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Abstract A bottom-up approach has been adopted to iden-
tify a flavour model that agrees with present experimental
measurements. The charged fermion mass hierarchies sug-
gest that only the top Yukawa term should be present at the
renormalisable level. Similarly, describing the lightness of
the active neutrinos through the type-I Seesaw mechanism,
right-handed neutrino mass terms should also be present
at the renormalisable level. The flavour symmetry of the
Lagrangian including the fermionic kinetic terms and only
the top Yukawa is then a combination of U(2) and U (3)
factors. Once considering the Majorana neutrino terms, the
associated symmetry is O(3). Lighter charged fermion and
active neutrino masses and quark and lepton mixings arise
considering specific spurion fields a la Minimal Flavour Vio-
lation. The associated phenomenology is investigated and
the model turns out to have almost the same flavour pro-
tection as the Minimal Flavour Violation in both quark and
lepton sectors. Promoting the spurions to dynamical fields,
the associated scalar potential is also studied and a minimum
is identified such that fermion masses and mixings are cor-
rectly reproduced. Very precise predictions for the Majorana
phases follow from the minimisation of the scalar potential
and thus the neutrinoless-double-beta decay may represent a
smoking gun for the model.
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1 Introduction

The seek of an explanation for the heterogeneity of fermion
masses and mixings is nowadays one of the biggest issues in
particle physics. The success of the standard model (SM) in
describing the strong and electroweak interactions through a
gauged symmetry encourages the idea that flavour symme-
tries may provide a solution to this problem.

The first attempt in this direction dates from the late seven-
ties, when Froggatt and Nielsen added to the SM symmetry
a global Abelian U (1) factor [1]. Fermions transform under
this new symmetry and the invariance of the Yukawa terms is
obtained through a new scalar, dubbed flavon, that is singlet
under the SM symmetry and transforms only under the U (1)
factor: the Yukawa terms are non-renormalisable operators
and include powers of the flavon to compensate the trans-
formations of the fermions. The cut-off scale A r represents
the mass scale of the underlying dynamics that originates the
Yukawa terms at lower energies. Fermion masses and mix-
ings arise when the flavon develops a non-vanishing vacuum
expectation value (VEV), breaking spontaneously the flavour
symmetry. The Froggatt-Nielsen approach has been adopted
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to describe both the quark and the lepton sectors [2—7], but
the large number of free parameters entering the Yukawa
matrices lowers the predictive power of the model.

Almost 20 years later, the very good agreement between
specific textures for the lepton mixing, such as the tri-
bimaximal one [8,9], and the data from neutrino oscillation
experiments suggested that discrete non-Abelian symmetries
[10-27] could represent a useful guide to understand the
flavour sector. The predictive power of this class of models is
high and flavour violating processes represent good smoking
guns for these constructions [28-36]. The 2011 discovery of
arelatively large value for the reactor angle [37—41] has dras-
tically changed the prospective on discrete flavour models,
whose most common prediction was a vanishing or extremely
small reactor angle.

On the other side, non-Abelian continuous symmetries
have received much attention both in the past and also in the
most recent years. Models implementing these symmetries
are typically more predictive than Froggatt—Nielsen mod-
els, and are more restrictive with respect to discrete flavour
models when considering the number and type of represen-
tations under which fields may transform. The probably best
known example is the so-called Minimal Flavour Violation
(MFV), which encodes the simple ansatz [42] that any source
of flavour and CP violation in any Beyond the SM (BSM) the-
ory is the same as in the SM, that is the Yukawa couplings.
This concept has been formulated in terms of the flavour sym-
metry arising in the limit of vanishing Yukawa couplings, that
is the flavour symmetry of the kinetic terms: the product of
a U (3) factor for each field species. In the quark sector it is
UB)g, X UB)ug x U3)ay [43], where g1, stands for the
quark SU (2)1 doublet, while u g and dg stand for the quark
singlets. In the lepton sector, the choice of the flavour sym-
metry depends on the specific spectrum considered: in the
SM, itis U(3)¢, x U(3)e,, where £; stands for the lepton
SU (2)1, doublet and eg for the charged lepton singlets; in
the type I Seesaw contextitis U(3)¢, x U(3)ep X UB) Ny,
with N for the three right-handed (RH) neutrinos. The latter
choice is highly non-predictive and two smaller groups have
been considered, U(3)¢, X U(3)ep X SO3) Ny [44,45] and
U3¢, 48 X U3)ey [46].

The whole Lagrangian is technically made invariant under
the flavour symmetry by promoting the Yukawa couplings to
spurion fields (i.e. non-dynamical fields with vanishing mass
dimension) transforming only under the flavour symmetry.
Once these spurions acquire specific background values (i.e.
the equivalent of VEVs if they were dynamical scalar fields
as considered in Refs. [47-50] — see also Refs. [51-55]),
the Yukawa terms exactly reproduce the measured values for
masses and mixing angles.

Any non-renormalisable operator containing fermion fields
is made flavour invariant by inserting Yukawa spurions. Once
the latter acquire background values, the strength of the
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effects induced by such operator gets suppressed by spe-
cific combinations of fermion masses and mixing angles and
CP phases. As a consequence, the cut-off scale Ay, which
would be constrained to be larger than hundreds or thousands
of TeVs in the generic case [56], can be instead as low as few
TeVs [43-46,57-75].

Seeking to promote the MFV from a low-energy description
to a well-defined theory even at higher energies, the spuri-
ons may be identified with dynamical scalar fields [47-50],
dubbed flavons: any flavon insertion should be suppressed
by a cut-off scale (larger than A r) that keeps the total mass
dimension of any operator equal to d = 4. In particular,
the Yukawa terms are non-renormalisable operators of mass
dimension d = 5. This leads to a problematic aspect for
the MFV: in this top-down approach, all the fermions of the
same type are treated on the same foot, belonging to the same
triplet representation of a U (3) factor; it follows that even the
top Yukawa coupling is generated by the ratio between the
flavon VEV and the cut-off scale, although numerically is
close to one. This prevents a proper treatment of the per-
turbative expansion: even if this aspect may be cured using
non-linear o model techniques [76], it raises doubts on the
MFV framework.

Recently, a new model based on non-Abelian continuous
symmetries has been proposed that treats the third family
fermions differently from the other fermions [77,78]: the
idea is that the Yukawa terms of the third family fermions
are invariant under the considered flavour symmetry without
any additional insertion of spurions; on the contrary, the ones
of the other generations still present these insertions. This
is technically achieved with the first two family fermions
in doublets of U (2) factors, one for each fermion species,
while the third family fermions are flavour singlets. Simi-
larly to the MFV scenario, the lighter fermion masses and
the mixing angles arise only via specific background values
of the spurions, whose insertion in non-renormalisable oper-
ators contributing to flavour observables allows predictions
consistent with data with a new physics (NP) scale at the
TeV [79-85]. This model is particularly interesting for the
top quark, whose Yukawa is naturally of order 1; on the other
hand, the smallness of the bottom and tau masses with respect
to the one of the top is explained through the introduction of a
second Higgs doublet; for this reason, this model is embedded
in the supersymmetric context. Moreover, while separating
the third family from the other two works pretty well for the
quark sector, where the largest mixing is between the first
two generations, this is not easily applicable to the lepton
sector, where the atmospheric angle is close to be maximal.
Indeed, in Ref. [78] where the U (2)"-model is extended to
the lepton sector, the lepton flavour symmetry is chosen to
be U(3)¢, x U(3)¢y, for the SM spectrum case.

The main idea in this paper is to strictly follow what data
suggests, avoiding any additional requirement for a specular
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treatment of all the fermions species: within the SM context
with or without the addition of three RH neutrinos, the cri-
terium is that only the term corresponding to the top quark
mass and, if existing, to the RH neutrino Majorana masses
are invariant under the considered flavour symmetry with-
out any spurion insertion, while the Yukawa terms for the
other fermions need these insertions. The schematic struc-
ture for the resulting Yukawa and mass matrices, writing the
Lagrangian in the left-right notation, looks like

x x|0 XXX
Yy=1|xx|0], Yp=|xxx],
00(1 yyy (L
XXX x x|y
m, x| xxx|, YeE=| xx|y |,
XXX X x|y

where m,, is the neutrino mass matrix as arises from the Wein-
berg operator [86]. The x and y entries represent spurion
background contributions and are numbers smaller than 1.
The vertical and horizontal lines help identifying the flavour
structures.

For the type I Seesaw case [87-91], the neutrino sector is
instead described by a Dirac Yukawa matrix and a Majorana
mass matrix as follows:

XX X

Y, = Mg « 1. (12)

xxx |,
XX x

The advantages of this model are multiple: it distinguishes
the third families from the lighter ones; it naturally describes
the top Yukawa of order 1, avoiding any technical difficulty
for the perturbative expansion in the case of promoting spu-
rions to flavons; it explains the smallness of the bottom and
tau masses with respect to the top mass without any addi-
tional assumption; it assigns neutrinos to the same flavour
representation, as suggested by the largeness of the atmo-
spheric and solar mixing angles. This model is therefore a
bottom-up approach, completely data driven, that encodes
the advantages of the MFV approach and of the U (2)" model
described abobe, avoiding their major drawbacks.

The Data Driven Flavour Model (DDFM) is explicitly con-
structed in Sect. 2, while Sect. 3 contains its phenomenolog-
ical analysis. In Sect. 4, the spurions are explicitly promoted
to flavons and the associated scalar potential is studied. Con-
clusions and comments are presented in Sect. 5.

