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ABSTRACT: We study the perspective to observe lepton number violating signatures from
heavy Majorana neutrino decays at colliders in view of the requirement to explain the
light neutrino masses via the seesaw mechanism. In the minimal model with only two
heavy neutrinos and in the ¥MSM one can identify three distinct regions in the mass-
mixing plane. For Majorana masses above the electroweak scale the branching ratio for
lepton number violating processes at the LHC is generically suppressed. For masses well
below the electroweak scale that are probed in displaced vertex searches or at fixed target
experiments lepton number violation is the rule and can only be avoided at the cost of fine
tuning. In between there is a mass regime where both possibilities coexist. In models with
more than two heavy neutrinos the larger parameter space allows for more freedom, but
our results remain qualitatively correct unless there is a mass degeneracy amongst more

than two of the heavy neutrinos.
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1 Introduction

Right handed neutrinos vr appear in many popular extensions of the Standard Model
(SM) of particle physics. As SM gauge singlets, the v can have a Majorana mass term
vrM vy that breaks lepton number L in the SM. Depending on the values of their Ma-
jorana mass(es) they may explain various phenomena in particle physics and cosmology,
cf. e.g. [1] for a review. Most importantly, the mixing between the “sterile” neutrinos vr
and the SU(2) charged left handed SM neutrinos vy, can generate small masses for the
standard model neutrinos via the type I seesaw mechanism [2-7]. In addition the vg could
explain the baryon asymmetry of the universe via leptogenesis during their decay [8] or
production [9, 10] for a wide range of values of their Majorana masses (including experi-
mentally accessible ones [11]), provide a viable Dark Matter candidate [12, 13], or explain
the anomalies observed in some neutrino oscillation experiments [14].

The mixing between a sterile neutrino flavour ¢ and the SM generation a = e, u, 7
can be quantified by small angles 6,; < 1. In terms of the matrix of heavy neutrino
Yukawa couplings F' to the SM lepton doublets, the Higgs field expectation value v, and
the Majorana mass My, the mixing angles 6, and the light neutrino Majorana mass
matrix m, at tree level read®

i = V(FMy i mi® = -0 FMFT = —0Mp 07, (1.1)

v

!The mass and mixing matrices are often expressed in terms of the Dirac matrix mp = vF as mir® =

-1 —1
—mpM;,'m}, and = mp My,



While the sterile neutrinos vg are gauge singlets, the mass eigenstates after electroweak
symmetry breaking N; participate in all weak processes with amplitudes that are suppressed
by 64,2 which makes it possible to search for them experimentally [15, 16].3

This has triggered an increasing interest in searches for N; with masses below the TeV
scale at colliders and fixed target experiments. The Majorana mass term Mj; can violate
the SM lepton number L and lead to lepton number violating (LNV) decays of the heavy
neutrinos. These have long been considered to be a golden channel for their discovery in
collider experiments because they have low SM backgrounds, which makes them experi-
mentally very appealing. The ATLAS [24], CMS [25] and LHCb [26] experiments have all
published limits on the properties of heavy neutrinos from searches for LNV. However, it
has been pointed out in ref. [27] that the branching ratios of LNV processes at colliders
can be parametrically suppressed in the pure type-I seesaw model, which could potentially
limit the discovery potential of such searches. The argument can be summarised as follows:

e The angles 6,; control both, the heavy neutrino contribution to the light neutrino
mass matrix (1.1) and their production cross section at colliders oy, ~ |0ai]?0u,,
where o, is the light neutrino production cross section. The seesaw relation (1.1)
naively predicts [04|> ~ m;/M; < 1079M;/GeV, meaning that the heavy neutrinos
are either too heavy or too feebly coupled to be produced at colliders. Much
larger mixing angles than this can only be achieved if there are cancellations in the
matrix valued equation (1.1), which for a generic choice of parameters would require
fine-tuning [28].

e Comparably large |0,|?> can be made consistent with the observed small neutrino
masses m; without tuning if the vg; approximately conserve a generalised lepton
number L [27, 29]. Approximate L conservation is in fact the only way to achieve
this that is technically natural, i.e. stable under radiative corrections [30].

e The conservation of L would automatically suppress the S-matrix elements for
all LNV processes, along with other LNV observables such as neutrinoless double
5 decay.

As a result one may conclude that LNV processes can never be observed at colliders in
technically natural implementations of the seesaw mechanisms.

