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ABSTRACT: Majorana neutrinos may have transitional dipole moments, which violate lepton
number as well as lepton flavour. We estimate the sensitivity of future colliders to the
electron-muon neutrino dipole moment, A, by considering same-sign dilepton final states.
We find that hadron colliders, even the proposed FCC-hh, are sensitive only to |Aey| 2 10~%up
(with pup the Bohr magneton), a value two-three orders of magnitude larger than current
bounds from astrophysics and low-energy neutrino-scattering experiments. In the case of a
future muon collider, we show that the sensitivity varies from [Ac,| ~5-1072up for energy
Vs ~ 3TeV, to ~ 107125 for /s ~ 50 TeV, matching the current laboratory bounds for
/s ~ 30 TeV. The singular advantage of the muon collider signal would be a direct, clean
identification of lepton number and flavour violation. We also show that a muon collider
would improve by orders of magnitude the direct bounds on m,, and m,,,, two of the entries
of the Majorana neutrino mass matrix. These bounds could be as strong as ~ 50keV, still
far above the neutrino mass scale.
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1 Introduction

Neutrino dipole moments (NDMs) are a window into new physics beyond the Standard
Model (BSM) [1]. Assuming that the neutrino mass eigenstates are Majorana fermions,
only transition dipole moments (TDMs), connecting different flavours, are non-vanishing,
and they violate lepton number by two units. In the flavour basis, we can denote them by
Aap With o, 8 = e, u, 7, and a # 8 since the matrix A is antisymmetric. Majorana masses
induce a one-loop contribution to TDMs, which is suppressed not only by the smallness of
neutrino masses, but also by a Glashow-Iliopoulos-Maiani (GIM) mechanism. However, the
magnitude of the TDMs can significantly increase in new physics models [2—4]. In particular,
compelling BSM scenarios predict a v,-v. TDM of the order of A, ~ 10~ 2up, where
up = e/(2m.) denotes the Bohr magneton (see for example [5, 6] and reference therein). Such
large Majorana-neutrino TDMs can be also natural [7, 8], in the light of effective-field-theory
(EFT) arguments. In this range, TDMs could be accessible experimentally, as detailed below.
The observation of lepton number violation (LNV), in a process induced by neutrino TDMs,
would additionally establish the Majorana nature of neutrinos.

In the case of Dirac neutrino mass eigenstates, both flavour diagonal and off-diagonal
NDMs are possible. The neutrino-mass contribution to the diagonal ones is not GIM-
suppressed, but it is still very small, A\, ~ 10~ up [9]. Larger Dirac NDMs can be generated
by new physics, however values exceeding about 107'°;15 would not be natural, because they
would induce a one-loop contribution to neutrino masses which is unacceptably large [10].
In addition, since Dirac NDMs respect lepton number, they do not induce LNV processes
at colliders. We will neglect the Dirac case in the following.

Extensive searches for NDMs have been undertaken in laboratories, as well as through
astrophysical and cosmological observations. Laboratory searches typically focus on measuring
low-energy scattering of solar neutrinos [11-17]. Astrophysical bounds are obtained from stellar
energy loss measurements. While these latter are subject to uncertainties in astrophysical
models, they have historically been more stringent than laboratory constraints. However, the



latest laboratory bounds, A\, < 6.3 x 107 2up at 90% C.L. from XENONnT [18] and )\, <
6.2 x 107125 at 90% C.L. from LUX-ZEPLIN (LZ) [19], are approaching the astrophysical
limits [20]. More precisely, these bounds apply to an effective dipole moment [1], given by
)‘12/5 ~ S |Uekl? > |A\jk|?, where Ugy is a neutrino mixing-matrix element, and \;x are the
neutrino TDMs in the basis of neutrino mass eigenstates, Aj; = Zaﬂ Uaj ng)\ag.l Therefore,
these searches are sensitive only to a combination of the different TDMs. Bounds on A,
are also placed by short-baseline accelerator and reactor experiments like CEvNS. These,
however, are weaker by at least one order of magnitude, see [21] and references therein.
The current most stringent astrophysical limit, A, < 107'2 g, is obtained from plasmon
decays in the red giant branch of globular clusters [22]. Cosmological bounds of the order of
A S 3% 10721 p can be also obtained from CMB and BBN measurements of the effective
number of neutrinos [23].

Another set of constraints is obtained from measurements of neutrino-to-antineutrino
conversion in the solar magnetic field [24]. The sensitivity to A, in this case depends
crucially on the value of the solar transverse magnetic field, which is poorly known, so that
a conservative bound on )\, is typically weaker than those above [21]. On the other hand,
in contrast with all observables considered previously, the observation of an antineutrino
flux from the Sun would be a direct evidence for LNV.

In this study we will explore for the first time the sensitivity to NDMs, in particular to the
v,-v. TDM, of collider experiments. These could provide important complementary tests to
those that can come from astrophysics and low-energy scattering experiments. We will focus
on same-sign dilepton final states, that could provide a direct evidence for LNV, and a clean
measurement of A.,. Notice that here the challenge is to observe LNV from light neutrino
interactions only, to be contrasted with the more common attempt to observe LNV at colliders
from new physics at the TeV scale, for example in seesaw models, as reviewed e.g. in [25].

We will consider current and future hadron colliders: the upcoming high-luminosity phase
of the LHC (HL-LHC) and the proposed FCC-hh [26], as well as a possible future multi-TeV
muon collider experiment. The latter has been considered among the key points of the strategic
plans for the development of particle physics both in Europe [27, 28] and in the United
States [28, 29] and it has developed a considerable community effort to explore its potential
for the discovery of BSM physics (see for example [30-46] for some of the most recent studies).

The LNV signatures which we consider to probe neutrino TDMs at colliders are also
sensitive to Majorana neutrino masses, more precisely to the mass matrix entries in the
flavour basis, mqg, which also violate lepton number by two units. Neutrinoless double beta
decay (OvBf) experiments can reach a very high sensitivity on |me.|, of order ~0.1eV [47].
In particular, 90% C.L. limits of 79-180meV and 61-165meV are placed respectively by
GERDA [48] and KamLAND-Zen [49]. Indirect constraints on the other entries of the
Majorana mass matrix can be inferred from this bound on m,., with some little amount
of theoretical prejudice. On the other hand, colliders can be directly sensitive to mqg for
af} # ee, providing complementary information on the nature of neutrino masses.

'For E, > 1 MeV, the expression for \,, should be corrected, to account for solar matter effects, which are
E,-dependent [1].



