplifies to be given by [17]

mg, | BFy 2
B, s = 0.014 KL | 220 o) . (4.43)
L—VY F?(XLP \/G7F dLQLH1

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

Bx, —invisible < 6.3 x 107% (95% C.L.). (4.44)

The effective Lagrangians for K® — 7% and K+ — 7ntvv at the leading order in xPT
relevant for our analysis are given by [17]

Loty = GrBeiis’ (Vvg) + s (wavg) | KOx° (4.45)
Lictsmim = —V2GrB|cg15 Vvs) + caias” (wavg) | Kt (4.46)
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which follow the isospin relation

<7T0‘£KO—>7TOVV’KO> __L (4 47)
(T L KT V2 '

By neglecting the small CP violation in K°— K system, and given the absence of interference
between the SM contribution and the LNV contribution, the branching ratios for the decays
K; — vy and KT — ntuvr can be expressed as

K 1 4G R S.d S,sd
By smomw = 10 ) (1 - §5a6 o) ‘ Cau, 2‘25 + dVS;L(zﬁ‘ + BKLWTOW ; (4.48)
a<lp
+ 1 AGp\? (| s S,sdaf|?
BK+—>7r+m/ = JlK Z (1 - 26a5> ( ﬂ > (’ Cav, z(}/ﬂ‘ + ‘cd;/s;LozB > +BK+—>7r+w/ )
a<p
(4.49)

where the three-body decay kinematics are parameterized by

1 1/2
K
Jt = FEXp297T3/dS$ (m, +m2o — s)° —4m%<Lm3ro> ; (4.50)
Ky
+ 1 B? 1/2
JlK = FE>qo287T3m3/d88 ((m%ﬁ + mfr+ — 5)2 — 4m§<+m72r+) , (4.51)
K+ K+

with mp, (mg+) denoting the physical mass of K (K ™), and F‘IE(XP( EXp)

denoting the decay
width of K, (K™T), respectively. Here mo(m,+) denotes the mass of 7°(7 "), and s denotes
the invariant mass squared for the neutrino pair. Again using the simplification as eq. (4.42)
and a = 3, the branching ratios for the decay modes K; — 7°vv and K+ — 7ntvv can

be simplified to

58 8
’CdLQLHl‘ + BKL—mOW ; (4.52)

BKL—>7r01/1/ =

130’

B+ sntin = CdLQLHl‘ + BK+*>7T+I/Z/ : (453)

The SM GIM suppressed rates for these flavor changing neutral current (FCNC) processes are
B o= (34+0.6) x 107 and BRY | = (8.4+1.0) x 10!, 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

BROTO, ;= 21111 x 1077, (4.54)
at 95% confidence level (CL) and

BYA%2 < 1.7 x 10710, (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 ?%é%ﬁlﬁl [j%g\];] Observable
ot 13x106 48x107* 128 K, —ww
ot 25x1077 9.6x1075 21.8 K+t atu
Cait) 26x1077 9.9x107° 21.6 KO — 0wy

Future Sensitivity

ity 84x 1078 32x107° 315 K*—oxtww
b 141077 52x 1077 268 KO — nlww

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 — (m)vv decays.

+10% in the branching ratio for K+ — 7 Fww [112, 113], while the KOTO experiment should
improve over the final results from E391a experiment by a factor 100, providing a sensitivity
~ 1070 to explore the interesting region below the Grossman-Nir upper limit [114] for
K, — n%w branching fraction [115-117].

4.4.2 Lepton number violating K+ — 7~ £1¢% decays

The short-distance contributions to LNV K+ — 7= ¢T¢* decays can be induced at the leading
order from AL = 2 dimension-7 SMEFT operators. The EFT approach for the short-distance
contributions to KT — 7~ ¢T¢T in the context of dimension 7 SMEFT operators has been
discussed in detail for instance in ref. [118], where the AL = 2 dlmen81on—7 SMEFT operators
are matched onto dimension-9 LEFT operators, which are suppressed by ¥ A3 As a consequence,
the currently available measurements can only constrain the new physics energy scale rather
loosely A > 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+ — 7~ £™¢* 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
KT — 77 4t0" to the leading LNV SMEFT dimension-7 operators using a LEFT and
subsequently xPT, 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 A ~ 1TeV
the branching fractions for K™ — 7~ £T¢" 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 YSMEFT) it is possible to
have resonant enhancements which can lead to sizeable contributions to K+ — 7~ £T¢% [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®vv decays

The AL = 2 dimension-7 SMEFT operators can induce LNV b — svv transition leading to
B — K®yw decays. Such contributions correspond to the dimension-6 LEFT Lagrangian [19,
33, 121]

