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ABSTRACT: Upcoming Lepton Flavour Violation experiments searching for ;1 — 3e and g
to e conversion in nuclei processes will provide new opportunities to test the fundamental
properties of the neutrino sector, and possibly the origin of matter. In recent work, it was
shown that the Type II Seesaw mechanism alone can simultaneously explain the neutrino
masses, Leptogenesis, and inflation. A key prediction of this model was the possibility of
signals being produced in Lepton Flavour Violation decays. Searches at future experiments
such as Mu3e and COMET will be integral to determining the properties of the associated
triplet Higgs, and will complement other terrestrial experimental searches and cosmological
measurements. In this work, we survey the detection prospects for the ingredients of the
Type II Seesaw Leptogenesis scenario, and discuss the corresponding dependencies on the
neutrino oscillation parameters and CP phases.

KEYWORDS: Baryo-and Leptogenesis, Cosmology of Theories BSM, Lepton Flavour
Violation (charged)

ARX1v EPRINT: 2210.02110

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP01(2023)001


mailto:nlbarrie@ibs.re.kr
mailto:petcov@sissa.it
https://arxiv.org/abs/2210.02110
https://doi.org/10.1007/JHEP01(2023)001

Contents

1 Introduction 1

2 The Type II Seesaw Mechanism and Leptogenesis 2

2.1 Type II Seesaw Leptogenesis 4

3 Lepton Flavour Violation processes and expected signatures 7

3.1 Current u — ey constraints 9

3.2 Current p — 3e constraints and future sensitivities 11
3.3 Current constraints and future sensitivities for p — e Conversion in Nuclei

processes 14

3.4 Comparison of the current constraints and future sensitivities 16

4 Expected experimental reach in the allowed parameter space 17

4.1 Experimental sensitivity in the NO scenario 19

4.2 Experimental sensitivity in the IO scenario 20

4.3 Neutrinoless double beta decay predictions 21

5 Conclusions and future prospects 23

1 Introduction

The existence of non-zero neutrino masses is a fundamental mystery of modern physics.
Many extensions of the Standard Model (SM) have been proposed to provide an origin for
their mass, with the leading explanation being the Seesaw Mechanism [1-10]. One class of
these models is known as the Type II Seesaw Mechanism, which involves the introduction of
a SU(2) triplet scalar to the SM with Yukawa couplings to the neutrinos. When the neutral
component of the triplet Higgs takes its non-zero vacuum expectation value a Majorana
mass term is generated for the neutrinos [5-8]. The interactions induced by the addition of
the triplet Higgs lead to wide-ranging phenomenological implications, which will be probed
in future experiments.

An important feature of the Seesaw mechanism is its potential to also explain the origin
of the baryon asymmetry of our universe — through a process known as Leptogenesis [11].
The main idea of these scenarios is that an asymmetry initially generated in the leptonic
sector during the early universe, is transmitted to the baryonic sector through equilibrium
sphaleron processes [12-15]. In approaching the possibility of Leptogenesis in each of the
types of Seesaw Mechanism, it is important to consider the testable low-scale predictions.
In general, such scenarios in the Type I and Type III Seesaw Mechanisms are typically at
very high energy scales, making them difficult to probe. In contrast, the triplet Higgs of



the Type II Seesaw Mechanism offers opportunities to naturally connect these high and
low-scale dynamics. However, the Type II Seesaw Mechanism is unable to successfully lead
to standard thermal Leptogenesis without the inclusion of additional particles; an extra
triplet Higgs or a right-handed neutrino [16], removing the minimal nature of the model. In
recent work, it was found that it is possible to achieve successful Leptogenesis within the
minimal Type II Seesaw framework, through the Affleck-Dine Mechanism (ADM) [17-22].
Thus, providing an opportunity to test High Scale Leptogenesis in terrestrial experiments.

Examples of this are the upcoming experimental searches for Lepton Flavour Violation
(LFV). The doubly- and singly-charged components of the triplet Higgs lead to LFV decay
processes such as y — ey, p — eee, and p — e Conversion in Nuclei [23, 24]. Alongside the
induced Majorana neutrino masses which allow for neutrinoless double beta decay. Searches
for each of these processes complement each other through their varied dependencies on
the triplet Higgs mass, neutrino oscillation parameters, CP violating phases, mass ordering,
and lightest neutrino mass. Future experiments such as Mu3e [25] and COMET [26],
will allow for vastly improved sensitivities over current constraints, allowing a new probe
of the properties of the leptonic sector, and subsequently High Scale Leptogenesis. The
combination of constraints applied by avoiding washout of the lepton asymmetry, non-
perturbative neutrino couplings, and requiring successful inflation leads to a unique allowed
parameter space for Type II Seesaw Leptogenesis compared to simply the Type II Seesaw
mechanism. In this context, it is integral to determine the predicted signatures of the Type
II Seesaw Leptogenesis Scenario at these upcoming experiments.

In our initial studies of the Type II Seesaw Leptogenesis scenario, we found that the
introduction of the Triplet Higgs of the Type II Seesaw Mechanism to the SM alone can solve
each of the open mysteries of the origin of the observed baryon asymmetry, the mechanism
for neutrino masses and the inflationary set-up simultaneously [20, 21]. In this work, we will
explore the potential for future Lepton Flavour Violation experiments to test and discover
the triplet Higgs of Type II Seesaw Leptogenesis, and the associated dependencies on the
properties of the neutrino sector. This paper is structured as follows: in section 2, we
provide a summary of the Type II Seesaw mechanism, and briefly review how successful
Leptogenesis can be achieved by it. Section 3 discusses the Lepton Flavour Violating
processes important for triplet Higgs searches, and the associated experimental reach for
different neutrino mixing scenarios. The corresponding expected bounds on the allowed
parameter space for simultaneous Leptogenesis, neutrino mass generation and inflation are
detailed in section 4, with dependencies on the neutrino masses and CP phases depicted
in detail. Finally, in section 5, we discuss the overall results and the important features
for future experimental explorations of Lepton Flavour Violating processes to test Type II
Seesaw Leptogenesis.

2 The Type II Seesaw Mechanism and Leptogenesis

The Type II Seesaw Mechanism provides a natural framework in which to explain the origin
of the neutrino masses. This scenario involves the minimal extension of the SM scalar sector
by a SU(2), triplet scalar A which carries a hypercharge of 2. The triplet and SM doublet



Higgs’ are parameterized as follows,

H:( h*), A:<A*/O\@ art ) 21)
h A —AT/V2

where h and A are the neutral components of H and A respectively. In addition to the
neutral component, there exists two charged components of the triplet Higgs, AT and AT+,
These have important phenomenological implications for terrestrial collider experiments
and will be the key to discovering the Type II Seesaw Leptogenesis scenario [27-33].

