
RESEARCH Revista Mexicana de Fı́sica65 (5) 419–439 SEPTEMBER-OCTOBER 2019

The Higgs profile in the standard model and beyond

J. Lorenzo D́ıaz-Cruz
Centro Internacional de F́ısica Fundamental
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We present a review of Higgs physics in the SM and beyond, including the tests of the Higgs boson properties that have been performed at
LHC and have permitted to delineate its profile. After presenting the essential features of the Brout-Englert-Higgs (BEH) mechanism, and its
implementation in the SM, we discuss how the Higgs mass limits developed over the years. These constraints, in turn, helped to classify the
Higgs phenomenology (decays and production mechanisms), which provided the right direction to search for the Higgs particle, an enterprise
that culminated with its discovery at LHC. So far, the constraints on the couplings of the Higgs particle, point towards an SM interpretation.
However, the SM has open ends that suggest the need to look for extensions of the model. We discuss in general the connection of the Higgs
sector with some new physics (e.g. supersymmetry, flavor and Dark matter), with special focus on a more flavored Higgs sector. This is
realized in the most general 2HDM, and its textured version, which we study in general, and for its various limits, which contain distinctive
flavor-violating signals that could be searched at current and future colliders.
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1. Introduction

The discovery of the Higgs boson, announced on July 4th by
the CERN LHC collaborations [1,2], marked the completion
of our current theory of the fundamental particles and their
interactions, the so-called Standard Model (SM) [3–5]. This
event can be considered one of the greatest accomplishments
of the High Energy Physics community and knowing how it
was made possible, as well as the implications, should be-
come part of the culture of particle physics. This is precisely
the purpose of this review paper.

The search for an understanding of the structure of mat-
ter and its interactions, has been a motor of the physical sci-
ences, which could be traced back to the early days of mod-
ern atomic theory. After the establishment of quantum me-
chanics and its application to atomic and nuclear systems,
relativist quantum fields made its appearance and allowed to
formulate a consistent quantum theory for electrons and pho-
tons, quantum electrodynamics (QED), which successfully
predicted antimatter (positrons for the electron). Afterwards,
particle physics passed through great times in the 50-60’s,
when plenty of data was collected by the experimental collab-
orations from high-energy labs around the world. This branch
of physics advanced by the detection of a rich spectrum of
new strongly interacting resonances, the hadrons. However,
it was not known whether quantum field theory (QFT) would
survive or not, as the correct description of particles and in-
teractions. More general approaches, such as dual models,
saw the light just to be shown years later to be a different
guise for the same good old QFT.

Progress was also made on the description of Weak in-
teractions, which move from the Fermi 4-fermion effective
theory of beta decay, to the Intermediate Vector Boson the-
ory. Promising quantum unified theories were formulated,

which included non-abelian symmetries that contained self-
interacting gauge bosons. These theories seemed to work
only for massless gauge fields, as the photon of QED, but
in the case of weak interactions it was needed to consider
massive gauge bosons (such as the chargedW± that was sup-
posed to mediate the weak interactions).

Two lines of work were undertaken, one of them at-
tempted to find some consistent way to make the Yang Mills
fields massive, independently of a realistic model. Follow-
ing the ideas of Nambu on spontaneous symmetry breaking,
a solution to this problem appeared with the initial formu-
lation of the Brout-Englert-Higgs (BEH) mechanism [6–8],
which was shown to be a viable mechanism to generate the
masses of the elementary particles (gauge bosons and chi-
ral fermions). This mechanism was incorporated within the
unified Electroweak (EW) gauge model [3–5]. From the
model building perspective, the electroweak SM was com-
pleted after the Glashow-Iliopoulos-Maiani mechanism was
proposed [9], which received further confirmation with the
detection of the charm quark. The strong interactions were
described by a gauge theory too, quantun chromodynamics
(QCD), where quarks bind into hadrons through interactions
mediated by gluons.

The other line involved a detailed study of the renor-
malization problem associated with having massive gauge
bosons, with M. Veltman acting as the driving force behind
this project [10]. Nowadays, we know that the SM is a renor-
malizable Quantum Field Theory (QFT), that is quite suc-
cessful in describing the interactions of the fundamental par-
ticles. The detection of the W and Z in the 80’s at CERN, and
jet events initiated by gluons at DESY, brought extra confir-
mation of the SM.

The Higgs boson was recognized as a testable sector the
SM in the mid 70’s and early 80’s, when the first papers dis-
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cussed the methods to search for direct effects of the Higgs
boson in particle accelerators [11–13], and this was comple-
mented by the study of indirect Higgs effects (Radiative cor-
rections) on the properties of the SM particles and its related
parameters [14].

Given the success of the SM, it became credible that all
interactions could be unified in a single gauge group. Con-
struction of experimental facilities to search for proton decay
were started in the early 80’s, but since no proton decay was
observed, the unification paradigm loosed some momentum.
At that time a concrete Supersymmetric (SUSY) extension of
the SM was proposed too, which was shown to ameliorate the
hierarchy/naturalness problem of the Higgs mass.

This is more or less the time when the author entered into
graduate school, at the University of Michigan, and continued
studying the Higgs particle. The community was engaged
in a debate about the best options for constructing next col-
liders, and there were discussions about the best strategy to
produce and detect the Higgs particle, although many efforts
were devoted to build models that did not require an elemen-
tary scalar, the technicolor adventure. Given the success of
the hadron machine that made possible to detect the W and
Z bosons, it seemed that the best strategy for a high energy
collider, was the proton-proton or proton-antiproton choices.
The USA made plans to study the Higgs particle, and other
forms of new physics, at a proton-proton collider, the SSC,
that was designed to work with c.m. energy of 40 TeV. Teva-
tron (a proton-antiproton collider) was also approved, with
c.m. energy of 1.8 TeV, which was thought to be good enough
to produce and detect the top quark. But this was the mid
80’s, and CERN had planned to build a circular electron-
positron collider that would work first at the Z pole (LEPI)
and then above the WW threshold (LEPII).

The reason why such high energy was considered for
SSC, was in part due to the lack of knowledge of the Higgs
mass. At U of Michigan, a series of talks were planned for the
fall of 87 to discuss the search for the Higgs boson. First talk
was by Tiny Veltman, who argued that the best way to start
getting information on the Higgs mass was from a detailed
analysis of radiative corrections, which years later proved
to be very useful to constrain the Higgs mass. The second
talk was by Gordy Kane, who presented the different tech-
niques that should be used to search for a Higgs particle at
a hadron collider. In those days the Higgs mass (mh) was
classified into several ranges: light (mh ≤ mZ), intermedi-
ate (mZ ≤ mh ≤ 2mt) and heavy2mt ≤ mh ≤ 600 GeV).
Considering these mass ranges made sense at that time, be-
cause it was thought that the top mass should be close to the
value of 45 GeV, as was claimed early on by C. Rubbia at
CERN. As the Tevatron entered into the game, the lower lim-
its on the top mass started to increase, and together with re-
sults from B-physics, it was suspected thatmt was above 90
GeV. Until it was detected at Tevatron in the mid 90’s with
massmt ' 175 GeV, and then the intermediate Higgs mass
range was redefined asmZ ≤ mh ≤ 2mZ .

A light Higgs could have been detected using the asso-

ciated production of the Higgs with a gauge boson, with the
Higgs decaying into bb pairs. In fact, such range was the
task of the LEP collider at CERN. The most difficult task,
as Kane argued, was the above mentioned intermediate mass
range. After we learned that top was heavier thanmZ , the in-
termediate mass range was redefined, and its associated dif-
ficulties disappeared from Higgs hunting considerations, but
the techniques that were devised by Kane et al, proved to
be very useful in the ultimate search at LHC that provided
first hints of the Higgs particle in 2012. Heavy higgs could
had been detected in the golden modeh → ZZ, until the
Higgs mass was so large that a perturbative treatment would
no longer be reliable. Such range was termed the obese mass
region, starting from about 600 GeV. The third talk of the
series was presented by an experimentalist, R. Thun, who
discussed the issue of the signal vs backgrounds, with some
estimated characteristics for semi-realistic detectors, and he
showed that both theoretical works would be very difficult to
realize at planned colliders.

The 90’s witnessed the entering of operation of LEP II,
with cm energy of 200 GeV. The search for Higgs at LEP
used the reactione+e− → h + Z, and resulted in successive
bounds on Higgs mass, which eventually reached the value
mh ≥ 111 GeV at the end of LEP life-time. The tail of
a Higgs signal was believed to had been observed at the fi-
nal stages of LEP, which ignited some pressure to keep LEP
running, but the director say no, which was in fact a good
choice, and the tunnel was cleaned to start the installation
of LHC magnets and the construction of the giant detectors
ATLAS and CMS. These detectors were designed to catch a
Higgs boson in the narrow mass range left by the analysis of
electroweak precision tests, namely115 ≤ mh ≤ 130 GeV,
which could be probed with the modesh → γγ andh → ZZ
that were studied early on by Kaneet. alii.