2 Data driven flavour model
The Lagrangian of the DDFM model can be written as the

sum of different terms,

L = Lin+ L — Vo), 2.1

Table 1 Transformation properties of quarks and quark spurions under

Yq

SUQ),, SU2)ug SU3)ag

/
L

e
Uk
g
Dp

Ay
AYp
Ybp

b— e DN b e DN R e
W = W = = =

—_ N N = = = = N

Wi

where %, contains the canonical kinetic terms of all the
fields in the spectrum, V(¢) stands for the SM scalar potential
of the Higgs doublet ¢, and % is responsible for the fermion
masses.
Quark sector

The %y part of the Lagrangian for the quark sector can
be written as
—~ A =G Ptr+ AL +he., (2.2)
where qg ;. stands for the SU (2), doublet of the left-handed
(LH) third family quarks, 7 for the SU(2), singlet RH top
quark, (]3 = ioy¢*, and Afg contains all the terms responsi-
ble for the other quark masses and quark mixings. The prime
identifies the flavour or interaction basis. The largest non-
Abelian quark flavour symmetry consistent with the whole
Lagrangian, neglecting A%, is given by
Gy =SU@2)g, X SUR)up x SUQB)ay, (2.3)
where the notation matches the one of MFV as seen in the
introduction. The fields g5, and t}, appearing in % are sin-
glets under G, . The other quark fields, instead, transform non-
trivially: the LH quarks of the first two families, labelled as
Q) , transform as a doublet under SU (2),, ; the RH up-type
quarks of the first two families, indicated by U, transform
as a doublet under SU (2),,; finally, the three RH down-type
quarks, D', transform altogether as a triplet of SU (3) 4.

The lighter families and the mixing are described in A%, 1
once a specific set of spurions are considered. In order to keep
the model as minimal as possible, only three spurions are
introduced: Ay thatis a bi-doubletof SU (2)4;, x SU (2) .,
AYp that is a doublet-triplet of SU(2)4;, x SU(3)4g, and
yp that is a vector triplet of SU(3)4,. The transformation
properties of quarks and spurions are summarized in Table 1.

The A.fg part of the Lagrangian can then be written as

AL = QL ¢ AVy Ug + Q) ¢ AVp Dy

+q3; ¢ ¥p D, (2.4)

@ Springer
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and masses and mixings arise once the spurions acquire the
following background values:

<AyU>EAYU=(y(;‘yO> ,

c

2.5)

\% Vv Vv
(AYp) = AYp = (yd 11 ¥s V12 Y 13) 7

YaVa1 ysVa2 yp Vo3
(yp) = yp = (yaV31 ysV32 yV33),

where the Yukawa couplings y; are obtained by the ratio
between the corresponding quark mass and m;,, and V;; are
the entries of the measured CKM mixing matrix. The result-
ing Yukawa matrices are then given by the composition of

spurion background values,
(AYu) 0) ((AYD>>
Y = > Y == ’
Y ( 0 1 2= o)

where the Yy is already diagonal,! while Yp is exactly diag-
onalised by the CKM matrix,

(2.6)

diag(ya, ys» Y») = V' ¥p. 2.7)

Lepton sector: minimal field content (MFC)

The construction of the leptonic sector depends on
whether the active neutrino masses originate through the
Weinberg operator or via the type I Seesaw mechanism. In the
purely SM case, in order to avoid y; as an order 1 parameter,
no term should be present in .,2”5 that does not need any spu-
rion insertion. There is no unique choice for the lepton flavour
symmetry that leads to this result: indeed, even the MFV sym-
metry U (3)¢, x U(3)., prevents any direct mass term in the
Yukawa Lagrangian. Another possibility is that the charged
lepton sector mimics the down quark sector described above,
with the LH and RH fields transforming as two different rep-
resentations of the flavour symmetry. Although the choice
with the RH charged leptons in the triplet of U (3)., and the
LH lepton doublets in the doublet+singlet combination of
U (2)y, is allowed, this would not be consistent with the large
atmospheric mixing. Only the opposite assignment is viable:
the LH doublets have to transform as a triplet of U (3),, and
the RH charged leptons as a doublet+-singlet of U (2),. An
interesting aspect of this second choice is that it is compat-
ible with the SU (5) grand unification setup, that may be an
ultraviolet completion of the model presented here. Only this
possibility for the charged lepton sector will be further con-
sidered in the following.

I The vanishing entries of Y7y in Eq. (2.6) receive contributions combin-
ing two or more spurions, being yp ij) and its complex conjugate the
most relevant ones. However, once considering their background val-
ues, the largest contributions are proportional to yb2, thus corresponding
to subleading corrections to the CKM angles. For this reason, these
contributions will not be considered.
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Table 2 Transformation SU3), SUQ)
properties of leptons and L K
leptonic spurions under GMF€ L, 3 1

El 1 2

T 1 1

Z 6 !

AVE 3 2

YE 3 1

The non-Abelian lepton flavour symmetry in this case is
then given by

GMFC — SU@3)y, x SUQR)ep (2.8)

where the suffix MFC stands for the absence of any additional

degree of freedom in the fermionic spectrum of the SM, and
the notation matches the one of the MFV case reported in
the Introduction. Lepton masses and mixing are described
by means of three spurions: A that transforms as a triplet-
doublet of Q?/[FC, yE asavector tripletof SU (3), , and finally
7,852 sextuplet of SU(3)¢, . The transformation properties
of fermion and spurions in the lepton sector are summarized
in Table 2.

The Yukawa Lagrangian in the lepton sector in this mini-
mal setup is then given by

~ LM =L ¢ AVEER+ L dyETh

1 rrcy T 5/
STV (LL¢)% (¢ LL) the, (29
and masses and mixings arise once the spurions acquire the
following background values:

Ye O
0y ],
00

T
(ye)=ye=(00y;)" .
2ALN 4. §
() =gy =—7-U"diaglmy,, my,, my) U", (2.10)

where the Yukawa couplings y; are obtained by the ratio
between the corresponding lepton mass and m;, U is the mea-
sured PMNS matrix, Ay y is the scale of lepton number vio-
lation, v = 246 GeV is the electroweak VEV, and m,, are the
active neutrino masses. The resulting charged lepton Yukawa
matrix is obtained combining the spurion backgrounds,

(AVE) = AYg =

Ye = (AYE yE). 2.11)

and it is diagonal in this chosen basis. The neutrino mass
matrix is directly proportional to g, and it is exactly diago-
nalised by the PMNS matrix,

v2

—Uulg .
TR

2.12)

diag(mvla my,, mV3) =
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The careful reader may have noted that the spurion describing
flavour violating effects is exactly the same as the one in the
MLFV scenario [44]. Indeed, the only difference in terms
of symmetries between the two models is the RH charged
lepton sector.

Lepton sector: extended field content (EFC)

When considering the type I Seesaw context, three RH neu-
trinos are added to the SM spectrum? and their masses are
assumed to be much larger than the electroweak scale. It fol-
lows that the lepton Yukawa Lagrangian can be written as

1 _
_ pLERC _ EALN N Yy Np + ALEFFC fhe, 2.13)

where Ay is an overall scale associated to lepton number
violation, Yy is a dimensionless matrix, and A,,Sff’EF C con-
tains all the terms responsible for the other lepton masses and
mixing. If Yy is a completely generic matrix, then the lepton
flavour symmetry of the whole lepton Lagrangian, neglect-
ing AZé’EFC, coincides with gg“’ Cin Eq. (2.8), without any
additional term associated to N. Assuming that the charged
lepton sector is the same as in the minimal case and that the
spurions A Vg and y g are introduced, only v3 would receive a
mass via the Seesaw mechanism, while the other two neutri-
nos would remain massless: indeed, the Dirac neutrino mass
term would be invariant under the symmetry only inserting
YE, that however has only the third entry different from zero.
Adding an additional spurion that transforms as a triplet
of SU(3)¢, with at least two non-vanishing entries would
not help, as it would introduce dangerous flavour changing
effects in the charged lepton sector.

A viable alternative is to consider that Yy is the iden-
tity matrix. In this special case, the lepton flavour symmetry
is supplemented by a term associated to the RH neutrinos,
leading to

GEFC = SU@3)g, x SUQ2)ex X SOB) Ny (2.14)

where the RH neutrinos transform as a triplet of SO (3) .
To obtain a Dirac mass term invariant under the whole sym-
metry group, a new spurion transforming as a bi-triplet under
SU@3)¢, xSO3)ng, Vv, needs to be added. The transforma-
tion properties of leptons and lepton spurions for the Seesaw
case are summarized in Table 3.

The remaining part of the lepton flavour Lagrangian
Aiﬂf’EFC can then be written as

A,ff’EFC =L, ¢ AV Ex + L) pypth + I:/ngyu Ng.
(2.15)

2 The two RH neutrino case has been shown in Refs. [48,49] not to
be successful when minimising the scalar potential associated to the
flavons.

Table 3 Transformation properties of leptons and leptonic spurions
under QEFC

SUG)e, SU2)ey SOB)n,

L
E
TR
Ng
AYEg
YE
Yy

W W W = = = W
—_ = DN = = N ==
W o= = ) = =

and masses and mixings arise once the spurions AYg and yg
acquire the background values in Eq. (2.10), while ), gets a
background value such that

2A LN

D I=NY) = =3 U diagmy,, muy, my) UT.

(2.16)

Indeed, after electroweak symmetry breaking, while the
charged lepton Yukawa is already diagonal, as in Eq. (2.11),
the active neutrino mass matrix originates from the Seesaw
mechanism and it is given by

1_,. . v?

Ev’L‘ myv; +hec.  with m, = TN YiYl, @217
which is then diagonalised by

diag(my,, my,, my) =U"m, U. (2.18)

Even in this extended version of the model, the spurion
describing flavour violating effects is the same as in the
extended MLFV scenario (see Ref. [44]).

The choice of the spurion background values in Egs. (2.6)
and (2.10) or (2.16) is only partially arbitrary. Indeed, it is
possible to perform symmetry transformations to move the
unitary matrices or part of them from one sector to the other.
This is the case of the mixing between the first two families
of quarks: given that Q' is a doublet of SU(2), , it is possi-
ble to remove the Cabibbo angle from the down sector and to
make it appear in the up sector. However, as there is no cou-
pling between the first two generations of up-type quarks and
the top, it is not possible to entirely move the CKM matrix,
contrary to what happens in the MFV setup.