The inclusion of the triplet Higgs into the SM leads to new interactions in the Lagrangian
that involve the SM Higgs and the left-handed lepton doublets. Firstly, consider the
Yukawa interaction that is induced between the triplet Higgs A and the left-handed lepton
doublets L;,

Lyukawa = ‘C%’ll\l/[kawa - yijf’ngLj + h.c. (2'2)

Once the neutral component of the triplet Higgs A" obtains its non-zero VEV, through
this Yukawa interaction a non-zero neutrino mass matrix will be generated. Importantly
for our realisation of Leptogenesis, this interaction also allows us to assign a lepton charge
of Q = —2 to the triplet Higgs.

New terms in the Higgs’ potential V(H, A) are also induced through the inclusion of
the triplet Higgs scalar. These include interactions associated with the A that violate the
global lepton number U(1);, symmetry. The Higgs’ potential has the form,

V(H,A)=—m% H H+ g (HTH)2+m2ATr (Afa) 4 (HTH) T (ATA) 425 (Tr (ATA))Q

2 ; A
T T T T, 2 AT 5 T; 2 AT T
AT (A A) CHTAATH + [u (H io2A H)+ : (H io2A H) (H H)
As (5T 2 At t
+ir (H io2A H) (A A)+h.c} +o, (2.3)
where the terms within the square brackets [...] violate the U(1), symmetry. Note that,

the VEV obtained by A° is dependent upon the size of the cubic p term. In addition to
the cubic term, we have included dimension five operators which are suppressed by the
Planck scale, M,. Our Leptogenesis scenario takes place in the early universe when the
field values are close to the Planck scale, such that the higher dimensional terms may begin
to dominate over the cubic term. These additional terms will not play a direct role in the
analysis that follows, as they will be negligible at low energies. It is also important that all
of the parameters in this potential ensure vacuum stability up to the Planck Scale. This
condition was recently explored in the context of our model in ref. [22].

The VEV of the triplet Higgs can be derived from the potential given above. Taking the
limit where the SM Higgs VEV is much smaller than the A mass parameter, i.e. ma > vgw,
the A° VEV can be approximated by,

2
— HUEwW
va = (AY) ~ TEW (2.4)
2m2A

where the SM Higgs VEV is vgw = 174 GeV.



From the Yukawa interaction term in eq. (2.2), we obtain the mass matrix of
the neutrinos,

(M) g = me = 2yge va (2.5)

where the matrix of Yukawa couplings yy is directly related to the PMNS neutrino mixing
matrix. An important constraint for the allowed parameter space of our model comes from
requiring that the neutrino Yukawa couplings should be smaller than O(1) to ensure that
they remain perturbative up to the Planck scale.

The VEV of A has the following allowed range of values,

O(1) GeV > [(A%] > 0.05 eV, (2.6)

where the lower bound ensures the generation of the observed neutrino masses while also
requiring that the Yukawa couplings remain perturbative, and the upper limit is derived
from the T-parameter constraints derived from electroweak precision measurements [34].
Another important constraint on the triplet Higgs comes from the LHC, which has
placed a lower limit on the mass parameter of ma = 800 GeV from searches for the associated
doubly-charged Higgs [35]. An important result of this lower bound, is that the masses of
the charged and neutral components of the triplet Higgs must be approximately equivalent,

Mma++ = MA+ = TMA0 = MMA.

2.1 Type II Seesaw Leptogenesis

The Type II Seesaw mechanism is known to be unable to successfully lead to standard
thermal Leptogenesis, in contrast to the Type I and III Seesaw mechanisms. Thermal
Leptogenesis can only be achieved in this mechanism through the inclusion of additional
particles, an extra triplet Higgs or a right-handed neutrino [16], undoing the minimal nature
of the model. However, in recent work, it was found that it is possible to achieve successful
Leptogenesis within the minimal Type II Seesaw framework, through the ADM [17, 20-22].

The fundamental idea of the ADM is that a non-zero angular motion is generated
in the phase of a complex scalar field ¢. If this scalar is charged under a global U(1),
a corresponding non-zero charge will be produced. For these dynamics to occur and to
lead to successful Baryogenesis, three conditions are required, analogous to the well-known
Sakharov conditions for Baryogenesis [36], namely:

1. The scalar is charged under some mixture of the global U(1)y or U(1)p symmetries,
2. There exists a term in the Lagrangian that violates U(1)z or U(1)p,
3. The scalar has a displaced vacuum value during the early universe.

These requirements are easily seen by considering the charge number density of the complex
scalar in the polar coordinates,

n, = 0 = 2QIm[p' ] = Q20

where ¢ = %gprew and @ is its global U(1) charge.



Interestingly, the triplet Higgs of the Type II Seesaw mechanism immediately fulfils the
first two of these conditions. Namely, the triplet Higgs is assigned a U(1)y, charge through
its Yukawa couplings to the leptons, and it inherently has U(1), breaking interactions in the
Lagrangian through its couplings to the SM Higgs. In our analysis, we have considered the
scenario where the dimension five lepton violating terms provide the dominant contribution
to the lepton asymmetry generation during inflation, to allow for numerical and analytical
treatment. This is not possible in the case of a dominant p coupling due to its behaviour
during the oscillation phase after inflation, which if significant, requires a detailed analysis of
the preheating and reheating phase to determine the lepton asymmetry predictions [37-42].
For details of the 1 dynamics see our recent work in ref. [21].

To satisfy condition 3, we consider that the triplet Higgs is a component of the inflaton
in combination with the SM Higgs [43-81]. To do this, we require the introduction of
non-minimal couplings to gravity for both the SM and triplet Higgs’ that are of the
following form,

(ulhP + €a18°F) R = (G€uph + 36arh ) B, 27)

where R is the Ricci scalar, we have used the following polar coordinate parametrization
h = %pHem, AV = \%pAew, and have utilised the unitary gauge. Interestingly, this
set-up exhibits a unique inflationary trajectory given by the following ratio of the radial
components of the two Higgs’ [82-84],

2\ - A
PH _tana = \/ a8H = Anata (2.8)

PA 2A5éA — Aaén’

where Ay = A2 + A3, and Aga = A1 + Mg from eq. (2.3). The requirement imposed on
these couplings from Cosmic Microwave Background (CMB) observables is given by [85],

2 4

A A sin? o + Aga sin? oo cos? o + Aa cos? a

== ~5.1071 . 2.9
&2 (Em sin? a + €A cos? a)2 (2:9)

Note that, the exact dynamics of the inflationary epoch and lepton number generation
are not integral to the analysis that we undertake here, which concerns low energy phenomena.
However, the constraints applied by these experiments are important to understanding the
running of the scalar couplings up to the Planck Scale. These couplings determine the
dominant component of the inflaton and subsequently which dimension five operator leads
to Leptogenesis, while establishing the inflationary trajectory and the required non-minimal
couplings to gravity for consistency with CMB observables — as described in eq. (2.8)
and (2.9). For details of the full dynamics of our model in the early universe, see our recent
work in ref. [21].

