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The Higgs profile in the standard model and beyond
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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 a
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 Higg
sector with some new physice.§ 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 which included non-abelian symmetries that contained self-
interacting gauge bosons. These theories seemed to work
The discovery of the Higgs boson, announced on July 4th bnly for massless gauge fields, as the photon of QED, but
the CERN LHC collaborations [1, 2], marked the completionin the case of weak interactions it was needed to consider
of our current theory of the fundamental particles and theifmassive gauge bosons (such as the chaigéchat was sup-
interactions, the so-called Standard Model (SM) [3-5]. ThisPosed to mediate the weak interactions).
event can be considered one of the greatest accomplishments Two lines of work were undertaken, one of them at-
of the High Energy Physics community and knowing how it tempted to find some consistent way to make the Yang Mills
was made possible, as well as the implications, should befields massive, independently of a realistic model. Follow-
come part of the culture of particle physics. This is preciselying the ideas of Nambu on spontaneous symmetry breaking,
the purpose of this review paper. a solution to this problem appeared with the initial formu-

The search for an understanding of the structure of matlation of the Brout-Englert-Higgs (BEH) mechanism [6-8],
ter and its interactions, has been a motor of the physical scivhich was shown to be a viable mechanism to generate the
ences, which could be traced back to the early days of modmasses of the elementary particles (gauge bosons and chi-
ern atomic theory. After the establishment of quantum meral fermions). This mechanism was incorporated within the
chanics and its application to atomic and nuclear systemsinified Electroweak (EW) gauge model [3-5]. From the
relativist quantum fields made its appearance and allowed tgodel building perspective, the electroweak SM was com-
formulate a consistent quantum theory for electrons and phdleted after the Glashow-Iliopoulos-Maiani mechanism was
tons, quantum e|ectrodynamics (QED), which Successfu”)proposed [9], which received further confirmation with the
predicted antimatter (positrons for the electron). Afterwardsdetection of the charm quark. The strong interactions were
particle physics passed through great times in the 50-60'$lescribed by a gauge theory too, quantun chromodynamics
when plenty of data was collected by the experimental collab(QCD), where quarks bind into hadrons through interactions
orations from high-energy labs around the world. This branctinediated by gluons.
of physics advanced by the detection of a rich spectrum of The other line involved a detailed study of the renor-
new strongly interacting resonances, the hadrons. Howevemalization problem associated with having massive gauge
it was not known whether quantum field theory (QFT) wouldbosons, with M. Veltman acting as the driving force behind
survive or not, as the correct description of particles and inthis project [10]. Nowadays, we know that the SM is a renor-
teractions. More general approaches, such as dual modelwalizable Quantum Field Theory (QFT), that is quite suc-
saw the light just to be shown years later to be a differentessful in describing the interactions of the fundamental par-
guise for the same good old QFT. ticles. The detection of the W and Z in the 80’s at CERN, and

Progress was also made on the description of Weak |n|.et events initiated by glUOﬂS at DESY, brOUght extra confir-
teractions, which move from the Fermi 4-fermion effective mation of the SM.
theory of beta decay, to the Intermediate Vector Boson the- The Higgs boson was recognized as a testable sector the
ory. Promising quantum unified theories were formulated 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 Higgsiated production of the Higgs with a gauge boson, with the
boson in particle accelerators [11-13], and this was compleHiggs decaying into bb pairs. In fact, such range was the
mented by the study of indirect Higgs effects (Radiative cortask of the LEP collider at CERN. The most difficult task,
rections) on the properties of the SM particles and its relateds Kane argued, was the above mentioned intermediate mass
parameters [14]. range. After we learned that top was heavier thgn the in-

Given the success of the SM, it became credible that altermediate mass range was redefined, and its associated dif-
interactions could be unified in a single gauge group. Conficulties disappeared from Higgs hunting considerations, but
struction of experimental facilities to search for proton decaythe techniques that were devised by Kane et al, proved to
were started in the early 80’s, but since no proton decay walke very useful in the ultimate search at LHC that provided
observed, the unification paradigm loosed some momentunfirst hints of the Higgs particle in 2012. Heavy higgs could
At that time a concrete Supersymmetric (SUSY) extension ohad been detected in the golden mdde~ ZZ, until the
the SM was proposed too, which was shown to ameliorate theliggs mass was so large that a perturbative treatment would
hierarchy/naturalness problem of the Higgs mass. no longer be reliable. Such range was termed the obese mass

This is more or less the time when the author entered int¢egion, starting from about 600 GeV. The third talk of the
graduate school, at the University of Michigan, and continuederies was presented by an experimentalist, R. Thun, who
studying the Higgs particle. The community was engagedliscussed the issue of the signal vs backgrounds, with some
in a debate about the best options for constructing next colestimated characteristics for semi-realistic detectors, and he
liders, and there were discussions about the best strategy &howed that both theoretical works would be very difficult to
produce and detect the Higgs particle, although many effortgealize at planned colliders.
were devoted to build models that did not require an elemen- The 90’s witnessed the entering of operation of LEP II,
tary scalar, the technicolor adventure. Given the success @fith cm energy of 200 GeV. The search for Higgs at LEP
the hadron machine that made possible to detect the W argsed the reactioa™ e~ — h + Z, and resulted in successive
Z bosons, it seemed that the best strategy for a high enerdyounds on Higgs mass, which eventually reached the value
collider, was the proton-proton or proton-antiproton choicesm,;, > 111 GeV at the end of LEP life-time. The tail of
The USA made plans to study the Higgs particle, and othea Higgs signal was believed to had been observed at the fi-
forms of new physics, at a proton-proton collider, the SSChal stages of LEP, which ignited some pressure to keep LEP
that was designed to work with c.m. energy of 40 TeV. Teva+unning, but the director say no, which was in fact a good
tron (a proton-antiproton collider) was also approved, withchoice, and the tunnel was cleaned to start the installation
c.m. energy of 1.8 TeV, which was thought to be good enouglef LHC magnets and the construction of the giant detectors
to produce and detect the top quark. But this was the midATLAS and CMS. These detectors were designed to catch a
80’s, and CERN had planned to build a circular electron-Higgs boson in the narrow mass range left by the analysis of
positron collider that would work first at the Z pole (LEPI) electroweak precision tests, naméls < m; < 130 GeV,
and then above the WW threshold (LEPII). which could be probed with the modes— v~y andh — ZZ

The reason why such high energy was considered fothat were studied early on by Kaee al”.
SSC, was in part due to the lack of knowledge of the Higgs LHC started taking data on 2011, but nothing really big
mass. At U of Michigan, a series of talks were planned for thecame out of those early runs apart from some fake signals and
fall of 87 to discuss the search for the Higgs boson. First talkumors. The big news have to wait until mid 2012, when the
was by Tiny Veltman, who argued that the best way to start HC announced the discovery of a Higgs-like particle with
getting information on the Higgs mass was from a detailedn, = 125 — 126 GeV at the LHC [1, 2], a landmark event
analysis of radiative corrections, which years later provedhat provided a definite test of the mechanism of Electro-
to be very useful to constrain the Higgs mass. The seconeak symmetry breaking [15]. Thus, after many years of
talk was by Gordy Kane, who presented the different techhypothesis and conjectures, it was finally possible to confirm
niques that should be used to search for a Higgs particle dhat “what we thought about the origin of masses and Higgs
a hadron collider. In those days the Higgs masg)Xwas mechanism, is real...” [18].
classified into several ranges: lightf < mz), intermedi- The Higgs mass value agrees quite well with the range
ate (ny < my, < 2my) and heavi2m,; < my;, < 600 GeV). preferred by the electroweak precision tests (EWPT) [19],
Considering these mass ranges made sense at that time, lehich confirms the success of the SM. Current measurements
cause it was thought that the top mass should be close to thof its spin, parity, and couplings, also seem consistent with
value of 45 GeV, as was claimed early on by C. Rubbia athe SM. The fact that LHC has verified the linear realization
CERN. As the Tevatron entered into the game, the lower lim-of spontaneous symmetry breaking (SSB), as included in the
its on the top mass started to increase, and together with r&tandard Model (SM), could also be taken as an indication
sults from B-physics, it was suspected thatwas above 90 that Nature likes scalars.
GeV. Until it was detected at Tevatron in the mid 90’s with ~ The initial reports from LHC claimed the discovery of a
massm; ~ 175 GeV, and then the intermediate Higgs massresonance with mass = 125 — 126 GeV, through its decays
range was redefined as; < mj, < 2my. into vy and ZZ*, which were consistent with having either