On the contrary, in the lepton sector, being L/, a triplet of
SU(@3)¢, , it is possible to entirely move the PMNS matrix
from the neutrino sector to the charged lepton one, through
a flavour symmetry transformation. This is also the case in
the MLFV scenario.

While the low-energy physics is independent from a spe-
cific choice of the spurion background values, the selected
configuration becomes physical once the spurions are pro-
moted to flavon fields. This aspect will be further investigated

@ Springer
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in Sect. 4, while the next one focuses on the phenomenology
of the model given the background values in Eqgs. (2.6) and
(2.10) or (2.16).

3 Phenomenological analysis

The analysis is carried out adopting an effective field the-
ory approach and considering operators with at most mass
dimension six. The quark and lepton sectors will be examined
separately.

3.1 Phenomenology in the quark sector

There are several bilinear fermionic terms that should be
considered as building blocks of the d = 6 operators. Besides
the trivial ones,

Q7 A v Qf
Dk Aq.1.1) v Dy

G3p A Ve g5

- / 3 ) 3.1
Ur A1) v Uk TR ALY Vi tg

=/ !/

IR AQLD Ve q3L
the following bilinears can be constructed:

07 AG.an v QL Q7 A1) Yu g5

D Ai.1.8) vu D

D A3 vu QL Dy A(.13) Yu 451

Ug Aasny vu Ug

g (3.2)

Ur Aoty vu O Uk A2y Yu d3L
f_;e A(i,l,l) Y Q/L
Ugr A12.1) Y IR

TR A.13) Vi Dk

UI/Q A12.3) Y D;e

where the A(; ; x) are flavour structures written in terms of the
spurions and transforming as (i, j, k) under gq. As the back-
ground values of the spurions AYy, AYp and yp contain
the Yukawa couplings, the largest being y. or yj, the higher
the number of spurions is, the more highly suppressed the
corresponding term becomes. This leads to the conclusion
that a consistent expansion in terms of powers of spurions is
possible within the DDFM and then the most relevant terms
foreach A ; r) structures are the ones with the least number
of spurions.
For example, the structure A(i,1,3) can be written as

Agys = AV) + AVEAVDAY) + - 3.3)

where dots stand for contributions that involve a higher num-
ber of spurions. In general, free coefficients should be present
in front of any term, but to simplify the notation and without
any loss of generality they have been omitted. When spurion

@ Springer

background values are considered, the first term dominates,
and all the rest can be safely neglected.

Special care is required for A(j 1, 1), as the dominant term
is the identity:

Aqiny=1+Tr (AJ};A))U>

+Tr (AV,AYD) +¥pyo + -+ (3:4)

and therefore only the first term will be retained.

Flavour non-conserving effects arise due to two sources:
the first is the presence in the A(; ; x) structure of the AYp
and yp spurions, that are the only ones with non-trivial
flavour structure; the second is associated to the fact that
fermions are in the flavour basis and, when moving to the
mass basis, the bilinears with down-type quarks acquire spe-
cific flavour structures. Indeed, below the EWSB and accord-
ing to Egs. (2.6) and (2.7), the transformations to move to the
mass basis read

b,L g V3j DLj D,R,- d DR,-

(3.5)

i !/
Up g = ULg LR = ULRs,

where D = (d, s, b) and U = (u, c, t). It follows that
Q) Q) and g}, g, contain flavour changing contractions
in the down sector once in the mass basis:

Dy yuDy = ) ViViDr, yu D,
i=1,2

= (5]'/( - V3*j V3k> DLj Yu DL,

_/L Y b/L = V3*j V3k DL_/ Yu DLy

(3.6)

where the second equivalence of the first expression is just to
explicitly separate the flavour diagonal part from the flavour
non-diagonal one. If Q) and g, were in the same multiplet,
then the flavour non-diagonal parts would cancel each other,
as expected.

Table 4 contains the leading contributions for each A(; j x)
structure, specifying whether the leading contribution leads
to flavour changing (FC) effects.

It is easy to estimate the largest contribution within each
A, j k) structure and it turns out that those entering the up
sector operators are at least as suppressed as those of the down
sector, with additional suppression in terms of the charm
Yukawa in some cases. This reason and the low precision
in measurements in the up sector with respect to those in
the down sector indicate that the strongest constraints on the
model will arise from the down sector, that will be indeed
the focus for the rest of this section.

3.1.1 Dimension 6 operators and bounds on the NP scale
The dimension 6 operators relevant for the phenomenologi-

cal analysis can be constructed combining the different bilin-
ears identified in the previous section, Egs. (3.1) and (3.2).
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Table 4 Leading terms in each

Ag.j Leadi ibuti Leading F ibuti
A % structure. The column G, j.k) eading contribution eading FC contribution
on the flght spec.lﬁves the leading AdL 1 Only down = 1
term with non-trivial flavour s + +
structure. For A(j 1.1y and IAYER ) AYpAYp , AVy AYy, Up= AVpAY),
A,1,1) the contributions to the Down = AyDAyg , AyUAy;/
down and up sectors are N N
different. For A(j 31y and A AYpYp AVpYp
A1 the leading terms have Ad.1g) AV AYD AV AYp
trivial flavour structures and A AV AV
further spurion insertions are 2.1.3) Yp Yp
n}eicess.ary tgcdescribe flavour A1.3) yTD yI)
changing effects ;

£me A INDNYY AV AYD AV, Ay
Aga AlVi Ale/ AyDAyZ)
Aoy AV} AYpY), AV} AYpY),
AG1 YDAyL YDAyz)
Agaj) AV, AYD AV, AYD
Aa13) Yo Yp

The different operators can be grouped together consider- O =
ing the type and number of fields involved: 4 quarks (4Q), 2 Oy =

quarks and 2 Higgs (2Q2H), 2 quarks and 1 gauge boson field
strength (2QV), 2 quarks and 2 leptons (2Q2L). The effective O =
Lagrangian of dimension 6 operators can be written as O3 =
4 Oy =

2O = "¢ L, (3.7)
! Xl: A 015 =
where the list of operators can be found in the following and O16 =

the ¢; are free coefficients expected to be of the same order.
A refers to the scale of new physics that is expected to give
rise to these operators.

4Q. The list of operators involving 4 quark fields that are
relevant for the analysis is the following:

Ov=(QLvu Q1) (QLv" Q1)

02 = ( 3L Vi ‘13L) (ééL y* qéL)

O3 = (0 vu0°01) (0L v o 0})

Oy = ( AL Vn O ‘13L) (%LV o“qsy )

Os =(QLyuT"Q7) (0L y" T*Q})

O = (@5, vu Tq31) (@3, v" T"q31)

1= (0, 7u 1" 0}) (0, v 70" 0} )
O3 = (CY’QL yu T ‘13L) (ééL yH TaGhQ§L>
Oy = (01 v Q1) (D v" Dy)

L Yudsr) (Dgv" Di)
LY QL) ( r V" D )
L vuTq5,) (D y" T“Dy)

L Vudse) (Ugv" Ug)
LveT0L) (Ug y* TUR)

(a5
(0]
(a5
(0% v 01) (Ukv* Ug)
(a5
(0]
(@5

L Ve Tq3;) (Ug v* TUR), (3.8)

where o¢ stand for the Pauli matrices and T¢
for the Gell-Mann matrices. Other operators can
be written with a similar structure, but they are
either redundant or more suppressed. As an exam-
ple, the operator Q' v, Q) g5, v* g5, is redun-
dant with respect to the ones listed above as its
contribution, once focusing only into the down-
type quarks, is already described by the two oper-
ators in the first line of Eq. (3.8). Other exam-
ples are the operators Q) Ap.11) Yu 4, Q) v* Q)
and Q7 A@.1,1) Ve 3 @5 Y™ g5 the presence of
A(2,1,1) indicates that the corresponding contribution
is more suppressed with respect to the one arising
from the first two operators in the list. For this rea-
son, these operators have not been considered.

Once moving to the mass basis and focusing only on
the down quark sector, using Eq. (3.6), the relevant
interactions describing flavour changing effects read
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— 2
(Vi;Vai B, v D)
V3V (D, v Dry) (
V3 Var (Dr, vu0°Dr,) ( _Lj y oDy,
V35Vt (DL, v T“DLy) (
V3*j V3k ([)L,- ]/H TaO'bDLl_)
V3*j Vak ([)R,- Yu DR,-)
V35 Vsk (DR, v T“ Dg,)

i

V3*j Vak (URi Y URi) (DL/' y* DLk)
Vi Vak (Uk, vu TUr,) (D, " T*D,).

The first term in this list describes a AF = 2 struc-
ture, while all the others only AF = 1. Additional
terms arise from Eq. (3.8), but they are redundant with
respect to the structures listed in Eq. (3.9): for exam-
ple, AF = 2 structures with the insertion of SU (3),
or SU(2)1 generators turn out to be equivalent to the
first one in this list after using Fiertz identities.
Comparing this result with the MFV case, the two
bases of independent structures coincide for the down
quarks: the list in Eq. (3.9) corresponds to Og, Oy1,
Oy2, Oy3, Oya, Oys, Oys, Oy7, Oys, respectively,
adopting the notation used in Ref. [43]. The suppres-
sion due to the CKM matches exactly the Agc term of
the MFV analysis: indeed, the matching conditions
between the two lists of operators read

apg=c1+c ag1 = —2c) ag2 = —2c3
a,3 = —2cs ags = —2c7
4 1 (3.10)
ags = —c9 + 10 age = —C11 +Cc12
ag7 = —c13 +ci4 ags = —c15 + Cie6»

where a; are the free coefficient associated to the
O; operator in the MFV context, while ¢; are the
coefficients appearing in the effective Lagrangian in
Eq. (3.7).