Thus, we arrive at a simple framework that successfully explains the observed baryon
asymmetry, the origin of the non-zero neutrino masses, and the set-up of the inflationary
epoch. Note that, this usage of the ADM also possesses additional advantages over other
realisations — not requiring Supersymmetry, providing a natural path for transferring the
lepton asymmetry generated in the scalar sector to the SM fermions, and providing testable
low energy phenomenological predictions associated directly with the inflaton field.



Parameter constraints from lepton number washout effects

Given that the inflaton is made up of scalars that couple to gauge bosons, we expect a
large reheating temperature, Ty, ~ 103714 GeV. Subsequently, the triplet Higgs will be
quickly thermalised at the end of reheating, and it is necessary to consider possible lepton
asymmetry washout processes. These can provide important constraints on the allowed
triplet Higgs parameters for successful Leptogenesis to occur. The main processes that
are necessary to consider are LL <+ A and HH <+ A. If they co-exist, the lepton number
generated during inflation will be rapidly washed out. However, to transmit the asymmetry
from the scalar sector to the leptonic sector, the process LL <+ A must be efficient while
HH < A is out of equilibrium. It is easy to ensure that the first process is in equilibrium
for parameter values in the range ma < 10® GeV and y > 1075, To prevent the second
process from acting efficiently in the early universe, we have the following requirement,

F]D(HH 4 A)|T:mA < H|T:mA , (2.10)

2 2
where Tp(HH ¢ A)|7—m, ~ Tp(A — HH) =~ o/ and |va| ~ *;m#%v From eq. (2.10)

1%
32mma
we derive the following constraint,

ma )1/2

< 10 ki
VA 0 6V<1Tev

(2.11)

which corresponds to a limit of va < 10keV for ma = 1TeV, which we can also express as
a lower bound on the largest neutrino Yukawa coupling,

>99.1076, /1A 92.12
y= 800 GeV ’ (2.12)

such that the largest neutrino mass is given approximately by the mass difference {/Am2;.
Importantly, the LFV experiments provide ma dependent upper limits on the coupling y.

These two equivalent constraints on the vacuum expectation value (eq. (2.11)) and
largest neutrino Yukawa coupling (eq. (2.12)) have important ramifications for triplet Higgs
searches at collider experiments. Depending on the vacuum expectation value and triplet
Higgs Yukawa couplings, the dominant decay channel of the triplet Higgs is either gauge
bosons or leptons, for small mass splittings between the neutral and charged components of
the triplet Higgs. This is because larger vacuum expectation values require smaller Yukawa
couplings to the leptons to not produce neutrino masses that are too large. In turn, this
suppresses the triplet Higgs decays into leptons, leading to decays into gauge bosons being
its dominant decay process. In order to avoid the washout of our lepton asymmetry after
reheating, we require va < 10keV. This bound requires that the triplet Higgs dominantly
decays into leptons, for small triplet Higgs mass splittings, providing a unique prediction for
our Leptogenesis mechanism [86]. Thus, providing a complementary test to the expected
LFV signatures discussed below.

Requirement of vacuum stability for the inflationary setting

The Type II Seesaw Leptogenesis scenario involves an inflationary setting induced by a
combination of the SM Higgs and triplet Higgs, which have non-minimal couplings to gravity.



A requirement of this set-up is that the Higgs’ vacuum remains stable up to the Planck
Scale. This is not the case for the current best fit parameters of the SM alone, which is
found to be metastable, exhibiting an instability scale at around ~ 10'° GeV [87-92]. Note,
this result is sensitive to the top pole mass, which is currently not determined with high
precision. The addition of the Triplet Higgs to the SM, and its corresponding couplings,
influence the running of the SM couplings as well as alter the requirements for vacuum
stability. In particular, the triplet Higgs Yukawa couplings to the lepton doublets play
an important role in the running of these couplings and influence the parameters at high
scales. The conditions for vacuum stability in the Type II Seesaw mechanism up to the
Planck Scale has been explored in refs. [22, 93, 94]. An example constraint, is that the
mass splitting between the components of the triplet Higgs are generally required to be
less than 10 GeV for ma > 1TeV [93]. This is particularly important for determining that
the dominant decay of the triplet is leptonic in our scenario, as discussed above. However,
it should be noted that these analyses did not include the running of the non-minimal
couplings and the corresponding CMB requirements on the couplings in eq. (2.9).

The non-minimal couplings and inflationary trajectory itself are dependent upon the
values of the various couplings and mass parameters in the scenario, so it is important
to understand all possible constraints on the allowed parameter space. The inflationary
trajectory is particularly sensitive to the quartic couplings of the SM Ay and Triplet Higgs’
Aa, the portal coupling A\ya, and the non-minimal couplings — as shown in eq. (2.8)
and (2.9). Additionally, these couplings establish the component of the inflaton that
dominates the inflationary dynamics, which subsequently determines which dimension five
lepton violating interaction in eq. (2.3) is responsible for Leptogenesis. If Leptogenesis
is able to be induced by the u coupling, the differing operator dependence on the h and
AY components will also make it sensitive to which field is the dominant component of
the inflaton. LFV experiments provide constraints on the phase space of the ma and
yeo parameters, and thus, will be a necessary complementary probe to the inflationary
observables and the realisation of successful Leptogenesis in our scenario.

3 Lepton Flavour Violation processes and expected signatures

The Type II Seesaw Mechanism can be probed through precision tests of rare processes in
the leptonic sector. These are associated with the new couplings introduced between the
triplet Higgs and the leptons through its charged components, as well as the generation of a
Majorana mass term for the neutrino. Important LFV decays induced by the triplet Higgs
are the y — ey, p — eee, and pu — e Conversion in Nuclei processes. The branching ratios
of each of these decays have different dependencies on the neutrino oscillation properties
and triplet Higgs parameters. Thus, it is integral to search experimentally for the predicted
signatures in each of these decay processes. In this section, we will survey the sensitivities
of current and future experiments searching for evidence of LFV, and how these limits
translate to constraints on the triplet Higgs of our model, and subsequently the Leptogenesis
mechanism and inflationary scenario.
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Table 1. Best fit parameters (BFP) for the neutrino mixing angles, CP phase, and mass differences
— for both the Normal Ordering (NO) and Inverted Ordering (IO) scenarios. These are the global fit
values determined by Nufit [95], which include the Super-Kamiokande atmospheric neutrino data,
and which we use for our analysis.