A light Higgs could have been detected using the assospins = 0 or s = 2. Later on, with more data collected from

Rev. Mex. 5. 65 (5) 419-439



THE HIGGS PROFILE IN THE STANDARD MODEL AND BEYOND 421

more decay modes, it was concluded that the simplest choiogith Higgs-Flavon mixing; some remarks on the Higgs portal
s = 0 was favored. After LHC delivered the Higgs signal, and its dark matter (DM) connection is presented too. Sec-
many papers have been devoted to study the Higgs couplingpn 5 contains a detailed discussion of one of such models
and the constraints on deviations from SM [20-22]. Althoughwhere one has a “more flavored Higgs sector”, namely the
the initial data showed also some tantalizing hints of deviamost general two-Higgs doublet model (the 2HDM of type
tions from the SM predictions, including first a possible en-11l and its textured realization), which includes new sources
hancedy~ rate, and later on a signal from the LFV Higgs of flavor and CP violation. As phenomenological predic-
decay modes appeared to had been detected, these signass we discuss the Lepton Flavor Violating (LFV) Higgs de-
were not confirmed with more data. So far, we can say thataysH; — [;I; and the top quark Flavor-Changing-Neutral-
the signal resembles a Higgs scalar, with a profile consister@urrents (FCNC) transitions — ch [31]. Concluding re-
with the SM interpretation. marks are included in Sec. 6, where we end with a brief dis-

On the other hand, the LHC has also been searching fatussion about possible paths for the future, including some
signals of Physics Beyond the SM, which has been conjecsomments about the options to tests of the Higgs couplings
tured in order to address some of the problems left open bwith light quarks, which in turn take us to consider the so
the SM, such as hierarchy, flavor, unification, etc [23]. Somecalled “private” Higgs models.
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 spec2. SM Higgs Lagrangian: Gauge and Yukawa
trum, whose detection would be a clear signal of new physics.  couplings

However, the LHC has provided bounds on the new
physics scaleX), that are already entering into the multi- After many years of theoretical and experimental efforts, we
TeV range, and this is casting some doubts about the thérave now a great theory of the elementary constituents of
oretical motivations for new physics scenarios with a masgiature and its fundamental interactions, the Standard Model
scale of order TeV. This is particularly disturbing for the con- (SM), which is based on the following (For recet texts see:
cept of naturalness, and its supersymmetric implementatiori32, 33] ):
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 ® The quarks and leptons have interactions that follow

e 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.

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

from the Gauge principlg,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 bosdist( Z), and

the fermions, arise as a consequence of the interactions
of the particles with the vacuum, which can live in a
broken phase,e. the BEH mechanism.

the SM and then presenting a model-independent approach; 1he BEH mechanism, was implemented by Weinberg in
this parametrization is proposed to describe Higgs couplingd!®€ model proposed by Glashow, which was based on the
that include flavor and Charge-conjugation Parity (CP) viola-92U9€ grougU(2)., x U(1)y . Treating quarks and leptons
tion. Then, we discuss briefly the Higgs phenomenology afS the fyndamental degrees of freedom, lead tq the correct
the LHC, which allowed to gather information and draw the formulation of the SM. We shall start by presenting the es-
current Higgs boson profile. Although the Higgs propertiesSential features of the SM and the BEH mechanism.

could be discussed within an effective Lagrangian approach,

it is also important to discuss them within an specific model2.1.
where such deviations could be interpreted and given a con-
text. Thus, in Sec. 4 we discuss the motivation for extendThe weak and electromagnetic interactions are partly unified
ing the SM Higgs sector, with a focus on the multi-Higgs into the Electroweak theory, which has the gauge symmetry
models, including its Supersymmetric versions and model$U (2);, xU(1)y. The Lagrangian for the gauge and fermion

SM gauge and fermion sector
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sector (leptons) is given by: Let us discuss this mechanism for a simple Abelian the-

- ory, with Lagrangian:
L =Iy"D,L+éery"D,er

1
T Ly ==0,00"0 —V (),
W, R, @ 0= gOue0"e = V(o)
1 1
where V(¢) = §M2¢>2 + ZA¢4’ (6)
/
D, :au+i€0iwi+i23#’ ) Where-)\>0. . o . -
2 2 This Lagrangian (6) is invariant under the parity (P) trans-
D, =0, +ig' B,. (3) formation¢ — —¢. However, when one minimizes the po-

tential, we find that:
Here L denotes the left-handed lepton doublet, while

corresponds to the right-handed electrohare the Pauli ma- e (a) Forp? > 0, the minimum is invariant under P, and
trices andg y ¢’ denote the gauge coupling constants. The it occurs for:
tensorsWZl, andB,, are given by:
| | R ()0 = (0/6]0) = 0. W)
W, = 0,W, = ,W. — ge"*Wiw}, 4
_ _ e (b) Foru? < 0, the minimum is displaced from the
By = 0pBy = 0, By () origin, and does not respectife.
In addition we need to include the quarks, with the left- 5
handed components forming a doublet of weak isospin, while (Bho = £1/ - =+ )
the right-handed ones transform as singlets. Quarks are also 2A V2
triplets of the color interactions, which is described by the )
gauge symmetn$U (3).. Thus, the full SM gauge symme- ~ Now, there is a degeneracy betweey —v. Then, one
try is: SU(3). x SU(2), x U(1)y-. can study the fluctuations around the new minimum, which
are interpreted as the particles. &(x) = ¢(x) — (@) =
2.2. SSBand the Higgs P(x) —v.

Then, the Lagrangian for the fiefd(the fluctuation) be-
Insights from the role of the vacuum in condensed matcomes:

ter, helped to identify how a symmetry is realized in QFT, 1 1
namely: Le= 3 LEOME — AP — g — ng‘*. 9)

* A symmetry is realized Wigner-Weyl, when the vac- o 14 SSB, this Lagrangian contains now a scalar
uum respects such symmetry, i.e. the minimum of

S ; field € with massme = v2 v = /—2u2. When one uses
the energy happens for vanishing field variables, as 5B within the cofnext of a gauge theory, it is possible to
QED where< A* >= 0.

generate masses for the gauge bosons.

e A realization a la Nambu-Goldstone occurs when the ~ Within the SM the gauge symmetry for the electroweak
vacuum does not respect the symmetry of the LadnteractionsisSU(2) x U(1)y, with gauge bosont/=, W2
grangian, which leads to Goldstone Theorem: WherandB,,. The minimal Higgs sector includes one Higgs dou-
a Global symmetry is broken spontaneously (SSB)blet, which can be written as follows:
massless particles associated with the broken genera- 1 .
tors appear. P=— Vl B 1@] . (10)

V2 |#3 — 194

SSB happens for instance in strong interactions, where i )
the Chiral symmetry is not manifest, and the pions are iden- The mass t'erms fpr t_hW’ Z s obtallned fr'om'the the'
tified as pseudo Nambu-Goldstone bosons (NGB) (pseudB"ggS ITagrang_lan, which mclu_des the H|ggs kinetic term, its
means they are not exactly NGB, due to the small mass d#2uge interactions, and the Higgs potential,
the light quarks, d, s)). _ 2

In the case of the weak interactions, the problem was how Ln = D@ = V(®). (1)
to include the mass for t_he charged W bospns, the media- The potential/ (@)
tors of the weak interactions that manifest in neutron beta
decay. The solution came with the BEH mechanism [6-8], V(®) = 20T d + A (@T@)Q
which proved that within the context of a local symmetry, the

is written as:

degrees of freedom associated with the Goldstone bosons be- 1 4 1 4 2
come the longitudinal modes of the gauge bosons, which then = —u? Z ¢§ + =\ Z @2 . (12)
acquire a mass. 2 j=1 4 j=1
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FIGURE 1. The Higgs potential when SSB occurs (left), and the 3-dimensional innagthe mexican hat potential (right).