LHC started taking data on 2011, but nothing really big
came out of those early runs apart from some fake signals and
rumors. The big news have to wait until mid 2012, when the
LHC announced the discovery of a Higgs-like particle with
mh = 125 − 126 GeV at the LHC [1, 2], a landmark event
that provided a definite test of the mechanism of Electro-
Weak symmetry breaking [15]. Thus, after many years of
hypothesis and conjectures, it was finally possible to confirm
that “what we thought about the origin of masses and Higgs
mechanism, is real. . . ” [18].

The Higgs mass value agrees quite well with the range
preferred by the electroweak precision tests (EWPT) [19],
which confirms the success of the SM. Current measurements
of its spin, parity, and couplings, also seem consistent with
the SM. The fact that LHC has verified the linear realization
of spontaneous symmetry breaking (SSB), as included in the
Standard Model (SM), could also be taken as an indication
that Nature likes scalars.

The initial reports from LHC claimed the discovery of a
resonance with massm = 125−126 GeV, through its decays
into γγ andZZ∗, which were consistent with having either
spins = 0 or s = 2. Later on, with more data collected from
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more decay modes, it was concluded that the simplest choice
s = 0 was favored. After LHC delivered the Higgs signal,
many papers have been devoted to study the Higgs couplings,
and the constraints on deviations from SM [20–22]. Although
the initial data showed also some tantalizing hints of devia-
tions from the SM predictions, including first a possible en-
hancedγγ rate, and later on a signal from the LFV Higgs
decay modes appeared to had been detected, these signals
were not confirmed with more data. So far, we can say that
the signal resembles a Higgs scalar, with a profile consistent
with the SM interpretation.

On the other hand, the LHC has also been searching for
signals of Physics Beyond the SM, which has been conjec-
tured in order to address some of the problems left open by
the SM, such as hierarchy, flavor, unification, etc [23]. Some
of these extensions of the SM, such as SUSY and multi-Higgs
models in general [24], predict deviations from the SM Higgs
couplings, while at the same time contain a rich Higgs spec-
trum, whose detection would be a clear signal of new physics.

However, the LHC has provided bounds on the new
physics scale (Λ), that are already entering into the multi-
TeV range, and this is casting some doubts about the the-
oretical motivations for new physics scenarios with a mass
scale of order TeV. This is particularly disturbing for the con-
cept of naturalness, and its supersymmetric implementation,
since the bounds on the mass of superpartners are passing the
TeV limit too. However, some of the motivations for new
physics are so deep, that it seems reasonable to wait for the
next LHC runs, with higher energy and luminosity, in order
to have stronger limits, both on the search for new particles,
such as heavier Higgs bosons, and for precision tests of the
SM properties.

This review paper is intended to cover the essential of
Higgs physics, starting with a quick review of the SM Higgs,
then looking at the motivations for some extensions of the
Higgs sector, and focusing then in the most general Two-
Higgs doublet model (2HDM). We hope our paper com-
plements the excellent reviews on Higgs physics that have
appeared recently [25–30]. The organization of our paper
goes as follows. We shall present in Sec. 2, the SM Higgs
Lagrangian, including the Higgs potential, the gauge and
Yukawa interactions, as well as the theoretical constraints on
the Higgs mass. We start Sec. 3 with a discussion of the
Higgs couplings with gauge bosons and fermions, first within
the SM and then presenting a model-independent approach;
this parametrization is proposed to describe Higgs couplings
that include flavor and Charge-conjugation Parity (CP) viola-
tion. Then, we discuss briefly the Higgs phenomenology at
the LHC, which allowed to gather information and draw the
current Higgs boson profile. Although the Higgs properties
could be discussed within an effective Lagrangian approach,
it is also important to discuss them within an specific model,
where such deviations could be interpreted and given a con-
text. Thus, in Sec. 4 we discuss the motivation for extend-
ing the SM Higgs sector, with a focus on the multi-Higgs
models, including its Supersymmetric versions and models

with Higgs-Flavon mixing; some remarks on the Higgs portal
and its dark matter (DM) connection is presented too. Sec-
tion 5 contains a detailed discussion of one of such models
where one has a “more flavored Higgs sector”, namely the
most general two-Higgs doublet model (the 2HDM of type
III and its textured realization), which includes new sources
of flavor and CP violation. As phenomenological predic-
tions we discuss the Lepton Flavor Violating (LFV) Higgs de-
caysHi → lilj and the top quark Flavor-Changing-Neutral-
Currents (FCNC) transitionst → ch [31]. Concluding re-
marks are included in Sec. 6, where we end with a brief dis-
cussion about possible paths for the future, including some
comments about the options to tests of the Higgs couplings
with light quarks, which in turn take us to consider the so
called “private” Higgs models.

2. SM Higgs Lagrangian: Gauge and Yukawa
couplings

After many years of theoretical and experimental efforts, we
have now a great theory of the elementary constituents of
nature and its fundamental interactions, the Standard Model
(SM), which is based on the following (For recet texts see:
[32,33] ):

• The fundamental particles are the quarks and leptons,
which appear repeated in three chiral families. Quarks
form the hadrons, such as the proton, neutron, pions,
etc. Charged leptons, such as the electron, muon and
tau, are accompanied by the light neutrinos.

• The quarks and leptons have interactions that follow
from the Gauge principle,i.e. the forces are mediated
by vector particles associated with gauge symmetries,
and there is one gauge field for each generator of the
Lie algebras associated with the symmetries of the sys-
tem.

• The masses of the weak gauge bosons (W±, Z), and
the fermions, arise as a consequence of the interactions
of the particles with the vacuum, which can live in a
broken phase,i.e. the BEH mechanism.

The BEH mechanism, was implemented by Weinberg in
the model proposed by Glashow, which was based on the
gauge groupSU(2)L × U(1)Y . Treating quarks and leptons
as the fundamental degrees of freedom, lead to the correct
formulation of the SM. We shall start by presenting the es-
sential features of the SM and the BEH mechanism.

2.1. SM gauge and fermion sector

The weak and electromagnetic interactions are partly unified
into the Electroweak theory, which has the gauge symmetry
SU(2)L×U(1)Y . The Lagrangian for the gauge and fermion
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sector (leptons) is given by:

L = L̄γµDµL + ēRγµD′
µeR

− 1
4
WµνiW i

µν −
1
4
BµνBµν , (1)

where

Dµ = ∂µ + i
g

2
σiW i

µ + i
g′

2
Bµ, (2)

D′
µ = ∂µ + ig′Bµ. (3)

HereL denotes the left-handed lepton doublet, whileeR

corresponds to the right-handed electron,σi are the Pauli ma-
trices andg y g′ denote the gauge coupling constants. The
tensorsW i

µν andBµν are given by:

W i
µν = ∂µW i

ν − ∂νW i
µ − gεijkW j

µW k
ν , (4)

Bµν = ∂µBν − ∂νBµ. (5)

In addition we need to include the quarks, with the left-
handed components forming a doublet of weak isospin, while
the right-handed ones transform as singlets. Quarks are also
triplets of the color interactions, which is described by the
gauge symmetrySU(3)c. Thus, the full SM gauge symme-
try is: SU(3)c × SU(2)L × U(1)Y .

2.2. SSB and the Higgs

Insights from the role of the vacuum in condensed mat-
ter, helped to identify how a symmetry is realized in QFT,
namely:

• A symmetry is realized Wigner-Weyl, when the vac-
uum respects such symmetry, i.e. the minimum of
the energy happens for vanishing field variables, as in
QED where< Aµ >= 0.

• A realization a la Nambu-Goldstone occurs when the
vacuum does not respect the symmetry of the La-
grangian, which leads to Goldstone Theorem: When
a Global symmetry is broken spontaneously (SSB),
massless particles associated with the broken genera-
tors appear.

SSB happens for instance in strong interactions, where
the Chiral symmetry is not manifest, and the pions are iden-
tified as pseudo Nambu-Goldstone bosons (NGB) (pseudo
means they are not exactly NGB, due to the small mass of
the light quarks (u, d, s)).

In the case of the weak interactions, the problem was how
to include the mass for the charged W bosons, the media-
tors of the weak interactions that manifest in neutron beta
decay. The solution came with the BEH mechanism [6–8],
which proved that within the context of a local symmetry, the
degrees of freedom associated with the Goldstone bosons be-
come the longitudinal modes of the gauge bosons, which then
acquire a mass.

Let us discuss this mechanism for a simple Abelian the-
ory, with Lagrangian:

Lφ =
1
2
∂µφ∂µφ− V (φ),

V (φ) =
1
2
µ2φ2 +

1
4
λφ4, (6)

whereλ > 0.
This Lagrangian (6) is invariant under the parity (P) trans-

formationφ → −φ. However, when one minimizes the po-
tential, we find that:

• (a) Forµ2 > 0, the minimum is invariant under P, and
it occurs for:

〈φ〉0 = 〈0|φ|0〉 = 0. (7)

• (b) For µ2 < 0, the minimum is displaced from the
origin, and does not respect P,i.e.