In our analysis below, we follow the notation utilised in ref. [23]. The triplet Higgs
Yukawa couplings in eq. (2.5) are given by,

1 ..
Yoo = —— (U dlag(ml,mQ,mg)UT> (3.1)

20 w’

where m; are the masses of the neutrino mass eigenstates, and U is the unitary PMNS
neutrino mixing matrix. In the standard parametrisation it takes the form,

U = V(bh2, 03, 613,0)Q(21, as31) (3.2)
where '
1 0 0 c13 0 8136715 ci2 S12 0
V= 0 C23 S23 0 1 0 —S812 C12 0 5 (3.3)
0 —893 €23 _81362'6 0 C13 0 01

and ¢;; = cos0;j, s;; = sinb;;, ¢ is the Dirac CP phase, and the matrix @) contains the two
Majorana CP phases, a; and agq,

1 0 0
Q=|o0e2 g _ (3.4)
0 0 ez’a31/2)

The neutrino oscillation parameters and mass differences used for both the Normal
Ordering (NO) and Inverted Ordering (IO) scenarios are presented in table 1, which
correspond to the best fit parameters (BFP) for the current neutrino mixing data including
Super-Kamiokande atmospheric neutrino data. The 1o values are included in the table,
but we take the central values in our analysis.

The existence of the physical Majorana phases, as; and sy, in the PMNS matrix was
first noted in ref. [96]. There are no current measurements of the Majorana phases from the
neutrino oscillation experiments. This is because the flavour neutrino oscillations are not
sensitive to the Majorana phases, and thus to whether the massive neutrinos are of Dirac
or Majorana nature, for both oscillations in the vacuum [96], and in matter [97].



Before beginning the analysis, we note some important assumptions and features of our
model. For the triplet Higgs, these LF'V processes are dominantly mediated by the double
charged component. In our analysis, we assume that the mass differences between each of
the components of the triplets are small, i.e. moA o mZ ~ szr = mpa. Additionally, the
Leptogenesis mechanism we consider here is independent of the leptonic CP phases, rather
CP is spontaneously broken during the early stages of the universe. This means that we
must consider all possibilities for the neutrino CP phases in our analysis. The upper limits
we use for the lightest neutrino masses are from the current cosmological bound on the
sum of the neutrino masses — > m, < 0.12 [98]. This corresponds to approximate upper
limits of m1 < 0.03eV for NO, and m3 < 0.015€V for 10. Additionally, given the current
uncertainty in the measured dcp phase, we allow it to vary while also providing results for
the best fit value for each neutrino mass ordering.

3.1 Current u — e+ constraints

The first LF'V decay process we consider is p — ey, which is generated at the one-loop level
by the doubly- and singly-charged components of the triplet Higgs. The branching ratio for
this process is given by [23],

2
e |(11)
BR(pu — ey) ~ —= *
192r  G%

2

(3.5)

< 1,8 >2N81aem(yw>w

2 2 = 2,4
MAL  MA+t 1927 GEmi,

where aep, is the fine structure constant, and G is the Fermi constant.
At present, the strongest constraints on this process have been determined by the MEG
collaboration, with an upper bound on the branching ratio of [99],

BR(pu — ey) <4.2-10713 (3.6)

From this limit, we can derive a bound on the Yukawa couplings in the case of

+ oyt
Ma ~mp" = ma,

’(T) ‘<16 104(mA>2 (3.7)
YY) o S+ 800 Gev ) '

from which we derive the following ma dependent lower bound on the triplet Higgs

parameter g,

1eV 800 GeV'’

p>1.7-1075 GeV (3.8)

2

Hlpw
.

2m A

where we have used the relation |va| =

can be simply
ep
expressed in terms of the neutrino oscillation and mass difference parameters as follows,

(i), [ = | (u1n),,

To calculate the mass parameter we use the fact that the term ‘ (me)

= 4%

= ’U€2U§uAm§1 + UegUguAmgl’ . (39)
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Figure 1. The ‘(me)eu‘ parameter, constrained by the y — ey process at the MEG experi-

ment [99], as a function of the dcp phase for the NO (Blue) and IO (Red) scenarios. All other
parameters are fixed by the corresponding best fit parameters in table 1.

Thus, the 4 — ey branching ratio for the triplet Higgs is independent of the lightest
neutrino mass and Majorana neutrino phases, varying only through the d¢p phase once the
mixing angles and mass differences are fixed. The best fit neutrino oscillation and mass
difference parameters given in table 1 are taken, and the relation in eq. (3.9) depicted in
figure 1 with variation with respect to d¢p and the neutrino mass ordering. It can be seen
that the parameter value is relatively weakly dependent on the dcp phase and the type of
ordering. For illustrative purposes, if we take the approximate value where the two curves

(mtm),,

which when substituted into eq. (3.7) gives the following approximate maximum reach

intersect, we find that,
~2.65-107* eVZ, (3.10)

on the mass parameter of the triplet Higgs, ma < 2-10* GeV, when taking the maximal
neutrino Yukawa coupling to be y ~ 1. This also gives the following lower bound on the
cubic coupling u,

_ ma
281078 GeV — = | 3.11
= Y 800 GeV (3.11)

Importantly, this constraint can be reinterpreted as an approximate ma dependent
upper bound on the largest neutrino Yukawa coupling v,
ma
800 GeV '’

where y = 1 gives the maximum sensitivity to the ma parameter before the Yukawa

y < 0.038 (3.12)

couplings become non-perturbative. This bound is an effective lower bound on the vacuum
expectation value of the triplet, assuming the limit provided on p and the largest neutrino
mass is given approximately by the mass difference \/Am3,. Note the lower bound on the
maximal neutrino Yukawa coupling provided by the lepton asymmetry washout constraint
in eq. (2.12).

As will be shown in the next section, searches for the y — ey decay process at MEG
currently provide the best bounds on the triplet Higgs properties in the case of NO for

~10 -



various parameter sets, except for when the neutrino masses approach the Quasi-Degenerate
regime. However, this is not the case in the IO scenario, where constraints on p — 3e from
the SINDRUM experiment tend to dominate [100]. The p — ey decay process also exhibits
a small dependence on d¢p compared to the sensitivity to the CP phases of the other LEV
processes considered below.

