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1 Introduction

The tantalizing pattern of masses and mixings of the elementary particles composing the
visible universe calls for a change of paradigm. The origin of flavour lurks behind the
limits of our understanding of the Standard Model (SM). Beyond the perplexity of “why
three fermion generations with such diverse masses and mixings”, the flavour puzzle is also
central to attempts to solve SM fine-tunings. For instance, beyond the SM theories (BSM)
attempting to solve the electroweak hierarchy problem typically convey unacceptable con-
sequences in the flavour sector: this is known as the flavour problem. Flavour contributions
are also one of the main ingredients in formulating the strong CP problem of the SM.

In the SM, the only source of flavour are the Yukawa couplings introduced as arbitrary
numerical inputs, “just-so” numbers which account for the fermion masses and mixings.
This consistent procedure is nevertheless unsatisfactory in its arbitrariness. Symmetries,
and in particular gauged symmetries, have engendered our deepest understanding of par-
ticle dynamics and a decades-old unfulfilled dream is that of explaining the flavour puzzle
in terms of a symmetry principle.

Attempts in this direction have been carried out in the past [1], generally from a top-
down approach. A generic consequence of these models is that the explanation of the
flavour puzzle is affected by the same flavour problem that afflicts many extensions of the



SM, e.g., theories addressing the hierarchy problem. This issue of course does not disprove
the models of flavour, but it does however place the scale of new physics well beyond direct
probe [2].

Minimal flavour violation (MFV) [3, 4] is in contrast a bottom-up approach that aims
at characterizing the low energy effects of a class models that are not afHlicted by the
flavour problem, e.g. SUSY models with gauge mediated SUSY breaking. The framework
is based on the global flavour symmetry group that the SM exhibits in the limit of vanishing
Yukawas [4], plus the simple assumption that at low-energies Yukawa couplings are the only
source of flavour in the SM and in whatever the BSM theory of flavour is. For quarks, the
flavour symmetry exhibited by the SM massless Lagrangian is [3]

U(3)q x U(3)u x UB)a, (L.1)

where @) denotes quark SU(2), doublets and u and d stand for the right-handed components
of up and down quarks. Yukawa couplings break the symmetry and they are then treated
as spurions of the flavour group, weighting the possible BSM effective operators so as to
make them invariant under the flavour group. As a consequence, MFV predicts the relative
rates of flavour changing transitions, and furthermore new effects at or close the TeV scale
are allowed.

The MFV ansatz is neither the only flavour ansatz compatible with data nor a theory
of flavour, though. There have been attempts to go from the effective approach — where
the Yukawas are treated as spurions — to a more fundamental level where the Yukawas are
dynamical “flavon” fields, acquiring a non-trivial vacuum expectation value. The potentials
for the corresponding scalar fields have been discussed for several possible flavour repre-
sentations, with interesting consequences [1, 5-14]. Although a dynamical justification for
all fermion masses and mixings is still lacking, the potential minima lead for instance to no
mixing at leading order in the quark sector (in contrast to the lepton sector discussed fur-
ther below) when each Yukawa coupling is associated to a single flavon, a very encouraging
first step.

Nevertheless, unless the continuous symmetry in eq. (1.1) is substituted by a convenient
discrete subgroup, a generic consequence of breaking spontaneoulsy the SM global flavour
group is that of unobserved goldstone bosons. Would instead the symmetry be gauged,
the goldstone bosons would become the longitudinal degrees of freedom of massive vector
bosons. This exploratory effort was launched for the quark sector in ref. [15] and continued
in refs. [17-22]. In ref. [15] it was shown that the consistency of the gauge theory via
anomaly cancellation conditions, requires the addition of fermions with drastic implications
for phenomenology.
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The masses of the extra fermionic content of those gauged-flavour models are inversely
proportional to the masses of the light SM fermions (as it was introduced in ref. [16]), with
the consequence that flavour-changing neutral currents (FCNC) are highly suppressed for
light generations and new exotic gauge bosons could be as light as the electroweak scale.
This theory, with gauge symmetry at its core, offers a different take on the number of
generations; the fields must belong to irreducible representations of the flavour group and
thus the number of generations is linked to it, in the precise same sense in which there
are three colors in QCD. Although the starting motivation was the phenomenologically
successful MFV ansatz, the mechanism for protection against the flavour problem in the
gauged-flavour model does not conform to the MEF'V hypothesis; yet it is still very effective.

Here, the gauging of the lepton flavour group is considered. Our present knowledge of
masses and mixing in this sector is summarized as [24, 25]:

me = 0.511MeV, m, =0.106GeV, m,=1.78GeV,
(2.457 £0.047) x 1073eV?  NH
(2.4491001%) x 1073 eV? IH

sol — atm )

AmZ; = (7.501079) 107°eV?,  Am? :{

0.78\° (42-31?18)0 NH (8-50i813?)0 NH
012 = (33.487072) , a3 = s , b3 = 020+ 0 :
(49.57573) IH (8.51%5:3Y) IH
(1.2)
where only three significant digits and no errors have been reported for the charged lepton
masses, as any further precision is below the present uncertainty on the other parameters.
In contrast to the quark case [15], the unknown nature of neutrino masses opens several
possibilities for constructing a consistent model with the lepton flavour symmetry gauged,
as evidenced by the various definitions of MFV in the lepton sector [26-30]. The guiding
principle followed here will be to consider phenomenologically viable setups with:

- Maximal flavour symmetry group of the Lagrangian for massless SM fermions
- Minimal extension of the spectrum

In the absence of right-handed neutrinos and neglecting fermion masses, the SM leptonic
Lagrangian is invariant under the continuous flavour group

U(3)g X U(3)E, (1.3)

where ¢ denotes SU(2);, leptonic doublets and the subscript E stands for right-handed
charged leptons. The cancellation of gauge anomalies of this pure SM case along the
guidelines above will be shown to lead to the introduction of SM fermion singlets and thus
to Majorana neutrinos as a very natural consequence.

If instead one assumes from the beginning the existence of three right-handed neutrino
fields Mg, two symmetry avenues are possible:

- Assuming Dirac neutrinos, the flavour group would be U(3), x U(3)g x U(3)n, the
subscript N referring to the right-handed neutrinos [21].



- Assuming instead Majorana neutrinos, the maximal flavour group is U(3), x U(3) g X
O(3)n, leading naturally to a type I Seesaw [31-34] scenario with degenerate heavy
neutrinos.

This last option has been shown [10, 11, 13, 14] to allow a minimum of its scalar potential
with one maximal PMNS angle and Majorana phase (and a second angle generically large),
at leading order and for minimal flavon content. In contrast, the U(3)? case tends to disfavor
large mixings, consistent with observations in the quark sector but in disagreement with the
observed leptonic mixing. The guiding principles chosen above also favor the second option
in that the extra field content needed is smaller, and therefore leads to more predictive
models: this scenario will be thus analyzed in detail. Interestingly, both cases — that is
with and without right-handed neutrinos — will lead to Majorana masses for the active
neutrinos, so that at low energies the Lagrangian responsible for masses and mixings will
be, for definiteness:

C,
Arx

_ 1. ~ ~
Py =l HYpep— Sl H HT5 4+ hee., (1.4)
where H denotes the Higgs doublet, H =iosH * Yg is the matrix of charged lepton Yukawa
couplings, AN the generic scale of Lepton Number (LN) violation and C,, the dimensionless
coefficient of the Weinberg operator [35] which describes light neutrino masses. The leptonic
mass matrices will then be given by

v Uz Cz/
= my = — y
V2 Y2 AN

where v denotes the vacuum expectation value (vev) of the Higgs field, v = 246 GeV. The

my =Yg (1.5)

generalized Seesaw pattern obtained below, together with the lightness of the electron as
compared to the 7 and u leptons, implies that the least broken subgroups of the flavour
symmetry are expected to reside in the g — 7 sector. The corresponding approximate
symmetries, the spectrum of new particles and the dominant experimental signals will be
determined and discussed in the following sections. Furthermore, the differences between
the effective low-energy couplings of the gauged-flavour theory and the leptonic MFV ansatz
will also be discussed.

The analysis will be restricted to the non-abelian sector of the global flavour symmetry,
as the focus is set on flavour-changing effects; some phenomenological differences which
result when gauging in addition the two non-anomalous abelian symmetries will be pointed
out, though.

The structure of the paper can be easily inferred from the table of Contents.

2 Gauged lepton flavour standard model: SU(3), x SU(3)g

It will be shown in this section how the gauging of the pure SM leptonic flavour group
favours a Seesaw pattern and Majorana neutrino masses, and that the leading phenomeno-
logical signals are lepton universality violation (LUV), with deviations from the SM pre-
dictions which are particularly prominent in the 7 sector.



SU2)r U(l)y SU@3), SU@B)k
lr, = (vp,er) 2 —1/2 3 1
eR 1 1 1 3
Er 1 -1 3 1
Er 1 -1 1 3
Ngr 1 0 3 1
Ve 1 3 3
YN 1 0 6 1

Table 1. Transformation properties of SM fields, of (flavour) mirror fields and of flavons under the
EW group and SU(3), x SU(3)E.

The leptonic global flavour symmetry to be gauged is that exhibited by the SM in the
absence of Yukawa couplings, which is that of the kinetic terms,

a%eptons = ZZL]'DEL + iéRlDeR- (21)

Anomaly cancellation of the non-abelian SU(3), x SU(3)g symmetry is accomplished by
the addition to the Lagrangian of three extra fermion species, denoted here by £, £, and
Ng. Their quantum numbers are shown in table 1, together with those for the SM fields.

In addition, for all fermion bi-linears invariant under the SM gauge symmetry but
not under the flavour symmetry, a scalar is introduced to restore flavour invariance. Only
two such scalar flavon fields are needed, denoted by Vg and Yy in table 1, belonging
respectively to the bi-fundamental representation of SU(3), x SU(3) g and to the conjugate-
symmetric representation of SU(3),. The vevs of these fields are related to the Yukawa
matrices but should not be directly identified with them, as functions of the flavon fields
may have the same transformation properties under flavour than Vg n, and they also
allow to build flavour invariant Lagrangian terms;' this is a property essential to the
phenomenological success of the construction. Finally, other scalars charged under the SM
gauge group are not considered since they would not respect the condition of minimality
of the spectrum, in addition to potentially disrupting the electroweak symmetry breaking
(EWSB) mechanism.