〈φ〉0 = ±
√
−µ2

2λ
≡ ± v√

2
. (8)

Now, there is a degeneracy betweenv y −v. Then, one
can study the fluctuations around the new minimum, which
are interpreted as the particles,i.e. ξ(x) ≡ φ(x) − 〈φ〉0 =
φ(x)− v.

Then, the Lagrangian for the fieldξ (the fluctuation) be-
comes:

Lξ =
1
2
∂µξ∂µξ − λv2ξ2 − λvξ3 − 1

4
λξ4. (9)

Thanks to SSB, this Lagrangian contains now a scalar
field ξ with massmξ =

√
2λv =

√
−2µ2. When one uses

SSB within the context of a gauge theory, it is possible to
generate masses for the gauge bosons.

Within the SM the gauge symmetry for the electroweak
interactions isSU(2)×U(1)Y , with gauge bosonsW±

µ ,W 3
µ

andBµ. The minimal Higgs sector includes one Higgs dou-
blet, which can be written as follows:

Φ =
1√
2

[
φ1 − iφ2

φ3 − iφ4

]
. (10)

The mass terms for theW,Z is obtained from the the
Higgs Lagrangian, which includes the Higgs kinetic term, its
gauge interactions, and the Higgs potential,i.e.

LH = |DµΦ|2 − V (Φ). (11)

The potentialV (Φ) is written as:

V (Φ) = µ2Φ†Φ + λ
(
Φ†Φ

)2

=
1
2
µ2




4∑

j=1

φ2
i


 +

1
4
λ




4∑

j=1

φ2
i




2

. (12)
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FIGURE 1. The Higgs potential when SSB occurs (left), and the 3-dimensional image,i.e. the mexican hat potential (right).

For µ2 < 0, the gauge symmetrySU(2)L × U(1)Y is
broken toU(1)em. This is illustrated in Fig. 1, where we can
see the different options for the vev (red points), we also dis-
play the 3-dimensional image of the potential,i.e. the mex-
ican hat potential. In this case, part of the scalar degrees of
freedom from the doublet, the so-called pseudo Goldstone
bosons (pGB), become the longitudinal modes of theW±

and Z, which then become massive. The charged pGB is
identified as:G± = (1/

√
2)(φ1 ± iφ2), while the neutral

pGB correspond to:G0 = φ4. The remaining degree of free-
dom (φ3) includes a physical d.o.f., which by itself ”forms
an incomplete scalar multiplet”, as Higgs pointed out in his
classic paper [6].

However, the gauge symmetry leaves us some freedom to
remove non-physical degrees of freedom. This is done in the
so called Unitary gauge, where one can take:φ1 = φ2 =
φ4 = 0 y φ3 = v + h; andh corresponds to the excitations
from the vev. Thus, the Higgs doubletΦ can be written in the
unitary gauge as:

φ =
1√
2

[
0

v + h

]
, (13)

Then, the potentialV (φ) becomes:

V =
1
4
λv4 + λv2h2 + λvh3 +

1
4
λh4. (14)

The second term in the potential (quadratic in h) indi-
cates that the Higgs (h) mass ism2

h = 2v2λ. The cubic and
quartic terms (h3, h4) describe the 3- and 4-point Higgs self-
couplings.

On the other hand, the interaction of the Higgs with the
gauge bosons, is contained in the kinetic term, which can be

written as:
∣∣∣∣
(

i
g

2
σiW i

µ + i
g′

2
Bµ

)
Φ

∣∣∣∣
2

=
(v + h)2

8

×
(

g2(W 1
µ)2 + g2(W 2

µ)2 + (−gW 3
µ + g′Bµ)2

)
. (15)

We define new vector fields:

Z0
µ =

1√
g2 + g′2

(gW 3
µ − g′Bµ), (16)

W±
µ =

1√
2
(W 1

µ ± iW 2
µ), (17)

A±µ =
1√

g2 + g′2
(g′W 3

µ + gBµ), (18)

Thus, the Lagrangian (15) contains mass terms for these
fields, i.e. M2

W W+
µ W−µ + (1/2)M2

ZZµZµ. The cor-
responding masses given byMW = (vg/2), MZ =
(v/2)

√
g2 + g′2, while the photon remains massless,i.e.

MA = 0.
We can also express the electric charge (e) in terms of the

gauge couplingsg y g′, as follows:e = (gg′/
√

g2 + g′2) =
g sin θW , whereθW denotes the weak mixing angle. Within
the SM, there holds a relationship between the gauge bo-
son masses, which turns out to be of crucial importance,i.e.
MW = MZ cos θW , with cos θW = (g/

√
g2 + g′2) and

sin θW = (g′/
√

g2 + g′2). Finally, one can also expres the
Fermi constant as:GF =

√
2(g2/8M2

W ) = (
√

2/2v2).
The numerical value of the fermi constant is:GF =

1.16637 × 10−5 GeV−2 [34], which implies:v ∼ 246 GeV,
this value is known as the Electroweak scale. One can check
that the interactions of the typehV V andhhV V are con-
tained in this Lagrangian, namely:
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LhV V = gMW hW+
µ W−µ +

gMZ

2cW
hZµZµ. (19)

In the SM, the fermions are chiral fields,i.e. the left and
right-handed fermions transform differently under the gauge
symmetry, and therefore they should be massless. However,
a miracle happens here: the Higgs mechanism with a mini-
mal Higgs doublet induces the mass for the SM fermions too.
Fermion masses are obtained from the Yukawa Lagrangian
that includes the coupling of the fermion doubletFL with the
Higgs doublet(Φ) and the right-handed fermion singletfR,
which for the leptons and quarks take the form:

LYukawa = yeL̄φeR + ydQ̄LφdR

+ yuQ̄L(iσ2φ
∗)uR + h.c. (20)

After SSB, all the SM fermions acquire masses (except
the neutrinos), which is given by:mf = yf (v/2). The
Yukawa Lagrangian includes the Higgs-fermion interactions
too, which turn out to be proportional to the fermion mass,
i.e. (hff) = mf/v.

2.3. SM Higgs parameters: LEP and indirect con-
straints

Within the SM, the Higgs sector includes only two param-
eters: the (dimensional) quadratic mass termµ2 and the di-
mensionless quartic couplingλ. Once SSB is implemented,
these parameters can be traded by the Higgs vev (v) and the
Higgs mass (mh). But what to expect forλ? Over the years, a
cocktail of arguments was developed that helped to constrain
the Higgs mass, namely:

• Unitarity: The processes involving gauge bosons and
the Higgs, such asWW scattering, should satisfy the

unitarity bounds, which also translate into a Higgs
mass bound ofO(1) TeV [35, 36], unless the Higgs
interactions become strong.

• Perturbativity: Given that the EW gauge sector is
weakly-interacting, one would expect that the Higgs
interactions should also be weak, which would im-
ply: λ ' O(1), and then the Higgs mass was to be
expected to be of order of the electroweak scale,i.e.
mh = O(v) [37,38].

• Vaccum stability: A lower bound on the Higgs mass
was also derived from requiring that the radiative cor-
rections do not make the potential to develop insta-
bilities, but this one was quickly overcome after LEP
bounds on the Higgs mass.

• Radiative corrections: It is also possible to derive
constraints on the Higgs mass by considering the indi-
rect effects of the Higgs on the EW observables. This
could be done by using only the corrections to theρ
parameter, as it was pioneered by Veltman [14]. With
the precision reached at LEP (and Tevatron) it was pos-
sible to refine this analysis and use the complete set of
precision tests, up to the point that it was known that
the Higgs mass should be at the reach of LHC.

A graphic summary of these constraints was presented in
Ref. [39], which we show in Fig. 2 (left). Thus, already
by 2000, it was known that the favored Higgs mass range
was110 < mh < 180 GeV. Fig. 2 (right), from Ref. [40],
shows that the probability distribution for the Higgs mass,
which is constrained by radiative corrections to lay in the
range110 < mh < 130 GeV.

FIGURE 2. Higgs mass limts from theoretical considerations (left) and EWPT (right) . Figure 2 (left) is from [39], and Fig. 2 (right) is
from [40].
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3. Higgs phenomenology and the LHC

As good as it can be, the theoretical bounds on the Higgs
mass, including the analysis of radiative corrections, only
provided indirect tests of the Higgs mass. To prove the exis-
tence of the Higgs particle, one must produce it through some
reaction at some accelerator and detect its decay products in
the particle detectors; this task started at LEP, continued at
the Tevatron and finally it was completed at the LHC. The
starting point for such analysis is to have the Feynman rules
of the Higgs sector, which comes next.