The hadron collider sensitivity on |m,,| has been recently explored in [50], which
estimates sensitivities ranging from ~ 5.4 GeV at the HL-LHC to ~ 1.2 GeV at the FCC-hh.
Experimental searches [51-53] have been also performed at the 13 TeV LHC with 140fb~!,
giving the following 95% C.L. bounds on Majorana masses: |me,| <13 GeV, |m..| <24 GeV [51]
and |my,,| <16.7GeV [52]. The recent study in [54] also presents projected sensitivities on
Majorana masses of a future same-sign muon collider. The study reports sensitivities similar
to those of the FCC-hh for a 30 TeV collision energy. The B— and K —meson factories like
LHCb or NA62 experiments are also sensitive to m,, or m, through LNV meson decay
processes like B¥(K*) — nt¢*¢* [55, 56]. The bounds derived in [50] on the basis of
the study in [57] show, however, that their sensitivities would be lower than the projected
sensitivities of the FCC-hh: NA62 can test with its 2017 data set masses of the order of
50 GeV, while LHCD sensitivities with 300fb~! are about five orders of magnitude worst [50].
Ref. [57] also reviews the possibility to use muon-to-positron conversion to set a bound on
Mey, Which is however subject to large uncertainties from nuclear matrix elements.

In this work, we will identify for the first time a strategy to probe Majorana masses at
a future p™p~ muon collider, and we will present the corresponding projected sensitivities
on me, and my,.

The paper is organized as follows. We introduce the theoretical framework for neutrino
TDMs in section 2. The possible probes of TDMs at hadron colliders are described in
section 3, while we present in section 4 our search for TDMs in the case of a future muon
collider. In section 5, we employ the muon collider to test Majorana neutrino masses. We
finally discuss our results in section 6.

2 Neutrino dipole moments: theoretical framework

Majorana neutrinos can have transition dipole moments (TDMs), that is to say, dipole
moments off-diagonal in flavour space [58-61]. They can be described by five-dimensional
operators,

1 .
LD (VLa)CUHV)‘oﬁVL/J’A/w +h.c. = 1 Taauy(ﬂaﬁ + 7'daﬁ75)yﬁ‘4uz/ )

=

(2.1)
Hap = iIm)\aﬁ N daﬂ = iRe)\ag s

where vy, are left-handed spinors, v = vy, + (v1)¢ are Majorana spinors, o = (i/2)[v*,v"],
A, is the photon field strength, and «, 8 are flavour indexes. The TDM matrix A has
mass-dimension minus one, and it is antisymmetric in flavour space, Aog = —Ago. The
magnetic dipole moments (MDMs) pq3 and the electric dipole moments (EDMs) d,s3 are
defined to be imaginary. The prefactor 1/4 guarantees the standard normalisation for the
vvy vertex [62-64]. Like the Majorana neutrinos masses m,g, defined later by eq. (5.1), the
neutrino TDMs A, are associated to operators with lepton number equal to two, therefore a
non-zero TDM implies a violation of lepton number by two units.

The electromagnetic dipole operators in eq. (2.1) should be the low-energy realisation
of SU(2),, x U(1)y invariant operators, generated by some LNV new physics at scale Ayp.
The lowest-dimensional such operators contributing to neutrino TDMs are two dimension-7



operators [8],

(OB)ap =49 (EeH) lojad (HTeELﬁ) B, (2.2)

(Ow )ap = 19€abe (E eaaol“’&g) (HTeabH) Wﬁy , (2.3)

where H and ¢j, are the Higgs and lepton SU(2),, doublets, the o are the Pauli matrices,
€= —io?, Wy, and B, are the SU(2),, and U(1)y gauge field strengths. In unitary gauge,
H =10 (v+h)/v2]T. After spontaneous symmetry breaking (SSB), setting to zero the Higgs
boson field h, and going to the basis of physical gauge bosons, one obtains the following
effective interactions:

2
(OB)aB|v = —97 (yfa U“”VLB) (ch/“, — stl“,) , (2.4)
(OWaslo = 90" (Va0 v15) (sw Ay + cwZpu -+ 20gW, W)
2
_ % (Viq 0" ers +ef, 0" vip) [W;j + 2igWJ(swAl, + ch,,)} : (2.5)

Assuming £ D Cl5(0B)ap + Co5(Ow)ap + h.c., the (tree-level) matching onto the
neutrino TDM reads?

Aap = —2ev? (Cfﬂ + QC’O%) . (2.6)

The operator Oy will be of particular relevance for our analysis at hadron colliders. For
this part of the analysis, we will work under the simplifying assumption that new physics
above the electroweak scale generates only Oyy. For the muon collider analysis, we will
study the effect of both Op and Oy .

One should keep in mind that new physics may violate lepton number without inducing a
neutrino TDM, at least at tree level. Indeed, if new physics happens to generate C% = —20%W,
the combination in eq. (2.6) vanishes, still one could observe same-sign different-flavour
dileptons at colliders. More in general, other dimension-7 operators violate lepton number by
two units, without contributing to neutrino TDMs. In particular, let us consider the operator

Om)ap =g (EEUWELB) (HTGG“H> Wa, - (2.7)

It involves exactly the same fields as Oy, but with a different contraction of SU(2),, indexes,
such that O g is actually symmetric in flavour, (O m)as = (OM)BQ.3

2In order to compare with [8], note their s corresponds to Aas/2, and they use the convention v ~ 174 GeV
while here we take v ~ 246 GeV.

%We remark that the two operators, Ow and O, both involve two lepton doublets, two Higgs doublets
and one SU(2),, field strength, and they are clearly independent. In the classification of dimension-7 operators
presented in refs. [65, 66], only one operator involving this same set of fields is displayed:

1 s v a a 1
(Oruw)ap = 5 ((f.eH) o™ (H"eo"brp) Wi, = 1 [(Ow)as + (Om)as] ,

where the equality can be explicitly checked in components, or using identities among Pauli matrices. Since
Ow is flavour antisymmetric and O g is flavour symmetric, the 3 independent Wilson coefficients Co% and the
6 independent C' é‘g are in one-to-one correspondence with the 9 C[fé[ W In other words, the linear combination
Oruaw covers all independent operators in this class. Nonetheless, since the physics implications of Ow and
O m are substantially different, we decided it is preferable to treat them separately.