Within this framework, the most general renormalizable Lagrangian with SU(3), x
SU(3)r gauge symmetry therefore reads:

o
L =iy P =5 Y T (FLF") + Y T (D,YeD"V)) + DHIDA H

¢ I B (22)
+ % - V(H,Ye,VN),

where 9 runs over all lepton species in table 1, I = ¢, E and B identifies flavon indices
B = E, N. The gauge bosons of SU(3), and SU(3)g will be encoded in traceless hermitian

!For instance (;))EI)Jr and Vg belong to the same flavour representation.



matrices in flavour space, Ai with A¢ o = (AL )y S AL ., =0, and AE with Afaﬁ =

l"?aﬁ - H‘7Ba o
(Aff o) ,EaAi oo = 0, which can be alternatively decomposed in terms of generators
8 8
0 _ L, E — E,
AL =N AT, A= Alere (2.3)
a=1 a=1

where T® are the flavour group generators, with Tr(7°7T%) = §?°/2 and T® = ASu () /2, and
/\gU(3) denote the Gell-Mann matrices. The gauge couplings of Af; and AE will be denoted
by g¢ and g, respectively. In eq. (2.2) the field strengths include those for the SM fields
and flavour gauge bosons, as do the covariant derivatives, e.g.

/
Doty = <aﬂ - i%Bﬂ + igafwj + z‘ggAf;) ‘0, (2.4)
while ,

DuYVe = 0,YE +ige Al Vi —ig Ve Al | 25)

D, YN = 0, YN —ige (Af)T YN —ige VN AfL .

The Yukawa and mass terms can be written as follows:
L = AEZL HER +/LEEL er + Ag?LyEé‘R + h.c.

(2.6)

o Ay o
+)\MLHNR+7NNRCJJNNR+11-C-,

where (1, er, £, Er and Ny are vectors in flavour space. Ag, Ag, Ay, Ay and ug are each
a single complex parameter, since these couplings must be proportional to the identity to
preserve flavour invariance; moreover they can be made real and positive via chiral fermion
transformations. In contrast, Vg and Yy are matrices in flavour space and their nontrivial
background values are the only sources of flavour (including CP violation). Notice that
g is not the mass of any of the particles in the spectrum, but simply a mass parameter
of the Lagrangian. The vev of Yy is simultaneously the LN scale and the flavour scale;
in the limit Yy = 0 in which only (diagonal) Dirac mass terms remain, the Lagrangian
would acquire a U(1) x U(1), x U(1), symmetry which prevents the appearance of leptonic
mixing angles, a setup phenomenologically not viable. For this reason the introduction of
Yn is necessary and therefore Majorana neutrino masses follow as a natural consequence
of gauging flavour in the lepton sector, even when taking as starting point only the SM
gauge syminetry.

The above Lagrangian has two accidental U(1) symmetries which are anomaly free
under the flavour gauge group. The first is an extension of LN symmetry, under which all
fermions transform with the same charge while )y transforms with minus twice that charge.
The second accidental symmetry is the abelian U(1) g acting on right-handed charged lep-
tons, that completes SU(3) g to a unitary group, and under which egr, &1, and Vg transform
non-trivially. Both U(1)’s would be spontaneously broken by the scalar vevs. However, in
all generality, the scalar potential contains terms such as det(YVg) and det(YVy) [11], that
break explicitly these U(1)’s and prevent the appearance of phenomenologically dangerous
Goldstone bosons.



In order to yield masses for all fermions, % in eq. (2.6) must undergo both EWSB
and flavour symmetry breaking, so that in the unitary gauge

H= (ot W/Va,
Ve = (Vi) + or/V2, (2.7)
In = (In) + on/V2,

where h denotes the physical Higgs particle and ¢ and ¢ the physical scalar excitations
over the flavon vevs (Vg) # 0, (Vn) # 0 (for simplicity, the Yukawa flavons and their
vevs will be denoted with the same symbols in the next sections). The ensuing spectrum
contains 6 Dirac electro-magnetically charged fermions and 6 Majorana neutral fermions.
There are no extra scalars charged under the SM gauge group and EWSB proceeds thus as
usual. The dynamics of flavour breaking is encoded in the scalar potential, which has been
studied in refs. [11, 13, 14]. The study of the potential is involved due to the complex flavour
structure that it aims to explain, but some general results and approximately conserved
symmetries where found in refs. [11, 13, 14]. In particular, a connection between degenerate
spectra with large angles and maximal Majorana phases was found for the neutrino sector.

2.1 Spectrum

Fermions. The Lagrangian in eq. (2.6) results in leptonic mass matrices for charged and
neutral leptons of the form

0 Agv/V2 1 0 M\u/Vv2
h.c. = h.c. 2.8
(uE AV )+ o 2(Ayv/\/§ vy ) 28)

respectively, which suggest immediately a Seesaw-like pattern for both sectors. No addi-
tional fermions beyond those in the SM have been detected at experiments and this fact
sets strong bounds on the mass of the mirror fermions £ and N introduced for the sake
of flavour anomaly cancellation. This indicates that the mass term for the extra charged
leptons, Ag¢Yg, should be larger than the other scales of the theory: Vg > ugp,v, — as-
suming all dimensionless parameters to be O(1). This is analogous to the condition for
neutrinos Yy > v in the canonical type I Seesaw model on the right-hand side of eq. (2.8),
which leads to a mass scale of order ~ 102 GeV for the extra neutral fermions. With these
approximations, the Lagrangian in eq. (2.6) yields a Dirac mass for the heavy charged
leptons £ and a Majorana mass for the right-handed singlets,

'1)2 /,LzE 'U2
Meg=XVE|1+0O E,% , My=AnIn(1+0O % , (2.9)

where Mg and My denote the heavy lepton mass matrices while the mass matrices for
the light states obey (see eq. (1.4))

Yip = = 1+0 7 ’
E v/ﬂ Ag (yE + y%; )%

C, my 1 v?
—_— = )\I/ e )\l/ 1 O N0 9
An v%/2 </\NyN> ( * <y12v>>

(2.10)



Figure 1. Diagrammatic representation of the generation of SM charged lepton Yukawa couplings
(right figure) induced by the exchange of heavy mirror charged leptons (left figure).

illustrating that the mirror fermions are proportional to the flavon vevs while SM fermion
masses are inversely proportional to them. It follows that

meMe ~ Npppv/V2, m, My ~ Ajv?/2. (2.11)

The masses of the SM leptons are thus shown to be related to those of the heaviest extra
leptons by an inverse proportionality law: a Seesaw mechanism is present both for charged
and neutral leptons, similar to the case of quarks in ref. [15].

All flavour structure being encoded in Vg and Yy, their eigenvalues determine the
hierarchy of lepton masses up to common factors:

Mg = (Mg, My, M;) ~ Apug (3.5-10°, 1.7-10%, 10%) , (2.12)
v

V2

where Mg (My) denotes the diagonal matrix of eigenvalues of the Mg (M) matrix and
2

My = (M, My, M3) < |A|* —= (00, 2-10'3, 3.5 - 10'2) | (2.13)

the hat refers to the individual charged mirror fermions masses.

The expressions for the SM lepton masses can be also derived diagrammatically by
integrating out the heavy states as shown in figure 1 for charged leptons. It illustrates
that all light flavour structure stems from the mass matrix of mirror leptons given by Vg,
as the equivalent of the usual Yukawa couplings, Ag and Ag, as well as ug, are overall
constants. This resembles the MFV scenario of ref. [30] that, however, leads to different
phenomenology, see section 4.

From now on, we will work on a basis in which the charged lepton mass matrix Vg
is diagonal, and thus Mg = Mpg. For later use, it is convenient to explicitly invert the
relations in eq. (2.10) to extract the expressions for the flavon vevs,

A A2
Vi = E‘;Ediag(” — ”>, yN—”“U*diag< —,——,— )UT,

me’ my my 2N My My My,
(2.14)

where U is the PMNS leptonic mixing matrix. Notice that the choice of basis is allowed
by the flavour symmetry without loss of generality. The flavon vevs are thus determined
by low energy flavour data up to an overall constant.

2The unknown absolute neutrino mass scale translates in an inequality in contrast with the case of
charged leptons, and a bound on M; cannot be derived since one neutrino could be massless.
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Figure 2. Gauge and fermion heavy spectrum for the gauged SM lepton flavour. Boxes composed
out of 3 x 3 squares depict the gauge boson mass eigenstates and rows of squares depict mirror
fermions. For the first, the squares are ordered according to the e, p and 7 flavour, from left to
right and from top to bottom. The boxes in the upper panel correspond dominantly to the SU(3),
symmetry, with the gauge bosons shown in blue, while the lower panel shows in red the SU(3)g
gauge bosons. In both cases the intensity of the coloured cells represents the strength of the coupling
between the gauge boson and each lepton bilinear. As for the fermions, the intensity of the cells
represents, from left to right, the component of e, u, 7, é, i and 7 for the lower panel, and of v,,
Yy, Vr, Ve, Vg, and v; in the upper panel. Normal ordering was assumed for neutrinos and the
parameter values used are fa3 = 45°, 015 = 33°, 613 = 8.8°, Dirac CP phase § = 27/3, Majorana
phases a; = ap = 0, lightest neutrino mass m,, = 107! GeV; all flavour gauge coupling constants
and all \’s are set to 0.1, with ug = 15 GeV.

The spectrum of mirror fermions is illustrated as horizontal lines on the left-hand
side of figure 2 for natural values of the parameters. As anticipated, due to the inverse
dependence of mirror lepton masses with respect to their light counterparts the lightest
exotic fermion is the 7 mirror lepton. The p mirror lepton appears next, a factor ~ m,/m,,
higher. The mirror e appears yet a factor m,/m. above. Much higher in mass by a factor
~ me/m,, the mirror neutrinos 3, 2 and 1 appear (in this illustration normal ordering was
assumed for the light neutrinos).

