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1. Introduction

More than 20 years have passed since Super-Kamiokande first observed neutrino oscillations
in atmospheric neutrino measurements [1]. Nowadays we have very precise information on two
mass squared splittings and all three standard leptonic mixing angles from a large variety of neu-
trino oscillation experiments [2]. However, we do not know so far, whether neutrinos are Majorana
or Dirac particles, since no lepton number violating signal has been observed in any experiment. In
particular, only lower limits on the half-live for neutrinoless double beta decay exist so far [3, 4],
although there are several proposals, such as LEGEND [5] or nEXO [6], which could improve
sensitivity by (1-2) orders of magnitude in the future.

Dirac neutrino masses are dimension-4 terms in the Lagrangian, which only require to enlarge
the standard model particle content by (at least two) right-handed neutrinos. The corresponding
Yukawa couplings have to be order ¢’(10~'2?), to explain the experimental data. Theoreticians don’t
like such small numbers, so the literature is heavily biased towards Majorana neutrinos. ! More
important for the subject of this talk, however, is that Dirac neutrinos do not leave any interesting
signals at accelerators. The situation is very different for Majorana neutrinos.

All Majorana neutrino mass models at low energy reduce to the Weinberg operator [10], 6% =
q%ﬁLo‘LﬁHH , or its higher-dimensional variants, ZA% (H "H )". Here, A is the scale at which new
physics appears, while cypg is a complex symmetric matrix of constants. If these constants take
values order ¢(1), neutrino oscillation data would indicate A ~ ¢(10'3) GeV, and neutrinoless
double beta decay would be the only lepton number violating signal that one could realistically
expect to see. This is the essence of the classical seesaw mechanism: Explain the smallness of
neutrino masses via the existence of a new (and large) physics energy scale.

In this talk, however, I will assume a different approach. Consider the following expression
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Here, v is the SM Higgs vev, d stands for the dimension of the operator, n the number of loops

for neutrino masses [11]:

needed to generate neutrino masses, while € symbolically indicates additional suppression of lepton
number violation that might be present in particular constructions, such as for example the inverse
seesaw mechanism [12]. Finally, small couplings, not shown explicitly in Eq. (1.1), could lead to
neutrino masses, smaller than expected from this equation.

Fig. (1) shows the resulting estimates for the energy scales of the different Majorana neu-
trino model variants, assuming average couplings (y) in the range of [0.01,1]. For the standard
tree-level type-1 seesaw mechanism, i.e. adding right-handed Majorana neutrinos to the SM, one
therefore expects (y) in the range of &'(10~7 —1079), for A in the energy range testable by the
LHC. For models with 2-loops (or more) or models with d larger than d = 7, on the other hand,
larger couplings and an electro-weak scale A are expected from current data on neutrino masses.

IRecently, however, a number of papers on “naturally small” neutrino Dirac masses have appeared, see for example
[7, 8, 9]. Common to all these attempts is the need to introduce a number of new particles, in addition to right-handed
neutrinos. The mass scale at which these additional particles have to appear, unfortunately, can not be fixed for Dirac
neutrinos, due to the d = 4 nature of Dirac masses.
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Figure 1: The typical energy scales (A) for which a neutrino mass model with a given dimension and num-
ber of loops (d,n) can explain correctly the observed sub-eV neutrino masses. Scale ranges are estimated
using average couplings (y) in the range of [0.01, 1].

In the next section, I will first discuss the expectations for the high-luminosity LHC for the
case of a type-I seesaw, both classical and inverse seesaw. In section 3 I will discuss lepton number
violation at the LHC in non-minimal neutrino mass models. I will then close with a short discussion

and conclusion.

2. Expectations for simple seesaw models at the LHC

In this section, I will concentrate on the simplest SM extensions that can explain the neutrino
oscillation data: Seesaw type-I and inverse seesaw. In the classical type-1 seesaw, right-handed
Majorana singlets are added to the SM. These states are either called sterile neutrinos, right-handed
neutrinos or heavy neutral leptons (HNL) in the literature. Light neutrino masses are given by the
famous seesaw formula, m, ~ m% /Mpnr. The mixing between the active neutrinos and the HNLs
is given by U < mp /Mg .

