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ABSTRACT: We revisit the impact of heavy neutrinos with masses in the MeV-GeV range
on neutrinoless double beta decay (0v33) in view of updated results for the lifetime of this
process. Working in a minimal realistic extension of the Standard Model by two right-handed
neutrino flavours, we show that the non-observation of Ov33 will impose strong bounds
on the heavy neutrino properties that are complementary to the limits obtained from Big
Bang Nucleosynthesis and collider searches. For an inverted mass hierarchy of the light
neutrinos we find that improved limits on 0v33 from next-generation experiments, assuming
an improvement of two orders of magnitude on the current Ov3S3 limits will restrict the
allowed parameter space for fixed mass splitting to narrow bands in the mass-mixing plane.
Further combining this with the requirement to explain the baryon asymmetry of the universe
via leptogenesis reduces these bands to windows in parameter space that are constrained
in all directions and can be targeted by direct searches at accelerators, and restricts the
mass splitting to values that can be resolved at experiments. For a normal mass hierarchy,
restricting the allowed parameter will require even stronger OvS3 limits, and only parts of
the parameter space can then be probed.

KEYWORDS: Baryo-and Leptogenesis, Baryon/Lepton Number Violation, Specific BSM
Phenomenology, Sterile or Heavy Neutrinos

ARX1v EPRINT: 2407.10560

OPEN AcCESSs, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP05(2025)090



Contents

1 Introduction 1
2 Type-I seesaw mechanism and the 3+2 model 3
3 Leptogenesis at low scales 7
4 Neutrinoless double 8 decay 8
4.1 Revised computations 9
5 Constraining the 342 parameter space 11
5.1 Constraints from Ov3f5 decay 12
5.2 Future projections for Ov53 decay 14
5.3 Constraints from collider searches and Big Bang Nucleosynthesis 16
5.4 The interplay with leptogenesis 17

5.5 Probing the seesaw mechanism and leptogenesis: complementarity and testability 18

6 A global analysis in the inverted hierarchy 20
6.1 Current situation 20
6.2 Future prospects 21
6.3 OvpS searches with different isotopes 23

7 A global analysis in the normal hierarchy 25

8 Populating the non-standard region 26

9 Conclusions 27

A Heavy neutrino quantum kinetic equations and numerical strategy 29

B 0vBp decay amplitudes 31

C Dependence of mgg and mgg on light and heavy neutrino parameters 33

D Radiative corrections to mgg 34

1 Introduction

Several of the shortcomings of the Standard Model (SM) of particle physics can be addressed
by the addition of gauge singlet right-handed (RH) neutrinos vg (see, e.g., refs. [1-3] for
reviews). In particular, these RH neutrinos can generate the SM neutrino masses via the
well-known type-I seesaw mechanism [4-10], and allow neutrinos to be Majorana particles.
The resulting (tiny) masses of the SM neutrinos can then explain the observed light neutrino
oscillations, while the heavier mass eigenstates, often referred to as heavy neutral leptons



(HNLs), remain largely decoupled from the SM. Additionally, the Majorana nature of
neutrinos leads to lepton number violation, and consequently HNLs can also explain the
observed excess of matter over antimatter in the observable universe [11], known as the
baryon asymmetry of the universe (BAU), through leptogenesis [12].

In addition, one of the major implications of the Majorana nature of the neutrinos
and the associated lepton number violation is the possibility of neutrinoless double beta
decay (OvS353) [10]. In this process, two neutrons in a nucleus are converted into two protons
and two electrons, but without any associated neutrinos. The current best limit on the
Ov 33 half-life of 13Xe at 3.8 - 10%° years [13] lies among the most sensitive probes of the
Majorana nature of neutrinos, and next-generation experiments project an improvement of
about two orders of magnitude [14-16].

HNLs with masses M > 1GeV can, as far as Ov5f is concerned, be integrated out,
generating the standard Weinberg operator. Such dimension 5 operator effectively produces
a Majorana mass for active neutrinos after the electroweak symmetry breaking. In this case,
the Ovf55 decay rate is dominated by the exchange of light active Majorana neutrinos. If
instead HNLs have sub-GeV masses, they can affect the Ov33 decay rate, possibly enhancing
or suppressing the decay rate [17-23].

A long-standing problem to obtain accurate predictions of the Ov3 lifetime has been the
calculation of the associated hadronic and nuclear matrix elements, but recent years have seen
great progress in this regard by a combination of chiral effective field theories (YEFT) [24-26],
and ab initio nuclear many-body calculations [27-32]. In the present work, we apply the
recently developed YEFT framework for Qv computation involving light HNLs [33, 34],
which include several new effects not considered in more traditional approaches.

Beyond 0vj3p3, light HNLs can also be probed by a variety of other means [1-3, 35-37].
One of the major goals of this work is to examine the interplay of leptogenesis and 0v503
searches with laboratory constraints as well as cosmological limits. While similar studies of the
complementarity between Ov5 and low-scale leptogenesis were already performed in previous
works [21-23], these were based on simplified formulae which are not accurate in the sub-GeV
regime and did not perform a full parameter space scan as is the objective of this work.

We work in a minimal realistic extension of the SM by two right-handed neutrinos,
which is not only known to be highly testable [22, 38|, but also effectively describes the
phenomenology of the Neutrino Minimal Standard Model (vMSM) [39, 40]. We find that,
in the case of inverted neutrino mass hierarchy, the parameter space where the model can
simultaneously explain the light neutrino masses and the baryon asymmetry of the universe
is testable with next generation experiments and can even be ruled out. In the normal
hierarchy, the model is harder to rule out or confirm, but a sizeable chunk of the parameter
space will be tested in the near future.

This work is organized as follows: we start by briefly discussing the model setup in
section 2, which is followed by a general discussion on leptogenesis and neutrinoless double
beta decay in sections 3 and 4 respectively. In section 5 we review the different experimental
bounds restricting the parameter space of 3 4+ 2 models. We focus in the following section on
the inverted hierarchy and perform a comprehensive analysis of the parameter space that
can be tested now and in the future. In section 7 we repeat the study for normal hierarchy.



Finally, we compare the Ov/35 model space of scenarios with two HNLs against a scenario
without HNLs in section 8, and conclude in section 9. The appendices are devoted to technical
details and formulae regarding the Ov/f5 and leptogenesis computations.

2 Type-I seesaw mechanism and the 342 model

The most general renormalisable extension of the SM by ng flavours of right-handed neutrinos
vr alone reads (suppressing the flavour indices)

-~ 1
L=Lsy— |LHY VR + iﬂlc’%MMVR + h.c.|, (2.1)

where L = (v, er)” is the SM lepton doublet, H = ity H* with H being the Higgs doublet,
Ty = (9 Bi) is the second Pauli matrix, Y is a matrix of Yukawa couplings, and My, is a
matrix of Majorana masses for the gauge singlet vr. The charge-conjugated fields are defined

as ¢ = (¢°), where ¢¢ = C(¢)T for the unitary charge conjugation matrix C = —CT.
2

i

The squared light neutrino masses m? are given by the eigenvalues of m|m,, defined below
in eq. (2.3); the number of non-zero eigenvalues cannot exceed ns, making ng = 2 the minimal
choice that is consistent with current neutrino oscillation data. In the following we work in
this minimal 3 4 2 scenario. Since the lightest neutrino is massless in this scenario, this leads
to concrete predictions for the Ov 35 half-life of different chemical elements once the neutrino
mass hierarchy is fixed. For example, the 36Xe lifetime is roughly 107 y in the inverted
hierarchy and 102 y in the normal hierarchy up to an O(1) uncertainty arising from varying

the Majorana phase, and another O(1) uncertainty arising from hadronic and nuclear theory.

Light and heavy mass eigenstates. After the electroweak symmetry breaking (EWSB),
the Higgs field acquires a vacuum expectation value (H) = % ~ 174 GeV and the neutrino
mass term therefore becomes

1 s 0 mp
LD —= (o 05 )M, [T h.e., M, = , 2.2
2(VL VR) V(VR>+ ¢ Y <mg MM) 22)
where mp = %Y is the standard Dirac mass term. Assuming that the entries of the

matrix § = mpM;;' are small numbers, one can block-diagonalise the (3 + ns) x (3 + n)
mass matrix M, in eq. (2.2) to obtain the 3 x 3 SM neutrino mass matrix m, for the light

neutrino mass eigenstates v;
-1_T
my ~ —mpM,; mp, (2.3)

which can be further diagonalised by the light neutrino mixing matrix U,, commonly referred
to as the PMNS matrix. In this scenario, the mass matrix My for the heavy neutrino mass
eigenstates N; is approximately given by My

My =~ My, = <”§4,,,? ) . (2.4)
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Correspondingly, the light and heavy neutrino mass eigenstates are represented by the
flavour-space vectors

v~ Ul(vy —0v%) + hec. and N ~ U]]:/I/R + QTUJTVI/E + h.c. (2.5)
with the small mixing angle
© =0U} =mpM;; Uy . (2.6)

In the latter equation, Uy represents the matrix diagonalising the heavy neutrino mass
matrix Mpy. Indeed, there in principle exist, both in vacuum and at finite temperature,
non-diagonal O(Y?) corrections to M)y, from interactions of the right-handed neutrinos with
the Higgs field, which can impact lepton number violating signatures at colliders [41, 42]
and leptogenesis [40, 43]. These corrections are taken into account for the leptogenesis
scans that we perform in section 5.4, following section IV of ref. [44]. Given that relatively
large mass splittings are needed to enhance the Ovgg lifetimes (in the region relevant for
leptogenesis), their impact on 0v3/3 can nonetheless be neglected, as the discussion in section 5

1

will show." For this reason, we will consider in the rest of this work that Uy is in (very)

good approximation given by a unit matrix and, hence, © ~ 6.

Event numbers at accelerator-based experiments. Event numbers at colliders and
fixed target experiments are mostly sensitive to the square of the mixing angle 6 which
is what we will try to constrain in the future sections. For that reason, we define the
commonly used notations

Ugi . |00ﬂ"27 U2 = Z Ugi’ Ug = Z Ua2i7 Uz2 = Z Ugi’ (27)

where a € {e,u, 7} runs over the SM flavours and i € {4,5} runs over the heavy mass
eigenstates. As it will be needed in section 4, we also define the full neutrino mixing matrix
Ui, with ¢ running this time over both the light and heavy neutrino indices, as

U)o for i € {1,2,3},

uon' =
O for i € {4,5}.

(2.8)

Symmetry-protected low-scale seesaw. It is convenient to introduce the seesaw scale
M and the mass splitting

— ms + My

M = 5 . = (ms—my)/M. (2.9)

We can always order the HNL masses such that p > 0, which we will do in the rest of this
work. Experimental and theoretical® constraints do not fix M, and in principle this scale can

'To be specific: the rightmost term in eq. (5.4) can only be sizable in case the splitting between the two
heavy neutrino masses exceeds the light neutrino mass splitting AM > /Amfj [18, 19], in which case the
O(6*> M) corrections to eq. (2.4) are small (cf., e.g., ref. [41] and references therein).