Flavoured gauge bosons. Flavour symmetry breaking produces masses for the sixteen
flavour gauge bosons encoded in AfL and AE . The relevant part of the Lagrangian, including
only terms at most quadratic in the gauge fields, is given by

> e (Afo2a) + T { (95AEVE — giVpAL) (geViAP — g A VL) }
I=0,E

(2.15)
T
+ g¥Tr { (4w +wnay) (y}v (at)" + A"“yj\,) } ~ S grmr(ALt,),
1



where the currents are hermitian matrices in flavour space:

[‘]ze] ij A + ERVER + Ny Ny (2.16)

[T4e],; = ern''en + EL7"EL
where 4, j are flavour indices. The linear equations of motion (EOMs) in matrix form
stemming from eq. (2.15) reads

2
P4, — gpg Vb ALY + 4 Ve + Vi + Vi, AL o)
2.17

1
+2g2V8 A% Yy — %J;j“ = —Tr(LHS)1L,
g9

2
g 9E ,AE 1
AL — gpg Ve ALY + o {yEyg, AE} - = oI (LH.S)1, (2.18)

where {... , ...} denotes the anti-commutator, ny, = 3 and L.H.S. stands for left hand
side.> These equations can be alternatively written as an inhomogeneous linear system for
the sixteen gauge fields when the latter are described as an array of sixteen xj, fields,

Xp = (AG L ALR A AT (2.19)
which allows to rewrite the Lagrangian in eq. (2.15) as
16
1 I 1 2\ b I
ggﬂUge = _5 Z Tr (F;U/F;w) + 5 Z XZ (MA)abX - Z gr'Tr (AMJX1> ) (2'20)
I=0,E ap=1 I=t,E

where the mass matrix M4 can be expressed as

M2, M}
Mi=| 5% LB, (2.21)
MEZ MEE

with
(M3),; = g {1 (Ve AT T} VE ) + T (W AT, T3} )

+Tr (ij (17,17} yN) F T (yJVTiTyNTj + yLTJTyNTi)} :

(MEp),; = (MEy) ;; = 20098 (VLT Vi) 222
(M), = o2 Tr (V5 (LT3} p)
where 7,7 = {1,...,8}, and the linear EOM can be now written in the customary form,
(0% + M3)x! = Jl,  where Ji= (I TS T TN, (2.23)

Eq. (2.22) shows that gauge boson masses are proportional to the scalar fields Vg and Yy
whose structure is in turn given by, and inversely proportional to, light fermion masses
and mixings, see eq. (2.14). The spectrum of sixteen mass states is thus determined up
to two overall constants, that can be identified with the products gz | Ve, g¢ || Vn]|-* The

3Eq. (2.18) displays explicitly the covariant properties of the gauge bosons and the trace removes the
singlet component of each term, leaving only the adjoint combination to which the gauge bosons belong.

*The modulus of a matrix B is defined as ||B||* = Tr (B'B), implying that | Vg| and ||Vx|| are flavour
invariant constructions.

~10 -



hierarchy Yy > Vg that followed from assuming order one dimensionless coefficients and
pg around the EW scale, implies that:

- The heaviest gauge bosons to good approximation are those of the SU(3), group, AfL,
while the lightest gauge bosons will be those corresponding to the SU(3) g group, AE .

- In this regime the mixing between AE and Aﬁ is small. We will refer to AE (Aﬁ) as
the lightest (heaviest) states.

The spectrum of flavour gauge bosons is shown in figure 2 next to that for mirror
fermions, for natural values of the parameters. Boxes represent flavour gauge bosons and
the colored entries in a given box indicate the lepton flavours to which that gauge boson
couples. The blue-colored boxes in the upper panel correspond to the Aﬁ gauge bosons,
while the red-colored boxes correspond to the AE gauge bosons; as expected the former
are heavier by a factor ~ m./m, due to the inverse dependence of their masses with the
light neutrino mass.

Lightest gauge bosons. The AE fields will thus dominate the phenomenology mediated
by flavour gauge bosons. Because their mass matrix is to a good approximation propor-
tional to the charged lepton flavon vev Vg, while the charged lepton mass matrix is instead
inversely proportional to it, the hierarchies in charged lepton masses translate into hierar-
chies in the gauge boson spectrum: the lightest AE gauge bosons will be those mediating
transitions which involve the heaviest right-handed charged leptons and in particular the
TR lepton. In fact, because of the zero trace of the generators, at least two different leptons
must participate in any coupling, and the overall conclusion is that the lightest flavour
gauge bosons will produce deviations in both ur and 7 sectors.

Technically, the AE mass eigenstates are largely aligned with the SU(3) generators
except for the diagonal components given by

1 00 0 1 20 0

ng(ﬁTngg)/in 010 |, 1Tsx=(3T3+1T8)/2= 373 0-10

00 -1 00 —1
(2.24)

It follows from eq. (2.22) that their respective masses are given by
. 2
2 2 Tamle 2
fpe > 207 e Z m2, (2.25)
E a=e,lu,T

where T% = T for all a # 3,8, my is the mass matrix of the charged leptons and greek
indices stand from now on for charged lepton flavours. The fact that the size of Vg (y,;l)
is dominated by the electron (tau) mass,

2
I D i) PR
202 m? m2  m2)’ E ALz, v? m2  m2)’
(2.26)

- 11 -



makes all gauge bosons with a right-handed electron entry a factor m,/m. heavier than the
rest. Indeed, because m, < my,, m,, this can be seen as an approximate SU(2) symmetry in
the u—T sector when YV is taken to be diag(1/ye, 0, 0), which is the reason why the diagonal
generators Tg, T5 are better suited to describe mass states than Tg, T5. Moreover, under
the U(1)e x U(1), x U(1), approximate symmetry present for Yy > Vg, the off-diagonal
gauge bosons transform as Agﬁ — eiea_wﬁAgﬁ, which requires that both components of
each off-diagonal entry have the same mass (so as to combine into a complex gauge boson):
this approximate symmetry will suppress charged lepton flavour violation.

In summary, the three AE gauge bosons corresponding to the approximate SU(2)
symmetry in the p — 7 sector are found to be the lightest (first layer of the lower panel in
figure 2); a factor m,/m. higher the remaining five SU(3)p gauge bosons appear (second
layer in that figure). In turn, the leading phenomenological signals consists of flavour-
conserving leptonic observables and, furthermore, low energy processes mediated by AE
for the lighter leptons are suppressed by heavier mass scales, providing a flavour protection
mechanism, as previously described for quarks in ref. [15].

As for the relative mass of mirror fermions versus flavour gauge bosons, the lightest
particle turns out to be the mirror tau lepton 7, see figure 2. Indeed, the lightest gauge
boson mass ~ (g9g/ HJ@IH) (my/my) is a factor ~ m,/m, larger than the lightest mirror

fermion mass ~ Ag/ ||y,§1 , due to the tracelessness of the generators implying a non-
vanishing pp or p7 entry in the three lightest gauge boson interactions. In contrast, were
the full U(3)g group gauged an associated lighter (AﬁJ )+ gauge boson would appear in the

spectrum.

Scalars. Flavour symmetry breaking gives rise to 18 (Vg) + 12 (Vy) — 16 (SU(3)?) = 14
physical scalar bosons, corresponding to fluctuations around the 6 mixing parameters, 6
masses and U(1), and U(1)g phases. This part of the spectrum will in general contribute
to the same observables than flavour gauge bosons, although without disrupting the flavour
structure [15]. The detailed scalar mass spectrum depends however on the scalar potential
parameters, as opposed to the gauge bosons and fermions, and it will not be discussed
further in this work.

2.2 Interactions

The distinction between fermionic mass and interaction eigenstates will be relevant: there-
fore, for the rest of this section flavour eigenstates will be denoted with a prime® and
described by

er _ [ ce se er, €n _ [ el —Set. €R
& —sot cot ) \ €L )’ € —sop —Con ) \Er)
I/E, _ C@,T, is@l l/z

N}’% —Sg, tCo, Ng |’

where unprimed fields are here mass eigenstates and the mixing angles are encoded in 3 x 3
matrices in flavour space 0, cg = (—1)"/(2n)(©O1" | s = (—1)"0/(2n+1)!(OTO)" [36].

(2.27)

S5For instance, all fermions in table 1 will be considered as primed fields for the sake of this section.
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These unitary rotations diagonalize the mass terms stemming from eq. (2.6) (see also
egs. (2.9) and egs. (2.10)):

[ co —se 0 Agv/V?2 Col, ~Sot | _ [ ™ 0
Set Cot pE AeVE —S0, —Cop 0 Mg )’

_ C@:r/ —So, 0 )\V’U/\@ C@:r/ iS@L [ e 0
is@l tco, /\ﬂ)/\/ﬁ ANYN —S@, iCo, - 0 My ’

where ©1' = ©, has been used. Although these equations can be solved exactly, as done

(2.28)

in ref. [15] for the quark case, the absence of a large Yukawa like that of the top quark
seems to indicate that an expansion in v/) is valid. In particular in the charged lepton
sector, given eq. (2.14), the mixing terms are diagonal in flavour space (©np = 903 Oaa
and analogously for ©g):

3
o ARV +O<v)2/\Evmg,

T V2AeVp Vi) V2M.m.
3 2
HE (5] my 1 pe
Op = o(L2)~ - - kETR 2.29
T e VE * (3%) m;M; ©  M;m;’ (2.29)

AU v3 AU
0= M yo(2)x
V2ANYN i V2My
In the case of O(1) dimensionless parameters considered here, the heavy N neutrino
scale suppresses the mixing ©,, which turns out to be O(1071°); all the effects associated
to ©, will thus be neglected in what follows.

After rotating to the mass basis, the fermion interaction Lagrangian is not diagonal,
and in particular heavy-light couplings arise. It can be written as a sum of three terms:

Lpeint = Lgypasm + Lpyare + Ly - (2.30)

The couplings to the SM gauge bosons can be casted in the conventional form,

Lipasn = —eA,Jh — %Z“Jg - (\%WJJW“ + h.c.) , (2.31)

with modified currents defined as

o3

= —eyte — EPE,

=

Jo o, UTA# (coer +sefL) ,
v (2.32)

Jy = eyt (—(CQW — seset)Pr + 25%4/]33) e — EH (S@TS@PL — 2812;[/) &
+ vyt — (Epv*serceer + h.c.) |

where ¢y (cow) and sy stand for the cosine and sine of (twice) the Weinberg angle,
respectively, and Pp, g are the chirality projectors. Notice that the right-handed mixing
OFr does not appear in the gauge interactions, because the SM quantum numbers of &
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and er are the same. Most relevantly, as © is a diagonal matrix in flavour space as given in
eq. (2.29), the transitions mediated by SM electroweak gauge bosons differ in the charged
7, v and e sectors, with relative amplitudes given by m,/m,/me.