In seesaw type-I both, production and decay, are proportional to ), Ug“». Since this mixing
is related to the light neutrino masses, one can calculate it as function of the HNL mass. This is
shown in fig. (2). For HNLs with electro-weak scale mass, this mixing is tiny, due to the smallness
of the active neutrino mass. This results in long decay lengths, as the plot on the right of this
figure shows. While such large displaced vertices are an interesting signal (since it is practically
background free), unfortunately small mixing implies small production cross section.

In the inverse seesaw model [12], in addition to the right-handed neutrinos one adds three
singlets, S, which form quasi-Dirac pairs with the ordinary vg. The light neutrino masses are given
by my o (mp/Mpyr)* 1, where u is the Majorana mass term for S: uSS. Mixing between heavy
and light neutrinos is still given by mp/Mpyy, but due to the additional suppression of neutrino
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Figure 2: Typical values for the square of the heavy-light mixing and the decay length of the heavy neutral
Ieptons (a.k.a. “sterile neutrinos” as function of the HNL mass. The plots assume a type-I seesaw and shows
examples for three different choices of the active neutrino mass scale.

masses by u, one expects larger mixing and thus larger production cross sections for the inverse
seesaw than in the ordinary type-I seesaw.

Observation of displaced vertices and measurement of the HNL mass would then allow to
determine whether neutrino masses are due to an ordinary or an inverse seesaw mechanism.
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Figure 3: Comparison of the sensitvity of different experimental proposals to probe the parameter space of
seesaw models, in the plane mixing squared versus mass. For a discussion see text.

In the past few years a number of different experimental proposals have appeared, aimed at
searching for very long-lived light particles (LLLPs). Such LLLPs appear in dark photon and
other exotic dark matter models and these models are often cited as the main motivation for the
experimental proposals. However, as discussed above, if HNL with masses around the electro-
weak scale exist, the observed smallness of neutrino masses actually predicts that these HNLs are
perfect LLLP candidates.
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Figure (3) shows the forecast for the reach of the different proposals in the plane mixing
squared versus mass. The plot shows expectations for SHiP [13], LBNE [14], the recalculated
sensitivity of NA62 [15], MATHUSLA [16], CODEXb [17] and FASER [18], to the left. For
comparison the plot to the right also shows AL3X [19] and an estimate for the reach of the ATLAS
detector [20]. The sensitivity plot has been taken from [21], except for the estimate for AL3X,
which is from [22] and the ATLAS estimate from [20]. Estimates are based on 3/ab (except
CODEXb: 300/ fb and AL3X: 250/ fb) of statistics. The grey area in the background is the region
excluded by previous experiments.

It is noteworthy that ATLAS will test a different mass range than the other, dedicated LLLP
experiments. Also, from the LLLP experiments shown, so far only NA62? is taking data, and only
FASER has received funding for its phase-1. One should keep in mind that it is not likely that all the
proposals will actually be funded. Nevertheless, let me stress that mixing squareds order ¢/(10~°)
or smaller can be tested at the high-luminosity LHC.

3. Non-minimal neutrino mass models and LNV at LHC
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Figure 4: Top: Type-II seesaw (to the left), type-III seesaw (center) and the d = 7 “BNT” [24] neutrino
mass model (to the right). Bottom: One example of a d = 9 (left) and one d = 11 model (right) [25].

There exist a plethora of models in the literature, impossible to even cite completely. At
d =5 there are also the type-II and type-IIl seesaw models, see fig. (4). One can classify all
other models roughly as either (i) radiative or (ii) higher-dimensional neutrino mass models. The
classical example of a radiative neutrino mass model is the Zee model [26]. There are now several
papers systematically analyzing all 1-loop [11], 2-loop [27] and even 3-loop [28] neutrino mass
models. Many references on radiative models can be found in the recent review [29].

ZNA62’s main motivation is to search for the very rare decay K™ — 7+ v¥ [23]. It is thus not a dedicated LLLP
experiment, like the other proposals.
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Here, I would like to discuss two recent papers [25, 30] on higher-dimensional neutrino mass
models and their phenomenology. Higher-dimensional models need energy scales A of order &'(1 —
10) TeV or so, see fig. (1) and thus the LHC can probe important parts of their parameter space. In
fig. (4) I show a number of expample diagrams for tree-level neutrino mass models, starting with
the well-known d = 5 seesaw type-II and type-1II. Higher-d models that are genuine in the sense,
that they automatically (without the use of extra symmetries beyond the SM ones) give the leading
order contribution to the neutrino masses, need to introduce at least two BSM multiplets.
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Figure 5: Decay lengths of the neutral fermions in seesaw type-III (left) and in the BNT model (right) as a
function of the lightest neutrino mass.