2If RHNs are the only new physics below the Planck scale, constraints from unitarity favour M <
10'® GeV [45] while naturalness issues would suggest M < 107 GeV [46].



take any value below the Planck scale, cf., e.g., ref. [2] and references therein. Traditionally,
the seesaw mechanism explains the smallness of the light neutrino masses with the hierarchy
between M and the electroweak scale v. However, technically natural models for values M < v
exist;? typically the neutrino masses are protected by a generalisation of the global B — L
symmetry of the SM in these scenarios [48-50], which we may in general parameterise using

Yve(1+€e) ZYVe(l _ee) M

, (1-12) 0

Y=| Yy(l4e) iVull—cy) |, MM:< 2) ) (2.10)
Vil4e) ii(l-c) o MExy

with Y¢, Y),, Y; parametrising the magnitude of HNL couplings and |e.|, |€,|, |e-|, 1 < 1 the
(tiny) symmetry breaking parameters. In the limit e, €,, €7, # — 0 both the light neutrino
masses and the rate of Qv vanish while the two right-handed neutrinos combine to form
a Dirac-spinor;* the symmetry breaking required to generate the light neutrino masses
necessarily also introduces a non-zero rate of Ov35 [10]. While Ovff in traditional scenarios
with M > v is mediated by the light mass eigenstates v;, it has been known for long that
the heavy neutrinos can make a sizeable contribution in models with M in the sub-GeV
range [17-19], and that this can be related to leptogenesis [21-23]. It is a main purpose of the
present work to revisit this connection in view of updated rate computations [25, 33, 34, 59],
and to connect it to other probes, in particular at accelerator-based experiments.
Neglecting the matrix structure of the Dirac and Majorana masses, the seesaw rela-
tion (2.3) seems to imply that the total heavy neutrino mixing should be of the order

/S8 m?2
U?> # (2.11)

One can show [60] that this actually only acts as a lower bound on the HNL mixing which is
commonly denoted as the naive seesaw relation. Arbitrarily large values, e.g. O(1), of the
mixing can indeed be reached in the B — L symmetry-protected regime discussed earlier.
Selecting the electron flavour component, this inequality can equivalently be written as

Ue2 Z |(mV)ee‘/M' (212)

Casas-Ibarra parameterisation. In order to automatically fit the latest neutrino oscillation
data [61], it is convenient to parametrise the mixing angle 6 using the so-called Casas-Ibarra
(CI) parametrisation [62], which expresses 0 as®

0~iU, \/miRVMI | (2.13)

3See section 5.1 of ref. [47] and references therein.

4Depending on how this limit is taken, the parametrisation (2.10) effectively captures the phenomenology
of various popular models, e.g., refs. [51-58], including the inverse seesaw (|eo| < 1) [51-53] and linear seesaw
(b < leal) [57, 58].

°In practice we use the radiatively corrected CI parametrisation introduced in ref. [63] in the numerical
scans we performed, but we use the simpler tree-level expression from ref. [62] in eq. (2.13) and the rest of the
paper unless explicitly stated otherwise in order to keep the physics simple and intuitive.



where m¢ = diag(my,ma, m3) is the diagonalised light neutrino mass matrix and M? = My,.
R represents a general complex orthogonal matrix which, for a 3 + 2 scenario, can be
parametrised in the following way

0 0 cos(w)  sin(w)
Ry = | cos(w) sin(w) and Rig = | —¢sin(w) €cos(w) |, (2.14)
—&sin(w) € cos(w) 0 0

for normal hierarchy (NH) and inverted hierarchy (IH) respectively. w is a complex angle
and £ = +1 is a discrete parameter. One can show that the latter is unphysical® and, hence,
we here fix £ = 1. The PMNS matrix is commonly parametrised as

1 0 0 C13 0 si3 efié cio2 S12 0 1 ‘0 0
Uy: 0 c23 S23 |- 0 1 0 . —S812 C12 010 e%”l 0 N (2.15)
0 —s93 c23 —s13e 0 cp3 0 01 0 0 e39a

where ¢;; = cos 0;; and s;; = sin 0;; are the sine and cosine of the PMNS mixing angles 0;;.
The phases a1, a31 and 0 are the Majorana and Dirac CP-phases respectively. In the case of
two HNL generations, only one linear combination of the Majorana phases is physical which
we define as n = %(Ckgl — agy) for NH and n = %0421 for TH.

In the current scenario under consideration, we always have one massless neutrino,
Miightest = M1(m3) = 0 for NH (IH).” For the remaining two masses, the PMNS mixing
angles, and 0, we use results from global fits [61, 66]. The Majorana phase 7 in U, and the
CI angle w can be allowed to vary freely. As this is the most relevant region to examine the
interplay between leptogenesis, Ov33 and laboratory searches, we will in this work focus our
interest on HNLs with O(0.1 — 10) GeV masses with mass splitting ¢ < 0.1.

The overall mixing angle can be expressed in terms of Casas-Ibarra parameters as

1
U? = m (’;(mg — mg) cos(2Rew) + (mgy + ms3) Cosh(21mw)> , (2.16)
1 %
U2:_(m — mgy) cos(2Rew) + (mq + ma) cosh 21mw>, 2.17
T (5 m = m) cos(2Rew) + (my £ o) coshi2Ime)) - (217)
for, respectively, the NH and IH. A purely real w gives a U? of the order of the naive
R 2, .
expectation (2.11), a larger |Imw| leads to larger mixings. For the U? = ZleJJmJ one
finds for NH
1
U2y= —— (mgy|cosw|? + mg [sinw]|? , 2.18
b2 = Ty (e leoswl” + malsinel?) (2.18)
and for IH
Uiy = 7; (ml lcos w|® + mg |Sinw|2> . (2.19)
T M Fp/2)

6See, e.g., footnote 6 of ref. [38].

TA recent combined analysis would, if taken at face value, limit the sum of neutrino masses > omy, <72
meV at 95% CL ruling out the IH. However, the restriction is prior-dependent (the IH is not ruled out at 95%
CL if a prior Y m, > 59 meV is used instead of > m, > 0) [64]. It has also been shown that the data in
fact favour negative neutrino masses if no physical prior (> m, > 0) is used [65]. In view of this we in the
following ignore the bound claimed in ref. [64].



Explicit expressions for the U2 can be found in the appendix of ref. [38] and are some-
what lengthy; in the limit 4 < 1, Imw| > 1 they only depend on the properties of the
light neutrinos. Note that this limit corresponds to the case |e.|, |eul, |e-], 4 < 1 in the
parametrisation (2.10), i.e., represents a technically natural choice of enhanced symmetry.

Radiative corrections. While the Casas-Ibarra parametrisation (2.13) ensures a good fit
to neutrino oscillation data at tree level, we also want to make sure that there are no large
cancellations between the tree-level contribution to the neutrino masses and the radiative

corrections. At leading order the radiative correction to m,, is given by [67]%

1-loop _ 2
v (4mv)?

m O1(M%)My6T (2.20)

with the loop function:

() = T <3ln(x/m2z) ln(x/m%,)> . (2.21)

2\ z/m%4 -1  x/m?% —1

By separating the mass matrix into a term proportional to the identity matrix and the
mass splitting, My = M1 — uMr3/2 (with 73 the third Pauli matrix), we can select the term
that contains part of the radiative corrections coming from the parameter p,

1—loop ~_ QZ(MZ) tree E2ZI(M2)

My ~ (4nw)? g > (47)?

07307 + O(p?). (2.22)

To avoid large cancellations between the tree-level and loop contributions, we require that
the loop corrections are never much larger than the observed neutrino masses — i.e., |m,| 2
|mL~1°°P|. This comparison should in principle be done for each element of the neutrino mass
matrix. However, since we are primarily interested in neutrinoless double beta decay, we
apply it to the 1-loop contribution to (m,),, which leads to the constraint

M?20'(M?) _

MuU?| . (2.23)

> v 7
‘ (ml/)ee ’ ~ ,UQ (47T)2 e

3 Leptogenesis at low scales

Successful generation of a baryon asymmetry is only possible if the three Sakharov conditions
are fulfilled: 1) baryon number violation, 2) C- and CP-violation, and 3) deviation from
thermal equilibrium. Within the SM, weak sphalerons violate baryon number for temperature
T > Typn ~ 130GeV [70, 71]. However, the amount of C- and CP-violation as well as
deviation from equilibrium within the SM is not large enough to reproduce the experimentally
observed baryon-to-entropy ratio Yg ons = % ~ 8.7-10~ [72]. As was briefly mentioned
in the introduction, beyond being responsible for the SM neutrino masses, right-handed
neutrinos can also remediate these problems. They can provide the necessary additional C-
and CP-violation as well as deviation from thermal equilibrium to generate the observed
baryon asymmetry in a process dubbed as leptogenesis, see, e.g., refs. [73-76] for reviews.

8Radiative corrections to My [68, 69] are sub-dominant in the parameter region where the last term in
eq. (5.4) is sizeable, cf. also footnote 1.



In this scenario, the interactions of heavy neutrinos with their SM partners generate
an asymmetry in the leptonic sector which is then reprocessed into a baryon asymmetry by
the weak sphaleron. While the idea was initially [12] developed for extremely heavy RH
neutrinos (M > Ty [77]), it was quickly realised that one can lower the mass of these
new states to be well below the TeV scale, within reach of, e.g., collider and fixed target
experiments, for different scenarios.

In the first scenario, the wave-function diagram becomes enhanced [78-81] when the
masses of the two HNLs are close to each other. The CP-violation arising from heavy neutrino
decays is resonantly enhanced when the heavy-neutrino mass differences are comparable to
their decay widths. As first pointed out in refs. [82-85], this fact can be used to lower the
scale of leptogenesis, in a scenario dubbed as resonant leptogenesis. This enhancement of the
baryon asymmetry is enough for leptogenesis to be viable for heavy neutrino masses as low as
O(1) GeV [86, 87]. However, the baryon asymmetry does not necessarily need to be produced
during the decay of heavy neutrinos. In leptogenesis from neutrino oscillations [40, 88|,
sometimes also referred to as ARS leptogenesis, the baryon asymmetry is produced during
the freeze-in of heavy neutrinos by CP-violating oscillations between the different flavours. In
the latter scenario, leptogenesis remains viable for much lower masses M ~ O(100) MeV. It
was recently shown [44, 86, 87] that the temperature ranges at which these mechanisms are
effective widely overlap and the two scenarios can be described by the same set of evolution
equations, see appendix A for more details.