Once the Higgs doublet is replaced by its vev, one obtains

gv°
o)

Such effective interactions can produce same-sign dileptons at colliders, with either equal or

(Om)aplv = (—vf,oerg+ef, o vrg) [WIZ, + QigW;(swA,, + ch,,)} ) (2.8)

different flavours. This or other AL = 2 operators may induce a neutrino TDM via operator
mixing, that is, they may contribute to the Wilson coefficient of eq. (2.6) at loop level. An
exception is the case of lepton-flavour conserving new physics, which may induce e.g. (O m)aas,
but it does not generate neutrino TDMs even at loop level.

Since we are interested in setting the strongest possible constraint on the neutrino TDMs,
in the following we will focus on Oy or Op only.*

It is interesting to give an estimate of the relevant Wilson coefficients, by using Naive
Dimensional Analysis (NDA). Calling m, and g, the typical mass and coupling of the heavy
particles in the ultraviolet (UV) theory, and recalling that dipole operators can only arise
from loops, one can write

Bw __ Bw 1 (Q*EH)2(9*€O¢)(9*€B)
Caﬁ = Cap (47T)2 mg ) (2.9)
where €5 (€q) quantifies the coupling between the SM Higgs doublet H (lepton doublet

l1) and the UV particles, in units of g., while the coefficients cf[;W are expected to be
of order one. Using eq. (2.6), we obtain

Aagl 11 B W (10 TeV>3 (g*>4 <6H>2 (eaq;)
Pl ~2.10 2 =) (= 2.10
UB [Cas + 2¢as] My Am 1 10-3)"° ( )

where g, = 4m corresponds to a strongly-coupled UV theory, and eg = 1 corresponds to a
composite Higgs. The parameters €, quantify the degree of partial compositeness of lepton
doublets, and they should be sufficiently small to comply with precision lepton observables,
especially lepton-flavour-violating ones [68].> After deriving the collider bounds on Aeps We
will come back to eq. (2.10) in section 6, to discuss the limitations of the EFT approach.5

3 Testing neutrino dipole moments at hadron colliders

We focus on neutrino dipole transitions from the electron flavour to the muon flavour. At
hadron colliders, it is possible to probe TDMs generated by the Oy operator, through the
effect of the W-lepton interactions contained in eq. (2.5),

L2 2V29CH v (vE 0" e, — vE. 0" ur)0, W, +hee., (3.1)

A recent survey of LNV dimension-7 operators has been presented in [67]. In this study, bounds from
low-energy experiments and from current and future hadron colliders are derived on the different operators.
In the case of collider bounds, however, the analysis does not consider different lepton flavors in the final state,
therefore an analysis of the Op and Ow operators here considered is missing.

® Assuming a ‘flavour-anarchic’ scenario and fixing m. = 10 TeV, the reference value of eq. (2.10), enep =
1073, is sufficiently small to respect most constraints, except those from e — p transitions, which would require
ee€p < 3-107° [68]. However, one can consider instead ‘flavour-symmetric’ scenarios, where some UV flavour
symmetry suppresses dangerous processes, effectively allowing for larger ece, [68].

5We thank Julian Heeck and a Referee for raising this interesting question.



Figure 1. Leading Feynman diagrams for the AL = 2 process induced by an electron-muon neutrino
TDM at pp colliders. We also included the analogous diagrams with a muon neutrino exchange, and/or
with negative-charge leptons in the final state.

107 pp — €yt + jets
i 0.100+
g
= 100 TeV
Q
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Figure 2. Signal cross section values at a hadron collider with /s = 13.6 TeV, corresponding to the
Run-3-LHC and HL-LHC collision energy, and with /s = 100 TeV, the nominal value for the FCC-hh.
We assumed acceptance cuts as specified in the text.

where we added the two identical contributions from af = eu, ne. The signal to search for is
the AL = 2 process with two same-sign different-flavour leptons, accompanied by two jets,
whose dominant Feynman diagram is shown in figure 1.

We include the effective W interaction in eq. (3.1) in MadGraph 5 [69] by using
Feynrules [70], and calculate the cross section, at LO in QCD, at a hadron collider with
Vs = 13.6 TeV, corresponding to the High-Luminosity LHC collision energy and the current
LHC Run-3, and with /s = 100 TeV, the nominal value for the future FCC-hh collider [26].
We apply acceptance cuts of 20 GeV on the pr of the two leptons and the jets and we require
the leptons to lie in the central region, with a rapidity |n| < 2.5, and the jets in the detector
region, |n| < 5. The cross section values we obtain, as function of the absolute value of A,
(in units of pp) are shown in figure 2, where we used the relation in eq. (2.6) to relate C;’Z
to Aepu. We consider both positive and negative charges for the final-state leptons: because
of the proton structure, the cross section for the positive-charge configuration is roughly
two times larger than the one for negative lepton charges.



The ATLAS collaboration has recently performed a search for heavy Majorana neutrinos
in ete® and et final states via WW scattering in pp collisions at /s = 13TeV [51]. Since
this search focuses on the same final state we are considering, we can recast it to obtain
projected sensitivities of hadron colliders to the v, — v, TDM.

The dominant background component is given by SM processes producing two same-sign
leptons, which are mainly given by WZ and W*W* production in association with two
jets. Other, subdominant, sources of background are represented by SM processes with
two opposite-sign leptons where the charge of one of the leptons is misidentified, and by
non-prompt lepton production events, where leptons are generated from decays of long-lived
particles and mainly arise from semileptonic decays of heavy-flavour hadrons.

The ATLAS signal selection strategy in the e®u® channel requires two jets with invariant
mass m;; > 500 GeV and rapidity separation |Ay;;| > 2. The transverse momentum cuts on
the leading-pr and second-leading-pr jets, prj(1) > 30 GeV, prj(2) > 25GeV, are applied. It
is also applied a condition on the azimuthal separation of the two leptons, |Age,| > 2.0. We
find that the efficiency of this selection to our neutrino TDM signal is of 0.40 at the HL-LHC
and of about 0.70 at the FCC-hh. Note that the selection singles out the t—channel signal
topology (left diagram in figure 1), while the s—channel contribution (diagram on the right)
gets suppressed from the kinematic requirements on the jets. For the background, ATLAS
estimates a total SM background of 1.51 4+ 0.08 fb. We use this estimate for HL-LHC. Based
on this value, we can also infer the magnitude of the SM background at the FCC-hh, by
considering a scaling with the different collision energy of the cross section for the dominant
background processes. We evaluate that the background would be of the order of 13 fb at the
FCC-hh. This is a rather conservative estimate, since the background to our signal could be
reduced with a tailored analysis at future colliders. For example, one could exploit the higher
energy of the jj system at the FCC-hh, by applying a stronger cut on m;, or the high statistics
collected at the HL-LHC, with the possible application of Boosted-Decision-Tree strategies.