2Q2H. There are four relevant operators that can be con-
structed with two quark fields and two Higgs doublet

fields:
017 =i (01 7. 01) (6" D"9)
15 =i @ vudis) (¢ D"g)
i - (3.11)
019 =i(07 7.0 0}) (¢" D9)
Oy =i (QéL Yu Ua‘éL) (¢T<B)Ma¢) s

@ Springer

where ¢" D “p = ¢T Dl p— (DHep)T ¢ and ¢ D Ha
¢ = ¢To?Drp — (D )" 0% are the hermitian
derivatives. Operators involving RH quark currents
are more suppressed as any flavour changing effect
can only be achieved by the insertion of spurions, and
have for this reason been discarded from the previous
list.
In the mass basis and focusing on the down quark
sector, there is only one interesting structure arising
from these operators,
V35 Vak (DLyvuDry) 2" (h +v)*. (3.12)
Even in this case, this structure coincides with that
of the MFV context Oy and O, respectively, and
involve the same pattern of flavour suppression, with
the matching conditions given by

ag1 = —c17 +ci18 agy = —c19 +cz.  (3.13)

2QYV. The operators that involve gauge boson field strengths
below EWSB, that are the only relevant ones for low-
energy flavour processes, are those with gluons and
photons:

O = ¢ (D}e AG13y o™ TQ + h.c.) G,
Oy = ¢ (Dr Aq,1,3 0" T4, +he.) G,
O = (0}, y"T*Q}) DGy,

O = (@5, vuT"d5,) D'GY,

Ors = ¢ (D}e Ag 130" 0+ h~C-) Fyu
O =¢" (D Aqi,1,3 0" g5, +h.c) Fuy
0y = (0, y"Q}) D"Fy,

028 = (a5, v"q5,) D" Fuv. (3.14)

As for the previous category, operators involving
purely RH currents are more suppressed and therefore
have not been considered. In the quark mass basis and
focusing only in the down quark sector, the relevant
structures are

Y3V v+ h) (Dg; 6" TDp, +hec) G,
ViVax (D, o’ y"TDy,) D' G,
Y V3 Vak (v + h) (Dr; 0" D, +h.c.) Fp
V3V (DL, 0" y" D) D" Fp,

(3.15)

where the relations (AYp);; = y;?\/ij and (yp); =
yf’Vgi, where y? = {y4, vs, y»}, have been used.
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These structures find an equivalent in the MFV anal-
ysis with the operators Og1, Og2, OF1 and Ops
respectively, and have the same suppression in terms
of down Yukawas and CKM elements. The matching
conditions read

ag) = —c21 + 22 agy = —¢23 + ¢4

(3.16)

ar1 = —c25 + c26 apy = —c27 + €28

2Q2L. The last class of operators are those involving two
quarks and two leptons and they read

LYn QL) (Z‘/L 148 L/L)

@3 vuasy) (L v LY)
QL vuo* Q1) (L y"oLy)
sLvuoasy) (L v oLl)

(0}
(
(
(@
(
(
(
(a5

: (3.17)
= QL Y QL) (E}e rH ES?)
= (@51 vu 431) ( v" ER)
= (0L vu 01) (TR V" 72)
= (@5, vuds) (T v Tp)-

Operators constructed with RH quark currents are
more suppressed and have been neglected in the pre-
vious list. In the fermion mass basis, these operators
give rise to the following interactions:

V3iVar (Dr; yu D) v y* v
V35Vak (Dr; vu Dr,) ELy" EL

V3 Vak (DL/' vu Dry) (3.18)

C36 — C35 _
+ ——1ry" fR> ,
C34 — C33

(éR y*er+ g y" ur
where £ = {er, up, trtandvy = {vr,, vi,, vis),
and the ratio of the coefficients in front of the tau
component is due to the independence of operators
033—036: in the DDFM, these lepton interactions are
decorrelated.

These three structures appear also in the MFV analy-
sis, where they are called Oy,, O, and Oy, and the
suppression is the same. The only difference is in the
correlation present in the MFV case between the first
two lepton generations and the third one in the last
operator. The matching conditions read

agr = —c29 +¢30 agy = —C31 +¢32 (3.19)
apy’ = —c33 + a4 agy = —c35 + 36,

where the index {e, u, t} of ag3 refers to the lepton
family.

The flavour suppressions present in any dimension 6 oper-
ator, once restricting to the down quark sector, result to be
identical to those in the MFV context. There are only two
differences: the first is in the decorrelation of the operators
0U33-036, just mentioned above, that leads to lepton flavour
non-universality. More in detail, the operator O, in the MFV
scenario contributes to the decay rates of By — u™ ™ and
By — t1~ exactly in the same way; this is not the case in
the DDFM, where operators ¢33 and ¢34 contribute only to
the first observable, while operators ¢35 and 036 contribute to
the second process. At the moment, data with taus in the final
states are absent, but in the future, any non-universality effect
in the u — t sector of these observables may disfavour MFV
and be compatible with the DDFM. Similar comments apply
for the two observables B — K*uTpu~and B — K*tTt~.
Commenting on the recent non-universality effects in the
e — u sector in B-decays, both MFV and DDFM predict
lepton universality and therefore cannot explain the present
anomalies in these processes.

The second difference with respect to MFV is manifest
with the matching conditions between the coefficients of
MFV and of the DDFM: if, for any reason, the coefficients
of the 0y, and 0,,_; operators, for any n > 9, are identi-
cal, then the last four contributions shown in Eq. (3.9), and
all those in Egs. (3.12), (3.15) and (3.18) are vanishing and
the subleading ones should be considered. However, disre-
garding that this occurs for a tuning between the parameters
and looking at a more fundamental explanation, this limit
is equivalent to having Qy and g3 in the same multiplet. If
this happens, these contributions turn out to be non-vanishing
and to have exactly the same suppression in terms of CKM
entries. Indeed, even if the RH quarks are taken within the
same multiplet, the up-quark spurion would transform as a
bi-triplet of the flavour symmetry: this is exactly what hap-
pens in the MFV case and the contributions in Egs. (3.9),
(3.12), (3.15) and (3.18) are restored, but multiplied by y?.}

Egs. (3.9), (3.12), (3.15) and (3.18) allow to conclude that
the leading AF = 1 and AF = 2 FCNC amplitudes, once
neglecting the light quark mass contributions, get the same
suppressions in terms of CKM elements as in the SM: it is
then possible to generically write the amplitudes within the
DDFM as [67]

A(d] = d*) = v va AGS"

w} (3.20)

[1 + caF=1 e

.A(Mjk — Mjk) = (V;/ V31<) .A(AF 2

3 The condition of having the three RH quarks within the same multiplet
is not strictly necessary. If they transform as 2+1, then the up-quark
spurion would transform as a doublet-triplet and its background value
would contain the top-quark Yukawa.
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(3.21)

16712M‘%V
1+ CAF=2T

where Agy are the SM loop amplitudes and the cap—1 2 are
O(1) real parameters and depend on the specific operator
considered. Moreover, the car=12 coefficients are flavour
blind, except for the operators ¢’33—03¢, where they differ-
entiate the 7 observables from the ones containing e and u.

Before commenting on the bounds on the NP scale, it is
worth noticing the stability of the CKM entries against NP
corrections. As for the MFV scenario, several constrains that
are used to determine the CKM matrix are not affected by NP,
not only at tree-level but also at loop level. An example is the
time-dependent CPV asymmetry in B; — v K g5, where
Eq. (3.21) implies that the weak CPV phase in the B; — By
mixing is exactly the same as in the SM, arg [(V3’“3 V31)2].
Only ex and Amp, are sensitive to NP effects within the
DDFM and can be used to constrain the NP scale.

The bounds on the dimension 6 operators within the
DDFM are the same as in the MFV framework and repre-
sentative examples are reported in Table 5 [67].

The bounds turn out to be in the TeV range and this sug-
gests that precision investigations in rare decays together with
complementary studies at colliders may play a key role to
unveil the physics behind the flavour sector.

3.2 Phenomenology in the lepton sector

The analysis in the lepton sector is very similar to the one of
the MLFV case presented in Ref. [73]. Indeed, as said above,
the only difference between the DDFM and MLFV concerns
the RH charged leptons, while the LH leptons and the RH
neutrinos transform in the same way under the same sym-
metries; as a result, the spurions describing flavour changing
effects, which are only associated to the LH sector, are the
same in the two models, in both minimal and extended field
content cases. For this reason, the main aspects of the anal-
ysis in Ref. [73] will be summarised here, pointing out the

differences between the two models.
Only three lepton bilinears are relevant for the phe-
nomenological analysis:

MFC: L} Ag.1yyu Ly L} Az ¢ Ex L) Ag1 ¢ Th
EFC: Ly Asinvuly  LiAgsn¢Er Ly AGin¢ Tk
(3.22)

where the A; ; transform under gyFC, while A; ;x under

ngC. The leading contributions with non-trivial flavour
structure entering these A are written in terms of 7 AV,
y for the MFC case and )),, AYg, yg for the EFC one:

MFC: Ag 1) :7;;7\;
EFC: Ag11y =W 373'

Agy =AnYE
Aciy =V Viye.
(3.23)

Ai g :/’:%AyE
A(3j,1) = yv y\jAyE
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In the MFC case, the combination of spurions entering
the A structures can be directly related to lepton masses
and PMNS entries, while this is not the case for the EFC
case. From Eq. (2.16), the combination of spurions associ-
ated to neutrino masses and PMNS entries is ), yVT that is
not exactly the combination listed above, ), yj , and prevents
to have predictivity for the flavour violating observables. To
overcome this problem, CP conservation in the lepton sector
has been assumed [44], such that
WY =0 (3.24)
In Ref. [44], this condition as been implemented assuming
vanishing Dirac and Majorana phases. A milder condition
introduced in Ref. [73] implies SéP = {0, =} for the Dirac
CP phase and 11 » = {0, 7 } for the Majorana phases, accord-
ing to the convention of the PDG [92]. While no constraint
on the Majorana phases is present, the possible window of
values for the Dirac one started to shrink in recent years:
for the neutrino Normal Ordering (NO) case the 30 range
is [141°,370°] ([144°, 357°]), while for the Inverse Order-
ing (I0) it is [205°, 354°] ([205°, 348°]), without (with) the
Super-Kamiokande atmospheric data taken into considera-
tion [93]. It follows that Sép = {0, 7} is compatible at 30
with the present data only for the NO case, while for the IO
it is only close to the allowed region but not inside.