Due to the large dimensionality of the parameter space and complicated dynamics, it is
difficult to provide a general analytical formula for the baryon asymmetry as a function of
the model parameters. However, in specific limits, the dependence of the baryon asymmetry
simplifies and such estimates are possible [89-91]. While we will in this work solve for
the HNL evolution purely numerically, these estimates can in principle act as guideline to
optimize the scanning strategy.

4 Neutrinoless double 8 decay

Accurately predicting the Ov36 decay lifetime from theory has been a long standing effort.
It is now well known that this lifetime depends on the neutrino mixing angles U,; in the
electron flavour, the neutrino masses m;, as well as the neutrino exchange amplitude .A(m;)
in the following way

5 2
2 My, 0

E Ve 2 UA A(ms 4.1
ud . ei (ml) ) ( )

i=1

(19)" = Gor g

where Go; is a phase-space factor (here we will use Go; = 1.4 - 10~ y=1 for 136Xe and
Go1 = 2.2-1071% y= ! for Ge [92]), ga ~ 1.27 is the nucleon axial coupling, V,q ~ 0.97 is
the up-down CKM matrix element, and ¢ runs over all neutrino mass eigenstates (both light
and heavy). All hadronic and nuclear physics is captured by the amplitudes A(m;). For our
purposes it is important to get a good handle on the dependence of the amplitude on the
mass of the exchanged neutrino. This has been the target of recent investigations and we will
briefly discuss the main findings here and stress the difference with earlier approaches.



4.1 Revised computations

For neutrinos with m; < m,, the typical scale of nuclear physics, we can effectively set
m; = 0 in the evaluation of A(m;). In that case, the amplitude becomes the sum of a
long-distance and a short-distance contribution

A(O) = Along(o) + Ashort(o) . (4.2)

The long-distance part is, up to a sign, given by a nuclear matrix element (NME)

Along(0) = —M(0) = —'A;; + Mgagr + Mr, (4.3)
which is a combination of a Fermi, a Gamow-Teller, and a tensor part (see, e.g., ref. [93]
for a review). The NME M(0) has been calculated with many different nuclear many-
body methods. Much more recently, it has been realized that this long-distance amplitude
must be accompanied by a short-distance piece that captures the contribution from virtual
neutrinos with momenta that are large compared to typical nuclear scales [25, 26]. This
adds to the amplitude

MEpsq
Ashort(0) = _29111\7Nm72r 9278 (4.4)
A

in terms of a QCD matrix element g2V and a new NME M F,sd, the explicit values of which
are given in appendix B.

Let us now consider different neutrino masses. The approach typically followed in the
literature is to just consider

(»*)

Asta(mi) = —Msga(mi) = —M(O)W7

(4.5)

2

2 is a typical nuclear scale that is obtained by fitting to explicit calculations

where (p?) ~m
of M(m;) for various neutrino masses [94, 95]. The subscript on Agq(m;) and Mgiq(m;)
indicates that these are standard results often used in the literature but we do not advocate
using them. Note that this formula does not include the short-distance part of the amplitude.
The formula in eq. (4.5) is simple to use and has the correct mass scaling for large masses.
However, in the small and intermediate regime it misses important effects.

We now discuss the approach that goes beyond the simple formula in eq. (4.5) and is
based on EFT methods. For large masses m; > 2 GeV, the massive neutrinos can be integrated
out at the quark level as perturbative QCD still applies. This leads to a local dimension-nine
operator (4 quarks and 2 leptons) that scales as m; 2. At lower energies the dim-9 operator
hadronises and gives rise to an effective nn — pp 4+ ee amplitude. In this regime

1
A(m; >2GeV) ~ —5 (4.6)
m;
in agreement with eq. (4.5), and thus the amplitude quickly drops off as the mass increases.

QCD evolution of the local dim-9 operator can be easily included but does not change



the results in a significant way. The exact form of the amplitude in this regime is given
in appendix B.

For masses krp < m; < 2GeV, where krp ~ my is the nuclear Fermi momentum, the
description is more complicated. We write

Mpsa
2 )

A(mi) = Atong (M) + Ashort (i) = =M (m;) — 292N (mi)ym? p
A

(4.7)

where now M(m;) and g2 (m;) depend on the neutrino mass. This amplitude should match
to eq. (4.6) at 2 GeV, and this relates some of the nuclear and hadronic matrix elements in
the different regimes. In addition, EFT arguments show that M (m;) should get a linear
dependence on m; for small masses and therefore an interpolation formula was proposed [33]

1

Mins(m;) = M(0) 14+ mi/mg + (mi/mp)? ’

(4.8)

where, similar to (p?) in eq. (4.5), m, and m; can be obtained from fitting to explicit NME
calculations from which m, ~ my ~ kp is obtained. The explicit values of m, and m;, and
the expression for g2V (m;), are given in appendix B.

Going to smaller masses is non-trivial due to cancellation effects. If all HNLs are light
m; < kg then, at lowest order in the HNL mass, the seesaw relation imposes that the
OvpBp half-life vanishes

2
~ |(M)ee]® = 0. (4.9)

5
Z miue%;

v\ 1 Vufl
(T9) " — Gorgh |24
=1

e

We must consider higher-order mass effects to get a non-vanishing rate. Using the usual

formula in eq. (4.5) would then lead to a lifetime that scales as (T 10/”2> . m$/(p?) and thus
drops very quickly for small HNL masses. However, in this regime there appear additional
contributions [33, 34] due to the exchange of very soft HNLs that become sensitive to nuclear
excited states (and thus lead to deviations from the closure approximation). These ultrasoft
corrections present a more favorable m} scaling and are thus important to include in the
light HNL regime. Explicit expressions are given in appendix B.

The main ingredients entering the Ov33 decay rates are A(m;) and its derivative with
respect to the mass A'(m;) = dA(m;)/dm;. In figure 1 we plot |A(m;)| and m;A’(m;) for
light HNLs (below 100 MeV), and intermediate’ HNLs (between 100 MeV and 2 GeV). At
higher masses, the lines continue following the slopes without additional features. In the
high mass regime, eq. (4.5) and the chiral EFT predictions are rather similar for both the
amplitude and its derivative apart from a rescaling by about a factor 2. In the intermediate
regime, the chiral EFT leads to a somewhat larger amplitude, mainly due to the short-range
amplitude, and a different m; dependence. In particular the peak of the derivative happens
for larger HNL masses (around 500 MeV). The biggest differences occur in the low mass

9The transition from light to intermediate and from intermediate to heavy HNLs induces two small kinks
in the derivative of the amplitude which can be smoothed by including higher-order corrections. This leads to
tiny, barely visible, kinks in the Ov3f constraints shown below in figure 3.
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Figure 1. |A(m;)| and m;A’(m;) for 35Xe in the low (left panels) and intermediate (right panels)
mass regime. The red dashed lines represent the prediction from eq. (4.5) whereas the blue line is
based on the chiral EFT approach.

regime although this is not immediately clear from A(m;) itself. The derivative however
is strongly affected by ultrasoft contributions.

The computation of O35 decay amplitudes involves multiple NMEs and low energy
constants (LECs), several of which come with sizeable, O(1), uncertainties. These uncertainties
affect both the revised computations as well as the simplified formula in a similar manner for
large neutrino masses, while for smaller masses the uncertainties from the ultrasoft region
can have an additional affect on the EFT computations. When translated to the lifetimes,
however, the uncertainties in NMEs play a subleading role compared to the uncertainty from
the free PMNS phases (see, e.g., figure 3). Hence, in the following, we will set the NMEs
to the central values used in ref. [34] for the computations.

5 Constraining the 3+2 parameter space

RH neutrinos can be probed both directly and indirectly by a large variety of different
experiments. In this section, we discuss the various constraints on the parameter space of the
3 + 2 scenario. In particular we focus on the interplay of Ovf35 with different experiments
and the connection to the parameter space that can successfully account for the observed

baryon asymmetry.
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5.1 Constraints from Ov33 decay

In the 3 + 2 scenario, the Ov33 decay rate is proportional to the modified effective neutrino
Majorana mass

1 5
mgg = m ;ngmz/l(ml) . (5.1)

Given the seesaw relation Y22 ; UZm; = 0, we can express'”

mgg = my (Uy)gl + mao (U,/)gz + ms3 (Uy)ig = —TTL40§4 - m5{9§5 R (5.2)

where mgg is the active Majorana neutrino effective mass. Expanding eq. (5.1) up to first
order in the relative mass splitting p and using eq. (5.2) then gives

i AT B2 A(NT)
mgg = Mpg [1 - .A(O) ] - 2“ ./4(0) ('934 - 035) .

(5.3)

This result is general as long as ,/Amgj /M < p < 1. For the sake of testability, we are
mainly interested in scenarios where sterile-active mixing angles are (much) larger than the
seesaw expectations U2 ~ UZ > |(m,),., |/M. In this case, we can write

()
o |> R

_ : A(M) 1 ., -
~ plarg(mgg) R S A2 2
mgp >~ e <]m55\ [1 ) ] 2@ M= UZ

in terms of the combinations of phases A = 2 Re(w) + ¢, where ¢ depends only on 1 and the
measured light neutrino parameters. Explicit expressions for A (and |mgg|) for both NH and
IH are provided in appendix C. We note in passing that the latter approximation is only
made to get a better analytical grasp on the constraints set by the Ov38 (non-)observation
and be able to display these in a simple manner!! in the following figures 5, 6 and 7. In
the numerical scans performed in figures 8, 9, and 11, we use the full expression (4.1) to
compute the Ovgg lifetimes. Moreover, although our approximation breaks down for small
U2, we will see that the regions of interest in our framework typically lie far above the
seesaw line (2.11) (see, e.g., figures 6 and 7), especially due to the requirement of successful
leptogenesis restricting u to small values. For such values of U2, higher order contributions
to the Ov33 amplitude are suppressed by additional powers of | (m, ), |/(MUZ2). Hence, they
will only induce small shifts, i.e., suppressed by the same power of | (m,),, |/(MUZ), of the
Ovf33 bounds shown in the next figures. Thus, in the following, we will assume that eq. (5.4)
always remains valid for figures 2, 3, and 5.

Figure 2 shows Tlo/"Q(l?’GXe) (in the rest of this work, we will always consider Ov35 bounds
on 136Xe unless explicitly specified otherwise) as derived from eq. (5.4) for fixed values of pU?
as a function of M. The bands emerge after marginalizing over the various unknown phases.

10While this equation holds only for the tree-level neutrino masses, we show in appendix D that the addition
of radiative corrections to eq. (5.2) gives negligible corrections to eq. (5.4) if one uses the radiatively corrected
CI parametrisation.

"Higher order corrections do not solely depends on the product xU?2 but on a variety of different combinations
of pr and UZ2.
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Figure 2. 0vf37 lifetimes for selected values of uU? as a function of M. The existing Ov3f limits are
shown with grey solid lines, while the dashed lines represent a 100x improvement on the limits. The
dotted lines (blue for NH and red for IH) indicate the bands obtained when no contribution from
HNLs is considered.

