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ABSTRACT: The Inverse Seesaw mechanism is dynamically realised within the Minimal Lep-
ton Flavour Violation context. Lepton number, whose breaking is spontaneously realised,
is generalised to a global Abelian factor of the whole flavour symmetry, that also plays the
role of the Peccei-Quinn symmetry. The associated Goldstone boson is a Majoraxion that
solves the Strong CP problem and represents a Dark Matter candidate.

Three distinct scenarios are identified in terms of flavour symmetry and transformation
properties of the exotic neutral leptons that enrich the Standard Model spectrum. The as-
sociated phenomenology is studied, focusing on the deviations from unitarity of the PMNS
mixing matrix. The strongest constraints arise from the determination of the number of
active neutrinos through the invisible width of the Z, the comparison of the measured W
boson mass with its prediction in terms of the Fermi constant from muon decay, and the
null searches for the radiative rare muon decay and p — e conversion in nuclei. The heavy
neutral leptons may have masses of a few TeV, leaving open the possibility for a direct
detection at future colliders.

The impact of the recent measurement of the W mass at the CDF II detector has also
been considered, which, in one of the scenarios, points to a sharp prediction for the masses
of the heavy neutral leptons at about 2 — 3 TeV.
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1 Introduction

Neutrino oscillations and their interpretation in terms of massive neutrinos represent the
first historical evidence of beyond the Standard Model (SM) physics. While only one effec-
tive operator can be written at low energies to describe contributions to neutrino masses,
that is the Weinberg operator [1], several ultraviolet completions have been proposed.
Among them, low-scale variants of the type-I Seesaw model, such as the so-called Inverse
Seesaw (ISS) mechanism [2-4], are particularly appealing. In these Seesaw variants, the
smallness of neutrino masses, or equivalently of the Weinberg operator, is tied to an ap-
proximate lepton number symmetry. Conversely, the Seesaw scale can be comparatively
low and the mixing of the new states with the active neutrinos, encoded by the only d = 6
operator that is obtained at tree level [5], large enough to lead to interesting and testable
phenomenology. Thus, these setups may be testable both at colliders, focusing on signals
from the exotic neutral leptons, as well as in precision electroweak and flavour observables.

The ISS is a specific realisation of a wider class of Low-Scale Seesaw (LSS) frame-
works [6, 7], that follow from introducing two types of exotic neutral leptons (which will
be labelled in the following as Nr and Sg), with opposite transformation properties under
the lepton number symmetry, which is approximately enforced. Using a compact notation
for all of the neutral leptons,

X = (vr, N, S&)T, (1.1)

being vy, the neutral component of the EW lepton doublet ¢, the LSS characteristic mass
term reads

1
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Here, v = 246 GeV is the vacuum expectation value (VEV) of the Higgs doublet H, ), and
V), are the Dirac Yukawa matrices that couple the EW lepton doublet to the exotic neutral
leptons N and Sg respectively, A, p and p’ are matrices in the flavour space of Ng and
Sgr, and finally € is a real parameter.

Under the assumption of an approximate lepton number symmetry, u, ¢ and e (or
their elements) must be small parameters, while A dominates over the other entries. The
light active neutrinos develop a suppressed mass that has two tree level contributions,

,U2

my = o Ky,,AlTuiyVT ) —€ (y;iyf + y,,AlTy;Tﬂ : (1.4)
A back-of-the-envelope calculation reveals that to obtain the minimum value required for
the neutrino mass to reproduce the observed atmospheric mass splitting of 0.05eV?2, with
A of O(TeV) and v/A ~ 0.01 in order to comply with present constraints, then u ~ KeV
and € ~ 10719, This is the origin of the most interesting feature of LSS mechanisms: while
neutrino masses remain small, on one hand, the heavy neutral leptons are relatively light
and possibly detectable at colliders; and on the other hand, integrating these states out, a
unique d = 6 operator is generated at tree level [5]:

1

Wyia (1.5)

Oy—g =~ Eﬁ COGg i (ITIWL) with CO4e = Vo
where H = iooH*. This operator does not depend on neither u(’) nor ¢; thus, its Wilson
coefficient is not suppressed, leading to possibly interesting phenomenological effects in
direct and indirect searches.

As shown in ref. [8], in the case with only one N and one Sk, it is possible to completely
determine Y, and Y}, and therefore the Wilson coefficient of Oy—g can be uniquely linked
to the active neutrino masses. This represents a very predictive scenario: the radiative
rare charged lepton decay rates can be expressed in terms of active neutrino masses, lepton
mixing angles and the Majorana phases. This is in general not true if more exotic neutral
leptons are present in the spectrum.

Nevertheless, predictivity may be recovered through a flavour symmetry: we will focus
in the Minimal Flavour Violating (MFV) scenario [9, 10]. The fundamental idea of the
MFV setup is that the only source of flavour and CP violation in any physics beyond the SM
(BSM) is represented by the SM Yukawa couplings. Technically, this can be obtained by
imposing in the whole Lagrangian of the model the flavour symmetry of the kinetic terms,
which is a U(3) factor for each fermion species in the spectrum. Yukawa terms can be made
invariant under it by promoting the Yukawa matrices to spurion fields, that transform un-
der the flavour symmetry. Masses and mixing then arise once the Yukawa spurions acquire



a specific background value. This approach has been first implemented in the quark sector
and only subsequently extended to leptons, MLFV [8, 11-13], although additional hypothe-
ses are necessary in the latter case in order to achieve the same level of predictive power.
Indeed, while in the quark sector there are only two Yukawa spurions, in the leptonic one
there are typically at least three. To consider a specific BSM realisation, in the type-I See-
saw [14-17], besides the charged lepton Yukawa, the neutrino Dirac Yukawa coupling and
the exotic neutral Majorana mass should be promoted to spurions in order to enforce the
flavour symmetry invariance in the Yukawa Lagrangian. As a result, the active neutrino
mass matrix and the d = 6 operator Wilson coefficients depend on different combinations of
the neutrino spurions, preventing in this way a direct link between the different observables.
To circumvent this difficulty, two solutions in terms of symmetries have been proposed in the
context of the type-I Seesaw mechanism. The first is to reduce the U(n) associated to the n
exotic neutral leptons to O(n), with the consequence of having a Majorana mass matrix pro-
portional to the identity. The second, that can only be viable if n = 3, consists in identifying
the U(3) factors of the EW lepton doublet and of the exotic neutral leptons in a common
U(3) term, and as a result it is the neutrino Dirac Yukawa matrix the one that is propor-
tional to the identity. In both cases, only one neutrino spurion is left in the Lagrangian, re-
covering in this way the strong predictive power that characterises MF'V in the quark sector.

The MFV ansatz helps providing an efficient control over the new physics (NP) contri-
butions to a large variety of flavour observables. In an effective field theory approach, the
Wilson coefficients of higher dimensional operators are made invariant under the flavour
symmetry by inserting powers of the spurions, providing suppressions in terms of fermion
masses and mixing.! The result is that, while the bounds on the NP scale in the absence
of any flavour symmetry would be of hundreds of TeVs [19, 20], in the M(L)FV case the
NP scale can be at the TeV scale as proven in several contexts [8-13, 21-39]. Despite this
success, M(L)FV is not a flavour model, as masses and mixing can only be described and
not predicted: in other words, the background values of the spurions are simply assumed
as working hypotheses. A few attempts to promote M(L)FV to a proper model have been
proposed in refs. [40-45], where the spurions have been promoted to dynamical scalar fields
and the minima of the corresponding scalar potential have been studied. Although inter-
esting results have been found, a definitive answer is still missing (advances in this respect
have been done going beyond the MFV ansatz [46]), and for this reason we will adopt the
traditional spurion formulation in what follows.

The implementation of MLFV in the ISS scenario has partially been discussed in
previous literature, such as in refs. [8, 47]. We revisit and complete the study of MLFV
in the ISS context, identifying three different minimal and predictive setups and analysing
their phenomenological impact.

In contrast to the traditional construction of the ISS, we provide a dynamical expla-
nation of the smallness of the x() and e parameters, by enforcing the invariance of the
Lagrangian under an additional U(1) global symmetry. This is an Abelian subgroup of

The top Yukawa is an exception, as it cannot be considered as an expansion parameter. This aspect
has been discussed in ref. [18], proposing a resummation procedure for the up-type quark Yukawa matrix.



the flavour symmetry of the kinetic terms. Although the idea of a dynamical origin for
these small parameters is not new, see for example refs. [48-52], it is the first time that
it is linked to the flavour problem. In particular, we argue that, in order to explain the
smallness of u(’) and ¢, instead of the usual choice of lepton number, a larger symmetry
can be considered, providing further links to the quark sector. We will identify this U(1)
term with the Peccei-Quinn (PQ) symmetry [53] and discuss its consequences.