Fig. (5) shows example decay lengths of the neutral fermions for the type-IIl seesaw (left)
and the BNT model (right). The plot assumes three copies of the exotic fermions exist, each one
generating one non-zero active neutrino mass. In magenta (blue) the state responsible for my,
(my,), while the dark yellow lines are for the state that generates m,,. Since there is currently no
lower limit on the lightest neutrino mass, the latter state can have an arbitrarily long decay length.
Measuring the decay length of this particle would allow to distinguish between different neutrino
mass models, if the lightest neutrino mass were known, as can be seen by comparing the two plots.
Figures for other fermions from high-d models can be found in [30] and are qualitatively similar.
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Figure 6: Decay lenghth (c7) versus exotic scalar vev. To the left, the decay of the Sj(3 from the BNT model.
To the right S;r4 from the scalar 5-plet with hypercharge Y = 2 from the d = 11 model, see fig. (4).

Many high-d models need exotic scalars. In the BNT model one introduces a scalar quadruplet
with hypercharge Y = 3/2, for example. The neutral member of this multiplet will develop an
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induced veyv, due to the coupling (4‘§ /Z)TH HH, see fig. (4). Call this parameter v4. The standard
model p parameter puts an upper limit on v4 of order v4 < 3.5 GeV, while observed neutrino masses
put only a very mild lower bound on v4.

The charged members of 4*3g Jp can either decay to leptons or to gauge bosons. Consider, for
example Sj(3. In the limit where the mass of Sfﬁ is large, my4 > my, one can find an approximate
expression for its partial decay widths:

3g6 vimg ¢ miy;ml
[T = wwwth) ~ 44 LSt =Wt ~ LR
(57 = )™ 30487 i, (57 = )~ 503w amg, - D

Notably, the decays to gauge bosons are proportional to vi, while the leptonic final states are
proportional to 1/ vﬁ. This implies that there is an upper limit on the maximal decay length of this
particle (which, however, also depends on its mass). This is shown in fig. (6) to the left. Several
examples of m4 masses are shown. For my = 500 GeV, the decay length can be up to a mm or so.
Finding longer displaced vertices with these exotic multi-particle final state would allow to rule out
the BNT model as the correct explanation of neutrino masses.

Note that for all the scalars of the high-d models, a quantitatively similar behaviour is found.
For example fig. (6) to the right, shows the decay lengths for S;r4 from the scalar 5-plet with
hypercharge ¥ = 2 from the d = 11 model. The decays of the S* are slower than those of the S5,
essentially due to phase space suppression. Thus, (short) displaced vertices could appear in this
model up to scalar masses of order roughly 800 GeV or so.

4. Discussion and conclusions

Majorana neutrino mass models can lead to a variety of exotic signals at the LHC. In this talk,
I have concentrated on displaced vertex searches for neutral fermions and lepton number violating
decays of exotic scalars.

Finally, let me mention some interesting conclusions that could be drawn, if LNV ever was to
be discovered in an accelerator experiment [31]. One of the biggest question in physics nowadays
is the origin of the baryon asymmetry in the universe. Especially popular as an explanation of the
BAU is leptogenesis [32]. The mechanism relies on the production of a net lepton number, which is
then transferred into a baryon number by standard model sphalerons at very early times. However,
observing LNV events at the LHC can be converted into a lower limit of the washout factor of any
pre-existing lepton asymmetry in the early universe [31], thus providing interesting constraints (or
ruling out) any high-scale variant of leptogenesis. This is shown in fig. (4), which plots the washout
factors for different values of the LHC cross section and the mass of the resonance, decaying to an
LNV final state.
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Figure 7: LHC cross section versus mass of a hypothetical particles X. Dashed lines are typical cross
sections for X coupling to different quark combinations. The blue lines are the calculated washout factors
for a lepton number asymmetry in the early universe, if the corresponding cross section were to be observed
at the LHC [31].
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