There is another uncertainty arising from hadronic and nuclear matrix elements, which were
discussed in detail in ref. [34]. In order to keep the plots and the discussion transparent
and to focus on the contributions from HNLs, we do not include these uncertainties in the
analysis below, but stress that predicted lifetimes have an O(1) uncertainty.

At certain values of M, new “funnels” appear where the decay rate can go below detectable
levels as a result of a cancellation between the first and second terms in eq. (5.4); these are
the regions where the minimum value of |mgg| falls below the limits while the maximum value
still remains above them, which implies the phase A can be tuned such that there is a mutual
(partial) cancellation. This kind of cancellation has been studied before for both hierarchical
and pseudo-degenerate heavy neutrino masses, albeit only using the amplitude in eq. (4.5),
in refs. [18-21, 96-99]. We also see that, for large HNL masses, their contribution to the
Ovf3f3 rate is minimal, and the lifetime resembles the myightest = 0 €V limit of the standard 3
light Majorana neutrino exchange scenario, indicated using dotted lines in figure 2 (see, e.g.,
figure 6 of ref. [34]). As expected from eq. (5.4), this effect is more pronounced for smaller

values of pU2, as the contribution to the rate from HNLs gets even smaller.

¢

We can now derive limits on the combination pU? as function of M from the current
non-observation of Ov33. The resulting upper limits are shown with solid blue lines in figure 3
for TH (left) and NH (right). For small HNL masses the two limits agree but the limits are a
bit stronger for larger masses in the case of NH. The reason is essentially that the second
term in eq. (5.4) can first cancel the term ~ mgg and then saturate the limit on mgg. In
the IH mpgg is larger and thus the limit on puU? gets a bit weaker. Also shown in grey are
the limits obtained using eq. (4.5). We see that the peak of the limit shifts towards higher
masses and also the slope at small mass differs. We can also see the features exhibited in
figure 2 here; the slice at uU2? = 1079 in figure 3 corresponds to the excluded regions in
figure 2, while no mass region is excluded by the current limits for U2 = 10710,

Finally, we can look at the interplay between the constraints from radiative corrections
discussed in section 2 and Ov . Using the definition of mgg, see eq. (5.2), one can reformulate
eq. (2.23) into a condition on mgg. The absence of fine-tuning leads to an mgg-dependent
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Figure 3. Left: limits on the combination uU? as a function of the HNL mass M in the inverted
hierarchy. The grey line is the upper limit obtained using eq. (4.5), while the solid blue line is the
upper limit derived here, using current limits on Ov383 lifetime of 136Xe. Dashed blue (red) lines are
obtained with an 100x (1000x) improvement on current OvS3 limits. If no signal is seen, there is
both an upper and lower bound on pUZ2. For p = 1 and low M (see discussion around eq. (5.6)), this
figure can be directly interpreted as constraints on UZ2. Right: same but now for the normal hierarchy.
In this case, an improvement of ~ 10? is required to get a lower bound on uU?2. The red bands in both
figures represent uncertainty estimates in the calculation of Ov3( decay rates in the case of 1000 x
stronger limits (see text for details).

upper bound on pU2,

LU < Vlmesl (4n)°
- M3 2 (M2’

which is shown in grey in figure 5. When inserting the condition (5.5) on pU2 from radiative

(5.5)

corrections into expression (5.4), one obtains a limit on the mass of HNLs which can give
a sizeable contribution to Ovgf decay (i.e., |mgg| > |mgg|),

p (4m)> A'(M)

~ar(M?) JA(0)]

Beyond this mass, the HNLs cannot significantly affect the rate of 0v58 decay without giving

~ 10GeV . (5.6)

sizable radiative corrections to the light neutrino masses as was already found in ref. [63].

5.2 Future projections for Ov33 decay

Current best limits on 033 decay lifetimes are at the 102° y level [13], while future experiments
promise an improvement of one [100-102] to two orders of magnitude [14-16]. Given the
relatively high predictive power of the 342 model, there would be information to be extracted
in the case of a Ov33 detection as well as in case of a non-observation leading to more
stringent limits, as we discuss below. We preemptively mention here that in order to facilitate
comparison between the two neutrino mass hierarchies, we will also consider in the following
an improvement in the limits by three orders of magnitude (especially in the analysis for
NH) which is beyond the scope of any currently planned experiment.

The case of no observation. It is interesting to see what happens if we increase the
experimental limits. Indeed, in the case of IH, we expect to see Ov3f3 if we increase the
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Figure 4. A visualisation of the two contributions to 0v33 decay rate given in eq. (5.4). The first
term is shown in yellow, while the second is in red, and A denotes the relative phase between the
contributions. The circle represents the future experimental limit. In case shown the limits are strong
enough that the first term in eq. (5.4) necessarily lies outside the circle, therefore, a non-observation
of Ov33 lets us put lower limits on the values of U2 and |A|. In the left figure we show the limiting
case where the value of |A| is maximal, whereas the figure on the right shows the limiting range of
values for pU? (red, dashed) for a fixed value of A. This range is maximal if we choose A = 0.

current lower limit on the half-life by an order of magnitude unless the contribution from the
HNLs cancel against the contributions from active neutrinos. This cancellation can enter
in two ways. Firstly, the first term in eq. (5.4) is suppressed for small M. Secondly, the
first and second term can mutually cancel.

We first consider the scenario where the IH is confirmed by neutrino oscillation experiments
and improved OvS53 experiments have set a limit Tlo/”2 > 3.8-10%® y (a factor 100 improvement
over the current limit [13], inspired by the projections for nEXO and LEGEND [14, 15]).
For M > 100 MeV, the cancellation in the first term is not sufficient by itself; note that a
limit of Tlo/”2 > 10%® yr is sufficient to draw this conclusion for IH, as the predicted lifetimes
do not change drastically due to the NME uncertainties. We visualize eq. (5.4) in figure 4
to highlight that it is possible to set a lower and an upper bound on uU? for given values
of A and M. The most conservative bounds are obtained when A = 0, and we depict the
resulting allowed range for U2 as a function of M by the blue dashed lines in figure 3. The
dashed red lines in figure 3 contain the allowed region with another factor 10 improvement
(Tlo/”2 > 3.8 -10% y). The red bands represent NME and LEC uncertainty estimates in the
upper and lower limits with Tlo/"2 > 3.8-10% y, obtained using M(0) € {2.0,2.7,3.5} and
97" € {0.17,0.36} [103, 104]. We stress that the estimate here is just to exhibit that the
effects are relatively weak compared to the uncertainty due to the unknown phases in the
mixing matrix, and they do not represent the different NME and LEC uncertainties precisely.
Because the HNL contribution can exactly cancel the light neutrino contribution in this red
band, the allowed region for M > 50 MeV no longer changes for even tighter limits.

A similar analysis holds for in the NH, but in this case the lower limit can only be
achieved starting from T’ 10/”2 > 3.8-10%° y which is not likely to be reached in the near future.
We nevertheless show the corresponding region with red dashed lines in figure 3, along with
an uncertainty estimate with the bands as done for IH. The blue dashed line corresponds to
a limit TIO/"2 > 3.8-10% y and gives only an upper bound on puU? in this case.

For both IH and NH, U2 is allowed to be zero below a certain M even with improvements
in limits. At these low masses, there is a severe cancellation in the first term of eq. (5.4)
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as A(M) starts to approach the size of A(0), and this O(u®) term can then no longer
saturate the rate to the limit. While this is possible from the point of view of Ov55 alone,
we will see that HNLs with masses below 100 MeV are strongly constrained by cosmology
and laboratory searches.

The case of an observation. A confirmed observation of 0v3/ decay can potentially provide
information about HNL masses and mixings, depending on the observed lifetime. In both the
IH and the NH, if the lifetime is confirmed to lie within the respective standard light-neutrino
exchange band (see figure 2), it will be difficult to determine from Ov(3 alone whether the
decay involves any subleading contributions from HNLs. However, observing Ov53 would
nevertheless provide a crucial ingredient to test the underlying model, extract information on
all its parameters, and understand the role of HNLs in particle physics and cosmology [22, 38].

On the other hand, if the lifetimes are determined to fall outside the predicted bands
then much more can be learned. In such a case, bands similar to those in figure 3 can be
drawn to determine target regions for direct searches. Within the context of the 3 + 2 model,
if a next-generation Ov3f3 experiment detects a signal observed beyond the standard TH band,
this would imply either an IH scenario with HNLs suppressing the rate, or an NH scenario
with enhanced rates (see figure 2). In both cases, the mass and couplings of the HNLs are
very constrained and can be targeted in other experiments to fully test the model. We will
also see in section 8 that enhanced rates in NH while requiring successful leptogenesis are
only possible for very specific HNL masses. A rate suppression in IH, however, is possible
for a large range of masses.

5.3 Constraints from collider searches and Big Bang Nucleosynthesis

Due to their (small) mixing with LH neutrinos, HNLs are also expected to be produced at
a number of laboratory experiments. In the MeV-GeV range, accelerator searches provide
among the most stringent upper limits on the value of the HNL couplings. In this work,
we consider the following two types of searches.

Peak searches, such as the ones performed at PIENU [105], E949 [106], KEK [107], and
NAG62 [108], look for peaks in the missing energy distribution of pion/kaon invisible decay
modes, thus effectively putting upper bounds on the value of U2. The constraints put by
the aforementioned set of experiments are particularly stringent on the electron and muon
mixings Ue2/u in the 50 to 500 MeV HNL mass range.'> Given that they focused on HNLs
produced from the decays of pions and kaons, these searches will however fail to provide
limits for M > mpgo, myo denoting the neutral kaon mass.

Displaced vertex searches probing the decays of HNLs to SM particles, such as PS-191 [112,
113], BEBC [114, 115], NuTeV [116], DELPHI [117], CHARM [118], T2K [119], ATLAS [120],
and CMS [121, 122], can extend the range of previously mentioned limits much beyond m o,
as well as improve some of these below this threshold (see, e.g., refs. [3, 37, 123, 124] for an
overview of the different searches). However, these searches strongly depend on the relative
mixing pattern U2 : U, 3 : U2, and the limits so produced are subject to reinterpretation when
projected on U2 [125], the mixing relevant for Ov33. We thus prefer to use the resulting
bounds with caution and not rule out parameter regions on the basis of these limits alone.