The spontaneous breaking of the additional U(1)pq leads to the appearance of a Gold-
stone boson (GB), either an axion or an axion-like-particle (ALP). In the first case, the tra-
ditional solution to the Strong CP-problem [53-55] can be achieved in this context, without
introducing any additional ingredient beyond the ones we have already described. The pres-
ence of an axion, and of an ALP, in the MF'V context has already been presented in ref. [56],
discussing in detail only the quark sector. In this paper, we extend the results of the MFV
axion (MFVA) model to the lepton sector, identifying the axion with a Majoron, sometimes
called Majoraxion in the literature. Last but not least, for a large region of the parameter
space we are interested in, the Majoraxion represents a valid Dark Matter (DM) candidate.

In summary, the model presented in this paper provides a dynamical realisation of
the ISS mechanism, consistent with the M(L)FV ansatz to guarantee the necessary flavour
protection and thus avoiding unobserved signals at experiments, while providing at the
same time a natural solution to the Strong CP problem and a valid DM candidate.

The paper is structured as indicated in the table of Contents, with a summary of the
MLFYV setup and the identification of the three dynamical ISS realisations in section 2.
Their technical details and phenomenological analyses are presented in sections 3, 4 and 5.
Section 6 is devoted to analyse the impact of the recent measurement of the W mass at
the CDF II detector [57]. Concluding remarks are in section 7.

2 Dynamical inverse seesaw within MLFV

Except otherwise stated, we will consider the SM spectrum with the addition of six exotic
neutral leptons, divided into two groups, three N and three Sr. We will see later in this
section that the main difference, but not the only one, between these two types of fermions
resides in their transformations properties under U(1)pq.

The largest possible symmetry of the kinetic terms of the Lagrangian in the lepton
sector is

Gr = U(3)‘€L X U(3>€R X U(S)NR X U(3)5R7 (2'1)

where each term corresponds to a lepton species. Gr can be rewritten as a product of the
non-Abelian terms,

G2 =8U(3), x SU(3)ep X SU(3) Ny, x SU(3)s, 5 (2.2)

under which the corresponding leptons transform as triplets, and of four Abelian factors
that can be recasted to make explicit some interesting properties of the theory. For a
complete discussion we need to include the three Abelian factors of the flavour symmetry
of the quark kinetic terms. The product of the seven U(1) symmetries can be rewritten



as the product of the global version of the hypercharge U(1)y, baryon number B, lepton
number L, the PQ symmetry U(1)pq, and three rotations on er, Nr and Sg.

The non-Abelian symmetry content ggA is the one responsible for the description of
the lepton mass hierarchies and mixing [40-45], while the Abelian part can play a role
in fixing the overall mass scales [13, 56]. For the latter, there is not a unique possibility,
but the requirement of minimality, in terms of scalar fields to be added to the spectrum,
leads to the identification of U(1)pq as the best solution. We will therefore focus on such
scenario for the rest of the paper.

In order to guarantee the invariance under the flavour symmetry of the entire La-
grangian, Yukawa and mass matrices are promoted to spurion fields, transforming only
under the flavour symmetry. The generic LSS Lagrangian for the lepton sector reads as
follows:

~%y = [ HYeep+ I HY, Np+ el HY, Sp+
1, 1 1/ o T (2.3)
+ 5 Nu NR+§SRMSR+§<NRASR+SRA Ng) +hee.,

that matches eq. (1.3). These operators are invariant under Q’gA only if the six spurions

transform as

yeN(37§7171)7 yVN(Svlaga]-)a y/N(371717§)7

v

(2.4)

el

o~ (1,1,1,6), p~(1,1,6,1), A~(1,1,3,3).

As can be deduced by looking at eq. (1.4), not all these spurions are equally relevant for the
active neutrino mass matrix; indeed, p’ does not contribute at tree level. Moreover, if one
of the two terms in the m, expression dominates, then neutrino masses and lepton mixing
can be determined in terms of only three spurions, A, ), and either u or ). However,
this is not sufficient to achieve the predictive power desirable within the MFV context.
To improve in this regard, the first simplification that can be adopted is to identify the
SU(3)n, and SU(3)g, groups. In doing so, there is no need to introduce neither two
separate neutrino Dirac Yukawa spurions ), and )/, nor two distinct Majorana mass
terms g and p'. Furthermore, the Majorana mixed mass term A would have the same
transformation properties of x and u/. This leads to a simplified scenario where

SU(3) Ny % SU(3)s; —> SUB)Ng+8k » 25)
2.5
yVNyLN(3717§)7 MNM/NAN(17176)7

that resembles the setup of the type-I Seesaw mechanism, with two neutrino spurions. As
summarised in the introduction, even this setup is not predictive enough. To overcome this
problem, we identified three possible frameworks.

CASE A: The SU(3)n,+s; group is further reduced to its orthogonal version and the
final flavour group reads

GNA = SU@3)y, % SUB)ey, X SOB3)Nisy (2.6)



The mass terms are proportional to the identity matrix,
s M,aAO(]]-a (27)

while the only remaining neutrino spurion with non-trivial flavour structure trans-
forms as

CASE B: The symmetry groups associated to the EW lepton doublets and to the exotic
neutral leptons are identified to a vectorial unitary group, such that the complete
non-Abelian symmetry in the lepton sector reduces to

GNA = SUB)y x SU(3)e, - (2.9)

Both Ngr and Sg transform as 3 under the vectorial group. In this case, Schur’s
Lemma guarantees that the neutrino Dirac Yukawa matrices are singlets of the sym-
metry group [58, 59] and therefore ), and )/, are proportional to the identity matrix.
The only remaining neutrino spurion with non-trivial flavour structure is the mass,
that transforms as

pr~ o~ A~ (6,1). (2.10)

CASE C: The flavour symmetry of this model is the same as the previous one, but in
this case Ng and Sg transform differently: Nr ~ (3,1) and Sk ~ (3,1). Also in
this case, the application of Schur’s Lemma reduces the total number of spurions
with non-trivial flavour structure, but with a different structure with respect to the
previous scenario:

Vo, Ao 1, po Vi~ ot~ (6,1). (2.11)

Despite the differences in the flavour symmetries and in the field transformations, all
three realisations describe correctly the lepton masses and mixing once the spurions acquire
specific background values. The latter depend on the specific realisation, giving rise to
different associated phenomenologies. We will discuss these details in sections 3, 4 and 5.

We will now discuss the implementation of the U(1)pq symmetry in order to explain
the suppression of the tau (and bottom quark) mass with respect to the top mass and the
smallness of the y, 4/ and e parameters in the neutral lepton mass matrix, as required for
the LSS scenario. This discussion applies to the three cases identified above.

Any fermion v transforms under U(1)pq with a charge x,. To ensure the invariance
of the Lagrangian under this symmetry, we introduce a scalar field ® that transforms only
under U(1)pq and, without any loss of generality, fix its charge to be ¢ = —1. A generic
Yukawa term can then be written as a non-renormalisable operator suppressed by powers
of the cut-off scale Ag:

_ o d \“rTL
Yp oL HYr = yy v HYp <A¢> . (2.12)



Similarly to what occurs in the Froggatt-Nielsen flavour model [60], once the scalar field
develops a VEV, (®) = vg/v/2, and the EW symmetry breaking takes place, a fermion
mass arises from this term. It is useful to introduce a parameter to indicate the ratio
between this VEV and the cut-off scale:

Vo

€= . 2.13
NG (2.13)

The mass term corresponding to the generic Yukawa term then reads
My = Yy % g"RTIL (2.14)

As discussed above, in the M(L)FV context, the Abelian factors of the flavour sym-
metry only fix the different overall scales of the Yukawa matrices of each particle species.
Indeed, fermions of the same species transform with the same charge under U(1)pq: the
three right-handed (RH) charged leptons transform with z., the three left-handed (LH)
lepton doublets with x, and so on.

We can now proceed to fix as many values of the P(Q charges as possible. As the top
quark Yukawa coupling is close to 1, then the whole Yukawa term for the up-type quarks
should arise at the renormalisable level: the only PQ charge choice consistent with this
requirement is

Ty —xQ=0. (2.15)

From the comparison of the bottom and tau masses, m; and m,, with the top mass, m;,

two additional requirements follow:
Tq — Xy ~ log, (mp/my) , Te — xg =~ log, (my/my) . (2.16)

The exact value of € depends on the specific ultraviolet theory that gives rise to the effective
Yukawa operators as in eq. (2.12). Considering that £ < 1 and that vg is expected, due to
naturalness, to remain in the ballpark of Ag, the interval of values that will be considered
in this paper is € € [0.01, 0.3], which is consistent with previous studies in the Froggatt-
Nielsen approach. The presence of the logarithm in eq. (2.16) softens the dependence on
the exact value of e: to fix two benchmark values that will be used in the phenomenological
analysis, we choose

1 for £=0.01,
Tg— Ty = Te — Ty = (2.17)
3 for £=0.23,

where the first equality follows from the closeness of the bottom quark and tau masses, while
the second benchmark with € = 0.23 corresponds to the Cabibbo angle, as traditionally
considered in the Froggatt-Nielsen framework.