A number of ways have been pointed out to avoid this conclusion. Most straight-
forwardly, the suppression of on can be avoided if the heavy neutrinos have other, new
interactions in addition to the #-suppressed weak force. We do not discuss this possibility
here; reviews that cover this topic can be found e.g. in refs. [18, 20], cf. also ref. [31] for
an explicit example. Instead we focus on the question whether the small L violation that
must necessarily occur to generate non-zero Majorana masses for the light neutrinos is

2The physical mass eigenstates N; are given by the quantum mechanical admixture N; ~ vg; + 0405, +
c.c. between the vg and vy. Here c.c. denotes the charge conjugation that e.g. acts as v§ = CTLT with
C = iy270 in the Dirac and Weyl representations.

3We refer the reader to the reviews in refs. [17—-23] for details on the perspectives to find heavy neutrinos
experimentally.



sufficient to give LNV signatures in collider searches for heavy neutrinos that exclusively
interact through their mixing with the ordinary neutrinos in technically natural scenarios.
In recent years different signatures of LNV at colliders have been studied [32-48]. In the
present work we want to address the question what the perspectives are to see any of these
signatures in view of constraints from neutrino oscillation data. To give a quantitative
answer to this question we consider two criteria,

(1) There is a lower bound on the amount of L violation from the requirement to explain
the experimental fact that the light neutrino masses m; are not exactly vanishing.

(2) There is an upper bound on the amount of L violation from the requirement to
explain the smallness of the m; without fine tuning. That is, the breaking of the
underlying symmetry must be small enough for the m; to be stable under radiative
corrections.

Applying these criteria allows one to divide the parameter plane spanned by the heavy
neutrinos mass and mixing into a region where the branching ratio of LNV processes is
of order unity, another region where it is parametrically suppressed, and an intermediate
region in which both possibilities coexist.

2 Lepton number violation in experiments: general considerations

Neutrino masses and approximate lepton number conservation. For the purpose
of collider searches, the most important properties of the heavy neutrinos are their masses
M; and the mixing angles 6,; which determine the suppression of their weak interactions.
To quantify the overall suppression of the heavy neutrino interactions we introduce the
notation

U2 = [0ai]?, U7 = [0ail®, (2.1)

U2 = Z 04, U?= Z 1042 .

The seesaw relation (1.1) connects these quantities to the light neutrino masses, which
are given by the square roots of the eigenvalues of mJ,Lml,. Large mixing angles 6, can
be consistent with the light neutrino masses if there are cancellations among the different
entries in this matrix. Such cancellations may appear tuned if they are accidental, but
they occur in a systematic and technically natural manner if the Yukawa matrix F and
Majorana mass M), respect a generalised lepton number L = L + L,, [27, 29], where
L,,
models can predict mixing angles ,; that are large enough to give observable V; production

is a charge that can be assigned to the sterile neutrinos. Approximately L conserving

cross sections in experiments while respecting the relation (1.1) without fine tuning. For
instance, for M; below the electroweak scale and |Fy;| of the order of SM charged lepton
Yukawa couplings, the N; are easily within reach of searches at the LHC [49, 50]. In
this regime they can also explain the observed baryon asymmetry of the universe [51].



Models that can accommodate a symmetry of this kind e.g. include inverse seesaw type
scenarios [52-55] and the linear seesaw [56, 57] as well as scale invariant models [58] and
the Neutrino Minimal Standard Model (vMSM) [10, 59].

If the L conservation is exact, then the heavy neutrinos must either decouple (have
vanishing Yukawa couplings) or be organised in pairs NN; and N; with j =i+ 1 and [30]

Foj=iFy , M;=M; (2.2)

leading to 0,; = if4; = 0,. In this limit the light neutrino masses m; vanish identically
and the heavy neutrinos that couple to the SM are of the Dirac type.* The L conservation
conveniently suppresses the rate of neutrinoless double 8 decay, which otherwise would
impose a very strong upper bound on |f;| [60, 61]. At the same time the underlying
symmetry implies that the eigenvalues of Mj; come in degenerate pairs, which is favourable
for resonant leptogenesis [62] or leptogenesis in the ¥YMSM [10, 63]. The downside is that it
also leads to a parametric suppression of the matrix elements for all other LNV processes.
At first sight this suggests that it is hopeless to observe LNV processes at colliders: the only
way to make the 6,; large enough to obtain sizeable production cross sections at colliders
while keeping the neutrino masses small is to impose a protecting symmetry, but the very
same symmetry parametrically suppresses the branching ratios of LNV processes relative
to the lepton number conserving (LNC) processes. However, the symmetry cannot be exact
because otherwise the light neutrinos would be exactly massless. The relevant question is
therefore: what is the relation between the small L violation that gives rise to non-zero
neutrino masses and the branching ratio for LNV heavy neutrino decays at colliders?