For u? < 0, the gauge symmetrg§U (2);, x U(1)y is  written as:
broken toU (1), This is illustrated in Fig. 1, where we can ,
see the different options for the vev (red points), we also dis- ‘ (igo,iwi + igBt> P
play the 3-dimensional image of the potentiad, the mex- 2 S
ican hat potential. In this case, part of the scalar degrees of
freedom from the doublet, the so-called pseudo Goldstone X (gz(Wif + (W22 + (—gW,, +§/Bu)2>o (15)
bosons (pGB), become the longitudinal modes of ke
and Z, which then become massive. The charged pGB is \We define new vector fields:
identified as:G* = (1/v/2)(¢1 + i¢o), while the neutral

? (v+h)?
8

1

pGB correspond to&? = ¢,. The remaining degree of free- 720 = ———(gW3 - ¢'B,), (16)

dom (#3) includes a physical d.o.f., which by itself "forms Ve +e?T 8

an incomplete scalar multiplet”, as Higgs pointed out in his n 1 L s

classic paper [6]. Wy = 7(Wu +iWy), 17)
However, the gauge symmetry leaves us some freedom to

remove non-physical degrees of freedom. This is done in the Af = ——(JW3+¢B,), (18)

so called Unitary gauge, where one can take: = ¢, = Ve +g? g

¢4 = 0y ¢3 = v + h; andh corresponds to the excitations
from the vev. Thus, the Higgs doubl&tcan be written in the
unitary gauge as:

Thus, the Lagrangian (15) contains mass terms for these
fields, i.e. M{W, W=+ + (1/2)M3Z,Z". The cor-
responding masses given by, = (vg/2), Mz =
1 0 (v/2)+/g% + ¢'2, while the photon remains masslesse.

6= s o in]: (13 Ma=0.
V2 [vth We can also express the electric charger( terms of the
gauge couplingg y ¢, as follows:e = (gg’'/\/ 92 + g'?) =
Then, the potential’(¢) becomes: gsin By, wheredy, denotes the weak mixing angle. Within
the SM, there holds a relationship between the gauge bo-
_ Ly 272 3, 1,4 son masses, which turns out to be of crucial importanee,
V= 4)\U +AVTRT A+ Avh” 4)\h ' (14) Mw = MjycosfOy, with cosfw = (g/+/9%+ ¢’?) and
sinfw = (¢'/+/ g% + ¢’?). Finally, one can also expres the
The second term in the potential (quadratic in h) indi- Fermi constant as@ r = v/2(g?/8M3,) = (v/2/20?).

cates that the Higgsij mass isn} = 2v*X. The cubic and The numerical value of the fermi constant i&r =
quartic terms k3, h*) describe the 3- and 4-point Higgs self- 1.16637 x 10-5 GeV-2 [34], which implies:v ~ 246 GeV,
couplings. this value is known as the Electroweak scale. One can check

On the other hand, the interaction of the Higgs with thethat the interactions of the typel/V and hhV'V are con-
gauge bosons, is contained in the kinetic term, which can b&ined in this Lagrangian, namely:

Rev. Mex. 5. 65 (5) 419-439
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gM.

Livy = gMywhWW =+ + 2CWZ hZ,Z".

(19)

In the SM, the fermions are chiral fieldsg. 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 douh#&f with the
Higgs doublet(®) and the right-handed fermion singlét,
which for the leptons and quarks take the form:

Lyukawa = yeZ/(beR + deL¢dR
+ yuQr(ic2¢™ )ug + h.c. (20)

After SSB, all the SM fermions acquire masses (except
the neutrinos), which is given bym; = y;(v/2). The

Yukawa Lagrangian includes the Higgs-fermion interactions
too, which turn out to be proportional to the fermion mass,

i.e. (hff)=mg/v.

2.3. SM Higgs parameters:
straints

LEP and indirect con-

Within the SM, the Higgs sector includes only two param-
eters: the (dimensional) quadratic mass teffrand the di-
mensionless quartic coupling Once SSB is implemented,
these parameters can be traded by the Higgs ear(d the
Higgs massif:y,). But what to expect fokh? Over the years, a

J. LORENZO DAZ-CRUZ

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

e 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: A ~ O(1), and then the Higgs mass was to be
expected to be of order of the electroweak scate,
my, = O(v) [37,38].

e 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 the
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

cocktail of arguments was developed that helped to constraiRy 2000, it was known that the favored Higgs mass range

the Higgs mass, namely:

was110 < my < 180 GeV. Fig. 2 (right), from Ref. [40],

shows that the probability distribution for the Higgs mass,
e Unitarity: The processes involving gauge bosons andwvhich is constrained by radiative corrections to lay in the
the Higgs, such a8/ W scattering, should satisfy the rangell0 < m; < 130 GeV.

600 ¢
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500 5 8
=
L 400
S L
== 0.15 |-
2
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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 Yukawa matrix structure, i.e. flavor physics, is contained in
] ) __the factor;;, n;;. On the other hand, when we havg# 0,

As good as it can be, the theoretical bounds on the Higggut ¢, = 4, =0, it indicates that the Higgs-fermion cou-

mass, including the analysis of radiative corrections, onlyyjings are CP violating, but still flavor diagonal. In models

provided indirect tests of the Higgs mass. To prove the exisyiith two or more Higgs doublets, it is possible to have both

tence of the Higgs particle, one must produce it through som@ayor changing scalar interactiong;( g; # 0) and CP vio-
reaction at some accelerator and detect its decay products jgkion.

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 ruleg.2. Higgs decays
of the Higgs sector, which comes next.

) For the study of Higgs phenomenology, we need to know
3.1. General Couplings and Feynman rules first the Higgs branching ratios, including its decay into

. : . o . the most relevant modeBR(h — X X)). For the mass
As mentioned in the introduction, in order to study the nggsrange left by the analysis of EWPTLe. my, ~ 105 —

properties at the LHC, it is both instructive and useful to130 we know that its main decays modes must be:
present a param_etrization of the Higgs couplings that is ger%—l—% C,@ e A, ZZ. WW*, gg, whose decay WidthS. are
eral enough, V.Vh"e at the same time it makes easy to reduceresented in the literature (See for instance ref. [15]). The
to the expressions to the SM limit, or some other popular S ranching ratio for the mode — X X is defined as:
extension, such as the 2HDM. ’

Thus, we shall start by describing the coupling of the T(h— XX)
scalar boson i) with Vector bosonsW=, Z. In this BR(h— XX)= ———=. (25)
case we can write the interaction Lagrangian with terms of Ltotal

dimension-4, conS|st.ent with Lorentz symmetry and denv—.l.he total WidthT',,,; i given by the sum over all the partial
able from a renormalizable model, as follows:

widths, and its value is aboudb— GeV. These decays have
Ly = kwgmwhWHH W= + ry gmz hzvz, 1) beep evaluated in the literature, mclu_dlng QCD gnd EW cor-
H 2ew rections. Results for the corresponding branching ratios are
. . - shown in Fig. 3, from Ref. [41]. We can see that the domi-
When the Higgs particle corresponds to the minimal SM’nant mode ish — bb, while i — ZZ. W+ come next, and

one hassy = rz = 1, while valuessy = ry £ 1arise 7 5 =000 olevant. Although the loop decay into a
in models with several Higgs doubles, which respect the so- . ) 4 3

. photon pair reaches a branching ratio of only al#out10
called custodial symmetry.

On the other hand, the interaction of the Higgs W|thfor "Mh 120 =130 Ge\_/, it has a great relevance because it
: : provides a very clean signature. On the other hand, the loop
fermion f, with f = ¢ or [ for quarks and leptons, respec- . Lo .
) ) X h : decay into gluon pair is important, not because it could be
tively, can also be written in terms of a dimension-4 La-

. : . ) detected as a Higgs decay, but because it serves for the Higgs
grangian that respects Lorentz invariance, namely: ) . .
production mechanism through gluon fusion.