Estimating the statistical significance (i.e. the number of ¢’s) by the ratio S/v/S + B, with
S (B) denoting the signal (background) number of events, we find the following 2o sensitivities:

HL-LHC Ay <4.0-1077pup {30071}, |Aeu| <2.2-107 " pup  {3ab™'},

8 1 8 1 (32)

FCC-hh |Ay| <6.8-107°pup {3ab "}, [Aep| < 3.8-10°pup {30ab™"}.
In the most optimistic case in which the background could be reduced to a negligible level,
the sensitivities would be

HL-LHC Ayl <1.2-1077pp {30067}, |Aeu| <3.8-10%up {3ab™ '}, (33
FCC-hh |\, <6.8-10%up {3ab™1}, Meul <2.0-107% g {30ab~t}.
We can see that, even for the FCC-hh in the most optimistic scenario of a background reduced
to a negligible level, the hadron collider sensitivity would be about three orders of magnitude
worst than the latest astrophysical and laboratory bounds. In fact, eq. (2.10) shows that
new physics at scales m, > /s cannot generate |\,| > 107y, therefore these bounds
are also too weak to be interpreted in the EFT for the neutrino dipole.
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Figure 3. Leading (on the left) and sub-leading (on the right) Feynman diagrams for the AL = 2
process induced by an electron-muon neutrino dipole moment at a muon collider. The superscript
* indicates that the exchanged neutrinos are off-shell. There is an equal contribution to the charge-
conjugate process uTpu~ — W-W-etpu™T.

4 Testing neutrino dipole moments at a muon collider

In order to probe the neutrino TDMs at a muon collider, we identify as an efficient channel the
AL = 2 process in figure 3, with two same-sign, different-flavour leptons, accompanied by two
same-sign W’s, which is induced directly by the TDM operator in eq. (2.1). We focus again
on the electron-muon TDM. In principle, a signature £*7F can be used to probe electron-tau
and muon-tau TDMs. However, we expect a lower sensitivities on these latter TDMs, due to
a more difficult identification of the taus. Note that we are considering processes with the
exchange of virtual, off-shell neutrinos. The high collision energy of a muon collider, together
with the derivative present in the effective photon-neutrino vertex of the TDM operator, allow
for a significant cross section even for these processes. The more convenient final state to
search for, because of the lower (reducible) background and the larger signal branching ratios,
is the one with the two W’s decaying hadronically. This also permits a clear identification
of the signal, with just two same-sign leptons in the final state.

Also in this case, we include the neutrino TDM interaction in eq. (2.1) in MadGraph 5 [69]
by using Feynrules [70], and calculate the cross section at a muon collider for several possible
nominal collision energies,

Vs = 3, 10, 20, 30, 50 TeV .

Signal and background events are simulated with MadGraph 5. Events are then passed to
Pythia8 [71] for showering.” We also apply a smearing to the jet 4-momenta, following the
Delphes [72] default card, in order to minimally take into account detector effects.

We apply acceptance cuts of 20 GeV on the pr of the two leptons and the jets in the final
state and we require the leptons and the jets to lie in the detector region, with a rapidity
|n| < 5. Shrinking the acceptance of the final muon to the central region, |n| < 2.5, would
indeed decrease by almost a factor of 2 the signal cross section.® We require the jets and the

"Note that we also include QED shower, which gives non-negligible effects in the evaluation of the
background.

8The final muon is in fact emitted at a relatively large rapidity, as characteristic of a t-channel process
of the type of the signal in figure 3 (left diagram). This is evident also from the muon rapidity distribution
shown in figure 6.
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Figure 4. Cross section values at a muon collider with different collision energies for the process
ptu = eFpEWIWF, as a function of the modulus of the v, — v, TDM, in units of the Bohr
magneton.

leptons to be separated by an angular distance ARj, >0.4, with AR = \/An? + A¢?. We
also consider, conservatively, an identification efficiency of 85% for both muons and electrons
in the final state [73]. Each of the final state W is produced with a large boost so that its
hadronic decay products can be efficiently collected into a single fat-jet. We reconstruct the
W-originated fat-jets with FastJet [74] by using an anti-kt algorithm with cone size R = 0.5.
We find W}, reconstruction efficiency of 93% already at /s = 3 TeV and approaching the
100% efficiency at higher collision energies.

Cross section values we obtain, as function of the A, absolute value (expressed in units
of up) are shown in figure 4. Notice that a 3 TeV muon collider would already surpass the
FCC-hh yield. The dominant contribution to the signal cross section is given by the ¢-channel
process on the left of figure 3, which makes approximately the 90% of the total signal cross
section. This is mainly due to the general /s/Ey enhancement, with Ey < /s the energy
of the exchanged EW boson, of the cross section for processes with ¢-channel boson exchange,
compared to s-channel ones (see for example [27, 75] and references therein).

The signal we are considering, with a single pair of same-sign and different-flavour
leptons accompanied by two hadronically decayed W’s, W}, is very distinctive, since there
are no processes in the SM which can reproduce the same final state. Therefore, the
background would consist of reducible components and will be at a very low level at a muon
collider. It would mainly arise from W), W;,¢*¢T events, dominated by the muonic component
Wy, Wy u™ 17, where both the flavour and the charge of one of the final leptons is misidentified.
Misidentification rates at a muon collider have been estimated to be less than 0.5% [76, 77| for
the lepton flavour and about 0.1% for the lepton charge [78, 79].” An additional background
source is generated by four-W production processes, WfW,quEWJF, where two W’s decay
hadronically and two like-sign W’s decay leptonically, leading to a final state with two Wp,
plus a e*p® lepton pair, accompanied by large missing energy (FEuiss). This background
component can be reduced by applying a requirement on the maximally allowed missing

9The lepton charge misidentification rate is estimated on the basis of hadron collider detector performances.