3.2 Current p — 3e constraints and future sensitivities

The doubly-charged component of the triplet Higgs leads to tree level u — 3e decay
processes, which provide an important test of the triplet Higgs couplings. The branching
ratio of this process has the following form,

1 |<Z/T)ee(3/)ue‘2 _ 1 ’m:emueP
G2, m4A++ Gimy  16v}

BR(pu — 3e) = (3.13)

The current best upper bound on the p — 3e branching ratio is derived from the results
of the SINDRUM experiment [100],

BR(u™ — efeme™) < 10712, (3.14)
from this limit, we can determine the present bound on the triplet Higgs Yukawa couplings,
2
f <75-107 (mA> 3.15
’(y )ee(y)ﬂe| 800 GeV ’ ( )

and correspondingly a limit on the cubic coupling g,

ImEemyel ma
1eV 800 GeV ~
The upcoming experiment known as Mu3e promises to deliver significantly improved

p>7.7-107° GeV (3.16)

sensitivity to the i — 3e process, potentially probing the branching ratio by an additional
four orders of magnitude [101], that is,

BRyuse(pr — 3¢) < 10716 (3.17)
which will provide the corresponding limit on the Yukawa couplings,
2
f ee e 7.5 10_8 (TM) 3.18
[ )eew)uel < A ) (3.18)

and on the cubic coupling p,

ImEemyel ma
1eV 800 GeV'’
providing an order of magnitude improvement to the sensitivity to u.

p>7.7-107° GeV

(3.19)

Unlike the 1 — ey process considered above, the branching ratio of the y — 3e process
is highly sensitive to the Majorana phases and type of neutrino mass ordering. Thus, below
we will survey the expected reach of the Mu3e experiment under variations of these two
parameters, along with the lightest neutrino mass in each scenario. The best fit parameters
given in table 1 will be fixed throughout, apart from the d¢p phase for which current
constraints still allow for significant variation.

- 11 -
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Figure 2. Comparison of the maximum expected ma probed by the upcoming p — 3e experiment,
Mu3e [101] (Dashed), and the current constraints from the SINDRUM experiment [100] (Solid) for
different sets of neutrino CP phases (d¢p, az1, az1) and varying lightest neutrino mass, in the NO
scenario. All other parameters are given by the best fit parameters in table 1.

Sensitivities for NO: p — 3e

Firstly, we will determine the current and projected future constraints in the NO scenario.
To do this we consider the CP phase parameter sets that maximise and minimise the
|m%.mye| parameter. Taking the small m limit, the |me.| component is found to be
maximised when the CP phases satisfy ao; — @31 + 20 = 7, and minimised when this
relation is equal to 0. This corresponds to the following range for the best fit values,
1.43 - 1073 eV < |mee| < 3.69 - 1073 eV. This is not the case once the lightest neutrino
mass becomes greater than 1073 eV, for which the value can become zero for certain CP
phase combinations and masses, as first noticed in ref. [23]. These suppression scenarios
occur when the following relations are satisfied: as; =, and (ag; — 29) = 0 or 7. This is
illustrated in figure 2, with an example zero at m; ~ 0.00634 eV for (dcp, ao1, as1)=(0, ,
7) which is a result of this behaviour. Such cases are important for our investigations, as
they point to the necessity for and complementary nature of searches for each of the LFV
decay processes.

The appearance of zeros is also caused by the variation of the |m,| component with
the CP phases, which occurs when the CP phases satisfy (0, m, 0) and (7, 7, w) [23]. This
accounts for the additional zeros seen for these parameter sets compared to the (0, m,
) case, as depicted in figure 2. On the other hand, this component is maximised when
az; — ag; = 0, and § = 7, giving a value of |m.| < 8.1- 1073 eV.

Thus, we can now depict the current and expected future maximal constraints on the
triplet Higgs mass parameter for different CP phase parameter sets and varying mi; see
figure 2. The maximum sensitivity is achieved when a3y — a9 = § = 0 is satisfied for small
m1, with the appearance of a zero as described above for the (0, 7, ) scenario. By fixing
this CP phase relation we can arrive at a simple expression for the maximum value of the
|m%,mye| parameter in the limit m; — 0,

. (3.20)

. 2 2 2
Imiemyue| = ‘(m2812013 + m3813> c13 (masia(ciaca3 — $12523513) + M3S23513)
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Figure 3. Comparison of the maximum expected ma probed by the upcoming u — 3e experiment,
Mu3e [101] (Dashed), and the current constraints from the SINDRUM experiment [100] (Solid) for
different sets of neutrino CP phases (d¢cp, o1, azr) and varying lightest neutrino mass, in the 10
scenario. All other parameters are given by the best fit parameters in table 1.

which is ~ 2.81 - 1075 eV? for the best fit parameters in table 1. Using this result, we find
the current and future expected lower bounds on the cubic coupling p to be,

ma
SOOGV 800 GeV’

respectively. Interestingly, both of these maximal results are greater than the current best

p>4-108GeV——, and pu>4-107" GeV_——n— (3.21)

limit from the p — ey constraints found in eq. (3.11). We can then translate these bounds
into constraints on the largest neutrino Yukawa coupling,

ma

0.026— A
Y < 800 GeV

and y < 0.0026——F—— (3.22)

800 G eV’
Sensitivities for I10: y — 3e

Now we move on to the IO case, which in contrast to the NO case does not exhibit zeros.
This can be first seen in the me. component which is found to take the following minimum
value, |mee| > \/|Am2,| + m2 cos 2612 > 1.96-1072 eV, with the lower limit corresponding to
mg3 = 0. Considering the |m.| component, it is observed that its maximal value is achieved
when the CP phases satisfy § = 0 and as; = 7, and the lightest neutrino mass ms — 0. In
this case, it takes the value [m | = 4/ |Am3,|c13(ca3 sin 2012+ 523513 cos 2012) = 3.19-1072 eV,
for the best fit parameters. On the other hand, |m,.| experiences significant suppression
when d¢p ~ 7/2 and the following relation is satisfied,

. 2 2
C23C€12S512 Sin (g ~ (012 + 575 CcOs 0421) 593513, (3.23)

from which we derive the value sy ~ 0.375 for the best fit parameters in table 1. Note, in

this case, the suppression is still less severe than the zeros seen in the NO scenario.
Putting these components together, we find that the maximum value for the |meemyel

parameter for small mg is achieved for the CP phase parameters dcp = 0 and ag; = 7. It

takes the following value,

1
|MgeMype| =~ ‘Am%l‘ c§3 (2623 sin 4615 + s23813 cos? 2012> ~6.1-107%eV2, (3.24)
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while the minimal case occurs at the parameter set described by the relation in eq. (3.23),
for which we have [m}.m.| = 9.9 - 1076 eVZ.