The interactions with flavour gauge bosons can be written as

Lypare = —ge Tr(ALTH,) — g5 Te(AL T4 L) (2.33)

where the currents are given in eq. (2.16). Notice that the difference between flavour and
mass bases has been neglected in the previous expression, as that difference would only
induce subleading effects in the observables of interest.

Finally, the couplings to the radial components of the scalar fields — that is, to the
physical scalars — read, in the unitary gauge:

o e (Aeco h — Agse ¢E)se, (Apce h — Agse ¢p)coy R
o 2\ EL ) \ (Aecor dB + Apser h)se, (Aecoi 5 + Apser h)coy, ) \ Er
Ao 1 —
_ﬁhVLNR_T\/iNRC(bNNRJrh.C” (234)
The purely bosonic interactions follow from the Lagrangian in eq. (2.2) once the scalar po-
tential is specified. The variables in this potential will determine the scalar mass spectrum
which we do not examine in this work. However the scalar couplings to fermions given
above do enjoy the flavour suppression characteristic of this model and will not disturb the
flavour structure, as previously stated. Scalar excitation effects will be neglected in the
phenomenological analysis that follows.

2.3 Phenomenology

The exchange of mirror charged leptons and SU(3) g gauge bosons provides the dominant
signals, as argued above, and it will be shown here that LUV signals are particularly promi-
nent for 7-related observables, while no charged lepton flavour violation (cLFV) is induced
due to the preserved U(1) lepton number symmetry for each flavour: all modifications to
SM couplings induced are flavour diagonal, as explained earlier. Flavour observables for
the leading signals can be written in terms of only three independent parameters, which
here are chosen to be

- The mixing parameter 0.6
- The lightest mirror fermion mass M.

- The norm Hy]51|
to m,, see eq. (2.26).

, which is given approximately by its largest eigenvalue proportional

We determine next the bounds on these three parameters.

5Given one mixing angle, the other two are obtained from it by scaling.
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Bounds on the mixing parameters: the strongest bounds on © come from non-
universality and non-unitarity of the PMNS matrix that follow from the (flavour
diagonal) modifications of the couplings of leptons to Z and W bosons, eq. (2.32).
The decay rate of the Z boson to a pair of charged leptons (denoted by [ in the
following equation) is now given by:

9*My

I(Z—=171")= Y (B + dsiy — 2cawsg) + O(61)
TCyy

0 (2.35)
_ Cow 2 4

=T Z—=11M)(1-"—107 ) +0 (0%,

SM( ) < 2o + 455, ll> ( )

where the second line illustrates that the new contribution can only have a destructive
interference with the SM one. The ratio of the branching ratios for the decay of Z
into 777~ and ete™ allows to extract explicitly the dependence on O,

Br(Z —»7777)
Br(Z —efe™)

—1~-21402 . (2.36)

The experimental bound [24] on the observable on the left hand side of this expression
leads to a strong limit on ©:

Br(Z —777)
Br(Z —efe™)

A
~1=0001940.0032 = [O,,]= L <45x1072, (2.37)

V2M;

where the bound has been rescaled to the 95% CL assuming a gaussian behaviour.

In consequence, using eq. (2.29),
O] £2.7x 1073, |Oee| <1.3x107°. (2.38)

At this point it is pertinent to ask whether the persistent anomalies in the decay of
B meson into K and K* bosons [37, 38] could be induced by the modifications to
Z-fermion couplings just discussed, as precisely they tend to diminish the decay rate
into 1 and 7 leptons while the electronic channels are almost uncorrected; this could
happen for instance via a Z-penguin loop attached to the quark legs and/or through
the equivalent mechanisms when gauging flavour in the quark sector [15]. Never-
theless, the bounds just set on ©,, are too strong compared with the experimental
anomaly which, if confirmed, would require O(1) corrections.

Similar bounds on © can be inferred from the analysis of non-unitary contribu-
tions to the diagonal elements of the PMNS matrix U, to which other observables
contribute. The leptonic mixing matrix is now corrected by

-~ 202 ma
U =cosOU, (UUT)aﬁ — 0aB —@iﬁ =L

Aokl SR 2.
QME 5a,Bm ( 39)

2
T

and in consequence the most stringent bound stems again from the 77 entry; bounds
on the diagonal entries can be derived from a global fit to lepton universality and
precision electroweak observables [39], yielding

0,,] <7.5x 1072, (2.40)
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at 95% CL. An alternative bayesian global fit can be found in ref. [40] resulting in
|0, < 7.6 x 1072

Bounds on M;: the heavy-light fermion mixing is controlled by the Yukawa couplings,
see eq. (2.6), and in consequence the lightest fermion of the heavy spectrum — the
mirror tau — will decay predominantly to channels involving longitudinal gauge
bosons Wy, and Z; and the Higgs particle, provided 7 is heavy enough,

.y AL M - LM . LM
L L7) 5471' ’ (7 1v7) ?];:277 ’ L(# = h7) 5471' '
(2.41)

The 7 fermion is electrically charged and it would thus be copiously pair-produced
in eTe™ colliders via photon exchange, if sufficiently light. The lack of evidence for
new resonances and for charged heavy leptons in LEP data [41] sets a constraint

M; >100.8GeV  at 95% CL, (2.42)

a bound that does not depend on the mixing parameter ©. The LHC can provide
stronger constraints on the mass of the mirror taus. The most sensitive channel
would involve pair production of 7 via neutral current or photon exchange and their
subsequent decay to 7+ Z with ~ 25% branching ratio. To the best of our knowledge
such a search has not been performed yet. Related searches for SUSY chargino pair
production and their decay to W plus missing energy (neutralino) currently constrain
chargino masses to be above ~ 620 GeV [42]. The decay of the 7 to W +v would lead
to a similar final state, although with somewhat different kinematics. Thus, similar
constraints are expected to hold for the 7, however a dedicated search that directly
applies to this scenario is still missing and needed.

Bounds on || ygl || eq. (2.42) can be translated into a limit on the flavon vev, applying
eq. (2.9),

HyngZXZ(1+(’)(mi/m3))<0.01)\gGeV_1, at  95% CL. (2.43)

Moreover, bounds on }|y,51H independent from Ag can be extracted from the
limits on four-lepton interactions induced by the exchange of SU(3)g gauge bosons
among right-handed charged SM leptons. Integrating out those AE gauge bosons
results in effective low-energy couplings of the form

aBkp
L 951 (Fomer) Errrer) (2.44)

which do not exhibit a dependence on the coupling constant gg. The coefficient cg
encodes a specific flavour-conserving suppression:

N

2
Brp _ MgMm 1 1
C% kp _ (&3 [(Sap(SBH m — 50455,@ W 5 (245)
Yo

« K

BYV)

~
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where the last term would be absent if gauging the full U(3) . This expression is (tree-
level) exact up to Vg/Yn corrections as opposed to the approximate mass formula
in eq. (2.25). Considering specifically a process involving two electrons (denoted here
by ek) and two other generic charged leptons €%, eq. (2.44) becomes’

1H2 m? 2m2m?2 — m2(m?2 +m?2)
2(m2 +m2)m2

95 28 0+ 6o

) Ehoreh) @), 240

where Zm% ~ m2 has been used. These operators are suppressed by an extra ~
m?2/m?2 factor with respect to the case where no flavour symmetry is implemented [43].
Equivalently, it can be argued that the effective scale associated to the new physics
responsible for these processes can be m./m, smaller than in the case without flavour
symmetry protection, in a pattern reminiscent of MFV as expected. The bounds
stemming from LEP data [44] on four-fermion interactions involving two electrons

can thus be translated into 95% CL constraints on H)}EIH:

ete” —efe” = Hy;“ < 0.41(0.44) GeV™1,
efe” s> putpm = ||¥g'| <0.37(0.30) GeV ', (2.47)
ete” =77~ = HJJEIH < 0.57(0.57) GeV ™!,

where the first (second) value is for destructive (constructive) interference with the
SM contributions. These constraints are weak but complementary to that in eq. (2.43)
since they are independent from Ag.

Stronger bounds on }|y,51 H can be inferred from present data on other flavour conserv-
ing processes such as magnetic moments, to which the flavour SU(3)p gauge bosons may
contribute. Defining as is customary the muon anomalous magnetic moment, a,, as the
coefficient of the muon dipole operator in the effective Lagrangian [45]

_ aue _ 5
’%9—2);& = —mu O'p(s 1% FP + h.C. N (248)
it is easy to see that penguin diagrams mediated by the SU(3) g flavour gauge bosons induce
a correction of the form

Sa, = T = — 117 (2.49)

1271'2 4 67r2m2 H

where the Casimir factor of 3/4 results from the SU(2),_, quasi-degeneracy among the
lightest gauge bosons. Note that the sign of the contribution obtained is negative,® as the
SM one, and therefore it does not help to relax the tension between the SM prediction and
the experimental determination, Aa, = aj,® — ap™M = 287(63)(49) x 107! [24]. However,

"In egs. (2.45) and (2.46) mi = me, ma2 = my, and mz = m,.

8The sign of the contribution is negative because the lightest gauge bosons couple only to the right-
handed leptons. For a detailed analysis of the role of the chirality of the couplings to leptons in the g — 2
contributions see, e.g., ref. [23].
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requiring that the flavour correction does not increase the present tension beyond 50, the
following bound follows:

HyEIH <0.047GeV ™!, or equivalently |VE| > 7.4 x 10" GeV. (2.50)

Note that, unlike for the other constraints discussed in this section, a 95% CL has not
been adopted in this bound since the SM prediction itself already presents a stronger
disagreement with current data.

It is interesting to translate the bounds on || Vg || into a limit on the flavour gauge boson
mass scale. Eq. (2.50) translates into a limit on the mass of the lightest gauge bosons A3,
AESAET given by

M e 2 2.5 x 102 gp GeV (2.51)

as a function of the gauge flavour coupling gg. In the case of the illustrative benchmark
spectrum considered in figure 2, the lightest flavour gauge bosons have masses of O(10) TeV,
largely satisfying the bounds obtained in this section assuming a perturbative weak regime
for the new gauge sectors.