Ly = hfi(Sij +ivsPij) - (22)

-
//
B

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

o
o

T TT

LHC HIGGS XS WG 2010

gm;

Branching ratios

g
Sij = g Cr% + S, (23) 10"
gm; )
Py = meféij + §9f772j- (24)
Within the SMc¢; = 1 andd; = ey = gy = 0, which 102}

signals the fact that within the SM the Higgs-fermion cou-
plings are CP-conserving and flavor diagonal, no FCNC : Zy
scalar interactions. However, as we shall see next, the LHC

analysis has been reported by consideripg# 0 (but with =7, .. /7% . .
dy = ey = gy = 0). These factors take into account the 10" —J00 120 140 160 180 200
possibility that the Higgs boson is part of an enlarged Higgs My [GeV]
sector, and the fermion masses coming from more than one ) ) ) )

Higgs doublet. As we shall discuss in the next sections, fof 'URE 3-Higgs couplings derived at LHC. Figure from Ref. [41].
specific multi-Higgs models, the explicit dependence on the
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3.3. Higgs search at LEP > 70 N T BRI T e
. i . (©) + Data
The clean environment of electron-positron colliders was N 50 ’ [ H(125)
used first to search for the Higgs boson. At the first stage « [ a2z, zy*
of LEP, which worked on the Z-pole, the Higgs was searched & so = go o
(NN}

through the Z decayZ — f f + h; from the non-observation
of such decay it was possible to put the boung; > 80 Gev. 40
Then, the second phase of LEP worked with a cm energy of
200 GeV, and then the search for the Higgs used the reactior
(Bjorken mechanismy e~ — Z+h. Again, the absence of >0
a signal resulted in the boungh;, > 200 — mz ~ 110 GeV.

In the late stages of LEP, with a cm energy of about 205 10
GeV, this bound was slightly extended, up to about 114 GeV.
Just when the CERN plans marked that LEP must be closed 90 80 90 100 110 120 130 140 150 160 170
in order to start the LHC project, some debate arose becaus: m,, (GeV)
there was a claim for the presence of a Higgs signal withe, ke 5. Higgs signal from the decaly — ZZ* from CMS.
my = 115 Gev, which produced lots of enthusiasm amongrigyre from Ref. [42]
some experimentalist (who pledged for more time and energy
for LEP) and also among some theorists, who quickly cooke@ection. The resulting cross sections for these mechanisms in
models that could explain such mass value. The CERN diregaroton proton colliders, times the branching ratios of some
tor decided to close LEP and keep the plans for LHC, which aelevant modes, as a function of the cm energy, is shown in
posteriori seems it was the best decision that could be maderig. 4 [41].

IIIIIIIIIIIIIIIIIIIlIIIIlIIIIlIIIIl_O
vl b b b s biaa |l

3.4. Higgs production at Hadron colliders 3.5. Current Higgs profile from LHC

Although at a proton collider it is also possible to producelLHC started collecting data from pp collisions with cm en-
Higgs bosons with mechanism similar to the one used at LERyrgy of /S = 7 TeV. After some initial claims for a Higgs
the Bjorken mechanism, namely with quarks and antiquarksignal around 140 GeV, which was again quickly explained
colliding to produce the Higgs boson in association with aby some theory models, the Higgs became real when both
massive gauge bosofi{ or Z), it turns out that the domi- collaborations (ATLAS and CMS) announced on July 4th,
nant production mechanism is gluon fusion, despite the fac2012 that some events on the andZ Zx channels were ob-
that it occurs at loop level (with top quarks circulating in the served, which would correspond to a SM-like Higgs particle
loop). This is so, because gluons carry the largest fractionith massm;, = 125 — 126 GeV. The observation of a reso-
of momentum from the colliding protons, and also becauséance decaying intg indicated that its spin must be either
its parton distribution function provides with the largest lu- 0 or 2, in accordance with Yang theorem. An scalar, with
minosities. The production of the Higgs boson with a pairspin-0, seemed the most natural explanation, which was re-
of heavy quarks (top mainly) also reaches a significant crossnforced by the second decay mode, namely the four-lepton
signal, which could be interpreted as coming from the decay

= 10— . ———T—3 g h — ZZ* — [lll. Habemus Higgs!
= . s =8TeV I % As LHC continued to accumulate luminosity, more Higgs
L i g decay modes were observed, which confirmed that the parti-
. TeF S v WWoPvad =32 cle observed by ATLAS and CMS was indeed a Higgs-like
SYHA P Ny -olelE - particle. The interpretation of the Higgs signal was further
1071;“ T ZZ »Iaqm 4 reinforced after LHC started taking data with higher energy
77 ST — (v/S = 13 TeV). Now the signal can be appreciated even by
F T the public eye, for instance the data from CMS on the four-
102y = lepton signal shown in Fig. 5 (from Ref. [42] ) shows clearly
A ] abump in the invariant mass at 125 GeV (pink) , which stands
i ZH —s ITEB\ \& - ; clearly above the SM backgrounds. There are now a variety
e l=e.n N E of signals that have been measured, which seem all consis-
- ; el ] tent with the SM, as it is shown in Fig. 6 (left), from ATLAS
10* 1(‘)0' — ‘15‘0‘ : ‘260‘ 550 (Ref. [43]). The mass has been measured with better preci-

sion, as it can be seen in Fig. 6 (right).
Ty [Eseld] The current LHC data on Higgs production has been used
FIGURE 4. Higgs cross section times BR for different modes, at to derive bounds on deviation from the SM predictions for the
LHC with Ecm = 8 TeV. Figure from [41] Higgs couplings. For instance, Fig. 7 from Atlas Collabora-
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ATLAS — o(obs.) Total uncertainty L e e e B B
= 125.36 GeV i
m,, 5 s — otaxpy BE o on p ATLAS = Total [ Stat. only
L Pl gt ..:I-_.
How .28 : ; Runt {5=7-8TeV, 251" Run2 (=13 TeV, 361" Total  (Stat. only)
n — i
- i 1

" == o Run1H—4]  ————i 12451+ 052 (+052) GeV

sns

Run1H-yy It 126,02 £0.51 (£ 0.43) GeV

= | |
| Run 2 H—4i l—'l—l 124.79 £0.37 (£ 0.36) GeV
L, i

H > ww* |

H —-bb 0u Run 2 H—yy —_ 12493 £ 040 (£ 0.21) GeV

Run 1+2 H—4/ —_—— 12471£0.30 (£0.30

. ) GeV
H — Tt (1508
" Run 1+2 H—yy —_— 12532 £0.35 (+£0.19) GeV
I T i I Run 1Combined 12538 £ 041 (£0.37) GeV
He 1 : : Run 2 Combined H—— 124,86 £0.27 (£0.18) GeV
H — Zy [ H H | & I s
| Run 1+2 Combined —_—— 12497 +024 (+01
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FIGURE 6. Higgs signals (left) and mass summary (right) from ATLAS. Figure from ref. [43]
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[ Vs=13TeV,36.1-79.810" —68%CL ] 3 i
- M, =12509GeV, y, | <25 ---95% CL 1 g 1071’_ ]
o * SM = TR E
¥ ] =
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u H—bb —H-r17 1 e k|
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¥y Particle mass [GeV]
FIGURE 7. Higgs couplings with vectors and fermions. Figure = T .
from Ref. [44] £ 12 1L ATLAS Preliminary 2
bj. VS =13 TeV, 36.1 - 79.8 fb' -.ZT 3
. .. 6 m,, = 125.09 GeV, \yH\ <25 “_.W 3
tion (from Ref. [44]) shows the allowed deviations for Y SIS s e N
the Higgs couplings with gauge bosons and fermions, as™ -
parametrized by the constants andx . Thus, one can see . T 1
that best fit lays quite close to the poit = £ = 1, which 10 st b q
corresponds to the SM limit. However, small deviations are g
allowed within the precision reached at LHC. ¢ E
In essence, the Higgs particle couples to a pair of mas- L i
sive gauge bosons or fermions with a strength proportional to = s 3
their masses. So far, the LHC has tested only a few of them, 101 1 10 102