12For even smaller M ~ 10 MéV, reactor and solar neutrino experiments have a direct sensitivity [109-111].
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Beyond laboratory searches, one can also look at the impact of HNLs on cosmological
observables. While weakly coupled to the SM, RH neutrinos can nonetheless be produced
in sizeable amounts in the early universe through their mixing with the SM neutrinos (and
need to in order to generate the BAU). It has been long known that sufficiently long lived
HNLs, i.e. HNLs with lifetime larger than ~ 0.1s, will spoil the Big Bang Nucleosynthesis
(BBN) [126-129]'3 and the post-BBN history [130-133]. Two main effects play a role during
BBN. First, the additional contribution of the HNLs to the universe’s energy density increases
the Hubble rate. Hence, the expansion of the universe will accelerate, leading to an earlier !4
freeze-out of the p <> n conversion. Second, their decays to leptons and/or mesons will
modify the rates of p <+ n conversion, e.g., by distorting the SM neutrino spectrum or due to
meson-driven conversions such as 7~ +p — n+7° [129]. These two constraints effectively set
a lower bound on the mixing of right-handed neutrinos, which is stronger than the lower limit
obtained from neutrino oscillation data [60] for masses below a few GeVs. Even though BBN
constraints in principle also depend on the mixing flavour pattern, we marginalise in this
work over the mixing pattern to only display, in, e.g., figure 6, the region of the parameter
space that is excluded with certainty.'® There are also constraints on the HNL (and other
feebly coupled particle species) mixing from their impact on supernova explosions, but these
depend on the details of modelling the explosion (cf., e.g., ref. [134] and references therein),
and has been shown to be avoidable for axion-like particles [135].

BBN constraints combined with accelerator limits effectively put a lower bound on the
mass of the right-handed neutrinos that do contribute sizeably to the generation of SM
neutrino masses. In the scenario with ng = 2 generations of right-handed neutrinos, this
lower bound lies around 400 MeV with a small possible window around the pion mass [38],
see ref. [136] for more details. In the following sections, we will examine whether this window
remains open once we consider the additional constraints set by Ovj3p5.

5.4 The interplay with leptogenesis

As argued above, Ov33 and naturalness set constraints on the combination U2, The BBN
and laboratory constraints, on the other hand, are to a good approximation independent
of p and persist even in the limit of degenerate masses. Interestingly, leptogenesis is only
possible if U2 is not too large'S although it does not set a lower bound.!”

The constraints in the uU2 — M plane from 0v33 (blue solid line), radiative corrections
(gray solid line), and the requirement of successful leptogenesis (orange solid line) are shown
in figure 5. The region successfully fulfilling these three constraints is displayed in white. In
the left panel we consider the IH. For HNL masses between 100 MeV and 10 GeV, we see
that Qv 35 sets the strongest constraints while naturalness and leptogenesis overtake Ov33 for

13This condition relaxes for M < 50 MeV, see, e.g., figure 6 of ref. [128].

“The general picture is however slightly more complex as the decay of HNLs into muons, electrons and
photons can potentially dilute the decoupled species, thereby reducing the Hubble rate [128].

15This marginalisation is done in the 3+2 model considered here; in the model with three right-handed
neutrino flavours the bounds for M < m relax considerably [133].

18T the model with two HNL flavours discussed here, 1 < 1 is strictly needed for leptogenesis with M at or
below the Davidson-Ibarra bound [44, 77].

"Leptogenesis is possible even in the limit p — 0 because thermal and Higgs corrections also cause an
effective mass splitting, see, e.g., refs. [137-140] for studies of such scenarios.
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Figure 5. Bounds in the uU? — M plane for TH (left) and NH (right). The limits are shown with
blue (0vB8 decay), orange (leptogenesis), and grey (radiative corrections) solid lines, and the shaded
regions are excluded. We also show with dashed lines the regions that would be allowed by 0v38 with
10%x (blue) and 10%x (red) stronger limits in case no signal is observed.

larger masses. In the case of NH, the tables turn and, because we typically have U2 /U? < 1 in
that scenario, the requirement of leptogenesis is more constraining than current 0v58 bounds.

It is interesting to consider what the implications of future Ovf3S experiments could be.
We imagine a scenario where next-generation experiments improve the current sensitivity
on the 136Xe lifetime by a factor 100. If no signal is observed in the IH, this requires a
cancellation between the contributions from the active Majorana neutrinos and the HNLs as
discussed in section 5.1. In such a scenario, the values of ;U2 are constrained to a rather
narrow band (depicted by the blue dashed lines) which is still consistent with leptogenesis.
Even further improvements of the experimental Ov 36 limits would only slightly tighten this
band (red dashed). As discussed in section 5.2, in case next-generation experiments do
observe a signal in the IH, whether one can say something about the value of U2 or not will
depend on the measured lifetime. We discuss this in more detail in section 8.

In the case of NH, much bigger experimental improvements are required. Indeed, we
observe that a relative improvement of the O3/ sensitivity by a factor of 102 is needed to
first set a lower limit on ;U2 (red dashed lines). Interestingly, if even with such a major
improvement no signal is detected, the combination of Ov 35 and leptogenesis constraints will
force HNLs to be rather light (M < 2GeV). This region of the parameter space should be
(almost) fully probed by the (near-)future experimental program, including DUNE and SHiP.
With the expected next-gen experimental sensitivities, an observed signal in the NH can
only occur if the lifetime is lower than predicted by the standard active neutrino-exchange
mechanism. This requires a large contribution from HNLs and while this is definitely possible
in general in a 3 4 2 scenario (see for example figure 2), we will see in section 8 that this
is only compatible with leptogenesis for very specific HNL masses.

5.5 Probing the seesaw mechanism and leptogenesis: complementarity and
testability

Let us now suppose HNLs with M around the GeV scale are discovered at an accelerator-
based experiment. Ov/35 can then provide an important ingredient for testing the underlying
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model [22, 38]. For the sake of definiteness we take SHiP. Within the minimal model
considered here, the branching ratios of HNL decays into different SM flavours can be used
to constrain the Majorana phases [38, 141], assuming that the Dirac phase is independently
determined at DUNE or HyperK (cf., e.g., ref. [142]). This is essentially a consequence that
the ratios U2/U? in the phenomenologically relevant and technically natural limit pu < 1,
Imw 2 1 are entirely determined by light neutrino parameters. Since the lightest neutrino
is massless in the 342 model, the light neutrino masses can be directly extracted from the
mass splitting obtained in oscillation experiments, which are expected to determine the
mass ordering in the near future. The imaginary part of w can, via egs. (2.16) or (2.17), be
determined from the total number of HNL events. In case any HNLs are directly discovered
at an accelerator, the predictions that the 3+2 model makes for the various non-trivial
correlations between these observables provide powerful tests of the hypothesis that these
particles are indeed the origin of neutrino mass.

However, the BAU strongly depends on i and, in a less drastic way, on Rew. Hence,
in order to test the hypothesis that the HNLs are also responsible for leptogenesis, it is
crucial to constrain also these two parameters. The mass splitting p can either be measured
kinematically (if it is sizeable enough) or constrained via lepton number violating signatures
from HNL oscillations in the BELLE II [143] or SHiP detector [144].'® The real part of w can
in principle be determined by measuring the U2, the ratios U2, /U2, or even U?. However,
egs. (2.16)—(2.19) show that these quantities would have to be measured at a precision
that roughly corresponds to ~ e 2M™m«l or better, cf. eq. (2.11), which is practically very
challenging. As discussed in refs. [21, 22, 38|, Ov(3[ offers a complementary probe of p and
Rew, which is contained in A, and hence an important key to test leptogenesis.

In particular, in the cancellation region the non-observation of the Ov 3 process translates
into a measurement of the parameter A\. Any limit mlﬁi%ﬁt that is below the expected values
of mgg corresponds to a limit (see figure 4):

G -
Al < arcsin — ~ — , 5.7
A <|mm 1= AGDAD) ) ~ Tmssl f=AGnjA©)" 7

where in the last step we assume that |mgg||1 — A(M)/.A(0)| oversaturates the Ov33 limit
by a factor 2 2, failing which the uncertainty in A\ would be rather large. If this scenario
is realized, the biggest uncertainty on determining the value of Rew therefore comes from
the remaining phases entering A, that can be determined by measuring the HNL branching
fractions at collider experiments [137]. The same non-observation would also precisely limit
the value of p, with

= el Im L
e Imgs| |1 — A(M)/A0)]

(5.8)

18Similar measurements can in principle be performed at the LHC [145, 146] or, with better precision, at
FCC-ee or CEPC, which is capable of producing a huge number of HNLs, but the contribution from HNLs
to eq. (5.4) is highly suppressed for the range of M where these colliders are most sensitive [137, 147, 148].
However, while this hampers the prospects to constrain Rew, OvB8 in this regime can still provide an
independent consistency check of the model by testing the relations (C.3) in the appendix.
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where p. is defined as the value of the mass splitting necessary for a perfect cancellation:

_ 2|myg| |A(0) — A(M)]

M2 A(M) (5.9)

c

6 A global analysis in the inverted hierarchy

Both the baryon asymmetry and the Ov33 decay rate strongly depend on the value of the
relative mass splitting p. Given that the baryon asymmetry production is enhanced for
small splitting while the Ov33 decay rate increases with p, we choose as benchmarks mildly
degenerate RH neutrinos with pu € {1071,1072,1073} (as well as u = 10~ in section 6.2).
We consider in this section the IH scenario and discuss the NH in section 7.

6.1 Current situation

Constraints from Ov58 and radiative corrections can simply be obtained for different values
of u by (linearly) rescaling the results from figure 5, see egs. (5.4) and (5.5). In figure 6 (left
panel for TH), we display in brown and green the lower limits on U2 obtained from BBN and
neutrino oscillation data respectively, while peak and displaced vertex searches (shown in
continuous and dotted black lines respectively) provide upper bounds on U2. In combination
with constraints from peak searches, BBN rules out HNL masses below ~ 400 MeV, apart
from a small window around the pion mass. This window, however, is closed either fully or
partially by Ovf3/3 experiments for p > 1073, For HNL masses above 500 MeV, 0vj3/3 sets
tighter constraints on U2 compared to radiative corrections, up to roughly 10 GeV where
limits from radiative corrections become more stringent.

For a fixed mass splitting, the requirement to reproduce the observed BAU is depicted by
the orange curve. Only within this bounded region is leptogenesis viable. For p = 0.1, this
implies that M > 800 MeV and 1072 < U2 < 1075, Depending on the assumptions for the
flavour pattern of the mixing angle, a small part of this parameter space is already excluded
by displaced vertex searches, but an overlapping and bigger chunk is also in disagreement
with Ov3f searches. Overall, the combination of leptogenesis and Ov3( searches requires
M > 2GeV. Another smaller window allowed by successful leptogenesis exists below the pion
mass for large U2, but it is completely ruled out already by Ov33 and peak searches.