NG 3TeV 10 TeV 20 TeV 30 TeV 50 TeV
W Watl |0.57 (0.22)ab | 1.0 (0.091)ab | 0.90 (0.044) ab | 0.73 (0.017)ab | 0.49 (0.0044) ab
W, W WW | 0.85 (0.57)ab | 0.92 (0.38)ab | 0.65 (0.22)ab | 0.49 (0.15)ab | 0.33 (0.092)ab

total
background | 1.4 (0.79)ab | 1.9 (0.47)ab | 1.6 (0.26)ab | 1.2 (0.17)ab | 0.82 (0.096) ab

Table 1. Cross section values for the background, after acceptance requirements and (values in
parenthesis) the additional selection cuts in eq. (4.1).
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Figure 5. Transverse momentum distribution for the electron, the muon, the leading-pr W}, and
the second-leading-p;r W}, for the signal, in blue, and the total background, in dashed red. The
distributions are normalized to a unit area, and refer to a muon collider with /s = 20 TeV.

energy. In particular, in our analysis we will exclude events with Episs > 5% - \/5.10 We
verify that a potential source of background coming from four-boson production processes,
WirWpVV with V = ~* Z, where two of the final four leptons are missed, because either they
fall outside the detector region or do not satisfy the minimum pp requirement, is negligible.
Background components coming from tau leptonic decays and from (V') events are also
negligible. Therefore, we do not include these potential sources in the Wj, W0 sample. We
evaluate a total background at the level of O(1) ab. We report in table 1 the background
cross section values for the different collision energies.

The signal we are focusing on is also characterized by a peculiar kinematics, which can be
exploited to further reduce the background and identify the signal. We show in figure 5 the
transverse momentum distributions and in figure 6 the rapidity distributions for the final state
particles: the electron, the muon, and the two W) ’s, distinguished based on their pp: Wp,(1)

9This cut is chosen conservatively based on the achievable detector performances of a muon collider [80].
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Figure 6. Rapidity distribution for the electron, the muon, the leading-pr W} and the second-
leading-py W}, for the signal, in blue, and the total background, in dashed red. The distributions are
normalized to a unit area and refer to a muon collider with /s = 20 TeV.

is the boson with the highest pr in the event, W}(2) the one with the lowest.!! The signal is
characterized by a final state electron and W}’s emitted at high-pr, much higher than those
from the background, and mostly in the central region, while background final particles tend
to be emitted with a relatively higher rapidity, in particular the component W, W},£¢, which
is dominated by EW boson scattering processes characterized by forward (high rapidity)
emission of low-energy final state muons (one of which is misidentified). Similarly, for the
signal, the final muon, as typical of the t-channel topology of the dominant signal process,
is characterized by a relatively lower pr and a higher rapidity.

In order to refine our analysis, we apply the following set of minimal cuts on the pr
of the electron and of the leading-pr Wj:

pre > 2.5% /s, prWi(1) > 5% - /s. (4.1)

The signal efficiency to this selection is of 98% at /s = 3 TeV and approaches 100% for higher
collision energies, while the background, in particular the W, W} £¢ component from lepton
misidentification, is significantly reduced. Background cross section values after this selection

1 Conservatively, we do not apply restrictions on the background based on the reconstruction of the two
Wh’s. For the background, in this analysis the two W},’s are identified based on Monte Carlo truth. In
principle, the requirement of only two fat-jets in the final state, reconstructed for example by an anti-kt
algorithm with cone-size R = 0.5, would lead to a very efficient reconstruction of the W},’s in the signal. For
the background, however, the two Wj,’s have a boost which is, although still high, generally lower than in the
signal. Therefore, the same reconstruction procedure would be less efficient, possibly leading to a significant
background reduction. Additionally, the resolution of the V' hadronic decays, which would be efficient for
collision energies up to ~10TeV, would help in attenuating the background. A precise evaluation of these
effects would need a refined analysis of the inclusive ¢ + jets background, including potential misidentification
of Wp’s from 4V'V or £4VV'V events, which goes beyond the scope of the present study.
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NG 3TeV 10 TeV 20 TeV 30 TeV 50 TeV

[Acul
UB

5.4[4.8]-1072 15[1.1]-1071° 19[1.2] - 107 6.6[3.9] - 1072 1.5[0.8] - 10712

Table 2. The 20 sensitivity limit on the v, —v, TDM at a muon collider, according to our conservative
analysis and, values in the brackets, for a more optimistic scenario, where the background is reduced
to a negligible level and slightly better lepton identification efficiencies are considered.

are reported (values in parenthesis) in table 1. The selection we apply is rather simple and
conservative, we therefore expect a significant improvement in the analysis strategies for a
future experiment, which could for example exploit all the different kinematic distributions
and advanced boosted-decision-tree (BDT) techniques.

Taking into account the maximal achievable integrated luminosity at a future muon
collider [27, 81],

2
N \/s -1
L=10 (10 Tov ab™ ", (4.2)

which is expected to be obtained in a 5 years data-taking time [27], we can estimate the
20 sensitivities to |Ac,|, as given in table 2. In the square brackets we also report the
sensitivity values that could be obtained in a more optimistic, but still realistic, scenario,
where the background is reduced to a negligible level and slightly better lepton identification
efficiencies are considered, 90% instead of 85%. In our analysis we do not consider the
impact of systematics, which will clearly be precisely assessable only once the experiment is
actually operational. We emphasise however that the research channel we propose, enjoying
a sizable signal-to-background ratio, is generally little subject to systematic uncertainties.
We can see that the current best laboratory bound, [Ae,| < 6 - 10~ "2up, can be matched
by a muon collider with /s ~ 30 TeV. Sensitivities can improve by about 40% in the more
optimistic scenario. As a final remark, we discuss how much the sensitivities would change
if the detector geometry were to be restricted to the central region only, due to potential
problems associated to the beam-induced-background. Limiting our analysis to an acceptance
region |n| < 2.7, we find that the signal would be reduced by about 40%, and a similar
attenuation would be observed for the background. This would result in a variation of less
than 15% on the sensitivity values displayed above.

For illustrative purposes, we can denote the Wilson coefficient of the dim-5 TDM operator
as an inverse energy scale, [Aeu| = 1/Ac,. The sensitivities found and reported in table 2 then
correspond to the exploration of an interval 103 TeV < Aep S 10% TeV. However, due to various
suppression factors, the actual scale of new physics must be lower. In particular, as explained
in section 2, the dim-5 TDM operator is the low-energy realisation of the dim-7 operators
Op and Oy, and the correspondent, more refined, estimate of X, is shown in eq. (2.10).

4.1 Probing the effective operators Op and Oyw

In the previous section we considered a v, —v, TDM in isolation. Here we will take into account
the embedding of the TDM into the operators Op and Oy, defined in egs. (2.2) and (2.3).
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Figure 7. Illustrative Feynman diagrams for the AL = 2 process generated by two-bosons (first
diagram on the left) and single-W effective interactions (second and third diagrams) induced by the
Ow operator. The two types of contributions interfere destructively.