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 Ficure 8. Higgs couplings as function of the mass from CMS
one can appreciate that the Higgs couplings lay on a straighfrom [45]) and ATLAS (from [44]).

line, modulo some small deviations for the Higgs coupling

with bb (which is still consistent at one sigma); the mgge  ent Higgs doublet, as it will be discussed briefly in our con-
has not been detected yet. These results, allow some regionkisions. Moreover, these constraints are obtained assuming
of parameter space for the so-called “private Higgs” hypoth-SM-like pattern for the Higgs couplings, however when one
esis, where each fermion type gets its mass from a differentonsiders new physicge. models beyond the SM [46], it is

Particle mass [GeV]
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428 J. LORENZO DAZ-CRUZ

possible to have non-standard Higgs couplings, including théamilies of chiral superfields, which include the quarks and
flavor and CP-violating ones. These will be discussed in théeptons as well as their scalar superpartners, the squarks and
coming sections. sleptons. The gauge sector is described with the vector su-
perfields associated withU (3). x SU(2)r, x U(1)y, and
. i includes the usual gauge bosons, but also their fermionic su-
4. Beyond the SM Higgs sector: SUSY, flavor perpartners, the gauginos. In order to give masses to both up-
and Dark Matter and down-type fermions, one must have two Higgs doublets,
?scribed by chiral superfields, and thus one also has the Hig-

The SM has several shortcomings that make us suspect thatdl oo ;
sinos, as the fermionic superpartners. A discrete symmetry,

is not a final theory. For instance, the SMis unable to explairt,™ parity, must be imposed in order to respect lepton and

some of the most pressing theoretical problems (unificatio . L
. nEfaryon number conservation. This parity implies that su-
flavor, naturalness, etc) [23], as well as some cosmological

data (DM, Dark energy, etc). In particular, finding a possibleperpertners are produced by pairs, and the lightest superpart-

solution to the hierarchy problem suffered by the SM HigasH €' must be stable, which provides the seeds for a dark mat-
y P . y 99 ter candidate, which was considered a great virtue of SUSY

boson, has been the driving force behind many of the propos- . .
. models. As the experimental evidence shows, SUSY must

als for extending the SM [47]. be broken, and a realistic scheme is provided by the Soft-
As we mentioned before, the SM Higgs particle couplesE ' P y

to a pair of massive gauge boons or fermions, with an strengt reaking terms. Namely, SUSY is assumed to be broken in a
P gaug ’ Midden sector, which is then transmitted to the MSSM super-

proportional to its mass. However, so far LHC provided in- . : : . .

. . . . o partners by a suitable mediator, which may involve gravity or
formation on the essential Higgs properties, but this informa- auge interactions. or anomaly mediation
tion is based only on a few of the Higgs couplings, i.e. the9249 ' . y '
ones with the heaviest SM fermions afd Z. Then, some The search for the signals of the superparners has been

; . ' ' one of the central goals of current and future colliders [50].
questions arise: . X
However, the LHC has provided bounds on the new physics
scale {\), 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
e Do the masses of all fermion types (up-, down-quarksabout the theoretical motivations for new physics scenarios
and leptons) arise from a single Higgs doublet? or, aréhat were promoted assuming a mass scale of order TeV. This
there more Higgs multiplets participating in the game?is particularly disturbing for the concept of naturalness, and
) . . ) ) its supersymmetric implementation, since the bounds on the
e Are the Higgs couplings to fermions diagonal in flavor jass of superpartners are passing the TeV limit too [50].
space? However, SUSY is such a beautiful theory that it certainly
« Is there any hope to measure the Higgs couplings Withdes;eryes further work on its foundatloqs and possible real-
the lightest quarks and leptons? Ization in nature. Thus, one has to wait for the next LHC
' stages, with higher energy and luminaosity, in order to obtain
mironger limits, both on the search for new particles, such

As we shall see next, different answers to these questio i ; .
arise when one extends the SM. Many of those extensior@S Neavier Higgs bosons [51-53] or others, and for precision

often include a rich Higgs spectrum, or predict deviations'€Sts of the SM properties.

from the SM Higgs properties. These models could either

be the realization of elaborated theoretical constructions, of-2. Higgs and flavor: A more flavored Higgs sector

just examples of a model building machinery; both of them i . )

are useful at the minimum because they provide a systematftthough the Higgs boson has diagonal couplings to the SM
generation of new collider signals to search for, as we shaflermions at tree-level, it could mix with new particles that
discuss next. Thus, in order to test these extensions, it wiff@ve & non-aligned flavor structure, and this permits to in-
be very important to study the Higgs couplings at LHC andduce corrections to the diagonal Yukawa couplings and/or

future colliders, and compare with predictions from extended'eW flavor-violating (FV) Higgs interactions. Non-standard
models. 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
One of the most widely studied extensions of the SM ismix with the Higgs boson, it is possible to induce new FV
Supersymmetry. This beautiful idea implies that for eachHiggs interactions. This transmission of the flavor structure
fermion there is a bosonic superpartner, as they are relatgd the Higgs bosons, was discussed in our earlier work [54],
by a SUSY transformation. The minimal implementation of where we called itmore flavored Higgs boson

such idea is the so called minimal SUSY extension of the SM  This occurs, for instance, in Froggatt-Nielsen type mod-
(MSSM) (for a review see [48,49]). The MSSM contains 3 els, where one includes a SM singlet (Flavon) that partici-

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

4.1. Higgs and Supersymmetry
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pates in the generation of the Yukawa hierarchies. This sin-
glet mixes with the Higgs doublets, and induces FV HiggsTasLE I. Higgs interaction with fermions for the different 2HDM
couplings at tree-level. The phenomenology for the mixingtypes.

of the SM Higgs doublet with a flavon singlet has been stud-
ied in Refs. [55,56]. Mixing of SM fermions with exotic

Model type  Up quarks  Down quarks  Charged leptons

ones, could also induce FV Higgs couplings at tree-level [57]. 2HDM-| 1 © 2!
On the other hand, within supersymmetric models, like the 2HDM-II Py Py Py
MSSM, the sfermion/gauginos can have non-diagonal cou- 2HDM-X 28 28 il
plings to Higgs bosons and SM fermions. Then, FV cou- >HxpMm-v B &, By
plings of the Higgs with SM fermions could be induced at SHDM-III B s 5 1 5

loop-level [54].

. In the next section, we §hal| discuss what is p.robably theaS Type I, Il and Ill. The Table | shows the Higgs assign-
S|mplelzstthm0del thalltt con;a_uns ?j szethavgreld4I€-3||ggs Secm'ihents that participate in the generation of the masses for the
namely the general two-Higgs doublet model [46]. different types of fermions for the 2HDM'’s. Model | can
have an exact discrete symmetry, which permits a pos-
sible dark matter candidate coming from the—odd scalar

Understanding the nature of dark matter is another aspe&toublet[68]; within this type I models, a single Higgs doublet
of physics beyond the SM, which motivates extensions ofiveS mass to the up, down quarks and leptons. The type I
the SM. The dark matter could interact with ordinary matermodel [69] assigns one doublet to each fermion typefor
through the Higgs boson, an scenario called the Higgs portalePtons and down-type quarks, afg for up-type quarks;

It could also happen that dark matter is contained within arfhis type Il model also arises in the minimal SUSY exten-
extension of the Higgs sector, which could include a singlefion of the SM [70]. Both models of type I and II, posses

, an extra (Inert) Higgs doublet, a mixture of them or even dh€ property of natural flavor conservation, as they respect
higher-dimensional multiplet [58]. DM candidates can alsothe Glashow-Weinberg Theorem [71], which suffices to avoid
arise in composite Higgs models [59]. Flavor Changing Neutral Currents (FCNC) mediated by the