As we tune down the mass splittings, two effects come into play. First, the limits on U2
from Ovf and radiative corrections become weaker (remember that they both only constrain
the combination ;4 U2). At the same time, the window for successful leptogenesis grows.
On the other hand, the BBN, seesaw, and laboratory limits remain unaffected. One can
clearly observe these two effects by comparing the middle and bottom panels of figure 6
(drawn for ;4 = 1072 and p = 1073 respectively) with the top panel of the same figure
(drawn for g = 1071). For the former, a sliver of parameter space is now opened up around
the pion mass M ~ m, due the weakened constraints from Ov33. The same window was
already observed in refs. [38, 136] and we here confirm that it is not ruled out by 0v3p.
For larger masses M > 500 MeV a significantly wider region is now open, which is only
partially constrained by Ov/33 and displaced vertex searches. For u = 1073 and even smaller
splittings, the Ov 3/ limit fails to constrain the window near the pion mass, and becomes
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Figure 6. Current bounds on U2 for IH (left panel) and NH (right panel), for = 107%, 1072, 1073
(top to bottom). The upper bounds come from current Ov3/ limits, experimental limits and radiative
correction bounds (blue, black, and grey respectively), while BBN (brown) and the seesaw line (green)
give lower bounds. Correct BAU can be produced only within the region marked by orange borders;
for NH, p = 0.1 cannot produce enough baryon asymmetry. In dotted black lines we show the best
limits from displaced vertex searches [113, 115, 118-121].

relevant only for M > 500 MeV. The parameter space uniquely excluded by 0v34 is relevant
for leptogenesis only for 500 MeV < M < 2GeV. However, if the constraints from displaced
vertex searches are taken at face value, the constraints from 0rv53 become subleading across
all HNL mass ranges for p < 1073,

6.2 Future prospects

We have seen above that existing searches already exclude sizeable regions of the parameter
space, but also that large parts of said parameter space remain yet unexplored. In this
section, we consider improvements on 3 different fronts:
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o We examine the impact of the displaced vertex searches possible at the future DUNE [149—
151] and SHiP facilities [152-154], whose respective sensitivities we extracted from the

review [37]. These experiments are very sensitive to HNLs below, respectively, 2 and
5 GeV.

o We consider the impact of the High Luminosity phase of the LHC (HL-LHC) [155, 156]
and a future FCC-ee [157, 158] program as an example of a future lepton collider. In
doing so we only consider the expected bounds on U2. Colliders in principle can also
directly observe lepton number violation. While the N; in Ovf33 are always virtual,
they can undergo dynamical oscillations in the detector [145, 159] that can be sensitive
to subleading effects [41]. The simulation of this effect is not trivial [42, 160] and would
require a dedicated work.

o We investigate what happens in case of an absence of a signal in improved 0v3g3
experiments. In particular, in the IH we consider a limit of TP/Z’Q(136X€) > 3.8-10% y.
We also discuss the implications in case we do observe a signal in these experiments.

Figure 7 highlights the future sensitivities for the IH for x € {1071, 1072, 1073, 10~4}.
A lack of signal in Ov3g in the IH would indicate that the HNLs must live within the region
that is not hatch-shaded.

For p = 0.1 we observe that the demand of leptogenesis and no signal in Ov53 only leaves
a relatively small window for HNL masses, roughly between 2 and 20 GeV. This window will
be mostly probed by SHiP and the HL-LHC, and completely covered by the FCC-ee. For
smaller mass splittings, and no Ov 35 signal, the Ov33 constraints are actually more stringent
which may come as a surprise. The reason is that the absence of a Ov33 signal requires
a cancellation between contributions from active neutrinos and HNLs, and a smaller mass
splitting needs to be compensated by a larger mixing angle U2. From the right panel of
figure 7 we see that the regions where the blue and orange contours overlap can be entirely
probed by a combination of SHiP, DUNE, and the HL-LHC. For even smaller splittings, this
conclusion is only strengthened. The window near the pion mass (which becomes relevant for
smaller mass splittings as the Ovf3 band moves up) will be completely probed by DUNE
alone, highlighting the complementarity among the future searches.

We also see from figure 7 that we can effectively set a lower bound on p — as the band
moves up for smaller values of p, at some point we start to reach the regions where the current
bounds already rule out the entire band. Assuming the current displaced vertex searches are
effective at probing the parameter space without need for reinterpretation of the bounds,
this happens at p ~ 1074, For p = 1072, a small region around 100 — 200 MeV, another
around 0.5 — 1 GeV, and another around 2 — 3 GeV, would be allowed with improved Ov34
bounds. Such a mass splitting is in principle large enough to be resolved at experiments, for
instance the NA62 experiment could reach O(1) MeV mass resolution [108], while SHiP [161]
and ICARUS [162] experiments have a slightly lower mass resolution of O(10) MeV.

When we marginalize over the required values of p, for IH this effectively gives a lower
bound, on top of an upper bound, on the mixing angle U2? coming from the combined
constraints, shown in figure 8. The black line bounds the allowed region, obtained from a scan
of points that produce the correct BAU and have Tlo/”2( 136Xe) > 3.8-10?8 y, while surviving the
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Figure 7. Future (projected) constraints on U2 for IH for p € {1071, 1072, 1073, 10~*}. The region
within the orange contour produces correct BAU, and a limit of T10/1’2(136Xe) > 3.8-1028 y forces the
only allowed region to be within the band without hatch-shading. The dotted lines represent projected
upper bounds on U? from DUNE, SHiP, HL-LHC, and FCC-ee, while the currently constrained regions
are shaded in grey (see figure 6 for details).

rest of the constraints. We see that the combined bounds are much more stringent than the
individual ones (see, e.g., figures 5 and 7, where the ignorance in p makes the effective bound
on U2 weaker compared to figure 8), and the remaining allowed region is completely testable
in future direct searches. For masses beyond 20 GeV, a large enhancement in the Ov33 lifetime
is impossible and the situation is identical to the 3 light active neutrino case, leading to an
upper limit on M in case of a non-observation of 0v(f in the future; see section 8 for details.

6.3 OvpBS searches with different isotopes

In the previous sections, we considered Ov(f limits arising from only 3®Xe-based searches,
and it is seen from eq. (5.4) that the OvfBS decay rate can be tuned to very small values
by choosing an appropriate phase A and coupling strength U2 for given values of M and p,
which would make an attempt at detection hopeless. However, it may be that a vanishing
rate for one isotope does not necessarily imply large Ov30 lifetimes for another isotope, as the
cancellation among the contributions need not occur in the same manner [98, 163]. Moreover,
the overlap between the region producing the correct BAU and the 0v33 allowed band can

— 923 —



l ~ LI} '
v L L

10—10 [ L L X p L L L x ! L
500 1000 5000 1%

M (MeV)

Figure 8. Future (projected) constraints on U2 for IH marginalized over u in absence of any
observation of OvBB3. Combined limits from Tlo/”Q(l?’GXe) > 3.8 -10%8 y, leptogenesis, and current
experimental and BBN constraints, would force the mixing angle to lie within the region bounded
in black (the arrows point towards the allowed region). The dotted lines represent projected upper
bounds on U2 from DUNE, SHiP, HL-LHC, and FCC-ee, while the currently constrained regions are
shaded in grey (see figure 6 for details).

also be spurious, since it is not a priori necessary that the choice of parameters that are
successful in the sense of leptogenesis will also be able to suppress the 0v53 decay rate. It
could very well be that the two choices of parameters (particularly of the CP phases), one for
leptogenesis and the other for a suppressed Ov33 decay rate, are incompatible.

To this end, we perform a parameter scan over points that can produce the correct BAU
for ;1 € {1071, 1072, 1073}, evade BBN and other current experimental constraints, and show
the correlation between the 0v3f lifetimes for 136Xe and “®Ge in figure 9. From this figure,
we notice that it is indeed possible to find a set of points that satisfy all these constraints
and also largely enhance the Ov 3 lifetimes. The points are colour-coded according to the
largest possible M (p) in the left (right) panel. The current limits are shown in solid grey
lines while the dotted lines represent a 100x improvement on the bounds. The bulk of
the points follow largely a straight line until 7’ 10/”2 ~ 10%® y, and the spread starts to widen
for larger OvSp3 lifetimes.

Interestingly, we see that the line branches out into the “funnels” of severely suppressed
decay rates beyond Tlo;’g ~ 10?2 y, and we see that a suppression in the decay rate of one
isotope does not accompany a suppression in the other. As a result, a combination of
probes should be able to rule out the aforementioned scenario entirely with limits of around
Tlo/VQ(l?’GXe) >10% y and Tlo/”z(mGe) > 103! y for ;1 = 107!, We note that the point of this
branching is dependent on p and moves to smaller lifetimes for smaller mass splittings as
shown in the right panel of figure 9; covering the entire space for g = 0.1 would then also
probe the possible regions for smaller p as well, especially since future collider programs will
be sensitive to the entire allowed region as shown in the previous section.
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Figure 9. Comparison of 13%Xe and "®Ge 0v3f decay lifetimes for a scan of points that produce
correct BAU and are not ruled out by peak searches or BBN constraints, marginalising over u €
{1071, 1072, 1073}, and 100 MeV < M < 100 GeV in the inverted hierarchy. The different colours
represent the largest possible M and p (for specific values of the 6Xe and "Ge 0v3f decay lifetimes)
found by our scan. The current Ov3f limits are shown with solid grey lines [13, 164], while the dotted
lines denote an improvement of two orders of magnitude.

The above results imply that in the case of TH, 3 4+ 2 low-scale leptogenesis models can
be completely ruled out with the future experimental program. A non-observation in 100 x
improved Ov3f3 experiments will carve out a relatively small region of parameter space where
the HNL masses and mixing angles have to live. HNLs with these masses and mixing angles
can be readily tested in future displaced vertex searches at DUNE, SHiP, or FCC-ee. If on
the contrary a OvS3g signal is observed within the next generation of experiments, this would
provide an guideline for future searches for HNLs, cf. section 5.2. Once any fermionic singlets
are discovered, OvfB3 can provide an important piece in the puzzle of understanding their

role in particle physics and cosmology, as sketched in section 5.5.

7 A global analysis in the normal hierarchy

Normal hierarchy presents less hope for a Ov35 detection in the near future for the standard
case with only three light neutrinos. The typical lifetime in that case indeed lies around two
orders of magnitude above its IH equivalent. However, the presence of HNLs can in principle
enhance the decay rate to detectable levels (see figure 2). Nevertheless, the current Ovj3f3
limits are rather weak compared to the constraints from leptogenesis. For instance, we find
no parameter space for leptogenesis with p = 0.1, as shown in the right panel of figure 6.
The allowed region is tiny for ;= 0.01, and grows as u gets smaller. The allowed window
near M ~ my is also larger compared to IH for smaller values of p. For < 1073, the size of
the window is completely determined by BBN and collider limits, and leptogenesis does not
constrain it at all if the bounds from displaced vertex searches are taken at face value.
Looking forward, since the standard NH band (large M limit of the right panel in
figure 2) remains out of reach of next generation of Ov3/ experiments, we consider a more
optimistic limit of T’ 0/"2(136Xe) > 3.8 - 10% y which would allow us to obtain a lower bound

1
on U2, similar to figure 7 for IH. The resulting constraints are shown in figure 10, along
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Figure 10. Future (projected) constraints on U2 for NH for g = 1072 (left) and 1072 (right). A limit

of Tf/”z(l?’ﬁXe) > 3.8 -10% y rules out the hatch-shaded region, while the red dashed line indicates an

upper limit that coincides with the smallest possible lifetime in the standard 3 light neutrino exchange
scenario in NH. See figure 7 for details on rest of the limits.

with the minimum possible lifetime in the standard 3 light neutrino NH scenario in red
(dashed) — any Ovf3f detection before this level would point in this scenario to a highly
enhanced rate from the exchange of HNLs.