3.1. General Couplings and Feynman rules

As mentioned in the introduction, in order to study the Higgs
properties at the LHC, it is both instructive and useful to
present a parametrization of the Higgs couplings that is gen-
eral enough, while at the same time it makes easy to reduce
to the expressions to the SM limit, or some other popular SM
extension, such as the 2HDM.

Thus, we shall start by describing the coupling of the
scalar boson (h) with Vector bosonsW±, Z. In this
case we can write the interaction Lagrangian with terms of
dimension-4, consistent with Lorentz symmetry and deriv-
able from a renormalizable model, as follows:

LV = κW gmW hW+µW−
µ + κZ

gmZ

2cW
hZµZµ (21)

When the Higgs particle corresponds to the minimal SM,
one hasκW = κZ = 1, while valuesκW = κZ 6= 1 arise
in models with several Higgs doubles, which respect the so-
called custodial symmetry.

On the other hand, the interaction of the Higgs with
fermion f , with f = q or l for quarks and leptons, respec-
tively, can also be written in terms of a dimension-4 La-
grangian that respects Lorentz invariance, namely:

Lf = hf̄i(Sij + iγ5Pij)fj . (22)

The CP-conserving and CP-violating factorsSij , Pij ,
which include the flavor physics we are interested in, are writ-
ten as:

Sij =
gmi

2mW
cfδij +

g

2
dfηij , (23)

Pij =
gmi

2mW
efδij +

g

2
gfη′ij . (24)

Within the SMcf = 1 anddf = ef = gf = 0, which
signals the fact that within the SM the Higgs-fermion cou-
plings are CP-conserving and flavor diagonal,i.e. no FCNC
scalar interactions. However, as we shall see next, the LHC
analysis has been reported by consideringcf 6= 0 (but with
df = ef = gf = 0). These factors take into account the
possibility that the Higgs boson is part of an enlarged Higgs
sector, and the fermion masses coming from more than one
Higgs doublet. As we shall discuss in the next sections, for
specific multi-Higgs models, the explicit dependence on the

Yukawa matrix structure, i.e. flavor physics, is contained in
the factorηij , η′ij . On the other hand, when we haveef 6= 0,
but df = gf = 0, it indicates that the Higgs-fermion cou-
plings are CP violating, but still flavor diagonal. In models
with two or more Higgs doublets, it is possible to have both
flavor changing scalar interactions (df , gf 6= 0) and CP vio-
lation.

3.2. Higgs decays

For the study of Higgs phenomenology, we need to know
first the Higgs branching ratios, including its decay into
the most relevant modes (BR(h → XX)). For the mass
range left by the analysis of EWPT,i.e. mh ≈ 105 →
130, we know that its main decays modes must be:h →
bb̄, cc̄, τ+τ−, γγ, ZZ, WW+, gg, whose decay widths are
presented in the literature (See for instance ref. [15]). The
Branching ratio for the modeh → XX is defined as:

BR(h → XX) =
Γ(h → XX)

Γtotal
. (25)

The total widthΓtotal is given by the sum over all the partial
widths, and its value is about10−3 GeV. These decays have
been evaluated in the literature, including QCD and EW cor-
rections. Results for the corresponding branching ratios are
shown in Fig. 3, from Ref. [41]. We can see that the domi-
nant mode ish → bb̄, whileh → ZZ,WW+ come next, and
h → τ+τ− is also relevant. Although the loop decay into a
photon pair reaches a branching ratio of only about2× 10−3

for mh = 120− 130 GeV, it has a great relevance because it
provides a very clean signature. On the other hand, the loop
decay into gluon pair is important, not because it could be
detected as a Higgs decay, but because it serves for the Higgs
production mechanism through gluon fusion.

FIGURE 3.Higgs couplings derived at LHC. Figure from Ref. [41].
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3.3. Higgs search at LEP

The clean environment of electron-positron colliders was
used first to search for the Higgs boson. At the first stage
of LEP, which worked on the Z-pole, the Higgs was searched
through the Z decay:Z → ff +h; from the non-observation
of such decay it was possible to put the bound:mh ≥ 80 Gev.
Then, the second phase of LEP worked with a cm energy of
200 GeV, and then the search for the Higgs used the reaction
(Bjorken mechanism):e+e− → Z+h. Again, the absence of
a signal resulted in the bound:mh ≥ 200−mZ ' 110 GeV.

In the late stages of LEP, with a cm energy of about 205
GeV, this bound was slightly extended, up to about 114 GeV.
Just when the CERN plans marked that LEP must be closed,
in order to start the LHC project, some debate arose because
there was a claim for the presence of a Higgs signal with
mh = 115 Gev, which produced lots of enthusiasm among
some experimentalist (who pledged for more time and energy
for LEP) and also among some theorists, who quickly cooked
models that could explain such mass value. The CERN direc-
tor decided to close LEP and keep the plans for LHC, which a
posteriori seems it was the best decision that could be made.

3.4. Higgs production at Hadron colliders

Although at a proton collider it is also possible to produce
Higgs bosons with mechanism similar to the one used at LEP,
the Bjorken mechanism, namely with quarks and antiquarks
colliding to produce the Higgs boson in association with a
massive gauge boson (W or Z), it turns out that the domi-
nant production mechanism is gluon fusion, despite the fact
that it occurs at loop level (with top quarks circulating in the
loop). This is so, because gluons carry the largest fraction
of momentum from the colliding protons, and also because
its parton distribution function provides with the largest lu-
minosities. The production of the Higgs boson with a pair
of heavy quarks (top mainly) also reaches a significant cross

FIGURE 4. Higgs cross section times BR for different modes, at
LHC with Ecm = 8 TeV. Figure from [41]

FIGURE 5. Higgs signal from the decayh → ZZ∗ from CMS.
Figure from Ref. [42]

section. The resulting cross sections for these mechanisms in
proton proton colliders, times the branching ratios of some
relevant modes, as a function of the cm energy, is shown in
Fig. 4 [41].

3.5. Current Higgs profile from LHC

LHC started collecting data from pp collisions with cm en-
ergy of

√
S = 7 TeV. After some initial claims for a Higgs

signal around 140 GeV, which was again quickly explained
by some theory models, the Higgs became real when both
collaborations (ATLAS and CMS) announced on July 4th,
2012 that some events on theγγ andZZ∗ channels were ob-
served, which would correspond to a SM-like Higgs particle
with massmh = 125− 126 GeV. The observation of a reso-
nance decaying intoγγ indicated that its spin must be either
0 or 2, in accordance with Yang theorem. An scalar, with
spin-0, seemed the most natural explanation, which was re-
inforced by the second decay mode, namely the four-lepton
signal, which could be interpreted as coming from the decay
h → ZZ∗ → llll. Habemus Higgs!

As LHC continued to accumulate luminosity, more Higgs
decay modes were observed, which confirmed that the parti-
cle observed by ATLAS and CMS was indeed a Higgs-like
particle. The interpretation of the Higgs signal was further
reinforced after LHC started taking data with higher energy
(
√

S = 13 TeV). Now the signal can be appreciated even by
the public eye, for instance the data from CMS on the four-
lepton signal shown in Fig. 5 (from Ref. [42] ) shows clearly
a bump in the invariant mass at 125 GeV (pink) , which stands
clearly above the SM backgrounds. There are now a variety
of signals that have been measured, which seem all consis-
tent with the SM, as it is shown in Fig. 6 (left), from ATLAS
(Ref. [43]). The mass has been measured with better preci-
sion, as it can be seen in Fig. 6 (right).

The current LHC data on Higgs production has been used
to derive bounds on deviation from the SM predictions for the
Higgs couplings. For instance, Fig. 7 from Atlas Collabora-
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FIGURE 6. Higgs signals (left) and mass summary (right) from ATLAS. Figure from ref. [43]

FIGURE 7. Higgs couplings with vectors and fermions. Figure
from Ref. [44]

tion (from Ref. [44]) shows the allowed deviations for
the Higgs couplings with gauge bosons and fermions, as
parametrized by the constantsκV andκF . Thus, one can see
that best fit lays quite close to the pointκV = κF = 1, which
corresponds to the SM limit. However, small deviations are
allowed within the precision reached at LHC.

In essence, the Higgs particle couples to a pair of mas-
sive gauge bosons or fermions with a strength proportional to
their masses. So far, the LHC has tested only a few of them,
namely the Higgs couplings with the gauge bosons and the
heaviest fermions of the third family. This is shown in Fig. 8,
from both ATLAS [44] and CMS [45] collaborations, where
one can appreciate that the Higgs couplings lay on a straight
line, modulo some small deviations for the Higgs coupling
with bb̄ (which is still consistent at one sigma); the modeµµ
has not been detected yet. These results, allow some regions
of parameter space for the so-called “private Higgs” hypoth-
esis, where each fermion type gets its mass from a different

FIGURE 8. Higgs couplings as function of the mass from CMS
(from [45]) and ATLAS (from [44]).

ent Higgs doublet, as it will be discussed briefly in our con-
clusions. Moreover, these constraints are obtained assuming
SM-like pattern for the Higgs couplings, however when one
considers new physics,i.e. models beyond the SM [46], it is
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possible to have non-standard Higgs couplings, including the
flavor and CP-violating ones. These will be discussed in the
coming sections.