3 Gauged lepton flavour Seesaw model: SU(3), x SU(3)g X SO(3)n

In the context of the type I Seesaw theory with three degenerate right-handed neutrinos
Ng, the maximal flavour symmetry group of the Lagrangian in the limit of vanishing masses
for the three known fermion families is U(3), X U(3)g x O(3) . The latter is the symmetry
exhibited by the kinetic terms plus heavy degenerate right-handed neutrinos,

. . ~ 1 —
L = ZKLLDKL + zéRlDeR + ZNRaNR + i{NLNNRCNR —‘rh.C.}. (3.1)

As earlier stated, we focus on flavour effects and restrain here to gauging the non-
abelian factors SU(3), x SU(3)g x SO(3)n only. The field content that needs to be added
then in order to cancel gauge anomalies is identical to that in the previous model, since
triangle diagrams cancel for SO(3)y and the Np fermions are singlets under the SM gauge
symmetry. The fermion spectrum is summarized in table 2; note that the quantum numbers
for Yy differ from those in the previous section.

Using again and until further notice unprimed fields to denote flavour eigenstates, the
Lagrangian describing the model can be written as that in eq. (2.2), where now % encodes
both Yukawa interactions and Majorana mass terms,

Ly =AplL HEp+pplrer+ e L Ve ér
Z ~c HLN ——c¢ (3'2)
—I—)\,,ELH/\/’R—G-)\NN]%J)N./\/’R—FTNR Ngr + h.c.,

where again all overall constants, i.e., A’s and u’s, can be made real via chiral rotations. The
only source of CP violation lies then in the non-trivial flavour structure of the vevs of the
scalar fields Vg and Yy. The charged lepton mass matrix inferred from this Lagrangian is
identical to that in eq. (2.8), and in consequence the particle spectrum and phenomenology
of the SU(3)g sector (gauge bosons and mirror charged leptons) matches the description
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SU2)r U(l)y SU@B)e SUB)e SOB)n
lr, = (v ,er) 2 —1/2 3 1 1
er 1 —1 1 3 1
Ng 1 0 1 1 3
En 1 -1 3 1 1
&L 1 -1 1 3 1
Nz 1 0 3 1 1
Ve 1 0 3 3 1
YN 1 0 3 1 3

Table 2. Transformation properties of SM fields, of (flavour) mirror fields and of flavons under the
EW group and SU(3), x SU(3)g x SO(3)n.

given in the previous section. In contrast, the particle spectrum and phenomenology of the
SU(3)¢ and SO(3)x sectors (gauge bosons and heavy neutral fermions) will now depend
on three fundamental scales: the vevs of Vg and Yy and the lepton number parameter
urN- Note that now the LN and flavour scales are distinct; for instance for pupx = 0, there
will still be be physical leptonic mixing and flavour effects associated to Vy. The neutral
fermions mass matrix in the Lagrangian eq. (3.2) (in the {¢°, Ng, N} basis),

0 \v/vV2 0
3 Mu/V2 0 ANYE | +he, (3.3)
0 ANVYN LN
is typical of inverse Seesaw scenarios [46-48], in which generically that separation of the
two scales holds. Eq. (3.3) immediately suggests two interesting limiting regimes for the
parameters Vy and ppN:

HLN > YN in this limit the N fields would decouple producing an effective mass term
for the Nr of the form yNy?V“ /prN. The basic type I Lagrangian of the previous
model is recovered, albeit with the (2,2) entry of the neutral mass matrix in eq. (2.8)
replaced by that effective mass.

YN > prn: an approximate U(1)pn symmetry holds in this limit, as often explored
within low-scale inverse Seesaw scenarios [49-51]. Ng® and N would form pseudo-
Dirac pairs and the light neutrino masses will be suppressed by a factor urn/(ANYN)
with respect to those for the basic type I Seesaw in eq. (2.8).

The second limit leads to new phenomenology and will be the focus of the rest of the section.

The interplay between Vg and Yy will determine the spectrum and the phenomenology of
the flavour gauge bosons and will be discussed next.
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3.1 Fermion spectrum and interactions: YN > prN case

It is possible to expect in this model measurable signals of lepton-flavour violation, precisely
because the LN parameter (urN) and lepton flavour violation scale (|| Yy ||) are independent
and the latter is not strongly constrained by the tiny value of light neutrino masses. By
the same token, the mirror neutral fermions — determined by || V|| — are now allowed to
be much lighter than in the gauged-flavour SM discussed in section 2, see eq. (2.13), and
close to those of the charged lepton mirror fermions. Indeed, in the urn < Yn limit the
singlet fermions Nz and Ng° form Dirac pairs of mass

where we neglected A\ v contributions and the mass splitting in quasi-Dirac fields is given

by wprn, while the three light neutrinos acquire Majorana masses suppressed by the LN

scale, which does not carry flavour structure,’

v? C, NUQ P 1
2 Ain 2 A% In YT

The lightness of neutrino masses can be thus attributed to a small urn instead of a very

(3.5)

m, =

large || Vx|l (needed in the previous section): this is a technically natural solution as ppy is
protected by the approximate U(1)r,ny symmetry. In consequence, ||Vn| can now be of the
order of the electroweak scale or even smaller, resulting in putatively observable signals of
lepton-flavour violation mediated by flavour gauge bosons of the SU(3), x SO(3)n sector
(see further below) independently of the value of light neutrino masses.

Note that, as in the gauged-flavour SM in section 2, the mirror lepton mass matrices
are linearly proportional to the flavon vevs Vg (eq. (2.9)) and Yy (eq. (3.4)), and the mass
of the SM charged leptons is inversely proportional to Vg (eq. (2.10)); in contrast, the light
neutrino masses exhibit now a quadratic inverse dependence on Yy, eq. (3.5). From this
equation a parametrization equivalent to that of Casas-Ibarra [52] can be introduced:

Ay
v R HLN

TV AN\ i

In U, (3.6)

where U is the PMNS matrix and m3i#® is the diagonal matrix of light neutrino masses m,,,
MyE = (M, My M) (3.7)

and R is an orthogonal complex matrix. The latter can be parametrized in general as the
exponential of the anti-symmetric Gell-Mann matrices with complex coefficients, although
in the case discussed an SO(3)y transformation allows to remove the imaginary part of
these coefficients, '

R=e""",  RR"=1, R=R, (3.8)

where 7); are three real parameters and the matrices 7" denote the set of three genera-
tors {T%,7°,T"}.

9The effective LN scale here is thus Arx ~ M ||2 /pLN, as usual in inverse Seesaw constructions, while
the scale suppressing flavour effects is | My ||.
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In the rest of this section, and in analogy with eq. (2.27), we revert again to the notation
in which flavour eigenstates are denoted by primed fields while unprimed ones stand for
the mass eigenstates. In the limit of vanishing prn, which will be assumed from now on,
the mass term for neutrinos coming from eq. (3.2) after symmetry breaking reduces to

(AN 0/V2 + ANNE YN ) N+ he. = ~NpMyNi + hie., (3.9)

and therefore a unitary rotation among only the vy and Npg fields suffices to diagonalize

/
v, e, Se, VL
= 3.10
(Nkc> (—S@T Cef> (N}f) ’ ( )

where O, is as given in eq. (2.29) and we simultaneously define N, = —Ng in order to

the mass matrix:

recover the usual sign for the Dirac mass term of the heavy states, and in accordance with
the definitions in the gauged-flavour SM, egs. (2.27) and (2.34).

Interactions with SM gauge bosons. )y introduces new flavour non-conserving tran-
sitions, associated to the extra fermionic states and parameterized by ©,. The flavour
changing and light-heavy mixing effects can then be written in the mass basis as in
eq. (2.31), where now

Ji = —erte—EAHE,
Jf = vy U co, (ceeL—i—seé’L)—i—NRC’y“sT@V(c®eL+395L), (3.11)
Jy = é’y“(—(CQW—SQSGT)PL+2S%VPR)6—?7“ (s@TsePL—Qs%,V)é’—(EL’y“s@Tce)eL—i—h.c.)
+DL’Yu62@VVL+NR’Yu36lS@VNR—F(I;L’YHC@VS@VN]C:{—i-h.c.).
Note that the PMNS matrix appearing in W couplings is given by the product Ufcg, ceo,

with U being its unitary part and ©, and © encoding deviations from unitarity. The
expressions for the mixing angles equal those in the previous section, eq. (2.29).

Scalar interactions. Using the definitions in eq. (2.7) for the scalar excitations, the
generalized Yukawa interactions read for vanishing uyn:

o -1 <éL> < (Aecoh — Aesedr)se, (Apcoh — Assedr)coy, ) <€R>
Yo

V2 \ €L (Aecotdr + AEsgih)se, (Aecgrdr + AEseih)co, Er
)\V — N )\N v —
— ﬁh (VLCGV + Ng Sel) Ngr — ﬁ (NR Col — VL 3@,,) oN Ngr+hc.. (3.12)

In this model there are 18 + 18 — 19 = 17 scalars ¢ and ¢y,'° which are fluctuations
around the 6 mixing parameters, 6 masses, 3 variables in the orthogonal self-hermitian
matrix R and two phases in U(1); and U(1)g. Their effects are strongly suppressed [15]
and will not be further discussed.

10 Among the 36 real degrees of freedom of the two 3 x 3 complex matrices Vg and Y, 19 become the
longitudinal components of the 19 flavour gauge bosons of the model.
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Were the extra neutral states N lighter than the Higgs boson, the following decay
channel would open:

A2 M3
['(h— Nv) = 16” My, ( — N) : (3.13)
us

where N stands here for the generic mass eigenstates. The N fields will in turn be unstable
and decay to lighter charged fermions and neutrinos via the interaction in eq. (3.11), with
a pattern that depends strongly on My and ©,, potentially leading to new visible Higgs
decays, displaced vertices or contributions to the invisible decay. Additional bounds would
then apply; we will not further consider this case of heavy neutrinos lighter than the Higgs
particle.