The two conditions described above are necessary to pro-
vide predictivity of the model as it is not possible to deduce
Y, from the low-energy neutrino data. However, as it will be
shown in Sect. 4.2, the minimisation of the scalar potential
leads to a specific value for Y, thus overcoming the predictiv-
ity problem. This aspect will be considered in the discussion
that follows.

Aninteresting difference between the MFC and EFC cases
is in the dependence of A on the lightest active neutrino
mass: in the MFC scenario, flavour changing entries of A are
completely fixed in terms of the PMNS entries and neutrino
mass square differences, and the only free parameteris Az y;
in the EFC case, there is an extra dependence on the lightest
neutrino mass. This potentially allows to distinguish between
the two possibilities, as it will be explicitly shown in the
following.

Contrary to what happened in the quark sector, the charged
leptons are already in the mass basis:

E;, > EL v, = Uvg Ep;— Egr,

(3.25)
TI/Q — ER3,

where E = {e, i, t} and v = {vy, v2, v3}. For this reason,
trivial combinations of A do not lead to flavour violating
effects in the lepton sector.



Eur. Phys. J. C (2020) 80:854

Page 11 0of 23 854

Table 5 Lower bounds on the

NP scale for some representative Operators Bound on A/ /a; Observables

effective dimension 6 operators. 01. 0y 5.9 TeV €x, Amp,. Amp,

The values of A are at 95% C.L. . b
and are obtained considering 017, 018 4.1TeV By — ', B— Kiptp
that only the operators of the O, O 3.4 TeV B — X,y,B — X tte~
same class contribute to the Oss, O 6.1 TeV B — X,y,B — X, 0T¢~
given observables. No P 1.7 TeV B K*

cancellations among the 27> @28 ) e TR

corresponding coefficients are 09, O30, 031, O3 5.7 TeV By — ptp=, B— K*utp~
allowed 033, O3 5.7 TeV By - utu ,B— K*'utu~

3.2.1 Dimension 6 operators and prospects for LFV and
0v2pB decay

The most relevant observables in the lepton sector are the rare
radiative decays, the @ — e conversion in nuclei, © — 3e
and the neutrinoless-double-beta (0v28) decay. The associ-
ated low-energy effective Lagrangian can be written as

5 0] 4 ()

N O N O
2=yl R

H (3.26)
i=1 j=1

where Cﬂ and cgz are free coefficients of order 1 and the

operators read
O] =iLyy"Agranly (¢T<5)u¢) :
of) =iLiy o Asranly (¢ Do) |
o) =L y" As1.anyly, QL vu Q)

oy =Ly y" As.1.ayLy Dy D

o5 =Liy" Ag1.ayLLUrvuUk
O7) =Ly y" o A1yl 0 vuo Q) .

6 = _
0 =Ly y" As.1.an Ly @5 vudhe.

(3.27)

5 -
01y =Lyy" o AsaanLy @3, vuo dsy -
| -
ﬁI(ez =g/L/L¢UWA(3,§,(1))E;eBW )
(2 3
Orp =8L190" 0 A3 5 1 ExRWi,
3 -
O] =¢'L190" 1,00 Tk Buv
4 -
O] =8Ly ¢ o Ai1.0) TR Wi,
adopting and extending the notation of Ref. [73], with the
third index (k) within A ; )y referring only to the EFC
case. After moving to the mass basis, Egs. (3.5) and (3.25),
the dominant interactions involving charged leptons are the
following:

ELy"As1.a)ELZy (h+v)?
ELy"Asa.ayEL DrLy,DL
ELy"*Asa.apEL ULy, UL

ELy"Asa.0)EL DryuDr
ELy*Asa.ayEL UryUr

Er, (v+h)ot ((Ao,i,(l)))“ R+ (A@j’(l)))ﬂ HE

(3)
CRL
+=1 (Acan)is TR) Fuy
CRL

Er, 0+mot ((Agsap),, ex+ (Bazan),
(3.28)

4)
CRL
+-5 (AaLan);s TR) Zyy.
CRL

The only relevant difference with respect to the MLFV
case (see Ref. [73] as a reference) appears when the 7 lepton
is involved, as can be seen from the presence of the ratios
of coefficients in front of the last terms in the last two lines
of Eq. (3.28). The matching conditions among the operators
listed above and their corresponding siblings in the MLFV

scenario, 0225 and Ollgf, read

(1-5) _ (1-5) O2\* 1,2
arr,  =CLr > (aRL ) =CRL >

T
(aki”) =i’ (3:29)

where a; are the coefficients of the MLFV operators, and
the index e, u and 7 refers to the RH lepton involved in the
operators.

Lepton flavour violating processes

Equation (3.29) leads to the conclusion that the results pre-
sented in that paper for u — ey, u — 3eand u — e
conversion in nuclei are unchanged. In particular the plots
in Fig. 1 in Ref. [73] hold also for the DDFM: the strongest
bound originates from the u — e conversion in nuclei and
identifies the allowed region in the A x A7 y parameter space.
On the other hand, radiative t decay amplitudes receive dif-
ferent contributions and therefore represent a possibility to
disentangle the DDFM from the MLFV scenario. This will
be the focus in the rest of this section.
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The BSM contributions to the branching ratio of leptonic
radiative rare decays are given by

B _ Tp—ey)
reer e C(p — evye)
4 2
v 2
= 3847‘[262—4 |A;w| cgz — ng
4A (3.30)
't — 4iy)
Br—)@,-y =

['(t — £ivrvg,)
2

4
_ 22V 2| .@ 3)
= 384n“e m‘AfeJ ‘CRL_CRL s
neglecting terms proportional to the mass of the lepton in the
final state. In MLFV, the coefficient combination entering
these expressions is the same and therefore cancel out when
considering ratios of branching ratios:

2
e Bumty [ 2] (3.31)

Bustyy ’A€i€j|2.

This is not the case for all of the three ratios in the DDFM
due to the fact that the combinations are different:

2
| Al [ce) - ki

RM¢ = Bu—ey =
YT By, 2| @ 31>
T A]” Ry — )
Bioey Azl
Te __ Yy _ Te
RE =4 = . (332)
oy [Aeyl

It follows that the results shown in Fig. 4 of Ref. [73] for
the R7;, observable also hold for the DDFM and therefore
will not be repeated here. On the other hand, Figs. 1 and 2
report the plots associated to Rr,, and RY, respectively, that
differ from the corresponding plots in the MLFV case. In
the scatter plots, neutrino oscillation parameters are ran-
domly sampled within their 2o uncertainties as reported in
Ref. [93]. The lightest neutrino mass is taken in the window
[0.001, 0.1] eV, whereas, for the free parameters, the ratio
)05321)4 — c%,{‘ / ‘cgz — cgz ‘, is taken as random in the range
[0.5, 2]. These two parameters are taken to follow a loga-
rithmic distribution, as to clearly show the allowed region of
the parameter space. The density of the points in these scatter
plots should not be interpreted as related to the likelihood of
different populated regions of the parameter space.

The upper plot of Fig. 1 shows that, in the MFC case,
R%,, is independent of the lightest neutrino mass, as already
commented before, and NO and IO cannot be distinguished
as the corresponding bands of points overlap. Comparing
with the corresponding plot in Fig. 2 of Ref. [73] for MLFV,
where Rfﬁ spans the range [0.03, 0.07], this ratio in the
DDFM covers a much larger interval [0.01, 0.2]; this is the
effect of the combination ’cgz — cgz‘ / ‘c%‘z — cg’z , that is
only present in the DDFM.
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The lower left and right plots represent the EFC sce-
nario for NO and IO respectively. The dependence on
the lightest neutrino mass is only present for the NO
case. The two orderings may be distinguished only for
small values of mlulghte“, where the two bands present
some differences. Once again, when comparing with the
MLFV case, the DDFM is characterised by much wider
bands due the presence of the free parameters in the ratio
R

Very similar comments hold for the plots describing Ry
as shown in Fig. 2. Whether it will be possible to distinguish
the DDFM from the MLFV scenario only depends on the
values and sensitivities of the t radiative decays. Assum-
ing the current bound for B, is fullfilled [97], the latter
are still far from the reach of present and near-future exper-
imental facilities (see Ref. [98] for updated combined upper
limits on B; ¢/, and Ref. [99] for prospects). On the other
hand, disentangling between NO and IO may be possible
only for values of the lightest neutrino mass smaller than
~ 0.01 eV, that is approximately where the two bands do
not overlap.

The results discussed so far have been achieved imple-
menting the relation in Eq. (3.24). However, they still hold
even when considering the explicit value of Y, originated by
the scalar potential minimisation, that will be discussed in
Sect. 4.2.

Ov2p-decay

The Ov28 effective mass m,, depends strongly on the val-
ues of the Dirac and Majorana phases and for this reason
the Y, resulting from the minimisation of the scalar poten-
tial in Sect. 4.2 will be adopted. In particular, only in the
EFC scenario a precise prediction for the Dirac and Majorna
phases can be found: the Dirac phase can be either vanish-
ing or equal to 7 and the Majorana phases have two pos-
sible set of values, n; = 7/2 = np and n; = 0,y =
/2.