Using the result in eq. (3.24), we determine the current and future expected lower
bounds on the cubic coupling term g,

1.9-1077 GeV o — d 1.9-107% GeV—="t— 3.25

w= 800GV andm= 8OOGV (3:25)
respectively, with the Corresponding bounds on the largest neutrino Yukawa coupling,

< 0.0055 ——F— d < 0.00055 A 3.26

Y 800 G v MY 800 GeV - (8.26)

These maximal results are both significantly larger than the current best limit for the
p — ey constraints found in eq. (3.11), and both are stronger than the corresponding limits
in the NO case. However for the minimal case in eq. (3.23) and for small ms, the u — ey
constraints are dominant. A comparison of the current and future expected maximal reach
on the triplet Higgs mass parameter is depicted in figure 3, where the above-described
behaviour with changes in the CP parameter sets can be seen.

3.3 Current constraints and future sensitivities for © — e Conversion in Nu-
clei processes

The LFV process of  — e Conversion in a nucleus, N, provides an important probe of the
leptonic sector. In the context of the Type II Seesaw mechanism, this process is induced by
the exchange of the doubly-charged component of the triplet Higgs and a loop contribution.
The conversion rate is proportional to CR(uN — eN) \C,w |2, with the C,(fe[) parameter
taking the following form,

1 29
C;(Llel) = Q [24 ( m)e + Z elf r, s mlu] , (3.27)

l=e,p,T

where the loop contribution is described by the loop function f(r,s;), given by [102],

flrys) = % + log(s;) + <1 - 2?) 1+ @l \/7:1124_ :? (3.28)

in which r = mi/mZA and s; = m?/m?% for our scenario.

In contrast to the two LF'V processes considered above, the quantity constrained here
(C,%I)) has an additional dependence on the triplet Higgs mass parameter through the
loop function f(r, s;). In the limit of small m; the loop function can be approximated by
f(r,s1) = log(r) = log(my, 2 /m%). Importantly, this loop function takes negative values for
the range of ma parameters we consider, and thus leads to interesting behaviour as we vary
ma. Cancellations between the first and second term in eq. (3.27) can occur, suppressing
the conversion rate to zero. Such behaviour will be illustrated in the next section.

Currently, the best constraints on the conversion rate are provided by the SINDRUM
experiment, which utilised Ti nuclei [103]. This constraint translates to the following limit,

2
CUD| < 7.94.1073 (mA> 3.29
el < 800 GeV ) (3.29)
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Figure 4. Comparison plot of the maximum ma probed by p to e conversion in Ti nuclei tests at
the SINDRUM experiment [103] (Dashed) and at the upcoming COMET experiment [26] (Solid) for
different sets of neutrino CP phases (d¢p, az1, az1) and varying lightest neutrino mass, in the NO
scenario. All other parameters are given by the best fit parameters in table 1.

with a correspondingly a limit on the cubic coupling p,

[1o2 100D
4v C P
f>24-10"7 GeV AlGue | _ma (3.30)

leV 800 GeV

The upcoming COMET experiment [26, 104] is aiming to improve upon this limit to
the following sensitivity,

2
403 |CID| < 37107 (mA) 3.31
vAICL"| < 800 GeV ) (3.31)

with a correspondingly a limit on the cubic coupling u,

H)
R |Cuc’ | ma
>1.1-107° GevX—2 , 3.32
a YTV 800 Gev (3:32)
which can be reinterpreted into a bound on the largest neutrino Yukawa coupling,
1eV
y<9.6-107° = A (3.33)

/ ’C/.Le | 800 GeV

These projected bounds represent an approximate 46x enhancement in the experimental
sensitivity to the triplet Higgs cubic coupling and mass parameter.

Sensitivities for NO: © — e Conversion in Nuclei

The u — e conversion in nuclei process is significantly less sensitive to the choice of neutrino
CP phases compared to the u — 3e decay, particularly in the NO case. This feature is
important, as together with tests of the u — 3e process, it becomes possible to pinpoint
the CP phases alongside the properties of the triplet Higgs parameters.

As with the previously considered decay processes, we can determine the maximum and
minimum values of the relevant parameter, namely |Cffel)|. In the case of small m, this
parameter is maximised for the CP phase parameter sets (0, 0, 0) and (0, 7, 7). Varying ma
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Figure 5. Comparison plot of the maximum ma probed by u to e conversion in Ti nuclei tests at
the SINDRUM experiment [103] (Dashed) and at the upcoming COMET experiment [26] (Solid) for
different sets of neutrino CP phases (d¢p, as1, az1) and varying lightest neutrino mass, in the 10
scenario. All other parameters are given by the best fit parameters in table 1.

2 < 40d 0D <

between 800 and 10° GeV, the maximum value is given by 3.6 - 1073 eV
7.3 - 1073 eV? respectively for the best fit values given in table 1.

As discussed above, the fact that the loop function is negative allows for the possibility
of cancellation and subsequent suppression of the conversion rate. An example of when this
occurs is for the CP phase parameter set (0, m, 0) with triplet Higgs mass ma = 1000 GeV
and lightest neutrino mass m; ~ 0.0256eV. In the next section, this behaviour will be

depicted, showing the movement of this zero with respect to ma and m;.

Sensitivities for I0: y — ¢ Conversion in Nuclei

In comparison to the NO case, the 10 exhibits greater variation with changes in the
neutrino C'P phases, but it remains less significant than the y — 3e decay process. Once
again, through this feature, the combination of these two decay processes will allow the
determination of the CP phases if there exists a triplet Higgs within the sensitivity range of
these experiments.

For the CP phase parameter set (7/2, 37/2, 0), in the small m3 limit, we obtain the
maximum value of the 4UZ\C,SIGI)| parameter. Varying ma between 800 and 2 - 106 GeV, the
maximum value is given by 2.3-1072 eV? < |4U2ACIS{3[)’ < 4.6 -1072 eV? respectively for the
best fit values given in table 1. These are almost an order of magnitude greater than for
the NO scenario, meaning that once again the experimental tests of the LF'V decay process
are more sensitive to IO rather than NO.

The minimum value of 41}%]6’,%”\ for small mg masses is found when taking the CP
phase parameter set (7, 7, 0). Varying ma between 800 and 2 - 10° GeV, the maximum
value is given by 1.3-1073 eV? < |402AC£L161)| < 6.0-1073 eV?, representing approximately an
order of magnitude suppression. The ma dependent cancellation effect in the IO scenario
will be seen in the next section for the CP phase parameter set (m, 7, 0).