LNV from heavy neutrino oscillations. An example of a LNV signal is the detection
of two leptons with the same sign. The rate for such an event is computed from the

Feynman diagram?®

(2.3)

In the limit (2.2) the contributions from the two members N; and N of the i-th pair to this
amplitude exactly cancel, which is simply a manifestation of the fact that lepton number

4In fact, in the symmetric limit there are no Majorana fermions in the Lagrangian that couple to the
SM: the vi, are massless Weyl fermions, and each pair vg; and vr; merge into a single Dirac fermion
YN = %(ym + V) + %(VRJ- + ;). We use four component chiral spinors with vr, = Pr.Lvr,L to
represent the neutrinos.

5In the present work we assume that the collision energy is sufficient to produce the heavy neutrinos
as on-shell particles. In this case the diagram (2.3) dominates and the behaviour inside the detector can
be understood analogously to the well-established light neutrino flavour oscillations, but with much shorter
oscillation and decay lengths due to the smaller boost factor and (much) shorter lifetimes. For M; above a
few hundred GeV the N; cannot be produced on-shell at the LHC, and the LNV is mediated via exchange
of virtual particles. In that case the simple treatment below does not apply, but the perspectives for an
experimental discovery are in any case much worse.



is conserved in this limit.° However, the cancellation crucially relies on the coherence of
the quantum state during the process. It has been pointed out by various authors that the
heavy neutrinos undergo oscillations in the detector [34-37, 39-43, 64] if there are deviations
from the relation (2.2). These can effectively destroy the coherence of the quantum state be-
cause they practically randomise the phase if the heavy neutrinos undergo many oscillations
during their lifetime. The deviations must be parametrically small for the L symmetry to
explain the smallness of the neutrino masses without fine tuning, meaning that a straight-
forward computation of the matrix element from the diagram (2.3) yields a non-zero, but
parametrically small result.” This parametric suppression can, however, be overcome by
a separation of scales between the frequency of the heavy neutrino oscillations and their
lifetime. A quantitative treatment requires the use of resummed propagators and solving
the equations of motion in real time rather than computing the S-matrix perturbatively.
For the minimal model with n = 2 that we study in section 3 small perturbations
around (2.2) that can be characterised by
Fe(1+¢€) 'iFe(l — €) N1+ ) 0
F=|F,(1+e€,)iF,(1—€,) |, My = 0 M(1— ) (2.4)
Fr(1+e€) iFr(1—¢€)

with p,e, < 1. This explicit form can also be used to study interference within one
pseudo-Dirac pair in scenarios with n > 2. Interference between members of different pairs
is usually not relevant because those resonances in general lie on different mass shells. We
discuss the important exception that there is a mass degeneracy between different pairs at
the end of section 3.

The frequency of heavy neutrino oscillations in the laboratory frame is roughly given
by w ~ (]\/[]2 — M?)/(2Ey), where Ey is the heavy neutrino energy. The coherence of
the quantum state is effectively destroyed if the heavy neutrinos undergo many oscillations
during their lifetime Ty, i.e., T7wyw > 1. The lifetime is T ~ v/T'y with the Lorentz factor
v = En/M; and the heavy neutrino decay width I'y.® For relativistic neutrinos with similar

SStrictly speaking it is L that is conserved, not the SM lepton number L. However, searches for L
violation in fully reconstructed final states are the most reliable probe of L violation. Whenever the N;
decay back into SM particles in the detector, the SM lepton number is conserved in the final state if L
is conserved. If they leave the detector, then L is violated in the observed particles in the detector. To
conclude from this that L is violated in nature would require to distinguish this process from one where L
has been carried away by a SM neutrino, which is practically very difficult.