The case when DM candidate is contained in an extr41199s bosons, atthe tree-level. _ _
Higgs doublet is known as the IDM [60], which has been There are also other models discussed in the literature
studied extensively in the literature [61-63]. Including darkc@lled type-X (also called lepton specific) and type-Y (also
matter candidate with extra sources of CP violation, has mo¢@lled flipped) . Although they can be consider as variations
tivated the constructions of models with inert doublet and sinf model Il, itis important to mention both of them, for com-
glet [64]. pleteness and also because they have interesting phenomenol-
Within those models, one can accommodate a neutrdtdy- The Higgs assignments are also shown in Table I.
and stable scalar particle, which has the right mass and cou- ©On the other hand, within the most general version of the
plings to satisfy the constraints from DM relic density and2HDM, where both Higgs doublets could couple to all types
direct/indirect searches. It also implies modifications of theo! férmions, diagonalization of the full mass matrix, does
SM-like Higgs couplings, which must mass the LHC Higgs not imply that each Yukawa matrix is diagonalized, therefore
constraints. The heavy Higgs spectrum provides additionarCNC can appear at tree level [71]. In order to reproduce the

signatures of these models, which could also be searched &mion masses and mixing angles, with acceptable levels of
future colliders. FCNC [72-74], one can assume that the Yukawa matrices

have a certain texture fornme. with zeros in different el-
) . ements, and some possible choices will be discussed in the
5. The general 2HDM with Textures and itS  ¢oming sections.
limits The general model has been previously referred to as the
) ) 2HDM of type lll, although this has also been used to de-
One of the simplest proposals for physics Beyond the Stanyqe 3 different type of model [75]. There are also other rel-
dard Model, is the so called Two-Higgs Doublet Model g\ ant sub-cases of the general 2HDM, such as the so-called
(2HDM), which was initially studied in connection with the n1inimal Flavor violating 2HDM [76, 77, 79]. The Aligned
search for the origin of CP violation [65], and later on it was gdel is another example of viable 2HDM [80]. Thus, in or-
found to be connected with other theoretical ideas in partiyer to single out the two-Higgs doublet model with textures

cle physics, s_uch as supersymmetry, extra dimenSi(?”S [GQ;Imong this diversity, we proposed to baptize it as the 2HDM-
and strongly interacting systems [47,67]. Models with ex-1y [81].

tra Higgs doublets are safe regarding thearameter, as
they respect the custodial symmetry which protect the relas 1. yukawa textures: parallel and complementary
tionp = 1.
Several possible realizations of the general 2HDM haveT he initial construction of the 2HDM with textures [82], con-
been considered in the literature, which have been knowrsidered first the specific form with six-zeros, and some vari-

4.3. Higgs and Dark Matter
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ations with cyclic textures. In that case a specific patterrin this example,Ylf has a four-zero texture, WhilE2f has

of FCNC Higgs-fermion couplings of sizg/m;m;/v was  only a non-zero 33 entry.

found, which is known nowadays as the Cheng-Sher ansatz. The detailed study of these Yukawa matrices, including

For this type of Higgs-fermion vertex it is possible to satisfy its diagonalization, and the phenomenological consequences,

the FCNC bounds with Higgs masses lighter than O(TeV)was presented in our Ref. [81]. Next, we shall derive the

The extension of the 2HDM-Tx with a four-zero texture was Yukawa lagrangian of the general 2HDM-III, and we shall

presented in [83, 84]. The phenomenological consequencesmploy those textures when considering the 2HDM-Tx.

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 fermionsf{ = U, D, L) couples to both Higgs

5.2. The Yukawa lagrangian

Within the general Two-Higgs doublet model, each Higgs

doublets, after SSB the mass matrix is given by: doublet couples to a given fermion of typethrough the
My =iy 2y (26) Yukawa matricnglf andYy/, which combine after SSB to
V2 V2 produce a fermion mass matrix with some texture. We shall

Although the texture pattern is defined by considering thewrite the Yukawa Lagrangian in the 2HDM-III for the quark

zeros appearing in the fermion mass mafvix, we can have sector, following the notation from [85], namely:
several options for the textures of the Yukawa matridgs, . 3
anYs. In our work on the 2HDM-Tx [81], we considered L =Y{Q% ®oul + Y3 QY dou + Y1QY ®,dY,
several possibilities, namely: dA0 0
: + Y5 Qp P2dR + hoc., (31)
e Parallel textures:In this case, we have that bo¥h an

Y5 have the same texture pattern. For instancé/jf  here the quark doublets, quark singlets and Higgs doublets

is of the four-texture type, then boify anY; have the  zre written as:

same four-texture.

e Complementary texturestn this case, we have that 0 = (uL> , @‘2 = (ar,d.),
both Y; anY; have different texture pattern, without dr,
having elements in common, but in such a way that i I
they producel/; of the given texture type. L= (¢10> R <¢i> . (32)
1 ¢2

e Semi-Parallel texturesin this caseY; anY, have dif-

ferent textgre patterns, but they have element_s in COMAng similarly for the leptons. We have defined the con-
mon, and in such a way that they produtk with a jugate doublets as®; = ioyd; = (qb?*’ _(bj—)T, with

given texture type. )
_ o ¢9 = (i +ix:)/ V2.
For instance, a four-zero texture mass matrix is of the  On the other hand, the CP-properties of the Higgs spec-

form: trum depend on the parameters of the Higgs potential. For
0 D 0 the 2HDM, this has been studied extensively [24], using

My=| D* C B |. (27)  either explicit constructions [69], or employing the basis-
0 B* A independent conditions that classify whether the vacuum re-

In the parallel case we have that both Yukawa matriceSPECtS CP, it violates explicitly CP or CP is spontaneously
(Y;, i = 1, 2) have the same form, namely: broken [90-93]. Here we shall follow the methods and nota-

tion from Ref. [94]. Thus, the Higgs mass eigenstatés) (

0 di 0 are obtained by the orthogonal rotations, as follows:
Yi=1|d ¢ b|. (28)
0 b ®1 H,
An example of complementary case, wh&té and Y v2 | _p| H2 | (33)
(which only has a non-zero 33 entry) combine to produce a X1 Hy
mass matrix with four-zero texture, is the following: X2 Hy
0 d 0 00 0 We identify H, = G° as the neutral pseudo-Goldstone bo-
Yl = d; C1 bl y }/2 = 0 0 0 . (29) son
0 b 0 0 0 ap :

For the case with a CP-conserving Higgs potential, one
Finally, an example of semi-parallel textures is the fol-has thatH, = cos3y: + sinBx» is the Goldstone bo-
lowing: son, wheretan 3 = wv9/vy. In this case the couplings of

0 di 0 00 0 the CP-even Higgs bosong, and H, with WW or ZZ
Yi=|df ¢ b|, Yo=[0 0 0]; (30) bosonsare given by,yv = sin(8 — o) g5tk andgrvy =
0 b a 0 0 as cos( — a)gih,, 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:

Gt cosp— Hte¥sin
b= . : (34)
% cos ( + % Zﬁ:l (qu cos 3 4 gpoe (238 sinﬂ) H,

and .
Gtefsin B+ Ht cos
(1)2 = o 1 4 . 0 ) (35)
%615 sin 8 + 7 Doy (quel5 sin 3 + groe %23 cos ﬁ) H,

The values ofy,., are shown in Table II; they are written
as combination of thé;;, which are the mixing angles ap- ‘Similarly, for the down-type quarks we find:
pearing in the rotation matrix that diagonalize the mass ma-
trix for neutral Higgs. gdr