The PQ charges for the exotic neutral leptons can be fixed by imposing the LSS struc-
ture of the neutral lepton mass matrix. The smallness of the entries proportional to ,u(’ ) in
favour of the entries with A may naturally follow from the condition zy, = —xg,. More-
over, in order to suppress the entries with ), with respect to the entries with ), we can



similarly impose x; = xn,, thus identifying PQ with lepton number. As we will show in the
next sections, additional constraints on the values of the PQ charges follow from consider-
ing bounds on several observables, such as the radiative rare charged lepton decays, u — €
conversion in nuclei, the effective number of neutrinos IV, and the W boson mass My .

We conclude this section discussing the consequences of the spontaneous breaking of
the PQ symmetry. In the broken phase, the complex scalar field ® can be written as

p+ ve ia/v
O =—T- 'Y 2.18
7 (2.18)
where p is the radial component and a, which can be identified with the Majoraxion, is
the angular one. As discussed in ref. [56], the VEV vg has to be large and as a result
the mass induced for the p component is much larger than the EW scale (see for details
on the associated scalar potential). Therefore, it can be safely integrated out, leaving the
Majoraxion as the only light degree of freedom relevant at the energies discussed here. The
low-energy Lagrangian containing the Majoraxion interactions reads
1 0,0 — ax y
Lo = 55;@0% - CawﬁWY”%?ﬂ - gCaXX/X(a)“ X5, (2.19)
where X l(,f,) = GMXISG) - 0,X l(ta) for each gauge boson X in the mass basis, with the index
a present only for gluons, ax = gg( /4w with gx the associated gauge coupling, and the ¢;
being coefficients that can be linked to the PQ charges. In particular,

Cau = TQ — T, Cad = TQ — Td, Cae = Tp — Te (2.20)

while the couplings with the gauge boson field strengths originate at the quantum level
due to the non-vanishing of the derivative of the axial current. See ref. [56] for the explicit
expressions in the context we are considering.

It is useful to introduce the scale f,, that is the one usually associated to the QCD
axion in the literature:

Vp
fo= 2 (2.21)
Cagg

that depends on the PQ charges of the quarks through the presence of ¢4y in its definition,
where ¢u99 = 3(Cau + Cad)-

Many different bounds are present on the scale f,, from both astrophysical and terres-
trial observables (see refs. [56, 61-73] for a very comprehensive, but still incomplete list).
The strongest one in this context is the constraint from the observation of Red Giants
cooling [74]: for masses of the Majoraxion m, < 1€V,

Cae 1 —-10 -1
=— <86x1077GeVT . 2.22
Caggf a 3f a ( )
The first equality follows from eq. (2.15) and from the closeness of the bottom quark and
the tau lepton masses. The corresponding bound on the Majoraxion scale f, reads

=001 — vp >1.2x10°GeV,
fa 2 3.9 x 10° GeV — (2.23)
£=0.23 — vg =>3.5x10°GeV.



SUB)e, SUB)er  SOB)Np+ss | U P

19 3 1 1 Ly
€R 1 3 1 xe
Ng 1 1 3 0
Sk 1 1 3 —y
P 1 1 1 -1
Ye 3 3 1 0
Y., 3 1 3

Table 1. Transformation properties of the SM leptons, exotic neutral leptons and spurions under
the global symmetries 920(3).

It is interesting to notice that for values of the scale f, around 10° GeV, the Majoraxion
may be a valid DM candidate. Indeed, while the well-known misalignment mechanism [75—
77] requires a larger f, for generic QCD axions to be produced in the right amount to
be DM, topological defects may provide an additional source of cold axions: when the
PQ symmetry is broken after inflation, domain walls and cosmic strings associated to its
breaking form and may remain in our Universe. Their decay leads to the production of
cold axions and, despite the theoretical uncertainties existing associated to this production
mechanism, the analyses show that f, > 10° GeV reproduces the correct relic density of
DM axions [78, 79].

3 g?A = SU(S)eL X SU(S)SR X 80(3)NR+SR

This section is devoted to the first scenario we outlined in the previous section. The
complete flavour symmetry characterising this framework is

Gr°® = SU(3)y, % SU(3)e,, x SO(3)Npt5s X U()pq . (3.1)

and the transformation properties under it of the involved fields can be read in table 1.
Interestingly, in this scenario, the number of exotic neutral leptons can be different from
3. In ref. [8], it is shown that the minimal scenario compatible with data from neutrino
oscillations contains only one Ni and one Sg. Although in the rest of this section we will
only refer to the 3 + 3 scenario, many of the results can be easily extended to the n +n
case, with n > 1.

The mass Lagrangian invariant under this symmetry can be written as

_ P \Te Te L P \ 2%
— L3 =T HY.er <> + 0 HY,Np + c, 0L HY, Sy <> + (3.2)
Ao Ao
1 L P 2xp—1 1 2z0—1 7
+ -cnNENR® () + fCSS%SR(I)T -— + AN]C%SR + h.c.,
2 Ao 2 As



where ¢, cy, and cg are free real parameters and A is a real scale. In particular, the
associated terms do not present any non-trivial flavour structure. The only flavour infor-
mation is contained in Y, that appears in both Dirac Yukawa terms. Notice the change
in the notation with respect to the Lagrangian in eq. (2.3): the generic ), and )], are now
substituted by the spurion Y,,, and powers of ®/Ag play the role of the generic suppressing
parameters € and p).

After flavour and EW symmetry breaking, the associated neutral lepton mass matrix
in the notation of eq. (1.2) reads

v v
0 —Y, ¢, —=e2rty,
\/§ 14 11\/5 14
v Vo _
— — YT ey —eZmel A
MX \/Q v N\/Q 9 (33)
cy—=e2aeyT A Y0 2z-1

V2 V2

where the blocks 22 and 33 are suppressed with respect to the block 23 due to the presence
of powers of £, and the same occurs to the block 13 in favour of the block 12. This enforces
the LSS structure discussed in the introduction. By block diagonalising the mass matrix,
we can identify the mass eigenvalues: at leading order,

2
U 9p,-1 [ CSVD 20,,5) T
my, = —¢ — Y, Y, My ~A, 3.4

Y2 (\/§A2 A N (34
that refer respectively to the light active neutrinos and to the heavy neutral leptons, which
are degenerate at this level of approximation. The new intermediate states, where the mass
matrix M, is block diagonal, are given by v} ~ v, — ©S%, where

O~ Y, . (3.5)

v
V2A
The next step consists in writing the spurions in terms of lepton masses and the entries
of the PMNS matrix. Without any loss of generality, it is possible to perform flavour
transformations such that the charged lepton mass matrix is diagonal in the flavour basis
and, as a result, in the charged lepton sector
2 ~ 2
Y. = £Me = £diag(m67 My, M) . (3.6)
v v

In this basis, the active neutrino mass matrix can be diagonalised by a unitary matrix, U,
defined as

iy, = Utm, U*, (3.7)

where m,, is the diagonal active neutrino mass matrix, m, = diag(mi, ma, ms). Notice
that the matrix that appears in charged current interactions (which we will call the PMNS
mixing matrix), will be the product of the unitary U times a non-unitary matrix from
the previous block-diagonalisation through ©. This correction is however bounded to be

~10 -



small [80, 81] and can be neglected for neutrino oscillation phenomenology, such that the
U matrix is given by

U = Ry3(023) - R13(613, 6cp) - Ri2(612) - diag (1, ez 6m3) ; (3.8)

with R;;(0;;) a generic rotation of angle 6;; € [0, 7/2] in the ij sector, with the addition
of the Dirac CP phase dcp € [—m, 7| in the reactor sector. ag 3 € [0, 7] are the Majorana

phases [82].
By inverting eq. (3.4), we obtain a constraint on the neutrino Yukawa spurion, such
that 1
Y, vl = 7 Um, UT, (3.9)
where 5 9m1
Ve et
f:m(Cqu,—Q\/icysA) . (310)

This condition translates into the following expression for Y,,:

1
Y, = mUﬁL,E/?%T, (3.11)

where H? is a complex orthogonal and Hermitian matrix, H7H = 1 and #! = #, that can

be parameterised as

coshr —1
e (312)

with ¢ a matrix that depends on three additional real parameters,

1Y =it - — Z,smhr

r

0 ¢1 ¢
o=\ -1 0 o3|, (3.13)
—¢2 —¢3 0

and r = (/@2 + 3 + ¢3. The presence of the H matrix is a characteristic feature of this
framework with respect to the following two that will be discussed in the next sections and
leads to a more cumbersome phenomenological discussion. Indeed, the only d = 6 operator
generated at tree level by integrating out the exotic neutral leptons is the one introduced
in eq. (1.5), with the dimensional Wilson coefficient given by

Y, Y] 1
cOd:G = A2 — W

Uml? 11 ml/2Ut. (3.14)

The dependence on H is therefore non-trivial and prevents the prediction of low-energy
observables in terms of the neutral lepton masses, PMNS matrix elements and NP scales
only. In the following, we will analyse the parameter space of these ¢; and their impact in
several low-energy observables.