"Intuitively one may expect that the branching ratio for LNV decays is also helicity suppressed if
the particles are relativistic. However, while such this argument in good approximation holds for light
neutrinos [65], it turns out that this only leads to a different angular distribution when it comes to the
decay of heavy neutrinos, cf. e.g. refs. [66, 67]. One way to understand this is that the loss of definite
chirality (governed by the heavy neutrino masses M;) always happens quicker than the flavour oscillations
(governed by the physical splitting AMphys between their masses).

8In principle the decay widths of the individual heavy neutrinos are different. Moreover, the mass and
interaction basis of the heavy neutrinos are in general not identical because Mys and F tF can in general
not be diagonalised simultaneously. When the lifetime and oscillation frequency are of the same order one
has to solve a matrix valued equation of motion that involves correlations between the different species.
However, due to the approximate symmetry (2.2) the different damping rates in that equation are all of
the same order, and we can use a single parameter I'n.



masses the condition 7yw > 1 translates into I'y /AMppys < 1. Here AMppys = M; — M;
the physical mass splitting between the two heavy neutrinos. A more precise criterion
has e.g. been defined in refs. [18, 36], where it was found that the branching ratio of the
opposite and same sign dilepton events is then given by the quantity®

2
EMoiys (2.5)

2% + AMZ,

R

The simple criterion Mphys = I'nv is reproduced for Ry = 1/3, which we will use as a cri-
terion to distinguish suppressed from unsuppressed LNV branching ratios in the following.

For M; well below the electroweak scale one can estimate I'y ~11.9U2M5G% /(9673) [68].
This implies that LNV signals are suppressed if

AMphys 3742 772 AMphys —4 M? 2
——2 <4 x107°M*G%U: —— <5 x10 U:. 2.6
% i v GeV® ' (2:6)

Experimental constraints on 6 in this mass range [69] imply that AMpyys would have to
be smaller than the light neutrino mass splitting. For heavy neutrino masses above the
electroweak scale one can approximate I'y =~ g2 > |04|>M3/(32rm3, ) +O(m,/M?). This
roughly yields the condition for the suppression of LNV

73
AA{r)hfﬂ 2

2

<4 x 10—3%@? or AJ‘j\I;hYS <6x10° 73 U?. (2.7)
Lower limit on Ry from the Higgs mechanism. Since there is practically no direct
experimental constraint on A My, the question whether or not one can expect to see LNV
processes can only be addressed indirectly and by theoretical arguments. By looking at the
parameterisation (2.4) one is tempted to draw the conclusion that AMpyys ~ uM . While
all theories that realise the approximate L symmetry have in common that u < 1, the
precise range of values that one would expect for this parameter is very model dependent.
This would mean that one cannot make any generic statement about the observability of
LNV processes. In particular, the value g = 0 is perfectly consistent with light neutrino
oscillation data as long as €, # 0.

Luckily it is not correct that the physical heavy neutrino mass splitting is directly
proportional to p. The reason is that the heavy neutrinos do not only have a Majorana
mass My, but also receive a mass from the Higgs mechanism that is of the same order
as the masses of the light neutrinos. Their physical masses after electroweak symmetry
breaking are not given by the entries of Mjs, but by the square roots of the eigenvalues of
the matrix M};,MN with [70]*°

My = My + %(9T OMy; + MT670%). (2.8)

9This derivation assumes that many oscillations happen within the detector volume. Highly boosted
heavy neutrinos could in principle change this conclusion. However, the boost factors expected at future
colliders should not exceed O(100), which cannot compete with the short oscillation length of the heavy
neutrinos which scales as ~ 1/AMpnys and is typically smaller than O(10™*)m.

10Here we have neglected loop corrections for simplicity. In the symmetric limit the must have the same
flavour structure as the tree level contribution from the Higgs mechanism.



The O[6?] term is known to play an important role for the generation of lepton asymmetries
below the electroweak scale [63, 70], but is usually neglected in phenomenological studies
because it is much smaller than M. It does, however, have an important effect on A Mphys
and thus on the oscillations in detectors.