4Gy
L= \/i (CEV;LLogV;LL + ch;LLogu;LL +h.c. 7) (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 v§ o v F),, since it
can only appear together with the down quark dipole operator dyo*’dgF, wv- 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® vy 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

AGr vem —
LINC TQchnyL(dm#dL)(mﬂu) , (4.57)

where the relevant SM Wilson coefficient corresponding to the left-chiral vector interaction
is given by [108]
X
e =~V () -
Here the function X parametrises the electroweak corrections induced by the top quark given

by [19, 124] X = 6.402sin? f,. We note that the LNV scalar operator Ogy;LL is symmetric
in the neutrino flavors, while the tensor operator (’)dTV; 7, is antisymmetric in the neutrino

CV,sbaa,SM _ « (458)

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 Ay = 4.8 GeV can be
expressed in terms of the Wilson coefficients at the electroweak scale Agw [19]

Ch,.1(48GeV) =1.4C5,. 1 (Apw) . Cl,.(4.8GeV) =0.9C],. 1 (Apw) - (4.59)

Searches for B — K®uvu 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™! 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® v
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 IT [125]
LQCD+LCSR 50 ab1

Br(BY — K%v) (414£0.5) x 107 < 2.6 x 1077 [126]

Br(BT — K*tww) (44£07)x107% < 1.6 x 1075 [127] 1%
Br(B? - K*%ww) (11.6+1.1) x 107% < 1.8 x 107° [126] 9.6%
Br(BT — K*twr) (1244+1.2) x 107 < 4.0 x 1075 [12§] 9.3%

Table 10. The SM predictions for exclusive b — svv 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 OJLQI:H 1 A Observable
[TeV—>]  [TeV]
oy 3.6x107%  0.14 19 B— K®uww
sy 27x 1074 021 1.7 B— KM
sty 0.6x107% 018 175 B— K'ww
Future Sensitivity (50 ab™!)

sy 0.6x107%  0.02 35 B— Kw
oy 0.6x107% 0.0 28 B Kwv
coen? 0.3x107%  0.08 23 B-— K'w

Table 11. Most restrictive current bounds, future sensitivity of the LNV dimension-7 SMEFT
operator Ogyor g1 and the corresponding new-physics scale for the relevant Wilson coefficients under

the assumption of single LEFT operator dominance to exclusive B — K(*)yv decays and for massless
neutrinos.

subject to strong constraints from B — K ®)vv decays.!? In table 11 we summarise the limits
on the LNV dimension-7 SMEFT operator CJLQ 1;r1 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.

12 A fter the submission of this paper to arXiv, the Belle II collaboration reported an excess in the measurement
of B — Kvv decays [131]. For a scalar current dimension-6 LEFT operator with massless neutrinos this excess
corresponds to a new physics scale of about Adim-6 ~ 4.1 TeV [132]. Matching onto the dimension-7 SMEFT
basis operator Ogy, o1 this corresponds to a SMEFT new physics scale A g1 ~ 0.8 TeV. Note however
that Ogpor 1 s 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 — Kvv 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 AL = 2 dimension-7 SMEFT operators.

4.5.1 Lepton number violating 7 decays

The three-body semileptonic 7 lepton decays such as 7+ — @Piipji, with Pf; =7%, KT 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(r~ —wetn ) <20x1078, Bir— = ptnm7) <3.9%x 1078, (4.60)
B(r~ —»e™K"K™) <33x1078, Brm = u"K " K™) <4.7x1078, (4.61)
Bt~ —we"K 7n7) <3.2x1078, B(rm - p K n7) <4.8x 1078, (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 50ab~! being

B(r— —etnn) <3x10719 Bir~ = utnm7) < 7x 1071, (4.63)
B(r™ = e"K"K™) <6 x1071°, B(r~ = utK"K™)<9x1071° (4.64)
B(rm —we"K n7) <6x10719 Birm = p K n7) <9 %1071, (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 AL = 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 YSMEFT) these processes can potentially give useful constraints complimentary
to OvBS and LNV kaon decays [136-139].