4. Beyond the SM Higgs sector: SUSY, flavor
and Dark Matter

The SM has several shortcomings that make us suspect that it
is not a final theory. For instance, the SM is unable to explain
some of the most pressing theoretical problems (unification,
flavor, naturalness, etc) [23], as well as some cosmological
data (DM, Dark energy, etc). In particular, finding a possible
solution to the hierarchy problem suffered by the SM Higgs
boson, has been the driving force behind many of the propos-
als for extending the SM [47].

As we mentioned before, the SM Higgs particle couples
to a pair of massive gauge boons or fermions, with an strength
proportional to its mass. However, so far LHC provided in-
formation on the essential Higgs properties, but this informa-
tion is based only on a few of the Higgs couplings, i.e. the
ones with the heaviest SM fermions andW,Z. Then, some
questions arise:

• Why is the Higgs mass light?i.e. of the order of the
EW scale.

• Do the masses of all fermion types (up-, down-quarks
and leptons) arise from a single Higgs doublet? or, are
there more Higgs multiplets participating in the game?

• Are the Higgs couplings to fermions diagonal in flavor
space?

• Is there any hope to measure the Higgs couplings with
the lightest quarks and leptons?

As we shall see next, different answers to these questions
arise when one extends the SM. Many of those extensions
often include a rich Higgs spectrum, or predict deviations
from the SM Higgs properties. These models could either
be the realization of elaborated theoretical constructions, or
just examples of a model building machinery; both of them
are useful at the minimum because they provide a systematic
generation of new collider signals to search for, as we shall
discuss next. Thus, in order to test these extensions, it will
be very important to study the Higgs couplings at LHC and
future colliders, and compare with predictions from extended
models.

4.1. Higgs and Supersymmetry

One of the most widely studied extensions of the SM is
Supersymmetry. This beautiful idea implies that for each
fermion there is a bosonic superpartner, as they are related
by a SUSY transformation. The minimal implementation of
such idea is the so called minimal SUSY extension of the SM
(MSSM) (for a review see [48, 49]). The MSSM contains 3

families of chiral superfields, which include the quarks and
leptons as well as their scalar superpartners, the squarks and
sleptons. The gauge sector is described with the vector su-
perfields associated withSU(3)c × SU(2)L × U(1)Y , and
includes the usual gauge bosons, but also their fermionic su-
perpartners, the gauginos. In order to give masses to both up-
and down-type fermions, one must have two Higgs doublets,
described by chiral superfields, and thus one also has the Hig-
gsinos, as the fermionic superpartners. A discrete symmetry,
R− parity, must be imposed in order to respect lepton and
baryon number conservation. ThisR- parity implies that su-
perpertners are produced by pairs, and the lightest superpart-
ner must be stable, which provides the seeds for a dark mat-
ter candidate, which was considered a great virtue of SUSY
models. As the experimental evidence shows, SUSY must
be broken, and a realistic scheme is provided by the Soft-
breaking terms. Namely, SUSY is assumed to be broken in a
Hidden sector, which is then transmitted to the MSSM super-
partners by a suitable mediator, which may involve gravity or
gauge interactions, or anomaly mediation.

The search for the signals of the superparners has been
one of the central goals of current and future colliders [50].
However, the LHC has provided bounds on the new physics
scale (Λ), either from the search for new particles or from the
effects of new interactions, with values that are now entering
into the multi-TeV range. This result is casting some doubts
about the theoretical motivations for new physics scenarios
that were promoted assuming a mass scale of order TeV. This
is particularly disturbing for the concept of naturalness, and
its supersymmetric implementation, since the bounds on the
mass of superpartners are passing the TeV limit too [50].
However, SUSY is such a beautiful theory that it certainly
desserves further work on its foundations and possible real-
ization in nature. Thus, one has to wait for the next LHC
stages, with higher energy and luminosity, in order to obtain
stronger limits, both on the search for new particles, such
as heavier Higgs bosons [51–53] or others, and for precision
tests of the SM properties.

4.2. Higgs and flavor: A more flavored Higgs sector

Although the Higgs boson has diagonal couplings to the SM
fermions at tree-level, it could mix with new particles that
have a non-aligned flavor structure, and this permits to in-
duce corrections to the diagonal Yukawa couplings and/or
new flavor-violating (FV) Higgs interactions. Non-standard
Higgs couplings are predicted in many models of physics be-
yond the SM. This could happen, for instance, in extensions
of the SM that contain additional scalar fields, which have
non-aligned couplings to the SM fermions. When these fields
mix with the Higgs boson, it is possible to induce new FV
Higgs interactions. This transmission of the flavor structure
to the Higgs bosons, was discussed in our earlier work [54],
where we called itmore flavored Higgs boson.

This occurs, for instance, in Froggatt-Nielsen type mod-
els, where one includes a SM singlet (Flavon) that partici-
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pates in the generation of the Yukawa hierarchies. This sin-
glet mixes with the Higgs doublets, and induces FV Higgs
couplings at tree-level. The phenomenology for the mixing
of the SM Higgs doublet with a flavon singlet has been stud-
ied in Refs. [55, 56]. Mixing of SM fermions with exotic
ones, could also induce FV Higgs couplings at tree-level [57].
On the other hand, within supersymmetric models, like the
MSSM, the sfermion/gauginos can have non-diagonal cou-
plings to Higgs bosons and SM fermions. Then, FV cou-
plings of the Higgs with SM fermions could be induced at
loop-level [54].

In the next section, we shall discuss what is probably the
simplest model that contains a more flavored Higgs sector,
namely the general two-Higgs doublet model [46].

4.3. Higgs and Dark Matter

Understanding the nature of dark matter is another aspect
of physics beyond the SM, which motivates extensions of
the SM. The dark matter could interact with ordinary mater
through the Higgs boson, an scenario called the Higgs portal.
It could also happen that dark matter is contained within an
extension of the Higgs sector, which could include a singlet
, an extra (Inert) Higgs doublet, a mixture of them or even a
higher-dimensional multiplet [58]. DM candidates can also
arise in composite Higgs models [59].

The case when DM candidate is contained in an extra
Higgs doublet is known as the IDM [60], which has been
studied extensively in the literature [61–63]. Including dark
matter candidate with extra sources of CP violation, has mo-
tivated the constructions of models with inert doublet and sin-
glet [64].

Within those models, one can accommodate a neutral
and stable scalar particle, which has the right mass and cou-
plings to satisfy the constraints from DM relic density and
direct/indirect searches. It also implies modifications of the
SM-like Higgs couplings, which must mass the LHC Higgs
constraints. The heavy Higgs spectrum provides additional
signatures of these models, which could also be searched at
future colliders.

5. The general 2HDM with Textures and its
limits

One of the simplest proposals for physics Beyond the Stan-
dard Model, is the so called Two-Higgs Doublet Model
(2HDM), which was initially studied in connection with the
search for the origin of CP violation [65], and later on it was
found to be connected with other theoretical ideas in parti-
cle physics, such as supersymmetry, extra dimensions [66]
and strongly interacting systems [47, 67]. Models with ex-
tra Higgs doublets are safe regarding theρ parameter, as
they respect the custodial symmetry which protect the rela-
tion ρ = 1.

Several possible realizations of the general 2HDM have
been considered in the literature, which have been known

TABLE I. Higgs interaction with fermions for the different 2HDM
types.

Model type Up quarks Down quarks Charged leptons

2HDM-I Φ1 Φ1 Φ1

2HDM-II Φ2 Φ1 Φ1

2HDM-X Φ2 Φ2 Φ1

2HDM-Y Φ2 Φ1 Φ2

2HDM-III Φ1,2 Φ1,2 Φ1,2

as Type I, II and III. The Table I shows the Higgs assign-
ments that participate in the generation of the masses for the
different types of fermions for the 2HDM’s. Model I can
have an exact discrete symmetryZ2, which permits a pos-
sible dark matter candidate coming from theZ2−odd scalar
doublet [68]; within this type I models, a single Higgs doublet
gives mass to the up, down quarks and leptons. The type II
model [69] assigns one doublet to each fermion type,Φ1 for
leptons and down-type quarks, andΦ2 for up-type quarks;
this type II model also arises in the minimal SUSY exten-
sion of the SM [70]. Both models of type I and II, posses
the property of natural flavor conservation, as they respect
the Glashow-Weinberg Theorem [71], which suffices to avoid
Flavor Changing Neutral Currents (FCNC) mediated by the
Higgs bosons, at the tree-level.

