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Abstract

We write down the renormalization-group equations for the Yukawa-coupling
matrices in a general multi-Higgs-doublet model. We then assume that the matrices
of the Yukawa couplings of the various Higgs doublets to right-handed fermions of
fixed quantum numbers are all proportional to each other. We demonstrate that,
in the case of the two-Higgs-doublet model. this proportionality is preserved by the
renormalization-group running only in the cases of the standard type-I, II, X, and
Y models. We furthermore show that a similar result holds even when there are
more than two Higgs doublets: the Yukawa-coupling matrices to fermions of a given
electric charge remain proportional under the renormalization-group running if and
only if there is a basis for the Higgs doublets in which all the fermions of a given
electric charge couple to only one Higgs doublet.
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Yukawa sector of Multi Higgs Doublet Models in the presence of Abelian symmetries
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A general method for classifying the possible quark models of a multi-Higgs-doublet model, in the
presence of Abelian symmetries, is presented. All the possible sets of textures that can be present in
a given sector are shown, thus turning the determination of the flavor models into a combinatorial
problem. Several symmetry implementations are studied for two and three Higgs doublet models.
Some models implementations are explored in great detail, with a particular emphasis on models

known as Branco-Grimus-Lavoura and st

ighb i Several iderations on the

flavor changing neutral currents of multi-Higgs models are also given.

PACS numbers:

1.30.Er, 11.30.Ly,12.60.Fr

I. INTRODUCTION

have three types of fermions (Qp, ng, and pr) repeated
3 times. This enlarges significantly the number of choices
for the ions of a given group. Recently, a gen-

The Standard Model (SM) of strong and electroweak
interactions is very successful phenomenologically and
the discovery of a Higgs-like particle {1] was the missing
picce in order to establish it as the best model available.
However, there is a general consensus that this should
not be the final theory because it does not explain basic
issues such as dark matter, neutrino masses, number of
families, and many others.

One possible extension of the SM is the addition of
extra copies of the Higgs field, just like in the fermionic
sector. The most common scenario is the two Higgs dou-
blet model (2HDM), which has been extensively studied
in the literature; for a review see [2]. Models with three
or more Higgs bosons have also been considered, but the
lack of information on these extension is much larger.
With the addition of extra scalar doublets the number
of parameters, in the scalar and Yukawa sector, increases
largely. In these N Higgs doublet models (NHDM) it
is very common to add symmetries to help tackle the
problem. For the 2HDM, Ivanov [3] has shown that, no
matter what combination of flavor symmetries and/or
generalized CP symmetries one imposes on the scalar
potential, one always ends up with one of six distinet
classes of potentials. Later, this issue was studied fur-
ther by Ferreira, Haber, and Silva [4]. The recent studies
of Ivanov and Vdovin [5] have extended these analyses to
the three Higgs doublet models (3HDM). The study of
Abelian symmetries in the NHDM scalar sector was done
by Ivanov, Keus, and Vdovin [6]. Despite the extensive
general studies of symmetries in the scalar potential of
NHDM, the Yukawa sector has been left partially apart.
There are several particular flavor models in literature
with two, three, or more Higgs fields, but there is a lack
of a general approach as the one existing for the scalar
sector.

The study of the Yukawa sector in NHDM tends to
be a little involved since, besides the scalar fields, we
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eral study of 3HDM in the presence of A; and S was
done [7]. These are two interesting non-Abelian groups
since they lead to a scalar potential highly symmetric,
allowing the complete determination of the global mini-
mums [8]. While, the study of non-Abelian symmetries
in the Yukawa sector depends strongly of the irreducible
representations (irreps) and the way we attribute them,
for the Abelian case we only have one-dimensional irreps.
Using this feature, Ferreira and Silva [d] have presented a
general study of Abelian symmetries in the Yukawa sec-
tor of the 2HDM. The aim of this work is to extend this
study to the NHDM case.