After substituting these expressions in the Yukawa La- “
grangian one obtains the Higgs-fermion interactions for the
general 2HDM-IIl. They are written in terms of the quark
mass matricesy(= U, D), which receive contributions from
both vev's, namely:M, = (vi/v2)Y + (v2/V2)Yy. As
we mentioned in the previous sub-section, the diagonal form
of the quark mass matrices(,) is obtained by applying the and
bi-unitary transformations, namelyt/, = VM, V. Ex-
plicit expressions for these matrices are shown in [81]. Thus, pdr _ 1
the couplings of the neutral Higgs bosoH,{ a = 1,2,3) Y 2v
with fermions of type f can be expressed in the form of Eq. , 1

qk261(923+£)):| +

23, as follows: m
Ef = Haﬁ(SZJ;T + ZWSPZET)fJ : (36) —ifa3\ D * _ifa3 v Dt
. X (Qk2€ Y5" — qpoe™*Y; ) . (40)
For the up-type quarks, the factdsg™ and ;" are writ-

1 - * * ACPY
= 5o [q’“ + g — tanﬁ(%e“e“*@

- 1
+ 61(923+§)>:| +
k2 2v/2 cos 8

Mf?) {le - q21 + tan 3 (ql’:2ei(92s+§)

ten as: This Lagrangian is the most general one, which includes
qur _ iJ\Z/.U. (q* +qu — tanﬁ(q* (i(023+6) the pqssibility tq hav?: i) deviations frpm the SM (diggo—
ar gy R k2 nal) Higgs couplings, ii) new flavor violating Higgs couplings

_ 1 and iii) new sources of CP violation, coming either from the

+ que‘“g%*@)) + m Higgs potential or the Yukawa matrices. Further simplifica-

tions can be obtained when one assumes that the Yukawa ma-
% (arae™ Vi + aae V) (37)

and

1 _
P = %ij <QZ1 —qr1 — tanﬂ(qZQelw%*@

trices are hermitid,e. V.2 = Y.2T (with Q = U, D) or when
the Higgs potential is CP conserving.

Next we shall present some limiting cases for the cou-
plings of HiggsH" (r = 1,2, 3) with fermions of type f,
expressed in terms of the factcﬁ‘éa, Pz/;.a, which in turn can
be written as:

_ qk2e—i(923+5)>) 1 om g
fr _ 7 B 9 f
2v2cos 3 ST = g iy + el (41)
x 10237/ —if23y,UT
X (kae 25Yy] — qrae™" 3Y2ij) . (38) e gmy g vy
Pl = r0ii + Zgrm 42
(%] QTTLW er J + 2gf 77” ( )

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

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

T qr qr2 angles and some flavor-dependent parameters. In fact, in tha
gl d fl dependent p t In fact, in that
1 cos 012 cos 013 —sinf1a — i cos012sin H13 case theyfj parameters satisfy the Cheng-Sher ansazt and are
2 $in 01 cos f1s 08015 — i sin 012 sin 615 universal (the same for all Higgs bosons), then it is possible,
: ) and convenient, to express them as follows:
3 sin 613 1cos 013
4 i 0 f ~f A/
Mg = Xig ™ (43)
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TaBLE Ill. Coefficients for Higgs-Fermion couplings.

Coefficient Cui dui €ui Gui
H, sin(8 — a) — tan B cos(B — ) 7(:01(0[1;*) 0 7”56(02;0‘)
Hy cos(B — a) — tan Bsin(B — «) 75“2(@;0‘) 0 75“1(02;“)

1 1
H3 0 cos (3 tan B cos 3

The parameterszifj can be constrained by considering all 5.4.
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

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-

In this case we shall consider that the Higgs sector is CP conated in the Higgs sector.

serving (CPC), while the Yukawa matrices are non-hermitian.

Then, without loss of generality, we can assume Hiat= A

is CP odd, withH; = h and H, = H being CP even; then:

cosfis = sin (f — ), sinfia = cos (f — @), sinf3 = 0,
and e~ s = 1.

(tan 8 = vy /v1):

V=

a

(v+h? sin (B—a) +H? cos (B—a) +iG°) T,

+——= (R cos (B—a) —H" sin (B—a) +iA%) @,, (44)

Sl Sl

wherea = 1,2, and for the CP-conserving limit, andw,
have a vanishing phage= 0. Here, the components of,,
w, are given as:

v=( 101, 02 )=(cospB, eSsing) (45)
and

W= (1w, w )=(—-e®sing, cosf ). (46)

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

The expressions for the neutral Higgs
masses eigenstates can be written now in terms of the an-
glesa (which diagonalizes the CP-even Higgs bosons)@and

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

Sijr = %Mff [} + gr1 — tan B (¢s + qr2)]
e a5+ 4r2) (49)
and
P, = iMiU' (@1 — gr1 — tan B (gy2 — ¢r2)]
2v Y
+ v cos g (dr2 — @r2) - (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

plify as 372% — i, (/7 /v) . Then, coefficients (37) and the following form. Forr = 1,2 one gets:

(38) for up sector forr = 1,2,3, and withH; = h being
identified as the light SM-like Higgs boson, are shown in Ta-

ble IIl.
Then parameters are given as follows:

A/
24/2v

(xis +x5) (47)

u
iy =

u/_‘/mimj o +
nij - 2\/5’0 (ij Xij)- (48)

Similar expressions are obtained for d-type quarks and

leptons.

1= %Mg (sin(B — a) 4 tan S cos(f — a))

_ Xij V ;M5 COS(ﬂ - a) (51)
V2v cosf3
vy = _EMU sin n Xij /Tt sin(B — a)' (52)

v Y cosf V2v
For both Higgs bosonsg/; and H> one has: P}, =

cos 3

.

P, = 0. 0n the other hand, far = 3, one has:S“j3 =0
and

?

ij/Ti
R I MALLLC R (53)
v2v cos 3
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plings, one can rely on the Universal Higgs fit [95], where
TABLE V. Higgs interaction with fermions for flavor conserving bounds on the parameterg are derived, which are defined
2HDM of types | and 1. as the (small) deviations of the Higgs couplings from the SM
values, i.e.gnxx = g% x (1 + ex). We find very conve-

Higgs boson Cu cd “ nient, in order to use these results and get a quick estimate
h (1) cosa/sinff  cosa/sinf  cosa/sinf of the bounds, to write our parameters as; = 1 + ey.
h (I cosa/sinf3 -sina/cosfB -sina/cosf For fermions, the allowed values are; = —0.21 4+ 0.23,
H () sina/sinfB  sina/sin g sin a/ sin e = —0.19 £ 0.3, ¢, = 04 0.18. However, specific tests
H () sina/sing  cosajcosB  cosa/cosf of the mixing anglesx andg, or comblnat_lons of th_em, have
A() cot § ot § ot 5. been present.ed by the LHC collaborations; for instance the

CMS constraints on the mixing anglasand3, for 2HDM-|

A cot 8 tan 3 tan 5. and 2HDM-II, are shown in Fig. 9 [96].

_ On the other hand, the Higgs coupling with the fermions
TABLE V. Higgs interaction with fermions for flavor conserving (bb, cc, 7H77), Wh'Ch Cou!dl be measured at neXt'“nea.r CP"
2HDM of typesX andY’. lider (NLC) with a precision of a few percent. This is

particularly interesting for the largéan 3 region, where

Higgs boson Cu Cd ¢ the corrections to the couplingbb could change the sign
h (X) cosa/sinf  cosa/sinf  -sina/cosf3 [98], and modify the dominant decay of the light Higgs, as
R (Y) cosa/sinB -sina/cosB cosa/sin 3 well as the associated production of the Higgs with b-quark
H (X) sina/sin sino/sinf  cosa/cosf pairs [99,100].
H (Y) sina/sin@ cosa/cosfB  sina/sin(
A(X) cot 3 -cot 3 tan 3. 6. The flavor violating Higgs and top decays
A(Y) cot 3 tan 3 -cot 3. Signa|s

In the models that we are interested in, both flavor and CP-
5.6. The 2HDM of type I, I, X, Y: CPC case violation could occur, either at tree- or loop-levels. Within

the 2HDM-Tx it occurs at tree-level, with large rates that
In all these cases each fermion type (U,D,L) couple only withmake it feasible to be searched at current and future collid-
one Higgs doublet, as shown in Table I. Now, we have thaters. In order to evaluate the viability of the Higgs signals,
d¢r = gfr = 0, while the non-zero coupling constants ( one needs first to consider all low-energy processes, and use
for h, H or ey for A), are shown in Table IV for models | the current bounds to look for allowed regions of parameter
and II, while Table V shows the corresponding couplings forspace. This is shown in Fig. 10, from [81], with some empha-
modelsX andY'. sis on the LFV processes. Figure 10 (left) shows the allowed