There are also other models discussed in the literature
called type-X (also called lepton specific) and type-Y (also
called flipped) . Although they can be consider as variations
of model II, it is important to mention both of them, for com-
pleteness and also because they have interesting phenomenol-
ogy. The Higgs assignments are also shown in Table I.

On the other hand, within the most general version of the
2HDM, where both Higgs doublets could couple to all types
of fermions, diagonalization of the full mass matrix, does
not imply that each Yukawa matrix is diagonalized, therefore
FCNC can appear at tree level [71]. In order to reproduce the
fermion masses and mixing angles, with acceptable levels of
FCNC [72–74], one can assume that the Yukawa matrices
have a certain texture form,i.e. with zeros in different el-
ements, and some possible choices will be discussed in the
coming sections.

The general model has been previously referred to as the
2HDM of type III, although this has also been used to de-
note a different type of model [75]. There are also other rel-
evant sub-cases of the general 2HDM, such as the so-called
Minimal Flavor violating 2HDM [76, 77, 79]. The Aligned
model is another example of viable 2HDM [80]. Thus, in or-
der to single out the two-Higgs doublet model with textures
among this diversity, we proposed to baptize it as the 2HDM-
Tx [81].

5.1. Yukawa textures: parallel and complementary

The initial construction of the 2HDM with textures [82], con-
sidered first the specific form with six-zeros, and some vari-
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ations with cyclic textures. In that case a specific pattern
of FCNC Higgs-fermion couplings of size

√
mimj/v was

found, which is known nowadays as the Cheng-Sher ansatz.
For this type of Higgs-fermion vertex it is possible to satisfy
the FCNC bounds with Higgs masses lighter than O(TeV).
The extension of the 2HDM-Tx with a four-zero texture was
presented in [83, 84]. The phenomenological consequences
of these textures for Higgs physics (Hermitian 4-textures or
non-hermitian 6-textures) were considered in [85], while fur-
ther phenomenological studies were presented in [86–89].

When the fermions (f = U,D, L) couples to both Higgs
doublets, after SSB the mass matrix is given by:

Mf =
v1√
2
Y f

1 +
v2√
2
Y f

2 . (26)

Although the texture pattern is defined by considering the
zeros appearing in the fermion mass matrixMf , we can have
several options for the textures of the Yukawa matrices,Y1

an Y2. In our work on the 2HDM-Tx [81], we considered
several possibilities, namely:

• Parallel textures:In this case, we have that bothY1 an
Y2 have the same texture pattern. For instance, ifMf

is of the four-texture type, then bothY1 anY2 have the
same four-texture.

• Complementary textures:In this case, we have that
both Y1 an Y2 have different texture pattern, without
having elements in common, but in such a way that
they produceMf of the given texture type.

• Semi-Parallel textures:In this case,Y1 anY2 have dif-
ferent texture patterns, but they have elements in com-
mon, and in such a way that they produceMf with a
given texture type.

For instance, a four-zero texture mass matrix is of the
form:

Mf =




0 D 0
D∗ C B
0 B∗ A


 . (27)

In the parallel case we have that both Yukawa matrices
(Yi, i = 1, 2) have the same form, namely:

Yi =




0 di 0
d∗i ci bi

0 b∗i ai


 . (28)

An example of complementary case, whereY f
1 andY f

2

(which only has a non-zero 33 entry) combine to produce a
mass matrix with four-zero texture, is the following:

Y1 =




0 d1 0
d∗1 c1 b1

0 b∗1 0


 , Y2 =




0 0 0
0 0 0
0 0 a2


 . (29)

Finally, an example of semi-parallel textures is the fol-
lowing:

Y1 =




0 d1 0
d∗1 c1 b1

0 b∗1 a1


 , Y2 =




0 0 0
0 0 0
0 0 a2


 ; (30)

in this example,Y f
1 has a four-zero texture, whileY f

2 has
only a non-zero 33 entry.

The detailed study of these Yukawa matrices, including
its diagonalization, and the phenomenological consequences,
was presented in our Ref. [81]. Next, we shall derive the
Yukawa lagrangian of the general 2HDM-III, and we shall
employ those textures when considering the 2HDM-Tx.

5.2. The Yukawa lagrangian

Within the general Two-Higgs doublet model, each Higgs
doublet couples to a given fermion of typef through the
Yukawa matricesY f

1 andY f
2 , which combine after SSB to

produce a fermion mass matrix with some texture. We shall
write the Yukawa Lagrangian in the 2HDM-III for the quark
sector, following the notation from [85], namely:

L = Y u
1 Q̄0

LΦ̃2u
0
R + Y u

2 Q̄0
LΦ̃2u

0
R + Y d

1 Q̄0
LΦ1d

0
R

+ Y d
2 Q̄0

LΦ2d
0
R + h.c., (31)

where the quark doublets, quark singlets and Higgs doublets
are written as:

Q0
L =

(
uL

dL

)
, Q

0

L =
(
uL, dL

)
,

Φ1 =

(
φ+

1

φ0
1

)
, Φ2 =

(
φ+

2

φ0
2

)
. (32)

And similarly for the leptons. We have defined the con-
jugate doublets as:̃Φj = iσ2Φ∗j = (φ0

j
∗
,−φ−j )T , with

φ0
j = (ϕi + iχi)/

√
2.

On the other hand, the CP-properties of the Higgs spec-
trum depend on the parameters of the Higgs potential. For
the 2HDM, this has been studied extensively [24], using
either explicit constructions [69], or employing the basis-
independent conditions that classify whether the vacuum re-
spects CP, it violates explicitly CP or CP is spontaneously
broken [90–93]. Here we shall follow the methods and nota-
tion from Ref. [94]. Thus, the Higgs mass eigenstates (Hi)
are obtained by the orthogonal rotations, as follows:




ϕ1

ϕ2

χ1

χ2


 = R




H1

H2

H3

H4


 . (33)

We identify H4 = G0 as the neutral pseudo-Goldstone bo-
son.

For the case with a CP-conserving Higgs potential, one
has thatH4 = cosβχ1 + sin βχ2 is the Goldstone bo-
son, wheretanβ = v2/v1. In this case the couplings of
the CP-even Higgs bosons,h and H, with WW or ZZ
bosons are given byghV V = sin(β − α)gsm

hV V andgHV V =
cos(β − α)gsm

hV V , respectively.
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The matrixR can be used to express the Higgs doublets in terms of the physical Higgs mass eigenstate, as follows:

Φ1 =




G+ cos β −H+eiξ sin β

v√
2

cos β + 1√
2

∑4
r=1

(
qr1 cos β + qr2e

−i(θ23+ξ) sinβ
)
Hr


 , (34)

and

Φ2 =




G+eiξ sin β + H+ cos β

v√
2
eiξ sin β + 1√

2

∑4
r=1

(
qr1e

iξ sin β + qr2e
−iθ23 cos β

)
Hr


 , (35)

The values ofqra are shown in Table II; they are written
as combination of theθij , which are the mixing angles ap-
pearing in the rotation matrix that diagonalize the mass ma-
trix for neutral Higgs.

After substituting these expressions in the Yukawa La-
grangian one obtains the Higgs-fermion interactions for the
general 2HDM-III. They are written in terms of the quark
mass matrices (q = U,D), which receive contributions from
both vev’s, namely:Mq = (v1/

√
2)Y q

1 + (v2/
√

2)Y q
2 . As

we mentioned in the previous sub-section, the diagonal form
of the quark mass matrices (M̄q) is obtained by applying the
bi-unitary transformations, namely:̄Mq = V q

LMqV
q†
R . Ex-

plicit expressions for these matrices are shown in [81]. Thus,
the couplings of the neutral Higgs boson (Hr, a = 1, 2, 3)
with fermions of type f can be expressed in the form of Eq.
23, as follows:

Lf = Haf̄i(S
fr
ij + iγ5P

fr
ij )fj . (36)

For the up-type quarks, the factorsSur
ij andPur

ij are writ-
ten as:

Sur
ijr =

1
2v

M̄U
ij

(
q∗k1 + qk1 − tan β

(
q∗k2e

i(θ23+ξ)

+ qk2e
−i(θ23+ξ)

))
+

1
2
√

2 cos β

×
(
q∗k2e

iθ23 Ỹ U
2ij + qk2e

−iθ23 Ỹ U†
2ij

)
(37)

and

Pur
ij =

1
2v

M̄U
ij

(
q∗k1 − qk1 − tanβ

(
q∗k2e

i(θ23+ξ)

− qk2e
−i(θ23+ξ)

))
+

1
2
√

2 cos β

×
(
q∗k2e

iθ23 Ỹ U
2ij − qk2e

−iθ23 Ỹ U†
2ij

)
. (38)

TABLE II. Mixing angles for Higgs bosons which consider sponta-
neous and explicit CPV.