The prediction for m,, is reported in Fig. 3, where the
points have been obtained with the oscillation parameters
varied within the 20 experimentally allowed regions. Every-
thing shown green is obtained assuming NO, while red stands
for I0O. The dark (light) shaded regions, delimited by dashed
(dotted) lines, correspond to all the parameter space allowed
with the best fit (30') values for the masses and mixings.
The region shaded in blue is the exclusion limit set by the
KamLAND-Zen experiment [94] on m,.. As it can be seen,
the allowed parameter space is very limited and therefore a
combined measure of m,, and of mlvighteSt would precisely
test the model. Ultimately it is the global analysis of the dif-
ferent flavour signatures discussed throughout this section
that will help discriminate between this and other flavour
alternatives.
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Fig. 1 RE} for MFC (upper plot) and EFC (lower plots) as a function of the lightest neutrino mass. In the upper plot, neutrino NO is in green
while 10O is in red. The lower left plot refers to NO, while the lower right to IO
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Fig. 2 RY¢ for MFC (upper plot) and EFC (lower plots) as a function of the lightest neutrino mass. In the upper plot, neutrino NO is in green
while 10 is in red. The lower left plot refers to NO, while the lower right to IO
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Fig. 3 0v2p prediction for the effective Majorana mass as a function of the lightest neutrino mass, considering two sets of Majorana phases:
n1 = m/2 =ny (left) and n; = 0, n2 = 7/2 (right). In green is shown NO, while 10 appears in red

4 Flavon scalar potential

Itis unlikely that the DDFM holds up to arbitrarily high ener-
gies. Indeed, it may be considered as an effective description
valid only up to a certain energy scale A y. In this sense,
the spurions may be interpreted as the VEVs of (elemen-
tary or composite) scalar fields that are dynamical at scales
larger than A 7. In the literature, such scalar fields that only
transform under the flavour symmetries of the model, are typ-
ically referred to as flavons. The aim of this section is to study
the scalar potential associated with these flavons, ultimately
determining whether the VEVs described by Egs. (2.6),
(2.10) and (2.16) can arise from its minimisation.

4.1 The quark sector

After promoting the spurions to flavon fields, the quark
Yukawa Lagrangian A2 in Eq. (2.4) reads

= =AYy = AVp
ALy =01 ¢ ——Up+0L¢—— D
f f
- D
+ 022 D), a
f

where A)Yy, AYp and yp have mass dimension 1 and their
insertion has been correspondingly suppressed by a power of
A y. As the flavour symmetry is spontaneously broken, the
flavons acquire VEVs proportional to A ¢

(AVy) = Ay AYy,
(yp) = Ay yp,

(AVp) = Ay AYp,
“4.2)

where AYy, AYp, and yp are the objects previously intro-
duced as spurious background values in Eq. (2.6).

The most general scalar potential can be now written as the
sum of two pieces: the first corresponding to the traditional
SM Higgs potential V(¢), whereas the second will include
the newly introduced flavon fields:
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Vy (¢, AVy, AVp, yp) =Y V" (¢, AVy, AVp,yp),
i=4
(4.3)

where the i index has been used to label the dimension of the
operators entering each term of the sum. For the rest of this
section we will restrict our attention to the renormalisable
potential Vy).

As no signs of new scalar fields have emerged at exper-
iments, the typical energy scale of the flavons, that is the
flavour symmetry breaking scale A y, is taken to be (much)
larger than the EW scale v. Moreover, to prevent large modifi-
cations of the SM scalar potential that triggers the EWSB, the
couplings that describe interactions between the SM Higgs
doublet and the flavons are assumed to be small: if this were
not the case, after the spontaneous flavour symmetry break-
ing, new contributions to the quadratic Higgs term of the
order of A? would be generated, introducing a (severe) fine-
tuning in the Higgs parameters. For this reason, only the
purely flavon dependent couplings in Vf) will be considered
for the rest of the analysis.

A complete and independent basis of flavon invariants,
consistent with their transformation properties as shown in
Table 1, is given by the following operators

Ay =Te (AVUAY]).

Ap =Tr (AVpAY)),

Avy =T (AU AV, AV AY)) |
App =Tr (AVpAVHAYAYY) | 44
Aup =Tr (AVu AV AYpAY}) |

Bp = YDYI) ., Bpp= yDAle)AyDyE ,
Dy = det (AYVy).

Any other flavon invariant at the renormalisable level can be
constructed out of the ones in previous list.
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After the spontaneous breaking of the flavour symmetry,
these invariants can be expressed in terms of the physical
observables to be reproduced:

(Av) =A% (v +7) .
(Ap) =A%
(v +yi+ v —ya Vsl =y 1Vaal* — vp [Vasl) |
(Auu) :Af} (i +93) .
(App) =A% (63 IVia P + 2 1Vial® + 33 Vi)

+ (B 1Va P+ 32 [Vl + 7 Vs )
+2 (5 IV P Va1 P + v Via 2 [ Voo
+yp Visl* Va3 %))
(Aup) ZAK} 2 03 IV P + y2 IVial? + 2 IVisl?)
+y2 (va IVar P+ y2 Va2 P + 3 1Vasl?)
(Bp) =A% (v7 IVa1l* + y7 [Vaal* + y7 Vs ]?)
(Bpp) =A% (7 Va1l (1 = 1Va1?) + yy Va2l
(1= 1Va2l?) + yj Va3 * (1 = [Va3]?)) |
(Dy) =A% yu Y, (4.5)

where the unitarity of the CKM matrix has been exploited to
simplify some of the expressions.

The construction of the renormalisable flavon scalar
potential follows effortlessly after the introduction of the
invariants in Eq. (4.4):

VO = 3 (—pdA;r + 1, A3) — @5 Bp + Ap B} — i}, Dy
1=U.D
+AvvAuu + AppApp + rupAup + XppBpp
+ gupAvAp + gupDuBp + gy pAuBp

+ &ppApBp + gyyAuDu + gpyApDu, (4.6)

where ()»)l@ and gl.(’) are (1) parameters, while (/I,-) have
mass dimension 1 and are expected to be of the order of the
flavour scale A . Note Dy should appear along its hermitian
conjugate to preserve hermiticity, but has nonetheless been
omitted from the present discussion, as the parametrisation
in terms of physical observables for (A)y) makes it real.
Moreover, Dlzj has also been omitted, made redundant by the
addition of A%/ and Ayy to the potential as a consequence
of the Cayley—Hamilton theorem [95,96]:

|det (AYy)|?
1 2
= (Tr (AavuaY)) = (AyUAyJ,AyUAy;» :
4.7

4.1.1 Minimisation of the scalar potential

The use of the relations in Eq. (4.5) allows to determine the
position of the potential minima in terms of the physical
observables y,, V¢, Yd» Vs> Vb, 9?2, 053, 9{]3 and Sgp, the last
four being the standard CKM parameters. Then, the goal
of this section is to find, if existing, a combination of the
scalar potential parameters (A)f/), gl.(/) and (;L)l-, that allows
for a minimum to develop at the precise point of the nine-
dimensional space corresponding to the measured values for
the Yukawa couplings and CKM parameters.

The traditional procedure to identify the extreme points of
the scalar potential is performing its derivatives with respect
to the 9 observables yu, ye, Ya, Vs, Yo, 015, 055, 05 and 8p.
However, the analysis results to be extremely cumbersome
due to the intricate dependencies on the observables within
the seventeen terms appearing in Eq. (4.6). The search for a
solution is further complicated by the fact that the observ-
ables span several orders of magnitude. For this reason, and
inspired by the helpfulness of the Wolfenstein parametrisa-
tion, an expansion in terms of the Cabibbo angle is imple-
mented: the idea is to move to a new set of observables, where
the hierarchies among the original physical parameters have
been factorised and parametrised by powers of the Cabibbo
angle:

Yu=Y, €, ye=yle, ya=yye,
ys=yi€, yp=y€e,

1 Vo€ Oped

—Vee 1 9,€7],

Oped —0 €2 1

4.8)
V ~

where € ~ (0.225, and ylf and 9; are O(1) real parameters.
Due to the complexity of the analytical analysis, a simplified
three-parameter CKM parametrisation is employed, neglect-
ing the CP phase.

The minimisation of the scalar potential goes now through
the derivative of Vy) with respect to this new set of param-
eters. Explicit expressions for these derivatives are shown
below:

4) 2
1 9Vy HD 24 10 14
A aw. T — Ve + O,
f f
1 81/,54) MZD
e — oBD g 12 o8y
A% 99, Az €
f f
4) 2
1 9Vy D ne 12 16
_ =—2— 19-6 OE N
AL 89, A2 s Vo€ T O
f f
1 3V(§4) /1%/ /11 16
———— =——y. + 0",
A‘; oy A?yc (€™)
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1 BV[Y‘) w2 D 14 16 This procedure could potentially be continued into higher
4 9/ 2 orders of the expansion, targeting the different parameters
Ay 9 Ay
@ in the scalar potential, aiming for solutions like those in
L Vg _ ZIJ“D Ve 10 L 0@!?) Eq. (4.12) for the remaining observables. However, it soon
AA} ayy A%c * ’ becomes a daunting task due to the sheer amount of terms and
1 ap® freedom available in the 17-dimensional parameter space. A
— L= 2” Uy'ed 1+ 0@y, numerical analysis is better suited to deal with both of these
Af e Af issues, and will therefore be used to explore the latter.
1 3];(;4) ﬂ% . 0 The numerical approach allows to effortlessly reparametrise
el 3y, = _2A_2yb€ +O(e™). (4.9)  flavon VEVs to the best of the present experimental knowl-
fooob f edee:
ge:
Yu =Y, 9y = v, 330y, = v, 05y = =y 05y = v €250,
1—92e2/2 D€ By 02 A 9 p — 0947 @.13)
V o~ —Bc € 1—92e2/2 0,02 A€? :
Da 03 A3 |1 —0pp — i0gn| =0, 02 Ae? 1

Strictly implementing the naturalness criterium for the

parameters in the scalar potential, (A)( ), gl(/) and (ﬁ)i/ Ay,
leads to vanishing observables as the only solution to the
above equations. To find a non-trivial solution, the natural-
ness criterium needs to be (mildly) relaxed and the initial goal
of this section becomes now to identify the solution with the
least fine-tuning among the scalar potential parameters that
can reproduce masses and mixings in the quark sector.

Many different possibilities can be envisaged and one
example, which will be motivated below, is

fiy = 8iy ¢!