From figure 10, it is also clear that obtaining a highly suppressed rate while producing
enough BAU is rather difficult, especially for large p. Even for p = 1073, only the window
near m, and a relatively small region below M ~ 1GeV allow for suppressed rates while
fulfilling the leptogenesis constraint. As a result, we find that our scan of parameter points
in NH is constrained largely around the standard NH band in the Tlo/”Q(l?’GXe) ~T 10/”2 ("6Ge)
plane (see also figure 11 and the discussion in section 8), unlike the IH scan in figure 9 which
exhibits a larger spread and special features such as the branching.

Our analysis implies that in the 3 + 2 scenario in the NH, for most of the parameter
space that agrees with the observed BAU, we expect a Ovf signal that agrees with the
standard NH band (around 10%” y). In this case, unfortunately the mixing angles U2 can
be small enough to avoid detection even with a future FCC-ee. In the case of NH and no
0v3f signal below roughly 3 - 10%? y, most of the surviving parameter space can be readily
tested by DUNE and SHiP.

8 Populating the non-standard region

Given that the effect of HNLs on Ov 3 will be difficult to disentangle within the “standard”
bands that correspond to 3 light neutrino exchange (shown in figure 2), it is interesting to
look at the regions beyond the band where a signal can be more easily be interpreted as a hint
towards HNLs. In particular, the region lying between the NH and IH bands can be populated
by rate-suppressed IH models or rate-enhanced NH models. Shown in figure 11 are such points
that can produce the correct BAU; the region containing all the points we found are shaded '’
in dark red for IH (left panel) and dark blue for NH (right panel). Note that laboratory and

19The apparent noise in the boundary of this shaded region is nonphysical and just originates from the
difficulty to make the scan fully converge.
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BBN constraints have been applied here, and as one could expect from, for instance figure 6,
a combination of cosmological and experimental limits fully exclude masses below ~ 300 MeV,
with the exception of a narrow window around the pion mass where an allowed region opens
up due to weaker experimental limits. The standard 3 light neutrino exchange bands are
shown in light red and blue (for IH and NH respectively), bounded by dotted lines. The
bands here also consider take into consideration the uncertainty in the PMNS parameters,
unlike the previous figures, to make better contact with the leptogenesis scans. The NME
uncertainties are not taken into account as the lifetimes of the scanned points will suffer from
the same amount of uncertainty as the bands; this will result only in a slight rescaling of the
axis and not affect the position of the points with respect to the bands. In order to reach the
largest lifetimes, we performed targeted scans by adjusting the values of p and A close to
their optimal values in order to minimize mgg, see section 5.5 for a more detailed discussion.

Although it is possible to enhance Ovf33 rates in NH, we find that it is in general hard
to explain all of BAU with such rate-enhanced points. The exception is a narrow window
around the pion mass, where limits from peak searches are relatively weak, and a small
region around 500 MeV where a minor enhancement is possible. Suppression of Ov 35 rates,
however, is still prominent in NH and consistent with the observed BAU but this requires
quite specific HNL masses.

It is also clear from figure 11 that, in case of IH, the entire non-standard T’ 10/”2 region can
be populated across all mass ranges (that are not fully constrained by BBN and experimental
limits) up to ~ 10 GeV. In particular, the window near the pion mass allows for larger
HNL-induced modification to the Ovf5S rates. This also holds for the NH where in this

window a reduced lifetime of around 102%

y is possible.

From the perspective of Ov33 experiments this motivates a program to not just cover
the TH band but also to test the region, sometimes called the “dead-zone”, between the top
of the TH band (around 2 - 10?7 y for 36Xe) and the bottom of the NH band (4 - 10%® y for
136Xe), as such Ov3 4 lifetimes are predicted in minimal seesaw models that explain the BAU

and are not in conflict with any other experiment or cosmological observation.

9 Conclusions

Extending the Standard Model with multiple gauge singlet right-handed neutrinos (or HNLs)
can provide an explanation to various open questions, in particular the observation of
neutrino oscillations and the baryon asymmetry of the universe. A minimal model that can
simultaneously explain both requires the existence of two heavy neutrino flavours. In this
work, we investigated the prospects to constrain the parameter space of this model with
next-generation Ovf53 experiments, assuming an improvement of two orders of magnitude
over the current limits on the lifetime of isotopes *Xe and "Ge in particular inspired
by the future ton-scale experiments [14, 15], in view of updated results for the lifetime of
this decay, cf. figure 1.

The key parameters of this analysis are the average HNL mass M, their relative mass
splitting 41, and the magnitude of their mixing angles U? with the electron neutrino. Ov33
depends crucially on the combination of parameters uU? which determines the contribution
from the HNL exchange to Ovf3S , cf. figure 2. We used state-of-the-art expressions for Ov G5
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Figure 11. Population of the non-standard TP/VQ region in the IH (red, left panel) and NH (blue, right

panel). The standard bands with 3 light neutrino exchange OvSf decay are shown in light blue (NH)
and light red (IH). Only points that survive experimental and BBN constraints and are consistent
with the measured BAU are shown, and the regions containing all the points found are shaded in dark
red (IH) and blue (NH). Below ~ 300 MeV, a combination of cosmological and experimental limits
exclude the entire parameter region apart from the window near the pion mass (see figure 6).

rates to determine the sensitivity of present and future experiments to HNLs, the difference
to the standard result can be seen in figure 3. We compared these to the requirement of
successful leptogenesis, which can be used to limit the same combination of parameters. The
present situation is summarized in figure 5. In the inverted hierarchy, Ov3j3 provides the
strongest limits on pU2? up to HNL masses ~ 10 GeV, while in the normal hierarchy the
requirement of leptogenesis provides stronger limits. Future improvements in Ov3/ searches
can change these conclusions.

The sensitivities of other laboratory experiments and cosmological considerations (in
particular BBN) depend on M and the mixing angles, but are, to a large extent, independent
of 1. We therefore compared the constraints from leptogenesis, Ov 35, BBN and HNL searches
at accelerators for fixed values of the mass splitting p in figure 6. In the inverted hierarchy
and for relatively large splitting, u = 0.1, this region is partially excluded by present Ov3S
searches. For smaller splittings, the allowed region for leptogenesis grows while the Ov 36
constraints become weaker. In those cases, part of the parameter space is excluded by
experiments such as NA62 and BBN considerations. Interestingly, with stronger constraints
projected by future Ov3f3 searches, it will be possible to draw an upper and a lower limit
on U? in case of no 0vB3f signal, cf. figure 7. The requirements of the BAU then only allow
for a very constrained region in the parameter space that can be fully explored with future
experiments such as DUNE, SHiP, the HL-LHC, and the FCC-ee. Further, a non-observation
of OvBp in the future, combined with cosmological constraints and current search limits, will
also restrict u to large enough values that could be resolved at experiments.

For the normal hierarchy the situation is less optimistic. Current Ov3/3 experiments
do not probe the parameter space required for leptogenesis and an improvement of three
orders of magnitude is required to be able to set a lower bound on U2. Nevertheless, future
experiments will be able to test a big chunk of the parameter space, as shown in figure 10.
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Furthermore, in both the inverted and the normal hierarchy we find viable parameter space
that leads to successful leptogenesis and Ov(S5 rates that fall in between the Ovg3 IH and
NH bands (see figure 11).

In case an HNL is discovered in an accelerator-based experiment, Ov33 can provide
crucial input to investigate whether the minimal model discussed here is realised in nature,
and to ultimately test the hypothesis that these particles may be the common origin of the
light neutrino masses and baryonic matter in the universe [22, 23, 38]. The updated results
for the Ov5p3 obtained in this work pave the way to practically perform this test.

It will be interesting to see how these conclusions are modified in a 3 + 3 scenario which
would be required if it turns out the lightest active neutrino is massive. Such scenarios are
also well motivated as they naturally appear in various SM gauge extensions. It has been
shown in refs. [87, 165] that the leptogenesis-viable parameter space is enhanced by several
orders of magnitude compared to the minimal 342 model. We however leave a detailed
analysis of such scenarios for future work.
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A Heavy neutrino quantum kinetic equations and numerical strategy

In this appendix, we provide the set of equations used to describe the evolution of HNLs in
the early universe and sketch the scanning strategy used in this work.

For HNL masses within reach of direct searches at colliders or fixed target experiments,
one cannot always describe the evolution of the RH neutrino distribution function using the
standard Boltzmann equations. Instead, in order to consistently describe heavy neutrino
oscillations, one needs to keep track of the evolution of the full density matrices p (p) of
heavy neutrinos with positive (negative) helicities, cf., e.g., [44, 75] and references therein. A
minimal system of quantum kinetic equations that captures all relevant effects?’ reads

d5p ,dpe ) . Ha e e

i = g HHN = ST 0y =i Y ETa (- YY), (A.la)
acf{e,u,7}

déﬁ _dpe _ 1 _ . Ha s e e

lﬁ = — dtq — [HN75/)] — 5{1“,5/)} +1 Z ?Fa ]\?(1 - ]\;])7 (Alb)
acf{e,u,7}

20There remains some debate in the literature about whether mixing and oscillations inherently constitute
two distinct phenomena, see, e.g., refs. [166, 167], or not, see, e.g., refs. [168-170]. We here follow the approach
derived in the latter works.

— 929 —



; 37 37

Z%?’LA 22# / <(217rk)3Tr[Fa V=] —i—i/(;iﬂk):,)Tr[Fa((Sp— ip)ls (A.1c)
where dp = p — peq is the deviation from the equilibrium heavy neutrino distribution function
(p°4 =~ 1gys - f5f for (T/M)? > 1> |u|). The SM chemical potentials i, are related to the
matter-antimatter flavour asymmetries na, by a susceptibility matrix po = wagna - This
matrix is in general temperature dependent [171, 172], here we use the high-temperature
limit?! — see e.g., refs. [89, 173] for an explicit form of these matrices. Finally, Hy is
the effective Hamiltonian of the model while I' and T represent the different interaction
rates. These coefficients and, in particular, their finite temperature behaviour, have been
already extensively studied within the type-1 seesaw model (2.1) in previous works, see, e.g.,
refs. [75, 174, 175] for reviews.