Indeed, once SU(2),, x U(1)y invariance is imposed, other effective interactions emerge
from the Op and Oy operators, as displayed in egs. (2.4) and (2.5), which lead to additional
contributions to the process ptu~ — efpfW,FW,F. For the Op operator, beside the
contribution to the neutrino TDM effective vertex with a photon, there is an analogous
vertex with the Z boson: the Feynman diagrams are analogous to those in figure 3 with
the photon replaced by the Z. For the Oy operator, beside the Z and ~ interactions with
two neutrinos, there are effective vertices with a W, a neutrino and a charged lepton (with
or without an additional neutral gauge boson), as shown in the second line of eq. (2.5).
These lead to contributions to the LNV process we are analysing, with a few representative
Feynman diagrams shown in figure 7.12

Considered individually, the two types of contribution, those from a W~ or W Z vertex
(first diagram in figure 7) and those from a single-W vertex (second and third diagrams
in figure 7), would give a strong increase to the cross section. However, we observe a
destructive interference between the two types of contribution (note the former contains
one less t-channel propagator, while the latter contains an extra momentum in the effective
vertex). As a consequence, the cross section for Oy is overall of the same size as that for
the Op operator, with the dominant contribution actually coming from single-photon or Z
interactions. Indeed, before electroweak symmetry breaking one expects a comparable rate
for AL = 2 processes induced by Op and Oy, and this result has to persist once the details
of electroweak symmetry breaking are taken into account.

Cross section values at a muon collider for the process p*tpu~ — ei/ﬁW,jF W,F, generated
by the (Op)eu and the (Ow)eu operators, are presented in figure 8. Cross sections are
shown as a function of the muon collider collision energy, and for a reference value of the
Wilson coefficients C’gL and CW

e
contribution to |A..|/uB, according to eq. (2.6).

normalised to a dimensionless quantity which matches their

Cross sections for the Op case are roughly a factor of two higher than those from the
purely TDM operator in figure 4, while cross sections for the Oy case are slightly lower.

12We obtain a total of 144 diagrams for the process pu™p~ — ei,uj[WhI W,F induced by (Ow )ep. Specifically,
64 s-channel diagrams (which are subdominant), 72 ¢-channel processes from effective single-W, W+, and
W Z interactions (which include the diagrams in figure 7), and 8 diagrams from single-photon and single-Z
interactions (analogous to the diagrams in figure 3).
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Figure 8. Cross section values at a muon collider for the process u*p~ — e =W FW,F as a function

of the collision energy, for a reference value 107! of the quantities \CgLPSZQ (with C}}, = 0) and

iy 45;2 (with CZ = 0), corresponding to |Ac,|/mp = 107", Note that the cross sections depend

on the modulus of the Wilson coefficients quadratically.

Vs 3TeV 10 TeV 20 TeV 30 TeV 50 TeV

ch 25;;2 4.01[3.6] - 1070 1.2[0.9] - 10710 1.6 [1.0] - 107! 5.0 [3.0] - 10712 1.2 [0.6] - 10~12

[ 45—22 54 48] -1079 1.7[1.2] - 10710 2.4[1.5] - 107! 7.8 [4.6] - 10712 1.8 [1.0] - 10~12

Table 3. The 20 sensitivity limit on the quantities |C | 2;;2 and |CY 4;5

when, respectively, ng =0 and Ci = 0, as a function of the muon collider energy. The first

, which match |Aeu|/pn

number corresponds to our conservative analysis, while in brackets we report the sensitivity for a
more optimistic scenario, where the background is reduced to a negligible level, and slightly better
lepton identification efficiencies are assumed.

Kinematic distributions for the signal are very similar to those shown in figures 5 and 6 for the
case of neutrino TDM only, due to the analogous dominant topology (kinematic distributions
for the background are obviously identical). Therefore, we can repeat the signal selection
strategy applied for the purely TDM case. We obtain the 20 sensitivities presented in table 3.
We conclude that a muon collider has a slightly higher sensitivity to the ng Wilson coefficient
compared to ng . By comparing the sensitivities in table 3 with the NDA estimate for the
neutrino dipole in eq. (2.10), one observes that the muon collider can test new physics with
mass my close to y/s. Therefore, in the case of a positive signal, it might be interesting to go
beyond the EFT approach to the neutrino dipole, as we further discuss in section 6.

5 Testing neutrino masses at a muon collider

The LNV signatures here considered to probe neutrino TDMs at colliders are also sensitive
to Majorana neutrino masses,

LD —§(VLQ)Cma3 v + h.c., (5.1)

with m a complex symmetric 3 X 3 matrix in flavour space.
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Such Majorana mass term can be induced by the only dimension-5 invariant operator
of the SM EFT, the so-called Weinberg operator [82],

Ls = ng (EeH) (HTefLIB) + h.c., Mag = 025212. (5.2)

As the neutrino TDMs, Majorana masses violate lepton number by two units. The only
matrix element subject to a tight, direct experimental constraint is mee, with an upper bound
from neutrinoless 23 decay searches of the order of 0.1eV [48, 49]. In the minimal scenario
with three active Majorana neutrinos only, oscillations experiments imply that all matrix
elements mqg should respect a similar upper bound. Nonetheless, it is interesting to conceive
measurements which could be directly sensitive to m,g for a8 # ee to avoid theoretical
prejudice and test non-minimal scenarios.'?

The same LNV signature pp — fiﬁg j7, considered in section 3 to probe TDMs at hadron
colliders, has been recently exploited as a channel to probe Majorana neutrino masses [50].
The analysis in [50] indicate projected sensitivities on |m,,| of ~5.4 GeV at the HL-LHC with
3ab~!, and of ~1.2GeV at the FCC-hh with 30ab~!. The recent ATLAS searches [51, 52],
performed at the 13 TeV LHC with 140fb~! on the basis of the study in [50], give the
following 95% C.L. bounds on Majorana masses: |[me,| < 13 GeV, |me.| < 24 GeV [51] and
|my,| < 16.7GeV [52]. Based on these experimental results and on the projected sensitivities
of [50], we can roughly estimate the following exclusion sensitivities:

HL-LHC {3ab™'}:  |mpuul ~5.4GeV  |mee| ~ 7.8GeV  |mey| ~ 4.2GeV,

5.3
FCC-hh {30ab™'}:  |muu ~1.2GeV  |mee| ~ 1.7GeV  |mg,| ~ 0.93GeV . (5:3)

A recent study in [54] also presents projected sensitivities on Majorana masses of a future
same-sign muon collider, analysing vector boson scattering processes. The study reports
sensitivities similar to those of the FCC-hh, assuming a 30 TeV collision energy.