’ 3
=38y p€’s

fy =8py €. jip==8iip€>. up==supe .

e (4 10)
Ayv = —diyue”, gyp =
where 3(;:),»/Af and SApyy, Sng, are expected to be O(1)
parameters. With this choice, the derivatives with respect to
y. and y; read

1 v Sp2
AT oy | T\ TPz el |
f yc min f
+0E®) =0,
R . 4.11)
pL
e 8q’ :( ADyb+4ADyb e)e“
f yb min f
+0@EP) =0

Some structure appears now at leading order, allowing non-
trivial solutions for y,. and y;:

Spuu/Ay Siip/A g

/ /

Vo o )~ ———L.. (4.12)
¢ V2 Ay b vV2eAlp

Remarkably, y/ , turn out to be O(1) parameters as
desired, coming however at the cost of tuning six of the
parameters in the potential.
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where the whole set of Wolfenstein parameters has been
adopted [92], after the inclusion of the additional coefficient
Vq.

To comb through the vast parameter space, a Monte Carlo
based approach is employed, randomly sampling different
sets of the parameters appearing in the scalar potential. Each
set is judged based on the proximity of the nearest minimum
to the point

(Vis Y Yo Yes Yoo Vs Op, Oc, ¥a)

={,1,1,1,1,1,1,1, 1), (4.14)

which, after the new parametrisation, harbours the SM
flavour structure. The minimisation is carried by numerical
means, with bias towards minima with larger second deriva-
tives, indicative of better stability. With the structure of the
potential in Eq. (4.6), bounded-from-below, Mexican-hat like
one-dimensional cuts of the potential are expected for each
observable, whose minimum is required to lie at the point
described by Eq. (4.14).

Given available computation time, the parameter space is
explored only up to a certain degree of precision: it is not pos-
sible to claim every possible solution is found, nor the best
one; instead, it answers to the question of whether a desir-
able solution can be achieved, specifying the corresponding
necessary fine-tunings. In this situation, the distribution from
which the parameters are being randomly sampled becomes a
relevant matter, e.g. a flat distribution between [1, —1] would
bias the sampling of the quartic parameters towards non fine-
tuned values. To better explore the parameter space, other dis-
tributions, such as exponentials, have also been implemented
in combination.
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The best result found requires the enforcing of the follow-
ing hierarchies among the parameters of the scalar potential

nwy =duy €, fip=38ape*, up=3supe, iy =3saye'”,
Aa=00), Ap=00), ip=0(),

App =8ipp €S,

/ Y 9
App =8 ppe€’,

)‘UU = _SA'UU 68 N
rup =8hype?,
gup=0(1),

< < 16
gup =d%8upe€ ",

(4.15)

r et
&pp =3%&pp¢;

/ o/ 12
gpy =%py e’

/ / 3
sup = —%8ype,

/ / 15
gyy = —88yy €
where the suppression has been factorized in powers of € so

~ (~)
that the fractions S(M) i/ Ay and quartic parameters § A f./) and

8 gi(/) acquire O (1) values. Note this is also the set of param-
eters for which analytical solutions for y,. and y; were shown
in Eq. (4.12). Although done for a simplified parametrisation,
it serves now as further consistency check.

The problem of dynamically generating the flavour struc-
ture of the flavon VEVs has a solution, albeit at the price
of fine-tuning among the parameters of the scalar potential,
Eq. (4.15). Small parameters may indicate that an additional
symmetry or mechanism should be at work in order to sup-
press the corresponding operators. If, for example, A Yy were
charged under an Abelian U (1), then the determinant Dy
would be forbidden, and consequently the parameters in the
last row of Eq. (4.15) and fir7, which are the most fine-tuned,
would not be present in the scalar potential. It is however
beyond the scope of this paper to investigate the possible
ultraviolet completion of the DDFM, and thus it will not be
further discussed.

The choice of the operators entering the scalar potential
in Eq. (4.6) is not uniquely determined up to quartic terms.
Indeed, the relation in Eq. (4.7) allows to pick just two out
of the three quartic operators that can be built out of up-type
flavons: A%], Ayy and Dé, the third made redundant by the
addition of the first two. Numerical solutions have also been
found for the two choices not shown in the text, requiring
similar levels of fine-tuning.

As a concluding remark, it is interesting to underline that
the DDFM, despite not providing a complete explanation for
the flavour puzzle, improves with respect to the MFV case. At
the renormalisable level and with minimal field content, i.e.
considering bi-fundamental flavons, the analysis within the
MFYV framework leads to vanishing or undetermined mixing
angles and a single massive quark in the up and down sec-
tors. The situation is only slightly improved by the consider-
ation of non-renormalisable operators, which can provide a
degenerated mass for the lighter families, but the full pattern
of quark mass hierarchies and mixings is still far from being
achieved. This is in direct contrast to the solution provided by
the DDFM, which, already at the renormalisable level, can
provide a dynamical origin for the full flavour structure of the
quark sector, as long as suitable fine-tunings are enforced.

4.2 The lepton sector

Similarly to the quark sector, after promoting the spurions
to dynamical scalar fields, the leptonic Yukawa Lagrangian
turns out to be non-renormalisable and all its couplings get
suppressed by the cut-off scale A :

AYE
Ay

n ﬁ (L’LQ])) ﬂ;_Vf (J;TL’L) +he  (4.16)

~AMC =L S e+ Lo 3

A
YE Ely
Ay

= YE , = 4
L, ¢ == L _—
+ L¢AfTR+ L¢Af

1 _ _
~ 2y = SAN NN + Lo

Np+he. (417

Once the flavour symmetry is broken then the flavons
develop VEVs as in Egs. (2.10) and (2.16), for the MFC
and EFC cases respectively:

(AVE)=Ayp AYE,
(W) = Af Y,.

%) =Argv,
(4.18)

(YE)=AgyE,

The most general scalar potential includes terms written in
terms of only these flavons, terms that mix them and the SM
Higgs doublet, and terms that mix these flavons with those
in the quark sector. As discussed in the previous section, the
mixed SM Higgs-flavon terms are simply neglected to avoid
a severe fine-tuning problem in the EWSB sector. Moreover,
the mixed quark-lepton flavon terms are also neglected in
the analysis: only quartic terms can be constructed and they
may only affect fermion masses, not the mixings. Consis-
tently with what was done in the quark sector, only the scalar
potential at the renormalisable level Vﬁ) will be retained in

the discussion that follows.
A complete and independent basis of flavon invariants in
the lepton sector for the MFC case is given by

Ay =Tr (,%/I) :

App =Tr (AVEAY AVEAV]) |

Ap =T (AVEAYE)

— il i
AV” =Tr (71)/\),%\»?\)) ’

Apy =T (AVEAY] A 4,)

Bpg = y;;AyEAyI;YE ., Bpy= yTEfI/\, YE

(4.19)

Bg = yEyZ,
DV = det (‘yu) .

The Von Neumann’s trace inequality* allows to extract
information on the unitary matrices that diagonalise the

4 The Von Neumann’s trace inequality states that for any n x n
complex matrices A and B, with singular values o] < ay < ... <
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flavon VEVs. The only relevant term providing informa-
tion on the mixing angles is Ag,, and, being the charged
lepton flavon VEVs already diagonal and being the PMNS
matrix the diagonalising matrix of g, the use of this inequal-
ity implies that only neutrino NO can be described, but that
no mixing is present in this case. It follows that for the MFC
case, it not possible to find values for the scalar potential
parameters that lead to Eq. (4.16) as a minimum.

The situation changes for the EFC scenario, and in this
case the complete list of independent invariants reads

Ap=Tr(AVEAY)) . A=Te(2Y)),

App =Te (AVEAVEAYEAVE) . A =Tr (WY]0)])
Ap =Tr (AVEAYERY]) . A =Tr (WIT D))

Bgg = YTEAJ/EAJ%YE ,
D, =det ())).

Br = YY) . Bey =yE VWVl vE,

421

After the spontaneous breaking of the flavour symmetry,
these invariants can be expressed in terms of the physical
observables as

(Ag) =A% (32 +7)
() =03 (3 +od + %)
(Ape) =n% (v + 1)
(Avv1) ZAA} ()’31 + yﬂz + y33>
(Agy) =A% Tr (ding (2, 52, o) YY) )
(Auwa) =AYTr (YUYUT ijj)
(BE) =A%y;
(Beg) =0

(BEv

(D, ZA}yvl)’VZyu?n

(4.22)

)
)
) =A% (0, 0, yo) ¥, Y, (0, 0, yr)©

)

where y,1, yy2 and y,3 are the eigenvalues of Y,,. Notice that
the global phases eventually present in Y, are not physical
and can be redefined away. Moreover, the presence of the
invariant A,,, will lead to important consequences in the

analysis. The corresponding renormalisable scalar potential,
including only leptonic flavons, can be written as the sum of

Footnote 4 continued
and B1 < B2 < ... < B, respectively,

ITr(AB)| < ) aif;. (4.20)

i=l1
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three different terms:

YOy Ly ) w2

with

Vﬁ) == (MQE 1", ﬁZE) x>+ XX+ AgpApe
+ ApwApui + Mg BEE — Ly Dy

Vé;” =gaAEv + & BEv

Vé;” =gcAn2,

(4.24)

where X2 = (Ag, Ay, BE)T, Ais a3 x 3 matrix of quartic

couplings, and )Ll@ and g; are O(1) parameters, while (;L)
have mass dimension 1 and are expected to be of the order
of the flavour scale A ¢.

4.2.1 Minimisation of the scalar potential

The term Vﬁ) only deals with the eigenvalues of the flavon
VEVs, that is lepton masses, while Vg) and Vg) determine
the PMNS parameters. Charged lepton masses turn out to
be pretty similar to the quark masses, and a solution can be
found that reproduces the current experimental values. On the
other side, the presence of the D, invariant and the fact that
the neutrinos belong to a triplet representation of SO (3) n,
determine a different prediction for the neutrino masses: in
particular, the eigenvalues of Y, turns out to be degenerate
in first approximation, y,1 >~ y,2 2~ y,3.