r qr1 qr2

1 cos θ12 cos θ13 − sin θ12 − i cos θ12 sin θ13

2 sin θ12 cos θ13 cos θ12 − i sin θ12 sin θ13

3 sin θ13 i cos θ13

4 i 0

Similarly, for the down-type quarks we find:

Sdr
ij =

1
2v

M̄D
ij

[
qk1 + q∗k1 − tan β

(
q∗k2e

i(θ23+ξ)

+ qk2e
−i(θ23+ξ)

)]
+

1
2
√

2 cos β

×
(
qk2e

−iθ23Y D
2 + q∗k2e

iθ23 Ỹ D†
2

)
(39)

and

P dr
ij =

1
2v

M̄D
ij

[
qk1 − q∗k1 + tan β

(
q∗k2e

i(θ23+ξ)

− qk2e
−i(θ23+ξ)

)]
+

1
2
√

2 cos β

×
(
qk2e

−iθ23 Ỹ D
2 − q∗k2e

iθ23 Ỹ D†
2

)
. (40)

This Lagrangian is the most general one, which includes
the possibility to have: i) deviations from the SM (diago-
nal) Higgs couplings, ii) new flavor violating Higgs couplings
and iii) new sources of CP violation, coming either from the
Higgs potential or the Yukawa matrices. Further simplifica-
tions can be obtained when one assumes that the Yukawa ma-
trices are hermitic,i.e. Ỹ Q

2 = Ỹ Q†
2 (with Q = U,D) or when

the Higgs potential is CP conserving.
Next we shall present some limiting cases for the cou-

plings of HiggsHr (r = 1, 2, 3) with fermions of type f,
expressed in terms of the factorsSfa

ij , P fa
ij , which in turn can

be written as:

Sfr
ij =

gmi

2mW
cfrδij +

g

2
dfrη

f
ij , (41)

P fr
ij =

gmi

2mW
efrδij +

g

2
gfrη

′f
ij . (42)

As it is discussed in detail in ref. [83], when one assumes
parallel Yukawa matrices of the four-textur type, one can ex-
press those factors in terms of the quark masses, the mixing
angles and some flavor-dependent parameters. In fact, in that
case theηf

ij parameters satisfy the Cheng-Sher ansazt and are
universal (the same for all Higgs bosons), then it is possible,
and convenient, to express them as follows:

ηf
ij = χ̃f

ij

√
mimj

mW
. (43)
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TABLE III. Coefficients for Higgs-Fermion couplings.

Coefficient cui dui eui gui

H1 sin(β − α)− tan β cos(β − α) cos(β−α)
cos β

0 cos(β−α)
cos β

H2 cos(β − α)− tan β sin(β − α) sin(β−α)
cos β

0 sin(β−α)
cos β

H3 0 1
cos β

tan β 1
cos β

The parameters̃χf
ij can be constrained by considering all

types of low energy FCNC transitions, which produce the vi-
able regions of parameter space.

5.3. The 2HDM-III with non-Hermitian Yukawa matri-
ces and CPC Higgs potential

In this case we shall consider that the Higgs sector is CP con-
serving (CPC), while the Yukawa matrices are non-hermitian.
Then, without loss of generality, we can assume thatH3 = A
is CP odd, withH1 = h andH2 = H being CP even; then:
cos θ12 = sin (β − α), sin θ12 = cos (β − α), sin θ13 = 0,
and e−iθ13 = 1. The expressions for the neutral Higgs
masses eigenstates can be written now in terms of the an-
glesα (which diagonalizes the CP-even Higgs bosons) andβ
(tanβ = v2/v1):

Φ0
a=

1√
2

(
v+h0 sin (β−α)+H0 cos (β−α)+iG0

)
v̂a

+
1√
2

(
h0 cos (β−α)−H0 sin (β−α)+iA0

)
ŵa, (44)

wherea = 1, 2, and for the CP-conserving limit̂va andŵa

have a vanishing phaseξ = 0. Here, the components of̂va,
ŵa are given as:

v̂ =
(

v̂1, v̂2

)
=

(
cosβ, eiξ sin β

)
(45)

and

ŵ =
(

ŵ1, ŵ2

)
=

( −e−iξ sinβ, cos β
)
. (46)

Additionally, when one assumes a 4-texture for the
Yukawa matrices, the Higgs-fermion couplings further sim-
plify as Ỹ U

2ij = χij(
√

mimj/v) . Then, coefficients (37) and
(38) for up sector forr = 1, 2, 3, and withH1 = h being
identified as the light SM-like Higgs boson, are shown in Ta-
ble III.

Theη parameters are given as follows:

ηu
ij =

√
mimj

2
√

2v

(
χij + χ†ij

)
, (47)

ηu′
ij =

√
mimj

2
√

2v

(
χij − χ†ij

)
. (48)

Similar expressions are obtained for d-type quarks and
leptons.

5.4. The 2HDM-III with Hermitian Yukawa matrices
and CPV Higgs

In this case we assume the hermiticity condition for the
Yukawa matrices, but the Higgs sector could be CP violating.
For simplicity we shall consider that the Hermitic Yukawa
matrices that obey a four-texture form, but now CP is vio-
lated in the Higgs sector.

Then, one obtains the following expressions for the cou-
plings of the neutral Higgs bosons with the up-type quarks,
namely:

Su
ijr =

1
2v

MU
ij [q∗r1 + qr1 − tan β (q∗r2 + qr2)]

+
√

mimj

2
√

2v cos β
χij (q∗r2 + qr2) (49)

and

Pu
ijr =

1
2v

MU
ij [q∗r1 − qr1 − tan β (q∗r2 − qr2)]

+
√

mimj

2
√

2v cos β
χij (q∗r2 − qr2) . (50)

Similar expressions can be obtained for the down-type quarks
and leptons, as well as for the charged Higgs couplings.

5.5. The 2HDM-III with Hermitic textures and CP-
conservation (2HDM-Tx)

In this case we assume the hermiticity condition for the
Yukawa matrices, and the Higgs sector is CP conserving. For
simplicity we shall consider that the Yukawa matrices obey
a four-texture form. Then, the Higgs-fermion couplings take
the following form. Forr = 1, 2 one gets:

Su
ij1 =

1
v
MU

ij (sin(β − α) + tan β cos(β − α))

− χij
√

mimj√
2v

cos(β − α)
cosβ

, (51)

Su
ij2 = −1

v
MU

ij

sin α

cos β
+

χij
√

mimj√
2v

sin(β − α)
cos β

. (52)

For both Higgs bosonsH1 and H2 one has: Pu
ij1 =

Pu
ij2 = 0. On the other hand, forr = 3, one has:Su

ij3 = 0
and

Pu
ij3 = −i

χij
√

mimj√
2v cos β

. (53)
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TABLE IV. Higgs interaction with fermions for flavor conserving
2HDM of types I and II.

Higgs boson cu cd cl

h (I) cos α/ sin β cos α/ sin β cos α/ sin β

h (II) cos α/ sin β -sin α/ cos β -sin α/ cos β

H (I) sin α/ sin β sin α/ sin β sin α/ sin β

H (II) sin α/ sin β cos α/ cos β cos α/ cos β

A (I) cot β -cot β -cot β.

A (II) cot β tan β tan β.

TABLE V. Higgs interaction with fermions for flavor conserving
2HDM of typesX andY .

Higgs boson cu cd cl

h (X) cos α/ sin β cos α/ sin β -sin α/ cos β

h (Y) cos α/ sin β -sin α/ cos β cos α/ sin β

H (X) sin α/ sin β sin α/ sin β cos α/ cos β

H (Y) sin α/ sin β cos α/ cos β sin α/ sin β

A (X) cot β -cot β tan β.

A (Y) cot β tan β -cot β.

5.6. The 2HDM of type I, II, X, Y: CPC case

In all these cases each fermion type (U,D,L) couple only with
one Higgs doublet, as shown in Table I. Now, we have that:
dfr = gfr = 0, while the non-zero coupling constants (cf

for h, H or ef for A), are shown in Table IV for models I
and II, while Table V shows the corresponding couplings for
modelsX andY .

Then, the Higgs couplings with fermions and gauge
bosons in these models are determined by the mixing an-
glesα (which diagonalizes the neutral CP-even Higgs mass
matrix) andtan β = v2/v1. For a quick test of Higgs cou-

plings, one can rely on the Universal Higgs fit [95], where
bounds on the parametersεX are derived, which are defined
as the (small) deviations of the Higgs couplings from the SM
values, i.e.ghXX = gsm

hXX(1 + εX). We find very conve-
nient, in order to use these results and get a quick estimate
of the bounds, to write our parameters as:ηX = 1 + εX .
For fermions, the allowed values are:εt = −0.21 ± 0.23,
εb = −0.19 ± 0.3, ετ = 0 ± 0.18. However, specific tests
of the mixing anglesα andβ, or combinations of them, have
been presented by the LHC collaborations; for instance the
CMS constraints on the mixing anglesα andβ, for 2HDM-I
and 2HDM-II, are shown in Fig. 9 [96].