In this section we will highlight a strategy to probe Majorana masses at a future p*pu~
muon collider, and we will present the corresponding projected sensitivities. As the initial
state consists of muons, the processes induced by a single neutrino-mass insertion are those
involving either me, m,, or m,,. For simplicity, as usual, we will focus on final states
without 7 leptons.

The LNV processes putpu~ — egef;w,f W, which we used to probe neutrino TDMs in
the case ({3 = ey, can indeed test Majorana masses as well. Some representative leading
diagrams for the Majorana-mass contribution to the process ptu~ — efpfW,FW,F are
presented in figure 9. We adopt the UFO MadGraph implementation, SMWeinberg,'* of the
study in [50] for signal simulation.

As in the previous analysis for the TDMs, we consider as acceptance criteria two same-
sign leptons in the final state, with pp >20 GeV and rapidity |n| <5, and two hadronically
decayed W’s. Final state jets are also required to have a pr >20GeV and a rapidity |n| <5.
The jets and the leptons must be separated by an angular distance AR;, >0.4. We consider

BFor example, in the presence of light sterile neutrinos, one can define effective mass parameters mq g which
are enhanced by the sterile neutrino contribution, see e.g. ref. [83].

14 Available at https://Feynrules.irmp.ucl.ac.be/wiki/SMWeinberg. We refer the reader to this web page
and to ref. [50] for details on the model implementation and usage.
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Figure 10. Cross section values at a muon collider, with different collision energies, for the process
utu= — ej[/dLiW;F W,F, as a function of |m.,|. The cross section values are two times smaller for the
process ptpu~ — pFpFWIFWF, as a function of [my,,,|.

an identification efficiency of 85% for both muons and electrons in the final state and we
exclude events with large missing energy, Eniss > 5%-/s.

Figure 10 shows the cross section values for the Majorana-mass signal at a muon collider,
as a function of the mass |m,|, for all other masses set to zero. Cross section values two
times smaller (due to the symmetry factor for final state identical particles) are obtained
for the process p™u~ — pEpEW W F, when my,, is the only non-zero mass.

The kinematic distributions for the process ptu~ — eXpEW,FW,F, induced by the
Majorana-mass operator, which we show in figures 11 and 12, are similar to those for the
neutrino TDM case, shown in figures 5 and 6, with the only exception of the distributions of
the final muon. Therefore, we can repeat the same selection strategy applied in the previous
section for the neutrino TDM case to isolate a signal from the background. Notice that a
subsequent analysis of the final muon pr and 7 distributions could then provide a useful tool
to characterize the signal and distinguish in particular the two cases: a TDM-induced signal
versus a Majorana mass one. For the Majorana-mass case, in fact, the final muon tends to
be emitted more centrally than in the TDM case, with pr and 7 shapes analogous to those
of the final electron.'® This is because various topologies contribute to the Majorana mass

5For the Majorana mass signal, we can anticipate that an eventual restriction of the detector acceptance
to the central rapidity region would lead to a slight increase in the sensitivity values. This is because signal
events lie almost completely in the region || < 2.7, while the background extends more forward and would be
thus reduced. Conservatively, we keep however our acceptance region at |n| < 5.
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Figure 11. Transverse momentum distribution for the electron, the muon, the leading-pr W} and
the second-leading-py W, for the signal ptpu= — eiuiW;F W,T induced by a Majorana mass m.,, in
blue, and the total background, in dashed red. The distributions are normalized to a unit area and
refer to a muon collider with /s = 20 TeV.

signal, giving a substantially symmetric kinematics for the electron and the muon, while a
single t-channel diagram is dominant in the TDM case, leading to the typical distributions
of the emitted muon in the final state.

We apply a similar signal selection also for the process ptpu~ — pt ,uiWhjF W,F. In this
case, we require two same-sign muons in the final state, instead of an electron and a muon
and, analogously to the signal selection cuts in eq. (4.1), we apply

pri (1) > 2.5% /s, prWi(1) > 5% - /s, (5.4)

where £ (1) is the leading-py muon in the final state. The background for the puW, Wy, final
state is higher than those for euW;, W}, due to a larger contribution from the W, Wju™ ™
component, which is reduced by a lepton-charge misidentification factor, but it is not
additionally reduced by a lepton-flavour misidentification rate. We indicate the corresponding
background cross sections in table 4, after acceptance criteria and, values in parentheses,
after the cuts in eq. (5.4).

We can thus estimate the 20 sensitivities to the modulus of the effective Majorana
masses M., and my,,, which are shown in table 5. As with the TDM analysis, we also report
the sensitivities achievable in a more optimistic scenario, where the background is reduced
to a negligible level, and slightly better lepton identification efficiencies are assumed. The
sensitivities of a muon collider to the Majorana neutrino masses would be significantly higher
than the projected ones for the FCC-hh, in eq. (5.3), by about a factor of four for |m,,| and
almost one order of magnitude for |me,|, already at a 3 TeV collision energy, and by more
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Figure 12. Rapidity distribution for the electron, the muon, the leading-pr W}, and the second-
leading-pr W)}, for the signal induced by a Majorana mass me,, in blue, and the total background,

in dashed red. The distributions are normalized to a unit area and refer to a muon collider with

Vs =20TeV.
NG 3 TeV 10 TeV 20 TeV 30 TeV 50 TeV
WiaWatl | 57 (44)ab | 100 (18)ab | 90 (9.0)ab | 73 (3.5)ab | 49 (0.97)ab
W, WaWW | 0.9 (0.6)ab | 0.9 (0.4)ab | 0.7 (0.2)ab | 0.5 (0.1)ab | 0.3 (0.09)ab
Total
background | 58 (45)ab | 101 (19)ab | 91 (9.2)ab | 74 (3.6)ab | 50 (1.1)ab

Table 4. Background cross section values for the process utu~ — uiuiW}T W,F, after acceptance

requirements and, values in parentheses, after the additional cuts in eq. (5.4).