This article is organized as follows. In Sec. we
introduce our notation and show how the action of
Abelian symmetries constrains the Yukawa textures. In
Sec. ] we show the possible combinations of textures,
i.e. chains, that can be built in Abelian models, as well as
the possible Higgs fields transformations and associated
textures. In Sec. we explain how to make the con-
nection between the up-quark and down-quark sectors,
allowing us to build explicit models for the quark sector.
In See. [Vl we extend our previous analyses to cases where
the Abelian group is a direct product of cyclic groups.
In Sec. [VT explicit model implementations are studied
in detail, in particular, the well-known Branco-Grimus-
Lavoura (BGL) and nearest-neighbour-interaction (NNT)
models. We draw our conclusions in Sec.

II. ABELIAN SYMMETRIES VERSUS
YUKAWA TEXTURES

The most general and renormalizable scalar potential
constructed with N copies of the SU(2).®U(1)y doublet
®, (a=1,--- ,N)is

V = Yo (®48s) + Zavea (2105) (2000) (1)
with

Yoo = Ysus  Zavea = Zedab = Ziade s @



These models correspond to some of the ones presented
in Eq. (66a). We can have direct models, where I'y is con-
nected with Ay and I'y with Ay, or cross models, where
I'y is connected with Ay and vice versa. For any number
N of Higgs fields the minimal symmetry group that can
be used to implement these models is Z2. Therefore we
can always implement NFC without the introduction of

accidental symmetries.

There are other ways of implementing NFC in NHDM;
however, these cannot be implemented through a sym-
metry. One common example is the Yukawa alignment
in 2HDM IE] In this case NFC is achieved by requir-
ing that all the Yukawa couplings, for each sector, are

proportional,

Fi = Cir_j and L‘Lt‘ = Ciﬁj =

Vi j - (92)

As shown in ] no symmetry implementation can be

used to implement this requirement. In

1

was seen as a low-energy effect of NFC models, while

in ] its origin was related with flavor symmetries.
ik
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Family symmetries and alignment in multi-Higgs doublet models
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The exact alignment of the Yukawa structures on multi-Higgs doublet models provides cancellation
of tree-level flavour changing couplings of neutral scalar fields. We show that family symmetries can
provide a suitable justification for the Yukawa alignment.
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I. INTRODUCTION

A Multi-Higgs Doublet Model (MHDM) consists in
a straightforward generalisation of the Standard Model
(SM) where extra SU(2) doublet scalars are added to
the field content. With just one extra doublet added,
the two-Higgs doublet model is a particular case of the
MHDM [1, 2].

In the MHDM there are Yukawa couplings associated
to each Higgs doublet for each family of fermions - up
quarks, down quarks, charged leptons and neutrinos if
Right-Handed (RH) neutrinos are also added. It is well
known that this presents the potential for large unob-
served flavour changing processes such as Flavour Chang-
ing Neutral Currents (FCNCs). One can see this in the
Higgs basis in which the mass matrices of the fermions
come from only those Yukawa matrices associated with a
particular doublet. For a given family, that mass matrix
can be diagonalised - but without further assumption the
other Yukawa matrices of the family are arbitrary com-
plex matrices which would enable large tree-level FCNCs,
It has been noted [3] that these unobserved processes
completely cancel in the exact alignment limit i.e. all
Yukawa matrices of a given family are perfectly aligned.
It was shown [4] that such alignment can not be preserved
by renormalisation unless additional symmetries are im-
posed, although the contributions to the unobserved pro-
cesses due to this misalignment can be compatible with
the current experimental constraints for regions of the
parameter space [5].

It is reasonable to expect that problematic processes
will be suppressed when there is approximate alignment.
In analogy to the solution of the SUSY flavour prob-
lem where Family Symmetries (FSs) provide approximate
alignment of fermions and sfermions (see e.g. [6-8]), a

In the most extreme cases, the FS can provide per-
fect alignment and protect it from renormalisation ef-
fects. Here we present models where the FS is used solely
to address the potential flavour problems of the MHDM
by achieving perfect alignment for the given families -
without attempting to ameliorate the flavour issues of
the SM.