3.4 Comparison of the current constraints and future sensitivities

Here we briefly summarise the results of this section to illustrate the importance of each
LFV decay process for testing Type II Seesaw Leptogenesis. In figure 6, a comparison is
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Figure 6. Comparison plot of the maximum expected ma probed by the y — ey (Dotted), u — 3e
(Dashed), and u to e conversion in Ti nuclei (Solid) processes for different sets of neutrino CP phases
(dep, o1, ag1) and varying lightest neutrino mass. The current (Left) and future expected sensitivity
(Right) are depicted in both the NO (Top) and IO (Bottom) scenarios. All other parameters are
given by the best fit parameters in table 1.

depicted of the sensitivities for each of the LFV processes discussed above, including both
current and upcoming constraints. In the case of NO, there is a dependence on the CP
phase parameter set for determining whether the y — ey decay measurements at the MEG
experiment or the y — 3e constraints from the SINDRUM experiment provide the strongest
limits. Once the upcoming experiments reach their desired sensitivity, the p to e conversion
in Ti nuclei process at the COMET experiment will be the most sensitive test of the Triplet
Higgs properties, except for large mj.

For the 10 scenario, the MEG results for the y — ey decay process are already exceeded
by the u — 3e decay process measurements undertaken at the SINDRUM experiment —
except in the minimal case. Interestingly, the Mu3e experiments search for the y — 3e
decay process will provide the strongest results for much of the CP phase parameter
space, exceeding the expected reach of the measurements of the p to e conversion in Ti
nuclei process by the COMET experiment. Both of these experiments provide significant
improvements in sensitivity to the triplet Higgs properties over the MEG results for the
 — ey decay process.

Fach of the LFV experiments have different sensitivities for each of the CP phase sets
and for varied lightest neutrino mass. These differences will provide the means to pinpoint
the CP phases and the properties of the triplet Higgs parameters. This would not be
possible through testing a single decay process.

4 Expected experimental reach in the allowed parameter space

Now that we have surveyed the current and expected future limits on the three LE'V decay
processes, we can determine how much of the allowed parameter space for successful Type

17 -



II Seesaw Leptogenesis can be probed. The allowed parameter space can be depicted in the
pu-ma parameter space, of which the main constraints for the mass range ma < 2 - 106 GeV
are currently the prevention of lepton asymmetry washout discussed in section 2.1, the
requirement of perturbative Yukawa couplings up to the Planck scale, the LHC limit of
ma > 800 GeV, and the current LF'V constraints. In each of the results figures presented
below, these constraints are depicted. The Light Grey, Black, and Grey regions correspond
to the lepton asymmetry washout, non-perturbative neutrino Yukawa coupling, and current
LFV limits respectively. The region subtended by these constraints contains parameter
values that lead to successful Leptogenesis, neutrino mass generation, and inflation.

An example set of parameters for the Type II Seesaw Leptogenesis scenario that are
consistent with this allowed region are non-minimal couplings of {g = £x = 300, an
initial phase of y = 0.1, and couplings A\s = 4 - 10712, Ay = 0.1, Aga = —0.001, and
Aa = 4.5 -1077; see ref. [21] for more details regarding this choice of parameter set. It is
important to note that this parameter set has not included the running of the couplings
to the Planck scale, which is sensitive to the triplet Higgs parameters probed by LFV
experiments. The limits derived from the LFV decays place bounds on these couplings,
constraining the parameter space consistent with vacuum stability and the inflationary
observables — establishing the key connection between the low energy LFV experimental
signatures and the high scale Type Il Seesaw Leptogenesis mechanism.

The current LFV limits depicted in each of the figures are derived from the most
constraining of the current bounds on the three lepton violating processes described above.
As shown in figure 6, for some sets of neutrino CP phases and lightest neutrino masses, the
1 — 3e processes can be strongly suppressed such that the g — ey constraints provide the
best limits. This is particularly relevant when the p — 3e branching ratio is suppressed to
zero for some parameter choices, pushing it well below the current bounds on both u — ey
and p to e conversion in Nuclei processes. Suppression of the p to e conversion process tends
to be less uniformly severe across the ma range, but the current limits are significantly
weaker than for the u — ey decay process.

In each figure, the Dotted lines subtending Red regions and Dashed lines subtending
Green regions denote the projected experimental sensitivity of the future COMET (u to e
conversion in Nuclei) and Mu3e (¢ — 3e) experiments [26, 101], respectively. The projected
sensitivity of a future 100 TeV collider is given by the orange region, which will be able
to probe the mass of the triplet Higgs up to 4 TeV at the 50 level [105]. Note, that the
branching ratios of the doubly-charged component of the Triplet Higgs are dependent on
the mixing angles in the leptonic sector which may provide a complementary test [106].
In all figures, it is interesting to note the overlap of the projected sensitivities of the LFV
processes and 100 TeV collider searches. Illustrating the complementary nature of each of
these experimental approaches and the rich phenomenological implications of this model.

It is important to note that the constraints on the u and ma parameter space presented
in this section can be easily translated into limits on the maximal neutrino Yukawa coupling,
as discussed in the previous section. Such constraints are important for understanding the
running of the various scalar couplings, and ensuring vacuum stability up to the Planck scale
due to their sensitivity to the neutrino Yukawa couplings and ma parameter. Additionally,
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Figure 7. The reach of LFV searches is depicted for the current best fit parameters, given in table 1,
for different m; mass regimes and as; = az; = 0. The upper bounds on the future sensitivities of
the future Mu3e and p to e conversion experiments are denoted by the dashed line (subtending the
green region) and dotted line (subtending the red region) respectively [101]. The discovery potential
of a future 100 TeV collider is depicted by the orange region, subtended by the black dot-dashed
line [105]. Significant lepton asymmetry washout occurs for parameters within the Light Grey region,
and non-perturbative neutrino Yukawa couplings (Black). The grey region denotes the current best
limits either from p — 3e or p — ey constraints, depending on the neutrino parameters [100]. The
region subtended by these three constraints is the parameter region where successful Leptogenesis,
neutrino mass generation, and inflation can occur. The other neutrino parameters are given by the
best fit parameters in table 1. Both the NO (Top) and IO (Bottom) scenarios are included.

the determination of the dominant component of the inflaton, and subsequently which
dimension five lepton violating interaction leads to Leptogenesis, is related to the relative
size of the scalar and non-minimal couplings at the Planck scale.

4.1 Experimental sensitivity in the NO scenario

Firstly, we survey the allowed parameter regions and projected reach of upcoming experi-
ments in the NO scenario, for different sets of neutrino CP phases and lightest neutrino
masses. In figure 7, the best fit parameters for small and large m; are depicted, including
the current d¢p phase of 230° with the Majorana phases set to as; = ag; = 0.