The physical mass spitting AM,ys therefore receives contributions from two sources.
On the one hand there is the difference between the eigenvalues of M) that is characterised
by w, on the other hand there is the term in (2.8) from the Higgs mechanism. By comparing
it to the seesaw relation (1.1) it is straightforward to see that the latter is parametrically
of the same order O[§?M] as the light neutrino masses. One would therefore expect that
A My is at least of the order of the light neutrino masses unless the two contributions to
the splitting between the eigenvalues of M]TVM  conspire to cancel each other. Such a can-
cellation would be tuned unless it is dictated by an additional symmetry. The previously
discussed L-symmetry suppresses each of the two contributions to A My individually, but
provides no reason why the splitting between the eigenvalues of M}:,M ~ should be smaller
than that of mlml,. Moreover, the contributions depend in a non-trivial way on the gener-
ally unrelated physical quantities M)y, and F as well as v. A cancellation in AM s would
therefore necessarily involve a symmetry that relates the Yukawa couplings and Majorana
masses to the properties of the Higgs boson. In summary, one can generically expect that
AMpys is at least of the same order as the observed light neutrino mass splittings.

Upper limit on Ry from stability under radiative corrections. The tree level
relation (1.1) imposes no constraints on the mass splitting AMppys. Instead, a limit on the
size of the mass splitting between the heavy neutrinos can be derived from the requirement
that the m; are stable under radiative corrections to the relation (1.1), which have e.g.
been studied in refs. [27, 30, 31, 71-73]. The leading order radiative correction to m,, is

given by [71]
mloop — —LQZ(M}’V)MNHT (2.9)
v (47v)? ’
where the loop function is
1 2 1 2
@)= & (3 n(”;/mZ) n n(xémH) . (2.10)
2\ z/m3, -1  x/m3y —1

If we expand the mass matrix into a part proportional to the identity matrix and a re-
mainder, My ~ M + AMpy, we can approximate the correction as

20(M?) oo M2 AU (M?

1-loop ~_
m,, ~

For large mixing angles, the second term in (2.11) dominates and we can parametrically
estimate the size of the correction as

e ek (AN 2 (e 2
Tr (my, °Pmy! p)~<(4m5)2)U2|AMN\| ~ (ZWE)Q)UzAMphyS . (212)



The requirement that this correction remains smaller than the tree level contribution im-
poses an upper bound on AM,,ys for given M and U?.

Here we have used rough parametric estimates for the matrix valued equations, the
precise upper and lower bounds on the LNV parameters depend on the number n of right
handed neutrinos that are added to the SM. In the following we discuss these bounds for
the specific case n = 2, which is the smallest number that allows to explain the observed
light neutrino oscillation data.

3 Benchmark model with two heavy neutrinos

It has been shown in ref. [30] that heavy right handed neutrinos with Yukawa couplings
F, that are large enough to give sizeable production cross sections oy at colliders must be
organised in pairs that obey the relations (2.4) with u, e, < 1. In the scenario with two
heavy neutrinos (n = 2) there is only one such pair. This is the smallest number of heavy
neutrinos that is required to explain the light neutrino oscillation data. In addition it
provides an effective description for the collider phenomenology of the ¥MSM because the
third heavy neutrino in that model is too feebly coupled to make a significant contribution
to the generation of light neutrino masses [74]. In the following we use this scenario as a
benchmark model and comment on the case n > 2 further below.

Lower bound from the Higgs mechanism. To fix the light neutrino masses m; and
parameters in the light neutrino mixing matrix U, to the observed values we employ the
Casas-Ibarra parameterisation [75] for 6,

Gai = i(Uu)aj\/mj/MiRji- (31)

Here R is an arbitrary matrix with the property RR? = 1 that can be parameterised
by a single complex angle w. The imaginary part of w controls the degree of symmetry,
small values of ¢, are obtained in the limit of large |Imw|. In terms of the Casas-Ibarra
parameters the physical mass splitting reads [76]

AMppys = \/4M2M2 + AM2, — 4 b AMgy cos(2Rew). (3.2)

Here AMpyg = ms — mg for normal ordering and AMyg = m1 — my for inverted ordering,
and 2uM is the splitting of the eigenvalues in the Majorana mass matrix Mj;. In order
to realise a physical heavy neutrino mass splitting AMpyys that is much smaller than the
splitting A Myy between the light neutrino masses, a careful adjustment of the phase Rew
in the Yukawa couplings and pM is required. This cancellation would require a conspiracy
between physical quantities that are not related in any obvious way because it depends on
the Higgs field value v through AMgg. We can therefore confirm that My, is generically at
least of the same order as the light neutrinos mass splittings, as argued on general grounds
by comparing (2.8) to (1.1) in the previous section. If we set AMpnys = AMgy in the
ratio (2.5) we can identify a line in the mass-mixing plane below which R > 1/3, which is
shown in figure 1. It can be reproduced by setting AMpnys = AMpg in the estimates (2.6)
and (2.7).