On the other hand, the Higgs coupling with the fermions
(bb̄, cc̄, τ+τ−), which could be measured at next-linear col-
lider (NLC) with a precision of a few percent. This is
particularly interesting for the largetan β region, where
the corrections to the couplinghb̄b could change the sign
[98], and modify the dominant decay of the light Higgs, as
well as the associated production of the Higgs with b-quark
pairs [99,100].

6. The flavor violating Higgs and top decays
signals

In the models that we are interested in, both flavor and CP-
violation could occur, either at tree- or loop-levels. Within
the 2HDM-Tx it occurs at tree-level, with large rates that
make it feasible to be searched at current and future collid-
ers. In order to evaluate the viability of the Higgs signals,
one needs first to consider all low-energy processes, and use
the current bounds to look for allowed regions of parameter
space. This is shown in Fig. 10, from [81], with some empha-
sis on the LFV processes. Figure 10 (left) shows the allowed
region in the planetanβ−cos(β−α), after LHC constraints,
while Fig. 10 (right) shows the bounds from flavor-dependent
processes. One of the most sensitive constraint is provided by
the muon anomalous magnetic moment, which deviates from

FIGURE 9.CMS constraints on the mixing anglesα andβ, for 2HDM-I and 2HDM-II. Figures from Ref. [96].
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FIGURE 10. Constraints from flavor physics on 2HDM. Figures from [81].

FIGURE 11. Bounds on LFV Higgs couplings. Figure from [121].

the SM, and it is difficult to reproduce with the 2HDM of type
I and II, but for model III we do find viable regions of param-
eter space. For instance, for values aroundtan β ' 7, the al-
lowed heavy Higgs mass range is:500 < mH < 1000 GeV;
another region aroundtan β ' 12 − 15 is also allowed, but
now only for850 < mH < 1000 GeV.

6.1. LFV Higgs decays

Within the SM, LFV processes vanish at any order of pertur-
bation theory, which motivates the study of SM extensions
that predict sizable LFV effects that could be at the reach
of detection. In particular, the observation of neutrino os-

cillations, which is associated with massive neutrinos, mo-
tivates the occurrence of Lepton Flavor Violation (LFV) in
nature [101,102], which could be tested with the charged lep-
ton decays,li → ljγ and li → lj l̄klk. Another interesting
possibility, which became even more relevant after the Higgs
discovery, is the decayh → τµ, which was studied first in
Refs. [103, 104], with subsequent analyses on the detectabil-
ity of the signal appearing soon after [105–108]. This moti-
vated a plethora of calculations in the framework of several
SM extensions, such as theories with massive neutrinos, su-
persymmetric theories, etc. [54,109–113]. (For more on LFV
Higgs decays see also [114–118]).
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FIGURE 12. Constraints on LFV Higgs couplings. Figure
from [81].

Nowadays, the decayh → τµ is included in the Higgs
boson studies performed at LHC, which offers a great oppor-
tunity to search for new physics at the LHC. Along this line,
a slight excess ofh → τµ signal was reported at the LHC
run I, with a significance of 2.4 standard deviations [119],
but subsequent studies [120, 121] ruled out such an excess
and instead put the limitBR(h → µ̄τ) < 1.2 × 10−2 with
95% C.L. Current bounds on LFV Higgs decays from CMS
are shown in Fig. 11, for the plane of LFV Higgs couplings
|Yτµ|−|Yµτ |, which also shows the constraints obtained from
LFV lepton decays; we can see that the LFV Higgs decay
provides the strongest constraints on these parameters.

Now we can use those strongest constraints on the LFV
Higgs decay, in order to test the 2HDM-Tx, for the choices
of textures that me mentioned before: Parallel, Complemen-
tary and semi-Parallel. This is shown in Fig. 12, for the cases
studied in Ref. [81], and we can see that all of them satisfy
the current LHC limits, but the predicted rates could tested at
the coming LHC runs.

6.2. FCNC top decays

Top quark rare decays has been studied for several years as
a channel to search of new physics [122–127], which in-
cluded a variety of theoretical calculation forBR(t → ch)
[128–130]. We use the following expression for the branch-
ing ratio: BR(t → ch) = (Γ(t → ch)/Γtot), where the total
top width is given by:Γtot ≈ 1.55 GeV, and the width for the
FCNC top decay (in the CPC case) is:

Γ(t → ch) ≈ g2
htc

32π

v2

f2
mt

(
1− m2

h

m2
t

)2

. (54)

The resulting rates forBR(t → ch), are shown in Fig. 13,
for the cases considered in Ref. [81].

So far, LHC has provided the limitB.R.(t → ch) <
2× 10−3 [131]. On the other hand, Ref. [132–134], provides
some estimates for the branching ratios fort → ch that could
be proved at the different phases of LHC. For instance, it is

FIGURE 13. Constraints on Higgs couplings and implications
BR(t → ch). Figure from [81].

claimed there that top decay processes provide the best chan-
nel to discover top FCNC interactions, while only in some
cases it is surpassed by single top production, when up and
charm quark FCNC interactions are involved. In some of the
examples discussed in Ref. [133], the maximum rates pre-
dicted to be observable, with a 3σ statistical significance or
more, is about isBR < 5.8 × 10−5, for one LHC year with
a luminosity of 6000fb−1. This implies that the top FCNC
branching ratio that arise within the 2HDM-Tx can be proved
at LHC.

7. Conclusion and outlook

One of the most important task of future colliders is to study
the properties of the Higgs-like particle withmh = 126 GeV
discovered at the LHC. Current measurements of its spin,
parity, and interactions, seems consistent with the SM. We
have reviewed the essentials of the SM Higgs sector, going
from the model definition up to its phenomenology. Then,
we presented the motivation for the multi-Higgs models, with
particular emphasis on the general 2HDM. Constraints on
the Higgs-fermion couplings, derived from Higgs search at
LHC, and their implications were discussed too. In the down-
quark sector, there are interesting aspects to study, such as
the rates for rare b-decays. Furthermore, as a consequence
of Lepton Flavor Violating (LFV) Higgs interactions, the de-
cayh → τµ can be induced at rates that could be detected at
future colliders. The complementarity of future colliders has
been studied in [135]. For the up sector, perhaps the most in-
teresting signal is provided by the FCNC top decayt → ch,
which can be studied at LHC.

Within the SM we have only one Higgs doublet giving
masses to all type of fermions, and thus its couplings to
fermions and gauge bosons are proportional to the particle
mass, and they lay on a single line, when plotted as function
of the particle mass. But it is desirable to test this property
and study models where more than one Higgs multiplet par-
ticipates in the fermion mass generation. In fact, the THDM
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is one example where such scheme arises; in this case we
have that the fermion couplings lay on two lines, one for up-
type quarks and one for leptons and down-type quarks. There
are also models where each fermion type gets its mass from
a private Higgs, for this we need at least 3 Higgs doublets.
In this case, the Higgs couplings as function of the fermion
mass lays on three different lines. We have also studied these
extended Higgs sector, both for a Non-SUSY model [136]
and for a SUSY model (4HDM) [137]. Besides serving us
as an specific model to test the pattern of Higgs couplings,
and new physics, this model can also be motivated from the
scenarios having one Higgs for each generation, such as the
E6 GUT model and the superstring-inspired models [138].

To test this type of models one needs to measure Higgs
couplings with fermions of at least two generations. So far,
LHC has measured couplings with fermions of the 3rd gen-
eration, and there is some chance to measure couplings with
charm and muons, which will permit to test the private Higgs
hypothesis. At linear colliders it will be possible to measure
these couplings with better precision; more recently there
have appeared some claims that the coupling with strange
quarks is also possible, both the flavor-conserving [139] and
flavor-violating ones [140]. Furthermore, this could also be
possible within the models with Higgs portal to dark mat-
ter, In such case, the direct detection of DM depends on the
Higgs interaction with nucleons, which in turn depends on
the Higgs coupling with light quarks. Therefore, by searching

for DM-nucleon dispersion one is testing the Higgs coupling
with light quarks. Similar remarks hold when one considers
e − µ conversion, where the Higgs nucleon interaction also
plays a role.

Thus, nature could be extra benevolent, and by permitting
the existence of a light Higgs boson, it could have provided
us with a tool to search for physics beyond the SM. The de-
tection of the Higgs boson could be of such relevance, that
it may be the key to find what lies beyond the SM, with im-
plications ranging from flavor physics to dark matter, super-
symmetry and even cosmology [141].
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Rosado, G. Ĺopez-Castro and A. Aranda, for many years of
fruitful collaborations. I also learned from my former post-
docs and students on the topics that appear in this paper: M.
Arroyo, J. Halim, B. Larios, J. Herńandez, Olga Felix, R.
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