2In the Casas-Ibarra parameterisation [83], a generic complex orthogonal matrix, dubbed R, appears
instead of H. However, decomposing R as a product of H and a real and orthogonal matrix, the latter can
be absorbed by a transformation of the exotic neutral leptons [84], given the fact that all the Majorana
terms are proportional to the unity matrix.
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Phenomenological consequences. In this section we will focus on a set of precision
electroweak and flavour observables that are affected by the presence of the exotic neutral
leptons. In particular, we will discuss the radiative rare decay of the muon, muon conversion
in nuclei, the effective number of neutrinos IV, as determined by the invisible width of the
Z and the comparison of the measured W boson mass My, with its prediction in terms of
the Fermi constant from muon decay.

For convenience, we introduce the parameter 7, that encodes the new contributions to
the low-energy observables [85]:

2 2
Ly vt v

~1/2 24T 24% ~1/2
VAL :4fA2Um,/ HT 1w 2Ut (3.15)

1
= -t =
77_2(9@

Notice that, in all generality, n can parameterise any deviation from unitarity of the PMNS
matrix N, that relates the active neutrinos to the mass basis:

N=(1-nU. (3.16)

The analytical expressions for the observables listed above in terms of 7 are well known
in the literature (see refs. [80, 81, 86, 87]). In our analysis, the input parameters are the
fine structure constant, the Fermi constant extracted from the dominant muon decay, and
the Z gauge boson mass. The corresponding values are [88]

Qem = 7.2973525693(11) x 1073,
G, = 1.1663787(6) x 107° GeV 2, (3.17)
My = 91.1876(21) GeV .

The non-unitarity of the mixing matrix A implies a modification of the dominant
muon decay, whose decay rate reads?

5 2
mMGF

52
I, ~ m“G“
B 19273

19273’

(1 — 2Nee — 277;1#) = (3.18)

implying the following relation between the Fermi constant parameter G, which enters
the Fermi Lagrangian, and its experimental determination G ;:

Gr =Gu 1+ Nee + M) - (3.19)

The relation between the W boson mass and the experimental determination of G,
through the muon decay, once including the non-unitarity corrections, reads

1 1 7"'046111(1 — Npp — 7766)
My =M — 4+ /- — 3.20
WA 2 \/ 4 V2G, M2 (3.20)

3For simplicity, we write all SM expressions for the different observables at tree level. However, notice
that SM loop corrections are numerically very relevant for these electroweak precision observables, and have
been taken into account in the numerical analysis. Conversely, loop corrections involving the new heavy
neutral leptons can be safely neglected [89].
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while its experimental determination is My = 80.379(12) GeV [88] (we will comment on
the new measurement at the CDF II detector in section 6).

Another consequence of the non-unitarity of A is the modification of the Z gauge
boson decay into neutrinos:

G, M3

G MEN
I‘Z—inv = 12\/§7T (3 - 4777-7— — Nee — 77##) L ol

12271

where N, is the number of active neutrinos. By comparing with the experimental deter-

(3.21)

mination, N, = 2.9963(74) [90], it is possible to further constrain the 74, terms.

The last observables that we consider are the radiative rare charged lepton decay
branching ratios and the ratio between the p — e conversion rate over the capture rate
[capt in light nuclei. The branching ratio of the radiative processes, in the limit in which
the heavy neutral lepton masses My are much larger than the EW scale, generically reads

F(fz — gj')/) 304em 9
= I .22

BR((; — (j7) =

The analytic expression for the y — e conversion in nuclei reads [91]

o(p X »e X)
o (u=X — Capture)

2
pem' 'y Hoff 212
~ = = SN (A+2)F, 2A—Z) F,

28%7[‘4:[1(3&1)(; Z |77€M| P |:( + ) u + ( ) d:| )

Ru%e =

(3.23)

where X stands for the nucleus 4N, A stands for the atomic mass number, Z (Z.g) for
the (effective) atomic number, and F), is a nuclear form factor [92, 93], whose values are
summarised in table 2 for each element. On the other hand, F, and Fy are form factors
associated to the neutrino physics parameters and are defined in [81, 91]:

M2 M2
2, 16 log (Mé‘V/> —31 3+43log (Méj,)

Fu = *SW — ,
16log (-~ | —31 3 —3log( 4
F— 1 2 My, My,
4= 73w 12 8 ’

where s3;, can be taken at its SM predicted value, s%, = 0.22377(10) (on-shell scheme) [88],
as the non-unitarity deviations would correspond to higher order corrections.

We can now proceed with the numerical analysis in order to study the parameter space
in terms of xy and the mass of the heavy neutral leptons. The numerical inputs, besides
those already reported above, are the neutrino oscillation parameters in table 3, for both
the normal ordering (NO) and inverted ordering (IO) for the active neutrino spectrum,
taken from ref. [94] and fixed at their best fit central values.

While the lightest active neutrino mass, m; in NO and mg in 1O, can vanish, the largest
value it can take is limited by the present bound from the Planck collaboration [95]: at
95% C.L.,

> m; <0.12eV, Planck TT, TE, EE + lowE + lensing + BAO (3.25)
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Nucleus 4N | Zeg F, Teapt(10°s71)

2T Al 11.5 0.64 0.7054
35 Ti 17.6 0.54 2.59
BT Au 33.5 0.16 13.07

Table 2. Atomic mass number A, (effective) atomic number Z (Zeg), form factor F), and capture
rate Tcapy, for the three nuclei Al, Ti, Au. Values from refs. [92, 93].

Observable | Normal Ordering Inverted Ordering
sin 015 0.3040515 0.304%0015
sin? B3 0.450+0:019 0.5700:059
sinf13 | 0.022467000063 002241550006

Scp/° —130+38 —82122
m 7.42+021 742702
Bl | o 510707 249079028

Table 3. Three-flavour oscillation parameters from ref. [94]. The mixing angles and the Dirac CP
phase are defined in eq. (3.8), while the mass squared differences are defined as Am? 2 2

sol = MM — M7,
Am2, . =m3 —m? >0 for NO and Am2, = m3 —m3 <0 for I0.

obtained considering the 2018 Planck data for the temperature power spectra (TT), the
high-multipole TE and EE polarization spectra, the polarization data at low multipoles
(lowE), the cosmic microwave background lensing (lensing) and the baryon acoustic oscil-
lation measurements (BAO). As a result, we will consider in our analysis that

my1 < 30meV , mg < 16 meV , (3.26)

for NO and IO, respectively. To conclude, the experimental bounds on the lepton flavour
violating observables used in the analysis can be found in table 4.

An additional constraint that strongly reduces the parameter space is associated to the
consistency of the theory: we impose that the spurions always remain in the perturbative
regime. While this is trivially satisfied by Y, as the largest entry is the one associated to
the tau and is ~ 0.01, the neutrino Dirac Yukawa spurion may take extremely large values
due to the matrix H. We therefore exclude the parameter space where any of its entries is
larger than 1 in modulus, that is |max (V,)| > 1.

To simplify the analysis, we will take all the free coefficients entering 7, and expected
to be of order 1, exactly equal to ¢, = ¢g = 1. Notice that the parameter cy does not
affect the analysis at the level of approximation considered.
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Observable | Experimental Bound Future Sensitivity

BR(u — ey) 4.2 x 10713 [88] 6 x 10714 [96]
BR(T — e7) 1.9 x 1077 9 x 1079 197
BR(T — ) 2.5 x 1077 6.9 x 1072 [97]
Ry (A]) 6 x 10717 [98]
Ry—se (Ti) 4.3 x 10712 [88] 10718 [99]
Ry—se (Au) 7 x 10713 [88]

Table 4. Experimental determinations and future sensitivities, at 90%C.L., for a selected list

of lepton flavour violating processes. “—” indicates that no bound is expected. The values of

BR(7 — ev) and BR(r — wy) have been obtained according to the definition in eq. (3.22), with
experimental data from ref. [88].

Normal Ordering, m; =0 eV,

Normal Ordering, m; = 0 eV,
=023, r=0

e=0.01L,r=0
106~ T T T 3 T 106 R B ™ .
I'. ' . : .1 p—e (Ti) (Prospect)
10°- o 10°- :
a3 .'. o1 p—e (Al) (Prospect)
104~ I 104 Hore (Aw)
Z 3§ Z . ". 1 u—e (Ti)
€100 1072 ' S 07 Vo
> 1 z . S psey
= . R = O
102- . BN \ ' "?. 102- | My
N1 \04 |“ '. ]07 4 -‘ Nv
10 N 1oy \ _; ' Perturbativity of ¥,
;l . ;(‘
1- 1 1 1 ’ 1 1L ! L)
6 8 10 12 2 3 4

X

Figure 1. Parameter space of the mass of the lightest exotic neutral lepton My as a function
of the PQ charge x;. Lines and colours are explained in the legend and in the text. Both plots

refer to the NO case with a massless lightest active neutrino m; = 0, assuming ¢; = 0, i.e.
r=/¢? + ¢35 + ¢2 = 0. The plot in the left (right) holds for € = 0.23 (¢ = 0.01).