Upper bound from radiative corrections. The requirement that the light neutrino
masses are stable under radiative corrections (2.12) can be used to impose an upper bound
on Ry for given M and U?. If we insert the Casas-Ibarra parametrisation (3.1) for the
mixing angles 6 into equation (2.11), we find that the radiative corrections take the form

M2 Al (M2 2 m;)?
Tr (mlll—loopmi—loop'f> ~ (H2 l(i )2)> (212771) exp(4Imw) (33)
v T
M2AU(MAN? L,
~ B 2M
(“ 7 (4 ) S

in the limit |Im|w > 1. If we further impose the condition that the radiative corrections
should not exceed the light neutrino masses, we find the limit on the parameter p in the

relation (2.4),
< \/Zm? 227202 (3.4)
N MU M) '

In the regime M > v where this bound turns out to be most relevant the loop function is
roughly constant, and the above relation simplifies to

L VETE 4V ~40VZm’2. (3.5)

~ MU? m%{—i—BmQZN MU?

I

We can combine this with the condition R <1/3 to find that the ratio R is suppressed for

,4/Z,ml2 — o\ —3/2
U2>90xvz%0.l<M> . (3.6)

M VM GeV

4 Models with more than two heavy neutrinos

If there are more than two heavy neutrinos one can expect that the above statements
are relaxed due to the larger dimensionality of the parameter space. In the following we
briefly and qualitatively discuss how the conclusions change with n > 2, We provide a more
quantitative discussion in appendix A.

We shall first state that the discussion below only applies to heavy neutrinos that
make a significant contribution to the generation of the light neutrino masses. It is clear
that one can always add an arbitrary number of heavy neutrinos that either have very tiny
Yukawa couplings F,; < /m;M; /v or come in pseudo-Dirac pairs with deviations from
the relation (2.2) that are too tiny to lead to a measurable contribution to the m;. In the
former case those will not be visible, and in the latter case they will (almost) exclusively
lead to LNC decays because they would effectively be Dirac particles.

One can generically expect the bounds to weaken in a way that scales linear with n
because the burden to explain the light neutrino masses is shared amongst the different
pairs, but how exactly this happens is model dependent. However, a qualitative difference



arises from the fact that the mass myjgntest Of the lightest SM neutrino can be non-zero for
n > 2. If mijgntest > AMpg, then myighiest fixes the relevant mass scale that A My should
be compared to.

A special case occurs if N; that are not part of the same pseudo-Dirac pair have
degenerate masses. Then a small perturbation of the relevant sub-matrix in Mjp; from
unity can cause large mixings among all those heavy neutrinos. Such a scenario can lead
to observable LNV at colliders for even larger mixing angles than in the n = 2 case. For
example, consider n = 3 with

10 W F. iF. 0
My~M|[0 1iyg|,F=|F,iF,0]. (4.1)
w1 F, iF: 0

tree

¢¢ = 0. The heavy neutrino mass depends

The light neutrino masses vanish at tree level, m
on both the small parameter 1/ < 1 and the mixing angle U? < 1. The mass spectrum of

the heavy neutrinos is given by

M8 ~ Mdiag(1+U%/2,14+U? 44/ (> +U4 /16,14 U2 J4—\[y?+U4/16).  (4.2)

For 1 > U? >> 1/, the mass splitting between the pseudo-Dirac pair is given by 24/ 2 JU2.
In the opposite scenario, where 1 > p/ > U?, the degenearacy between the three heavy
neutrinos is broken by p’, and we can approximate the heavy neutrino spectrum as
M](\ifiz"g ~ Mdiag(1+ p/,1,1 — i). Furthermore, the mixing angles of all three neutrinos
are of a similar size |04;|? ~ v?/M?|F,|?(1,1/2,1/2), hence all three heavy neutrinos could
be produced at a collider.