Flavour gauge boson spectrum and interactions. Additional flavour non-conserving
effects can be induced by flavour gauge bosons, Aﬁ. Indeed, the theory contains nineteen
flavour gauge bosons whose Lagrangian reads

ST (4L AT) + Tx { (95 AEYVE - 9 Ve L) (95VEATH — gea™ V] )}
1

+ 1o { (gn ANV — g AL) (awdh AN — eI ) =37 grme (al4,) |
! (3.14)
where cubic and quartic gauge boson interactions are not shown as they will play no role in
the phenomenological analysis below. In eq. (3.14) the ensemble of fields Aﬁ, 1=V FE N,is
treated as a traceless hermitian matrix and the currents are defined as matrices in flavour
space, with the currents Jﬁé and JzE as defined in eq. (2.16) and the SO(3)y current
given by

&

1/ P .
)y = 5 (N Nk = Ny Vg - (3.15)

ij
The EOM resulting from eq. (3.14) for AE is identical to that in eq. (2.18), while for Aﬁ
and A/]j they are given by

2
1
0" Al g9 VL AL Ve—gnge Vi AN YN+ Vi VeV I AL =T = o Tr(LHS)L,

2
o* AN +%{yNyL+y;‘Vy£,Afj }f@ (yNAf;y}ny;(Af;)Tyg) J?NJfN =0, (3.16)
where ng=3. Eq. (3.14) can be alternatively written in a compact matrix notation arranging
the flavour gauge bosons in an array xj, = (Af;l, e ,Afjs, AE’I, R AE’B, Afy’l, e ,Afy’3>:
1 TRl
Lyge =5 D T (ELF)+5 D xi (ME) "= Y g (A,ﬂ]j“[) . (3.17)
I=(,E,N ab=1 I=(,E,N

where the mass matrix Mi can be written in blocks as
2 2 2
5 MM MEE MZN
My = M%;g M%’E Osx3 ) (3~18)
MJQVZ 038 M]2VN
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U)fpp x SOB)N
Ay, VN — vy pupp N
Spectrum in Fig. 4

Ye >INl

SUB3)E

LUV in g — 7 and
| sub-leading cLFV

Ve ~ YN Spectrum in Fig. 5

In > (| Vel

LUV and cLFV
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Figure 3. Schematic diagram for the relevant phenomenology scenarios. Each box reports the
symmetry associated to the relevant gauge bosons and the expected dominant phenomenology.

with (M%E)ZJ and (MEQE)U. = (Mf%é)ji identical to those in eq. (2.22) for the gauged-flavour

SM case, while instead
(ME),; = gt {Tr (Ve AT T} ) + T (W AT, 133 0L ) }
(MZQN)Z'j = (Mz%nz)ﬁ = —2gogn'Tr (EJ&,T;JJN) , (3.19)
(Min)s; = & Tr (VAT T o)

where T" = {T5, T5, T}, i,j = {1,...,8  and 7, = {1, ..., 3}.

Notice that, contrary to the processes mediated by the exchange of SU(3)p gauge
bosons AE , those mediated by Aﬁ can indeed lead to observable flavour non-conserving
processes given the non-diagonal flavour structure of Yy and the related low scales allowed
in this gauged-flavour type I Seesaw scenario.

Generally speaking, M 4. will be determined by the largest value between ||Vg| and
IVn]|. There are in general too many parameters to make definite predictions, though.
The most relevant consequences are briefly discussed next and illustrated in figure 3 for
three relevant limits: Vg > ||Vn||, Ve ~ Yn and | VE|| < YV, with the latter two cases
being of special phenomenological interest as they lead to putatively observable cLFV in
addition to LUV signals.

3.1.1 Yg > || Y~ || — vectorial flavour-preserving gauge bosons

The heaviest gauge bosons would be those whose mass is dominated by the vev of Vg.
This applies to all SU(3), and SU(3) g gauge bosons but two (see below), as Vg transforms
under those two groups. The hierarchical structure of Vg — with eigenvalues inversely
proportional to the SM charged lepton masses — results in a stratification of those heavier
gauge bosons in two layers, as illustrated by the two upper layers of the spectrum in
figure 4: the upper level contains the nine gauge bosons which couple to the electron, while

~93 -



ol E]DEﬂIﬁEDDEII]DD[[II]EDD[II]DDDW

Legend

T B30 BEE EED EEO EEE

N, Mo Ny, N, N, L. .
10° ;!—\ : T "

uéjzj DD[[II]D[E[IIIDDE I

M (GeV)

Figure 4. Gauge and fermion heavy spectrum for the gauged lepton flavour type I Seesaw model,
with Vg > ||V~ ||. Boxes correspond to flavour gauge fields and lines to mirror fermions. Neutrino
normal ordering was assumed and the parameter values taken are 623 = 45°, 615 = 33°, 613 = 8.8°,
Dirac CP phase 6 = 37/2, Majorana phases a;y = a3 =0, R = 1. All g’s and all X's are 0.1 except
Av =1and pg =1TeV, ppny =1 KeV, while m,, = 0.03eV.

the intermediate level corresponds to those gauge bosons coupling only to muons and taus.
The phenomenological impact of the upper level will be neglected in what follows.

The lightest gauge bosons would be those which acquire instead a mass only through
the vev of V. There are five such states. Three of them are the SO(3)y gauge bosons,
depicted (in green) in the illustrative case in figure 4: they carry flavour, mediating tran-
sitions only in the N; realm. Notice that they will only mix for complex Yy, since the
mass cross-term that connects them to the other gauge bosons is Tr[T378y]TVT2,577yN] =
—Tr[T3 8V 5 To 57V5%], see eq. (3.19).

The presence of the other two light eigenstates — the lightest ones in figure 4 —
can be understood from the fact that Vg can be made diagonal via a rotation in flavour
space. This corresponds to the three distinct vectorial and diagonal U(1) symmetries which
are preserved: LN which has not been gauged, plus two others which correspond to very
light gauge bosons, which acquire a mass only through the vev of V. These states are
diagonal in flavour space and traceless — see figure 4 — and given by the linear combination
AV (gEAZ + ggAE)/(g% + ¢%)"/2, with mass matrix

M3 (3.20)

V:

o [ T(TYLEINTS) Te(T3V5 VN Ty)
Tr(TVLINTs) Tr(TeVIINTR) )

Those two gauge bosons generically couple to all flavours with similar strength, see
eq. (3.20), and thus the most stringent bound stems from LEP [53],

My, >2.1x10%GeV, (3.21)

Vi

where Ay, denotes the lightest eigenstate of eq. (3.20). Those two vector bosons also
contribute constructively'! to the muon anomalous magnetic moment:

da, = mi X g%g? ZTW (M*2> THE (3.22)

11 As opposed to the contribution studied in eq. (2.49), in this case the sign is positive since the coupling
of the lightest flavour gauge boson to leptons is vectorial.
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Although they could potentially explain the existing anomaly, this is excluded by neutrino
trident production data, v, N' — v,uuN with N denoting here a nucleus. Indeed, the
contributions from the flavour gauge bosons to this observable read [54]

o (SM+A) _ 14 (1+4s}, + 25\/)2 = Uzﬁ Z
o (SM) 1+ (1+44s3)° 9 + 9%

\%4

T (Mf) T (3.23)
. 1]
ij

and are constrained by the CCFR [55] and CHARM-II [56] collaborations, implying the
indirect bound da, < 7.5 x 10719 | which precludes an explanation of the muon magnetic
moment anomaly via these gauge bosons.

Figure 4 also illustrates that the lightest exotic neutral fermions would be those mir-
roring the light neutrino sector, as expected since the mirror fermion masses are linearly
proportional to the flavon vevs. Therefore, the unitarity deviation ©, induced in the
PMNS matrix by the mirror neutrinos dominates over O (stemming from the mirror
charged leptons), see eq. (3.11). Analyses probing flavour non-conserving processes and
electroweak precision data [40, 57-81] can then be translated into constrains on the com-
bination 6,0} [39] as follows:

(6.0) <25x107, (@”@DW < 24 %1075,
(@V@i)w < 40x 1074, (91,91)87 < 27x107%, (3.2
(@V@Z)TT < 5.6x 1073, <@”@L>m < 19%10°%,

at 95% CL.

3.1.2 Yn > ||YVel| — LUV and subleading cLFV

In this limit, in which all entries of Yy are larger than the largest one in Vg, the lightest
gauge bosons correspond to the SU(3) g symmetry. Therefore, the leading phenomenology
described in section 2 when gauging only the SM leptonic flavour group SU(3), x SU(3)g
will apply. In particular, as || Vg| dominates, an effective low-energy SU(2) g symmetry is
at play and mediated by the three lightest gauge bosons, while transitions involving the
electron flavour will be additionally suppressed by (me/m,)? with respect to those in the
p—7 sector. The lepton universality violation effects associated to the p — 7 sector and
dominated by fermionic 7 exchanges found in section 2 are also valid for this case.

As for the heavier states, since the leading contribution to the SU(3), gauge boson
masses is given by )y no large hierarchies among the SU(3), gauge boson masses are
expected for a generic R matrix and generic light neutrino mass spectrum. Therefore, the
importance of the lepton flavour violating processes mediated by these gauge bosons will
not be strongly correlated to the specific flavours involved. This is in contrast to the case
for AE shown in section 2.1. However, there are specific limiting cases with approximate
symmetries for which hierarchies are introduced and the number of relevant parameters is
reduced so that more definite predictions can be made. We briefly consider an example next.
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Figure 5. Gauge and fermion heavy spectrum for the gauged lepton flavour type I Seesaw model,
with Yy > || VE|| and degenerate light neutrinos, CP-odd case. Boxes correspond to flavour gauge
fields and lines to mirror fermions. Neutrino normal ordering was assumed for neutrinos and the
parameter values taken are fa3 = 45°, 015 = 33°, 013 = 8.8°, Dirac CP phase § = 37/2, Majorana
phases ag = —7/2, az; = —27/3, R is a rotation in the 23 sector by angle —i times a 12 rotation
by angle . All g’s and all s are 1 except Ay = 2, A, = 0.2, ug = 15GeV, while upny = 100 GeV
and m,, = 0.03eV.

Generic R and degenerate neutrino masses. As expected, the lightest states of the
spectrum will be similar to those discussed in section 2, as seen by comparing figure 2 and
figure 5, while the heavier states can be now much lighter and thus of phenomenological
interest, as explained earlier on.

In the limit of degenerate neutrinos, egs. (3.6) and (3.8) lead to

v Auy/HLN v Auy/HLN Ty
= RUT = el 3.25
YN = 73 v V3 " (3.25)

This expression is invariant under a U(1) subgroup of SU(3), x SO(3)nx
Yy — o T" (yy) Ue—ion T gt (3.26)

where « is the (real) parameter of the transformation. Therefore, the gauge boson as-
sociated with this U(1) will only acquire mass through Yg and will be lighter than the
rest. The generator of this residual U(1) symmetry in the SU(3), sector is Un;T"UT and
therefore the induced cLFV four fermion operator mediated by that state is

92

M2

_ . 2
(@L’yHUmT”UJw[) . (3.27)
Avu()

That lighter state is illustrated by the first gauge boson on the second layer of figure 5, in
which generic values of the Dirac CP phase § and a non-trivial R matrix have been used.
In this generic case, the most competitive bound on the operator in eq. (3.27) stems from
the © — eee decay.