In practice, we use the results provided by ref. [44], which extrapolates to the non-
relativistic regime the Hamiltonian and rates initially derived in ref. [169], and solve the
quantum kinetic equations (A.1l) assuming vanishing initial RH neutrino abundance. While
assuming thermal initial abundance can also be well motivated if the RH neutrinos were subject
to additional interactions at high temperature, the parameter space is too constrained [86, 87]
in the region where RH neutrinos make a sizeable contribution to the rates of neutrinoless
double beta decay. The quantum kinetic equations suffer from several uncertainties. We
expect the leading uncertainty to arise from the momentum-averaging procedure, which could

lead to O(1) corrections [176]. We perform the momentum averaging by approximating

on
5p~ —g 3, (A.2)
Ny

with nfy} as the equilibrium HNL density. To include the expansion of the Universe, we
normalize all densities to the comoving entropy density s

oYy =, §Vn = — Yo, = , (A.3)

and substitute the time variable ¢ by the dimensionless parameter z = Tyer /T, where Tief is a
conveniently chosen reference temperature. The equations (A.1) then take the form:

doYy Ay i S0

N N &) _Z VW) v
= H Y; ,0Y] r 2 A4
izH - izH <, +[(HN)S, Y] - 2{< V(9 5y y) Za:( o) T o (A.4a)
déYy dyy! 1
o H—— = — Hy)S YN -2 Y, yW)gla T A.4b
MG = M () Tl L) oy S M2 (A
dy, eq - _
ivH dAa = 2 “?“Tr[<ra><w>]+m[<ra><5> (YN —06YN)], (A.4c)
z S
where the two averages are defined as:
1 d3k 1 d*k
x\W) — / X fe9(1 — £ X(S):i/iX ed A5
< > ngq (271’)3 N ( N ) ’ ( > n?\? (2%)3 N ( )
21This is especially valid when considering freeze-in leptogenesis with large mass splittings, as the temperature
when the majority of the asymmetry is generated is typically high T ~ 10°GeV x { o 6‘01 1Gev2 [40]. In

this regime, additional uncertainties due to the non-instantaneous nature of sphaleron freeze-out can be
neglected [172].
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The effective Hubble parameter = 3c2H can be used to keep track of the variation
of the number of relativistic degrees of freedom. Here c; is the speed of sound as defined
in refs. [177, 178], which induces at most** an O(4%) deviation of H from H during the
electroweak crossover [177, 178]. One may expect an effect of a similar size from including
the equilibration of the IV;. Due to the sub-leading nature of such corrections, we neglect
them in this study and use the usual Hubble rate H — H.

Regarding the numerical procedure for the scans discussed in sections 5, 6 and 7, we
performed a Markov Chain Monte Carlo (MCMC) for efficient scanning of the parameter
space. More precisely, we use a Metropolis-Hastings algorithm with the log-likelihood

—— (A.6)

We also vary the PMNS angles 0;; as well as the two light neutrino masses m; to take all
values in the 30 range from vFIT?? [61]. Varying the light neutrino oscillation parameters
additionally allows us to explore regimes of leptogenesis with extreme flavor ratios, which
can further alleviate the requirement for a mass degeneracy (see, e.g., [179]). In particular,
for IH this allows us to explore the cases where U 3 ,U2 — 0. One such scenario is the case
where n — m/2, 6 — 0 and s, — 0.333676 (which is within the allowed 30 range), with
all other parameters fixed to their best-fit values.

For the leptogenesis bounds we only include the points for which |[Yg| > 5- 10711,
slightly lower than YB‘BbS ~ 8.6-107!! to account for theoretical uncertainties (interaction rate
coefficients, momentum dependence etc.) of the HNL evolution in the early universe.

B 0vBpB decay amplitudes

Here we give the relevant expressions and parameters that we use for the computation of Ov 36
amplitudes. Further details can be found in refs. [33, 34]. The mass-dependent amplitude
can be split into three regions:

A(ld’<)(mi) + A(Sd) (ml) + A(usoft) (mz)’ m; < 100 MeV,
A(mi) = § AW (m;) + ACD (), 100 MeV < m; < 2 GeV,  (B.1)
A®) (m;), 2 GeV < m;,

where A%/ stand for the short- and long-distance contributions mentioned in section 4.

22\We note that the variation of the number of relativistic degrees of freedom introduces an additional
mechanism that can move the HNL out of equilibrium, as explicitly pointed out in ref. [167]. This phenomenon
can be automatically included in egs. (A.4) as an additional source of dYy"/dz, surviving even in the limit
M — 0. We expect that this effect is negligible for the freeze-in scenario where the initial deviation from
equilibrium is already O(1). This especially holds if the asymmetry is generated at temperatures much higher
than the electroweak scale, as it is the case when p is large.

Z3The OvB upper and lower limits are drawn using the central values. However, these are quite insensitive
to variations of the PMNS angles and light neutrino masses.
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Starting with large masses, the dimension-nine term, with g ~ 2 GeV, is given by

(9) m72r o T PP PP
Ay = _QW(Movmi)W Rl (MGT,sd+MT,sd>
T
g™ (1 ap AP 2 NN
T (MGT,sd + MT,sd) - g791 MF,sd‘| ; (B.2)
A

where the QCD evolution is [180-182],

(1t o2 -

s (ko) m; = Mbottom

a0, ms) = (<m()>)j ((mwn); Mt S0
(etee=t) " (Gtmenn) Gime) ™ iz mie

for bottom and top quark masses Mmpottom and Mmeop. Cus(ft) with By =

_ 21
~ folog(u/A™S))’
11 — 2ny, is the strong coupling constant, and as(myz) = 0.1179 [183], gives Al

{119, 87, 43} MeV. The values of NMEs are given in table 1. We consider only gi¥V and
g7, and use gV = (1 + 3¢%)/4, and g™ = 0.36 [103].

The short-distance part contains

45,6) ~

1+ (mi/mc)? sign(m3)
L+ (mg/me)?(m;/[mal)?

g0 (mi) = 9, (0) (B.3)
where g2V (0) = —1.01fm? [59, 184], and we set m, = 1 GeV. The values of mq for 13Xe
and "5Ge, as well as mg, my, M(0) from the long-distance part, are given in table 1.

At lower masses, we have

AW () = — (M(mi) —my { d M(mi)] _0> ; (B4)

dmi

where we use the functional form given in eq. (4.8) for M, and the ultrasoft contribution

R
AL (i) = 25 SO ITH U ITIO)) (£(mes AB) + fmi, AF2)) - (B.5)
A

n

with

—Q{E(l—i-log%)—i-\/WW(%—tan_l R R )}, ifm>FE,

m2—E2

f(m, E) =
—2{E(1+log%)—\/E2—m210gE+7 ng_mﬂ, itm<FE,
where AF 3 = By 2+ E, —E;, and I;, E,, E are the energies of the initial, intermediate, and
final state respectively. Eq 2 stand for the electron energies, and we set the renormalisation
scale ft,s = my. The matrix elements involving intermediate states for both '36Xe and
Ge can be found in ref. [34].
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M s Méﬁsd Mg;,sd M%f:d M?,];d me  my  mg  M(0)
6Ge | -2.21 -2.26 0.82 -0.05 0.02 117 218 139 34
136Xe | -1.94 -1.99 0.74 0.05 -0.02 157 221 146 2.7

Table 1. Shell-model NMEs [184, 185] and fit parameters used in 0vf33 computations for "®Ge and
136Xe. mg, msy, m. are dimensionful, and are given in MeV here.

C Dependence of mgg and mgs on light and heavy neutrino parameters

In this appendix, we provide explicit expressions for the light neutrino effective Majorana
mass mgg (Mmgg) excluding (including) the effect of HNLs.
Excluding the impact of HNLs, the light neutrino effective Majorana mass writes

|m55|2 = miclycls + miclssiy + 2mimaciyctysty cos (2n) (C.1)
for IH and
Imgs|® = m3cissty + m3sts + 2mamsclssiysis cos (2(n + 6)) (C.2)

for NH. In the above formula, we use the same notation as in section 2, i.e. ¢/s;; = cos / sin 0;;
being the sine and cosine of the PMNS angles. This can be readily expressed as [142]

— UZ/U%(ma + ma)[ma (2ctycly — UZ/U?) — ma(2stysis + UZ/U?)] for IH,
mpgl =
U2 /U%(mg + m3)[ma(253yc23 — U2/U?) + ms3(2s2; — U2 /U?)] for NH.
(C.3)
On the other hand, including the effect of HNLs, the light neutrino effective Majorana mass

mpg crucially depends on a phase which we call A, see eq. (5.4) for the explicit relation between
these 2 quantities and mgg. In the case of IH, this phase can be written in the compact form

. . 2
i _ 2i(Re(w)-arg(mss),/2) (Vmicia + iy /mzes1o)
M1y 4+ Masly — 2,/Mimaci2812sin(n)
2i(Re(w)—arg(mgp)/2) (y/micia + iy/mae™sis)
° - e 2 (C.4)
|\/mici2 + iy/maes1a|

e

For NH, we have

i(6+mn) y 2
) i «@ C1 m2812€z( —+1./mM S1 )
N = ¢2i(Re(w)—0— =3 —arg(mypg)/2) 7 2 ( 3\/j vimasis .
M2CY3579 + M3573 + 2\/772\/773013812513 sin (77 + 5)

i(64n) 4 5 ) 2
_ 2i(Re(w)—0- 51 —arg(mpp) /2) (613 VI2s12¢ T iymssis
|c134/Mi2s12€1 00 + 4, /mizsi3]2

Although the phase ag; appears in this expression, only the combination ag; — @31 = 29

(C.5)

is physical. Since a3 also appears in the corresponding expression for mgg, it can here be
traded for n by factoring out an overall phase in the expression for mgg.
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Figure 12. A comparison of the loop contribution to mgs with the HNL contribution, for 136Xe,

D Radiative corrections to mgg

The radiative corrections to the light neutrino masses also affect the rate of Ov33 decay. For
this purpose we explicitly split the neutrino masses into the tree-level and loop contribution
with m, = mie 4+ ml71°°P These corrections can be included in eq. (5.1) by using the
full m, instead of just the tree-level terms:

= 2 A(m) o Alms)
mpg = (mV)ee + 0€4m4 .A(O) + 965m5 ./4(0) (Dl)
Substituting the relation 62;m4 + 60%ms = —m, + m.7°°P, we find
_ A(M) Ly oo [A(M) 4MIU(M?) A(M)
= 1——== —= M D.2
M6 ‘mﬁﬁ [ A(0) ] 5¢ HU; A0) T @z AQ) || (D.2)

where we have used eq. (2.22), neglecting the first term which is highly suppressed, and
introduced the phase A\ as done in eq. (5.4).

In figure 12 we show (for 13¢Xe) the absolute value for the two competing terms —
the HNL contribution shown already in eq. (5.4) and used throughout this work, and the
contribution from radiative corrections shown here. We see that for all relevant HNL masses,
the additional contribution from radiative corrections is sufficiently small and can be neglected.
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