The exact Yukawa alignment in the MHDM is achieved
through a specific strategy that combines two require-
ments: only one FS Invariant Combination (FSIC) is al-
lowed for each family; all the Higgs SU(2) doublets are
singlets of the FS, such that the single allowed FSIC can
be made invariant under the SM through coupling to any
of the Higgs doublets. We then argue that as a general-
isation of this strategy, dropping the constraining single
FSIC requirement while maintaining the Higgs as singlets
of the F'S is a promising approach to achieve approximate
Yukawa alignment.

II. SIMPLE ALIGNMENT EXAMPLE

In order to illustrate the proposed strategy we use
SU(3)y ® SU(3)(y @ C,, as the FS. The fermions are as-
signed as triplets. To allow a FSIC, familons (SM singlet
scalars) are added and assigned as anti-triplets under the
FS. The requirement that each family has a single allowed
coupling is simple conceptually, but it can be quite diffi-
cult to implement. In order to do so, an auxiliary Abelian
factor (Cy) is not enough. This is why we resort to two
distinet SU(3) (c.f. [9, 10]) as with two non-Abelian
factors the Left-Handed (LH) sectors (@ and L) are sep-
arated from the RH sectors (u®, d°, e® and v°). C, is
then sufficient to keep both ) separate from L and each
RH sector separate from one another.
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Bottom-Up Discrete Symmetries for Cabibbo Mixing

[Re]constructing Finite Flavour Groups: Horizontal Ivo de Medeiros Varzielas,"* Rasmus W. Rasmussen,> and Jim Talbert® ¢
1School of Physics and Astronomy, University of Southampton,
Symmetry Scans from the Bottom-Up Southampton, 5017 1BJ, U.K.
2Deutsches Elektronen-Synch (DESY), Pi llce 6, 15738 Zeuthen, Germany
IRudolf Peierls Centre for Theoretical Physics, University of Ozford, 1 Keble Road,
Ozford, 0X1 SNP, UK.

We perform a bottom-up search for discrete non-Abelian symmetries capable of quantizing the
Cabibbo angle that parameterizes CKM mixing. Given a particular Abelian symmetry structure

Jim Talbert in the up and down sectors, we construct representations of the associated residual generat:
which explicitly depend on the degrees of freedom present in our effective mixing matr T v

discretize those degrees of freedom and utilize the Groups, Algorithms, Programming (GAP) package

Rudolf Peierls Centre for Theoretical Physics

University of Oxford
1 Keble Road, OX1 3NP
Ozford, UK

E-mail: jim.talbert@physics.ox.ac.uk

to close the associated finite groups. This short study is performed in the context of recent results
indicating that, without resorting to special model-dependent corrections, no small-order finite group
can simultaneously predict all four parameters of the three-generation CKM matrix and that only
groups of O(10%) can predict the analogous parameters of the leptonic PMNS matrix, regardless
of whether neutrinos are Dirac or Majorana particles. Therefore a natural model of flavour might

1409.7310v2 [hep-ph] 7 Jan 2015
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instead incorporate small(er) finite groups whose predictions for fermionic mixing are corrected via
= 5 g 4 3 other mechanisms.
ABSTRACT: We present a novel procedure for identifying discrete, leptonic flavour sym-

metries, given a class of unitary mixing matrices. By creating explicit 3D representations

for generators of residual symmetries in both the charged lepton and neutrino sector, we

reconstruct large(r) non-abelian flavour groups using the GAP language for computational
*Electronic address: ivo.de@soton.ac.uk

*Electronic address: rasmus.westphal.rasmussenGdesy.de
t :

ic address: jim. phy uk, james.talbert@desy.de

finite algebra. We use experimental data to construct only those generators that yield ac-
ceptable (or preferable) mixing patterns. Such an approach is advantageous because it 1)

can reproduce known groups from other ‘top-down’ scans while elucidating their origins
from residuals, 2) find new previously unconsidered groups, and 3) serve as a powerful
model building tool for theorists wishing to explore exotic flavour scenarios. We test our
procedure on a generalization of the canonical tri-bimaximal (TBM) form.
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