Figure 1 provides some intuition of the parameter space of this scenario in the specific
case with ¢; = 0. The plots show the allowed regions of the PQ charge z, and the mass
of the lightest exotic neutral lepton M. They refer to NO for the active neutrino mass
spectrum, with the lightest neutrino v with vanishing mass, and fixing the PQ expanding
parameter to € = 0.23 (¢ = 0.01) on the left (right). Notice that letting the lightest active
neutrino mass be different from zero or considering IO does not modify considerably the
plots in figure 1. Moreover, as H = 1, the dependence on the Majorana phases disappears.
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The shaded areas are excluded due to the experimental present data at 90% C.L. and
to the perturbativity of Y,: in red the number of active neutrinos NV,, in orange the W
boson mass, in brown the BR(y — e7v), in blue and cyan the y — e conversion in titanium
and gold, respectively; the perturbativity bound on Y, is in light purple. The thick dashed
lines in green and blue represent the future prospects for p — e conversion in aluminium
and titanium, respectively. We do not show the future prospect for u — ev, as it is not
competitive with the ones just mentioned. The thin dot-dashed purple lines indicate when
the absolute value of the largest entry of Y, is equal to 1072 and 10~%. One interesting fea-
ture of these plots is the cusp in the experimental bounds on @ — e conversion in nuclei: the
precise value of My at which the cusp appears depends on the nuclei, but in all the cases is
in the interval [5, 10] TeV. This has been explained in ref. [91] and is due to the cancellation
that occurs in the parenthesis in eq. (3.23) between F,, and Fy, that depend on M.

Comparing the two plots, changing the value of € from 0.23 to 0.01 has as major impact
only a rescaling of x,. This is due to the fact that the dominant term, see for example the

left piece within the brackets in eq. (3.10), depends on the combination e2#¢~!

, and therefore
for a larger € corresponds a larger z, to keep the exponential constant. The information
that can be extracted from these plots is that zy < 13 (zy < 4) for € = 0.23 (¢ = 0.01)
due to the present bounds on BR(u — e7). On the other side, the perturbativity of Y,
puts upper bounds on the largest value of the lightest exotic neutral lepton. Additionally,
if one requires that the largest absolute value of the entries of Y, is not too small, say not
smaller than 1072, the viable parameter space is the one between the thick and the first
thin purple dot-dashed lines. According to this criterion, taking ¢ = 0.23, for the largest
allowed value of the PQ charge xy = 13, the lightest exotic neutral lepton can have a mass
in the range My € [0.2,17] TeV approximately, being the lowest values slightly above the
present sensitivity at colliders (see ref. [100] and references therein). Lowering the value of
x¢ translates into an increase of M1, making harder the possibility of their direct detection
at colliders in the future. Very similar conclusions hold for € = 0.01, once rescaling x;.

In figure 2 we generalise the previous analysis, allowing for non-vanishing values of ¢;,
but taking them all equal, ¢1 = ¢p2 = ¢35 = ¢. In this case, there would be dependence
on the Majorana phases, but their impact is negligible and are fixed to be vanishing for
simplicity. In this way, we can discuss only the impact of the H matrix, and enlarging the
parameter space by only one dimension. In the plots in figure 2 we show the parameter
space for 2, having fixed My = 103 TeV (on the left) and for My having fixed 2, = 5 (on
the right) with respect to r. We also are taking into consideration positive and negative
values of ¢, represented in the horizontal axis by the sgn(¢). Only the NO case with m; = 0
and € = 0.23 is considered, as a non-vanishing lightest active neutrino mass does not have
any significant effect and the IO scenario is very similar. Moreover, selecting ¢ = 0.01
amounts to a rescaling of the values of xy as seen in figure 1.

The plot on the left of figure 2 shows clearly that increasing the value of r translates
into a larger neutrino Yukawa spurion. As a result the perturbativity bound represents a
very strong constraint, actually stronger than the present experimental bounds. For this
value of My, |r| has to be smaller than ~ 8. Interestingly, when imposing a “natural”
value of Y, that is |max (V)| € [1072, 1], small values of z, require non-vanishing values
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Figure 2. Parameter space of z, having fixed My; = 103 TeV (on the left) and of My having
fixed ¢ = 5 (on the right) as a function of the parameter sgn(¢)r. Both plots refer to the NO case
with m; = 0, ag = a3 = 0, and assuming ¢; = ¢2 = ¢3 = ¢. Lines and colours are explained in
the legend.

of r. Nevertheless, values of r > 1 imply, by construction, that Y, Y,  is significantly larger
than Y, Y,]. In other words, that the contribution to the d = 6 operator is further enhanced

with respect to that of neutrino masses, besides the £2%¢—1

suppression arising from the
LSS. A very particular texture for Y,, maybe originated by some additional symmetry,

would be implied in this part of the parameter space.

The plot on the right of figure 2 is very similar, although with the difference that the
perturbativity condition dominates at smaller |r|, while the present experimental bounds
do for larger |r|. Having fixed zy = 5, the allowed range of values is |r| < 13. For larger
values of the exotic neutral lepton mass, the allowed parameter space for |r| gets shrunk.
Also in this plot, we can appreciate that non-vanishing values of r can be necessary in
order to remain in the “natural” region for Y, .

We now explore the parameter space without imposing any relation between the three
¢i- The results are shown in figures 3 and 4. We approach the multidimensionality of
the parameter space by performing a scatter plot, generating 2000 points with My, €
[1,10%] TeV, r € [0.1, 10], ¢1/¢2 € £[0.1, 10], ¢2/¢3 € £[0.1, 10], and z; being an integer
in the range [5,13]. The latter range is set in order to satisfy the hierarchies in the full
neutral mass matrix (and therefore the approximation under which the diagonalisation is
performed, which requires z; > 5), and also to respect the experimental bounds or the
perturbativity condition (which are not satisfied for =, > 13).

In the plots in figure 3, we show the parameter space |max (Y,)| vs. Mn1, for the
NO active neutrino spectrum. Crosses represent points ruled out because of experimental
limits, while empty circles show the points allowed but beyond the prospects, and full
circles correspond to points allowed within the prospects. Colours refer to the intensity of
the parameters considered: xy in the top-left plot, r in the top-right, and the ratio ¢1/¢2
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Figure 3. Scatter plots in the plane |max (Y, )| vs. Mn1. The plots refer to the case of NO
active neutrino spectrum with € = 0.23. The colours indicate the value of the several parameters:
top-left the PQ charge x4, top-right r, bottom-left the ratio ¢1/¢2, and bottom-right the lightest
active neutrino mass my. The crosses represent points ruled out because of experimental limits,
the empty circles show the points allowed but outside of the prospects, whereas the full circles
correspond to points allowed within the prospects. The shaded area represents the exclusion due
to the perturbativity condition. The Log in the legends refers to the decimal logarithm.

in the bottom-left; in the bottom-right plot, we show the dependence on the lightest active
neutrino mass. The four plots give complementary information that are well consistent
with the results in figures 1 and 2. All the plots present higher densities of points along
lines: this is the effect of the discretisation of ;.

In the top-left plot we can identify three main regions: top-left where most of the
points are crosses; bottom-right where most of the points are empty circles; and diagonal
bands of red and orange full circles. The latter correspond to xy 2 11 for masses of the
lightest heavy neutral lepton that span a pretty large window of values, from 1TeV up
to 400 TeV. However, smaller values of xy (blue or purple full circles) are also present,
but are associated to scattered values of Myq. As figure 1 shows, the values of |max (Y),)]
corresponding to these points are expected to be (much) smaller than 1072; here we can
appreciate the effect of H, enhancing |max (Y, )| without spoiling the description of the
active neutrino masses. This is confirmed in the top-right plot, where the same points of
the plot on the left are reported, but showing the dependence on r. The points in the
diagonal bands corresponds to smaller values of r (blue full circles), while those associated
to larger values of r are more randomly distributed. These features are due to the fact
that for small values of r, H tends to the unity matrix, and therefore |max (Y,)| is mainly
determined only by Mpy1 and x,. This relation is lost once r acquires large values.
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Figure 4. Scatter plots in the plane |max (Y, )| vs. M1, showing in colours the value of the several
parameters: left R77 and right R}F. The plots refer to the case of NO active neutrino spectrum
with m; = 0 and € = 0.23. Symbols are the same as in figure 3, while colours refer now to the
observables displayed.

The plot in the bottom-left contains the information of the hierarchy between the
¢1 and ¢y parameters. The ¢o2/¢p3 plot looks very similar to this one. First of all, the
lack of points associated to very large and very small values of the ratios — red and
blue points — is simply a consequence of the chosen flat distribution of the values of
¢;. Moreover, the crosses and the full and empty circles have similar densities and are
similarly distributed in terms of colours: this indicates that hierarchies among ¢; do not
lead to specific phenomenological features.