In figure 8, the suppression effects present in the p to e conversion in nuclei conversion
rate and the p — 3e branching ratio are demonstrated. The top two figures show the ma
dependent cancellation in eq. (3.27), and how it changes with choice of m;. The bottom
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Figure 8. The experimental sensitivities of LFV searches for the successful Type II Seesaw
Leptogenesis parameter space is depicted for different CP phases parameter sets (dcp, o1, a31) in
the NO scenario with varying m; around special features.

two figures depict two separate scenarios in which the y — 3e branching ratio is suppressed
such that no constraints are applied on the allowed parameter space by this process. This
suppression is uniform across the ma range, in contrast to the cancellation seen for the p
to e conversion in nuclei process.

Figure 9 illustrates the effects of different CP phase parameter sets for a small lightest
neutrino mass. As expected from section 3, the u to e conversion in Ti nuclei experimental
reach does not change significantly, while the y — 3e limit varies. In each case, the p
to e conversion in Ti nuclei at the upcoming COMET experiment provides the greatest
sensitivity to the triplet Higgs parameters.

4.2 Experimental sensitivity in the 10 scenario

Now we consider the projected experimental sensitivity to the IO scenario for different
sets of neutrino CP phases and the lightest neutrino mass. Beginning with the best fit
parameters including the current dcp phase, which is depicted in figure 7 for small and
large m3 mass parameter choices and as; = ag; = 0.

Figure 10 exhibits the results for different CP phase parameter sets for varied choices of
the lightest neutrino mass. Significant variation in the projected constraints and dominant
decay process is seen across each of these cases. Interestingly, in the (7, 7, 0) parameter set
there occurs a ma dependent cancellation in the conversion rate parameter in eq. (3.27),
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Figure 9. The experimental sensitivities of LFV searches for the successful Type II Seesaw
Leptogenesis parameter space is depicted for different CP phases parameter sets (dcp, o1, a31) in
the NO scenario with small m;.

with subsequent suppression of the u to e conversion rate. In contrast to the NO scenario,
the projected limits from p — 3e decay processes tend to dominate over the u to e conversion
in Ti nuclei process in the selected CP phase parameter sets. The exception to this is for
the CP phase parameter set that minimises the y — 3e branching ratio, namely (7/2, 0.375,
0) as found in eq. (3.23). Overall, the IO scenario generally provides a stronger test of the
allowed parameter space for successful Type II Seesaw Leptogenesis.

4.3 Neutrinoless double beta decay predictions

To conclude this section, we wish to also comment on the complementary test that is
provided by neutrinoless double beta decay searches. Neutrinoless double beta decay is a
process predicted in models that contain Majorana mass terms for the neutrinos, which may
be testable in the near future. Theories that provide unique predictions of this process may
be differentiated or ruled out by increased experimental precision in upcoming experiments.
In the Type II Seesaw mechanism, the neutrino masses generated by the triplet Higgs
vacuum expectation value are of the Majorana type. Thus, this would be an expected
experimental signal of our model, which is dependent upon the mixing properties of the
neutrino sector.

In figure 11, we depict the expected neutrinoless double beta decay signatures embodied
by the mgg mass parameter for different parameter sets of the neutrino CP phases for
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the 10 scenario with varying m, inputs and CP parameter sets.
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Figure 11. Expected values of the mgg parameter relevant for neutrinoless double beta decay
experiments for different sets of neutrino CP phases (d¢p, aa1, asi) and varying lightest neutrino
mass, for NO (Left) and IO (Right). All other parameters are given by the best fit parameters in
table 1.

varying lightest neutrino mass, in both the NO and IO schemes. In calculating this result,
we have assumed that the contributions from diagrams with virtual W= and A exchange
are negligible, which is valid for the range of y.. and ma parameters we consider. The IO
scenario offers the best opportunity for measurement of neutrinoless double beta decay. It is
clear that the measurement of mgg will provide a complementary test to the projected LE'V
experimental limits depicted above, and thus will be an important step in the confirmation
of the existence of the Type II Seesaw mechanism.

5 Conclusions and future prospects

The Type II Seesaw Leptogenesis scenario offers a well-motivated and natural framework in
which to simultaneously explain the observed baryon asymmetry of the universe, the origin
of the neutrino masses, and the inflationary setting. Importantly, the associated triplet
Higgs leads to many phenomenological implications that allow for connecting early universe
dynamics to terrestrial experiments. In this work, we have established the unique role that
LFV decay processes will play in testing and potentially discovering the components of this
scenario. Note that, many of the results in this work are applicable to the Type II Seesaw
mechanism in general, even if it is not responsible for Leptogenesis through the scenario
we describe.

These results demonstrate the complementary nature of searches for different lepton
flavour violation processes, and their necessity in determining the nature of the neutrino
sector. Important dependencies and features are also exhibited for varying A mass, providing
unique simultaneous tests of the triplet Higgs properties. Neutrinoless double beta decay
experiments will play an important role, in concert with LF'V experiments, to pinpoint
the neutrino CP phases and mass ordering. Thus, it is integral to consider each of these
experiments to maximise the possibility for discovery of the neutrino generation mechanism.

In this work, we have investigated the current and projected constraints derived from
the LFV decays of the u lepton, rather than the 7 lepton. Previous works have found that
when taking into account the current constraints on the p — ey process, the branching
ratios of the 7 — p(e)y processes are required to be well below the projected sensitivities of
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upcoming experiments at BELLE II, in the context of the Type II Seesaw mechanism [107—
112]. Consequently, if a signal was to be measured at the experiments searching for the
T — p(e)y processes our mechanism would be ruled out. On the other hand, experimental
searches for the 7 — 3u~y process will be sensitive to the allowed parameter space of our
model, but with significantly reduced constraints compared to the u LFV processes. Thus,
searches for the LFV decays of the 7 will provide an important complementary test, but
will not provide dominant constraints on the allowed parameter space of our mechanism.

The constraints on the maximal neutrino Yukawa coupling and ma parameter provided
by the LF'V experiments are integral to understanding the possible running of the various
scalar couplings present in this scenario. These experiments subsequently probe the allowed
parameter space that ensures vacuum stability up to the Planck scale, and that lead to
inflationary observables consistent with CMB observations. These parameters also determine
which of the Higgs’ is the dominant component of the inflaton, and subsequently which
dimension five lepton violating interaction leads to Leptogenesis. Thus, it is necessary to
conduct a combined analysis of the LF'V constraints in combination with the requirements
for vacuum stability and successful inflation.

In summary, the Type II Seesaw Leptogenesis model exhibits a long list of testable
features that allow it to be probed by current and future experiments. This unique
combination of phenomenological implications includes the inflationary observables in the
Cosmic Microwave Background, Gravitational Waves [113-115], dominance of leptonic
decays of the triplet Higgs at collider searches, neutrinoless double beta decay, and as
discussed in detail in this paper — Lepton Flavour Violating decay processes.
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