To analyse the second two parts of the leptonic potential,
the following parametrisation for Y,

Y, = Updiag (yv1, yv2, Yv3) UR, (4.25)

with y,1 < yy2 < yy3 and U g two 3 x 3 unitary matrices,
turns out to be very useful. Indeed, VS) only dependson Uy,
while Vg) only depends on the combination Ur U Ig . Depend-
ing on the sign of the couplings g;, the Von Neumann’s trace
inequality identifies the textures of Uy g matrices in the min-
imum of the scalar potential:

010
U,=1100 for g,>0
001
010
UL=]1001 for g, <0
100
001
U,=Un@|010| for g,>0
100
UL =Un(p) for g, <0




Eur. Phys. J. C (2020) 80:854 Page 19 0f 23 854
Normal Orderin
001 10 arng
UrUf=1010 for >0
R i (4.26) .
100
UrUL =1 for ge <0, B | CSSSSRREEEL [ — e,
TNV L NN L] — 64
where Ujz (@) is a rotation in the 1 — 2 sector of an angle 04 W _____ N WX ] ]l — ey,
¢. These configurations minimise the associated term for the St WERRLS LREERER - \EEEERS -~
o 4. . . 0.2
two distinct values of the parameters g;. When considering
the full minimisation of the scalar potential, there are differ- VAT W _ AR NITT, W AN
o 50 100 150 200 250 300 350

ent possible cases corresponding to the different relative signs
of the parameters g;. However, there is only one possibility
that may be phenomenologically viable and it occurs when
lgal < lgp| and g, > 0. Although the texture of Uy, depends
on the sign of g, the final neutrino mass matrix turns out to
be the same and therefore they are two equivalent physical
cases. The neutrino mass matrix reads

2 2 2
2 VoS Y2 sC  Yvih3 €

yfzsc )’5202 —WiYv3s |
YviYv3 € —Yv1Yv3 s 0

v
2ALN

m, =Yyl =

4.27)

where s and ¢ stand for the sine and cosine of the angle
@, respectively. The corresponding matrix of eigenvalues is
given by

2 (¥, 0 0

0 i3 0 ,
0 0 Yv1Yv3

N v
m, =

= 4.28

that is phenomenological viable, given that yfz ~ Yu1¥v3, as

the minimisation of Vﬁ) suggests. Two PMNS matrices can
lead to the eigenvalues in Eq. (4.28):

S5 5 100
v=|c % -5 | [oe%F0]. (4.29)
1 1
OTE 7 001
or
c c .
S A e2 00
U= C—% % 0 ¢z20], (4.30)
1 1
0\_@ 7 0 01

having removed any non-physical phase. The three mixing
angles can be found with the usual procedure in terms of the
elements of the PMNS matrix:

tan 61, = U1/ Uy1, sin613 = U3,

tan 03 = Us3/ Us3. (4.31)

As the three angles depend on ¢, it is interesting to look
at sin” §;; as a function of the free parameter and look for
an agreement of all three angles with current experimental
bounds.

Fig. 4 Sine squared of the three PMNS mixing angles as a function of
the free parameter . The dashed lines show the experimental bounds at
30 on each of the sines for NO. The bounds for 10 are not perceptibly
different

In Fig. 4 the solid lines represent the exact prediction for
the angles as shown in Eq. (4.31). There is no value for ¢
such that the three lines enter simultaneously their corre-
sponding experimental windows at 3o. However, corrections
to the scalar potential may change the situation. First of all,
higher order invariants and radiative corrections may break
the degeneracy among the neutrino masses, allowing both
mass orderings. Such corrections, at the same time, may per-
turb the predictions of the angles in terms of ¢: the shaded
regions in Fig. 4 represent this case, assuming that the cor-
rections preserve both the periodicity and amplitude of both
sin” 015 and sin® #13 while distorting only their shape. In this
case, compatibility with experiments at the 30 level may be
achieved for four values of ¢, roughly 63°, 109°, 246° and
292°. Examples of higher dimensional invariants that may
modify spectrum and angles are

1
e (yvyf VEyi AyEAy;) :

%ygyuyf ViVive, (4.32)
being A the scale at which NP generates these operators.

A relevant question concerns the size of the coefficients
accompanying operators like the above if they are to perturb
the solutions obtained from the renormalisable terms in a phe-
nomenologically realistic direction. As an illustrative exam-
ple, consider the effect that the addition of the second operator
in Eq. (4.32) has on the minimisation of the scalar potential
and refer to its dimensionless coefficient as g. The structure
of this operator depends on both Uy and Ug U1€~ Whereas
the same U, identified in the renormalisable case that led
to a phenomenologically interesting scenario minimises the
non-renormalisable operator, the combination Ur U 1€ needed
to minimise this dimension 6 operator is different from that
needed for the renormalisable case.

This different combination of Ur U I{ induces a modifica-
tion in the neutrino mass matrix and in the PMNS matrix,
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Perturbed PMNS Angles

— O,
— 6y
]l — 6n

siney

Fig. 5 PMNS matrix resulting from the corrections induced by the
second operator in Eq. (4.32). A good agreement at a 3o level can be
achieved for ¢ >~ 59° or ¢ >~ 239°

labelled as 8m, and U, whose strength will be parame-
terised by x = g/g.. Fixing x = 0.25, Fig. 5 shows the
angles of the perturbed PMNS matrix as a function of the
previous parameter ¢. Comparing with Fig. 4, the agreement
with experimental bounds is greatly improved for two values
of ¢, namely ¢ >~ 59° or ¢ >~ 239°.

Besides x, there are two other parameters that affect the
agreement between the theory prediction and the experi-
mental data, that is the hierarchies among y,;: they can be
parametrised asn - y,; = y,2 and m -y, = y,3, withm > n
both real and positive parameters. It is possible then to obtain
the mass splittings and sample the parameter space with ran-
dom values for x, n and m. Figure 6 shows the neutrino mass
splittings for the IO case. As it can be seen, it is possible to
stay within the 3o range of both mass splittings with a value
of x that also provides for good mixing angles. Notice, how-
ever, that the dependence on all three parameters is remark-
ably strong and that this result is achieved assuming that the
scale of both mass splittings, which is vzygl/(ZALN), is of
the order of eV (this is yet again another freedom to be tin-
kered with in order to reproduce the experimental range of
values).

0.00 0.00

~-0.05 -0.05

B[S iev)
Amg, [";: ‘:](avb

-0.10 -0.10

The analysis here performed should be interpreted as an
example and an order of magnitude study, not as a search with
pinpoint accuracy, as that would require solving numerically
the lepton potential considering all the operators under inter-
est at the same time. The previous plots show, however, that
with a very simplistic approach it is possible to improve the
neutrino parameters produced by this model, so that the idea
of introducing non-renormalisable operators, with a strength
not too small and not too large compared to the renormalis-
able ones, succeeds in its task.

5 Conclusions

The Data Driven Flavour Model successfully provides almost
the same flavour protection of MFV and, at the same time, a
dynamical description for the flavour structure of the scalar
field VEVs. The basic idea is to strictly follow what data
says and construct a Yukawa Lagrangian where the top quark
coupling is renormalisable, while for the rest of fermions
they are not. In the specific case with three RH neutrinos that
give mass to the three active neutrinos through the Type-I
Seesaw mechanism, also the Majorana masses appear at the
renormalisable level.

Under this hypothesis, the flavour symmetry in the quark
caseis SU (2)g; x SU2)yy x SU(3) gy, with a 2 + 1 struc-
ture for the LH quarks and RH up quarks, while the RH down
quarks transform as a 3. In the minimal version of the lepton
sector, with active neutrino masses described by the Wein-
berg operator, the flavour symmetry is SU(3)¢;, x SU(2)¢p,
with the LH leptons transforming as a 3 and the RH leptons
with a structure 2 + 1. In the Seesaw case, the symmetry is
slightly more complicated and it is SU(3)¢, X< SU(2)¢, %
SO (3) Ny, where the RH neutrinos transform as 3. Although
this assignment may seem purely arbitrary, it is compatible
with SU (5) GUT and therefore may arise from an underly-
ing theory where the flavour and gauge sectors may be even
more interconnected.
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The Yukawa Lagrangian is made formally invariant by the
introduction of 3 spurion fields in the quark sector and 3 in the
lepton sector. Once comparing with the MFV scenario, where
there are only 2 spurions in both the quark and lepton sectors
(in the latter, the most general case also needs 3 spurions, but
requiring predictivity one spurion can be removed), more
flavour violation may be expected in the DDFM, translating
in stronger bounds on the new physics scale A. However, this
is not the case: almost the same flavour protection of MFV is
present in the DDFM. The only difference is in the presence
of some decorrelations associated to the charged leptons: the
decay rates for By — ut ™ and By — T 1~ are predicted
to be exactly the same as in MFV, while they are independent
observables in the DDFM; similarly for B — K*u "~ and
B — K*tTr~. All in all, the strongest constrain comes
from the rare radiative decay of the B meson and from B —
X €1~ that allow to put a lower bound on A of 6.1 TeV. In
the lepton sector, the results are very similar to MLFV, but
with small differences due to the decorrelation of observables
associated to the tau. These effects may be seen explicitly in
ratios of branching ratios of rare radiative decays.

Promoting the spurions to dynamical fields gives the pos-
sibility to shed some light on the possible dynamical origin
of the flavour structures responsible for the phenomenolog-
ical results of the DDFM. The analysis reveals that a min-
imum exists where all the masses and mixings can indeed
be described in agreement with data, but at the price of tun-
ing some parameters of the scalar potential. Moreover, pre-
cise predictions for the leptonic Dirac and Majorana phases
follow from the minimisation of the scalar potential: this is
a difference with the MLFV framework, where strictly CP
conserving phases are allowed and it results in very different
predictions for the neutrinoless-double-beta decay.

Although this may not be considered the ultimate solution
to the flavour puzzle, it represents a step ahead to achieve this
goal and a significant improvement with respect to MFV,
where only part of masses and mixing can be correctly
described.
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