The last plot, bottom-right, shows the dependence on the lightest active neutrino mass:
the density of the colours is pretty uniform in the whole parameter space, indicating the
absence of a strong dependence on mji. The other three plots have been obtained with
m1 = 0 and the only effect of a non-vanishing mass is to slightly disperse the points. Very
similar conclusions hold for the Majorana phases, and thus we do not present explicitly
any dedicated plot.

The plots of figures 4 and 5 conclude our analysis of this scenario. The parameter
space and the symbols of the points in the plots in figure 4 are the same as in figure 3,
while the colour code refers to the magnitude of the ratios among the branching ratios of
the radiative rare charged lepton decays:

2

00 BR(¢; — fj’)/) ‘nfjfi
Rlb _ _ , 3.27
bl ™ BR(Gr — Lsy)  |npse, | (8:27)

where the last equality follows from eq. (3.22). The three ratios are not independent, and
in particular we will present in figure 4 only plots for R7j, and R]£, as any conclusion on

Rje can be obtained noticing that

RIC = RIERIE. (3.28)

The two plots are very similar to each other: the upper region is excluded due to
the perturbativity condition; the extreme left part of the parameter space is excluded by
current bounds, while the extreme right one is beyond the future prospects; the central
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Figure 5. Density histograms for the ratios of the branching ratios Rﬁ;ﬁ for NO on the left and

for IO on the right. In orange R7, in blue R}¢ and in green R}.. The input is the set of points

allowed by the present experimental bounds and by the perturbativity condition.

oblique region of the full circles are values of the parameter space that may be testable in
the near future. The plots indicate an approximate direct proportionality between M
and |max (Y,)|. Interestingly, in the two plots, the smallest My is of a few TeV and
corresponds to not so small values of |max (Y,)|.

In each plot, there is a dominant colour, indicating a most frequent value of the ratios
of the branching ratios. This can be easily seen in the left plot of figure 5, that represents
a density histogram for the three observables: in orange R7j, in blue R}¢ and in green
R}kE. The histogram input is the set of points in figure 4 that pass the present experi-
mental bounds and the perturbativity condition, that is the full and empty circles. Each
distribution, despite being not very narrow, is centred around a specific value: the ranges

of the most frequent values are
R, ~ 0.1, Rk~ [3,30], Rye ~ 0.3, 3], (3.29)

corresponding to a well determined hierarchy among the branching ratios of the different
processes,
BR(1 — ey) SBR(7 — ey) < BR(T — uy). (3.30)

This is consistent with the results presented in ref. [35] for this case (dubbed EFCI in that
paper), when considering the different input parameters.

Assuming the observation of the muon radiative rare decay with a value close to the
present bound, the predicted values of the branching ratios of the tau radiative rare decays
are BR(T — ev) ~ 1.8 x 10713 and BR(7 — uy) ~ 6 x 10713 that unfortunately are far
from the present experimental bounds and will hardly be achievable in the future.

We conclude this section commenting on the IO active neutrino mass spectrum sce-
nario. As already stated at the beginning of this section, the 10 case does not lead to
significantly different phenomenology with respect to the NO one. The equivalent plots in
figure 3 for the IO scenario are very similar. Besides, the general behaviour shown in the
plots in figure 4 is also present for the IO case, although the most frequent values of the
ratios of the branching ratios are slightly different. This can be clearly appreciated looking

—90 —



SUB)vy SUB)er, U(l)pg
4y, 3 1 Ty
eR 1 3 Te
Npg 3 1 Ty
Sk 3 1 —Ty
P 1 1 —1
Y. 3 3
YN 6 1

Table 5. Transformation properties of the SM leptons, exotic neutral leptons and spurions under

the global symmetries QIEU(S)V.

at the density histogram in the right plot in figure 5. The distributions are not very peaked
towards a certain value. Nevertheless, we can conclude that

Ry, ~[0.03, 1], RyL ~ [1, 30], Rye~1, (3.31)

which complicates the determination of a clear hierarchy among the branching ratios,
besides concluding that BR(7 — u7y) dominates over those of the other processes. In any
case, assuming a determination of the muon decay with a branching ratio equal to the
present experimental bound, the corresponding predictions for the tau decays do not look
hopeful for an observation of these decays in the future.

4 G A =8U(3)y x SU(3)., with Ng ~ Sk ~ 3

We now discuss the second scenario, CASE B, that is characterised by a smaller symmetry
group with respect to the previous framework:

i P = SUB)y x SU)e, x Ul)pg, b

where the first term, SU(3)y, is the symmetry of both the EW lepton doublet and the exotic
neutral leptons. Moreover, in this case, the two types of exotic neutral leptons transform
identically under SU(3)y. The corresponding transformation properties are collected in
table 5.

The mass Lagrangian invariant under this symmetry can be written as
o P \ Te—Te s s P 2xy
~ P =l HY,ep <A> + Nl HNR + ¢ 5, HSR <A> +
® @

1 L 21.2_1 17 25!3[—1
+ —ecnNEYNNR® () + = SEYNSRT | — + (42)
2 As 2 Asp

+ ATEYNSR + h.c.,
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where ¢; are free real parameters and A is a real scale. The only neutrino spurion now is
YN, that is symmetric, Yy = Yﬁ .
The neutral mass matrix in the symmetry broken phase reads

0 CVN% CVS%EZI(Z
v Yo 94,1
= CuN——= CN——=E Y] AY]
My uN\/§ NS N N . (4.3)
v 82“ AYN Ui‘béau—l YN

VO V2

The spontaneous breaking of the PQ symmetry guarantees the LSS hierarchical structure,
and by block diagonalising the neutral mass matrix, the mass eigenvalues read at leading
order

2 2
_ VU og—1 [ YNV 2cyNCysE 1 -
my, = 26 <\/§A2 A )YN , My ~AYy. (4.4)

Notice that in this case, the exotic neutral leptons are not all degenerate, but the heavy
neutral mass matrices contain flavour information through the dependence on Yx. The
mixing © between the active and exotic neutral leptons is given in this case by

CyNVU
@ ~

~

We can now proceed with the determination of the spurions exclusively in terms of

Yyt (4.5)

lepton masses, the entries of the PMNS and the scale f. The charged lepton spurion follows
the same relation as in the previous case, taking a background value such as in eq. (3.6).
On the other hand, from eq. (4.4) and considering the same definition of the U matrix as

in eq. (3.7), we obtain

Yy = fUm;UT, (4.6)
where , )
_ V7 gg1 [ CunVD 20uyCuE 4
f= 5 € (ﬂAQ A ) . (4.7)

Differently from the previous case, the spurion is now uniquely determined in terms of
known quantities and the scale f, guaranteeing a strong predictive power of this scenario.
Indeed, the only d = 6 operator generated at tree level after integrating out the exotic
neutral leptons is the one defined in eq. (1.5), with the associated Wilson coefficient

2 2
_ CNv-1 (v-1\T _ CN 25t
COd:G = A2 YN (YN ) = WU m, U'. (48)
Phenomenological consequences. We can now proceed with the computation of the
same observables as described in the previous section. In order to do so, we first introduce
the explicit expression for 7 in this scenario:

2 2 2 2
_ GNY 1 (1T LGNV o
n= vt () = U Ut (4.9)
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Figure 6. Parameter space of the lightest neutral exotic lepton mass My vs. the PQ charge xy.
Lines and colours are explained in the legend and are the same as in figures (1) and (2). The plot
on the top-left is for the NO case with a massless lightest active neutrino and ¢ = 0.23. The one
on the top-right differs from the previous one in that m; = 30meV. The one in the bottom-left
corresponds to the IO case with a massless lightest active neutrino and ¢ = 0.23. The plot on the
bottom-right is the only one with ¢ = 0.01 and it refers to NO with m; = 0.

As already stated, the predictive power of this scenario is much higher with respect to
the previous case, due to the selection of Yy as the only neutrino spurion. Moreover, the
dependence on the Majorana phases a3 disappears in 7, further reducing the parameter
space for this scenario. Consistently with the previous study, we fix the order 1 parameters
equal to ¢,y = ¢, = 1. We repeat an analysis based on the same observables considered
in the previous section, showing the main results in figure 6.

The plots in this figure illustrate the allowed parameter space of the lightest exotic
neutral lepton mass Mpyq vs. the PQ charge x,, once the present experimental bounds and
the perturbativity condition of the neutrino spurion Yy are imposed. The future prospects
for p — e conversion in nuclei are also shown. The characteristic cusps associated to the
experimental bounds are also present in these plots. The colour code and the choice of the
lines are defined in the legends consistently with the analysis in the previous section.
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The four plots are very similar, and constrain the allowed parameter space for the light-
est exotic neutral lepton, My1 ~ [10, 105] TeV, and the PQ charge, 2, < 13 (2, < 4) for
e =0.23 (¢ = 0.01). For the largest allowed values of xy, the range of values of M1 becomes
more and more constrained to its smallest allowed value, Mpy1 ~ 10 TeV. While the experi-
mental bounds constrain the lower part of the parameter space, the perturbativity condition
affects an almost complementary region: when requiring that Y remains within the “natu-
ral” window, i.e. |max (Yy)| € [1072, 1], the allowed area is further reduced, implying that
smaller values of My correspond only to larger values of xy. To better understand the con-
straint due to the perturbativity condition, it is useful to manipulate eq. (4.4), expressing
the active neutrino mass matrix in terms of M. The dominant contribution reads

82$g—1

My X ——5—
My

Y. (4.10)

It is straightforward now to understand that the top-right region of the plots is excluded
by the perturbativity condition.