4.5.2 Non-standard muon decay

Non-standard muon decays can be induced by Oz at the tree level. It is interesting
to note that this particular operator does not contribute to Ov33 decay at the tree level.
Therefore, non-standard muon decays can provide crucial constraints on Czrrrm. After
electroweak symmetry breaking, the AL = 2 Lagrangian relevant for the non-standard muon
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decay can be written as [15]

4Gr | 5 _ ~ S 5 .
£= _ﬂ{ce;’ffi" (FRer) (Vevy) + carrr (Brpe) (VEvy)

teakrs (FRouwer) (Vo™ vy) + et (BROwmL) (v‘ga“”m} +he,  (4.66)
where only ny(-?iu “l can mediate the AL = 2 decays u+ — e Uev,, which was searched

for experimentally. The experiment [140] used the charged current processes pv, — etn
and 2C 7, — et n!'B following the decay of the muon to identify 7, in the decay products

of a pu* at rest. The muonic neutrino on the other hand is not identified. The hermitian
S(T),peepx

conjugate operators ¢, ’; mediate the AL = 2 decays = — e~ vev, and cfy(?gie“e” (and
ci(?f“ ) can induce pu~ — e Ve, (and T — etvev,). The relevant coefficients cZ’f; A
and cele’f Lez# are related to the SMEFT dimension 7 Wilson coefficient Czr11, g by

S,ueep 31}3 e pe ue efp

W (Cerrem +Cerrru) -

T.peep U3 nee ue e

ev;LL = _m( cooon — Cerrnm) - (4.67)

as can be verified from table 2. Under the assumption that there are no AL = 0 lepton-flavor
violating operators contributing to u* — e e, the experimental limits on the branching
ratio can be used to constrain C‘S‘eT The relevant branching ratio can then be expressed

in terms of ¢’ to be [15]

_ L(ut—=etver,) 1) 2 3| p 2
+ + _ eVu) _ heel heels
BR (,u —e VGVM> ~ T S etn,) 4 Canrr | t 7 |CensLL (4.68)
The 90% C.L. limits on the branching ratio using the experimental limit from [140]
BR (i = et 5= 0.75) < 0.9-107°,  BR (" — e*nep, p= 025) < 13-107%,
(4.69)

implies [15] |cesy” 771 < 0.06 and |CZV“ 7] < 0.04. Here p is the Michel parameter determining
the dependence of the decay rate on the 7, energy. The relevant limits on the SMEFT Wilson
coefficient and the new physics scales are tabulated in table 12.

4.5.3 p~ to et conversion

The experiments searching for the lepton flavor violating neutrinoless u~ — e~ conversion in
nuclei can potentially also be sensitive to the LNV mode p~ — et conversion in nuclei [141,
142]. The current best limit for the LNV mode is due to the SINDRUM II collaboration
which used titanium [143]

Ti I'(p~ +Ti— et +Ca) 1.7 x 1072 ( 90% CL) ,
leeJr = — - <
P(p=+Ti—= v +Sc) | 36x 10711 (90% CL),

(4.70)
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Current Bound

LEFT Wilson

. Cerrrn  Anp
Coefficient Value [TeV_3] TeV] Observable
ot 006 152 04 pt— et p=0.75
ol 004 1216 02 pt — ety p=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 u* — e 0.1,.

ur, dr,
o
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1% ec
———— e}
S
ur, dy,

Figure 6. Leading order contribution to LNV p~ — et conversion due to Ozrrrm.

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 u~ — 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: Ry, >5x 107 (90% CL),

Mu2e: R4, > 6.6 x 1077 (90% CL),

COMET Phase-I: Ry, > 7.2 x 107" (90% CL),
COMET Phase-II:  Ry!,~ > 6 x 1077 (90% CL),
PRISM: Ry, >5x107" (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 p~ — et
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

,35,



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.'® To
discuss the sensitivity of neutrinoless u~ — e~ conversion to LNV dimension-7 SMEFT
operators let us consider the operator Oz and use the prescription of [147]. The leading
contribution from this operator to LNV u~ — et conversion occurs at the one-loop level
as shown in figure 6. The amplitude for such an operator should scale with % and the

%, where p is the loop momentum. Each W boson

propagator along with gauge interaction vertices should contribute Gr/v/2 and the nearly

loop should contribute as [ (2?% ~

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

Mg +N—et +N)
L(p=+N—v,+N)

ol (%) () (52)° 12 (&) @ foan(0)?
(%)2 Q? [1100(0)]?
2
ol (3;)2 (;)2 (i’gii) (g) | (4.71)

where 1109(0) is the wave function of the incoming muon in the 1s ground state of the atom

R;re'*‘ =

and from a mass dimension scaling [1100(0)|? should scale as [M]?. @ 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 A ~ 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 p~ — e' conversion

in nuclei in our final parameter space analysis.!?

4.6 Constraints from neutrino magnetic moment

In addition to the low-energy observables discussed above, the LNV dimension-7 LNV
operators Orgp and O gw 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],'° as well as from other astrophysical probes [101]. We remind the readers

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

“Note 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.