NG 3TeV 10 TeV 20 TeV 30 TeV 50 TeV
|Mey| | 110 [100]MeV 3.2 [2.5] MeV  0.50 [0.31] MeV 140 [92] keV 36 [20] keV
My, | 300 [140] MeV 10 [3.5]MeV 1.5 [0.44] MeV 420 [130keV 84 [28] keV

Table 5. The 20 sensitivity limit on the Majorana mass matrix entries |me,| and |m,,| at a muon
collider. We report in brackets the sensitivity for a more optimistic scenario, where the background is
reduced to a negligible level, and slightly better lepton identification efficiencies are assumed.

than three orders of magnitude for a 30 TeV muon collider. A similar gain in sensitivity is

found with respect to a same-sign muon collider [54].

Finally, let us provide a qualitative comparison between the neutrino TDM signal and

the neutrino mass signal. Comparing the Feynman diagrams of figures 3 and 9, one observes

that, in a typical leading diagram, a A\, vertex with one derivative is traded by a mqg vertex

with one additional neutrino propagator and one additional electroweak coupling. Therefore,
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one expects roughly equal sensitivities by the replacement

2o, Nm/A% - Nm/A%ZW, (5.5)
with p the typical neutrino momentum in the process, we used up = e/(2m.), and we
introduced a coefficient N,y to account for the different multiplicity of leading diagrams in
the mass case versus the dipole case. According to this recipe, one can compare the sensitivities
in table 2 or 3 with those in table 5. Taking into account that our simulations indicate that
Np,x ~ 10, we find that such sensitivities roughly match for a reasonable value of the neutrino
momentum, p ~ 0.05/s. This is coherent with the selection cuts in egs. (4.1) and (5.4).

6 Summary and discussion

We presented for the first time projected collider sensitivities to the electron-muon neutrino
TDM. We found that realistic hadron colliders cannot probe values A¢;, S 10~%up. In contrast,
we showed that the LNV, AL = 2 process u*pu~ — eXpTW,FW;F, at a future muon collider,
could provide a much more powerful probe for the neutrino TDM.

The results of our study, in terms of sensitivities to A¢, as a function of the muon collider
energy, are summarised in table 2 (in table 3 we give the sensitivities to the Wilson coefficients
of the SM effective operators, which can generate such neutrino TDM). The sensitivity strongly
depends on the center-of-mass energy of the muon collider: one can cover the window between
~107%up and ~ 107125, as the energy grows from /s ~ 3 TeV to 50 TeV. In particular,
we showed that a muon collider with a collision energy /s ~ 30 TeV would reach the same
level of sensitivity of the latest low-energy laboratory experiments. Alternatively, the same
level of sensitivity would be achieved already at /s ~ 10 TeV, if a significant increase in the
collected integrated luminosity, by a factor of the order of 100, were feasible. Therefore, a
muon collider could provide crucial complementary information on the neutrino properties,
especially in the event of a near future observation at low-energy experiments.

In order to assess the complementarity with other constraints on neutrino TDMs, we
remark that, currently, the strongest laboratory bounds, A\, < 6-107'2up, comes from
low-energy solar neutrinos scattering elastically on nuclei. They apply to an effective neutrino
dipole moment, therefore they are not directly sensitive to a specific TDM Az, as the flavours
of the initial and final neutrino are not detected, in contrast with direct searches at colliders.
More in general, in the event of a future detection of new physics in low-energy scattering
experiments, it would be difficult to identify the kind of underlying physics beyond the SM
involved. For example, it would be challenging to distinguish a possible neutrino TDM signal
from a dark matter scattering on nuclei. Finally, LNV cannot be established in neutrino
scattering experiments. In contrast, LNV can be tested by neutrino-to-antineutrino conversion
in the solar magnetic field, however the bound is subject to the large uncertainty on the
value of such magnetic field. Finally, stringent bounds on the NDMs, slightly stronger than
those from low-energy neutrino scattering, are obtained from astrophysical and cosmological
observations. These, however, might be subject to larger systematic uncertainties.

In comparison with all these other constraints, the muon collider signal would certaintly
be a cleaner, more direct probe of the neutrino TDM. Actually, the muon collider could have
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the potential to directly access the UV physics responsible for the neutrino TDM. This can
be seen by comparing the sensitivities in table 3 with the NDA estimate in eq. (2.10). One
observes that a positive signal could correspond to heavy particles with mass m, somewhat
smaller than /s, which could be directly produced. Indeed, for smaller new physics couplings
to the Higgs and lepton doublets, g.ey and g.€,, a given, observable value of A, requires
a smaller m,, therefore one may lie outside the regime of validity of the EFT. In this case
the collider phenomenology might depart significantly from our analysis, in a way which
strongly depends on the specific UV completion. In contrast, for larger couplings, the heavy
states could lie above the muon collider energy and the effective operators remain a good
approximation. In this second case, though, a specific model of lepton flavour is required, to
avoid that the same couplings violate bounds on e — i transitions in low-energy experiments.
Both scenarios appear very interesting to explore, and require non-trivial model building,
which is left for future work.

We also studied the same process, u™pu~ — €$€§W,T W,F, when the source of LNV is not
a NDM, but rather a Majorana neutrino mass, mqz. We estimated projected sensitivities
on |my,| and |me,|, shown in table 5. At 20, the sensitivity to me, ranges from ~ 100 MeV
at a 3 TeV muon collider to ~ 30keV at /s ~ 50 TeV, with slightly weaker sensitivities in
the case of my,. This would represent an improvement of up to three orders of magnitude,
with respect to the sensitivities of the FCC-hh, which have been estimated recently in [50].
To the best of our knowledge, these would be by far the strongest direct bounds on these
neutrino-mass-matrix elements.

What if a large same-sign dilepton signal is observed at a muon collider, incompatible
with current bounds on Majorana neutrino TDMs and masses? Indeed, [Ae,| > 107 up
would be very difficult to reconcile with the various complementary constraints. Similarly,
|mag| > 1eV would be incompatible with the minimal Majorana-neutrino-mass scenario,
given the upper bound |mee| < 0.1eV from 0v23-decay searches. In these cases, a positive
signal at the muon collider would point to additional, LNV new physics. This may correspond
either to new light states, e.g. sterile neutrinos with masses below the collider energy, or to
additional LNV higher-dimensional operators, as discussed at the end of section 2.

Alternatively, in the case of a positive signal in a low-energy experiment, compatible
with a NDM )\, > 10~ !245, we have shown that a muon collider would have the capability to
confirm or disprove the interpretation of such signal in terms of a Majorana neutrino TDM,
by a direct observation of lepton number and flavour violation.
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