Despite their similarities, the four plots provide complementary information. Compar-
ing the two plots in the top, they both refer to the NO active neutrino spectrum and with
€ = 0.23, but the lightest neutrino mass is set to two different values: on the left m; =0
while on the right m; = 30 meV, that is the largest value consistent with eq. (3.26). The
biggest difference is due to the perturbativity condition: when increasing the lightest active
neutrino mass, the bound shifts to larger values of My and, although only slightly, of x,.
The experimental constraints are less sensitive to m;.

The plot in the bottom-left shows the IO case, for a massless lightest active neutrino
and € = 0.23. By comparison with its NO counterpart, we conclude that also in this
scenario the ordering plays a minor role.

The last plot, in the bottom-right, is for ¢ = 0.01, NO and with m; = 0. The main
effect of changing the value of ¢ is, as expected, a shift in the values of xy, since the

dependence is through g2%¢~!

, as mentioned in the previous section. On the other hand,
comparing it with the plot in the top-left, we can see that the perturbativity condition is
stronger: if we require Yy to be in the “natural” regime, a smaller region of the allowed
parameter space is left, indicating an inverse proportionality between My and x,.

Comparing the results of this CASE B with the ones of the previous CASE A, we can
notice that in this scenario the exotic neutral leptons cannot be as light as in the previous
scenario, excluding any possibility of direct production and detection of these states at
colliders. For what concerns the values of xy, the allowed range of values is very similar.

On the other hand, indirect searches can be much more promising in providing infor-
mation about this new physics. In this framework, present experimental bounds on y — ey
can test values of the NP scale up to ~ 10 TeV, while the future prospects on the u — e
conversion in nuclei may reach up to 103 TeV.

A complementary test is provided by the ratios of branching ratios of radiative rare
decays of charged leptons, RZZZS. This scenario is so much more predictive than the previous
one that we can identify specific values of these observables for the NO (I0) active neutrino
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spectrum:
RLZ =1.5(0.8), RZZ =0.06 (0.04) R;‘; =27(20). (4.11)

We can therefore identify clear hierarchies between the branching ratios of the different
processes:

BR(p — ey) < BR(7 — evy) < BR(7 — ) Normal Ordering,
(4.12)
BR(7 — ey) <SBR(pu — evy) < BR(T — ) Inverted Ordering .

Unfortunately, as in the previous case, the predicted values of the tau decay branching
ratios, assuming the observation of the muon decay, are extremely small.

We conclude this section comparing these results with those obtained in ref. [35], and in
particular to the case dubbed EFCII. For the NO case, a strong dependence on the lightest
neutrino mass had been pointed out in the RZZEZ observables. This apparent contradiction
finds an explanation in the different spurion analysis performed in the two studies: we

explicitly integrated out the heavy neutral leptons obtaining that n oc Yy ! (YA? 1)T; in
ref. [35], instead, n had been computed with the traditional spurion insertion technique,
obtaining that n o Y},YN (see A in eq. (2.29) in ref. [35]). As a result, while the dependence
on my is negligible in this analysis, it is instead dominant in the study presented in ref. [35].
In the 10 case, both analyses agree: despite the different definition of 7, the dependence
on mg is negligible and the predicted ratios of branching ratios are very similar.

5 GNA =SU(3)y x SU(3)., with Ng ~ Sg ~ 3

The last scenario that we will investigate is based on the same flavour symmetry group as

the former case, g?,U(?’)

vV as defined in eq. (4.1). The main difference in the model building
are the transformation properties of the exotic neutral leptons: while Ng transforms as a
triplet, Sg does so as an anti-triplet of the SU(3)y group. The transformation properties
under Q}S;UB)V are collected in table 6.

The mass Lagrangian invariant under this symmetry can be written as

. q) Te—Ty s L @ 2z,
_Dgg:ZLHYeeR () —|—CVN€LHNR+CV5€LHY]1}SR () +

Aq;. A<I>
S 2e0-1 g ot \ 2 (5.1)
—enNSYNNp® | — —GeylSpdt [ —— :
+ 5N NRYNNR (Aq>> +2SR NOR <Aq>> +
—{—ANi]%LSR—{—h.C.,

where ¢; are free real parameters and A is a real scale. As for CASE B, the only neutrino
spurion is the symmetric Yy. Notice the differences with respect to .,2”}}/3: the flavour
information now appears both in the Majorana and Dirac mass terms.
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SUB)vy SUB)er, U(l)pg
4y, 3 1 Ty
eRr 1 3 Te
Npg 3 1 Ty
SR § 1 —Xy
P 1 -1
Y. 3 3
YN 6 1

Table 6. Transformation properties of the SM leptons, exotic neutral leptons and spurions under
. SU®3)v
the global symmetries Gy, .

The neutral mass matrix in the symmetry broken phase reads

0 CVN% Cus %52“ YJT[
v U 94,1
= CuN ——= CN——=E Y, A . .
M, N NG N NG N (5.2)
Y ey A 2 2w-1yf

c
vS \/i \/i
The difference with respect to the previous case in the position of the neutrino spurion Yy
leads to slightly different expressions for the neutrino masses:

2 2
— ﬂ 2zp—1 C,NVD _ 2CVNCVS5 YT M~ A
my 9 € <\/§A2 A ) N> N — . (53)

In this case, the six heavy neutral leptons are exactly degenerate at this level of approxi-

mation.
The mixing © between the active and exotic neutral leptons is given in this case by

CyNV
O~ , 5.4
T (5.4)

that is independent on any flavour information. This is different than what occurs in the

previous two scenarios, and leads to sensibly different phenomenological results.
Regarding the determination of the spurions in terms of lepton masses and PMNS
mixing, the charged lepton spurion satisfies again the relation in eq. (3.6), while for the
neutrino one we obtain 1
Yy = 7 U*im, UT, (5.5)
where f has the same expression as in eq. (4.7). Although the spurions are uniquely deter-
mined in terms of lepton masses and mixing and the scale f, the low-energy phenomenology
does not contain any flavour information, as the coefficient of the d = 6 operator simply

reads
2

C
COyg = K—{j (5.6)
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Figure 7. Predictions for the effective number of active neutrinos N, (left) and the W gauge
boson mass (right) as a function of the lightest heavy neutral lepton mass My1. The best fit values
(dotted-dashed line), and the 90% C.L. (shaded area) experimental limits for the observables are
displayed.

Phenomenological consequences. The phenomenological analysis of this scenario is
much simpler with respect to the previous contexts, as the low-energy observables do not
depend on neither xy nor on the neutrino oscillation parameters. Indeed, the  matrix now
is proportional to the identity matrix,

2 2

CoNU
n="11 (5.7)

depending on only one effective parameter ¢,ny/A. Consistently with the analysis in the
previous sections, we fix the order 1 coefficient to be exactly ¢,y = 1 and discuss the
effects of NP only in terms of A, that is in first approximation the mass of the heavy
neutral leptons.

The parameter 7 is flavour blind and therefore in this case no deviations with respect to
the SM values are predicted for the flavour violating observables discussed in the previous
sections (radiative rare charged lepton decays and p — e conversion in nuclei). On the
other hand, deviations from unitarity of the PMNS matrix N are expected, affecting the
number of active neutrinos IV, as determined from the invisible width of the Z and the W
boson mass through the modified decay of the muon, from which G is extracted. This is
illustrated in the plots in figure 7.

The two plots provide a very similar information: consistency with the experimental
determination of the two observables is obtained with masses of the heavy neutral leptons
above a few TeV, that is My = 2.4 TeV from the left plot on N, and My1 2 3.6 TeV from
the right plot on Myy. Although these values are still above the present sensitivity to these
exotic fermions at colliders, there is hope for discovery in future facilities.

With this information at hand, we can now deduce the preferred values of xy. In figure 8
we study the dependence of the mass of the lightest heavy neutral lepton on the lightest
active neutrino mass, for ¢ = 0.23 (¢ = 0.01) on the left (right). Continuous lines refer to
the NO active neutrino spectrum, and dashed lines to the IO one. The range of values of
the lightest active neutrino masses is consistent with the cosmological bound in eq. (3.25).
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Figure 8. Heavy neutral lepton mass My as a function of the lightest active neutrino mass, my
for NO and mg for 10, represented for several choices of the PQ charge xy, and for ¢ = 0.23 and
¢ = 0.01. The neutrino spurion satisfies |max (Yx)| = 1. In the two top plots (¢ = 0.23 in the left
and € = 0.01 in the right), solid (dashed) lines indicate NO (I0): both lines are represented in the
whole range available for the lightest neutrino mass. The shaded regions refer to the experimental
bounds on Myy and N, as from the right plot in figure 7.