To first order in p’, the radiative corrections to the light neutrino masses vanish.
However, the mass splitting parameter ' can still not be arbitrarily large, as the O(AMJQV)
corrections remain finite, which gives

2 I ( MQ)
(4mv)? 2
2 " ( M?)

— T 20,0,M° x 4p”
(4mv)2 2 ¢ b AR

(mlll—loop)ab ~ _ Qm.(M]TVMN — MQ)%{%;‘M (4.3)

The higher power of i leads to a weaker limit on the mass splitting than in the case with

2 < \/Zim?/i (4mv)? (4.4)

~ o MU? m¥ 4 3my]

two heavy neutrinos

where we approximated the loop function for M > mpy. In turn, the condition that
Ree < 1/3 also becomes weaker

303, m2)V6u?/3 /M ~ 0.4(GeV/M) for mpy < M < 1TeV,

U? > 1/3 _\—5/3 _ (4.5)
170 (ﬁ@) m?O( M ) for M > 1TeV,

M GeV

~10 -



where the exact pre-factor depends on the value of mijghtest- In this estimate we have
assumed that the sum of the light neutrino masses does not exceed the cosmological
bound [77]. Note that the Ry = 1/3 line falls in the U? > ' region for masses below
1TeV, while for larger masses we have U? < .

5 Discussion and conclusions

We studied the perspectives to see LNV signatures in collider searches for heavy neutrinos
N; that interact with the SM exclusively via their mixings 6,; with the SM neutrinos,
where a denotes a SM generation. Searches for heavy neutrinos with Majorana masses M;
below the TeV scale are highly motivated because they can simultaneously explain the light
neutrino oscillation data and the baryon asymmetry of the universe. Mixing angles 6,; that
are large enough to yield observable production cross sections at the LHC can be made
consistent with the smallness of the light neutrino masses if the heavy neutrino interactions
respect the approximate conservation of a generalised lepton number L. The underlying
symmetry protects the light neutrino masses from large corrections even though the mixing
angles 0,; ~ F,v/M; are much larger than the naive seesaw relation (1.1) would suggest,
which is a necessary requirement for the N; to be produced in sizeable numbers at the LHC.

On the other hand the L conservation can potentially suppress the branching ratios of
LNV processes at colliders. The symmetry dictates that the heavy neutrinos must be organ-
ised in pairs with quasi-degenerate masses. Whether or not the suppression of LNV decays
is efficient crucially relies on the ratio between the mass splittings that break the mass
degeneracy and the decay widths of the heavy neutrinos in each pair. If the physical mass
splitting is smaller than the decay width, then the branching ratio Ry, between LNV and
LNC processes is parametrically suppressed due to destructive interference between the con-
tributions from the two heavy neutrinos. If the mass splitting is larger than the decay width,
then the heavy neutrinos undergo many oscillations in the detector before they decay. In
this case LNV processes are unsuppressed due to the effective loss of quantum coherence.

By comparing the light and heavy neutrino mass matrices (1.1) and (2.8) we argue that,
leaving aside (tuned) accidental cancellations, the physical heavy neutrino mass splitting
should at least be of the same order as the light neutrino mass splittings. This allows
us to define a line in the heavy neutrino mass-mixing plane below which the violation of
L-conservation that is required to generate the light neutrino masses generically induces
LNV heavy neutrino decays with a branching ratio Ry of order unity.

At the same time one can impose an upper bound on the heavy neutrino mass splitting
from the requirement that the light neutrino masses are stable under radiative corrections.
Since this upper bound depends on the heavy neutrino mixings, this defines a second
line in the heavy neutrino mass-mixing plane above which Ry is generically suppressed.
Deviations from the generic behaviour in either region can only be realised for fine tuned
parameter choices that violate the criterion of technical naturalness. In between there is a
third region of masses and mixings where technically natural parameter choices that do or
do not give a Ry or order unity can coexist.
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Figure 1. Parameter regions where generic parameter choices yield Ry < 1/3 (above the green
line) or Rys > 1/3 (below the red line) in the minimal model with n = 2. Within these regions a
deviation from this generic behaviour is only possible for fine tuned parameter choices. The two
regions are separated by a third regime where both possibilities can coexist without fine-tuning.
The solid and dashed lines apply to normal and inverted ordering of the light neutrino masses,
respectively. Note that the suppression applies to the branching fraction of lepton number violating
decays, which is proportional to the quantity R, defined in (2.5), not to the total number of LNV
events, which is proportional to onRy. If all final state masses are negligible and I'y < AMppys
one can approximate oy o< U? and Ry oc U ™%, so that the number of LNV events is quadratically
suppressed by the mixing angle above the red lines. The shaded areas mark the regions that are
excluded by experiments, based on the global scans in refs. [76, 78]. In the gray region constraints
from various direct searches at colliders and fixed target experiments dominate, cf. e.g. refs. [17,
69, 78] for a discussion. In the blue region the mixing is too small to explain the observed values
of the light neutrino masses, cf. e.g. ref. [79] for a discussion. For this plot we used the simple
analytic estimates for I'y that are given in ref. [17], more refined computations can e.g. be found
in refs. [63, 68, 80, 81].