In the case of a CP conserving PMNS matrix, the antisymmetry of 7" would imply that
the combination UnT"UT in eq. (3.27) would have vanishing flavour diagonal interactions.
The only expected decays would then be 7 — pee and 7 — pue, determined by the specific
values of R. Nevertheless, the recent hints [82, 83] of a leptonic CP phase § ~ 270° would
discard this possibility, if confirmed. In this perspective, we refrain as well from detailing
other specific predictions that would follow for scenarios with § = 0 or 7.
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Figure 6. Gauge and fermion heavy spectrum for the gauged lepton flavour type I Seesaw model,
with Vg ~ ||Vn]|. Boxes correspond to flavour gauge fields and lines to mirror fermions. Neutrino
normal ordering was assumed and the parameter values taken are 623 = 45°, 615 = 33°, 613 = 8.8°,
Dirac CP phase § = 37/2, Majorana phases a; = ag =0, R = 1, all X’s and ¢’s are taken to be 0.1
except Ay =1 and pugp = 15GeV, purxy = 20 KeV and m,, = 0.003eV.

3.1.3 Yg ~ ||[Y~|| — LUV and cLFV

This case is involved given the interplay of several scales, although it can be described
qualitatively. As Vg is intrinsically hierarchical (and determined by the inverse of the
charged lepton masses), in the example considered next it is assumed that the norm ||Yx||
is heavier than the eigenstates of the approximate SU(2) g symmetry of the muon-tau sector
and lighter than the rest of the )Vg entries. In consequence, the lightest exotic fermion and
gauge boson masses are as in the SM gauged case discussed in section 2, as can be seen
by comparing figure 2 with the illustrative case in figure 6. The lightest fields in the
spectrum are again the mirror 7 lepton and the SU(2) g gauge bosons, leading to the u— 7
phenomenology discussed in section 2.

Additionally, the gauge bosons which take their masses dominantly from )y may now
lead to observable cLFV signals, as discussed next. Electron number violation will be
suppressed by the largest of the two scales ||Vg|| and ||Vy]|, while muon and tau violation
by the largest of || Vg| me/m, and ||Vn|. Therefore, the generic expectations for flavour
violating processes are:

)
Brﬂ%eee(Aﬁ) ) Brfr—me*e* (Af;) 9 BrT—WM@(AfL) ~ (HyEH2 + HyN”Q) 9
2 _2 (3.28)
e 2 2
Brropn(AL),  Bryere (AL) ~ (m2 el + 19yl ) |
m

The experimental bounds in table 3 can then be translated into limits on the combinations

\/|D}EH2 + |Vn? > 3.5 x 10° GeV, from pu — eee,

m?2

— ) ) (3.29)
CVell® + VN7 > 1.9 x 10 GeV, from 7 — pete.
m

When the two scales | Vg|| and [|Vy]|| are comparable, 1 — eee sets a lower bound on
each of them of ~ 2.5 x 105 GeV; when instead ||Vy| < |VEll, 7 — pete™ leads to a
stronger bound on ||Vg| = 2.9 x 10° GeV. In both cases, flavour observables turn out to
be more sensitive to the scale of the flavour gauge bosons than present collider data, as
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Br(p — ey) <5.7x 10713 Br(r — wy) < 4.4 x 1078
Br(r — ey) <33 x 1078 Br(u — eee) < 1.0 x 10712
Br(r — eee) < 2.7 x 1078 Br(r — pup) < 2.1 x 1078
Br(r — ptp7e) <2.7x 1078 | Br(r — pp~e™) < 1.7 x 1078
Br(r — pete™) <1.8x 1078 | Br(r — pute7e) <1.5x 1078

Table 3. 90% CL limits on flavour violating decays of a charged lepton into three other charged
leptons [24].

the bounds on |Vg| are stronger than that extracted from direct searches in eq. (2.50),
| Vel > 7.4 x 104 GeV.

4 Comparison with minimal lepton flavour violation, for Yn > Vg

We have gauged in the preceding sections the maximal non-abelian leptonic global flavour
symmetry of the SM and of the type I Seesaw Lagrangian. In doing so, we were inspired
by the phenomenological successes of the MFV ansatz in which the Yukawa couplings are
treated as scalar spurions. A pertinent question is then whether the resulting low-energy
phenomenology described above is compatible with that expected in the original formula-
tion of Minimal Lepton Flavour Violation (MLFV) [26] and subsequent works [27-30].

The low-energy effective Lagrangian of our gauged-flavour models will, by construction,
be formally invariant under the spurion analysis of MLFV; the question is whether the
analytic dependence on the scalar fields matches that in MLFV. It is shown below that
this is not always the case, due mainly to the presence of additional gauge bosons in the
gauged-flavour Lagrangians.

For definiteness, we focus here on the specific limit Yy > Vg, which applies both to
the gauged-flavour SM described in section 2 and to one scenario of the gauged-flavour
type I Seesaw model, see section 3.1.2. Integrating out the flavour gauge bosons and the
mirror fermion fields in egs. (2.2)—(2.6), (3.1) and (3.2), and restricting the expansion to
order Y =2 in flavon fields vevs (Vg and Yy ), the low-energy Lagrangian reads'?

eff (—ELH)\EME ern —(TH Gy HT 0 + h.c.>
AeVE

AN

1 2 DA | IS | ~
+iER—’u7ETlDeR+MLH—E zp(HWL) + il H Y — lD(HTEL>
VY

E A VLY AR Vi

Cgp 1 _ 2 ].
— —Tr (eryuer)” — Tt
[yLyE] 2

o, yN] (Cyulr) [ce(Covulr) + 2con(Eryuer)],
(4.1)

2Recall that we are working on the convention in which pg and all A; coefficients are real; otherwise all
A? should be traded by |X;|%.
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Figure 7. Example of effective operator induced via heavy fermion exchange.

where subleading contributions to the displayed operators have been neglected, e.g. 1/ yf’v
Vs. 1/3%, given that we assume Yy > Vg.

The first line in eq. (4.1) is in fact the general effective Lagrangian in eq. (1.4) which
describes the charged lepton and neutrino masses, with the charged lepton Yukawa coupling
given by Yg = (Agppg)/(AeYE) in both gauged-flavour models considered, SM and type I
Seesaw scenario, as already found in eq. (2.10) and section 3. C), is linear in y&l for the
former scenario and quadratic for the latter, see respectively egs. (2.10) and (3.5).

The second line in eq. (4.1) displays fermion-bilinear terms which are those resulting
from integrating out the mirror fermions, as illustrated in figure 7. Finally, the last line
stems from integrating out the heavy flavour gauge bosons resulting in effective four-fermion
operators only; a flavour non-conserving operator resulting from Af; exchange is depicted
in figure 8 as illustration. The coefficient of the first four-fermion operator, cg, has been
given in eq. (2.45), whereas the explicit formulas for ¢, and ¢y depend on the model under
consideration; they will be discussed further below for phenomenologically accessible cases.

Mirror lepton exchange. The first term on the second line of eq. (4.1) contributes to
the kinetic energy of the right-handed light charged leptons; the field redefinition

N PO (4.2)
€R T o2 €R, .
202 y;;yE

allows to recover canonically normalized kinetic energies and leaves the rest of the La-

grangian unchanged, at the order considered. This confirms the result found in section 2,
as the mixing © g among right-handed charged fermions does not affect the gauge interac-
tions.

The second term in that line is a dimension six (d = 6) effective operator with a
coefficient of order y§2 and therefore quadratic in the charged lepton Yukawa couplings
YE, see eq. (2.10). Were one to write the O(Y2) coefficient for such operator with the
prescription of MLFV, it would read, in matrix notation,

7 -
MLEV: O HYpY D (H%) : (4.3)

which indeed corresponds to our result in eq. (4.1) provided the associated scale is identified

as A = up, see eq. (2.10). Note that A is then not the mass scale of any of the heavy

particles in the model and can actually be lower.!?

131f instead the coefficient is written in terms of mass scales, e.g. the mass of the lightest mirror charged
lepton, M, , it would read A% /M? x YEY];L/ HYEH to order my /m-.
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Figure 8. Tree-level exchange of a flavour gauge boson resulting in a four-fermion effective operator.

The rest of operators produced by fermion exchange can be cast as well in standard
MLFV form; in particular the third operator in the second line of eq. (4.1) induces charged
flavour violation as was indeed already studied in the context of leptonic MFV in ref. [29].

A relevant difference between MLFV constructions and the flavour-gauged scenario
concerns CP violation. While a priori no symmetry principle prevents from assuming
a complex overall phase in non-hermitian MLFV operators, in the lepton gauged-flavour
models studied here such extra overall phases are absent. Therefore, the gauging of the lep-
ton flavour symmetries provides a mechanism to protect against CP violation, not present
in generic MLFV scenarios. In other words, the only source of CP violation are the scalar
vevs and thus the only physical CP-odd phases are those of the PMNS matrix in both
gauged-flavour scenarios, plus the usual extra phases of the minimal type I Seesaw model
in the gauged-flavour type I Seesaw case.

Flavoured gauge boson exchange. The effective couplings resulting from the exchange
of a heavy flavour gauge boson present a more complicated structure than those mediated
by heavy fermions. For instance, the first operator in the third line of eq. (4.1) involves
four right-handed charged lepton fields and a coefficient of order 3@2. Using eq. (2.45) and
eq. (2.10), the dependence on the charged lepton Yukawa coupling Yz in the gauged-flavour
case reads, in matrix notation,

1

2
——— (ernYiYeer) . (44)
4Tr |V} Vi)

1 k41
_52(_1)1@34 TW —ERERVp (YgYE> er +
P (vive)

where 1/(1 4+ z) = > (—=z)™ has been used. In contrast, within the MLFV prescription the
Lagrangian term would be given by

1 /_ _
MFV: 2 (eR’y#YgYEeR> (ERYueR) » (4.5)

at leading order. In consequence, the spurion dependences do not match even if formally
both are of order YEQ. Furthermore, only two leptons are involved in a non-trivial flavour
structure in the MLFV case instead of four in the gauged-flavour scenario. In both cases,
although this operator induces LUV, it does not induce LFV which is the distinctive feature
of MLFV to which we now turn.