Then, the Higgs couplings with fermions and gaugeregion in the planéan §—cos(5 —«), after LHC constraints,

bosons in these models are determined by the mixing anwhile Fig. 10 (right) shows the bounds from flavor-dependent
glesa (which diagonalizes the neutral CP-even Higgs masgrocesses. One of the most sensitive constraint is provided by
matrix) andtan 8 = v2/v;. For a quick test of Higgs cou- the muon anomalous magnetic moment, which deviates from

10CMS Preliminary <51f™" (7 TeV)+<19.7 " (8 TeV) [-
= T o

== 1 CMS Preliminary <51 "' (7 TeV)+=<19.71b"' (8 TeV) >
& I = 9o =
= i —10 S L 2HDM Type Ii 10
4} i B
3l —8 3 —8
2k 5|
s
e 1=
051 05| — 4
04} 0.4}
031 0.3+
= Observed 95% CL —— Observed 95% CL 2
021 2HDM Type | —— Expected 95% CL 0.2 Expected 95% CL
---SM «eBest fit ---SM «fBest fit
: ! \ 1 !
0.1 0.1 0
-0.5 0 0.5 -0.5 o] 0.5
cos(p-o) cos(B-o)

FIGURE 9.CMS constraints on the mixing anglesand, for 2HDM-1 and 2HDM-II. Figures from Ref. [96].
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FIGURE 10. Constraints from flavor physics on 2HDM. Figures from [81].
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FIGURE 11. Bounds on LFV Higgs couplings. Figure from [121].

the SM, and itis difficult to reproduce with the 2HDM of type cillations, which is associated with massive neutrinos, mo-
I and 11, but for model Il we do find viable regions of param- tivates the occurrence of Lepton Flavor Violation (LFV) in
eter space. For instance, for values arotnds ~ 7, the al-  nature [101,102], which could be tested with the charged lep-
lowed heavy Higgs mass range 10 < mpy < 1000 GeV;  ton decays); — ;v andl; — l;ll;. Another interesting
another region arounthn 5 ~ 12 — 15 is also allowed, but possibility, which became even more relevant after the Higgs

now only for850 < my < 1000 GeV. discovery, is the decay — 7y, which was studied first in
Refs. [103,104], with subsequent analyses on the detectabil-
6.1. LFV Higgs decays ity of the signal appearing soon after [105-108]. This moti-

vated a plethora of calculations in the framework of several
Within the SM, LFV processes vanish at any order of perturSM extensions, such as theories with massive neutrinos, su-
bation theory, which motivates the study of SM extensiongoersymmetric theories, etc. [54,109-113]. (For more on LFV
that predict sizable LFV effects that could be at the reactiggs decays see also [114-118]).
of detection. In particular, the observation of neutrino os-
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FIGURE 12. Constraints on LFV Higgs couplings. Figure
from [81]. FIGURE 13. Constraints on Higgs couplings and implications

BR(t — ch). Figure from [81].

Nowadays, the decay — 7 is included in the Higgs ) i
boson studies performed at LHC, which offers a great Oppor(_:Ialmed there that top decay processes provide the best chan-

tunity to search for new physics at the LHC. Along this line, "€! t0 discover top FCNC interactions, while only in some
a slight excess of — 7 signal was reported at the LHC cases it is surpasse_d by sm_gle top productlon, when up and
run I, with a significance of 2.4 standard deviations [119]’charm guark FCNC interactions are involved. In some of the

but subsequent studies [120, 121] ruled out such an exce§&@mples discussed in Ref. [133], the maximum rates pre-
and instead put the imBR(h — i7) < 1.2 x 10~2 with dicted to be observable, with ad3statistical significance or

95% C.L. Current bounds on LFV Higgs decays from CMSMOre, is about i3 R < _5i8 x 1077, for one LHC year with
are shown in Fig. 11, for the plane of LFV Higgs couplingsa luminosity of 6000fb—+. This implies that the top FCNC

|V, .|~ |Y,..|, which also shows the constraints obtained fromPranching ratio that arise within the 2HDM-Tx can be proved

LFV lepton decays; we can see that the LFV Higgs deca)?lt LHC.

provides the strongest constraints on these parameters.

Now we can use those strongest constraints on the LFY7  Conclusion and outlook
Higgs decay, in order to test the 2HDM-TX, for the choices
of textures that me mentioned before: Parallel, Complemenone of the most important task of future colliders is to study
tary and semi-Parallel. This is shown in Fig. 12, for the caseshe properties of the Higgs-like particle with;, = 126 GeV
studied in Ref. [81], and we can see that all of them satisfydiscovered at the LHC. Current measurements of its spin,
the current LHC limits, but the predicted rates could tested aparity, and interactions, seems consistent with the SM. We

the coming LHC runs. have reviewed the essentials of the SM Higgs sector, going
from the model definition up to its phenomenology. Then,
6.2. FCNC top decays we presented the motivation for the multi-Higgs models, with

particular emphasis on the general 2HDM. Constraints on
Top quark rare decays has been studied for several years #® Higgs-fermion couplings, derived from Higgs search at
a channel to search of new physics [122-127], which inLHC, and their implications were discussed too. In the down-
cluded a variety of theoretical calculation fBR(t — ch) guark sector, there are interesting aspects to study, such as
[128-130]. We use the following expression for the branchthe rates for rare b-decays. Furthermore, as a consequence
ing ratio: BR(t — ch) = (I'(t — ch)/T'wt), Where the total  of Lepton Flavor Violating (LFV) Higgs interactions, the de-
top width is given byT ~ 1.55 GeV, and the width for the cayh — 7u can be induced at rates that could be detected at

FCNC top decay (in the CPC case) is: future colliders. The complementarity of future colliders has
, been studied in [135]. For the up sector, perhaps the most in-
S 5 ; . . .
e V my teresting signal is provided by the FCNC top de¢tay ch,
Pt — ch) = 305 f2 (1 mg) : (54) " which can be studied at LHC.

Within the SM we have only one Higgs doublet giving
The resulting rates foBR(t — ch), are shown in Fig. 13, masses to all type of fermions, and thus its couplings to
for the cases considered in Ref. [81]. fermions and gauge bosons are proportional to the particle
So far, LHC has provided the limiB.R.(t — ch) < mass, and they lay on a single line, when plotted as function
2 x 1073 [131]. On the other hand, Ref. [132—134], providesof the particle mass. But it is desirable to test this property
some estimates for the branching ratiostfes ch that could and study models where more than one Higgs multiplet par-
be proved at the different phases of LHC. For instance, it isticipates in the fermion mass generation. In fact, the THDM
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is one example where such scheme arises; in this case vier DM-nucleon dispersion one is testing the Higgs coupling
have that the fermion couplings lay on two lines, one for up-with light quarks. Similar remarks hold when one considers
type quarks and one for leptons and down-type quarks. There— p conversion, where the Higgs nucleon interaction also
are also models where each fermion type gets its mass froplays a role.
a private Higgs, for this we need at least 3 Higgs doublets. Thus, nature could be extra benevolent, and by permitting
In this case, the Higgs couplings as function of the fermionthe existence of a light Higgs boson, it could have provided
mass lays on three different lines. We have also studied thesg with a tool to search for physics beyond the SM. The de-
extended Higgs sector, both for a Non-SUSY model [136}tection of the Higgs boson could be of such relevance, that
and for a SUSY model (4HDM) [137]. Besides serving usit may be the key to find what lies beyond the SM, with im-
as an specific model to test the pattern of Higgs couplingsplications ranging from flavor physics to dark matter, super-
and new physics, this model can also be motivated from theymmetry and even cosmology [141].
scenarios having one Higgs for each generation, such as the
Eg GUT model and the superstring-inspired models [138].
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