The precise locations of these regions depend on the number of right handed neutrinos
n that contribute to the generation of light neutrino masses. We give parametric estimates
of the boundaries in egs. (2.7), (2.6) and (2.12), respectively. In figure 1 we display the
three regions for the minimal model with n = 2. Roughly speaking, for heavy neutrino
masses below the electroweak scale the observation of LNV processes is the rule rather
than the exception in the parameter region that is allowed by current experimental limits.
For masses above the electroweak scale, on the other hand, R/ is suppressed. Using the
simplified scalings Ry o< U™* and oy o< U? one can estimate that the suppression in the
number of LNV events is quadratic in the mixing angle.

- 12 —



In models with more than two heavy neutrinos the constraints derived here relax due
to the higher dimensionality of the parameter space, in particular if there are accidental
mass degeneracies in addition to those dictated by the L-symmetry. Finally we should
emphasise again that our analysis only applies to models in which the heavy neutrinos
primarily interact via their Yukawa couplings and generate the light neutrino masses in this
manner. If the mixing between left handed and right handed neutrinos is not the sole origin
of neutrino mass or if the right handed neutrinos have new interactions that are relevant
at energies below the TeV scale then there are additional ways to make LNV observable.

We can therefore conclude that searches for LNV processes mediated by heavy neu-
trino exchange are well-motivated across the entire experimentally accessible mass range.
Studying the ratio between LNV and LNC decay rates as well as the angular distribution of
the decay products can give interesting insight into the underlying mechanism of neutrino

mass generation.
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A Stability of light neutrino masses under radiative corrections

In ref. [30] it was shown that massless neutrinos are stable under radiative corrections
only if the Yukawa couplings take the form from (2.2) or vanish. To obtain small but finite
neutrino masses this pattern has to be mildly broken by terms that are parametrically small.
In this appendix we quantify the allowed size of these symmetry breaking parameters, and
hence the amount of LNV that can be observed at colliders.

Let us first review the case with two heavy neutrinos. In the seesaw limit the light
neutrino mass matrix takes the form

( tree Z Gazebz (A 1)

For fixed values of the mixing angles 6,0 as well as the masses M; and Ms, one can satisfy
the above equation by solving it for ,1. On the other hand, one still has to make sure that
the radiative corrections are not bigger than the light neutrino masses. Since 6, is already
fixed by solving (A.1), the size of the radiative corrections is completely determined by the
mixing 0,2, and the masses M; and Ma,

(mi_loop)ab = 2 {(m;t/ree Z aazebz z M2> - Z(Ml )]} ’ (A.2)

2
(47”)) i>1

{(my°)apl (MT) = Oazb Ma[L(M3) — 1(M7)]} (A.3)

(47v)?

which gives the constraint (3.3).
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If one attempts the same exercise with n > 2, one finds that there are enough pa-
rameters to make the radiative corrections vanish, e.g. by choosing a particular value of
0.3. However, this choice will explicitly depend on the loop function [/, and the mass scales
appearing within. To relate this dependence to a small parameter we perform an expansion
of [(M;) around (M)

2

lfloop) —
W (4mv)?

v

1 d™M(M2)
tree 1 2 21n
(my Z eazebz n d MQ) MZ[Mz - Ml] . (A4)

(m
i>1n

As we wish to avoid explicit dependence on [, we treat each order in this series as an
independent equation. This infinite tower of equations can never be solved unless the mass
differences exactly vanish. However, for n heavy neutrinos, we can solve these equations up
to order (M; — M7)™~ !, which leads to a quantitatively weaker limit on the mass splitting:

2 1 dai(Mmp)
2 1 2 2n+1, n—1
2™ 2 o G a1 UM (45)

m%l+3mQZ

(4mv)?

where we assumed that all the mass splittings are of a similar size ~ uMj.

M1U2 n— 1
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