The second term in the third line of the Lagrangian eq. (4.1) exhibits a combination
of two operators which induce LFV transitions — weighted down by 3};,2 — which can be
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compared to the operators OfllL), OfL), Oi‘? of ref. [27]. Those two operators are strongly

suppressed in the gauged-flavour SM case as the Yy scale is necessarily very high, while
they may lead to visible effects in the context of the gauged-flavour type I Seesaw model in
section 3.1.2, as the scale associated to Yy can be low enough even if Yy > ||Vg|. In the
following, to allow a fair comparison with MLFV we will focus on flavour non-conserving
transitions and consider a CP-even limit of the gauged-flavour type I Seesaw model.

CP invariance (R =1, § = 0, a21 = a31 = 0). In the CP-even limit considered,
the combination of two operators appearing in the last term in eq. (4.1),

1 1 -
- §Tr S ] ( %fyufﬁ) [ obrp (Ciyrer) +26a6”p (% v“ep)} , (4.6)
yNyN
is determined by the coeflicients given by
O = ULUsaULUsp 677" i = Uitui? cjre, (4.7)
with
(s _ 1 0is0jr 1My, My, (mgZ +m2)
¢ Zk My, (mzzzl - mzzzr) (mVi - m’/'r) + 5’i7“(2ml/i)3
(4.8)
25iT 5]5 ml2/1 m?/j 5%] 57"SmVZ' mllr
(m3, —m3 ) (my, —my,;) = 6i5(2my,)* 23 5,m, )7
ijkp _ mgmp 1 2U"€] U oM My, (mz%, + mIZ/J)
e m% + m,% Zk My, (mgl - mz%j)(mw - mVj) + 6ij(2ml’i)3 (4 )
9
T
- AUU; m,m;, 2k Uy, UL, 6imu,
(m?,l - ml%j)(mw - mVj) B 5ij(2mw)3 Zk My, ’

where the ¢, coefficients correspond to transitions between purely left-handed leptons, while
cep correspond to left-right mixed terms.'* Alike to the comparison between the operators
in egs. (4.4) and (4.5), the Yukawa dependence of the gauged-flavour model cannot be
matched in this case to that in standard approaches to MLFV [26, 27]; we will compare
here for definiteness with the “extended” model in ref. [26] for which the MLFV ansatz
would suggest a coupling proportional to'®

EL’MU mgiag UTKL ZL’}/MKL . (4.10)

The differences in the operator coefficients in eqs. (4.6)—(4.9) versus eq. (4.10) translate
into distinctive phenomenological signals; as an illustration, the branching ratios for various

" by a factor myms/(m2-+m3). This implies

M The coefficients cf}; J appear suppressed with respect to ¢,
that left-right c¢g contributions to transitions between leptons of neighbouring flavours (e.g. u — eee and
T — ppp) are larger than between the third to the first generations (e.g., 7 — eee or 7 — uee).

15Tn the notation of our gauged-flavour type I Seesaw model in section 3, the coefficient in front of this

equation would read (v2 uLN)fl, see footnote 9.
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Figure 9. Comparison between the gauged-flavour type-I Seesaw scenario and MLFV in a CP-even
case: branching ratios for the different lepton rare decays over that for p — eee, for neutrino normal
ordering (NO) and inverted ordering (I0).

lo — lgl;rl; processes are compared in figure 9. A first clear difference is the absence of
processes that violate lepton flavour by two units in the MLFV case, e.g., 7 — pete™ and
7 — ep ™ (the dashed lines in the gauged-flavour case). These processes are suppressed in
MLFV by higher-order spurion insertions, while the more intricate dependence on Yukawa
couplings of the gauged-flavour case allows them at leading order.

A second prominent feature depicted in figure 9 is the strong hierarchy between two
different type of decays in the gauged-flavour scenario, for inverted neutrino hierarchy
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and also for normal ordering with large m,,: transitions involving only one flavour in
the final state are much suppressed, see figures 9a and 9c, unlike in MLFV, figures 9b
and 9d. In consequence, the dominant channels for the gauged-flavour scenario are 7 — pee
and 7 — eup (in purple and orange). This hierarchy can be understood in terms of
symmetry. If the three light neutrinos are almost degenerate, an approximate SO(3)s4n
remains unbroken, as already pointed out in refs. [13, 14]. The three corresponding gauge
bosons would therefore be lighter than the rest with masses proportional to the neutrino
mass splittings and thus suppressed by a factor (m,, —m,,)/(m,, +m,;). The lightest of
these gauge bosons corresponds to the smallest mass splitting (Am?2,; ~ 7.50 x 1075 eV?)
between m,, and m,,, and dominates the contribution for inverted neutrino hierarchy as
well as for normal ordering with large m,,. Because the couplings of this lightest flavour
gauge boson are given by the generator of SO(2) rotations, which is antisymmetric in
flavour, a selection rule for the decays follows. This can be seen explicitly in the limit
Amgol < Y. m,, in which eqgs. (4.6)—(4.8) simplify to

951 (22 i i t £\ frny g8 71 it
S v (VU = UaaUly) (U ULy = UpU1) B 10 8h

from which it follows that whenever two flavours coincide, given the assumption of CP in-
variance the corresponding operator coefficient vanishes an hence | — I'l'l’ cancels, whereas
for more than two flavours involved

Br (7 — pee)  sin®(fa3)
Br (7 — ppe)  sin?(0;3)

~20. (4.11)

In contrast, in MLFV the 7 — ppp and 7 — eee branching ratios are a factor two — due to
combinatorics — times those for 7 — peTe™ and 7 — eu™ ™, respectively, see figures 9b
and 9d.

5 Conclusions

We have considered the gauging of leptonic global flavour symmetries that the SM La-
grangian or its fermionic Seesaw extension exhibit in the limit of negligible light lepton
masses. A remarkable consequence is that the gauge anomaly cancellation conditions point
to a universal underlying Seesaw pattern for both charged and neutral leptons:

- The gauging of the flavour symmetry SU(3), x SU(3)g of the SM Lagrangian (that
is, without assuming right-handed neutrinos) leads to the minimal type I Seesaw
scenario as the simplest realization in terms of extra fields needed. In other words,
without assuming Majorana neutrino masses, the gauging procedure suggests them

directly.

- Starting instead from the maximal flavour symmetry of the type I Seesaw Lagrangian,
SU(3), x SU(3)r x SO(3)n, leads to a double Seesaw and in particular an inverse
Seesaw pattern.
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This study extends previous work on gauging the flavour symmetries of the SM quark
sector, which had already shown the existence of a Seesaw-like pattern that protected the
model from the customary FCNC issues which tend to be the graveyard of attempts to
understand dynamically the flavour puzzle. Interesting signals and correlations have been
identified here as a result of gauging the maximal non-abelian flavour symmetries of the
SM and of the type I Seesaw Lagrangian. The main leptonic flavour signals expected tend
to involve the heavier SM leptons, whose interactions are less constrained by present data.

In the leptonic gauged-flavour SM case, the expected phenomenological signals are
flavour-conserving, and include charged-lepton universality violation and non-unitarity of
the PMNS matrix that follow from the (flavour diagonal) modifications of the couplings of
leptons to Z and W bosons, particularly prominent for 7-related observables. Furthermore,
the first particles awaiting discovery would be a tau mirror lepton and SU(3) g gauge bosons
which mediate pp — TR transitions.

Gauging instead the maximal lepton flavour symmetry of type I Seesaw may lead not
only to signals of lepton universality violation but also to putatively observable flavour
non-conserving transitions among charged leptons. The dominant signals expected depend
mainly on the relative hierarchy of the scalar vevs that generate the charged lepton masses
| Vel versus those that generate the neutrino ones [|Vy]|| and the LN scale. When all
Vg vevs are larger than ||Vy||, the leading transitions are again flavour-conserving, while
the lightest states in the spectrum are mirror neutrinos and gauge bosons whose mass is
determined by ||Vx||. In the opposite case, that is for | Vx| > ||VE||, the lowest states are
again the mirror tau lepton and the three SU(3) g gauge bosons which mediate transitions
in the up — 7 sector. Of particular interest is the fact that Majorana masses within an
approximate U(1) lepton number symmetry setup are allowed, associated to the inverse
Seesaw structure that results naturally from the requirement of gauge anomaly cancellation;
it is precisely because the lepton scale is then distinct from the lepton number scale, that
the latter can be low enough to expect sizeable flavour-changing signals. The precise
phenomenology depends much on the CP pattern of the model. For the generic case of
CP violation and (almost degenerate) neutrinos, ;1 — eee is at present the most sensitive
flavour non-conserving channel.

The results have been also compared with the phenomenological predictions of leptonic
minimal flavour violation. We have shown that the presence of additional flavour gauge
bosons may provide distinct low-energy transitions among the SM fields. It is also remark-
able that the gauging of the lepton flavour symmetries provides a mechanism to protect
against extra sources of CP violation beyond those in the SM (and Seesaw type I), which is
absent in generic minimal lepton flavour violation scenarios. In addition, flavour changing
transitions among charged leptons involving more than two distinct leptons tend to be
stronger than those in which a tau or muon decays into three equal leptons, in contrast
again with generic minimal flavour violation. The impact of scalar flavour excitations is
model-dependent and remains to be studied in detail, although it is expected to abide by
the same flavour protection than the rest of the theory.

The necessary mediation of at least one BSM field is at the basis of the Seesaw mech-
anism for the generation of light neutrino Majorana masses; it is very suggestive that the
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mass mechanism for light fermions — quarks and leptons — which results from gaug-
ing the flavour symmetries corresponds qualitatively to the same pattern. Interestingly,

other theoretical constructions such as ¢

‘partial compositeness” lead as well to a universal
Seesaw-like pattern behind fermion masses; if new flavour signals are indeed observed, an
extended and detailed study of many flavour channels will be needed to disentangle a possi-
ble flavoured-gauge origin. The main drawback of our construction is our ignorance about
the absolute value of the scales involved, that could render the predictions of these models
out of reach in the foreseeable future. Yet, the quest to identify a dynamical origin to the

flavour puzzle is a fundamental and fascinating endeavour plausibly awaiting discovery.
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