'5In 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 Opgp and Opgw are related to the neutrino
magnetic moment via the relation (cf. eq. (4.35))

5y L (3 3Cluw — Cluw
c e = ij = 75 |V Cryg—v 5 ) (4.72)

where for Majorana neutrinos the magnetic moment has the form

0 pi2 pas 41
1
EM D 5 (]/1 1/2 V3) O'My _I’L12 0 M23 V2 F}U/ + h.C., (473)

—p13 —p23 0 V3

with v 23 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

|l otar = Prlu" | + Pol g™ * + P3|u§™|? (4.74)

where the incoming flux of solar neutrino is a mixture of the neutrino mass eigenstate v;
with probability P;, with ¢ = 1,2,3. On the other hand, reactor-based experiments such
as GEMMA, TEXONQO, 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
lp12| < 0.64x 10" M g, |13 < 0.75x 107 up and |p13] < 1.1 x 10~ pg. 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

10~

—_— 4.75
4mv? (4.75)

Cilup — CgHW’i;éj S
which under the assumption of single SMEFT operator dominance leads to an order of
magnitude limit A > 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 Oy is constrained from Ov33 decay A > 1.9 x 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 Opp, with the constraint
from OvB3f decay being A > 1.9 x 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 OvBB LBL Osc. p, pt-decay CEvNS Meson decay
Orn v v - - - - ,
OLenp v v v - - - _
Orup1 v v - - - - _
OLup2 v v - - - - _
OLuB - - - v - v -
Oruw - v - v - Ve -
OdurLp v v B B B B B
OeLLLH - - - - v - -
Odruer v v v B B B B
OiroLm v v v - - v v
OJLQLH2 v v v B B B -
OburLu v v v - - v -

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 Oy can induce a correction to the neutrino mass at tree level through VEV
insertion ém¥ = —0/2(1)3C?ﬁ) and the operators Orgp1, Orap2, Oreup and Opgw can
induce Cp g 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 [0m¥| < 1eV.

As expected, Ov3 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 Oppgp and Ogr g, which do not induce Ov53 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™ — 77wy by the
NAG62 experiment which currently provides an impressive limit of A > 21.8 TeV for the LNV
dimension-7 SMEFT operator OJLQ 11 under the assumption of flavor universality and same
flavor of the two leptons. In the future, NA62 will improve the sensitivity to about 31.5 TeV.
Given that the measured mode involves light neutrinos in the final states of K™ — 7wy,
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® v 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 IT experiment in the near future. However, the limits from B — K®vv decay
are about an order of magnitude weaker than those from the K™ — 7" vv 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 pu flavor of leptons
is most stringent for the SMEFT operator Oy, ;; p, 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 Og; .5, OJ,LQLHD and Oy, 117~ While for OJLQLHQ and Opgp1
the current limits are order half a TeV. With the exception of Org, Orerp, Orgpi, OLHB,
Orgw and Ogrrrm, 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, eu, et flavors for Orepp,
Oiruers Carorm> Cargrmz and Og, - While for the pp and pr 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 Opgp and Opgw. In fact, the
operator Orp 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 OJLQ 11 is also provided by the coherent elastic neutrino-nucleus scattering
(CEvNS) which currently provides a bound A > 0.4 TeV from the COHERENT experiment
(where the neutrino flux is dominantly of muon flavor). CEvNS can also provide subdominant
constraints on Orgw,Orgp and OQuLLH [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 Ogr, 1117, which does not involve
any quarks, is mainly constrained by the muon decay mode p* — e*v.v, to A > 0.4 TeV.

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 Ov35 decay experiments. However, for instance, if an LNV signal
is instead seen at puT-decay experiments, without a corresponding signal of Ov33 decay, then,
assuming that a dimension-7 AL = 2 operator is responsible for such signal, one can deduce
that the signal is caused by Ogrr . Similarly, if neutrinos are found to have a magnetic
moment, we could deduce that O gp is realized in case we do not see a Ov30 signal, while
Oraw 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 Ov3/3 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 Ov55 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 Ov3 decay and neutrino magnetic moment is detected then that (assuming
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a dimension-7 AL = 2 operator is responsible for such a signal) would imply that LNV is
not only prevalent only for ee flavors but also for eu, er or ur 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 AL = 2 SMEFT operators to identify the prospects of probing them at various
low- and high-energy experiments. Unsurprisingly, Ov55 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 AL = 2 SMEFT operators, we
identified the most promising ways of testing lepton number non-conservation triggered by
operators not constrained by OvS53 decay or providing valuable information about lepton
number violation in flavors other than the electron one. In particular, the muon decay
mode pt — e*DeyM and constraints on neutrino magnetic moment from neutrino-electron
scattering provide bounds on two of the operators not constrained by Ov53 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
AL = 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 AL = 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 Oj,,;; , With the associated new-physics scale reaching about 5 TeV.
For the other studied operators, Og; ... (’)JLQLHl, OJLQLHQ’ (’)QULLH, and Orgp1 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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