To simplify the analysis, we fix the largest absolute value of Yy at its maximal value
allowed by the perturbativity condition, |max (Yy)| = 1. We will comment below the
consequences of taking smaller values.

For e = 0.23, we can see that z, < 14 to agree at 90% C.L. with the bounds from My .
This is the most appealing scenario, since it corresponds to the smallest masses, down to
~ 4TeV, allowed for the heavy neutral leptons. Notice that, in order to keep Yy “natural”,
that is order 1, smaller values of x; require heavier My, so as to reproduce the correct
neutrino masses.

As discussed in the previous scenarios, CASE A and CASE B, choosing ¢ = 0.01
corresponds to a rescaling of the PQ charge: z, < 5. In contrast with the left plot, the
masses of the heavy neutral leptons are much higher, larger than 50 TeV, once xy takes the
largest possible value consistent with data.

Considering the neutrino spurion within its “natural” range of values, the plots in
figure 8 would be slightly affected. In particular, taking |max (Yy)| = 1072, it is possible
to further restrict the values of the PQ charge, that, in this case, would have to satisfy
x¢ < 13 for the e = 0.23 case. On the other hand, for ¢ = 0.01, x; = 4 is still the largest
value allowed by the experimental bounds on My,. On the other hand, for fixed values
of xy, considering smaller values of |max (Yy)| allows smaller values of My, being an
interesting possibility for detection at colliders.

6 Implications of the recent measurement of My,
The very new determination of the W gauge boson mass at the CDF II detector [57],
My = 80.4335(94) GeV , (6.1)

is in significant tension with the SM prediction. When taking this value into account in
our analysis, the parameter space is strongly affected. Indeed, in CASEs A and B, if we
attempt to solve the new tension in My, the corresponding parameter space is excluded
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by the lepton flavour violating processes. In particular, in CASE A, the My, dependence
on My is very mild for the whole range considered, that is My € [1, 106] TeV, while it
does depend on xy. For the specific NO benchmark with m; = 0, ¢ = 0.23 and r = 0, a
value of My, within the 90% C.L. of the new measurement is obtained for z, = 15, which
is excluded from both the NN, and all the lepton flavour violating processes. Allowing for
a non-vanishing my, lowering ¢ or considering the IO scenario does not lead to a different
conclusion. A non-vanishing r, however, may have interesting results. Indeed, to solve
the My tension, a relatively large value of 1. + 1, is necessary, and r > 1 increases by
construction the value of the elements of 7. In spite of that, it turns out that the required
values of r are ruled out by the other observables. For example, considering My, = 1TeV
and x, = 13, that is an allowed point in the left plot in figure 1 and within the future
prospects for y — e conversion, the required value would be r = 4.6, which is ruled out.
Instead, selecting a benchmark consistent with figure 2, with My1 = 103 TeV and z, = 5,
the corresponding value would be r = 14, also excluded. We can conclude that no points
in the parameter space of CASE A would be consistent with the explanation of the new
measurement of My, and with the experimental bounds considered.

A very similar conclusion holds for CASE B. In particular, for NO with m; = 0
and € = 0.23, the My tension is alleviated with My € [1.1, 1.4] TeV and for z; in the
whole allowed range. As shown in the top-left plot in figure 6, these values are excluded
not only by the radiative rare muon decay and by g — e conversion, but also by the
number of active neutrinos, which requires Mpy1 > 1.6 TeV. Allowing for a non-vanishing
lightest active neutrino mass or a smaller £ does not alter this conclusion. Moreover,
considering the IO case, the favoured values for the lightest heavy neutral leptons are
Mpy € [2, 2.4] TeV. This range would be consistent with the bound from N,,, which in this
case requires Mpy1 > 1.9 TeV, but is excluded by the flavour violating processes.

Finally, CASE C is particularly interesting in this respect, as it predicts the absence of
any flavour violating process. The equivalent plot of that on the right in figure 7 is reported
in figure 9. The allowed values for My considering the 90% C.L. of the new experimental
determination shrink to a very narrow range,

Mpyy € [2.3, 2.9] TeV (6.2)

where only the lower values are excluded by the effective number of neutrinos, which puts
a lower bound on Mpyq of 2.4 TeV.

In contrast with the other cases, this last scenario does provide an explanation of the
My tension, being consistent with the other experimental bounds and the perturbativity
condition, yielding a very sharp prediction for the lightest heavy neutral lepton. Consider-
ing further constraints on this interpretation of the new My measurement, it is interesting
to point out that lepton flavour universality tests from various meson and tau decays, that
are also strong probes of the PMNS unitarity, do not apply in this CASE C, as the 75
matrix in eq. (5.7) is flavour blind. On the other hand, translating the range of values of
Mp1 in eq. (6.2) in terms of 7, we obtain that n ~ 0.002. This would worsen the present
Cabibbo anomaly, which would instead require a negative value for 7 (for a recent review,
see ref. [101] and references therein).
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Figure 9. Predictions for the W gauge boson mass as a function of the lightest heavy neutral lepton
mass Mpy1. The best fit value (dotted-dashed line) as reported in eq. (6.1), and the corresponding
90% C.L. (shaded area) experimental limits are displayed.

7 Conclusions

The Inverse Seesaw mechanism is well known to display the interesting feature of separating
the scale of lepton number violation from the mass scale of the exotic neutral leptons that
enrich the spectrum. As a result, the associated phenomenology is not suppressed by the
tiny masses of the active neutrinos, and the heavy neutral leptons could be, in general, suffi-
ciently light to be produced and detected at colliders. In this paper we investigated a possi-
ble dynamical origin of the lepton number breaking within the Minimal Lepton Flavour Vio-
lation setup. Indeed, one of the Abelian terms of the whole flavour symmetry corresponds to
the Peccei-Quinn symmetry and can also be merged with lepton number. Thus, it provides
a natural mechanism to explain the smallness of the lepton number breaking parameters.

An interesting consequence is the appearance of an axion that provides a solution
to the Strong CP problem and represents a possible candidate for Dark Matter, with a
characteristic scale that can be as low as f, ~ 108 GeV. In this context, this axion plays
also the role of a Majoron. While its phenomenology has been previously studied in ref. [56],
we focused here in the effects of the new exotic neutral leptons. In particular, we studied
the impact of the non-unitarity of the PMNS matrix, that can impact precision electroweak
and flavour observables. Stringent constraints can be derived from the effective number of
active neutrinos as determined from the invisible decay width of the Z, the value of the
W gauge boson mass when compared to its prediction from the Fermi constant from muon
dominant decay and various lepton flavour violating processes, such as p — e conversion
in nuclei and radiative rare charged lepton decays.

Notice that the Minimal Flavour Violation ansatz further sharpens the predictivity of
these scenarios by pinpointing the observable which is most sensitive to new physics, given
the correlations between the different coeflicients of the d = 6 operators that are derived
from each specific case. We have, for the first time, explored systematically all realisations
of Minimal Lepton Flavour Violation in this Low-Scale Seesaw context, identifying three
different scenarios in terms of possible lepton flavour symmetries and of the transformation
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properties of the exotic neutral leptons. Indeed, while the most general scenario lacks
predictive power due to the presence of several independent spurions, we reduce their
number to two in each considered framework. We find significant differences between the
three scenarios.

Indirect searches: CASEs A and B predict non-vanishing contributions to u — e conver-
sion in nuclei and radiative rare charged lepton decays, which provide the strongest
experimental bounds. The 7 — pvy decay is predicted in both cases to be the dom-
inant one, while there is no clear hierarchy between the branching ratios of u — evy
and 7 — e, once considering the different options of NO and IO. Instead, in CASE
C no lepton flavour violating effects are expected, and therefore its best probes are
electroweak precision observables.

Direct searches: regarding the masses of the heavy neutral leptons, CASEs A and C
allow values as low as a few TeV, while in CASE B the lightest values are about
10 TeV. As a consequence, we may hope for a detection of the heavy neutral leptons in
the future colliders only in the first two scenarios mentioned, that is CASEs A and C.

In summary, the three frameworks described are therefore consistent with present
experimental data from both flavour facilities and colliders. An observation of radiative
rare decays or u — e conversion in nuclei would not be consistent with the predictions in
CASE C, while it would correspond to well defined points in the parameter space for the
other two cases, even if other experimental inputs will be necessary to identify a specific
scenario. Besides, direct collider searches may be very promising to probe CASEs A and C.

In the light of the very recent measurement of the W boson mass at the CDF II
detector and its corresponding tension with the Standard Model, CASEs A and B would
not be consistent with an explanation of this anomaly. On the other hand, within CASE
C, a value for My, within its 90% C.L. pinpoints a narrow range of values for the masses
of the lightest heavy neutral leptons, at about 2 — 3 TeV. Although this sharp prediction
would worsen the present Cabibbo anomaly, it is consistent with the constraint given by
the effective number of active neutrinos and could be testable through collider searches in
the near future.
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